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XIV Ligands and Complexes
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(the numbers indicate
the oxygens on each
strand of the
macroeyclic ligand)

Cu(irans-(CH,),[18]dieneN )2+

Some commonly used macrocycles. — The number in brackets indicates the size of the ring. The terms
ane and ene denote saturated and unsaturaied rings respectively. The number of ligating atoms is in-
dicated by a subscript. A trivial name is often used (. A. Melson in Coordinalion Chemistry of
Macrocyclic Compounds, Ed. G. A. Melson, Plenum, New York, 1979, Chapter 1; Comprehensive Coor-
dination Chemistry, Ed. G. Wilkinson, Pergamon, Oxford, 1987. Several chaplers in Vol. 2 (Ligands)).
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Ligands and Complexes XV

X

R - 1, toypH, X = 80y, wpsH;,
R = CH;, tmpypH, X = N(CH,){, tapH,

Some Useful Water-Soluble Porphyrins

H NG,
N
’ 5
(( w NH NH NH
Nt{ NH NH NH NH NH ‘\l/ Ni:l TH NH
\'(I:o/ \{l:o *’c|;o\ \Cc j
! 4
TS X| NENH NH NiN
NH r\y NH NH NH NH NH NH NH
N)
GHa
H NO,
Calsep)* ™ Co(sary**/3+ Co{azamesar)? 3+ Co(dinosar)>*/3+

Some Caged Cobait Complexes — The synthesis of these macrocyeles is based on both the metal template
effect as well as metal-ion activation of the imine moiety to nucleophilic attack, which initiates encapsula-
Lion (Chap. 6). A large variety of groups can replace N(, in Co(dinosar)®* yielding complexes with a
wide range of properties. Again, trivial abbreviations are employed ¢ g. sep replaces 1,3,6,8,10,13,16,19-
octaazabicyclo[6.6.6]¢icosane. A, M, Sargeson, Pure Appl. Chem. 56, 1603 (1984),
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2 1 The Determination of the Rate Law

order in A. These are the most frequently encountered orders of reaction. The overall order
of the reaction is (@ + #). The rate may be independent of (he concentration of A, even if
it participates in the overall stoichiometry, In this case, ¢ = 0, and the reaction is zero-order
in A. The concentration of A does not then feature in the rate law.

The formation of a number of chromium(lI1) complexes Cr(H,(); X2* from their consti-
tuent ions Cr{H,0)" and X,

Cr(H,01* + X~ — Cr(H,0); X" + H,0 (1.3)

where X~ represents a unidentate ligand, obeys the two-term rate law (the coordinated water
being usually omitled from the formula)

V= d[CrX2)/dt = k [CrPT1[XT] + &, [Cr¥H] (X [H] (1.4)

over a wide range of concentration of reactants and acid.? Symbols such as @ and » instead
of &, and &, may be used in (1.4}, since these quantitites are often composite values, made up
of rale and equilibrium constants. To maintain both sides of (1.4} dimensionally equivalent,

V=Ms'=k XxM!=k, xM {1.5)

k, and k, must obviously be expressed in units of M~' s=! and s~ respectively. This simple
application of dimension theory is often useful in checking the correctness of a complex rate
law (see 1.121 and Probs. 1, Chap. | and Chap. 2).

If we consider specifically the formation of CrBr?*, the rate law

d[CrBr']/df = 3.0 x 107% [Cr3+][Br~] + 3.6 x 10~ [Cr*][Br ] [H*]~' (1.6)

holds at 25.0°C, and an ionic strength of 1.0 M.? The majerity of kinetic determinations are
carried out at a constant ionic strength by the addition of an *unreactive'* clectrolyte which
is al a much higher concentration than that of the reactants. At high acid concentrations
(>1 M), the first term in (1.6} is larger than the second, and the reaction rate is virtually acid-
independent. At lower acid concentrations (—10-2M), the sccond term dominates and the
rate of reaction is now inversely proportional io [H*]. This emphasizes the importance of
studying the rate of a reaction over as wide a range of concentrations of species as possible
$0 as to obtain an extensive rate law,

1.2 The Rate Law Directly from Rate Measurements

If the ratc of a reaction can be measured at & time for which the concentrations of the reac-
tants are known, and if this determination can be repeated using different concentrations of
reactants, it is cfear that the rate law (1.2} can be deduced directly. It is not often obtained
in this manner, however, despite some distinct advantages inherent in the method.
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1.2 The Rale Law Directly from Rate Measurements 3

1.2.1 Initial-Rate Method

The rate of reaction is measured at the commencement of the reaction, when the concentra-
tions of the reactants are accurately known, indeed predetermined,
The decomposition of H,0, (1.7)

2H,0, — 2H,0 + O, (1.7)

is catalyzed by many mctal complexcs and enzymes.? The ratc law for catalysis by an
iron(ILI) macrocycle complex 1 has been deduced by measuring the initial rates I/, of oxygen
production.* A selected number from many data are shown in Table 1.1,

CHg

Table 1.1. Initial Rate Data for the Catalyzed Decomposition of H,0, by an Fe([1I) Macrocycle at 23°C3

Run [TL,0,], Fe(11I) [H'] [OAc], 107 x 10 k2
Initial Rate

M mM 105 M M 10°M s~} s1
1 018 0.41 2.45 0.05 54 5.0
2 0.18 0.74 2.45 0.05 85 4.4
3 0,18 1,36 2.45 0.05 160 4.5
4 0.12 .66 2.45 0.03 17 5.0
] 0.18 .66 2.45 0.05 78 4.5
6 .36 0.66 2.45 0.05 306 4.5
7 0.18 (.66 1.0 0.05 191 4.9
I 0.18 .66 2.45 .05 86 4.8
9 0.18 .66 11.5 0,03 24 6.3
10 Q.18 0.66 2.45 0.02 233 5.2
11 Q.18 0.66 2.45 0.05 86 4.8
12 0.18 0.66 2.45 017 26 4.9

? Obtained from & = F,[H*][OAc] [Fe(II}] ! [H,0,]52, a rearrangement of (1.8). Note the units
of k.

It is apparent from these data that within experimental error the initial rate is proportional
to the initial concentration of iron{iIl) complex, (Runs 1-3) to the square of the initial H,0,
concentration [H,0,], (4-6) and inversely dependent on both H* (7-9) and total acciate
[OAc] (10-12) concentrations, A rate law involving the initial rate V,,

Vo = +d[O,)/dr = k[Fe(111)] [Hy0,131H ']~ '{OAc); {1.8)
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4 1 The Determination of the Rule Law

applies therefore and values of & calenlated on this basis are reasonably constant. They are
shown in the last column of Table 1.1. Raw initial ratc data arc also included in papers dealing
with the Cr(VI)-1~ reaction, * and the rcaction of pyridoxal phosphate with glutamate in the
presence of copper ions. See Prob. 2.

Initial reaction rates are often estimated from the steepest tangents to absorbance/time
traces. These initial gradients (absorbance units/scc) are easily converted inte M s 7 units by
using the known molar absorptivities of products and reactants. Altcrnatively, absorbance
(D)/Time (T) plots can be fit to a function (1.9) leading to {1.10) and {1.11)

F(D) =C1+C2T+C3T? 4+ C4T% ... 1.9
dIDV/dt = C2 1 2C3T + 3C4T? (1.10)
AT =0, d[Dldi = C2 (1.11)

as illustrated in the study of the reaction of H,0O, with 1,3-dihydroxybenzene in the presence
of Cw(Il) ions, “™ and in the disproportionation of Mn(VI). %®

1.2.2 Critique of the Initial-Rate Method

The merits and difficuliies in the use of this method are summarized:

(a) The initial-ratc method is uscful in the study of reactions complicated by side reactions
or subsequent steps. The initial step of hydrolylic polymerization of Cr{fIl} is dimerization
of the monomaer. As soon as the dimer is formed however, it reacts with the monomer or with
dimer 1o form trimer or tetramer, respectively. Initial rates {using a pH stat, Sec. 3.10.1 (a)) are
almost essential in the measurement of dimer formation.”

The reverse reaction in (1.12)

Cr(H,0)3* + NCS~ +* Cr{H,0), NCS2' + H,0 (1.12)

is unimportant during the early stages of the forward reaction when the products have not
accumulated. A small initial loss of free thiocyanate ion can be accurately monitored by using
the sensitive Fe(l11) colorimetric method. The reverse reaction can be similarly studied for the
initial rate of thiocyanate ion appearance by starting with Cr(H,0); NCS2* jons.®

(b) Complicaied kinelic expressions and manipulations may be thus avoided, The inilial-
ratc method is cxtensively cmployed for the study of enzyme kinetics and in cnzyme assay
(Prob. 3), simplifying the kinetics (see Selected Bibliography). Obviously the method cannot
cope with the situation of induction periods or inilial burst behavior. Furthermore a complex
rate law, giving a wealth of mechanistic information, may now be disguised {for an example
sce Ref. 9). Despitc this the initial-rate approach can be useful for distinguishing between two
similar reaction schemes e.g. (1.13) and (1.14) (Sec. 1.6.4(d)).

A+B—C—=1D 1.13)
C+—~=A+B—D (1.14)

in which A plus B yields D either vie C or directly. The resolution otherwise requires very ac-
curate relaxation data. 1©
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1.3 Integrated Forms of the Rate Expression 5

(c) Two obvious disadvantages of the method are that many individual runs must be carried
out 10 build up a rate law and a sensitive monitoring technique is required in order to obtain
accurate concentration/time data for the first few percentage of the reaction. While nothing
can be done about the first point, the advent of very sensitive computer-linked monitoring
devices is ameliorating the sensitivity problem,

1.2.3 Steady-State Approach

In the steady-state approach to determining the rate law, solutions containing reactants are
pumped separately at a constant flow rate into a vessel {*‘reactor™), the contents of which are
vigorously stirred. After a while, products and some reactants will flow from the reactor at
the same total rate of inflow and a steady state will be altained, in which the reaction will take
place in the reactor with a constant concentration of reactants, and thercfore a constant rate.
This is the basis of the stirred-flow reactor, ot capacity-flow method. ! Although the method
has been little used, it bas the advantage of a simplified kinetic treatment even for complex
systems.

1.3 Integrated Forms of the Rate Expression

Consider a reaction that proceeds to completion in which the concentration of onty oneg reac-
tant, A, changes appreciably during the reaction. This may arise because (1) there is only one
reactant A involved — for example, in a stereochemical change; (2) all the other possible reac-
tants are in much larger (= tenfold) concentration than A; or (3) the concentration of onc
of the other reactants may be held constant by buffering, or be constantly replenished, as it
would be if it were acting in a catalytic role. Attention needs to be focused therefore only on
the change of concentration of A as the reaction proceeds, and we can, for the present, forget
about the other reactants. Now,

~d[A)/dt = kAT (1.15)

The manner in which [A] varies with time determines the order of the reaction with respect
to A. Since it is usualiy much easier to measure a concentration than a rate, the form (1.15)
is integrated, 12 The three sitnations ¢ = 0, 1, and 2 account for the overwhelming number
of kinetic systems wc shall encounter, with ¢ = 1 by far the most common behavior,

a = 0, zero-order in A:

—d[Al/dl = k {1.16)

(Al = [Aly — &t {(1.17)
a = 1, first order in A:

—d{Al/dt = k]A] (1.18)

log[A], = log[Al, — kt/2.3 (1.19)
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6 1 The Delermination of the Rate Law
or now increasingly common,
In{A], = In[A}, — A (I.19a)

a = 2, second-order in A:

—d[A)/dt = k[A]? (1.20)
I 1
T = AL + kit (1.21)

The differential (rate) forms arc (1.16), (1.18) and (1.20}, and the corresponding integrated
{orms are (1.17), (1.19) (or (1.19a)) and (1.21). The designations [A]; and [A], represent the
concentrations of A at zero time and time ¢ Linear plots of [A],, In[A], or [A], ' vs time
therefore indicate zero-, first, or second order dependence on the concentration of A. The im-
portant characteristics of these order reactions are shown in Fig. 1.1. Notwithstanding the ap-
pearance of the plots in 1.1(b) and 1.1(c), it is not always easy to differentiate between first-
and second-order kinetics.''" Sometimes a second-order plot of kinetic data might be
mistaken for successive first-order reactions {Sec. 1.6.2) with similar rale constants.'®

<
©
s 7
T oAl N
£z
§ %fﬁﬁ___ | Fig, 1.1 The characteristics of (a) zero- (b) first- and (c)
2 i S second-order reactions. In (a) the concentration of A
Ao —_ decreases linearly with time unlil it is all consumed at time
24| ol : T. The value of the zero-order rate constani is given by
e Ao/ 1. In (b) the loss of A is cxponential with time. The
Agl__ piot of In[A], vs time is !near, the slope of which is &, the
z i first-order rale constant. It obviously does not matter at
% ————‘} ! which point on curve (b) the first reading is taken. Tn {c)
i ! i 1 E ! the loss of A is hyperbolic with time, The plot of [A) " vs
T 2T time is linear with a slope cqgual to &, the second-order rate
Time constant.

In the unlikely event that ¢ in (1.15) is a non-integer, the appropriate function must be plot-
led. In gencral, for (1.15), @ = 112 (see Prob. 8)
1 1
Al Al

={a — 1)kt (1.22)
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14 Meonophasic Unidirectional Reactions 7

It should be emphasized that in the case that A is in deficiency over other reactants, B etc.,
then &, relating to loss of A, is a pseudo rate constant and the cffect of the other reactants
on the rate must still be assessed separatcly (Sec. 1.4.4).

1.4 Monophasic Unidirectional Reactions

We shall first consider some straightforward kinetics, in which the loss of A, in the treatment
referred to above, is monophasic and the reaction is unidircctional, that is, it leads to 295%
loss of A,

1.4.1 Zero-Order Dependence

It is impossible to conceive of a reaction rate as being independent of the concentralion of
all the species involved in the reaction. The rate might, however, very easily be indcpendent
of the concentration of one of the reactants, If this species, say A, is used in deficiency, then
a psendo zero-order reaction results. The rate —d [A]/dr will not vary as [A] decreases, and
will not depend on the initial concentration of A.

In the substitution reaction

Ni{POEL,), + C,;H,NC — Ni(POEL,),(C,H,,NC) + POFt, (1.23)

the loss of CgHNC has been followed in the presence of excess Ni complex. '® The lincar
plot of absorbance, which is proportional to isonitrile concentralion, vs time indicates a reac-
tion zero-order in isonitrile (Fig. 1.2).

0.3E
202
C
=]
-0
G
(1]
L
<t
01
i Fig. 1.2 Zero-order kinetic plots for reaction {1.23). Con-
. centrations of Ni(POEt;), are 95 mM(!), 48 mM({I1) and

100 200 47 mM(ILI). Those of CH, NC are 6.5 mM(I),
Time {min) 5.0 mM(1) and 9.7 mM(111), 16
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8 1 The Determination of the Rale Law

The slope of the zero-order plot (when absorbance is converted into concentration) is
kM s ' The value of & is found to be proportional to the concentration of Ni(POE,),,
which is used in excess (Fig. 1.2),7

—dNI(POEL,),]/dl = —1/2d[CgH,NCl/dt = k = k, [Ni(POEL,),] (1.24)

The reaction is therefore overall first-order, with a first-order rate constant & (s~'). The
zeto-order situation is not often cncountered (Prob. 4). A number of examples are compiled
in Ref. 18 and one is shown in Fig. 8.3.

1.4.2 First-Order Dependence

First-order reactions are extremely common and form the bulk of reported kinetic studies. The
ratc of loss of the reactant A decreases as the concentration of A decreases. The differcntial
form (1.18) leads to a number of cquivalent integrated expressions, in addition to (1.19) and
(1.19a):

[A], = [A), exp (— k1) (1.25)
1n (Al /TAl) = kt (1.26)
—din[A],/dt = k (1.27

Imporiant quantities characteristic of a first-order reaction are t,,,, the half-life of the
reaction, which is the value of # when [A], = [A],/2, and 7, the relaxation time, or mean life-
time, defined as &'

k = 0.693/1,,, = 1/7 (1.28)

The latter is invariably used in the relaxation or photochemical approach to rate measure-
ment (Sec. 1.8}, and is the time taken for A o fafl to 1/e (1/2.718) of its initial value. Half-lives
or relaxation times are constants over the complete reaction for first-order or pseudo first-
order reactions, The loss of reactant A with time may be described by a single exponential
but yct may hidc two or more concurrcent first-order and/or pseudo first-order rcactions.

The change in the absorbance at 450 nm when cis-Ni{[14]aneN,) (H,0)%* (for structure see
“Ligands and Complexes”} is plunged into 1.0 M HCIQ, is first-order (rate constant = k).
It is compatible with concurrent isomerization and hydrolysis (1.29)

: - 2+
ki’y' trans-Ni{[ 14]aneN ) (H, 0¥,

3

cis-Ni([14)aneN, W H,0)5 (1.29)

2 B Ni*" + protonated [14]aneN,
4
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14 Monophasic Unidirectional Reactions g

OH

2
) e () T LS 2
1
e \_4/ 3! H,0
H.Q
ke
—NH*
N
A
—
HZO/T"OHE
2
NiZ* + protonated 4
ligand
For this system
—d2}/dt = k(2] = (kjom + Knya) (2] {1.30)

Estimation of the amounts of 3 and 4 produced from the final absorbance change'® allows
determination of both ki, and k4.*® See alse Rel, 21.

Kisgm /Kug = 131/[4] (1.31)

Concurrent first-order changes invariably arise from the decay of an excited state *A which
can undergo a number of first-order changes. In the presence of an excess of added B, pseudo
first-order transformations can also oceur;

photochemical reaction products
A+ kv’ {(luminescence, includes fluorescence
and phosphorescence) (1.32)

A + heat (radiationless deactivation)

A andfor preducts (quenching process)

The analysis of the immediale products or the isolation of one of the steps is essential in
order to resolve the complexity. @

The reaction of a mixture of species A and A, which interconvert rapidly compared with
the reaction under study, can also lead to a single first-order process. In order to resolve the
kinetic data, information on the A = A, equilibrium is esscntial. When the relative amounts
of A and A, are pH-controlled however (Scc. 1.10.1) or when the products of reaction of A
and A, differ and do not interconvert readily, resotution is also in principle possible.
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10 1 The Determination of the Rute Law

1.4.3 Second-Order Dependence

Second-order kinetics play an important role in the reactions of complex ions. Two identical
reactants may be

2A — products (1.33)

involved. Eqn (1.21) is modified slightly to {1.34). By convention, the

1 1
AL A, e -4

sccond-order rate constant for (1.33) is designated 24, because two identical molecules disap-
pear for each encounter leading to reaction. * Reaction (1.33) is a key step in the process of
dimerization or disproportionation of A and is often observed when a transient radical A is
produced by photolysis or pulse radiolysis. Flash photolysis of hexane solations of CO and
M,(CO)y (M = Mn or Re) produces M(CO) radicals. At the termination of

My(CO) o> 2M(CO); (1.35)

the Ilash the radicals recombine in a second-order manner to regenerate M,(CO),, with a rate
law24,25

—d [M(COY1/dt = 2k [M(COY]? (1.36)

Fig. 1.3 Second-order kinetic plot for decay of Re(CO);
obtained by flash photolysis of 120 pM Re,(CO)yp with

- “or 10 mM CO in iscoctane, {CO slows further reactions of

—c} | Re(COY) At A = 535 nm, the molar absorbance coeffi-

cI:T clent, gy of Re(COY; is 1.0 » 10°M~7cm ', Since

- o therefore from Beer-Lambert law (D,—D0.) = [Alc,l, where

s arc optical absorbances and | is the path length
s (10 cm), the slope of Fig. 1.3 is 2k/¢_| and 24 therefore
equals (5.3 x 109(10%)(10) = 5.3 x 10*M~'s~ 1. Ref. 25,
s n s 4 Reproduced with permission of the Journal of the
400 800 American Chemical Society. © 1982, American Chemical
Time (ps) Society.

The appropiate absorbance function vs time is linear (Fig. 1.3).% The values of & are
9.5 x 108M~!1s~' (M = Mnj and 3.7 x 10°M~'s~' (M = Re).?*** The second-order decay
of Cr(V) affords another example, of many, of the type (1.33).%

Second-order reactions between two dissimilar molecules A and B are invariably studicd
under pseuda first-order conditions (Sec. 1.4.4) because this is by far the simpler procedure.
If however this condition cannot be used because, for example, both reactants absorb heavily
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14 Monophasic Unidirectional Reactions 11
or low concentrations of bo#k reactants must be used because of high rates, then for the reac-
tion

A+B — C k (1.37)
—d[A}/dt = k,[A][B) (1.38)
Integration results in

1 In [A],[B],
(Bla — 1Al [Blo[Al

=kt (1.39)

with subscripts # and O representing time 7 and 0, respectively. Applications of this equation
are given in Refs. 27-29 and include the treatment of flow traces for the rapid second-order
reaction between FEu(ll) and Fe(I11).%" A simplified form of (1.39) equivalent to {1.21) arises
when the starting concentrations of A and B are equal. This condition [A], = [B]; must be
set up cxperimentaily with care® although in rare cases equal concentrations of A and B
may be imposed by the conditions of their generation,?! (See Prob. 9.)

1.4.4 Conversion of Psendo to Real Rate Constants

Having obtained the exponent @ in (1.15) by monitoring the concentration of A in deficiency
we may now separately vary the concentration of the other reactants, say B and C, still keeping
them however in excess of the concentration of A. The variation of the pseude ratc-constant
k with [B] and [C] will give the order of reaction # and ¢ with respect to these species, *
leading to the expression

k = k, [B]?[CI¢ (1.40)
and therefore the full rate law
—d[Al/dl = k,[A]°[B]?IC]¢ (1.41)

We can use this approach also to examine the effects on the rate, of reactants that may not

be directly involved in the stoichiometry (for example, H*) or even of products. It is the most
“popular method for determining the rate law, and only rarely cannot be used.

Considering just one other reactant B, we generally find a limited number of observed varia-
tions of k(= W/[A]“) with [B]?. These are shown as (a) to (¢) in Fig. 1.4. Nonlinear plots of
k vs [B]? signify complex multistep behavior (Sec. 1.6.3).

(a) The rate and value of & may be independent of the concentrations of other reactants
(Fig. 1.4(a)). This situation may occur in a dimerization, rearrangement or conformational
change involving A. It may also arise in the solvolysis of A since the reaction order with
respect to solvent is indeterminable, because its concentration cannot be changed.

(b) The value of & may vary linearly with [B]”, and have a zero intercept for the ap-
propriate plot (Fig. 1.4(b)), This conforms to a single-tcrm rate law

—d[Al/dt — k[A]¢ — Ky [A]Y[B)? (1.42)
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12 1 The Determination of the Rate Law

(a) V=kIAID

e} Veky (A9 &y [AI%B]E

v/ 1A%

ol V=i, 1A1° (817

Fig. 14 Common variations of
()P W/[A]® with |B]°.

In the oxidation of Fe(IDP** (5) by excess O, there is a second-order loss of Fe(I[}. The
second-order ratc constant & is linearly dependent on [O,] with a zero intercept for the
k7 [O] plot. An overall third-order rate law therefore holds. **

—d [Fe(I)P**]/dt = k,[Fe(IDP*+]12[0,] (1.43)

When ¢ = b = 1 in (1.42) the overall reaction is second-order. Even a quite small excess
of one reagent (here B) can be used and pseudo first-order conditions will still pertain, > As
the reaction proceeds, the ratio of concentration of the excess (o that ol the deficient reagent
progressively increases so that towards the end of the reaction, pseudo first-order conditions
certainly hold. Even if [B] is maintaincd in only a two-fold excess over [A], the error in the
computed second-order rate constant is 2% for 60% conversion.*

(¢) The value of £ may be linear with respect to [B]? but have a residual value at zero [B]
(Fig. 1.4(c)). This behavior is compalible with concurrent reactions of A, The oxidalion of
Fe(phen)$* by excess TUILI) conforms to this behavior leading to the rate law
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1.3 Monophasic Reversible Reactions 13

—d [Fe(phen)y' )/dr = k [Fe(phen)}'] = &, [Fe(phen)¥™| + Kk, [Fe(pheny*] [TI{111}]
(1.44)

The second-order redox reaction, giving rise to the rate constant &, is accompanied also
by loss of the iron{I[) complex by hydrolysis, which leads to the &, term. The latter can be
more accurately measurad in the absence of TI(III).* The kinetics of substitution of many
square-planar complexes conform to behavior (¢), see Sec, 4.6, It is important to note that an
intercept might be accurately defined and conclusive only if fow concentrations of B are uscd.
In the base catalyzed conversion

Co(NH;),ONO2* — Co(NH,),NOZ* (1.45)
—d [Co(NH,),ONO2*|/dt = (k, + k,|OH"]) [Co(NH,);ONO>*] (1.46)

the &, tcrm can be cstablished only if low OH - concentrations of 0.01-0.1 M are used. *

1.5 Monophasic Reversible Reactions

The only reactions considered so far have been those that proceed to all intents and purposcs
(>95%) to completion. The treatment of reversible reactions is analogous to that given above,
although now it is even more important to esiablish the stoichiometry and the thermoedynamic
characteristics of the reaction. A number of reversible reactions are reduced to pseudo first-
order opposing reactions when reactants or products or both arc uscd in excess

A X kk LK (147)

of A and X, The order with respect to these can then be separately determined. The approach
to equilibrium for {1.47) is still first-order, but the derived first-order rate constant X is the
sum of k| (the forward rate constant) and & | (the reverse rate constant):

[Al, — 1Al
—_— % = { 1.48
AL Ay~ K k) (1.48)

This equation resembles (1.26) but includes [A],, the concentration of A at cquilibrium,
which is not now equal to zero. The ratio of rate constants, & /k_, = K, the so-called
equilibriurm  constant, can be determined independently from equilibrium constant
measurements. The value of &, or the relaxation time or half-life for (1.47), will all be indepen-
dent of the direction from which the equilibrium is approached, that is, of whether onc starts
with pure A or X or even a nonequilibrium mixture of the two. A first-order reaction that
hides concurrent first-order reactions (Sec. 1.4.2) can apply to reversible reactions also.

The scheme

A+B < X k,k_, (1.49)
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14 I The Deternination of the Rate Law

can be reduced to (1.47) by using B in excess, and creating thereby a pseudo first-order reversi-
ble reaction. The rate law that arises is¥’

V= k[A] = (k/[B] + k_j)[A] (1.50)

where &, [B] and & _, are the forward and reverse first-order rate constants. Such a situation
arises in the interaction of V(H,0)™ with SCN~ jons,

V(H,O)t + NCS~ = V(H,0),NCS%' + H,0 kk_, K (1.51)
which is studicd using a large cxcess of V3* ions, although an equilibrinm position is still at-

tained. A plot of the pseudo first-order rate constant & for the approach to equilibrium vs
[V?'] is linear (Fig. 1.5).%® The siope is &, and the intercept is k_,:

=k IV + k_, (1.52)
o
4 C,
©
A
x a
2r A/D,Ao
o
a-%
Lo
Fig. 1.3 Plot of k(s ') vs [V¥*"] for reac-
L 1 tion (1.51) at 25°C. [H*'] = I.OM
10 20 (circles); 0.50 M (triangles); 0.25 M
[V¥*1{mM} {diamonds) and 0.15 M (squares), 8

1t is not always easy to obtain an accurate value for k_, from such a plot. However, com-
bination of &, with K(= k,/k _,} obtained from spectral measurements, yields a meaningful
value for &_,. The plots in Fig. 1.5 show the independence of the values of &, and &_, on the
acid concentrations in the range 0.15 to 1.0 M. There are sligh{ variations to this approach,
which have been delineated in a number of papers.*®

Since the & vs [B] plot illustrated in Fig. 1.5 is identical to that obtained with unidirectional
concurrent first- und sccond-order reactions of A (Fig. 1.4(c)) confusion might result if the
equilibria characteristics are not carefully assessed. The pseudo first-order rate constunt & for
the reaction

Pi(dienyH,02* + CI- = Pi(dien)Cl* + ILO Kk, k_.

(1.53)

has been determined using excess [Cl™]. The variation of & with [C1 ] resembles that shown
in Fig. 1.4(c), i.e.

k=a i bICIT] (1.54)
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L5 Monophasic Reversible Reactions 15

The results were interpreted as a two-term rate law for an irreversible reaction, b represent-
ing the second-order rate constant for attack by C1~ ion and « an unusual dissociative path
(Sec. 4.6). More recent work indicates that at the low [Cl™] concentrations used, reaction
(1.53) is reversible and Eqn. (1.54) 1s better interpreted in terms of a reversible rcaction as
depicted in (1.53) in which in {1.54), b = &k, and a = k_,.*" As a check the value of &/z = K
is close to that estimated for reaction (1.53).

The conversion of second-order reversible reactions to reversible first-order kinetics by using
all but one of the reactants and all but ¢ng of the products in excess is a valuable ploy. The

reversible reaction
S S
SO SSRGS ST
\ t
!
R

is studied by using excess Fe* and Fe?*. The plot of In(D, — D)) vs time is linear, where
I3, and D, represent the absorbance of the highly colored radical at equilibrium and time ¢,
respectively. The slope of this plot is &, which from (1.48) is given by

D—= «+

kop, = Kk [Fe’*] + k_ [Fe?*] (1.56)

Thus a plot of kg, /[Fe®'] vs [Fe?!] is linear with slope k| and intercepl &_,.* For other
examples of this approach sce Refs. 42 and 43, The full treatment for

A+B=X+Y (1.57)
is quite tedious**»* as it is for (1.58) Prob, 10*%¥

A+B =X (1.58)
and (1.59)%%%

A= X+Y (1.59)
but simplified approaches, “*? relaxation treatment and computers® have largely removed
the pain.

1.5.1 Conversion of Reversible to Unidirectional Reactions
An often useful approach is to eliminate the elements of reversibility from a reaction and force
it to completion, either by the use of a large excess of reactant or by rapid removal of one

of the products. A good illustration is afforded by the study of

PtCI(PPh,),CO* + ROH = PtCYPPh,),COOR + H* kK, k_,K, {L60)
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16 I The Determination of the Rate Law

Since the equilibrium quotient K| is small, a nonnucleophilic base is added to the reaction
mixture to react with liberated protons and drive the reaction to completion {left to right).
Using an excess of ROH then ensures simple unidirectional pseudo first-order (ratc con-
stant &) kinetics:

—dIn [PtCI(PPh;),CO" 1/dt = k; = k [ROH] (1.61)

The reverse reaction also gives simple first-order {ratc constant &) kinetics when studied
with excess HClO,:

—d In [PtCI(PPh,),COORY/df = k, = k_[H'] (1.62)

It was verified that k, 7k _, equaled K, determined in a separate experiment, ** For another
example, sec Ref. 53.

The reversible first-order reaction (1.47) can be converted inle an irreversible A = X process
by scavenging X rapidly and preventing its return to A. Thus the intramolecular reversible clec-
tron transfer in modified myoglobin (Sec. 5.9)

—PROTEIN—  —PROTEIN— —PROTEIN—
Ru?* Felt == Ru’! Fe?' ““» Ru¥! Fe”* CO
5

) (1.63)

can be converted into a unidirectional process controlled by k&, by carrying outl the ex-
periments in the presence of €O which binds strongly to the ferrous heme, ™

Care should be exercised that excess of onc rcactant dees in fact promote irreversible reac-
tion if this is the desired object, otherwise invalid kinetics and mechanistic conclusions will
result. Consideration of the reduction potentials for cytochrome-c Fe(Ill) and Fe{CN)}~
(0.273V and 0.420V respectively) indicates that even by using a 102-10° fold excess of
Fe(CN)}~, reduction of cytochrome-c Fe(Ill) will still not be complete. An equilibrium
kinetic treatment is therefore necessary. ®

1.6 Multiphasic Unidirectional Reactions

Attention s now dirccted to reactions that show a nonlincar plot of the appropriate function
or that have rate laws that are altered with changes in the concentration of the species involved
in the reaction. Such devialions are usually associated with concurrent and consecutive reac-
tions.
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L6 Multiphasic Unidirectional Reactions 17

1.6.1 Concurrent Reactions

A single species A (produced for example by radiolytic or photolytic means) may often disap-
pear by concurrent first- (or pseudo first-) order (&) as well as by a second order process
(2 k,) already alluded 10 (Sec. [.4.3). Thus

—d|AVdt = k,[A] + 2hk,]A]2 (1.64)

At higher concentrations of A, the sccond-order process is more important and loss of A
is second-order. As the concentration of A decreases, so the first lerm in (1.64) becomes domi-
nant and decay of A is a purely first-order process (it may, for example, represent decomposi-
tion by solvent ) (Fig. 1.6). ** The rate curve may be analyzed by a relatively straightforward
linearizing method. ®

4.0 Fig. 1.6 Decay of (NIi,);Co(mbpy’}*' at pH 7.2 and
[+] 25%C. The transient was genecrated by using equivalent
amounts (10 uM) of (NH;);Co{mbpy)*~ and COT,
91 b The decay of the transienl was nicely second-order up
o 04 . R to 85% reaction (a). After this, when the Co(111)

radical concentration is small (1-2 uM), there is a

slight deviation for Lhe expected second-order plot

(not shown) and a first-order reaction (b} remains

(k = 5.4 x 1075713, % The difference between the

3 g (stcep) seccond-order decay and the (extrapelated) [irst-
Time [ms] order loss is apparent.

if a mixture of A and B undergoes paralicl first-order or pseudo first-order reactions to give
a common product C, and A and B do not interconvert readily compared with the reaction
under study,

ICl, — IC, = [Alyexp(~k, 1) + [Blyexp(— ;1) (1.63)

where &, and k, are the first-order rale constants for conversion of A and B, respectively.
The resultant semilog plot of [C] vs time will in general be curved, and can be disccted
algebraically or by a computer program.>® The hydrolysis of the anions in the complexes
Na[Co{medta)Br] and K[Co(medta)Br] has been examined (medta = N-methyl-ethylene-
diaminetriacetate). For the semilog plots the Na salt gives marked curvature, whereas the plot
ol the K salt is linear aver four half-lives (Fig. 1.7). [t is considered that the sodium salt is a
mixture of isomers, in which the bromine is either in an equatorial or an axial position of the
cobalt(I11) octahedron. The biphasic plot can be separated into a fast component and a slow
one. Significantly, the fast poriion matches cxactly the semilog plot for the K salt, which is
considered isomerically pure.® A similar concurrent hydrolysis pattern has been obscrved
with other complex ions. *® 1t is not always easy to distinguish concurrent from consecutive
reactions, as we shall see in the next secticn.
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18 [ The Determination of the Rate Law

0.40 F

030
0.20
=
=1
[&]
w 010
on
ol
s
]
L4
o
Na salt
Fig. 1.7 Scmilog plot of eptical absorbance
+. at 540 nm vs time for hydrolysis of
0.02 \+ Co(medta)Br- at 78.8°C and pH 2.6, Mix-
: ture of isomers (1 ); fast component derived
Lt from mixture by subtraction of slow compo-
100 nent {0); experimental points for last isomer
Time (min) (.%

1.6.2 Consecutive Reactions with no Elements of Reversibility

Consccutive reactions figure prominently in Part 1I. Since complex ions have a number of
reactive centers, the product of one reaction may very well take part in a subsequent one. The
simplest and very common, but still surprisingly involved, sequence is that of two irreversible
lirst-order (1.66) or pseudo first-order (with X and Y in large excess) (1.67) reactions,

At g B¢ (1.66)
A LR, g UK, e (1.67)
ky = K[[X]; &y — k1Y) (1.68)

If &k, ® k, then both steps in (1.66) can be analyzed separately as described previously. If
&k, » k., then only the first step is cbserved and

—d[Al/dt — d[Cl/dt — k,TA] (1.69)

The only way for determining &, will be through isolation and scparate examination of B

{see later), If B is not isolablc however and its properties are unknown, real difficulties might

arisc, ™
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L6 Muliiphasic Unidirectional Reactions 19

The ratc cquations for (1.66) are

—d[Al/dt = k,[A] (1.70)
d[Bl/dt  — kAl — k;|B] (1.71)
d[Cl/dt = ky[B] (1.72)

Integrating these cquations, and assuming [A] = [A],, and [B] = [C] = Oat ¢ = 0, we
obtain the concentrations of A, B and C at any time { in terms of the concentration, [A],:

[A]l = [Alyexp(—k,1) (1.73)

(B] = Ak ke lexp(—Fk, ¢) —exp(—kyt) (1.74)
ky — Ky

C Aly | 1 __h (—kr)+—i'_~ (—ky0) (1.75)

[C] — [Aly - & exXp , P exp 5 .

Often &, will be comparable in value 1o &, and in this event the distribution of A, B and
C with time ig illustrated for example by the stepwise hydrolysis of a cobalt(11I) complex 6,
(X = —OCH;(NO,),)

O
P R ot n—Zo
{HaN)sCoOP—X _oH (H;N},.Co( :P\f {+ x')i—-— (HSN)4Co\/ Hz \o (1.76)
\O o o OH
B 7 8

Stepwise Hydrolysis of a Cobalt (IIl} Phosphate Complex (X = _0C5H4€N02)2)

The concentrations of 6, 7 and 8 are determined by integration of their characteristic P
nmr spectra (Sec, 3.9.5) and their variations wilh time are shown in Fig. 1.8.%" These curves
illustrate some general features of the system (1.66). At the maximum congentration of 7,

d{7/di = 0 (1.77)

and ‘
i [6] = Ky [7] (1.78)

Since the relative concentrations of 6 and 7 are casily assessed at the maximum concentra-
tion of 7, the ratio &k, /k, can be determined even if this is qguite close to unity. It can be
shown® that the time for the concentration of 7 to reach a maximum (7,,,,) is given by (1.79),
Prob. 11,

_ Itk /) (1.79)

Toax k o k?_
(1.78) and (1.79) can be used to determine rate consianis for conseculive reaclions, %%
There is a lag period in the buildup of 8, the inflection in the [8)/time curve corresponding
10 [7],,.x- For another example where A, B and C in (1.66) are all monitored, scc Ref, 64,
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20 ! The Determination of the Rate [aw

2 [ N6 8.
byl
&
€ 60F
a Fig, 1.8 Distribution of 6, 7 and 8 vs lime
b fram integrated P nmr spectra in 0.35 M
® 7 x OH , p = 1.0 M at 5°C. Signals (ppm)
20k arc at 6.5 {6), 22-31 (7, dependent on
. _ . .
" - fOH™[) and 7.1 ppm (8).%° (Reprinted with
i . , ) . permission from P. Hendry and A. M.
30 BO Sargeson, Inorg. Chem. 28, 865 (1986).
Time (min} @ 1986, American Chemical Society)

Such systems as (1.66) or {1.67) appear Lo have been examined mainly by spectral methods,
and so discussion will center around this monitoring method. The occurrence of steps with
similar rates is indicated by the lack of isosbestic points (Sec. 3.5.1) over some portion of the
reaction. In addition the appropriate kinetic plots arc biphasic although perhaps only slightly
$0, or only at certain wavelengths. Data obtained at a wavelength that moniiors only the con-
centration of A will give a perfect firsi-order plot (or pseudo first-order in the presence of cx-
cess X) rate constant &, (1.73). Considering the optical absorbance D, of the reacting solution
at time ¢, in a ccll of path length 1 cm,

D, = £,[A] + g4[Bl + £-[C) (1.80)

where €, is the molar absorplivity of A and so on (Sec, 1.9.1). By substituling (1.73) through
(1.75) into (1.80) and rearranging terms, it is not difficult to derive the expression 5556

D, — D, = a,exp(—kit) + ayexp(—ky0) (1.81)
where D, = £.[A], and a, and «, arc composed of rate constants and molar absorptivities: ¢’

ep[Algk, , Ee [Alyf,

= A 1.82

= g4 lA]y + k- K — Kk (1.82)
ki fAl ey — &)

=0 o 1.83

o K, — A, (1.83)

It is not always easy by inspeclion to be cerrain that two reaclions are involved. The use
of a semi-log plot helps ™" since it shows better the deviation from linearity that a biphasic
reaction demands but a computer treatment of the data is now the definitive approach. ™ ™
Less apparent is the fact that having resolved the curve into two rate constants Ko and &,
we cannot simply assign these Lo &, and 4, respectively (in 1.66) without additional informa-
tion since (1.81) is derived without specilying a ki, /&, or Ay, /&, condition.” The most
popular method for resolving this ambiguity is hy resorting to spectral considerations. The
spectrunt of the intcrmediate B (which is a collection of t, at various wavelengths) can be
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L6 Multiphasic Unidirectional Reactions 21

calculated from (1.81), (1.82) and (1.83) on the two premises thal (a) ke = £, and k.., = &,
or (b) ky,, = k3 and kg, = k. One of ithe two spectra estimated by this means will usually
be much more plausible than the other (which may even have negative molar abserptivitics!)
and the sequence which leads to the unreasonable spectrum for B can be discarded. An ap-
proach of this type was first made™ in a study of

Cr{en)3* 2 s —Cr{en)y(ecnH)(H,0)* My s —Crlen)y(H,OB* + enH3'
(1.84)

and has since been adopted on numerous occasions. %7378 Iy the majority of cases the fast
and slow rate constants arc assigned to &, and &, indicating fast formation of a rclatively
weakly absorbing intermediate %7768 A few instances are known however ®8! where the
reverse pertains i.e. a highly absorbing intermediate arises which decays rapidly compared
with its formation. Now kg, = k;.

An intense purple-blue species forms within a foew seconds when Cr2+, in cxcess, is added
to 4,4-bipyridinium ion, bpyH3* . The color fades slowly aver many minutes. The formation
and disappearance cof the intermediate, kg, and &, respectively, are assigned o &, and &,
respeclively from considerations of the assessed spectrum of the intermediate. ¥ The reac-
tions involved arc

HN\—/ \_/NH2*+ cre — HN\_/ \——_/N1-|*.'+Cr3+ {1.85)

highly colored

HN\_/ \_/NHh Crer — HNC>::1<jNH (1.86)

coloiless
and the rate equations are
V = a[Cr?'][bpyH2'] (1.87)
V= (b + ¢ICr?'1[H']} [bpyHy ] (1.88)

The radical intermediate is always less than 1% of bpyH2' but shows up because of its
high abszorbance,

If the spectrum of an intermediate is known, a choice of aobservation wavclength may allow
isolation of each stage. In the reaction {(A) — (C) using concentrated HCI:

i

Re(en), (OH);* —I— Re(en)CL(OH)] + enH3' (1.89)
(A) (B)
Re(en)CL{OH); Tfﬁ* ReCl,(OH); + enH3* (1.90)
(<)
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22 1 The Determination of the Rate Law

examination at 395 or 535 nm (where g = g.) gives —d|A]/dt and hence a value for k.
Observation at 465 nm (where g, = &) allows a value for &, Lo be obtained after a short in-
duction period. Absorbance changes at 685 nm (g, = ¢} reflect ¢ [B]/dt, and specilically
allow an estimate of 7, , the time for the conceniration of B to reach a maximum. A confir-
mation of &, and &, is then possible by using (1.79). %

Finally we return to the situation mentioned at the beginning of the section of a system of
two consecutive reactions still yielding a single linear plot of In (2, — D) vs time. A condi-
tion which is not obvious is (1.91) which emcrees from (1.81)6%755 3

K ez (1.91)
ks Ep — Ep '

This may appear to be an untikely situation 1o encounter until one recalls that there are a
nurmber of reactions involving two isolatcd and independently reacting centers. One might
then anticipate that statistically &, = 2k, and that &5 = 1/2(z, + &¢). These arc preciscly
the conditions demanded by (1.91). It is worth noting that in this case the observed first-order
rate constant is k.

Eight-iron ferredoxin contains two 4-Fe-clusters separated by about 12A. Bach cluster can
undergo a one-electron redox reaction (r and o represent the reduced and oxidized forms)

8-Fe(rr) —> 8-Fe(or) (1.92)
8 Fe(or) —2» § Fe(oo) 1.93)

Oxidation of 8-Fe(rr) to 8-Fe(oo) by a number of one-gleciron oxidants gives a single first-
order process, After ruling out the more obvious reasons for this obscrvation, it 1s concluded
that condition (1.91) holds,® one often referred to as “statistical kinetics”. For other ex-
amples, see Refs. 87 and 88. Lven if (1.91) is not sirictly satisfied, linear plots may still be ob-
tained, ¥

Further complexitics may be anticipaicd. For cxample in the consceutive reaction (1,66),
dircet conversion of A to C may occur as well as conversion that proceeds via B

k &y

A — B -+ (C (1.94)
I |
k3

The SCN  anation of Co(NH,)H,0** has only recently been recognized o lorm
(NH,);CoSCN?* in parallel with the stable N-bonded Co(NH,;);NCS>*. The system has
been fully analyzed and illustrates well the difficulties in detecting biphasic behaviar. ®

Co(NHy)5SCN?*

Ca(NII;)s11,0% (1.95)

T Co(NHR) NS

For another example, see Ref. 80.
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L6 Multiphasic Unidirectional Reactions 23

As the number of reaction steps increases so, of course, does the complexity. A novel exam-
ple is the six consccutive steps for hydrolysis of a cyanobridged polynuclear complex 99!

[Ru(bpz)i *(Fe(CN}¥ 3,1~ + 6H,0 — Ru(bpz)i* + 6Le(CN);H, 0 {1.96)
Il=e{CN)5 16-
(NC)sFe . & -Fe(CNJ5
N7 TRy N N
L/“ I ’(\[
S
WA U
(NC)Fe” | ‘j Z N Ea(CN),
-
I
Fe{CN); 9

The successive rate constants vary only from 1.3 % 107¥s5 ' 1046 x 10 45 "atn =

0.1 M and thc multistcp kinetics are analyzed with a computer. A large cxcess of dmso is used
to aid the dissociation of the polynuclear complex by reacting irreversibly with the product,
Fe(CN);H,0%-

Fe(CN)H,0% - + dmso — Fe(CN),(dmso)®  + H,O (1.97)

The ambiguitics which have been alluded to in this section may sometimes be circumvented
bv changing the conditions, the concentrations of excess reactants, temperature, pH and so on.

1.6.3 Two-Step Reactions with an Element of Reversibility

Suppose that an irreversible reaction between A and B leading to > 95% product or products,
designated D, is exarnined in the usual way. One of the reactants, B, is held in excess and the
loss of A monitored. It is likely that the loss will be a first-order process (rate constant k).
At low concentrations of B (but still = [A]), the value of & may be proportional to the concen-
tration of B. At higher concentrations of B however this direct proportionality may disappear
and eventually & will become independent of [B]. Obviously, a second-order reaction at low
reactant concentrations has lost its simplicity at higher reactant concentrations and cventually
turned over to first-order in A alone. Such a situation is accommodated by a rate law of the
form
—d[A] a [A][B]

V= ———— = k[A] —

dr 11 B[R] 1.98)

This behavior is somectimes referred to as saturation kinetics, When & [B] < 1, the observed

sccond-order is easily understood (rate constant = @). When » {B] ~ 1 there is a mixed-order
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24 i The Determination of the Rate Law

and eventually, when b [B] > 1, the reaction is first-order in A, rate constant — a/b. The
k vs [B] plot is described by a hyperbala and (1.98) can be treated directly by 4 computer pro-
gram. A favorite approach in the past, and still uscful, is to convert (1.98) intc a linear form
(1.99), A plot of &' vs [B]'

1 1 b
. 3 1.99
PR T (1.99)

yields 1/a (slope) and A/a (intercept). An cxample of the rate law (1.98) is shown in the redox
reaction (1.100).%2 Co(edta)®~ (= B)is used inexcessand ¢ = 4.5M~'s " and b = 831 M~!
at 25°C.

Co'lfedta)?~ + Fe(CN)~ — Co''(edta) + Fe(CN)E- {1.100)

1.6.4 Reaction Schemes Associated with (1.98)

There are 2 number ol possible schemes which may explain the rate behavior associated with
(1.98). A single step can be ruled out. Al least two conseculive or compelitive reactions -
cluding one reversible step must be invaked.

{a) Consider the scheme

A+ B % ¢ o (L101)

which is a very important one in chemistry. ” If we do nort see deviations from a single first-
order process it is likely that the first reversible step is much more rapid than the sccond. At
higher concentrations of B the rapid formation of substantial amounts of C may be discern-
able. If the first step is the more rapid one, C will be in equilibrium with A and 3 throughout
the reaction and

€] K,

_ s (1.102)
[Al[B] k_,

will be continually maintained. We shall be monitoring the loss of both A and C or the
equivalent gain in one of the products (13).

d[D1/dt — k(tA] + |C]) = ,[C] = kK [A]IB] (1.103)
From (1.102) and (1.103),

1L (1104)
i + K.[B]

which is of the form (1.98) with ¢ = &,K, and = K. In reaction (1.100), C would represent
some adduct, now believed 1o be a ¢yano bridged Co(11D)Fe(l1) species, with a formation con-

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



L6 Mulliphasic Unidirectional Reactions 25

stant K| = & = 83/ M. This adducl would break down to products with a rate constant
ky =a/b =354 x 107357

Co(edta)®™ + Fe(CN)R - == (edta)Co ""NCFe{CN)i~ (1.105)
(edta)Co"NCFe"(CN)]* == Cofedta)” + Fe(CN)}~ (1.106)

The rate constant & , can be ighored at present.
(b} A related scheme to that of (a) is one in which A and B reac¢t directly to form D, but
are also in a rapid “dead-end” or nonproductive equilibrium Lo give C (competitive reactions)

A+B=C K (1.107)
A4 B =D k.k ,(negligible) (1.108)
d[D)/df = k{JA] + [C]D) = &, [A][B] (1.10%)
whence
= Tf i%ﬁ]’ (1.110)

This is again equivalent to {1.98). In the reaction (1.100), the reactants still form the adduct,
K, remains 831 M !, but the reactants interact separately to give products with a rate con-
stanl k; = @ = 4.5M s .

{¢) There is yet another possible cxplanation for the observed data namely the sequence

A=C koo k_ (1.111)

C+B —- D & (1.112)

A very useful simplification that can often be made in these systems is to assume that the
intermediate C is in a small “stcady-statc” concentration, Therefore

+d [Cl/df = 0 {1.113)

k,[A](gain of C) = k_,[C} + k[C] [B] (loss of C) (1.114)

(ksky/k_y) [A][B]
1+ (k/k_4)[B]

d[Dl/df = k[A] = k5[C][B] = {L.11%)

which is (1.98) with @ — (kk,/k_ .} and b — (ks/k_4). [n (L100), Fe(CN);~ would reat-
range to a reactive form with a rate constant, &, = &/ = 34 = 1073571

The ratio k5/k_, = 831 M ! but the analysis can be taken no lurther without knowledge
of the equilibrium constant for (1.111) (&, /k_,).

{(d) Distinguishing Schemes (a), (b) and (c}

It is relatively easy to spot behavior (c). Plots of k vs |B| are non-linear with [B] » [A] but
will always remain linear with [A] » [B].* Saturation kinetics will arise with (a) and (b}
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26 I The Determination of the Rute Law

whether A or B is the reagent used in cxcess. Sccondly, the value of &, calculated with
scheme (¢) will be independent of the nature of B. Finally the value of chemical intuition can-
not be underestimated in resolving these problems. Two different reactive forms of Fe(CN);~
are unreasonable (although not impossible} thus tending to rule out Scheme (c) for reaction
(1.100). The scheme (¢) is more likely to operate for example in the reaclions of proteins. The
A = Crransformation in {1.111) would represent a conformational change. Such a mechanism
is favored in the oxidation of blue copper proteins. *

It is often however very difficult to distinguish between schemes (a) and (b)."> With
scheme (a) there will be an induction period in the appearance of products as C is being built-
up, see alse Fig. 1.8, This will not be the case with scheme (b) since production of D starts
directly from A and B. By examining very carefully the reaction progress at very carly times
while (1.107) is being set up, it may he pessible to distinguish between the two schemcs, ** %
Once the rapid equilibrium has been established however the steady-state kinetics are identical
for (a} and (k). Arguments over which of the two schemes is preferred must then he based
on chemical or rate considerations, and these are usually equivocal. However they can be used
to distinguish (a) and (b) in the reactions (I.100} using the following reasoning. '* The overall
equilibrium constant for (1.100) can be estimated from oxidation potential data. The value (20)
is equal to K k,/k_, for (a) and k;/k_, for (b) where k_, and & _, are second-order rate
constants for the steps

Coledta)~ + Fe(CN)l- —=2» (edta)Co™NCFe! (CN) (1.116)
or
Cofedta)~ | Fe(CN)} = =3 Cofedta)? + Fe(CN)i- (1.117)

This means that either k_, or &_, is 0.21M~*s !, This is a reasonable value for a second-
order redox process which (1.117) represents, but is very unlikely for & _, since formation of
the bridged adduct must involve Co'Y'-Q bond cleavage in Co(edta)” and such a process
would be expected to be much slower (Ch. 4). For this, and other reasons!® % mechanism
(b} is strongly preferred.

Since the propensity to form adducts in chemistry is high and these adducts undergo a
varicty of rcactions, the rate law (1.98) is guite common. This is particularly true in ¢nzyme
kinetics. %3 In reality, these reaction schemes give biphasic first-order plots but because the
first step is usually more rapid, for example between A and B in (1.100) we do not normally,
nor do we need to, examinc this step in the first instance. '™ '™ The value of X, in (1.107) ob-
tained kinetically can sometimes be checked directly by examining the rapid preequilibrium
before reaction to produce D occurs. In the reactions of Cu(l) proteins with excited Cr and
Ru polypyridine complexes, il is considered that (a) and {b) schemes may be operating concur-
rently. '

Finally, we consider a straightforward example of three consecutive steps as in the scheme

A=B = C+D k. k, (1.118)
C+B —E+D  fk, (1.119)
E+B — F I D I {1.120)

kykskey [A] 1B

V = k[E]1[B] = kky(B1? + k_,k;IB] D) + k_ k_,[D]

(1.121)
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1.6 Multiphasic Unidirectional Reactions 27
This ratc cquation is derived by assuming a steady-siate treatment in which
d[C]/dt = d[B]/dt = 0 (1.122)

or alternatively the Christiansen formulation is applicd. ' The inclusion of the concentra-
tion of product D in (1.121) indicates that [ features in a reversible step that occurs prior to
or at the rate-determining stage. Deliberate addition of the product 1D and observation of
retardation of the rate will show whether this scheme is plausible.

This oxidation of inorganic reductants by Cr(VI) show a variety of behaviors based on
scheme (1.118- 1120} (A = Cr(VD); C = Cr(V); E = Cr(IV); F = Cr(III); B = reduced form
and D = oxidized form of reductant). With B — Ag(l) or Ce(III), the rate law {1.121) is
obeyed, indicating that the rate-determing step (1.120) involves Cr(1V}, 1110

1.6.5 Two-Step Reactions with Total Reversibility

The scheme

A :ﬁ" B % C (1.123)
forms an imporlant basis for understanding the kinetics of many reactions, """ Although
the addition of the reverse terms k_, or A_, (or even worsc both) to (1.66) complicates the
treatment considerably, some complexity can usually be removed by various subterfuges. ‘T'he
two steps are unlikeiy to be both purely first-order and any or even all of the rate constants
may be [unctions of the concentrations of other rcagents I — G, Provided these are main-
tained in

KB KIFL . .
~rom S (1.124)
excess of A, B or C, the treatment of (1.124) is based on (1.123) with &k, = k{[D],
k_. = k! [Eletc and &/, &' . etc. the second-order rate constants for A reacting with D ete.

We shall see that with the system {1.123) or (1.124) identical results are obtained whether pure
A, pure C, or a mixturc is the starting conditien, or an equilibrium mixture 18 perfurbed
(Sec. 1.8.2).

Biphasic kinetics will in principle be observed with (1.123). The associated first-order rate
constants &, and &, are related to the rate constants of (1.123) by the relationships (Sec. 1.8.2)

ki +hkp=k +h |tk + Kk, (1.125)
Kiky =k(ky + k_3) + k_k_; (1.126)

Only if K, (= k/k ))and K,(= k,/k ,) are known, are all the rate constanis calculahle.
This necessity is removed if one of the steps is pscudo first-order, e g, A reacts with D in the
first step, as we shall now discover
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28 I The Determination of the Rale Law

The intcraction of cxcess concanavalin A (P) with the chromogenic disaccharide p-nitro-
phenyl-2-0-a-D-mannopyranosyl-o-D-mannopyranoside(M) 10(a) displays a speciral-lime
course shown in Fig. 1.9,'% 1t is clearly hiphasic and

Concanavalin A (Con A) — There is a binding site for a single D-mannopyranosyl
{manp) group not far from the Ca, Mn binuclear site in Con A. Carbohydrate binding
is the basis of important biological properties of the protein. The interaction can bc
probed by attaching a nitrophenyl or a methylumbelliferyl group (Meumb) to the sugar
and using spectral or fluorescence monitoring, respectively. A single phase attends the
Con A reaction with Meumb-manp, bul with the disaccharide Meumb (manp), in-
teraction is biphasic. The two mechanisms may be represented as either

- = 1128
= .

e il
: p

M P PM M
Meumb(manp), Con A
Site
in which binding is {ollowed by an isomerization, or by:
T PN
= = 1133
— P * ”
1 it fiit
PM M PM

now binding occurs simullaneously with groups on both internal and terminal residues.
The asterisk represenls the chromophoric group of the disaccharide.

H CH
OH
HO =0
HO HH OH
!!I H CH
i Y s
HOQ
| H H
R ox
10
a  X-= ~©—N02
o. .0
b X =
CHy
\\'\\'\\'.ir&ln*]ﬂ&l\'{ld.(k)]n
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16 Multiphasic Unidirectional Reactions 29

Fig. 1.9 Time dependence of absorbance
obtained after mixing Con A (200 uM)
and 10 {2) (20 uM). The semi-log plot of
the data (insel) shows even clearer the
biphasic nature of the reaction. '
Reprinted with permission from T, J.
Williams, I. A. Shafer, I. T. Golkdstein

0.4 1.0 1.6 and T. Adamson, J. Biol. Chem. 253,
Time (s} 8538 (1978).
is analyzed by
D, — D =wacexp(—k )+ fexp(—4k; 1) (1.127)

where @ and B (= D, — D, — o) are composite parameters. One reaction scheme related to
{1.123) with A reacting with D in the first step (therefore &, is a sccond-order rate constant) is

M+P .~ PM ;:_4_ PM (1.128)

in which there is a conformational change of the protein-sugar adduct PM’ subscquent to its
more rapid formation, It is easy Lo see from (1.125) and (1.126) that
o+ kg =kPl+k_ | + 5+ &, (1.12%)
kiky = ky (ks + k)P + Kk, (1.130)
From the slopes and intercepts of the two plols of (& + ky) vs [P] and & & vs [P] in ex-
cess, all four rate constants can, in principle, be extracted.
However as was seen in Sec. 1.6.4 another scheme is possible
A+B = C (1.13D)
A+B — D (1.132)

which applied to the present system yields

PM .# P+M % PM (1.133)

This is a fundamentally different mechanism. The two adducts PM and PM’ arc initially

formed at relative rates equal (o k,/k_5. ln the slow phase PM and *PM equilibrate and

their relative concentrations arc controlled by the equilibrium constant kyk, /4 4 _,. For

the scheme (1.133) by substituting &y + A_,for k, + A_;and (k _; + A)[Pifor k | + &,
in (1.125) and (1.126) one obtains
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0 ! The Determination of the Rate Law

ky 4+ foy = ky + k_y - (k_y + k) [P (1.134)
kyky = ksk_y + (kyky + k_sk_4) [P] {1.135)

Comparison of (1.129) and (1.130) with (1.134} and (1.135) shows that the schemes cannot
easily be distinguished kinctically. Considerations of spectral changes accompanying the two
phases and values of @ and B for the two schemes, as well as chemical considerations, strongly
support the second interpretation. Both speciral and fluorescence moritoring (using 10(h))
and the technigues of slopped-flow (starting with P and M) and temperature-jump (slarting
with an cquilibrium mixturc of P, M, *PM and PM) have been applied with similar results
to this important interaction. The references 115- 118 should be consulted for detailed analyscs
of the system,

The reaction of metal ion M”"' with the keto, enol tautomeric mixture of acetylacetone
{acacH) in acidic aqucous solution has been treated by a similar approach to that outlined
above (see Prob. 16).

keto cniol

Ay 11
by M)

Simplifications casc the extraction of accurate values for the rate constants. For example,
the keto, enol interconversion may someclimes be ignored, and k_, » & and &, » &k | are
justifiable assumptions, 19712

A very important scheme in transition metal chemistry is illustrated by

(1.136)

M +

\

M(acac)

AB = A I B (1137
A+ C = AC (1.138)
which arises if the mechanism for interchange of B and C on A is dissociative in character

{Sec. 4.2.2). Specifically we might consider the interchange of O, and CO coordinated to an
iron respiralory protein e. g. myoglobin (I*Fe)

PF(0;) .,  PFe + 0, (1.139)
»
PRe + CO === PF(CO) (1.140)
-2

The steady-state assumption is widely applied since the concentration of adduct-free
myoglobin, PFe is very small.

*+d [PTe)/dt = 0 (1.141)

A single first-order reaction is observed and

d [PFe(COM/dt = —d[PFe(0))/dl = kg, ([PFe(CO)], — [PFe(COY],) (1.142)
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L7 Recapituiation 31

where

Kk [COL + Kk, [0
Kopy = £, [CO] + k_,[0]] (149

Further simplification may be possible, dependent on the relative values of the four terms
in (1.143). 122 Care must be taken to ensure that both [(,] and {CO] » [PFe((,)], so that the
concentrations of O, and CO remain approximately constant throughoul the reaction, The
interchange

Fe(CN)X3~ + Y = Fe(CN),Y3- + X (1.144)

may be similarly treated, '

The schemes considered are only a few of the varicty of combinations of consecutive first-
order and second-order reactions possible including reversible and irreversible steps. '** Fxact
integrated rale expressions for systems of linked equilibria may be solved with computer pro-
grams. Examples other than those we have considered are rarely encountered however except
in specific areas such as oscillating reactions or enzyme chemistry, and such complexity is to
be avoided if at all possible.

1.7 Recapitulation

At this stage we ought to restate briefly the sequences necessary in the construction of the rate
law.

1, Drecide the reactant (A) whose concentration is most conveniently monttored, Use A in
deficiency and determine whether it is totally (> 95%) consumed in all the experimental con-
ditions envisaged. If it is not, the reaction is reversible, and should be allowed for in the kinetic
treatment.

2, Delermine the order ol the reaction with respect 10 A. The value of [A}, In [A], or [A] °
will probably be linearly related to time, indicating zero-, first-, or second-order, respectively.
All other reactants are maintained in constant concentration.

3. Repeat the experiments with different concentrations of the other reactants B, and so on,
varied one al a time. Thus determine the order with respeci to these also. Plois of log &, vs
log [B], and so omn, arc semetimes useful in giving the reaction orders as slopes (Prob. 3).

4. If complexity is suspected from the kinctic behavier, the effect of products and of possi-
ble impurities and the occurrence of side reactions should be considered. Later we shall see
thal medium compaosition (Sec. 2.9), temperature and pressure (Sec. 2.3) are olher imporiant
parameters that affect rate, The rale law incorperating these effects is oblained by further ex-
periments of the type indicated in step 3.
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32 ! The Determination of the Rate Law

1.8 Relaxation Kinetics

With the availability of perturbation techniques for measuring the rates of rapid reactions
(Sec. 3.4), the subject of relaxation kinetics — rates of reaction near to chemical equilib-
rium — has become important in the study of chemical reactions.'® Briefly, a chemical
system at equilibrium is perturbed, for example, by a change in the temperature of the solu-
tion. The rate at which the new equilibrium position is attained is a mcasure of the valucs of
the rate constants linking the equilibrium {or equilibria in a multistep process) and is con-
trolled by these values.

1.8.1 Single-Step Reactions

Consider a simple equilibrium, second-order in the lorward direclion and first-order in the
reverse;

A+B -« C k. k_, (1.145)

Aller the perturbation, let the final equilibrium concentrations be represenled by A, B,
and C. At any time ¢ after the perturbation is imposed, and before the final equilibrium is
reached, let the concentrations of A, B, and C be (A — @), (B — b), and (C — ¢). Thus a,

#, and ¢ represent deviations from the final equilibrium concentrations. Tt is apparent from
the stoichiometry of the system that

a=bh=—-c (1.146)
At time ¢,

d(C — cVdt = k(A —a}(B — b)) — k_(C —¢) (1.147)
At final equilibrium,

dCidt — 0 =k AB — k_,C (1.148)

Since the perturbations are small, the term ab can be neglected for (1.147); then combina-
tion of (1.146}, (1.147) and (1.148) gives

—dc/dr — [k (A + By + k_|]lc (1.149)
Similarly,

—da/dt = [k, (A + B) + k_,]a (1.150
The shift to the new equilibrium as a result of the perturbation, the refaxation of the system,

is therefore a first-order process with a first-order rate constant & = 7' (1.28) made up of
oA+ B+ k_.
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L8 Relaxation Kinetics 33

A treatment similar to that above can be applied 1o other single cquilibria. If the
stolichiometry condition akin to (1.146), the Zero nct ratc condition at final equilibrium as in
(1.148), and thec neglect of squared terms in the deviation concentrations are applied to the rate
equation similar to (1.147), it is found that there is always a linear relation of the form

—da/dl = ka (1.151)

with a valuc for & characteristic of the system (Table 1.2), Prob. 12.

Table 1.2. Values of Relaxation Rate Constants (k) for Various Single Equilibria

System k
A =B kyo+ k_?
2A = B 4k [A] + k_,
A+B=C (Al + [BD + &
A+-C=B1C (k, + & )IC]
A+B=C-Db ki (IA] + [BD) + &_,([C] + D]y

* the symbals &, £_, represent the forward and reverse rale constants (or all systems; [A], [B], [C] and
[D] represent the final equilibrium concentration of these species.

Thus the determination of the relaxation times for a number of different reactant concen-
trations (estimated /» situ or from a knowtedge of the equilibrium constant) will give both the
reaction order and the associated rate constants. It should be noted that the concentrations
in (1.149) arc cquilibrivm oncs. Algebraic manipulation allows the determination of the rate
constants for some systems in ‘Table 1.2 without a knowledge of equilibrium constants. For
2A = B, it can be easily deduced that a plet of £2 vs [A), is linear with a slope of 8 & & .
and an intercepl 2, The value [A], is the stoichiometric concentration = [A] + 2 [B], '26-!28
see Prob. 13, Normally, changes in concentration from the perturbation are held to < 10% of
the total concentration, an amount which is usually easily monitored. It is perhaps surprising
that perturbations imposed can be larger than this for single- and multistep reactions, virtually
without loss of the {irst-order relaxation Features, '™ In any event, analysis of the last
portion of a tracc arising from a large perturbation will be a valid procedure.

If in the relaxation systems listed in Table 1.2 one of the reactants A or B and one of the
products C or D is in large excess, that is if pseudo first-order conditions obiain, the relaxation
expression is identical with the rate law obtained starting from pure reactants (1.148). For con-
ditions other than these however, the simplified treatment with relaxation conditions is very
evident, as can be seen, for example, in the simple expression for the first-order relaxation rate
constant for the A + B = C + D scheme compared with the {reatment starting {rom only
A and B, and when pscudo first-order conditions cannot be imposed.

1.8.2 Multistep Reactions

One does not often encounter the simple scheme involving only first-order reactions such as
(1.152)

A=RB=2C (1.152)
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34 I The Determination of the Rate Law

However, consider the very common and important two-step mechanism (1.153).

A+B . S~ Eap {1.153)

ko LA
This can be reduced to (1.152) when [B] & [A]. The difficult situation io analyze arises
when the rates associated with the two steps in (1.153) are similar and in addition [A], ~ [B],
and the reduction to (1.132) cannot be made. This case will be treated first, The objective is
to express da/dr and dc/dr each in terms of @ and ¢, which arc the deviations from equilibrium
concentrations symbolized A, B, C, and D. These provide the basis for the two relaxation

times observable wilh the system. Now

a=h=—(c+d) {1.154)
d(A — a)dt — — k(A —a)(B — b) + k_(C - ¢ (1.155)
—da/dt = k(A | Ba — k_, ¢ (1.156)
d(C —eVdt = k(A —a)(B—b) -k (C—c)— &C -+ k(D —d)

(1.157)
k.D=kC {(1.158)
—do/di = —k((A+Bla+ k_c+ ke + k_sle+ o) (1.159
—de/dt = —(kj(A + By —k_Ja+(k_| + k + k_3)c (1.160)

Equations (1.156) and (1.160) are of the forms

—da/dt = v, a + @, (1.161)
—dc/dt = vy @ + o (1.162)

Making the substilution ¢ = Xe * and ¢ — Ye™* gives

EXe ™ = a, Xe ™ + a,Ye k! (1.163)

e ™ = ayXe ™ + o, Ye ¥ (1.164)
or ™

(0, —Ka t ayc— 10 (1.165})

(0 — K)c F oy a=10 (1.166)

Solving for £ by climinating ¢ and ¢ gives
B2 — (o, ¢ oBp) K 0 0y — Gy 0, = 0 (1.167)
The two first-order rate constants &; and A associated with this scheme are given by

k= ooy g [y ey - A uyn —oapay))”? (1.168)
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1.8 Relaxation Kinetics 35

and
2ky o0y, 4 Gy — [0 1 ) — Ay, 0y — 0 1P {1.169)
and
o, =k (A1 B) (1.170)
= —k_ {1.17H
Oy = k| + ks + k_, (1.172)
g, =k_, — k(A + B) (1.173)

Thesc arc cumbersome equations to use but (1.168) and (1.169) can be computer freated.
Alternatively, it is easily deduced that

K+ k=i A+BY+hk_ [ +hk +hk, (1.174)
and

kdey = Kk (ky + & (A + B + k &, (1.175)

From plots of (k; + k) vs [A + Bl and & &y vs [A + B], all rate constants can be deter-
mined (sce Sce. 1.6.5). 13

This treatment vields the time course of the relaxation which is of most concern to us, but
ignores the relative magnitudes of the relaxations (contained in the X and Y terms in {1.163)).
These latler are complex functions of reaction cathalpies and absorbance coefficients, but can
yicld equilibrium constants for the two steps. 3313 However, telaxation data are much less
used for thermodynamic than kinetic information.

A common simplification arises when the bimolccular step in (1.153) equilibrates rapidly
compared with the unimolecular step (it may, for example, be a proton-base reaction). This
means that the change in concentrations of A, B, and C due to the first process in (1.133) will
have occurrcd before D even starts to change. The relaxation time 1, associated with it will
therefore be the same as if it were a separated equilibrium:

T =k = kA B) 1k, (1.176)

The changes of concentration of C and D resulting from the second equilibrium are however
coupled 1o the first, and thc associated relaxation time 1, migh! be expected to be a more
complex function. It is however fairly easily derived.

d(D — dVdt = k,(C — ¢) — k_,(D — d) (1.177)
from which
ddsdt = kye — k d {(1.178)

MNow we must express ¢ in terms of ¢, so that an cquation relating de/df and ¢ only may
be obtained. Since the first equilibrium Is always maintained, compared with the sccond,

KA —-a)B —b) =k_(C—0) (1.179)
k(Ab + Ba) = k ¢ (1.180)
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36 1 The Determination of the Rate Law

Since
—a=—b=c+d (1.181)
—k (A +B)(c+d)=k_,c (1.182)
oo kA By (L183)
k(A+B) + k&,
dd —k ko (A + B)d
ekl — k 1.1R4
dt k(A B) Lk, kod (184}
k k(A + B)

i =ky =k, + 122 1.185
T I =2 p A+ B+ & ( )

Equations (1.176) and (1.185) can be derived from the general expression (1.167) by using the
relationship &, (A 1 B) + k_, » k_, + k, and making the approximation (1 — x)'? ~
1 — x/2. The approximate approach is often uscd when the direet product of a bimolecular
reaction undergocs a slower change (isomerization or conformational reaction). Both fast and
slow relaxarions are analyzed by (1.176) and (1.185) using Fig. 1.10{a) which indicates the varia-
tion of &, and k,; with [A] + [B] on the basis that &, > &, (K, = k,/k_,). Examples of ils
occurrence are in the reactions ¥’

26x 10 M1 57!

Cu(IDbleomycin + DNA *""_“7‘““)3“1 T outside-bound comptex
45 57! .
ﬁ intercalated complex, (1.186)
and '*¢
K, = 33xggts |
E+§:==-> *BS .~ ° “~ ES (1.187)
SN 1O% 108 s~
(fast) “
K= 210t !
E+P M7~ »gp (U s pp (1.188)
100 M T 175 108 5!
(fast)

Reaction (1.187) represents the binding of the subsirate (8), Gly-1.-Phe and (1.188) is binding
of the product (P), L-Phe, to a colored derivaiive ol carboxypeptidase (Chap. 8. Zn) ({(I&),
arsanilazotyrosinc-248 labelted) 1. Ounly the slow step has been analvzed {starting in either
direction) and it conformed to ([.185). Values for K, (which equals &, /k_, in (1.153)), k> and
k , for the formation of both ES and EP are obtained. The two directions are isolable
because the conversion of ES to EP is relatively slow (k, = 0.0157%.1%

The relaxation approach has played an important role in our undersitanding of the
mechanisms of complex formation in solution (Chap. 4)%1%° The usc of computer programs
has now eased the study of multiple equilibria. For example, four separate relaxation effects
with T’s ranging from 100 us to 33 ms are chserved in a temperature-jump study of the reac-
tioms of Ni?' with flavin adenine dinucleotide (fad) (Egn. (8.121)). The complex relaxation
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1.8 Relaxation Kinetics 37

ASOSHQ

c
\ _ 3 .

Tyr248

equations may be computer-analyzed and the associated four steps rationalized in terms of
initial phosphate attachmeni to Ni?' followed by intramolecular binding of the other two
ligand sites of the coenzyme, ¥4

Only rarely is the situation encountered when the first step in (1.153) is sfower (han the se-
cond transformation. It is easily recognized from the dependence of &; and &y on [A] + [B],
Fig. 1.10(b). "** The difficulties of distinguishing Scheme (1.133) from (1.189):

C=A4B=0D (1.18%)
have been already alluded (0 and the relaxation approach to this problem thoroughly ex-

amined. ™ Comprehensive tables of rate expressions for a variety of schemes both possible
and unlikely in practice are collected in the texts by Bernasconi and Hiromi (Prob. 14),

{a) (b}

/T 17
{1 {I
o® - karka ™
Ky Kt
K 4—
0 0
kyrk 4 — {1
Slope = ki — "™
ky+rdk s _ 5\096’
2
A1 k 4k 4 ‘:I:
ka— ky+k
0 } [A]+{B] 0 {Al+ (B]

17K,

Fig. L1 Dependence of &y and &y on [A] + [B] for the sequential reactions A + B < € — 1J for (a)
A + B = C the more rapid and (8) C = D the more rapid step. '
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38 I The Petermination of the Rufe Luw
1.9 Exchange Kinetics

Somewhat in the same vein as relaxation kinetics, there is a simplicity about the manipulation
of isotopic exchange results that makes the method an important and useful tool for studying
mechanism, When AX and BX, both contuining a common atom or group of atoms X, are
mixed, there will be a continual interchange of X between the twoe environments that may
range from cxtremely rapid to negligibly slow. This exchange will go undetected unless we tag
AX or BX with some labeled X, which we denote by *X:

AX + B¥X = A*X | BX (1.190)

Consider a mixture of AX and BX at chemical equilibrium. When, for example,
radioisotopes are used as tracers, they are injected into the equilibrium mixture in the form
of a very small amount of B¥X. Al various times, cither (BX + B*X) or (AX + A*X) is
separated from the mixture and analvzed. When nmr line broadening is used to monitor the
exchange the tracer is already present e.a. 'H or 'O (or an additional amount can be added)
and the exchange is monitored in sitv and assessed [rom the shape of the nmr signals
{Sec. 3.9.6). Ii the concentration of (AX + A*X) is ¢ and the concentration of (BX + B*X)
is b, and the fraction of cxchange at time r is F, it is not difficult to show that the gross or
overall rate of X transfer between AX and BBX, V., (M 57') is given by

—abln(l — F) ab
Ve = ——————— = = f, - )
n Y b @+ b) (1.191)

F will equal x/x, wherc x and x, represent the mole fractions of A*X at sampling and
equilibrium times. The rate of exchange will be identical in both directions in (1.190) and be
always first-order, comparable to the situation with relaxation kinetics, a relationship which
has been explored. ¥ The equation (1.191) is modilied slightly when isolope effects are in-
cluded. '’ The rale ol exchange will depend on the concentrations @, & [H'], and so on, in
a manncr that determines the rate cxpression. The exchange rate is measured with different
concentrations of AX, BX, [H*] etc., and the rate law is constructed exactly as in the initial-
rate or stationary-state methods (IProb. 17). A popular method for treating (1.191) has been by
the use of a plot of —In(l — T} vs time. For a single exchange process this will be lingar, [rom
the slope of which &, is oblainad.

The cxchange of Mn between MnO; and MnO3~ has been followed using the **Mn
radioisotope and quenched-flow methods (Sec. 3.3.2). "® The results are shown in Table 1.3,
from which it is apparent that

Vown = & [MnO;][Mn0?%-] (1.192)

Even complex rate laws may be easily constructed by examining the dependence of 1, on
the congentrations of the various species in solution. The rate of cxchange of Ni between
Ni** and Ni(edta)®~ obeys thc rate law

v

exch

=k [Ni?"] [Ni{edta)>~] + ky[Ni®*] [Nifedta)? | [H*| + 4, |Ni(edta)® =] [H ']

+ k,Ni(edta)2~] |11+ |2 + k,|Nifedta)>~] [H*]3 (1.193)
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1.9 Exchange Kinetics 39

Table 1.3. Dependence of *'Mn BHxchange Ratc on Concentrations of MnOZ2~ and MnO; at 0.1°C in
0.16 M NaOH

10% x [Mn0}"] 10% x [MnO;] f1,, cxch 10% x V. 102 x &
M M 5 \% Mgt
4.3 4.8 10.6 1.5 7.2
4.1 4.8 11.2 1.4 7.0
4.6 9.7 6.6 33 7.3
4.5 14.6 5.3 4.5 6.8
43 19.4 4.3 5.7 7.6
4.2 24.3 3.2 7.8 7.3
4.1 34.0 2.5 160.2 6.5
1.0 9.7 9.2 0.69 7.3
2.3 9.5 9.0 1.4 6.5
4.6 9.7 6.6 1.3 7.3
10.1 9.7 4.9 6.9 7.1
19.7 9.7 3.1 15 7.9
33.0 337 0.25 830 7.5
195 188 0.26 2550 7.0
29 381 0.25 750 6.8
Average 7.1 £ 0.3

The five terms simply represent paths through which exchange can occur (Sec. 4.4.3).'%

[f there is more than one exchanging atom ol X in the interacling molecules, for example
AX, exchanging with BX,,, the rate expression (1.191) is modificd accordingly, with & and &
replaced by ma and mb respectively. This applies only when the #X or mX atoms are
equivalent. In basic solution the vanadium(V) ion, VO]~ exchanges oxygen with solvent
H,0O. The plot of In{1 — F) is linear with time for at least four half-lives and it can be shown
that all four oxygens in V()™ exchange, from the distribution of *0 between VO]~ and H,0
at equilibrium. They are thus equivalent, '*°

4[VO§ 1[H,0]

Vion = T .
cuch kubm 4 [“]()-1l ] + [HZO] (1 ]94)
and since [H,0] » 4[vO3~]
Vexch = 4knhs [Voi_] (1195)

A special and important type of exchange arises when one of the exchanging species is the
solvent. The rate of exchange of solvenl molccules, S, between free and metal-coordinated sol-
vent has been studied for a large varicty of metal ions and solvents. ' A good deal of confu-
sion has arisen over the definition and meaning of the exchange rate constant in such systems.
It has been recently shawn,">!13¥ surprisingly, that the rates of isolopically labelled solvent
exchange of all x ligands in MSZ™ and of a particular ene of these # ligands are the same.

Previous divison of &, 4, by a statistical factor of # should not have been carried out. '™ This

exch
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40 1 The Determination of the Rate Law

can be illustrated by reference to the exchange of H,O beiween Pt(H,0);" and frec solvent,
Fig. 1.11."% From (1.191)

A[PHHLORY | IH,0| .
ot = Koy oS 2 IPHH,002 ] — & [PUHL02] (1196
Vw.ll obs 4[Pl(H20)3+] + HZO onsl t( 2 )4 ] k[ [( 2 )4 ] ( )

& is the rate constant for exchange of any H,0 molecule
PUH,0Z" + H*O > PH{H,0),(H,*OY* + H,0 (1.197)
while k.. is the rate constant for exchange of a particular

k.

PI{H*0)(H,O) + Hy*O ™ PUH*Q), + H,0 (1.198)

ligand and equals 15}, (., = 116 s from Fig, L11), & therefore equals 4k,

Fig. 1.11 Increase with time of height h, (arbitrary
0F units) of the O nmr signal from coordinated
water in Pt(H,()~ when treared with
"0-enriched water. Fast injection of 0.7 g of

5 PI(IL0),(CIO,), (0.58 M) and HCIO, (3.5 M} into
0.55 g of 20% "Q-enriched water al 50.6°C was
employed. '** Reprinted with permission from I,

£ I 1 Helm, L. 1. Elding and A. E. Merbach, Inorg.
500 Chem. 24, 1719 (1983), © 1985, American
Time (s) Chemical Society.

When the molecule contains more than one type of exchanging atom, bul the associated
exchange rates differ widely, there is no problem in treating this system as scparate single cx-
change steps (sce the markedly different oxyegen cxchange types in Moy,O(H,0)%", 6 in
Chap. 8'%). However when the exchange rates are similar, their resolution and treatment is
much more complex. This has been a vexing problem in the study of oxygen exchange between
H,O and metal-coordinated oxalate. There are two kinetically distinct types of coordinated
oxygen in Rh(en),(’,0] (12). The slower exchange is attributed to inner/outer oxyeen inter-
change which is presumed (o occur before inner oxygens can exchange with solvent.

The rate processes differ only slightly and the treatment resembles that for Sec. 1.8.2.'%
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LI0 The Inclusion of [H*] Terms in the Rate Law 41

In recent vears there have been relatively few studies of isotopic exchange using
radicisotopes, '** many more using *O labelling'®® and a large number probed, both
qualitatively and quantitatively by using the nmr method, ™™ which has the decided advan-
tage that in situ monitoring can be used (Chap. 3). Two overriding values of exchange reac-
tions cannot be overemphasized. They must take place if a kinetic path exists (i.e. ther-
modynamics are not a consideration) and the associated very small driving force makes them
casicr to interpret than net chemical changes.

1.10 The Inclusion of [H*] Terms in the Rate Law

So far only the reactants directly involved in g reaction have been considered in their contribu-
tion to the rate law. Added *“inert” cations and anions can sometimes contribute in a profound
way by modifying the major reactants (e. g. by ion pairing) but usually the effects of their con-
centrations on the rates of reactions are best accommodated by the general theories of the ¢f-
fect of tonic strength on the reaction rate (Sce. 2.9.1).

Many reaction rates arc affected by the pH of the solution. The modification of the rate
as the pH is changed can be ascribed to formation of different species with different reac-
tivities. Thus, the oxygen exchange between oxyions and water is faster in acid because of the
enhanged reaclivity of protonated oxyions. It is therefore essential that as wide a range of pH
as possible be studied so as to detall a full reaction scheme, and thus delineate the reactive
forms of the reactants. In no area is this recognized as important as in enzyme kinetics. '
Assigning [H~| terms in the rate law presents little problem, the rate constant for the reac-
tion being simply measured at a number of hydrogen ion concentrations. The [H*] may be
in cxcess over that of other reagents, or alternatively the solutions may be buffered. In both
cases, no change of pH occurs during the reaction. Since this is such an important parameter
in its effect on rates, we shall discuss in some detail the most common types of behavior
(rate/pH profiles) encountered. The determination of rate constants at even a few pH values
can often indicate the extent and type of H' (or OH ) involvement, It may in certain cases
be nccessary to scparatc a “medivm® from a “mechanistic” cffect of [H7] on the rate
{Sec. 2.9.2).

1.10.1 One Monoprotic Reactant, One Acid-Base Equilibrium

If the profile of the obscrved or the intrinsic rate constant plotted against pH resembles the
profile for an acid-base titration curve, this strongly suggests that one of the reactants is in-
volved in an acid-base equilibrium in that pH range. Such behavior is lairly common and
1s lustrated by the second-order reaction between the Co(ll)-trien complex and O,
(Fig. 1.12)."% The limiting ratc constants at the higher and low acidities correspond to the
acidic and basic forms of the Co(Il) reactant, probably,

Cotrien}(H,0)2' = Co(trien) (H,O)0H* + H+
+ +

?2 (1)2 (1.199)
products products
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L
301
% 20f
'r-m -
%
= |
X |
:Q L
10}
- Fig. 1.12 The pH dependence of the first stage of
I Lhe reaclion between Co{lIl)-trien complex and O,.
§— o Lo _ 2
| ) ! ) | . The solid line represents Eqn. (1.207) with K,y = 6
8 10 12 » [072M, which is a spectrally determinced
pH value, 160

The rate law and the general reaction scheme associated with this systemn are gasily derived.
Consider the reaction of an acid AH and its conjugate base A with a substrate B (any charges
arc omitted from these for convenience):

AH = A + H- Kan (1.200)
A 4+ B — products K, (1.201)
AH + B - > products Ko (1.202)

Invariably, the total concentration of A and AH is monitored, and so the rate expression
is formulated in terms of {[A} + [AH]D

—d(JAH] 4 [AD/dr — k(IAH} + [AD[B]” (1.203)

where & is the experimental rate constant, first-order if # = 0, second-order if # = 1, and
s0 on. The rate is also the sum of the contributions of AH and A.

—d(JAH] + [A]/d! = k,, [AH][B]" + &,[A] [B]" (1.204)

Combining (1.203) and (1.204), we obtain

k = {ksnlAH] + & [AD/(AH] + [A]) (1.20%)
Using
Kan = [A][H')/[AH] (1.206)
yiclds
k= {kygH™] + £, Ky )/UH| + Kap) (1.207)
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LI10 The Inclusion of [H*] Terms in the Rate Law 43

The full curve of Fig. 1.12 is drawn in accordance with (1.207). Considering Hmits, we find
k =k, when [H7] » K, and k = &, with [H¥] < K. The full S-shaped profile will
be observed in reactions of acid/base pairs where both forms are attainable and show different
reactivities. Examples are hydroxy and aqua complexes as Lypified by Lhe example shown in
(1.199), O, and HO,, "1 CN  and HCN, Au(NE,)};' and Au(NH;);NH3', '™ and others.
In rare cascs, an unknown pX,;; may be determined kinetically (Prob. 20).

When one of the forms predominates over the pH range of investigation, yet the other form
is much more reactive, only one limiting rate constant is obtained.

[A]l » [AHL[H'] < K4y,
ko= ka + (kanHT VKo (1.208)

[AH] = [A];[H'] < Ky,
k — kay ~ (K Kap)/[H'] (1.209)

Such behavior is more ¢common than the full rate/pH profile of (1.207). Equation (1.208)
is obscrved in acid catalysis!'® 1% and (1.209) in base catalysis.'®” Thc rate constant for the
reaction of only one of the two forms can be obtained directly, that is, &, in (1.208) and &,
in (1.209). Ancillary information on K, is required to assess the rate constant of the acid-
base partner. The absence of reliable data on K,y ¢an pose a problem in assessing the miss-
ing rate constant.'®’

Observation of the semblance of an S-shaped profile has been used to estimate the pK
value for an acid/base pair which may be difficult 1o obtain directly. This may be as the result
ol one of the pairs being unstable (polynuclear formation or hydrolysis, for example), 9519
This approach must howcver be usced with care since the errors are likely to be larger than when
the whole, or a goodly portion, of the curve is defined. %1% See Problem 18.

A scrious ambiguity in the interpretation of the rate law,
¥ _ k{A][R][H*]" (1.210)

exists when A and B are both basic and # is one or greater (acid hydrolysis). The actual species
involved in the rate determining step, AH with B or BH with A in the case of # = 1 cannot
usually be asscsscd on the basis of kinctics but may sometimes be differentiated by resort to
plausibility (Sec. 2.1.7). A similar problem arises when we consider reaction between AH and
BH and # = —1 in (1.210) {base hydrolysis).

1.10.2 Two Acid-Base Equilibria

When the sigmoidal shape of the rate constant/pH profile associated with (1.207) or the
simpler derivatives (1.208) or (1.209) give way to a bell-shape or inverted bell-shape plot, the
reactions of at least three acid-base-related species {twe equilibria) have to be considered. This
may involve acid-base forms of (a) one reactant or {(b) iwo different reactants.
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44 1 The Determination of the Rufe Law

(a) Diprotic reactant A. Consider the scheme

AH, == AH + H™ Kan, (1.211)
AH < A + H* Kay (1.212)

A — products Ky (1.213)
AM — products ko (1.214)
AH, — products ks, (1.21%5)

in which the rate constants may be first-order or pseudo first-order. Usually the products from
the three steps are identical or at least pH-related. The abserved rate constant & at any [H*]
can be shown by reasoning similar to that uscd in developing (1.207) to be:

k= kan, [H ;'E:"' kA]IKAllpE}[+J Ji kaKanKan, (1.216)
H'} + Ky, (H'] + KKy,

If the species AH rcacts more rapidly or more slowly than either A or AH,, a bell shape
or inverted bell shape respectively results for the &/pH profile.

The ruthenium(IL) complex of edta in which the ligand acts only as a five-coordinate
specics and in which an acetate arm remains free, exists in three pH-related forms:

kay (AHy)  RufedralDI,0 IIJSS[I\T-I Ru(cdtaH} (SCN)
10’“T u
_ SCN™ a2
kan  (AID - Ruleda)H,O7 ————= Ru(edta) (SCN) (1.217)
m”“ SCN
' <loM s

ka (A) Rufedta)yO11>~

The sccond-order rate constants for thiccyanate anation vs pH are shown in Fig. 1.13. The
full line represents (1.216) with the values shown in scheme (1.217).' This profile had been
earlier recognized in the ring closure of the three analogous pH-related forms of Co(11I)-edta
te give Coledta) in which the edta is completely coordinated. '™ In the Cof(II1) case the reac-
tivities of the three forms are much closer. A plot of L£[[H*|? + Ko, [H*] + Kpp Ky} vs
[H*] is a guadratic curve from which &,,,., K, and k, can be obtained. "7

If the predominant form of the reactant is AH in the pH region under examination, that
is Kpyy, » [H'] > K,y, then only the middle term of the denominator in (1.216) is impor-
tant. Thus

k= (g, IHT 1K) 1 K + (ky Kage/[H' D) (1.218)

This describes the behavior of a number of complexes towards hydrolysis, for example
CrX?* (Sec. 4.3.1).
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110 The Inclusion of (IT'] Termys in the Rate Law 45

0F 0. r
/o"‘ °“‘o\°
O
o
= \
Il.n =]
T 150+ ! \ -
x ! b Fig, 1,13 The pH dependence of the reaction be-
j \ tween the Ru(ll)-edta complex and SCN- at
25°C (u = 0.2 M). 7" Reprinted with permission
° ppd L o',\_ from T. Matsabura and C. Creuts, Inorg. Chem.
1 9 18, 1956 {1979). © (1979) American Chemical
pH Socicty.

(b) Two protic reactants. Suppose now that we have two reactants both of which may be
involved in an acid-base equilibrium

AH — A + H* K. = [A][H*]/[AH] (1.219)
BH - B+ H* Ky = [BI[H']/[BH] (1.220)

In principle (but not often in practice) four reactions are possible, their importance depen-
dent on pH

A + B — products it (1.221)
AH + B — produects KBy {(1.222)
A + BH — products AEH (1.223)

AB + BH > products iRl (1.224)

All four products are likely to be the same or at Icast pH-related. The apparent second-order
association rate constant k is given by

k(A + AH)(B + BH) = £ [A][B] + A5, [ARI[B] + &87[A] [BH] + k.4 [AH] [BH] (1.225)

By using (1.219) and (1.220) and a little algebraic manipulation one obtains (1.226)

= k2 v kin Kpn/Kan
1+ (HF /K )] [+ (HT /K] (L + [HYVK)IE + (Kaa/[H* DI
G G

1.226
[1 +{H']/Ky)] 1 + (Kpy/TH ]} B (1 + (K /[H'DI L + (Kpy/[H' DI ¢ )

The full equation (1.226) reduces to (1.207) when Ky s smmall, that is when B is aprotic.
The observed rate constant k approaches limiting values of &8 at high [H~] and X% at low
{H*|. The total profile resembles a bell-shape or inverted bell-shape which may be sym-
metrical with either a maximum or a minimum at & ~ &89 or A2 K, /Ky and al [H'] =
(K oy Kgey)'"2. The bell-shape behavior is beautifully illustrated in Fig. 114, "7 It is clear from

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



46 1 The Determination of the Rate f.aw

the kinelic form that it is not easy to distinguish the reaction of AH with B lrom A with BH
or & mixture of both. The calculated valucs of 4B and &%, from (1.226) do however differ
by a factor of Ky /K,y and this ratic may be sufficiently different from unity to transform
the calculated value of cither £%F or &3,, above the diffusion-controlled limit, and therefore
unacceptable (Prob. 19). 7 17% Similarly we can guess that the combination of aguacobalamin
with CNO~ is the correct reactive pair (rather than hydroxecobalamin with HCNO) since the
hydroxo form is much less reactive than the agua form with an aprotic ligand such as SCN-
ion.'™ For a final example sce Ref. 163.

bl

lag &

5} Fig. 1.14 (a) The pH dependence of the rate constants
for the association of carbonic anhydrase B () and
e 4 2 " L " p-nitrobenzencsulfonamide (S). The reaction ig
monitored by using stopped-tlow and the guenching of
a trypiophan fluorcscence in the proiein which occurs
when sulfonamides bind. The full line fits Eqn, (1.226)
with & = 3.5 x 10°M~'s™', pKy = 7.5 and pK, =
9.3.7 The plot in (b refers to a similar interaction
with the carboxymethylated derivative of carbonic
5r ) . ) anhydrase (Prob. 19). Aromatic sulfonamides are power-

7 10 ful inhibitors of the action of the cnzyme and are

pH useful probes of the site characteristics.

log &

An interesting situation arises when the molecules A and B are identical, Now we arc con-
sidering two protic species reacting with one another leading perhaps to disproportiona-

tion 2177 or dimerization 7
HO; = H* + O3 Kuos = Kan (1.227)
HO; | HO} > H,0, + O, Koy ~ kA (1.228)
HO; + O3 + H,0 — H,0, + O, + OH" kG = Kby (1.229)
03+ 0%+ H,0 — HO; | O, + OH ke = kR (1.230)

The &/pH profile is shown in Fig. 1.15 and is consistent with (1.231)/77

Krop kﬁ%; (Kupy/[H'])
(1 + KHoi/[H"])2

k= + kg (1.231)

with Apjo, = 100 % 10°M ™4™, 422 = 18 x 10'M7's™" kyr — S.OM s 'and Kypo; =
2.2 X 107°M."""'™ The expression (1.231) is derived from (1.225) assuming A = B, k¥ = 0,
and K, = K,,. For another example, examine the pH profile for dimerization of the
Fe(IIT) — tppsH3~ complex. The most effective combination again is of the acid form
(Fe(tpps)H,0 %) with the basic one, (Fe(tppsOH3* ™), giving a bell shaped &/pH profile. 77
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110 The Inclusion of [H*] Terms in the Rate Law 47

Fig. 1.15 Sccond-order superoxide disproportionation con-

stani vs pH at 25°C. Potassium superoxide {~ 1 mM) in

pIl = 12 was mixed in a stopped-flow apparatus with

buffers at various pH’s and the change in absorbance at

250 nm maonitored. The decays were second-order and data

were (reafed in a similar manner to that deseribed in

or T Tig 1377 The full line fits Eqn. (1.231) using the

parameters given in the text. Reprinted with permission

1 :15 é 13 from Z. Bradi¢ and R. G. Wilkins, J. Am. Chem. Soc. 106,
pH 2236 (1984). © (1984) American Chemical Society.

log k

Finally, we cite an interesting example of the carc which must be shown in interpreting pH
effects, probably more relevant to protein studies, but a lesson for all kinelicists. Investigation
of the oxidation of the reduced form of the {ron protein, HIPIP, (Chromatium vinosum} by
Fe(CIN); ~ indicated a near invariance of the second order rate constant in the pH range 5-10
at p = 0.2M. Howecver, there 1s a changing charge on the HIPIP as the pH changes and this
will by itself likely lead 1o ratc changes (Sec. 2.9.6). The valid procedure is to determine the
rate constants at each pH at various ionic strengths and use the valuc cxtrapolated to zero
ionic strength to assess the pH effect. More marked changes with pH are then obscrved. '®
The problem appears less important in the corresponding oxidation of HIPIP, by
Co'li(bpds)? |, 13, because the nepative charge of the oxidant is more diffuse and elec-
trostatic and ionic strength effects appear much less important, ¥

- 0.8 S0,

o

<
NS

Co1/3

13

1.10.3 The Effect of High Acid Concentration

In higher acidity, the rate constant may correlate better with Ay (the Hammect-Deyrup acidity
scale) than with the stoichiometric concentration of H*. Since nearly all the studics involve
hydrolysis reactions, the depletion of the reagenl water may be an important consideration
alSO. 182
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48 I The Determination of the Rate Law

These points are illustrated nicely in the study of the agquation of CrN}* in 1-11 M
HCIO,.'¥ The loss of CrN3* monitored at 270 nm is first-order (ratc constant = k). The
—log k vs —H, (logh,) profile is reproduced in Fig. 116, It is marked by a linear dependence
at lower gciditics, a short plateau, and a decreasc in & with increasing acidiiy at [HCIO,] >
8.0 M, at which point there is decreasing value for a,, the activity of water. This behavior
conforms to a rate law of the form

Ay

—dIn[CINy|o/dt = k = —0
dIn [CIN,|,/di = k TR

(k,a, + &) (1.232)

where [CrN,]; = [CIN3*] + [CrN,H?*], and the 2y [K, + 4,]~! term allows for substantial
protonation of CriN3*:

K, = [CIN#"} by /HCrNgH 3 (1.233)

The k&, term must be included since a plot of k(K| + Ay) A7 vs a,, although linear (slope
k;), has a positive intercept (k;) al ¢, = 0. A simple mechanism consistent with this rate law
is

Cr(H, 0N HY + H,O0 55 CrH,0))* + HN, (1.234)
Cr(H,0).NH> 2> Cr(H, 00" + HN, (1.235)
Cr(H,00 + H,0 —  Cr(H,0)* (1.236)

with &, = kY /i, /f, and ky = &S £, /f,. The ratios of aclivity cocfficicnts may remain con-
stant even when the reaction medium changes.

Information on the kingtics of complex ion reactions in high acid is sparse, partly because
of the instability problems, but also beeause of the difficulties in the interpretation of results
in such a complex medium.

ey .
X )N
o 4] O
2 e

o
S 7
/l
6L | | R 1 . | Fig, 1.16 The variation of -log & with — H, for
0 2 4 5 the hydrolysis of CriNZ' in 1-11 M HCIO,. The

line is calculated from Eqn. (1.232), %
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L1 Kinetics and Thermodynamics 49

1.11 Kinetics and Thermodynamics

We have seen how a comparison ol the equilibrium constant cstimated from kinctic data for
the forward and reverse dircctions (i.c. K = &;/k.) with that obtained by measurements on
the cquilibrated system, may be used to provide strong support (or otherwise) for a particular
reaction scheme (see also Chap. 8 Pd(I)). The kinetic approach muy be useful also for pro-
viding information on thermodynamic data not otherwise easily available.

The intcraction

CB= 4 N5 = kG~ o+ N; ko k_ K, {1.237)

has been used to assess the oxidation potential {for the N3, Ny couple. Reaction (1.237) can
he studied in the forward direction by stopped-flow mixing ol the reactants in the presence
of the spin-trap pbn, 14 or dmpo, 15, which forces the reaction to completion (2 N3] — 3 N.)
and obviates complicating slow reactions ol N3. The value of 24, is 1.6 x 102M~!s~! at
p = 1.0M and 23°C (the factor 2 cnters because the pbn, Nj adduct is probably rapidly ox-
idized by IrCIZ7). Reaction (1.237) is studied in the reverse direction by measuring the rate of
the reaction of pulse-radiolytically generated N3 with added IrCi~ (Sec. 3.5.2). The valuc of
k_,is 55 x 10®M 's ! with the same conditions as for &,. This means that K, is
1.5 ®x 10~7 and since £° for the IrCIZ~"*~ couple is 0.93V that lor N;/Ny is 1.33V.'™ This
is in good agreement with values obtained by cyclic voltametry and by examining un
equilibrium involving Br3 and Ny using pulse radiolysis.'* The oxidation potentials for a
nurber of couples involving radicals have been determined by kinetic methods, 136-138

HyC
e
N

H.C

Me,CN=CHGCH; |
! 0
0
14 (PBN} 15 ((DMPQ)

Spinrapping Reagents — These gan scavenge
short-lived radicals to produce free radical nitroxides
of longer lifetime. The short-lived radical can thus
be prevented from interfering kinetically (as in this
case) or be characterised by the epr of the nitroxide.

Noen-statistical suceessive binding of O, and CO to the four heme centers of hemoglobin
(*‘cooperativity”) has been thoroughly documented. 1t is difficult to test for a similar effect
for NO singe the equilibrium constants are very large (= 102M™ Y and therefore difficult to
measure dccurately. It is found that the four successive formation rate constants for binding
NO to hemoglobin are identical. In contrast, the rate constant for dissociation of the first NO
from Hb(NO), is at least 80 times less than thatl lor removal of NO from the singly bound
entity Hh(INO). This demonstrates cooperativity for the system, and shows that it resides in
the dissociation proccss. ™ The thermodynamic implications of any kinetic data should
thercfore always be assessed.
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50 i The Delerniination of the Rate Law

1.12 Concluding Remarks

It is important in building up the rate law thal a wide range of concentrations of species in-
volved in the reaction be examined so that a complete picture can be obtained. By cxtending
the concentrations of reaclants used, additional rate terms have been revealed in the reaction
of Fe(II} with Cr(VI),"™ and Fe(I} with Co(C,0,);~ Ref. 191, and the rate law confirmed in
the reaction of Co{CNY~ with H, (by increasing the concentration with high pressure). ' In
addition, a thorough study of the effect on the rate of reactants such as clectrolytes, products
and so forth is essential. Other variables, temperature and pressurc particularly, will be ex-
plored in the next chapler,

It would be blatantly untruc to suggcest that Lhe rate behavior of all complex-ion reactions
could be fitted into categories contained in this chapter. There arc many complicated reaction
schemes thal require solution by computer and this is becoming increasingly straightforward.
It is alse true that many complicaled reactions ¢an be reduced in complexity by judicious
choice of reaction conditions and by so doing become amenable to the type of treaiment
outlined above.
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Problemnis

The conventional equation of transition state theory is expressed as Lq. (2.119)
k = KIYh cxp (~ AGT/RT)

where k is Bolizmann’s constant and h is Planck’s constant. Show that this is dimen-
sionally incorrect and suggest how a correction might be made, R. D, Cannon, Inorg.
Reaction Mechs. Vol. 6, p. 6; sce also J. R. Murdoch, J. Chem. Educ. 58, 32 {1981) and
Bl4, p. 59,

The reaction

NoH, + 2H,0, 51 N, + 4H,0

has been studied by measuring the initial rate of production of N, gas at 25°C with the
following resulls {total volume ol solution = 306 ml)

N.H, H,0, Cu?! pH Initial ratc of
N, preduction
mM mM piv ml of N, /min
16 65 1.23 9.5 7.3
33 63 1.23 9.7 7.4
131 65 1.23 10.0 7.4
33 33 1.23 9.8 3.6
13 131 1.23 9.0 15.0
65 131 1.23 9.7 15.0
3 65 0.33 9.7 1.95
33 65 L3 9.7 8.3
33 03 164 9.7 10.4
33 65 2.46 9.7 16.2

Determine the rate law, the value of any rate constants (using M and seconds units) and
after reading Chap. 2 suggest a mechanism. Is the principle of initial rate being complied
with?

C. R. Wellman, I. R. Ward and [.. P. Kuhn, J. Amer. Chem. Soc. 98, 1683 (1976).
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A method for the assay (enzyme activity) of carbonic anhydrasc (Chap. & Zn{Il)} uses
the catalysis at pH 7.0 of the hydrolysis reaction

cg,r\1—<;>-ococn—t3 R OEN@D(H)

[A]

The initial rate is measurced at 348 nm which is an isosbestic point for the product mixture
of phenolate/phenel (¢ = 5.5 x 10°M~lem~!; pK, = 7.1). The initial rate is easily
determined from the linear absorbance (1) vs. time plot, with the following results

[A] [Enzyme]  Ratc
mM M AD/20 sec in 1 em cell
1.1 21 0.80
0.4 21 0.30
1.1 0.5 C.41

Show that{ ¥ = &k [Enzyme] [A] and determine the values of &. Estimnate the percentage
of A which has reacted in the 20 seconds period and thus rationalize the linearity of this
plot.

The Ag* catalyzed oxidation of VOI by S,0%~ can be studied by examining & [VO$]/d!
at 455 nm. The loss of VOJ absorbance is Freqr with time, when Ag* and $,0%~ are
used in large cxcess. The following data are obtained al 20°C and [HCIQ,] =
0.95-1.05 M, [VOI], = 1.2 mM and [V}, — 3 mM

[S,0%7 1 AET], 105 x siope?
mM ml Ms—:

9.5 23 1.35

9.5 45 2.5

9.2 89 4.7

4.6 849 2.3

19 45 5

# From [VOI] vs time plot

Deduce the rate law and suggest a likely mechanism. Sece also Chap. &, Proh. 7.
R. C. Thompson, Inorg. Chem. 22, 584 (1983).

The reduction of BrOy by IrCLE~
BrO7 + 5IrCl~ + 6 H' — 51rCIE~ + 1/2Br, + 3 H,0
using excess BrO3 and H* conformed to the rate law

—d[eCR"1/at = k[1rCE ]
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The valucs of & with different concentrations of BrQ7 and HY are shown in the Table
{selected data) at 25°C, p = 0.50 M:

[H*] [BrO7] 107 % &
M mM g !
0.05 5.0 0.19
0.10 0.80 0.16
0.10 20,0 1.1
0.30 0.50 0.36
0.30 0.%0 0.49
0.40 0.80 0.78
0.40 3.0 2.4
0.40 5.0 4.4
0.50 5.0 6.5
0.50 10.0 12.4

Ity a log k/log [BrO7] [H*]? plot and from the result, deduce the rate law {which turns
out to be a common one for the reduction of BrO7 by a number of complexes).
J. P, Birk, Inorg, Chem, 17, 504 (1978).

The following data were obtained for the decay of methyl radicals in the presence of
argon diluent in a flash photolysis experiment.

timg (us) 0 10 20 30 40 50
[CH3] uM 1.25 (.95 0.80 0.65 0.57 0.50

Determine the order of the reaction and evaluate the rate constant.

The reduction of the Cw(II) protein, azurin, with excess dithionite, S,07° was
monitored at 625 nm (first-order loss of azurin) at pH 9.2 and 25°C with thc following
results

$,08 Ko
mM g !
1.0 5.5
2.5 10
5.0 16
7.5 20
10 24
15 32
20 3v
23 43

Determine the relationship between &, and [S;077] and [S,037]1Y2. Thus determine
the rate law. Calculate the rate constants using the value of 1.4 x 1072 M for the
cquilibrium constant for 5,02~ — 2503,

D. O. Lambeth and G. Palmer, J. Biol. Chem, 248, 6095 (1973).
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Z. Bradi¢ and R. G. Wilkins, J. Amer. Chem. Soc. 106, 2236 (1984).

Generally similar results are reported by G. D. Jones, M. G. Jones, M. T. Wilson,
M. Brunori, A. Colosimo and P. Sarti, Biochem. J. 209, 175 (1983).

8(a). The Cu(ll) catalyzed oxidation by O, of ascerbic acid (in excess) shows linear plots of

0,12 ps time. What is the order of the reaction with respect to O,?
R. F. Jameson and N. J. Blackburn, J. Chem. Soc. Dalton Trans., 9 (1982).

(b). The reaction in hexane at 0°C of Co,{CQO); with PPh, (in excess) shows linear plots of

10.

HCo(CO)]Y? — [CoxCO))y 12 vs time. What is the order of the reaction with
respect to Co,(CO),?

M. A.-Halabi, J. D, Atwood, N. P. Forbus and T. L. Brown, J. Amer. Chem. Soc. 102,
6248 (1980).

Consider a reaction that has the stoichiometry
2A + B — products
but that is second-order, with a probable mechanism
A+B “» AB
AB + A — products fast

Show that a plot of In[(2h — x)/& — x)] against ¢ should be lincar with the
characteristics

Slope = 2b — 0k Intercept = In (2 b/}

where ¢ and b are the initial concentrations of A and B and x is the amount of A that

has been consumed at time f.
The situation is encountered in the second-order rcaction of Mn(III) = A with

p-CH,(OH), = B.
G, Davies and K, Kustin, Trans, Faraday Soc. 65, 1630 (1969).

The reversible reaction (K, = 4.0}
MA, + MB, == 2MAB ki, k_, K,

was studied by using [MA;l, = [MB,], = A, and following —d[MA,)/dr or
d [MAB]j/dt. Show

—In{! — QIMA,I/IMA,])) = &k IMA],¢
and
—In(1 — ([MABJ/[MA,]0)} = & [MA;], ¢

How arc the equations modified when £ # 4 and when K approaches an inlinile value
(i.e. the reaction is irrcversible}? Equal concentrations of MA, and MB, are still
assumed.

M. Moriyasu and Y. Hashimoto, Bull. Chem. Soc. Japan 53, 3590 (1980); 54, 3374
(1981); J. Stach, R, Kirmse, W, Dietresch, G. Lassmann, V. K. Belyaeva and 1. N. Marov,
Inorg. Chim. Acta 96, 55 (1985).
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12.

13.

i The Defermination of the Rate f.aw

In the sequence A A, g C show that a maximum of B, |B] will nccur af

a time 7, given hy
P In(k;/k)
max (kz _ k]}

max

that [B],,, will have a value
[Bluux = [Algexp (&, 1,,)
and thal when 4, » &,
(Bl = [Alpki 7k,
E. T. CGray, Jr., R. W. Taylor and D. W. Margerum, Inorg. Chem, 16, 3047 (1977).

A general rate equation has been derived for reactions with a single relaxation time. Cor-
sider;

aA + 4B — dD + eE ke ko
show

T ALTIBL e/ [AL) + (0¥ IBI)T + k_, [DL (L “[(@*/[D1,) + (¢?/[E])

L. L. King, 1. Chem. Educ. 56, 580 (1979).

The equilibrium
MoyOk, = Mo™OL, + Mo¥'O,L, k. k_,

in 1,2-dichloroethanc (L = XYCNEL;, XY — SSe or SeSe) has been perturbed byal:l
{volume} dilution with 1,2-dichlorocthane in a flow apparatus. The rclaxation is a single
first-order process (rate constant = £). The figure shows plots of £2 vg [Mo,O4L, ], (the
concentration ol Mo,O;L, if the equilibrium were shified completely o left). Estimate
the values of ky and & .

T. Matsuda, K. Tanaka and T. Tanaka, Inorg. Chem, 18, 454 {1979),

Ve
140 A
— A’/
T 130 /
)
T |
20 [ o—"
5.0 O/
- O/
/O/o
0 ¢ /O
Problem 13. Plots of &2 vs [Meo,0O5L, ], in 1,2-dichloro-
ethanc at 25°C. L = EI,NCS,{0), Ki,NC8Se( ),
. . 4 Ei;NCSe,( /). Reprinted with permission from
02 0.6 T. Malsuda, K. 'lanaka and T. Tanaka, Inorg. Chem. 18,
[Mox03L; 1 (mM) 454 (1979). © (1979) American Chemical Sociely.
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15.

Problems 61

Derive the expression for the relaxation times fer
A+B=CD+E

This system is fuily discussed and analyzed in the early pressure-jump work on
CO, - H,0 = H,CO, = H* + HCO;

S. Ljunggren and O, Lamm, Acta Chem. Scand, 12, 1834 (1958).

For the Michaclis-Menten scheme involving interaction of enzyme (E) with substrate (S)
or product (P):
ey iy
E +5 kﬁ X k# E+P
—1 -2

show using steady-state conditions for X and [S], = [El, that
~d[SI _ [V/K]IS] — [V,/K,1 [P]

dr U+ [BIK, + [PI/K,
where V, = &, [E],

V, = k_4[Ely

K, =k , F k),

K, = (k_, + k)'k_,

v

Convince yoursell thal (a) this equation reduces to (1.104) when initial-rate measurc-
ments, |P} — 0, are uscd and (b) the same form of equation results when a number of
intermediates arises as in

E+S =X =X, =P | L

which is a more realistic portrayal of enzyme behavior,
BIO, p. 220-222.

The reaction of Cu(Il) ion with acetylacetone {acacH) to form the mono complex
Cufacac)' in methanol is interpreted in terms of the scheme

ki [CuET] Cufacac)”* kyH*]
keta o —r—= ———— c¢nol
& G[HY} + H' k_a[Cu®T)

where the keto and enol represent those forms of acetylacetone. The reaction is studied
by mixing a solution containing Cu?* and H* with one containing acacH and H™ in
a stopped flow apparatus. Two reactions are seen, &, and k,; with the following condi-
tions:

www.iran-mavad.com
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18.

| The Determination of the Rafe Law

total [acacH] = 0.1 mM, [H*] = L0Y mM, 25°C

(Cu?*] K, oy

mM 5 ! y!
1.18 28 1.64
1.41 36 2.21
i.65 41 2.26
1.88 43 2.64
2.12 50 2.55
2.35 53 2.76
1.18 28 1.77
1.65 37 2.02

2,35 50 3.10

Treating the system as a relaxation with all pseudo first-order rate constants, deduce the
expressions for & 4 &, and & & in terms of the component ratc constants and hence
determine the values of &, k_;, &, and k_,.

R. G. Pearson and O. P. Anderson, Inorg. Chem. 9, 39 (1970},

Determine the rate law for the exchange of Ay between Ag(I) and Ag(Il) in 5.9 M
HCIO, at 0°C. Use the accompanying datu, obtaincd by the quenched-flow method.
Suggest a mechanism for the exchange.

[Ag'],mM [Ag), mM 1, ,8xch,s
2.2 0.64 0.77
17 14 (.35
3.6 1.5 0.34
3.9 1.2 0.42
6.8 2.2 0,26
7.6 1.9 .34

10.0 1.3 0.49
9.7 2.0 0.29

16,6 1.8 0.32

15.5 1.4 0.45

17.7 1.2 n.51

24.1 1.3 0.54

30.3 1.2 0.60

B. M. Gordon and A. C. Wahl, J. Amer. Chem. Soc. 80, 273 (1958).

The reduction of Mn(III) myoglobin by dithionite {in cxccss) obeys the rate law at 25°C,
ko= 0.45 M (Na,SO,)

—d [Mn{lIDMyo)/di = k_,. [Mn(I1Myao]

where k., — k[5,037]12
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Problems 63

pH kMg ! pll koM 12g-]
5.3 33 6.9 1.6
5.5 21 7.0 1.3
5.7 15 7.1 1.2
3.8 12 7.3 .76
59 10 7.5 0.72
6.0 7.5 7.7 0.75
0.1 6.0 7.8 G.60
6.3 4.6 7.9 .58
6.4 12 8.0 (.51
6.6 2.7 8.4 0.47
6.7 i.9 8.6 .47

Plot & vs pH and sce if there is a pK associated with the protein (assume dithionite is
aprotic in this pH range). Deduce the expression relating & and [H].
R. Langley, P. Hambright, K. Alston and P. Neta, Inorg. Chem. 25, 114 (1986).

Aromatic sulfonamides are specific inbibitors of carbonic anhydrase (E). The apparent
second-order rate constants for association of p-nitrobenzenesulfonamidc with (a) car-
bonic anhydrase-B and (b) the carboxymethylated derivative of the enzyme are shown
against pH in Figure 1.14. Estimate using eguations {1.225) and (1.226) the values for
pKg, pK, and &, and k, for the two possible schemes shown for both carbonic
anhydrase-B and the carboxymethylated derivative. (It is uncertain whether the bound in-
hibitor is ionized in the product.)

&
E - RSO,NH, —
-l | E.RSO,NH(H")
BH+ RSONH - —2  #
pK and pK, are the ionization constants for the enzyme (or derivative) and sulfon-
amide respectively. Suggest which is the likely path,

2 W. 'laylor, R. W. King and A. S. V. Burgen, Biochemistry 9, 3894 (1970); 5. Lindskog
in Zinc Enzymes, T. . Spiro, ed., Wiley-Interscience, NY 1983,
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20.

pAR

1 The Determination of the Rate Law

The second-order rate constant for oxidation of Fe(CN), by OH' radicals, produced by
low-intensity-pulse radiolysis of water, varies with pH as in the accompanying table.
Delermine the pK for acid dissociation of the OH" radical in agueous solution. (This is
difficult 1o obtain by any other method.)

10" x k
pH M-lg~!
ncuiral 1.2
11.94 .49
12.10 0.36
12.57 0.19
13.07 (.06

J. Rabani and M. 8. Matheson, J. Amer. Chem. Soc. 86, 3175 (1964),

The sccond-order rate constant for the reaction of & hydrogen atom with a hydroxide 1on
to give an electron and water (hydrated electron) is 2.0 x 107M~'s~'. The ratc constant
for the decay of a hydrated electron to give a hydrogen atom and hydroxide ion is
16M 's ', Both rate constants can be determined by pulse radiolytic methods.
Estimate, using thesc values, the pX, of the hydrogen atom. Assume the concentration
of water is 55.5M and that the ionization constant of water is 107 4M.

W. 1.. Jolly, Modern Inorganic Chemistry, McGraw Hill, NY, 1984, p. 239.
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66 2 The Deduction of Mechanism
The reaction is third-order:

d [CrOs)/dr = k [HCrO ] [HyO,] [H*] (2.2)
From the ratc law, the composition of the activated complex must therefore be
[HCrO, , H,0,, H', (H,0),]F (2.3)

although we do not know how the various groups arc assembled. The activated complex might
arise, for example, from a rate-determining step (rds)® involving H,CrO, reacting with H,0,,
HCrQ; reacting with Hy05, or even, in principle, CrQ;~ reacting with H,0". Also in-
volved in Lthe step will be an unknown number of solvent molecules,

Any reagent that appears us part of the rcaction stoichiometry but does not feature in the
rate law must react in a step that follows the rate-determining one It is clear from the
stoichiometry of (2.1) that one H,(0, molecule must react after the rds. In fight of these
various points, two possible mechanisms would be

HCrO, + H' = H,Cro, K, (2.4)

H,CrO, + H,(, — H,Crd, + H,0 ie, (rds) (2.5)

H,CrOs + HyQ0p, — CrOg + 2H,0 fast (2.6)
and

H,O, + H* — H,0f K 2.7

H,;0f + HCOp — H,CrO; + H,0 ke, (rds) (2.8)

H,Cro; + HO;  — CrOg + 2H,0 fast 29

Activated complexes will be associated with all three steps of each mechanism since each
step is in principle a separable reaction. The important activated complex i5 that produced in
the rds, This is as far as we can go al present, using the rate law, but we shall return to this
problem later (Scc. 2.1.7 ().

It is clear that many reactions, particularly those without simple steichiometry, will have
mechanisms containing several steps, one or more ol which may include reversible equilibria
(consider for example (1.118) 1o (1.120)). The number of separate terms in the rate law will in-
dicate the number of paths by which the reaction may proceed, the relative importance of
which will vary with the conditions. The compfex multiterm rate laws, although tedious to
characterize, give the most information on the detailed mechanism.

We shall discuss in the following sections the mechanisms that might be associated with (he
commaon rate laws. We have already referred to reaction schemes (mechanisms) in discussing
rate laws in Chap. 1. Indeed, experienced kineticists often have some preconceived notions of
the mechanism before they plan a kinetic study. Certainly in principle, however, the rate law
can be obtained before any thoughls of mechanism arise.
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2./ The Rate Law and Mechanisin 67

2.1.1 First-Order Reactions

As well as the obvious example involving one reactanl (even with this solvent may be involved)
a number of rcactions between A and B that might have been cxpected to be second-order,
first-order in A and in B, turn out to be first-order only (say in A). Obviously somce featurc
of A, not directly connected with the main reaction with B, must be determining the rate. The
product of this rds, A, must react more readily with B than A does. It is possible to check
the correctness of this idea by independent study of the A — A, interconversion. An
isamerization within a complex may limit the rate of its reaction with another rcagent.

The reaction of planar Ni (f14]aneN,)?* represented as shown in (2.10) with a number of
bidentate ligands (XY) to produce cis-octahedral Ni ([14]aneN,) XY 2! is first-order in nickel
complex and [OH~] and independent of the concentration of XY.!Y In the preferred
mechanism, the folding of the macrocycle (basc-catalyzed trans — cis isomerization) is rate
determining, and this is followed by rapid coordination of XY

OH,
j fast N7 Slow N
N"‘N — ﬁ/N'w) 0~ NS
H,0
H,C
rapid|+ XY 5
rapid| |+ XY (2.10)
OH,

NI-.. _IO_W-__+ /NI-.N)
ﬁ N x|

Y

1 Y—X

In an alternative mechanism a monodentate intermediate ¢1) is in rapid equilibrium with
reactants and it undergoes at high [XY] rate-determining ring closure. Such a type of
mechanism is believed to operate for Ni(trien)?” inleracting with XY.!! Reasons for the
preferred mechanisms are given. ! The isomerization may take the form of a conformational
change in a metalloprotein, 12

The reactivity of a dimer may be limited by its fragmentation. The rates of a number of
reactions of cobalt{I1I} peroxo species (any charges omitled} are limited by their breakdown
(rds)

LsCo™0,Co"L, — 2Co(I)L; + O, (2.11)

The scavenging of Co(IINL; or O, by added reagent follows rapidly. The rate faw docs not
therefore include the concentration of the added reagent, '*'* except in certain instances. '*
Finally, the first-order dominance of a reaction between A and B may only become apparent
at higher concentrations of B (Sec. 1.6.3).

The reaction of Co(III) complexes with Cr?' is almost universally a second-order process
(Chap. 5). The reaction of Co(NH;);OCOCH(OHY* with Cr?~ is second-order at low con-

centrations of reductani, but becomes almost independent of [Cr2*] when the concentration
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68 2 The Deduction of Mechanisti

is high.'¢ The glyoxalate is hydrated in the complex (> 98% from nmr measurements) and
the rate behavior can be understood on the basis of the scheme

Co(NH;)OCCH{OH)?* = Co(NH)){OCCHO™ + H,0 k. k,  (2.12)
[l ||

Co{WH;);OCCHO?* + Cr?* — products k, (2.13)
Il

for which a rate law of the form (1.115) applies:

V= — I A A7 et Bt .
dICe" 1l = = P (2.14)

At high [Cr?7],
V = k, [Co'M] (2.15)

This explanation is supported by nmr rate data for the dehydration of hydrated pyruvic acid,
which is similar to glyoxalate. For this at 25°C

ki =022 + 125{H'] (2.16)
compared with
ko =0075 + 0.64[H'] 217

for the glyoxalate complex from the reduction data.’®

2.1.2 Second-Order Reactions

These are among the most commonly encountered reactions, and can be either hetween two
dilferent reagents or lwo identical species, as in disproportionation reaclions ol radicals.
The distinguishing of a single step
A+ B > products (2.18)
from a sicpwisc mechanism
A + B = intermediate > products (2.19)
may prove very difficult (Sce. 5.5).

An excellent example of a “simple” second-order reaction being far from simple is the in-
teraction of small molecules e. g. O,, CO or NO with deoxymyoglobin (PTe). Examination
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2.1 The Rate Law and Mechanism 69

using flow, T-jump and flash photolysis methods shows up an cxecllent second-order reaction
between ligand dissolved in the solvent and the heme iron center. This however disguises a
much morc complicated mechanism:

PRI P gaps™! 49051
PEFe + O, - PFe:- -0 ——— PFe -0, ——— PFeO, (220)
(solv) idus 120y 925
2 3 4 5
separated O, embedded in “Geminate” state O, bound to Fe
reactants prolein bul distant ~ O, embedded
in solution from Fe in proiein near
heme but not
Fe bound

Irradiation of PFeQ, in solutions by short, very intense, laser pulscs produces transients
such as 3 and 4. Absorbance changes following the production of 3 and 4 are ascribed to their
decay and rate parameters can be estimated as shown in the Scheme. Note the vnits in (2.20)
which are occasionally used for large rate constants. The mechanism shown is certainly a
simplificd one. - 1¥

Geminate recombination and quantum vield. — The hemoprotein adducts are photoac-
tive, light breaking the iron-ligand bond. The guantum yiclds (unliganded protein
molecules formed/quanta absorbed) however vary widely heing about 0.5 to 1.0 for CQ,
0.05 for O, and quile low, 0.001 for NO adducts. These differences can be rationalized
in terms of geminate recombination. This represents the return of the photolyzed ligand
to the iron site from a nearby site and therefore not actually gelling into solution. It
is shown that a high fraction of NO, much less O, and very little CO, rccombines with
heme after short-time laser pulse photolysis. This accounts for the order of quantum
vields above, which relate to the complele removal of the ligand into the solution on
sustaincd  photolysis. The rate constant for binding generally decreases
NO > 0O, = CO (M. P. Mims, A. G. Porras, J. 5. Olson, R. W. Nobel and J. A. Pe-
terson, I. Biol. Chem. 258, 14219 (1983)). The rds for NO binding is diffusion of NO
into the protein, whereas with the other ligands attachment to the metal is also an im-
portant rate-controlling step. These points emerge from the geminate recombination
studies (. H. Gibson, J. Biol. Chem. 264, 20155 (1989)).

2.1.3 Third-Order Reactions

An activated complex containing three species (other than solvent or electrolyte), which at-
tends a third-order reaclion, is not likely Lo arise irom a single termolecular reaction involving
the three species. Third- (and higher-) order reactions invariably resuli from the combination
of a rapid preequilibrium or preequilibria with a rds, often unidircctional. Such reactions arc
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70 2 The Deduction of Mechanisin

fairly common in transition metal chemistry beeausc of the stepwise nature of metal complex-
ligand interactions. A third-order rate law,

V = k[A][B] [C] (2.21)

is usually best understood as arising from a rate-determining reaction of the binary product,
say AB, of a rapid preequilibrium, with the third reactant C.

The Pt(1I)-catalyzed substitution of PU{IV) complexes was first established in 1958. 7 The
rate of exchange of chloride between Pt{cn),CE* and Cl~ ions is extremely slow, but the rate
is markedly enhanced in the presence of Pt{en);™ ions. The third-order exchange law

Voen = K [Pt(en),CIE*] [Pi{en)d ] [C17 ] (2.22)
can be bezutifully rationalized by the mechanism

Pifen}3t + CI- = Pl{en);Cl" K, (2.23)

Pt{cn),CE* + Pt(en),Cl* < exchange ks, slow (2.24)

for which
k = Kk, (2.25)
Exchange is visualized as occurring through a symmetrical intermediate or transilion stale

6, which allows for interchange of Cl between PH{II) and Pt(IV). Breakage of the Cl bridge
at a produces the original

¢ b
en* en en | i en
*xCl—Pt + Cl—Pt-CP?* = *Cl_Pt_ClTpt_Cer (226)
en en en | en
6

S8}

o
= «Cl-P{—CI*' + Pt—Cl'
en en

isotopic distribulion, while cleavage at b leads to exchange. It should be noted that this
mechanism leads also to cxchange of both Pt and en between Pt(1I) and Pt{IV), calalyzed by
C1™ ion. All these exchanges have been studicd and the cxistence of similar valucs of & from
Cl- exchange (12-15 M ~?s 1), Pt exchange (11 M~?57!), and en exchange (16 M 2577, all
data at 25 °C) is striking evidence [or the correctness of the mechanism. These original studies
have led to substantial devclopments in the chemistry of substitution in Pt(IV),* and
modification of the mechanism with certain systems. !
A third-order rate law of the form

V = k[A]?[B] ' (2.27)

perhaps suggests (although there are other possibilities, as we shall see) that a dimer A, is
rapidly formed, in small quantities, from the monomer A, and that it is this dimer that reacts
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2.1 The Rate Law and Mechanismn 71

with B in the rate-determining stcp. Such a sitvation may apply in the H, reduction of
Co(CN):~ (Ref, 22)

2Co(CN)" + H, = 2Co(CN)H* ki k| (2.28)
for which the rate law

—d [Co(CNYE-1/dr = 2k, [Co(CNY 12 [H,] — 2k | [Co(CN);H?~|? (2.29)
shggests a mechanism

2C0(CNY- = Coy(CN); (2.30)
Co(CN)§;+ H,= 2Co(CN),H?*~ (2.31)

The rate law (2.27) is not helpful in detailing the scquence leading to the formation of the
activated complex, only that it consists of two molecules of A and one of B.

Reaction of Vilamin Bi;, (By;,) with organic iodides (R} in agueous solution

2B, + RI — By, + RB,, + [~ (2.32)

Vitamin B, {cyanocobalamin) — This has a central Co(IIl) bound to four N’s of a
corrin ring, a methylbenzimidazole group (which is attached to the corrin ring) and
a CN~ group. When the CN~ is replaced by H,O or OH™, aquacobalamin (B,,)
and hydroxocobalamin  (B;,) result. Reduced derivatives are By, also termed
cob{Iljalamin and By,, (cob(I)alamin). The redox interconversion of the Co(III),
Co(IIy and Co(l) derivatives is of key importance, I Lexa and J-M, Saveant, Accs,
Chem. Res. 16, 235 (1983).

occurs with the rate law

V = kB, ]2 [RI] (2.33)
Asgsociated mechanisms consistent with this rate law include

B + Rl = By, -RI fasl (2.39)
By + Byp"RI — RBy + By, + 7 (2.35)

ar

fast RI _

2By, = By — > RBy + By, + 1 (2.36)

ar
2B, == By, + By, 237)
By, + RI > RBy + I- (2.38)

(2.37) involves the disproportionation of Co(II} in B,.. For chemical reasons, the first
mechanism is preferred.
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72 2 The Deduction of Mechanism

2.1.4 Even Higher-Order Reactions

In the formation of the highly colored Fe(bpy)?® ion from Fe?~ ion and excess hipyridine
(bpy) in acid solution, the following rate law has been demonstrated

d[Fe(bpy}%ﬂ/dl‘ = k[Fe**[ibpy)’® (2.39)
with & = 1.4 = 10"M*s~ ! and temperature-independent from 0°C to 35°C.* This rate

law follows from (2.40)-(2.42), with X, and K associated with rapid pre-cquilibria and (2.42)
the rds.

Fe(H,0)* + bpy = Fe(bpy) (H,0R* + 2H,0 K, (2.40)
Fe(bpy) (H,0)}* + bpy — Felbpy),(H,0%* + 2H,0 K, (2.41)
Fe(bpy),(H,0)* + bpy — Fe(bpy)}* + 2H,0 ks (2.42)

On this basis, & is a composite rate constant
k=K Kk (2.4%

Since K; K, is 108M™ % al 25°C, k, is calculaled as 1.4 x 10°M~'s™*. The latter is a Tca-
sonable valuc from our knowledge of the substitution rcactions of iron(1}); see Table 4.1. For
another example, see Ref. 25.

2.1.5 Negative-Order Reactions

The inclusion in the rate law of a simple inverse dependence on the concentration of a species
(negative-order reactions) usually indicates that this reagenl features as the product of a rapid
step preceding the rale-determining step, This is illustrated by the multiterm rate law thal
governs the reaction of Fe(¥II) with V(III) in acid, *

Felil 4+ yI — Fell 4 yIV {2.44)

—d [Fe')/dt — —d [V /dt = k [Fe" [V + ky[Fe™] [VIT] [VIV] [Fe"]~'
(2.45)

At high initial [Fe(ID}, the term in £, is negligible and the &, term represents a straightfor-
ward second-order (acid-dependent) reaction,

K= k4 k[H'] U kU[H'] 2 (2.46)

From experiments at high initial [V(IV)], the second term becomes important and is then
gasily measurable, For this term a possible mechanism i

Felll 4 vIV = pell 4 vV fey ks (2.47
AVA NN V1 S RV k, (2.48)
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2.1 The Rate Law and Mechanism 73
The stationary-state approximation,  [V(V}]/df = 0, leads to

_ d [V[II] i k3k4 [FC[H] [vIII] [VIVI 5 49)
dt k IFeM] 4 kv @

and if & _, [Fe(II) = &, [V(III)], the observed rate term is obtained with &, = k;4,/k 5. The
value of k;/k_; equals the equilibrium constant for reaction {2.47) and can be independently
determined. From this, and the k, value obtained experimentally, &, can be calculated.
A later direct determination of the rate constant for the V(III), V(V) reaction gave a value
(and pH dependence)” in good agreement with that obtained indirectly, thus affording
strong support for the correctness of the mechanism.

The lack of retardation by added Fe(III) (tmpyp)QH** on the rate of the Fe(I1}tmpyp**
(7) reaction with O, indicates that Te(IIT} porphyrin is #of formed in the first step, i.e. (2.30)
rather than (2,51) is the better description for the first step in the overall reaclion?®

Fe(tmpyp}** + O, = Fe(tmpyp)O}* (2.500
Fe(tmpyp)** + O, + OH~ = Fe({tmpyp) (OH)*"* + O} (2.51}

Sec ulso Chap. 8. Fe(Il).

2.1.6 Fractional-Order Reactions

A fractional order may arise when a reaction with a multiterm rate law (containing no frac-
tional orders) is examined over only a smail range of concentrations (see (1.6.3)). Such an
origin can be easily detected, since it disappcars when the rate law is fully resolved,
Monomer, polymer cquilibria can be the basis of & genuine fractional order. Many reduc-
tions by dithionite 8,035~ of oxidants (ox) to produce reductants (red) contain in the rate law
a term which includes a square rool dependence on the 5,03 concentration (oflen this is the
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74 2 The Deduction of Mechanism

only term). This arises from the presence of very small amounts of the radical SOf in
equilibrium with 5,03 :

S,0- — 2503 K =k /k_, (2.52)
ox | SOT > red + SO, — products (2.52a)

It is not too difficult to show?%-3!

2k,15,037]

V- —d[S,0% = 2.53
d [3,047 /et = TG aB0l D (2.53)
where
g~ KK (2.54)
K ox|? ’
Two limits are immediately obvious,
alS;071 = 1, ¥ =k |5057] (2.55)
and
alS, 07l = 1, ¥V — (/2ky(k,/k_)""]8,057]7? [ox] (2.56)

The laiter behavior is usually observed. Similar kinetics apply with the Cr,(OAc)~/
Cr{0Ac); system, ™ (Chap.8. Cr(I1)).

Fractional orders such as 3/2 often hint at a chain mechanism. The autoxidation of
(H,0):CrCH(CH;)2" leads to 2 number of products. Log (initial rate) vs log (initial coneen-
tralion of organochromium cation) plots give a 3/2 slope. The rate is independent of [H7]
und [Q,] and the rate law is therefore

—d {CrCH(CH 3" ]/dt =k, [CrCH{CH,)3*]%? (2.57)

A consistent mechanism is:
CrCH(CH;2* 2 Cr?* + "CH(CH;), (2.58)
"CH{CH,), + O, T *O0OCH(CH,), (2.59)

CrCH(CH,%* + "O0CH(CIL,), 2> CrOOCH(CH,}* + "CH(CH.), (2.60)

2 *00CH(CIL), % (CH,),CO + (CH,),CHOH + O, (2.61)

With a steady state approximation for the chain-carrying intermediates in (2.59) and (2.60)
and the assumption of long chain length*

k3k /2
kubﬁ = (2 k4l)1/2 (2.62)

see also Refs, 33 and 34.
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2.1 The Rate Law and Mechanism 75

2.1.7 The Inclusion of [H*] Terms in the Rate Law

There are problems in correctly ascribing {H*] terms in the rate law to a mechanism for the
reaction. First, it must be decided whether a medium effect rather than a distinctive reaction
pathway might be responsible for the variation of rate with [H'], particularly if this is a
small contribution. This is an important point that we shall deal with later (Scc. 2.9.2).
Secondly, even when it has been established that the pH term has a mechanistic basis, there
may be an ambiguity in the interpretation of the rate law. On occasion, such ambiguily has
been quite severe and has led to much discussion.

(a) Positive Dependence on [H™]. Inciusion of an [H*}", » 2 1, term in the rate law can
usually be explained by the operation of a rate-determining reaction of a protonated species.
Usually there is a likely basic site on one of the reactants for protonation, and the greater reac-
tivity of the protonated specics comparcd with the unprotonated form can usually be ra-
tionalized (see Sec. 4.3.1). A two-term rate law for the acid hydrolysis of CrX"* (sec (1.208)),

—dIn{CrX"*V/dt = k + k"[H*] (2.63)

has been noted with a number of basic ligands, F~, N7, and so forth. The terms can be at-
tributed to reactions of protonated and unprotonated forms of the complex

p
CrXm + ¥ = CrXH®0* —2 products (2.64)
CrX™ " > products (2.65)

H20

with &£ = &y and &' = K k,. The depletion of the reagent water will be an important con-
sideration in high acid concentrations if water features in the activated complex. The rate of
hydrolysis might then decrease with an increase of (high) perchloric acid concentration and

V'~ k[complex]a, (2.66)

where g, represents the activity of water. Linear rate dependencies on the activity of water
arc obscrved in the hydrolysis of CrOCOCHSY in 6-8 M HCIO,*, of CrClOZ* in 5-10 M
HCI0,% and of Co(NH,},OPOHI* in »35 M HClO,.Y .

{b) Negative Dependence on [H*]. Inclusion of an [H*]" term in the rate law, where # i3
a negative integer, can be attributed to a proton being a product of a preequilibrium step (sec
Sec. 2.1.5), and therefore arising from the rate-determining reaction of a deprotonated species.
It is often likely to occur when one of the reactants is acidic.

The fermation of FeCl** from Fe**and Cl- jons in acid solution obeys the rate law (com-
pare with (1.6))%*

d [FeC1?¥)/dr = k [Fe™ [C17] + Ay [(Fe"™[CL ] [H ]! (2.67)

The firsl term simply represents the rcaction between the fully hydrated iron(IID) ion,
Fe(H,0)}", abbreviated Fe'*, the predominant iron species, and chloride ion, with an
associated activated complex [FeCl(H,0),[7.

Fe* + Cl- — FeCl?+ k, (2.68)
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76 2 The Peduciion of Mechanism

Inclusion of the [H 17" term is reasonably ascribed to the reaction of Fe(H,0),O11**, ab-
breviated FeQH?2', with Cl™ ions in the slow step:

Fe¥t + OH- == FeQH?2* K

H,0 = H* + OH- K

w

FeOH?' + CI- — Fe(OH)CL~ k

Fe(OH)CI* + HY — FeCl?* fast

for which

ky = kK K

(2.69)
(2.70)
(271

(2.72)

(2.73)

The similar rate taws for the reactions of Fe(Ill) with a numbcr of aprotic ligands can be
ralionalized in the same manner. The rate constants for ligation of Fe’+ and FeQH?* are
shown in Table 2.1, The exchange of water with Te(IIl) and other tervalent lransition metal
ions, Cr(l11), Rh(III), as well as AWIII) and Ga(IlI), Eqn. 4.5, proceeds via M{H,0) " as well

as by M(H,0),0H?", so that here also an [H'] ™' term features in the rate law.

Table 2.1 Rate Constants {k, M~ 's '} for Reactions of Fe?' and FeOI1*' with Ligands al 25°C

lLigand ¥~ FeOH Ref.
Cl- 9.4 1.1 x 104 4]
NCS- 127 1.0 x 104 41
HF 11.4 41
HN, 4.0 - 41
Ambiguous
Cro3- 5 x 107
HCrOy 9.2 x 103 42
F- 5 x 103
IIF 3.2 x 103 41
Ny 1.6 x 10°
HN; 6.3 x 107 41
S03- 4 % 103
HS0; 2.4 % 104 41
RCON(O )R, ~ 109
RCONOH)R, ~ 103 45
H, POy 6.8 x 10¢
1,PO, 9.2 x 10° 43

(¢) Proion Ambiguity. Acid-catalyzed reaction between species A and B, both of which are
basic, leads to interpretive difficulties

V = kIA][BI{H]
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2.1 The Rate Law and Mechanisin 77

since we are uncertain whether A or B takes the proton into the activated complex. The rate
law for the oxidation of hydrazinium ion by Cr(VI) takes the form of (2.74). The reactant pair
N,H! and Cr(),H>* are preferred over NH2* and CrQ3* for chemical reasons. *

We can now relurn to the reaclion considered at Lhe beginning of this chapter. The third-order
rate constant k will equal K, &, on the basis of (2.4) and K, k, if mechanism (2.7) is correct.
It 1y possible to make rough cstimates of the values (at 4°C) of &, (2.5x10'M~7s™1)
and A, (~5x10% M~!s~") from the values of K, ({01 M™Y, K,(~2x10"° M ) and
k(5x103°M~2s5~!). The improbably high value for k, is one¢ of the reasons that the first
mechanism is preferred,”™® Deviation from a [irst-order dependence on {H*] oceurs at high
acidily since a stage is being rcached where H,CrO, is in significant concentration (see
(1.98)}.%® Even here and in the limiting region, where the rate is independent of [H'] because
H,Cr0, is the major chromium species and its concentration is pH-independent, it is not dif-
ficult to see that the concentralion producis [H,Cr0,] [H,0,] and [HCrO;] [H,0]] are still
kinetically indistinguishable.

Diffusion-controlled reaction — The maximum rate of a reaction between two species
I and 2 of charge z, and z, is controlled by the rate at which the reactants come
together (diffusion-controlled). The second-order rate constant k, {(M~!s~!y for this
interaction is given by

4 x 1073 nN(d, + dy)al(a)
kT [exp (U (a)/KT) —1]

k| =

The maximum rate for the reverse reaction (unimolecuiar dissociation £ _,, s7!) is via
separalion by diffusion of the lwo molecules

‘- 3d + d))Ua) .[CX U@
T K lexp (UG@AKT) — 1la? | T\ KT

U(a) is the Debye-Hiickel interionic potential

PN 2, %;€°K
U = —
@ == b DU+ xad
. _ 8mNe*p
1000DK T

d, and d, are the diffusion coefficients of 7 and 2 in cm?s~!; e is the charge on an

electron in esu units; 2 is the dielectric constant of the medium: k is Boltzmann’s con-
stant in ergs; N is Avogadro’s number and « is the distance in ¢m of closest approach
of the ions (r, + r), all at 7 (in K). The ratio k£ /&_, is a diffusion-controlled
equilibrium constant and equals the theoretically-deduced outer-sphere formation con-
stant, Ky in (4.17). See G. Q. Zhou and W. Z. Zhong, Eur. J. Biochem. 128, 383 (1982).
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78 2 The Deduction of Mechanism
Obviously, ambiguity can also arise in the interpretation of the rale law
V = k[AH][BH][H*]™' (2.75)
where both AH and BH are acidic. In the reaction of Fe(I11) with ligands that can take part

in acid-base equilibria, interpretive difficuliies arise.* With HCrO,, for example, the term
ke, [Fe(IID] [HCrO; 1 [H '] ™' can arise from reaction of Fe(H,0) " with CrOZ-,

HCrO; = Crom + HY Ke, (2.76)
Fe(HLO)* + Cro2- %  Fe(11,0),0Cr0f + H,0 (2.77)

or from Fe(H,O}0OH?' interacting with HCrQ, ,

Fe(H,OR* “ Fe(H,0),0H* 4 11* K. (2.78)
Fe(I,OLOH?2* + HCrO; - Fe(H,0),0Cr07 | H0 (2.79)

In Scheme (2,76, 2.77), k; = K.k, and in Scheme (2.78, 2.79), &, = Kp &y, Since K¢, =
3 % 107'M and K, = 1.7 x 107°M, the observed value of k,, 15 57!, leads to values for
k,of 5 x 10°M~!s~"and for &k, of 9.2 x 10°M~!s~!, all at 25°C. The calculated value of
k, seems much more reasonable than the calculated value of &, which is inordinately high.
Thus FeOH?", HCrO, as the kinetically active pair is therefore preferred. * Table 2.1 shows
a selected number of examples that may be resclved similarly.” 1t is exceptional for
Fe(H,0)}* to be the preferred reactant.

The reactions of Cr(IM),* AKIIN and Ga(lIl)* have been rationalized in a manner
similar to that used for the reactions of Fe(111). Although the hydroxy form MOH?' is the
minor species present in the acid medium used in such studies (typically 1-2%), its enhanced
reactivity compared with M3+, both in substitution and redox reactions, will ensure its
participation in the overall rate. We encountered the problem of the interpretation of (2.75)
in Chap. 1 (Scc. 1.10.2). The rate constant for rcaction of the acid form of bovine
carbonic anhydrase with deionized p-(salicyl-5-azo)benzenesulfonamide is calculated as
10"9M~'s~!. This appears to be slightly too large a value for such a reaction. For this reason
then, the alternative (kinetically equivalent) reaction of the deprotonated enzyme reacting
with 8 containing the uncharged sulfonamide group (2.2 » 107M~'s™!) is preferred.
A special problem arises when one of the acidic partners is water. Does the activated complex
now arise from an rds between AH and OH~, or between A~ and H,O, or even from the
reaction of A alone? This ambiguity has been particularly vexing in the study of the base
hvdrolysis of cobalt(III) complexes, and was a point of discussion for many vyears (scc
Sec. 4.3.4).%¢

0,6

HO N=N‘©~SOZNH2

-]
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2.1 The Raie Law and Mechanism 79

Finally, when the rate law indicates that there is more than one activated complex of impor-
tange, the composition but not the order of appearance of the activated complexes in the reac-
tion scheme is defined by the rate law. Haim® has drawn attention to this in considering the
reduction of V(L) by Cr(il) in acid solution. *! The second-order rate constant & in the rate
law

d[Ce ™ g = k[CrU (v (2.80)

1s dependent on [H]:

L
b+ [H']

(2.81)

The limiting forms of the rate law vield the compositions of the activated compiexes, These
will be, at low [H*], [VCr3+]%, and at high [H*], [VCr(OH)#* |7, Thus two mechanisms arc
possible. Tn one of these, [VCr¥ 17 precedes [VCr(QH)*' 17 (mechanism 1):

Cr2*t + v ¢ H,O = Cr(OH)yV*" + HY ki k_, (2.82)
Co(OHIVY = CrOHZ* + Vi Ky ks (2.83)
CrOH?' + H* — Cr¥+ rapid (2.84)

for which

R 33 24
diCri™]  kk (VP [Cr?'] (2.85)
dr ky + k_ [H']

which is ol the required form with @ = & A, /7k_, and b = k,/k_ | (with &, ignored).
In the other scheme, [VCr®+|% occurs after [VCr{OH)**]* in the reaction sequence
(mecchanism 2)

Vi o+ H,0 = VOH? + 1+ rapid, K (2.86)
Cr?' + VOH?* = Cr{OH)V** kL k| (2.87)
Cr(OHYV* + H* — Cr*' + V¥ 4 H,0 by kg (2.88)
I+ 3+ 2+
dICr’] ki KIVAICr] (2.89)
dt koo o k1]

Equation (2.89) is of the form (2.81) with ¢ = &K and & — &k ,/k; (with &, ignored).
Indirect argpuments for the validity of the second mechanism have been presented.® Al high
acidily, [H*] > 0.5 M, the concentration and thus coutribution of the very reactive VOH 2+
is so reduced that an outer sphere

V3T 4 Cret — Vi 4 oM (2.90)

reaction becomes detectable, 2
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80 2 The Deduction of Mechanism

An alternative presentation of the mechanisms in (2.82)-(2.84) and (2.86)-(2.88) is shown
in (2.91).% This depiction is popular in the complex mechanisms encountered in metallo-
enzyme chemistry.

Mechanism 1 Mechanism 2

H'
V{OH,)2' =<~ V(Ol,);01%"

1’
Cr{OEL); - CHOB,
H,0° f 1,0

(11,0)sVOCH(O1 )¢ (2.91)
B H_J)'
VHOR VU0
i .
Cr(OH,);OH"* o CHOH,)
L8

2.2 Further Checks of Mechanism

So far we have assigned mechanisms mainly on the basis of the rate law. This can give anly
a somewhat crude picture, detailing at the most the number of the steps involved. Some
evidence for the correctness of the mechanism can be obtained by consideration of the rate
constants for these steps, In the reaction of Cofedta)®  with Fe(CN) -, for cxumple, the for-
mation of a “dead-end” complex is preferred (Sec. 1.6.4(d)}. The outer sphere redox rcaction
which results from this interpretation, (direct reaction of Cofedta)?~ with Fe(CN) 7} is also
supported by agreement of the rate constant wiith that calculaled using Marcus theory
(Sew. 2.5).*%* Distinguishing an “active” from a “dcad-cnd”complex, i.¢ scheme (1.101)
from scheme (1.107) and (1.108) is a vexing problem, particularly in the interaction of small
inorganic reactants with proteins. > Solutions 1o these problems and finer mechanistic detail
can ofien be produced by subsidiary experiments, usually chemical in nature, as will now be
detailed.

2.2.1 The Detection and Study of Intermediates*

(a) Direct. 1t may happen that the form of the rate law can be accomodated only by a
mechanism where intermediates are postulated. Therefore, strong evidence for such a
mechanism is the detection of these intermediates. In some cases this may present little dif-
ficulty since the intermediate may accumulate in relatively large amounis and therefore be
easily detected during the course of the reaction. V?* mixed with VO?* produces a more
rapid loss of V2* than a gain of V3%, the ultimate product. In conecentrated solution, an in-
termediate brown color (ascribed to VOV*') can actually be discerned,® Much more dif-
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2.2 Further Checks of Mechanisin 81

ficult is the support for intermediates of fleeting existence. Then special means must often be
used, involving sophisticated equipment and techniques. The mode and power of the ap-
proach is well illustraied by the work on detecting the HOS radical in agqueous solution.

The kinetics of the Ce(11I)-Ce(IV) cxchange reaction catalyzed by H,0,*F and a later study
of the kinetics of the Ce(IV) reaction with H,0, in H,S0, by stopped-flow mecthods, ™
argues for the following mechanism for the Ce(IV)-H,0, reaction,

Ce™ + H0, = Ce'" + HOS + H ki k_, (2.92)
Ce!V + HO} — Cc' + O, + H k, (2.93)
in which &, = 1.0 x (0°M~'s~!and k,/k , = 13. It is apparent from these results that a

sizable amount ol HQ; should be produced, al least for a short whilg, by mixing large
amounts of H,O, (0.1 M) with small amounts of Ce{I'V) {107*M), which arc used up in step
{2.92) and thus cannot remove HO; in step (2.93). If this is carried out in an efficient mixer,
and the mixed solutions examined within 10 ms by electron spin resonance (esr), then HO;
is detected in the flow tube. %

The trapping of reactive intermediates at [ow temperatures in a rigid medium prevents them
from reacting, and allows a leisurely examination. This, combined with esr examination, has
been important in studies of certain metatloproteins, e.g. nitrogenase. ®

(b) Indirect. By lar the most usual approach for sensing the presence of inlermediates is to
add rcagents (“scavengers’) which will react rapidly and effectively with an intermediate, but
not the reactants. Either the rate law may be modified, perhaps only slightly, or new products
may result to the exclusion of, or in addition to, the normal produoct.

The species OF or the form in acid, HOZ, is often considered a logical immediate product
of rcactions of O,. It has been indirectly detected by scavenging additives modifying the
reaction._ %

Cofsep)** (9) reacts with Q, in acid solution with an assumed mechanism

Colsep)? + 0, 2 Co(sep)™* + HO} k, (2.94)
Co(sep)?* + HO; = Co(sep)®* + H,0,  fast (2.95)

based on a rate law

—d [Colsep)?*]/dt = 2k, [Colsep)®' ] [Oy] (2.96)
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82 2 The Deduction of Mechanism

If the reaction is carried oul in the prescnce of Cu’?* the rate is reduccd by a factor of ap-
proximately two, This is cxcellent evidence for the intermediacy of HOJ since this would react
with Cu?* at a close to diffusion-controlled rate

Cu’ + HO; — Cu + O, + H* 2.97)
This reaction would replace (2.95) and a modified rate Jaw would operate®
-*d[CO(Sep)zk]/dI — k. [Colsep)®*] [Os] (2.98)

Transicent radicals R* can be visualized by reacting with diamagnetic spin traps T to form
a persistent spin adduct RT which can be analyzed leisurely by esr,®% (Scc. 1.11).

Competition experiments, in which the intermediate is scavenged by two reactants and the
amount and nature of products examinad, have played an important rele in establishing the
mechanism lor base hydrolysis of cobalt(II) complexes. The intermediate produced in the
base hydrolysis of Co(IWH;),X"*, 7 = 3, 2 or 1 is Co(NH;),(NH,)?* if the D, mechanism
is correct {Sec. 4.3.4). Normally this intermediate is considered to react with H,0 to produce
Co{NH,;)XOH?* but if another nu¢leophile (Y-Z)"~ is also present and this can attack the
intermediale alse, then Co(NH,)(Y-Z)Y "1 and Co(NH;)5(Z-Y)? " wili also result
(Scheme (2.99)). Thesc arc linkage isomers (Sec. 7.4) and arc speetrally distinguishable

Co(NHy)sX"™ + OH == Co(NHp,(NHpX" "+ H,0 == Co(NHy),NHa+ X3

Co(NHy);(NH,){H,0) Co(NH;);0H**

fast
H,2

Co(NH)(NH,)**

(Y-Z)"
Tl

Co{NH3)4(NH)(Z-Y)37) F =20 Ca(NHps(Z- V)57 * + OH
Y-y )

11,00
fast

CO(NH})4(.NH2)(Y Z)(Z m)+ CO(NH3)5(Y 72)(3 m+ +OH"

{2.99)

If a series of complexes of different charges and X groups are hydrolyzed in the prescnce
of a constant concentration of (Y-Z)"" then a conslanl competition ratio

[CONH,)(Y-Z)% "] + [Co(NH,)(Z-Y)0~")"]
[Co(NH;);0H?"]

(2.100)

should result because a common intermediate is invelved, independent of X and » in
Co(NH, )} X"*. A selection of some recent results are contained in Table 2.2%¢°%

The ratio of linkage isomers is remarkably constant and independent of the charge, steric
bulk or reactivity of leaving group. The ratios are 2.0 0.1 8/N (SCN"); 2.0 0.2 O/N (NO; )
and 2.3+0.35/0 (5,0%7). For a particular entering ligand (Y-7)”~ the perccntage total
anion capture is very constant within each charge group (n = 1-3) although it increases
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2.2 Further Checks of Mechanism 83

‘lable 2.2, Pereentage of (Y-Z)® * Capture in the Base Hydrolysis of Co{NH,);X"* in the Presence of
(Y-Z)"~ at 25°C (Usually in 1.0M (Y-Z)"~ and 0.] M OH )% &

# X (Y-2)"-
SCN- N3 NOj * 8,0

3 OP{OCH,), 17.3 (11.9) 12.5 7.9 (5.0) 12.2 (8.7)
3 OS(Cl1,), 18.0 (12.0) 12.3 4.8 (5.6) 126 (4.1)
2 1- 13.6 ( 8.9) 10.0 4.5 11.3 (8.0)
2 Cl- - 8.5 - -

2 O8(0),CT5 13.6 ( 9.0) 9.7 7.0 (4.6) 10.8 (1.7
1 0803} 6.8 ( 3.7 5.8 - -

* Carrected value for subsequenl reaction of Co(NH,),(Y-2)® "1,
b Value in parenthesis is % S bound linkage isomer.
¢ Value in parcnthesis is % O bound linkage isomer.

systematically with the ¢charge of substrate 31 >2+ > 1+. The conclusion is that there is a
S-coordinated intermediate which is so short-lived that it retains the original ion-atmosphere
of Co(NH;);X"* but not the X group (Scc. 4.3.5). These experiments are very difficult to set
up, carry out and analyze, but are very telling support for the D, mechanism,

In some cases the identification of the product, even without use of scavengers, can be im-
portant in the elucidation of mechanism. Thus the quenching of *Ru(bpy):~ by cobalt(I11)
complexes (Eqn. 1.32, B = Co(Il)) may go by electron lransler

*Ru(bpy)}' + Co(lll) — Ru(bpy)}* + Co(Il) (2.101)
or energy transfer
*Ru(bpy2* I Co(Ill) — Ru(bpy?' + *Co(II1) (2.102)

Producl analysis has been useful in deciding the preferred path. Quantum yields for Co(I1)
production {numbcr of molccules produced/number of quanta absorbed) measured by steady-
state photolysis of Co(NH;)}* and Cofen)i~ are 0.45 and 0.11 respectively. These show that
exclusive electron transfer (when the quantum yield would be 1.0) does not occur. ™

With specially designed reactants, the determination of the product structure can be very
informative. Mcrcury(ID-catalyzed agquations of Co(I1I) complexes are believed to proceed via
a S-coordinated intermediate (Sec. 4.3.2). The shape of this intermediate is of interest. The
Hg?*-catalyzed aquation of Co(NH,), (ND;)X?! in which the ND; and X groups are trans
to one another gives substantially frans-Co(NH,),(ND;)(H,0)* . This is excellent evidence
for 4 squarc pyramidal intermediate in the reaction. A trigonal-bipvramidal intermediatc
would be expected to lead to substantial scrambling of the ND, and NH, groups (Fig. 2.1).™
The definite but very small amouni (2.8 = 0,4%) of cis product recently reported using ¥NH,
instead of ND, allests to the sensitivity of current nmr machines. 7

The use of highly cnriched “CO and C™0 and ir or nmr moenitoring has been a powerful
combination for studying the photochemical and thermal substitution processes of metal car-
bonyls and derivatives. The site of subslitution and the nature of the reactive intermediates
(their geometry and flexibility) have been clucidated.”
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ND, 2+ ND; 3+ ND, 3+
HN NH
X \\(|:0 N HSN\clzo _NH . HaN\c]: _NH,
A0~ -
HNT N N N, HsN/’ “NH,
X OH,
Hg21-
un e 3+ NH, 3+
3 KN | _-NDs
/Co—-—NDa _— /Co\
HN HNT | Mg
NH, OHg

Fig. 2.1 Expected products from the Hgfll}catalyzed aguation of frans-Co{NH,),(ND)X?* on the
basis of a squarc-pyramid or trigonal-bipyramid intermediate.”

2.2.2 The Determination of Bond Cleavage

Obtaining definite evidence regarding the occurrence of bond cleavage is helped considerably
by using isotopes. The following two cxamples illustrate different approaches.

Reactions of Co(NH,;);OH?* or Co(NH,);H,0%* with certain ligands are unusually rapid
(Chap. 8. Co(ll1}). This sugpests that Co-O bond breakage does not occur during the substitu-
lion, else it likely would be very much slower, This can be verilied by using isotopes e.g. ™7

Co(NH,) BOHI* + NO7 — Co(NH,)BONO + 1,0 (2.103)

Co(NH,);"OH?' + 80, — Co(NH,);"0SO,H?>' — Co(NH,),""OH:" | S0,
(2.104)

The nmr signal due to bound OH, is unchanged after the cycle (2.104) is compieted
(Fig. 2.2).7° This observation also rules out linkage rotalion (2.105)

/O-l /O+
(NH?,)SCOJ?OJJ\ == (NH;);Co-0-5_ (2.10%)
9) e}

Such a rcarrangement, although seemingly unlikely, does occur with the nitrito complex as
demonstrated by 7O-nmr experiments™®

(NH)sCo VONO™ === (NHj)sCo ON'/0™*

N\

‘}Oz’f (2.106)
(N1 I;;)SC()-—N\
O
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2.2 Further Checks af Mechanism 85

Fig. 2.2 O nmr spectrum of
Co(NH,);'"OH3* dissolved in H,'0 (a)
before and (b} alter formation and
acidification of sulfito complex, Eqn.
(2.104). Resonanee for the metal-hound
water is upfield (—130 ppm) relaiive to
bulk water (0 ppm) and is markedly
broader. After acidificalion, lirtle intensity
changes occur for the bound and bulk
waler, proving thal the Co — OIl, bond
remains substantially intact during the
cycle. The broadening and shifting of the
bulk waler during the process results from
paramagnetic Co®* formed during a side
redox reaction. ™ Reprinted with permission
from R, van Eldik, I. von Jouanne, and H.
Kelm, Inorg. Chem., 21, 2818 (1982).

ppm €1 {1982y American Chenical Society.

Signal intensity

0 298

"The formation of a double-bridged Co(IIT) complex from a single peroxo-bridged complex
can take place by either (2.107) or (2.108), L = CH;NH,,

{tren)LCoO,CoL(tren) ! — 2 (tren)Co(H,00%+ + O, 1 21,

0 = (trem}Co(Q, OH)Co(tren) (2.107)
n
(tren)LCoO,Col {tren)*! < (tren)CoO,Co(tren)*t + 21
B (BHZ oH, 2.108)
= (tren)Co(0, OH)Co(iren)
1

The [irst mechanism is preferred since the **0,-lubelled bridged complex 10 exchanges wilh
O, al the same rate as the formation of the bridged praduct 10,7778
How the position of bond cleavage can be determined is illustrated by consideration of ther-
mally initiated ligand (L) substitulion in Re,(CO),,. This can occur by a dissoctative
mechanism invelving Re — CO bond breakage,
Re,(CO),, = Rey(COYy + CO (2.109)

Re,(CO)y + L+ Re,(CO)L
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86 2 The Peduction of Mechanism
or by a radical mechanism involving metal-metal bond homolysis

Re(COY, = 2Re(CO);
Re(COY, + L = Re(CO)L" + CO (2.110)

2Re(CONL = Re(CO)L,

Thec former mechanism is favored, When CO cxchange (L = CO) is studicd using a mixture
of 'BRe(CO),, and 'PRe,{CO),, no '¥5Re ¥ Re(C),, appears as product (analyzed by mass
spectrometry). The mixture of isotopic carbonvis do however “scramble’” (slowly)} in the
absence of L or aller photolysis, showing that Re — Re bond scission is al leasi [easible, ™

The kinetic isotope effect is extensively used to support mechanism.® A largc deuterium
kinetic isotope effect (&, /kp > 3) is strong support for an X-H (or X-D) bond cleavage in
the rate determining step. The 10.5 fold higher rale consiant for the Mn(Q; oxidation of
Co(NH;)OCHO?', compared wilh the ratc constant for Co(NH,);OCDO?!, supports a
mechanism in which the rds is a onec-clectron oxidation via H atom abstraction,® for ex-
ample

Co(NH,),0CHO? + MnO, — Co(NH;){(OCO"?* + HMnO; @.111)

Co(NH,)50C0 % 1. CotNHy 2+ €O,
kQ

ol (2.112)

Co(NH;)sH,0"

The first step accounts for the observed second-order kinctics and produces the large
isotope effect. The second step leads to a Co(113, Co(Ii1) mixture. ¥# Even laraer isotope ef-
fects have been noted {e.g. in C —H abstraclion from 2-propanol by Ru(1V) compounds %),

It is difficult to correlate the &y /&, values with the operation of a hydride, proton or H
atom transfer. 'The temperature dependence of the kinetic isotope effect, which is now easier
to measure accurately, is more diagnostic of mechanism but has been applied mainly to
organic sysiems,

B¢ kinctic isotope cffects (& ("2C)/k (*C)) are more difficult to measure accurately. The
values for a variety of metal ion-catalyzed decarboxylations of oxaloacetate (2.113) are similar
(1.04-1.05). This suggests that the transition stale for decarboxylation (a) involves a marked
breakage of the C —C bond and (b} is similar for the various metal ions, even though enhance-
ment rates vary widely.®” This apparent paradox is ascribed to an alteration of the distribu-
tion of oxalnacetate between the keto and enol forms. %

e 0 ge]
T N, <o f|: \,
G4 H C /. (2.113)
- o] ~AT T
H /E\H \—) C
ofc“a

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



2.3 Activation Parameters, Thermodynamic Functions and Mechanisin &7

It is intcresting that enzyvme-catalyzed decarboxylations have a 1*C effect of ~ 1.00, thus
invoking a different mechanism.

Finally in studying isomerization reactions, one must always consider whether thesc are in-
tramolecular {no bond cleavage) or intermolecular (bond cleavage). The relation between the
1somerization rate constants and the dissociation rate constants will resolve whether bond
cleavage accounts for isomeric change ¥ Other examples of the use of isolopes to detect
bond breakage or bond stretching in the activated complex will occur in Part 11, Determina-
tion of the fractionation factor by using isotopes can also lcad to similar information
(Sec. 3.12.2).

2.3 Activation Parameters, Thermodynamic Functions
and Mechanism

S0 far we have considered rate laws and chemical behavior for one temperature and at normal
pressures only. Much information on the mechanism of a rcaction may certainly be gleaned
from this information alone. However, by carrying out measurements at a number of
lemperatures or pressures, or in different media, one may obtain useful information, even
though the form of the rate law itself rarely changes,

2.3.1 The Effect of Temperature on the Rate of a Reaction

The rate of a chemical reaction may be affected by temperature in several ways, but the most
common behavior by far is that obscrved by Arrhenius some 100 years ago. ™ The cmpirical
expression

k =Aexp(—E,/RT) (2.114)

relates the rate constanl & to the absolute temperature T {(in K). 1t describes the behavior of
a vast number of chemical reactions amazingly well, particularly over a fairly small tempera-
ture range, but in some instances over as large a range as 100 degrees. *»°2 Thus a plot of Ink
vs T~ is linear, with slope — K, /R and intercept InA. ({Fig. 2.3)"

A similar relalionship is also derived by the absolute reaction rate theory, which is used
almost cxclusively in considering, and understanding, the kinetics of reactions in solution. *
The activated complex in the framsirion state is rcached by reactants in the initial state as the
highest point of the most favorable reaction path on the potential enerpy surface. The ac-
tivaled complex X7 is in equilibrium with the reactants A and B, and the rate of the reaction
IV is the product of the equilibrium concentration of X and the specific rate at which it
decomposes. The latter can be shown to be equal to k77h, where £ 15 Boltzmannn’s constant
and k is Planck’s constant:

A+ B Tf;_ X7 — products (2.113)
V = kT[X )’k = kTK(A] [Bl/R (2.116)
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88 2 The Deduction of Mechanism

Lnk(®) or In{k/T)(m)

]
'y
<

T

25 3.5 45
1087

Fig. 2.3 Arrhenius (@) and Lyring () plows of data for the exchange of a single dmso melecule with
Ga(dmso)d' in CD;NO,. Nmr line-broadening was vsed for the higher temperatures and stopped-flow
nmr experiments for the lower temperaturcs.® For the Arrhenius plot, the slope and intercept {(at
T = 0)are —92 x 10% and ~31.4 respectively, leading to E, - 76 kI mol~" and log4 - 13.6. For
the Cyring plot, the slope and intercepl are -8.77 » 107 and +24.4 respectively, leading to AHT =
73kJmel fand AST = 5JK 'mal ',

so that the experimental second-order rale constant & is given by
k — kTK}/h (2.17n
The formation of the activaled complex may be regarded as an equilibrium process involv-

ing an “almost” normal molccule (almost, since it is short one mode of vibrational energy).
The free energy of activation AGT can therefore be defined as in normal thermodynamics,

AGY = —RT InK} — AH? — TAS* (2.118)

leading to
kT ~AGH kT - AH? AS*
k o exp (T) o exp< RT ) exp( R ) (2.119)

where AHT and AST are the enthalpy and entropy of activation. This cquation strictly ap-
plies to nonelectrolytes in dilute solution and must be modified for ionic reactions in elec-
trolyte solutions (sce (2.179)).

Since E, = AH*® + RT, it is not difficult to show that

kT AST
A= GT exp< . > (2.120)
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2.3 Activation Parameters, Thermodynamic Functions and Mechanism 89

A plot of In(k/T) against 1/7 is linear from (2.119), with a slope, —AI/R and an in-
tercept (Ink/k + AST/R) = (23.8 + AS#/R}, Fig. 2,3, This is sometimes referred to as the
Eyring rclationship. Both Arrhenius and Eyring plots are used and give very similar results.
The quantities AH* and AS" are almost universally preferred for discussion of solution
kinetics and will be used hereafter. The agreement in the values of AF™ and AS¥ oblained
by different workers investigating the same system is not always good, Nowhere has this been
more evident than in the nmr studies of solvent exchange. For example, although the rate cons-
tant at 25°C for exchange of Ni(CH,CN)2+ with solvent CHLCN is generally reported in the
relatively narrow range of 2.0 x 10% to 4.0 x 10%s~!, AHT and AST values vary enor-
mously. * Both positive and negative values of AS™ are reporied! This arises from the inac-
curacy of obtaining AS' by a long extrapolation of Eyring plots to 1/7 = 0. This problem
can be partly circumvented by using as wide a temperature range as feasible. ¥ A V™ values
{see below) give similar and in some respects superior information to those of AS*, and are
more accurately, but not as easily, measured.

2.3.2 The Variation of E, or AH* with Temperature

Most investigators are content to usc the best linear plots of Ink or In(k/7) vs 7' in
estimating E, or AH7 values, and to assume that these are constants over a narrow
temperature range.’ It is worth examining this aspect, however, since devialions from
lingarity of such plots might be as¢ribable to complexity in the reaction mechanism.

Since the heat of a rcaction AH is rarcly temperature-independent and since for a single step

AH = AH} — AHT (2.121)

it would be expected that the enthalpy of activation in the forward direction, AH?, or in the
reverse direction, Af f, or both, also would generally be temperature-variant even for a sim-
ple reaction. Using a simple approach, the rclationship

dE,/dT = AC] (2.122)

holds where ACFJT, is the heat capacity of activation at constant pressure.”’ Values for AC;
within the range —40 to —120 J K- 'mel ! (same units as AS™ have been found for the
aquation of a number of Co(NH;);X?* complexcs. ® Marked variation of E, or AH values
with temperature (that is, nonlinear Arrhenius or Eyring plots) for reactions of complexces is
unusual. This is perhaps surprising, since apart from the /_\Ci effect many observed rate con-
stants, and therefore associated activation parameters, are composite values. It is easily seen
that even if the rate constants for the individual steps vary exponentially with respect (o
lemperature, the composite rate constants may well not. Therefore deviations should arise in
reactions involving equilibria, parallel or consecutive processes.®*® Examples are rare
(SEC. 2.6 IUU,IUI).
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90 2 The Peduction of Mechanisimn

2.3.3 The Effect of Pressure on the Rate of a Reaction

The cffect of pressure P on the rate constant & for 4 reaction can be summarized in the
simplified expression

dnk —A¥T
= (2.123)
P RT

The volume of activation, AV, is the partial molar volume change when reactants are
converted to the activaled complex. AV is the volume of activalion exirapotaled to # = 0
(if ncecssary). P is usually espressed in megaPascals (MPa) = 10°Pa — 10 bars = 9.87
almospheres or 1] cm™% At 2982 K, RT — 248 x 10° J mol '. If the slope of the
In{k/kp_g) ve P{MPa)is 5, then AV = —2.48 x 10* x s em*mol~' at 293.2 K. Consider
the effect of pressure on the rate of water exchange (4,,,) on aqueous Cr(111) perchlorate. For
this reaction

kops = ko + K [H*]! (2.124)

and &, and %, can be determined at a nuwmber of pressures (Fig. 2.4). From the slopes,
AV} = —10cm*mol 'and A¥} - —0Ycm’mol ! for the &, and the &, patis.'*? We shall
congider these valucs in Secc. 2.8.

1.5

Fig. 24 Effect of pressure on the &,
and k,; rerms in (2.124) for water
exchange of agueous Cr{III)
perchlorate. % Since AVT = - 2.48
% 10% % slope (scc text), AV] =
—248 x 107 % (3.8 x 107%) =

In(kP1ey

—1tem?mol~ 7 and AFT = —2.48
100 200 200 x 107 x (3.3 x 10 9 =
P(MPa) —0.9 cmPmol =

Although one of the earliest studies of pressure eflects on a complex ion reaction was ¢ar-
ried out over 30 vears ago, '™ only the past decade has scen a concentrated number of studics
of pressurc cffcets on the rates of transition metal complex reactions. This is evidenced by the
large number of reeent reviews in this area. For a sclection sce Rels. 104-107. Instruments arc
now comimercially available and ilow, relaxation and nmr technigues have been adapted for
use in high pressure kinetics (Ch. 3). " Fairly high pressures, 200-1000 MPa or 2.000-10.000
atmospheres, must be vsed to obtain sufficient effecl on the rate. AFT values usually lie in
the range +25 cm?maol ™' and can be obtained to =1 cm*mol . The values, resulting from
the slope of (dInk/dP); plots, are more likely to be accuraic than those of AS-, arising from
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2.3 Activation Parameters, Thermodynamic Functions and Mechanisim 91

a long extrapolation to an intcrcept of a (dlnk/dTY), plot, and with which they are
somelimes compared. Although AVT is conceptually easy lo understand, there is one real
problem in its interpreiation. This arises because AV, can be considered as made up of two
parts (a) AV, the intrinsic volume change when reactants arc converted to the activated
complex. [t arises from changes in bond length, angles etc. and is diagnostic of the intimate
mechanjsm. (b) AVZ,, the volume change arising from solvation effects (electrostriction of
solvent). Term (b) is unfortunately not easy to assess and Lhis creates problems when it con-
tributcs substantially {o the overall AijS. Term (b) is less important when the charges of
reactants and products arc the samce and for this reason, exchange reactions have been popular

to study for mechanistic information.

2.3.4 The Variation of AVT with Pressure

Somctimes AV is pressurc-dependent becausc the compressibility of reactants and transition
state is different. The most popular way of dealing with this is to use an empirical quadratic
expression

(2.125)

AV Ap*p?
Pt
RT [y 2RT

Ink = Inkp_y — (

whete ABY is the compressibility coefficient of activation. The variation of AVT with
pressure appears to be, experimentally, a more importunt consideration than that of A~
with temperature. The expression (2.125) is oflen used but the valuc of ABT for interpretative
purposcs appcars restricted at present and is often near zero.

2.3.5 Activation Parameters and Concentration Units

The use of accurate concentrations is vital in assessing correct rale constants and associated
activation parameters. Concentrations are usually measured in terms of the number of moles
of gach reactant present in 1 liter of solution (M), Since liquids undergo thermal expansion
or hydrostatic compression, the volume will change, leading to complications when using
molarities. This can be avoided by expressing concentralions in units such as mole fractions
or molalities (moles in 1 kg of solvent) which do not involve volumes. I these points are ¢con-
sidered, an accurate value of AVY (or AF') can be obtained. PFortunatly simple
considerations'® show that a truc valuc of AV* can be obtained using (2.125) and uncor-
rected rate constants at various pressures based on the molarities at atmospheric pressure .
The dilemma and analysis have been carefully reviewed., '

2.3.6 Reaction Profiles

Activation parameters are often composite. Consider the value of AVI* in the cxchange of
Cr(IID with H,O (Scet. 2.3.3), The values of &, and A Vf are related to the intrinsic rate and
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92 2 The Deduction of Mechanism

thermodynamic constants &y, and A ¥}, (parameters for water exchange on Cr(H,0),0H2")
by the cquations

kou = k| /K, (2.126)

and
AVE, = AVT — AV, (2.127)

a

where K, and AV, refer to the ionization (2.128}

Cr(H,0) = Cr(H,0),0B%" + H* K,, AV, (2.128)

CriH,();0OH?' == exchange ko AViy (2.129)

It is very important therefore to have information on the thermodynamic parametcrs, in this
instance AV,. These can be measured direcily by dilatometry or from the relationship:
(@InK/dPY, — —AV/RT'™ Since AV, = —38cm’mol |, AVi, = —05 1 38 —
2.9 cm*mol ', Ref. 102, We can represent the progress of this and any other reaction pic-
torially by a reaction profile, using the concept of the activated complex. The reaction profilc
shows, often in a qualitative but useful fashion, the change of any activation parameter
(AGY, AITT AST Ref. 110 or AV Ref, 111) as a function of the exteni of the reaction
{termed the reaction coordinatc). Since cach step in a reaction will have an associated {ransi-
tion state, and thus a separate reaction profile, we may have a continuous series of such pro-
files joining the reactants to the ultimate product.

Consider the reaction scheme

AL g Ry {2.130)

\kl

in which B is a reactive intermediate present 1n steady-state concentration

d[B)/dr = 0 = k[A] — (k.| + &;}]B] {2.131)
_ _ kiklAl
d[Cl/dt = &, [B] = ~—r~w——k_! s (2.132)

The form of the reaction profile will depend on the relative values of the rate constants,
Fig. 2.5. Severdl interesting points may be made.

(a) Although it is often stated that the rds is associated with the activated complex of highest
energy, say ¥, in Fig. 2.5(A), this may be misleading because AG" is calculated from the rate
constunts. Thus if in the first step of {2.130) another reactant D was involved, the forward rate
associated with it would be & [D] and # is consideration of rates which determine the
['dS. 112,113

(b) Variations in the structures of the reactants may alter the energy level of A or 3, or both,
and these lead to changes in AG'. In the comparison of a reaction series, il is important to
bear this in mind, and it is not always casy to diagnose which bchavior is lcading to the rale
differences within the series. This has led to controversies on the meaning of A¥F valucs
from water exchange with M2+ and M(NH,),H,0%" Refs. 114-117.
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2.4 Free Energy of Activalion and Mechanism a3

(¢) If the rcaction A — C is represenied as in Fig. 2.5 moving from left to right, then the
reverse reaction C — A is simply represented by {he reverse process traversed from right o
left in the same diagram. This embodies the principle of microscopic reversibifity which statcs
that the mechanism of a reversible reaction is the same in microscopic detail in one direction
as in the other, under the same condilions. ''#

Using the activation parameters outlined in Lhe previous sections, we probe their valuc in
assessing mechanism.

ka>mk AGY < AG * A |k ookaAG  "<<AG B k ~kyAG *~AG” c

Free energy (G)

Start End
of reaction of reaction

Reaction coordinate

Fig. 2.5 Free energy reaction profile for (2.130) for various relative values of the associated rate constants.

2.4 Free Energy of Activation and Mechanism

The actual value of a rate constant for a reaction only infrequently gives a clue to its
mechanism. Assessment of values within a reaction series may be more revealing, while com-
parisons of free cnergics of activalion AGT with free energics for the reactions AG, leading
to the linear free-energy relationships (LFER), can be very useful in diagnosing mechanism.

The existence of similar ratc constants for a series of reactions in which there is only a
change in the central metal or in the ligand in one ol the reactants, suggests that a common
mechunism is operalive [or the whole reaction serics. The rate conslants for aguation of a
series of comploics

M(NH,);,0COCF}* 1 H,0 -> M(NH,);H,0%" + CI,CO; (2.133)
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94 2 The Deduction af Mecianism

are similar for M = Co, Rh and Ir. This independence on metal is unusual and suggests that
C—0 rather than M —0 bond cleavage is occurring, since the former process might be ex-
pected to be much less sensitive {o the nature of M than would M — O breakage. 1'®

Ing¢reasing steric hindrance in a reacting molecule will usually be relieved in the transition
state if the mechanism is dissociative but aggravated if the reaction proceeds by an associative
one. Thus the acid hydrofysis of Co(NH,CH,)C1%2* proceeds 23 times faster than that of
Co{NH,};C1%*. This supports the assigned dissociative (f;} mechanism (Ch. 4).'*® With the
Cr(IIT) analogs, the CH;NH, substituted derivative reacts 33 times slower, This is used Lo
suggest an associative (Z,) mechanism. These assignments have independent support, par-
ricularly from AF7 values (Sec. 4.2.6). The reversal of relative rates for the Cr(111) complexes
has been rationalized in terms of small ditferences in Cr —Cl bond lengths in the two com-
plexes. ¥ This argument has been criticized because of the small variation of M —Cl bond
distances anyway in solid metal complexes. '™ The suggestion does however cmphasize the
importance of examining the ground state as well as the activated complex in rationalizing ac-
tivation free energy effects.

A subtle example of steric acceleration associated with a dissociative mechanism is shown
in the rcaction

cis-Mo(CO)(R,P), + CO N Mo{CO){R,P} + R,P (2.134)
As the “size” of R,P increases so does the value of £. A popular method of assessing the
“size” of R,1* is by using Tolman’s cone angle. '3 This is the apex angle of the cone centered

on P which just encloses the van der Waals radii of the oulermost atoms of R;P. The data
are shown in Table 2.3 for (2.134) in CO-saturatcd C,Cl, at 70°C (Ref, 124)

Table 2.3 Eftect of Tolman’s Cane Angle on (2.134)

PR, Cone Angle ke s™"
PPhMc, 122° <107¢
PPh,Me 136° 1.3 x 10773
PPy, 145° 3.2 % 1077

Study of the relative rate constants for reactions of a series of similar complexes A with
rcagents B and € may reveal deviations by a particular complex of the series A from Lhe
general pattern and therefore suggest it is reacting by an anomalous mechanism. This rarcly
occurs, but a general correlation suggests a common mechanism for the reactions.

The pattern for reduction of alkyl halides by Ni{imc)* (12) closely resembles that by
Cr(15lanc]N,)** (13). This suggcsts a similar mechanism for both reductants, There is strong

+ (\’ 2+
Hac\m/CHg No N
~ ~p
(o]
[:N/N'\N [0}
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2.4 Free Lnergy of Activation and Mechanism 95

support for atom (ransfer for the Cr(II) reductions since inert halochromium(1ll} results
(Sec. 5.3(a)). Therefore reductions by Ni(tme) ™ are also believed to occur by atom transfer,
rather than by an outer sphere mechanism. 1%

Ni(tme} * + RX — XNi({tme)* + R” (2.135)

XNi{tme) ¥ - » Niftme)? + X~ {2.136)

Finally, there is a striking linear correlalion of thc ratc constants for the reactions
(N represents a ligand with an N-donor atom, c.g. NH;):

Co(N).X2' + Hg?' + H,0 —™M» Co(N)H,0% + HgX* (2.137)
Co(NJX2* + H,0 M Co(NOH,0 + X~ (2.138)

For the plot of log kyj, vs log ky for 34 complexes the slope is 0.96 with little scatter
(Fig. 2.6). A commen mcchanism with a 5-coordinated intermediate is indicated. %

0...
w 1 [
o
oy
bl
L

-2+

-3}

] 1 L

hl
logkyo

Fig. 26 Plot of log,k“g vs log k5, Tor a number of reactions of the type (2.137) and (2,138} respectively
at p = L.OM HCIO, and 25°C. Only a few entries are selected from the 34 reactions tabulated in
Ref. 126 but these iilustrate the variety of complexes which conlorm to the correlation observed. Com-
plexes: cis-Colen),(NH,CH,CNICIEE (1), zrans-Co(en)tNHCI? ! (2), cis-Colen),(imid)CL2* {3), cis-
Co(en)y(3Mepy)C1?2* {4), Co(NT1,)sCI** (5), mer-Coidien)(tn)C12+ (6), cis-Co{tn),(C,HNH, Y15 (7).
The line is the best fit for the 34 reactions, slope = 0.96.
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96 2 The Deduction of Mechanism

2.5 Linear Free-Energy Relationships — AG*and AG

So far we have considered a limited series of rate relationships and their potential value in
substantiating mechanism. We now examine morg detailed linear free-energy relationships
(LFER), a subject that has had full attention in organic chemistry but only recently has been
cxploited by the inorganic chemist. 16127

In spite of the justifiable warnings not to confuse the kinetics and thermodynamics of a
reaction, there are circumstances, for example in a closely related series of reactions, in which
it might be expected that the {Tee cnergies of activation, AG* and reaclion, AG would parallel
one another. Therc is usually no problem in measuring or estimating the equilibrium constant,
and hence AG, for many substitution and redox reactions by using formation constants or
standard oxidation potentials. This information, together with the rate data, might then be
used to test LFER., In turn, such LFER might be used to diagnosc mechanism by determining
the extent of bond formation or breakage in the transition state or by asscssing the importance
of electronic, polar, or steric effects on the rate.

Since

kh

kT

i kh
—AGT = RTIn T 2.3RT log (2.139)

and
—-AG = RTInK = 23RT logk (2.140)

the lincarity between the free cnergies of activation and reaction might be most casily ox-
pressed in the form

logh = AlogK + B (2.141)
Historically, the decadic log scale has been mainly used in LFER.
This idea can bhe tested by examining data for the aquation of a series of ions,
Co(NH,), X -~
Co(NH,) X + H,O — Co(NH,)H,0% + X"~ ki k_| K, (2.142)
The plot of log k, vs log K, is linear over a wide range of rate constants (Fig. 2.7). "2 Ob-
viously, Lhe [aster the aquation, the more the reaclion goes to completion! The slope A4 18 1.0
and this indicates that the activated complex and the products closcly resemble onc another,

that is, that X”~ has substantially separaied from the cobalt and that therefore the
mechanism of these reactions is dissociative (/). Since K, = k,/k |

loghk, = logkK, + logk_, (2.143)

and (2.143) is of the form (2.141} with A = 1.0 and B — logk_,. The value of B is approx-
imately constant if a dissociative mechanism applies 1o anation, singe the Co—H,0O bond
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2.3 Linear Free-Energy Refationships — AGY and AG 97

Fig. 2.7 Plot of logk, vs log K. for (2.142) at
25°C. Ref. 128,

tleavage is common to all reactions and noi much influenced by the nature of X"~. Such
linear plots for solvolysis rate constants vs equilibrium constants with slopes near unity are
reported for reactions of some Cr(Il1) complexcs'® where L is a tetradentate Schiff base
{2.144), and for Li and Na

CrLH0)X™ + H,0 = CrI)(H,0) + X (2.144)

complexes of spherands and cryptands in a variety of solvents. %3 These LPER afford
good evidence for a strongly dissociative mode for substitution in thesc reactions, By contrast,
an excellent linear correlation of logk | vs log K, (slope 0.94) is observed for the hydrolysis
of the blue und red forms of the square pyramidal Cu(ll) complex, Cufletb)X (Sec, 7.9).

Cu(tetb)X + H,0 = Cu(tetb)H,0 | X kik | K, (2.145)

Now, il is the forward rate constant &, that is almost invariant (because there is a common
nucleophile H,0), whereas £ _, is very sensitive 1o the nucleophilic character of X, i.e. it is
an associative type reaction. *2 Selectivity would be cxpected 1o leud to curved frec cnergy
plots but these have not yet been observed, '

Undoubtedly one of the most used LFER in transition metal chemistry involves eleciron
transfer rate constants and associated equilibrium conslants in outer sphere redox reactions.
These are an unusual class of reactions in chemistry since bonds are only stretched or con-
{racted in the {formation ol the activated complex. They Lhercfore lend thermsclves well 1o
theoretical trcatment. We shall have more to say about these reactions in Chap. 5. It is suffi-
cient here to state the simple form of the LFER % with an cxample (Fig. 2.8). " For the rcac-
tion

ox, + red, = red, 4 ox, k2, deyys K (2.146)
ki = (kﬂkzzK:zf)l/z (2.147)
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98 2 The Deduction of Mechanism

where

togK\z)” (2.148)
4log (ky ks /107 ’

logf =

and k,, and k,, refer to the isotopic exchange reactions

ox, + red; = red, + ox ki, (2.149)

ox; + red, = red, + ox, Koy (2.150)

logk 5 or logky,

—_

!
\v]
[w] =
[\]

logk

Fig. 2.8 Plot of logk,, or logk,; vs logK for the reaction (1.55).
Fe(lll} | PTZ = Ye(il} + PTZ! ki by, Koy

(PTZ = variety of N-alkylphenothiazines). Positive numbers usc &, and X,,. Negative numbers refer 1o
Ky and /K, X = OI, R - {CH,3N(CH,),(1), X - H, R — (CH,,NT_ONCH,(2), X = OCH,,
R = (CH,LN(CH,},(3), X = H, R = {CH,);N(CH,);{#), X = CL R = {CH,);N(CH,%(5}, X = H,
R = (CH,),N{C,I1)(6), X - H, R = CH,CH(CH,)N(CH;),(7), X = H, R = CH(CH;JCH,N{CH;),
{#). " The slope of Fig. 2.8 is 0.5 as expected in (2.151). Reprinted with permission from E. Pelizetti and
E. Mentasti, inorg. Chem., 18, 383 (1979). © (1979} Amcrican Chemical Society.

Although an extended form of (2.147) is somctimes uscd (Eqn. 5.37) the simple one can ac-
count for g surprisingly large number of redox reactions. When the oxidizing power of ox,
and ox, arc vomparable, /' ~ 1, and

AGH = 030(AGT, + AGE + AGY) (2.151)

The rate constant for one reaction may have to he correlated with the equilibrinm constant
not for that reaction but for a related onc. Rate constants [or reactions of metal complexes
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2.5 Linear Free-Inergy Relationships —AGT and AG 99

can be correlated with the proton affinity of one of the ligands, either in the coordinated or
free state. Thus, the rate constant {or CO, uplake by a variety of metal hydroxo complexes
depends on the nucleophilicity of the “bound” hydroxide ion. It therefore correlates with the
O —H bond strength of the corresponding aqua complex, i.e. the pK, of the coordinated
water. '* See also Fips. 6.5 and 8.4, As a second, morc involved, example consider the inter-
nal electron transfer rate constant (k) within the ion pair of Co(NM,}(O,CR** with
Fe(CN); . I is observed that &, varies inversely with the pK, of RCO,H. It is argued that
the oxidation potential of Co(IID) in the complex (and therefore the rate (see above)) will in-
crease with decreasing o-donor strength of the carboxylate ligand. Decreasing o-donor
strength is related to decreasing pk,. %" This indirect approach is the basis for most LFER
discussed in the next sections.

2.5.1 Hammett Relationship

The Hammett equation, 1*® onc of the oldest and most uselul of LFER, correlates the rates
of reaction of a series of meta- and para-substituted aromatic compounds with a commeon
substrate,

K
= po (2.152)

log = plog WK_E

k
k()
where &k and k® are the reaction rate constants for the X-substituted and unsubstituted
aromatic compeunds respectively, and K, and K° are the dissociation ¢onstants for the X-
substituted and unsubstituted benzoic acids. This is of the general form (2.141) with 4 = p
and B = logk? — plogK!, which is a constant for a reaction series. The parameter o
depends on the substituent but is independent of the reaclion series, whereas the value of p
depends only on the actual reaction examined. Either logk or log (/4% is plotted against o.
The slope of the line is p (Alogk/As)y and is positive if & increases as the value of 5 becomes
more positive,

Second-order rate constants & for the replacement of a ring-substituted benzoate group by
hydroxide ion in a number of complexes (base hydrolysis) have been carefully determined at
25°C in 40% aqueous methanol:

X
trans-en,Co O‘ﬁ + CH LE.
C ?
(2.153)
X X
trans(?)-en,Co O-ﬁ, OH" + CQ,
8}

The logk vs ¢ plot is reasonably lingar with no marked deviations for seven X-substituents,
The value of p is 0.75 and this is much smaller than that for alkalinc hydrolysis of ithe free
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100 2 The Deduction of Mechanism

esters (1.8-2.5). Acyl-oxygen fission has been established for the esters. Since p is a measure
of the sensitivity of the reaction serics to ring substitution, the smaller value of p with the
cobalt complexes could be rationalized by the reaction site being further removed from the
aromatic ring than it is in the free esters i.e. Co — O cleavage is involved for all seven reactions
(2.153). 1%

Fig. 2.9 Plots ol logk for the reduction of
(H,0),Cr(NCI1.X)3* (<) and
NUHXH™ (@} by "C{CH;),0ll vs the
Hammett o values for X, where X =
4 —C(CH (1), HiZ), 3—0H(3), 4—Cl(4),
3 —CONH,(5}, 4—CONH,(6), 3 CI{(7,

3~ CN(8) and 4— CN(9).'*" Reprinted with
permission of A. Bakag, V, Butkovic,

J. H. Espenson, R. Marcec, and

, M. Orhanovic, Inorg. Chem., 25, 2562
1.0 (1986). © (1986) American Chemical
Society,

logk

1
-10

A comparison of the reduction of coordinated and free pyridines by a variety of reducing
agents is very informative (Fig, 2.9'*). Reduction of (NH,)M(NCH,X}**, M=Co and Ru,
by *C(CH,),0H, Ru(NH,);' and other strong reducing agents is known, or can be inferred,
to occur by outcr-sphere clectron transfer to the metal. These reactions obey the Hammett
LIFER with p values of 1.1-1.9. A similar type of reduction ol the [ree pyridines (XCH,NH*
in acid) has high values of p of 6.6- 10.3. For the reductions (X = H, 4-CN, 3-CN, 4-CI, 3-C},
4-t-Bu)

(H,0),Cr{NCH,X)** + "'C(CH;),0H + 1,0 —

Cr(H,0)2* + (CH,),CO + HNCH,X* (2.154)
3

of the Cr analog by *C{CH,),0H, ¢ — 6.6 £ 1.9, This valuc strongly suggests that the
reduction is different from that of the other complexes (above} and oceurs by the “chemical”
mechanism in which reduction of the Cr-NCH,X moiety (Cr''(py)?7) is by clectron transfer
to the pyridyl ring (as with the free pyridines)

Cr'ilgpyy3+ 4 "C(CH,0H — Cr™{py*)2* + (CH,),CO - H: (2.153)
Crifpy=)2* =+ Cripy)? " > Cr2v 4 pyH* (2.156)
On the other hand, reduction of (H,0}Cr{NCH,X)* by Ru(bpy); has an associated

value for p of 1.1, the same as for the Co and Ru ammine complexes and therefore a similar
mechanism. ' For other applications of Hammett LEFER see Refs. 141- 144,
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25 Linear Free-Energy Relationships —AG* and AG 101

2.5.2 Taft Relationship

The rcactivity of aliphatic compounds, where steric hindrance near the substituent site is not
important, is accommodated by the Taft modification of the Hammett equation

&
log i a*p* 2157

where o ¥ is the polar substituent constant and p¥* is a rcaction constant, analogous to the
Hammett functions ¢ and p respectively. By definition ¢* = 0.00 for a Ci1, substituent. For
the oxidation of the alky! radicals "CH,(CH,), , by IrCI2~ and Fe(CN)}~ the Taft plot is
shown in Fig. 2,10, The rate increase runs paraligl with the ingrease in electron-donating power
of the radicals. The oxidations by [rCI} arc all ncar diffusion-controlled. Those by
Fe{CN}~ have a large p* = —13.2, which indicates that the activated complex has ionic
character, supporting an electron transfer mechanism. %6 See also Ref. 147.
Problems in the use of ¢* have led to a modification of (2.157)

log = 0,py (2.138)

k
el

where Taf1’s induction factor o, is based cn o, being 0.0 for an H substituent. '* Recenl uses

of the concept in complex ion chemistry are sparse, 1°
ol
® 8r
o
P32 Fig. 2.10 Plots of logk for the reactions of "CH, (CH,),_,, with
T IrCL2- (A) and Fe(CN)}~ () vs the Taft ¢* parameter. 146
Reprinied with permission from 5. Steenken and P. Neta, I
—6 . . _63 Amer. Chem. Soc. 104, 1244 (1982). © 1982 American Chemical
*

[v1 Society,

2.5.3 Brensted Relationship

The earliest LFER, advanced by Bransted, correlates the acid dissociation constant (K, ;)
and base strength (1/K,,;) of a species with its effectiveness as a catalyst in general acid
{k,) and base (k,)-catalyzed reaclions respectively, ®® The relationships take the form

kg = AK Sy (2.159)

log kny = logA + o log Ky (2.160)
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102 2 The Deduction of Mechanism

ar

{ B
- B 2,161
o5 @16

logky = log B — Blog K,y (2.162)

Eauations (2.160) and (2.162) are both consistent with the generalized form (2.141). The
values A and B and o and B are constants with 0 < o, B < 1.

Probably the most detailed study of the acid(HA)- and base{B)-catalyzed reactions of com-
plex ions concerns the hydrolysis of the dichromate ion:

Cr,03~ + H,0 = 2HCrO; ki k_, (2.163)
The hydrolysis rate constant & is given by
k =k [H;0)] + ¥ &p[B] — ¥k uiHA] (2.164)

The value of &k, has been determined for a very large number of bases. There is a
reasonable correlation ol logky vs pKpy+ in agreement with (2.162). The value of B is
~0.25, which indicates that general basc calalysis holds. For specific base catalysis, [ would
equal 1, while for reactions in which solvent catalysis predominates § would be zero, since only
the k, [H,0O] term would then be important. %!

0

\) w;\/

The dissociations of the metal cryptates Li(2.1.1)* 14 and Ca(2.2.2)%* 15, abbreviated
M{cry)”*, are accelerated by H' and undissociated acid HA

—d[M(ery)™)/df = (ky + kp[H'] + &, [HA]D [M{cryy” ] (2.165)

The plots of log k., vs DK,y are linear with slopes (o) of —0.25 (Ca) and —0.64 (Li).
These values require (hat a rate-determining proton transfer from HA to M(cry)"t oceur.
Alternatively, dissociation of M?** or M* from an AH -+ (cry)M”* adduct may be the rds.
The point for k,; is well below the line, a not uncommon behavior, 12

The Brensted relationship can be strictly accurate only over a certain range of acid and base
strenglhs., When &, has diffusion-controlled values, which of course cannot be exceeded,
the lincar plot of log &,y vs log K, must level off to a zero slope, that is @ = 0. Ag well
as being reported, although rarely, in simple metal complexes, '** the resultant curvature in
the Bremsted plot is also shown by the zinc enzyme carbonic anhydrase (Chap. 8, Zn(II}), In
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2.5 Linear Free-Fnergy Relationships —AGT and AG 103

one of the steps in the overall calalysis, buffers are believed to participate as proton-transfer
agents (EZnH,0 = cnzyme; A = buffer)

EZnH,0 t A :-\141 EZnOH- + AH! (2.166)
—1

The variation of log k, with pK,,; of the buffer (AH"} is shown in Fig. 2.11.

A pK,, = 7.6 for the donor group on the cnzyme is deduced from the curve. When the
pK ., of the buffer is much greater than 7.6, a saturating & = 10°M~*s™' js cbserved. When
pK,p < 7.6, the log &, vs pK,, is of unity slope and conforms to (2.160) with a = 1.0.1%
Similar types of plots accompany atom transfer reactions (Fig. 8.11).

Fig, 2.11 The variation of logk, with pK,;
of the buffer for reaction (2.166). The buf-
fers used are Mes(1), 3,5-lutidine(2),
3.4-lutidine(3), 2,4-lutidine(4), I-Mcimid(5),
Hepes(6), triethanolamine(7), 4-Meimid(8),
1,2-diMecimid(9), Ted(10) and Ches(11). The
curve drawn is calculated for &y = 1.1 X
10°M~'s~" and a pK,;, for the enzyme
donor group of 7.6.'%* Reprinted with
permission from R. 8. Rowlett, and

65 75 B85 . M. Silverman, J. Amer. Chern. Soc. 104,
6737 (1982). © (1982) American Chemical
PKAH Sociely.

2.5.4 Swain-Scoit Relationship

A completely empirical LFER can also be constructed with recourse only to kinetic data. This
has been the case in the sctting up of a scale ol nucleophilic power for ligands substituting
in square-planar complexes based on the Swain-Scoll approach, **® The second-order rate
constants ky for reactions in MeOH of nucleophiles Y with frans-Pt(py),Cl,, chosen as the

standard substrate

trans-Pt(py),Cl, + Y~ — frans-Pt{py),ClY + CI~ 2.167)

arc compared with the rate constant for solvolysis (Y = CH,0H)

_ kCH;OH _ k(‘Hj(}H

foo = Hed
* " [CH,0H] 26

Then it is found that (s = 1},

log = Sflp, (2.168)

Y
ke
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104 2 The Deduction of Mechanism

On the basis ol this equation, an index of nucleophilicity #,, can be assigned to each
nucleophile Y (sec Table 4.13). It is found, morcover, that a plot against np, of log &y, for
rcaction of Y with another Pt{II) neutral substrate, is also often lincar. Thus, Eq. (2.168) ap-
plies, and s is termed the nucleophilic discrimination factor (Sec. 4.7.1). Some of the depar-
tures from linearily of plots of ky vs np, which have been observed, disappear if the Pt
reference substrale chosen is of the samc charge as the Pt reactants. '™ The value of n,, for
a bulky nucleophile has also to be modified to allow for steric hindrance features, '*®

2.6 Enthalpy of Activation and Mechanism

As we have noted in Sec. 2.3.2, there are few authentic examples of changing AH 7 valnes
with lemperature that arc understandable on the basis of (and therefore evidence for) a pro-
posed mechanism. A rds in a multistep mechanism which changes with tcmperature might ac-
count for such behavior.

R, a)

In {kgy/ T}
/
o

—_
-T
1]

| \o Fig. 2,12 Examples of non-linear Arrhenius
\ (or Eyring) plots (a} In (kg )7~ vs 77!
-] for the base hydrolysis of irans-
\ Co(en),Cli . Curvarure may result when
! L 1 L k_ ~ kyand AH* | not equalling AH] in
32 34 the conjugate-base mechanism
103 7 (Sec. 4.3.4).'% Reprinted with permission
from C. Blakeley and M. i.. Tobe, J. Chem.
Soc. Dalton Trans. 1775 (1987). (b) Ink vs
3.0 33 3.6 7! for iron removal {rom C- and
N-terminal monoferric transferrin (lower

Ak

rin contains two iron binding sites = 35 A
apart. Either of the two sites, designated

2+ \ ) and upper scales respectively), 19 Transter-

x 1L ! -
< & \\‘ FelNiT C- and N-terminal, can be exclusively
1
labelled by Fe(lIl) icns and these may be
sl FelC)Tf i removed by a strong ligand such as a

catechol {sce Sec. 4.11), Reprinted with per-
mission [rom S. A, Kretschmar and K, N,

: 1 ] Raymeond, I. Amer. Chem. Soc. 108, 6212
32 35 38 (1986), © (1986) American Chemical
1 7! Socicty.
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2.7 Entropy of Activation and Mechanism 105

Onc such example may arise in the base hydrolysis of trans-Colen),Clf . Figure 2.12(a)
shows curvature in the In {(kq /T) vs T~! plot above 25°C. This arises from a change in the
rate-determining step from formation of the 5-coordinated intermediate 1o deprotonation of
trans-Colen),Cly see (Eqn. 2.99) and Scc. 4.3.4.'™ Since this mechanistic change had been
anticipated, great care was taken to examine for non-Arrhenius behavior. It is a salutory lesson
to consider that such behavior might he more prevalent than supposed. It is always tempting
to draw a straight line through the extreme points shown in Figure 2.12(a).

In Figure 2.12(b) is shown the lemperature dependence of the rate constant for iron removal
from N-terminal monoferric transferrin. There is an obvious break between 12 and 20°C and
this is ascribed to a temperature-induced conformational change. '" The effect becomes less
distinct when the ionic sirengih is increased from 0,13 to 2.0 M, '™, See alse Sec. 4.11.

Negalive or very small values of AH 7 are rare. They obviously cannot arisc from a single
step, and they give overwhelming evidence for a multistep process that includes a pre-
equilibrium. Negative or near-zero valuss for AH ¥ for a few inner-sphere and outer-sphere
redox reactions indicate the occurrence of intermediates, and rule out 4 single step, with a
single activated complex {Sec. 5.5).

2.7 Entropy of Activation and Mechanism

Values for AST can be positive or negalive. The same types of argsuments and difficulties in
understanding the magnitude and sign of AS values for a reaction will be encountered in inter-
preting the values of AS* in the formation of the activated complex from the reactants. The
interpretation of these values is casiest with “extreme” mechanisms. Thus from general con-
siderations, one might expect large and neeative values ol AS' for the associative
mechanisms encountered in substitution in square-planar complexes (Scc. 4.6.2) or in reac-
tions of octahedral carbonyls

V(CO), + Ph,P — V(CO)Ph,P + CO (2.169)
~d[V(CO)V/dt — k[V(CO),] [Ph,P] (2.1692)
where £ — 025 M~1s~i, AHT — 41.8 k I mol~' and AS* — —116 J K~!mol~! in hexane

atl 25°C Rel, 159. Similarly, one might expect that AST would be more positive for reactions
accompanicd by topelogical change than for similar ancs that proceed with retention of con-
figuration. This is generally observed, for cxample, in the aquation of ¢is and frans cobalt{III)
complexes. 0 This also means that the steric course is determined in the rds and yields clues
as lo the structure of any five-coordinated intermediales (Sec. 4.3.5)

2.7.1 AS*and the Charge of the Reactants

In an arca of chemistry dominated by ionic reactions, it is not surprising that entropies of ac-
tivation are largely charge-controlled. The reaction between unlike charged species is often at-
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106 2 The Deduction of Mechanism

tended by a positive AS™ because the solvent molecules are less restricted around an activated
complex of reduced charge and thus are released in [orming it. For the outer-sphere oxidations
of ¢is-hydroxooxyvanadium(IV) chelates by negatively and positively charged oxidants e. g

VYO(LYOH"~ ~ IrCI2~ — products (2.170)

therc is a linear relationship between AS™ (and AH ™) and the charge product (zgzn) of the
redox couple (2# in (2.170)). The values of AST (JK~' mol™") span the range +107 (gpz, —
=8y to ~2(z3zy = +4).% Lor a number of reactions this type of behavior does not even
approximaltely hold. Newton and Rabideau have examined « large number of redox reactions
of transiticn and actinide ions, involving both net chemical reactions and isotopic exchange.
They showed that the molar entropy of the activated complex 87 defined by

§* = AS* + Y8 (reactants) — TS (products in net activation process) (2.171)

is very much controlled by its charge. *'52

2.8 Volume of Activation and Mechanism

The volume of activation is probably the casicst parameter to understand conceptually. Con-
sider again the water exchange of Cr(IIl), Sec. 2.3.3. The AV~ value of — 10 em?mol~! for
Cr(11,002" indicales that an associative process pertains (F,) since Cr(H,0)* plus one H,O
will occupy more volume than the activaled complex which has seven waters associaled with
the Cr. The volume of coordinated water has been cstimated as anywhere between ~ 5 and
9 cmmol ™Y, so that A¥T = —9 c¢m’mol ' for an associative mechanism. Converscly, the
valuc of +2.9 em*mol ' for water cxchange on Cr(H,0%0H?" suggests a dissociative ac-
tivation mode for the exchange. 12 More success in interpreting AV values is likely for reac-
tions in which the AVY,, is small, or at leasl a small component of the overall AV3.. The
study of he pressure effects on the rates of solvent exchange with M(III) and M(ID ions
(Iig. 2.13) by nmr methods has been very rewarding, *1%%1% and essential, for understanding
the trend from associative to dissociative character as the d-orbitals are increasingly filled

~ 20 o Mn 2
<ol
=
E 0 Ni2* CDE;:EL
* Fig. 2,13 Effect of pressure on solvemt ex-
1o change with M(H,O%*, M = V, Mn, Fe,
Co and Ni. '™ Reprinted with permission
-2.0 1 1 from Y. Duccomun, A. E. Merbach, In-
0 190 200 organic High Pressure Chemistry. (R. van
P {MPal Eldik ed.). Elsevicr, Amsterdam, 1986.
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2.8 Volume of Activation and Mechanism 107

‘Table 2.4, Examplcs of Applications of AV~ Values 1o the Investigation of Mechanism

Reactants AV; ; Conclusions Tﬁ:cluuque with Ref.
cm’mol ~ high pressure
Cr,%  + base Range from —i8(O11 )  Support I, Stopped flow 165
to —26(2,6 lutidinc) mcchanism
Ni(Ily + 8.2(I,0), 11.5(DMF) Similar to values Laser-flash 166
., — and 11.3(DMS0O) of AS~ for solvent
(jg\ NN SNoHg: exchange.
Supporl iy
M(tpps){H, )3~ 15.4(Cofl11), 8.8 Supporl I, 1 High pressure 167
and 7.4 i : i
+SON- = mono- (Rh{I1I} and and fy .mechamsms spectral cell in
(Cr(1ID)) respectively stopped-flow
complex
QT spectTo-
pholometer
Racemization of Range from 3.3 Consistent with Batch 168
Cr{III) complexes (Cr{phen)i* to intramolecular twist technique
—16.3(Cr{C,0,8 mechanisms for
Cr(phen)pi* and
ong-gnded dissocia-
ton for Cr(C,0)3~
for racemization
& . N
Low Spin k;._.m AVT = 49 AV = Longer Fe—N and  Pulsed lascr 169
! — 5.4 (acetone); larger partial molar
High Spin AVf solvent dependent  volumes for high

spin isomer. Transi-
tion state geometry
intermediate be-

tween spin isomers

(Sec. 4.2.1). The interpretation ol reactions invelving charges is more difficult, because of the
importance of ion solvation changes. '™ All (ypes ol reaclions have been studied and will
be cncountered in Part I1. Representative cxamples are shown in Table 2.4, ' [t is worth
reemphasizing the value of determining both AV and AV?' for a reaction system. The con-
struction then ol volume profiles enables a detailed description of the mechanism. The reac-
tion steps for interaction of CO, with Co(NH;),0H3' are considered (o be

Co(NH,)OH3* = CofNH;);OH>" — H~ K.y (2.172)
Co(NH,),0H?* + CO, = Cof{NH,);0C0,H>* ki k | (2.173)
Co(NH;);0C0O,H?*! = Co(NH,).0C0} + H* K, (2.174)

For bond formation AV} = —I((lcm*mol™’ and for bond cleavage AVY, =
+6.8 cmimel~! and these are considered A . Comparison of these data with known AV

values gives a volume profile shown in Fig. 2.14.7°
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108 2 The Deduction of Mechanism

| ;
1o} -
ColNH,lsOH + GO,
*
101208 [CO(NH3)50H2'..,.COZ]* ColNH4)50C03
- 6.8+0.3 ColNH5);0C0,H
£ 80 i
k5
- B Co[NH3)50H2' _ Fig. 2,14 The volume profile for reaction
(2.173) at 25°C, Ref. 170. The partial
molar volumes of CO,, Co(NI;)H,0%
B C.oﬂ*lHa.‘pEDHg+ T and Co(NFH,}OII*" were measured with
- a digital density apparatus. Reprinted
50 — wilth permission from U. Spitzer, R. van
Reactants § 1ransition 1 o 0 te Eldik and H. Kelm, Inorganic Chemistry,
i state | 21, 2821 (1982). © (1982) American
Reaction coordinate Chemical Society.

The activated complex 16 is about halfway between reactants and products and there is con-
sidered to he about 50% formation or breakage in forming the activated complex in both

directions '™

goo#

VA
o o

RN

Co ?

o)

16

For other cxamples of the use of volume profiles, see Refs. 171 (base hydrolysis of
Co(NH,).X"*), 172 (nickel complexing with glycolate and lactate) and general reviews, 72174
We now consider the use of more than one activation paramecter and any relationships belween
them.

2.8.1 AH*and AS* Values — The Isokinetic Relationship

For a series of reactions of a similar type, a small rangc in ratc constants may arise from paral-
lel and much larger changes in AH ™ and AS*. This is evident from a rearrangement of
{2.118)

AHY = TAS™ + AGH (2.175)
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2.8 Volume of Activation and Mechanism 109

The slope of any linear plot of AHT vs AST is 7. This is the value of the absclute
temperature at which all the rcactions represented on the line occur at the same rate and is
termed the isokinetic temperature, T. Although there are a large number of such plots recorded
in the literature, the mechanistic information cxtractabie from them is limited. Linear plots
for AH* vs AST hold for a large number of redox reactions involving aclinide ions, 175 far
substitution at P&(11) centers, Sce. 4.6.2, inferaction of CrOH?* with a number of ligands, '7®
exchange of oxoanions with H,0,"” formation and decarboxylation of metal carbonate com-
plexcs (scventeen reactions), '* reactions of Fe(III) with hydroxamic acid derivatives, 14 and
dissociation of Ni(II) macrocycles in 1 M HCL '™ A common mechanism for each reaction
series is supported. Enthusiasm for the mechanistic vatue of the concept should be tempered
by considering the following: there is a striking corselation of AHT and AST for second-
order clectron transfer reactions involving a number of metalloproteins with inorganic com-
plexes. The lincar isokinetic plot does srot depend on whether the reaction is outer- or inncr-
sphere, on the protein charge, or on the magnitude of the rate constant or the driving force!
The charge of the inorganic rcactant only is important. '

2.8.2 AS*¥and AV Values

Thesc parameters oflen parallel one another since they are related to similar characteristic of
the system (changc in number of particles involved in the reaction etc). The catalyzed
hydrolysis of Cr,002~ by a numbcr of bases is interpreted in ferms of a bimelecular (£,)
mechanism, and both ASY and AV? values are negative.’® In contrast the aquation of
Co(NH,CH,),L** (L = neutral ligands) is attended by positive AST and AV¥ values. The
steric acceleration noted for these complexes {(when compared with the rates for the ammonia
analogs) is atiributed to an f, mechanism. "” There is a remarkably linear AV vs AST plot
for racemization and geometric isomerization of octahedral complexcs when dissociative or
associative mechunisms prevail, but not when twist mechanisms are operative (Fig. 2.15). '™
For other examples of parallel AS* and AV? values, see Refs. 103 and 181, In general AV~
is usually the more easily undersiandable, caleulable and accurate parameter and AVT s

Fig. 2.15 Plot of AST (I K~'mol™ 1
150 vs AV (em*mol=!) for racemization

and geometrical isornerization of a
varicty of octahedral metal complcxces.
Only a few entries arc selected from
the 27 reaclions tabulaled in Ref, 180.
The deviation of (four) Cr(III} com-
plexes represented by Cr(phen)}' (3)
from the linear plot (best fit for 23
complexes) may indicate Lhat these
recemize by twisl, and nol disso-
ciative, mechanisms. Racemization of
Cr(C,0,5 (1), Co(Phydre)(2),
Cr(phen)3* (3), Ni(phen)i-(4).
~100 ] ! s ! Geometrical isomerization of tfrans-
-20 -10 0 10 20 30 Cr(C,0,),(H,0) (5), frans-
AV*{cmlmol 1y Colen),(H,08* (6), B-Coleddalen ~ (7).

www.iran—-mavad.com

Slgo Cpwdige § Hbgaiils 2z e



10 2 The Deduction of Mechanism

more likely than AST to give consislent data for a series of reactions of similar mechanism.
Thus the reaction in dm{ of Ni{dmf);* with 5 dilferent ligands gives positive AV values
ranging from 8.8 to 12.4 cm®mol~!, whereas AST values span the range 463 1o
82 JTK~'mol~". The mechanism is considered dissociative (£2). ¥

2.8.3 Use of All Parameters

A carcful compilation of as many kinetic parameters as possible can Iead to overwhelming
supportt for a mechanism. Only occasionally are such comprchensive data available. The oc-
currence is nicely llustrated by the exchange reaction (M = Nb, Tz and Sb; X = Cl and Pr;
L = variety of ncutral ligands):

MX;L + *L = MX*L - L (2.176)

A few dala {Table 2.5) are taken from a comprehensive compilation so as to illustrate the
major points. 0418

Table 2.5, Exchange Data for (2.176} at 0°C in CHLCL,

MX, L Rate Law & AHT AST NG
(order) k. moi~* JK " 'mol~! tm? mol ~!
TaCl, Me,O 1st 0.7s ! 83 +59 +28
TaBr;, Me,O Ist 5471 74 +62 +31
TaCl, Me,S 2nd 10°M - 1g—t 22 —108 =20
TaBr; Me,S 2nd 90 M s ! 29 —-1062 -13

With the first two entries the exchange is first-order (rate independent of [L]) and AH ¥,
AS® and AVF are markedly larger or maore positive than with the third and fourth entries for
which the rate law is sccond-order. Cansideration of the magnitudes of the values, particularly
AV7, lead the authors to assign a £ mechanism to the first two exchanges and an I, (or
possibly A} mechanism to the other two. Even steric acceleration and retardation for the two
groups is obscrved, '# 1%

2.9 Medium Effects on the Rate

The effcet of the medium on the rate of a reaction does not usually play an important role
in the deduction of mechanism. However it is vilal that i{s impact on rate is always assessed.

2.9.1 The Effect of Electrolytes

The rate constant for a reaction is abtained by working at constant ionic strength or alter-
natively by extrapolating data obtained at different ionic strengths to zero or occasionally “‘in-
finite” ionic strength.!'™ This procedure is nccessitated by the fact that ions (derived both
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2.9 Medium Lffecis on the Rate 111

from the reactants and from added electrolytes) often affect the rate of a reaction. This must
be allowed for, or removed by “swamping” with elecirolyte, in the derivation of a true rate
law. The effect of ions on the rate constant for a reaction is casily derived {rom the absolute
rcaction rate theory. Now (see Eqgn. 2.117),

kT,
k= XL g (2.177)
h
and
Ki = K} s (2.178)
-f.'\- B

The terms K§ and Kj are “activily” and “concentration” cquilibrium constants and fy;,
Sy and f; are activity coefficients of the activated complex and of the reactants. Thus,

kT . fafs
I — K ZALE 2179
PR @179
This is equivalent {o the earlier Brensted-Bjerrum cquation
Faty
ko= ky L2 B (2.180)
Sx

where &, is the rate constant at zero ionic strength, and X is a “critical” complex, the fore-
runner of the activated complex. Now, '

—~og f, = 0z F(u) (2.181)

with g — 0.52 at 25°C and F(u) some function of the ioni¢ strength . Thus since the charge
on ABF — (14 1 2,

logk = logky — (23 + 25 — (24 — ) F(W) {2.182)
leading to

logk = logky + 2az,z5u'? (2.183)
if the simple form F(p) = pn'?is used, and

2007, 7y u 2

loghk = log ky + =717 (2.184)
if the extended form

] wi?

Flu)y = TW (2.185)
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112 2 The Dediction of Mechanism

is substituted. Occasionally the cxpression

loghk = log &, ¢ — ey = Bu (2.186)

is used where o and B arc treated as frec parameters but maintained at approximate valucs
of 0.5 and 0.1 respectively. The additional term helps correct for ion pairs. 18

These equations have been used quite successfully for correlating salt effects with the rate
constants for reactions involving ions, even at relatively high ionic strengths, {with the ex-
tended equation). They are the basis of the well-known Livingston and LaMcr diagrams, in
which plots of log k vs n¥2 or n'2(1 + "% ~! arc linear, with slopes ~z, 2y and intercept
values log &,. % The equations predict a positive salt effect (that is, an increasing rate con-
stant with in¢reasing salt concentration) when reactants have charges of the same sign and a
negative salt effect when the charges are of opposite sign. For reactions between ions ol unlike
sign, (2.183) or (2.184) is usually reasonably obcyed, especially if uni-univalent electrolytes
(often NaClO,) are used to adjust the ionic strength.!?® Towever if higher charged elee-
trolytes are used ** or reactions are carried cut in nenaqueous solution, where ion-pairing is
much morc important, '® then marked deviations from the expected behavior oceur even for
reactants of opposite charge. This is usually ascribed to the formation of ion pairs which will
not only lead to reduction in the computed ionic strength but, more important, might very
easily produce species {ion pairs) thai will react with rate conslants different from those for
the constituent ions (for, at the least, Coulombic reasons). This cffeet can be uccomodated
by equating the observed rate constants to thosc for the free tons and for the ion pairs. The
approach is detaited in studies of bivalent anion effects on the second-order reaction between
Co(NH,);Br?' and OH -, 1% and between FeBr; and CI~ in CH,Cl,, 'V

For rcactions between jons of like sign, the dependence of rate constant on ionic strength
is less straightforward. Now the ratc is influenced by the concentration and nature of the sup-
porting ion of opposite charge, even ai constant ionic strength.'™ The ionic strength
dependence of the Ru,(NH,),,pz*t — Ru{NH,);py?' reaction does however conform very
well to (2.184) when CF,S0; is used to adjust the ionic strength. ' The rate constant for the
reaction

cis-Colen){imid)CI2* + Hg?* — cis-Colen)(imid)H,0%* + HgCl* (2.187)

is independent of [H'] from 6.3 to 1.0 M HCIO, at constant ionic strength. 11 is however
markedly dependent on the anion used to provide this medium. ' The reactions of Cr,03 -,
V% and Mo,0Qf with OH ™ are influenced by the cation present. The second-order
rate constant (M~!s~") for the Cry(33~/0I1~ reaction changes from 7.6 x 10% (Na*) to
3S (B N'yat p = 1.0 M." These effects can be treated by the use of empirical expressions.
Extended ones' such as

k, + ky[B] + & [B]?
L b K, [B) + K [B]?

(2.188)
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2.9 Medium Effecis on the Raie 113

where [B] is the formal concentration of the added ion, and &, &, k., K, and K are ad-
justable parameters, fit the extensive data on the effects of cafions on the Fe(CN)—,
TFe(CN)!  electron transfer. 2 A simpler form

k =k, + k,[B] (2.189)

takes care adequately of alkali metal cation effects on the manganate, permanganate exchange
redction. Activation parameters {including AV®) values associated with the two terms are
carcfully analyzed. '**

For the reaction between an ion and a dipelar molecule, the rate is largely uninfluenced by
ionic strength. A relation of the type

logk = logk, — cu (2.190)
sometimes holds, Thus the reversible hydrolysts

Rh{NH,);CI2* + H,0 ~> Rh(NH;);H,0* + Cl- (2.191)

is artended by small ionic strength cffects on the rate constants for the forward and large cf-
fects on the reverse direction. ™ The effect of ionic strength on reactions whose kinetic order
is preater than two or non-simple has been considered, but is rarely used. 18195

When some dissipalion ol charge occurs as with larger reactants the assignmeni ol charge
to Egn. (2.184) becomes difficult, For example, the reactions of porphyrins with peripheral
charges (tppsH}~ and tmpypH3™) give slopes for the Bronsted-Bjcrrum plots of the expected
sign, but with lower values than expected on the basis of {2.184). The marked effects of ionic
sirength on these reactions stress the importance of not using one set of conditions (e g.
= 0.5 M) when comparing different and highly charged reactants, In addition specilic salt
effects of the type outlined above should be considered. ¥

The problem of the definition of charge and consideration of the sizes of reactants {the
diameters of the reactant ions and the activated complex are assumed equal in the derivation
of (2.184)) is most acute with reactions of metalleproteins. Probably the most used expression
for the effect of ionic strength on such reactions is'#

Ink = Ink,, —

3.58 2, 2y Lexp(KrA) L explowry | (2.192)

ra t+ ry T4 Kry 1 4 Kry [

where k equals 0.33 w'?A ' in H,O at 25°C. The quantities 7, and ry are the radii for the

two reactants charges g, and zy. For proteins, molecular weight M, r = 0.717 M3 is often
used, 7 and &, = rate constant at “infinite” ionic strength. 1n this latter condition the reac-
Lants are fully shielded from each other by electrolyte ions and this is an alternative approach
to that of extrapolating to zero jonic strength so as to negate reactant-reactant inleractions.
With (2.192) also, increasing ionic strength gives increased &, for a reaction between
similarly charged reactants. Agreement of (2.192) with experimental data has been observed
in a number of systems, including the reaction of blue copper proteins with Fe(edta)?~ ref.
197, cytochrome by (modified at the heme center) with Fefedta)* ™ ref. 198 and a large
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114 2 The Deduction of Mecharism

number of cytochromes with oxidizing and reducing anions. ™™ Equations other than
(2.192) and (2.184) have also been employed with variable success. **2% In many cases the use
of the overall protein charge calculated from the pl value and the aminoacid composition
{which may range [rom +8 to —9¥) fits the equation {2.192) and others well, particularly
if low ionic strengths arc used, 196199200

Charge on the protein — An cstimate of the charge on the protein may be made from
a knowledge of the amino acid composition. At neutral pH, where the majority of the |
studies are carried out, the glutamates and aspariales are negalive ions, the lysines are |
protonated, the histidines are half-protonated and the arginines are in a monopositive

form. The charges on the mcetzal ion and other ligand groups are also taken into account |
but are relatively unimportant. As an example, azurin (2 geruginosa) has 11 Lys (11-+), |
VArg (1t), 2 His ([ 1), 4 Glu (4—), and 11 Asp (11 —). If deproionated amide and

thiptate are ligands 1o the Cu(Il) the metal site is zero-charged. The overall charge 2-)
at pH ~7 is consistent with the pl valuc of 5.2. 8. Wherland and H. B. Gray, in J
Biological Aspects of Inorganic Chemistry, Wiley-Interscience, New York, 1977, |
Chap. 10. !

Equation (2.184) has rarely been used to determine the charge on one of the reactants since
this is invariably known for small reactants. The valuc closc to — 6.0 for the slope of the plot
of logk against p¥? (1 + p¥?~! for the reaction of a nickel(111) macrocyele (L) with S0}~
strongly supports a -3 charge for the complex and therefore its formulation as Ni(I.)*-
rather than as Ni(L)OH?' in the pH 3.2-4.7 range.®” Charges have been assigned o e,
Cu' and CrH?' on the basis of ionic strength cffects on the rates of their reactions, 272
The assignment of charge with proteins is a complex subject. The charges on cytochrome ¢,
{(pl — 5.5) and horse cytochrome (pI — 10.1) are negative and positive respectively in neutral
pH. The effect of ionic strength on rate constants for electron transfer involving these proteins
are as predicled using these chiarges. This tends 1o rule out the common heme moietly as the
site for clectron transfer since in that casc a similar charge (that of the heme moicty)
and therefore a similar effect of ionic strength on the rate constants for the two proteins
might have been anticipated.?® A positive patch (Sec. 5.9) on cytochrome f for binding of
(CN),FeCNTe(CN)? - has been implicated by ionic sirength effects. 7

Toni strength will also influcnce other rate parameters. Its effect on AV7 is shown o be

N L dink,
AVT = —R7 ( P ) + Xz, 2 (2.193)

X is a complex term containing p % At u = 0.1 M, X = 0.62. k, is the rate constant at
i = 0. The increase of ionic strength produces a screening effect which decreases electrosiric-
tion and increascs molal volumes. The effect is more important in rcactions between like
charpes. 2%
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2.9 Medium Effects on the Rate 115

2.9.2 The Effect of Electrolytes — Medium or Mechanistic?

The determination of the variation of the rate with the concentrations of ions in solution is
the keystone to the rate law. It is apparent from the above discussion that one has to be cau-
tioned that medium effects rather than definite reaction pathways might be responsible for this
variation. For example (he reaction of Hg?' with frans-CrCli studied al a conslant ionic
strength made up of HCLO, and LiClQ, shows decreasing values for the computed second-
order rate constant (k) with increasing concentrations of Hg?*. This trend might rcasonably
be ascribed to the formation of apprecizble amcunts of an adduct such as CrClHg?* (see
Sec. 1.6.3 and 1.6.4). Addition of Ba?' rather than Li' (o maintain the concentration of
dipositive fons constan? produces a constant & however and indicates that the variation in &
obscrved using Lit counter-ion, is a medium-based effect.?® Distinguishing a mecchanistic
from a medinm effect may be difficuit and the problem has been most encountered when there
is a relatively small influence of H' on the rate. The dilemma arises because of the
breakdown of the principle of constant ionic strength, particularly when large and highly
charged ions are reactants.?”’ The examining media LiCl0Q,—HCIQ, and also LiCl - HCI arc
particularly useful since activity coefficients of ionic species are reasonably constant in such
mixtures at constant ionic strength, ¥ Any observed H* effects in these electrolyte media are
more likely to arise from mechanistic pathways. ™ % An allowance can be made for the el-
fect of replacecment by H of another ion, say Na™ or LiT, in examining the cffcct of pH on
the rate at a constant ionic strength.

The reduction of Co(NH,),H,0%* ions by Cr{ID) has been examined in a ClO; medium at
= 10M over an [H '] range of 0.096-0.79 M, with ihe 1onic medium held constant with
LiClQO,.?" The data (Table 2.6) could be interpreted in two ways. It could be as the result of
a iwo-term rate law of the form

k=a+ b[H']' (2.194)

Least-square analysis viclds a negarive value for ¢ = —0.72 + 014 M~'s~" and for
b — 3.12 + 005 s~'. Alternatively a single-term rate law in which the Harned correction
term takes care of changing activity coeffictent'? could cxplain the data,

k=c[H1 " exp(—BH"D {2.195)

withe = 313 £ 0.05s ' and B — 0.25 £ 0.05 M~'. The fit of Eqn. (2.195) to the dala is
very good (Table 2.6). The values of # and ¢ in (2.194) and (2.195) are almost identical, so that
there is no ambiguity in the rale constant for the hydroxo form in cither formulation. Reac-
tivity ascribable 1o the aqua form, negative in (2.194) or zero in (2.195), must in either case
be very small.

One can usually be confident that H -containing terms in a rate law rclate to a reaction
pathway in a number of circumstances: (a) al! the terms in the rate expression for the aquation
of Cr(H,O);N3-

—dIn [CiN2Z')/dt = Kk [H*] + k, + ky[H' ™! + ky[H*]72 (2.196)
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116 2 The Deduction of Mechanism

Table 2.6. Rate Constants for the Reduction of Co{NH,);H,0%* by Cr?* at Various |H*] at 25192/

[H*], M A Keaioar " M 15
0.794 3.39+0.03 3.22
0.654 4.06+0.04 4,12
0.560 4.83£0.03 4.85
0.4%4 543002 5.59
0.438 6.53+0.04 6.39
0.411 7.51+t0.16 6.86
0.386 6.72£0.21 7.35
0.271 10.9 £0.1 10.8
0.202 14.9 +0.1 14,8
0131 233 +0.2 23.0
0.114 27.1 £0.3 20.1
0.096 3t £2.5 3.7

* Calculated from & = 3.13[H* ] 'exp (—0.25[H*)).

can be important, coniribuling = 50% towards the rate at different pil’s, and are there-
fore unlikely to be duc to medium effeets? (b) a pK derived for a pH-dependent kine-
ic term (Scc. 1.10) aprees with a value determined spectrally® (¢) the reduction of eis-
Colen),(HCO,); by Cr?* is inhibited by acid and the hydrolysis of the Co{IIl) complex is
enhanced thereby. Similar pK values are derived in the two cases; these almost certainly can-
not be due to medium effects, 74

For the reaction

Cr(NH,),H,0%* | Br~ = Cr(NH,)Br?* + 1LO &,k . K, (2.197)

the value of K, (estimated from the ratio k, /k_, (0.30 M ') is much larger than that deter-
mined by spectral analysis of equilibrated mixtures (0.02 M~%) cven though thc ionic
strengths are similar (p — 0.8-1.0 M al 25°C). The difference has been experimentally
verified and arises from medium and specific ion effects. The value of K, estimated at
equilibrium varics with [Br—J cven if the ionic strength is maintained constant with
Br ~/Cl0O; mixtures. The discrepancy is only important because of the high reactant concen-
trations ([Br—] = |CIO7]) which are necessary with (2.197) to effect substantial change in a

reaction with a relatively small K, .

2.9.3 The Solvent Effect and Mechanism

We can arbitrarily divide solvents into three categories: profic, including both proton donors
and acceptors; dipolar aprotic, solvents with dielectric constants > 15 but without hydrogen
capable of forming hydrogen bonds; and aprotic, having neither acidic nor basic properties,
for example, CCI,.%'® These may be expected to inleract in widely different ways with com-
plex tons confaining large internal charges. The effect of solvent on the rates of reactions has
been cxtensively explored. As a means of interpreting mechanisms it has had variable success,
but complex ions have proved to be valuable substrates for examining solvent structural
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2.9 Medium Lffects on the Ruale 117

[eatures.?” There are basically two ways in which the solvent may be regarded, although
assessing their distinction and relative importance is very difficult.

(a) The solvent may be regarded as an “incrt” medium. In this case, the dielectric constant
of the solvent is the most important paramecter although viscosity may play an important
role.®*® The dielectric effect can be semiquantitatively evaluated for ion-ion or ion-dipolar
reactunt mixtures, where eleclrostatic considerations dominate.

For a reaction between two ions, of charge z, and z,, the rate constant & (reduced to zero
ionic strength) is given by

Ink — Ink, —

—= 2.198
2DkT I ra ry ¢ )

e’ { (za | z4)*  Zh 73 }
where k, is the hypothetical rale constant in a medium of infinite dielectric constant, D is the
dielectric constant, and r,, rg, and . arc the radii of the reactant ions A and B and the ac-
tivated complex respectively.

It ry, = ry = r:, (2.198) becomes

ZaZpe’

Ink = Ink, — DRT
Fa

(2.199)

and in a reaction between an ion z, and a polar molecule (that is, z, = 0), (2.198) becomes

z}e? V i

2DKT | ry

B

Ink — Ink,

(2.200)

There should be a Encar plot of logk vs 1/D with a negative slope if the charges of the ions
arc of the same sign and with a positive slope if the iong are oppositely charged. For the reac-
tion of an ion and a polar molecule (common with solvolysis reactions), the linear plot of logk
vs 1/ will have a posilive slope irrespective ol the charge of the ton since (1/r, — 1/r:) is
positive,

Thesc cxpressions appear more applicable to nonpolar solvents or mixtures than to polar
solvents. The nature of the solvation process (and the radii and so forth of the solvated reac-
tants) may stay approximately constant in the first situation but almost certainly will not in
the second. The function (D, — D, ") featurcs in the reorganisation term A, which is used
for cstimating rate constants for redox reactions (Eqn. 5.23). D, is the optical dielectric con-
stant and D, the static dielectric constant (= refractive index?).

(b) The solvent may act as a nucleophile and an active participator in the reaction. It is ox-
tremely dillicult to asscss the function of the solvent in solvolysis reactions. Some attempts
to define the mechanism for the replacement of ligand by solvent in octahedral complexes have
been made using mixed sotvents (Sec. 4.2.1) or the solvating power concept.?!?

‘The rate of solvolysis (k) of fert-butyl chloride in a particular solvent S compared with
the rate (k,} in 80% v/v aqueous cthanol is used as a measure of that solvent’s ionizing
power, Y.:

g*

'$

¥, = log 2 (2.201)
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118 2 The Deduction of Mechanism

For any other substrale acling by an S..1 mechanism, it might be expected that

k.
log -+ = mY, (2.202)
ky

where #1 depends on the substrate, and eguals 1.0 for +-BuClL It has not proved very useful

as

diagnostic of mechanism e g. for Hg(l)-assisted reactions.*®® More data and patterns of

behavior are required before the concept is likely to be more valuable,
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Problems

I. Suggest mechanisms for the following reactions. In each casc specily the units for the rate
constants (Sec. 1.1) and the composition ol the activated complex(es) (Sec. 2.1). Indicate
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2 The Peduction of Mechanism
which mechanism is likely when there is more than one and suggest additional experiments
to substantiate the choice.
(@) 6Fe(CN)H,0 " — 3Fe(CN){~ + Fe?* +-6H,0

—d [Fe{CN)H, O |/dt = & [Fe{CN);H,0 7]

The reaction is carried out in dilute solution with exclusion of oxygen. J. A, Olabe and
H. O. Zerga, Inorg. Chem. 22, 4156 (1983).

(b) (H,0)CrCH,CHZ* +2Fe®* 1 2H,0 — Cr{lL,OR* + 2¥e? + C,H,CH,OH + H"
—d [(H,0),CrCH,C,H2* [/dt = k [{H,0)CrCH,C I 12*]

A similar rate law is oblained with O,, Co{I) and Co(NH,)C1?* with similar values for

k, but with different organic products,
R. S Nohr and J. H. Espenson, J. Amcr. Chem. Soc. 97, 3392 (1975),

(©) (tpps)Fel'—O—Fe'"{tpps)f~ + HO + 8,05 — 2(tpps)FeOH  (+ 280;)
—d [(tpps)Fe — O —Fe(tpps) ¥~ |/dt = k [(tpps)Fe —O —Feltpps)® ]
A. A. El-Awady, P. C. Witkins and R. G. Wilkins, Inorg. Chem. 24, 2053 {1985).

2
) NH, 1 2H,0, <25 N, + 41,0

dIN  aN;H,] [H,0] (Culll)]

ds 1+ b[N,H,]

See Problem 2, Chap. 1.
C. R. Wellman, J. R. Ward and L. P. Kuhn, J. Amer. Chem. Soc, 98, 1683 (1976).

(&) 2Cuw({IDazurin + 8,03~ — 2 Cu{Darurin(+ 280,)

—d [Cu(lDazurin]/dt = k Cufll}arurin] {S,02 1 + &, [Cu{lDazurin] [S,0F 12

G. [ Jonegs, M, G, Jones, M. T. Wilson, M. Brunori, A. Cologimo and 1% Sarti, Biochem.
J. 209, 175 (1983); Z. Bradi¢ and R. G. Wilkins, 1. Amer. Chem. Soc. 106, 2236 (1984).

(f) 2Cu2* + 6CN- — 2CuCN); 4 (CN),
d [CW(CNY; |/dt = k[Ca2*]2[CN-]%

L H. Baxendale and D. T. Westcott, . Chem. Soc. 2347 (1959); R. Patterson and J. Bjer-
rumm, Acta Chem. Scand. 19, 729 (1965); A, Katagiri and S. Yoshizawa, Inorg. Chem. 20,
4143 (1981).

(#) Fe(phen)?" + ox — Fe(lIl) + red
{ox = P,O}~, ClO7, BrO7)

a |Fe(phen)* ] Jox]
b phen] + ¢lox]

—d [Fe(pheny T )/dr =

A, M. Kjacr and 1. Ulstrup, Inorg. Chem. 21, 3490 (1982) and references cited.
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Probiems 125

() HCrO; 1 2H,0, = CrOOH) + 2H,0
—d[HCrO;]/dt = k [HCrO;]1[H '] [H,0,]

The rate law and valug of & [or the formation of the violet diperoxochromium{VI} are the
same as for the formation of the blue CrO; species (Sec. 2.1)
S. N. Wirt and D. M. Hayes, [norg. Chem. 21, 4014 (1982).

i) CriLOR* + HN*CILCO; — Cr(NILCH,CO,) (H,002* + 2H,0 + H*
d [Cr(NH,CHLCO,) (H,003+ de — (&, + k3[HY] =) [Cr(IID)]

. Abdﬁllah, 1. Barrett and P. O'Brien, ], Chem. Soc. Dalton Trans. 1647 (1984); Inorg.
Chim. Acta 96, L35 (1983).

() Fe™ + Cu' — Te!l + Cu
—d [Fe(lID]/dt = k [Fe(II] [Cu(D)] [H ']

This is a common type of ratc law for reactions between two acidic metal ions.
Q. J. Parker and J. H. Espenson, Inorg. Chem. 8, 1523 (1969).

k) Cr(NH,)H,0%* + HN, — Cr(NH,}N¥ — H,0'

—d [Cr(NH,)sH,O3* |/dr = ke |Cr(NH;)H,03* ] [HN;] [H*]~!
S. Castillo-Blum and A. G. Sykes, Inorg. Chem. 23, 1049 (1984).
() *Cr(Iy + CoVI) —» Crlll) + *Cr(V1)

Ve = (k3 ko [HT]7H [CrWD+3 [H,CrO,]*?
C. Altman and E. L. King, J. Amer. Chem. Soc. 83, 2825 (1961).
(m) 7MoO3~ + 8H* — Mo,05] + 41,0

d [Mo,0871/dr — k [Mo02-17[H*]3

). 8. Honig and K. Kustin, Inorg. Chem. 11, 65 (1972).

. The dissociation of metal complexes of macrocycles is often speeded up by acid. For the
nickel(II) complexes A, B and C (indicated MNiL} thc ratc laws arc
—d |NiL)/dt = {k, 1 ky[H7]7] [NiL]

where for An=1;B &k =0, — 2;and C, k. = 0, # = 3. Suggest mechanisms for

these reactions.
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126 2 The Deduction of Mechanism

8 {C)

(A} L. I. Murphy, Jr., and L. 1. Zompa, Inorg. Chem. 18, 3278 (1979).

(B) R. W. Hay, M. P. Pujari and F. McLaren, Inorg. Chem. 23, 3033 (1984),

(Cy R. W. Hay, R. Bembi, W. T. Moodic and P. R. Norman, J. Chem. Soc. Dalton Trans.
2131 (1982).

3. The oxidation of Fe?* by two-cquivalemt oxidants produces unstable oxidation states
either of iron or of the oxidant. The immediate products of oxidation by (1) H,0,,
(2) HOC), and (3) O; in 0.1 M te 1.0 M HCIO, are (1) >99% Fe’" {(and Fe(}12"),
(2) =80% Fe®' and =15% Fe,{OH)}*, and {3) =600 Fe?* and =40% Fe,(OH)*.
Suggest reasons for this difference in behavior, and lor the decreasing yield of Fe,(OH)}!
with increasing [H™] in reaction (2).

1. 1. Conocchioli, E. I. Hamilton and N. Sutin, J. Amer. Chem. Soc. 87, 926 (1965).

4, Netther Cr(VI) nor Fe(I1I) can oxidize todide ions rapidly. However a mixiure of Cr{VI)
and Fe(Il) forms iodinc rapidly from iodide ions. The oxidation of 17 is said to be in-
duced by the Fe{ll)—Cr(V]) reaction. At high [17]/[Fe?"] ratios, the induction factor
(ratio of 1~ oxidized per Fe?~ oxidized) is 2.0. Interpret this behavior, detailing the in-
termediates involved.

J. H. Espenson, Accts. Chem, Res, 3, 347 (1970).

5. The reaction between I'e{(CN);NO?~ and NH,OH in basic solution gives N,O quan-
titatively

(NC),FeNO?~ + NH,0H + OH~ — (NC);FeOH;™ + N,O + H,0
with & rate law
— d [(NC);FeNO 2 )/df = k [(NC);FeNO2~ ] INH,OH [OH -]

Using "N and '*O labelled reactants show how the source of N,0) might be deduced, and
suggest 2 mechanism for the reaction.
S. K. Wolfe, C. Andrade and J. 11. Swinchart, Inorg. Chem. 13, 2567 (1974).

6. Suggest a reason for the small bhut definite value for k,/k, of 2.1 for reaction of
Colsep)®* (9} with O3, bul not with 0J,. The NH groups are deuterated.
A. Bakag, J. H. Espenson, 1. 1, Creaser and A. M. Sargeson, J. Amer. Chem. Soc. 105,
7624 {1983).
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7. In general,
k = CTexp (—U/RT)

so that a plot of InA7 " vs 1/7 is lincar with slope — U//R. Show that with various
valucs of n: 0, 1/2 and 1 one obtains the Arrhenius expression, the Eyring expression and
the expression used in the collision theory for bimolecular reactions in the gas phasc.

8. The plot of Inkgy /1 vs T ' for the base hydrolysis of trans-Co (RSSR[14]aneN,)CI3 is
curved slightly (concave down). Bearing in mind the conjugate mechanism [or base
hydrolysis give a plausible explanation for this behavior.

5 5
5+
—
~ L1
2
< 3f
-1 Problem 8. Plot of In(k,, 7 ") against 7 ! for
the base hydrolysis of frans-Co(RSSR-
1+ cyclam)Cl . Reproduced with permission from
] J. Lichtig, M. E. Sosa, and M. L. Tobe,
3.2 34 - 36 ! J. Chem. So¢. Dalion Trans. 581 (1984),

10° 7
J. Lichtig, M. E, Sosa and M. I.. Tobe, J. Chem. Soc. Dalton Trans. 581 (1984).

9. Cryokinetic studics of the plastocyanin-ferricyanide redox reactions in 50 50 v/v MeOH
+ H,O, pH = 7.0, p = 0.1 M reveal an Eyring plot shown for the second-order rate
constant & from 25°C to —35°C. The reaction is irreversible over the whole temperature
range and there is no evidence for a ¢hange in the Cu{l) active site. Recalling that these
rcactions may involve consccutive steps, explain the deviation from a lincar Eyring plot.
F. A. Armstrong, 1. C. Driscoll, H. G. Ellul, S. E. Jackson and A. M. Lannon, J. Chem.
Soc. Chem. Communs. 234 (1988).

a°C

.‘.T‘L‘*%'.l
351 e

Inlk~T)

304

, ' Probiem 9, Eyring plot for the oxidation of PCu! by
35 s 40 Fe(CN)~ in 50:50 v/v CH,OH —H,0, ptl - 7.0,
1037 W 0.0 M(NaCl.
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128 2 The Dedurtion of Mechanism

10, For the exchange reaclion
NBCl; - RCN + *RCN & NbClg-*RCN 1 RCN

there is a linear relationship between A, and K the stability constant of the adduct for
a varicty of R groups. What docs this suggest [or the mechanism of the exchange?
R. Good and A. E. Merbach, Inorg. Chem. 14, 1030 (1975).

11. Why is there likely to be a parallelism between the dissociation rate constant for nickel(I1)
complexes with L and the pK, (LH™*)?
P. Moeore and R. G. Wilkins, J. Chem. Soc. 3454 (1964).
H. Hoffmann, Ber. Bunsenges. Phys, Chem. 73, 432 (1969).

I2. Comment on the p-values for the following reaclions

X

(H20)5CrCH2‘@ +Hg™ — 2nd order reaction, p=-0.62

X

trans—IrC{CO}PPhs)," + @| — V= (k; + kAT, p for & = +0.80
X
exrh
P norphine {~Bupy) + "+Bupy —=—= 1st order reaction in C;H,;Cl,, p = -0.17
Ru{CO)

4

J. P. Leslie and I. H. Espenson, J. Amer. Chem. Soc. 98, 4839 (1976).
R, J. Mureinik, M., Weitzberg and I, Blum, Inorg. Chem. 18, $15 {1979),
S. S. Eaton and G. R. Eaton, Inarg. Chem. 16, 72 (1977).

13. Draw a reaction profile for a reaction in which a) the activated complex most resembles
the reactants and b) the activated complex most rescmbles the products.
Bl7, p. 54,

14. Give a plausible explanation for
(a) a positive value for AV¥ (+ 13 em’mol~' at 298 K) for the second-order reaction of
OH ion with an iron{1I) chelate, Fe(hxsb)2* which would be expected to be negative in-

trinsically,
/_O
\ N/ \N/\/NH/\N}-l/\/N/ N /

I. Burgess and C. D. Hubbard, J. Chem. Soc. Chem. Communs. 1482 (1983).
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Problems 129

(b) negative and positive AF ¥ values for dmf exchange of solvent with Co(Me,tren)dmf?*
and Cu{Me,lren)dmf2* respectively.

S. F. Lincoln, A. M. Hounslow, D. L. Pisaniello, B. G. Doddridge, J. H. Coatcs, A. E.Mer-
bach and D. Zbindcn, Inorg. Chem. 23, 1080 (1984).

15. The values of AV, and AV for the reaction

16.

Co(NH;)X® " | OH~ — Co(NH,);OH?" I X"~

are shown in the Table. Also included are partial molar volumes V(Co(NH,),XG- 1)
and ¥ (X"7), all em*mol~!

Xa- AVEE AV, V(Co(NIL;), X! b VXn-)P
Me,50 40 21 112 69
Cl- 33 10 84 22
Br- 3 1 8Y 29
503 22 —4 95 23

o= 10-16 mM, value little dependent on .

b Ry dilatometry, data cxtrapolated Lo infinite dilution.

Consider the D, mechanism for base hydrolysis,
(a} Comment on the conslancy of

AVT

ap — AV and its value,

(b) satisfy vourself that
AVi, = V(Co(NH,),NIIZY) 1 V(X)) + V(H,0)
— V(OH ) — F(Co(NH,)X5® m+)
(c) Plol AVj‘pl + F(Co(NH;)X® M vy (X"} and comment on the values of ihe
slope and intercept. (¥ (H,Q) — F(OH ) = 17.6 cm®mal !
(d) What does AV:XP

Y. Kitamura, R. van Eldik and H. Kelm, Inorg. Chem. 23, 2038 (1984); R. van Eldik,
Angew. Chenm. Int. Ed. Engl. 25, 673 (1986).

; comprisc on the basis of a D, mechanism?

The plot of logk vs 1%/1 + 1'? lor the second-order reaction between Co(edta) and
Fe(CN);~ (Sec. 1.6.3} showed an initial lincar slopc at low p of 3.8, rcached a maximum
al p = 0.1 M and then decreased. T'he ionic strength was supplied by NaClQ,. Give a
reasonable explanation for this behavior

D. H. Huchital and J. Lepore, Inorg. Chim. Acla 38, 131 (1980).
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130 2 The Deduction of Mechanism

17. Determine Lhe dependence of the first-order rate constant & for the reaction
Cr(H;0),0NO? + H,0' — Cr(H,0)' + HNO,

on the proton concentration, T = 10°C, p = 1.0. (See accompanying table.)

[FI'], M 1024, 57! [H*], M 102k, 57!
0.0114 0.345 0.150 7.9
0.0216 0.706 0.200 11
0.030 1.16 0.300 20
0.040 1.59 0,400 3]
0.050 2.07 0,500 45
0.060 2.53 0. 600 59
0.080 3.50 0.700 81
0.100 4,66 0.800 104
0.900 129

0.993 158

Suggest a mechanism, and analyze whether medium effects are likely to be a cause of the
acidity dependence.
T. C. Matts and P. Moore, J. Chem. Soc. A, 1997 (1969).
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132 3 The Experimental Defermination of the Rate of Reaction

Recent 'H nmr studies of an equilibrated solution of Ni(cyclam)?* at 25°C shows that it
contains in addition to Nifcyclam) (H,0)2% (1) a mixture of about 15% of isomer RSRS 2,
and maioly RRSS, 3, ((+ ++ +) and (+ — — +) respectively where + indicates the H of the
NH group is above the macrocycle plane). The results mean that previous studies of the Ni(ID
macrocycle made with the assumption of only a single planar isomer in solution have to be
reassessed.’ For a pair of esoteric examples of the importance and difficulties of
characterization consider the following:

o Ny
I N

Trans! Trans 1]
RSRS RSRR
2

Trans fif Trans IV
RRSS ASSR
3
R
R
R NE
R
Trans
RARR

Configurational tsomers of planar Ni(cyclam)?"'
R = H and Ni{Meycyclam), R = CHj.

(a) Native myoglobin exists with the heme in two different orientations {(one 10%). These
have the same oplical spectrum but different nmr, O, affinities and associated rate constants.
Reconstituted myoglobin from apomyoglobin and heme contains equimolar mixtures of the
two forms. ®

(b) Some metal ions may exist in agqueous solution as dinuclear species bridged by hydrogen
oxide ligands (H,C; ), 4. These may be reactive species not easily detected but precursors to
olation.®

LM(H,0)"* + (MOYMLE -0+ = LM(H,0,)MLE"~ 1+ (3.2)

LM(H,0,)MLZs 1" > LM(OHMLE =04 4 1,0 (3.3)
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3.1 Essential Prelimingries 133

O0—H—0
e

/
7\

3.1.2 Stoichiometry of Reaction

The importance of knowing the stoichiometry of a reaction can be simply illustrated by con-
sidering the aquation of cis-Cr{en),(NCSYC I+ ion. . Is C1~ or NCS~ replaced in the initial
step and is the product cis or irans or both? Does the produci of this first slep aquate further,
and if so what groups are then replaced? Chemical and spectral analysis answers these quics-
tions, The results teveal the surprising fact that the bidentate ligand en is lost at one stage,
a bechavior that appears more common with ammines of Cr(1ID Y than with Co(I11), where
its occurrence is only occasionally 1 noted.

trans -Crien,(H,O)NCS®" + €I
=A%

0is=Cren)y(NCSICT™ + HyO — i and rans—Cr(en), (H,0)C1* + SON- (3.4)
92,

cis—Cr(en)s(H,0INCS™ + Cl

Cr(cn)}H,0);NCS* + en

33'_*1V

cis=Cr(en)y(HyONCS™ + H,0 (3.5)

mrlh

cis— and trans—Crlen),( HZ‘D)Q3 T+ SONT

Inconsistencies in the values of equilibrium constants cbtained from measurements on
systems at equilibrium with those derived from rate measurements may also reveal unexpected
reaction paths.” Scc Chap. 8, Pd(II).

3.1.3 The Nature of the Products

If the rate constants for parallel reactions arc to be resolved, then analysis of the products is
essential (Sec. 1.4.2). This is vital for understanding, for example, the various modes of deac-
livation ol the excited state (Sec. 1,4.2), Only careful analysis of the products of the reactions
of Co(NH;);H,0%' with SCN , at various times after initiation, has allowed the full
characterization of the reaction (1.95) and the dctection of linkage isomers, Kinelic analysis
hy a number of groups failed to show other than a single sccond-order rcaction. ™ As a third
instance, the oxidation of 8-Fe ferredoxin with Fe(CN);~ produces a 3 Fe-cluster, thus casting
some doubt on the reaction being a simple electron transfer.
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134 3 The Experimental Defermination of the Rate of Reaction

It is easily observed when a product precipitates from sohution. Some reductions of Co(ll1)
complexes yicld insoluble Co(ll) products. Addition of powerful ligands such as edta will
complex with Cofll), maintain homogencity and foree irreversibility (Sce, 1.5.1).'% It should
be always checked whether the added ligand has an influence on the rate.

3.1.4 The Influence of Impuritics

The materials used, including the solvent, should be as purc as possible. There are several in-
stances recorded (and doubtless a number unrecognized) in which traces of impurities in-
troduced inadvertantly into a system have had catastrophic consequences.

The pseudo first-order rate constants (k} for reaction of Co(CN);H,02~ with Ny concen-
tration in excess were reported as curved (Sce. 1.6.3) and have been interpreted for some 20
years as evidence for a S-coordinale intermediate and a P mechanism. 1f however
Co{CN)H,0%" is generated in solution by aquation of Co(CN).C1® (rather than from
Co,{CN},, 08 as in the original studics) the /[N, ] plot does #or deviate from linearity.
Reasons are suggested why the latter behavior is correet and impartantly, the original material
could be shown to contain a slower reacting component which gives false data at higher N,
concentrations. The 2 mechanism remains a possibility however, ''¥ Traces of impurities in
a solution of Te{CN);H,0*~ have led to false conclusions as to the pK, of the coordinated
water. **® The photolytic behavior of aqueous Fe(CN), depends on its history. ¥ Copper(I1)
ion is a potent catalyst even in micromolar concentrations for a number of reactions of
Fe(CNy ~ ion. =

Thesc catalytic effects are usually signaled by irreproducible behavior. If it is suspected that
traces of meial ions may be causing peculiar rate effects, a strong ligand may be added to sc-
guester the metal ion. The spontaneous decomposition of H,O, has been reported as
4.7 x 1077 M~1s~! at pH 11.6 and 35°C. This is the lowest recorded value and is obtained
in the presence ol strong chelators. > In a similar way the decomposition of permanganate in
alkaline solution (3.6) is markedly slowed when the reactanis are cxtensively purilied

4MnO; + 40H- - » 4MnO2~ + O, + 2H,0 (3.6)

and metal ion concentrations are reduced below 107% M, 2

3.1.5 The Control of Experimental Conditions

Some general considerations applicable to all rate studies can be outlined.? Since the rate
constants for many reactions are affected by the ionic strength of the medium (Sec. 2.9.1) it
is necessary eilber to maintain a conslanl ionic strength with added electrolyte, or to carry out
a scrics of measurcments at different ionic strengths and extrapolate to infinite dilution. The
former practice is usually followed and NaNQ; or NaClO, have been pepular as added salts.
There are some advantages however in using the weakly-coordinating™ p-teluenesulionatg or
trifluoromethylsulfonale ions in place ol perchlorate. A potential explosive hazard is avoided
and problems of oxidation, c.g. with V(1II),?7 do not arise.
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3.2 The Methods of Inifiating Reaction and their Time Ranges 135

Many complex-ion reactions are accompanicd by a pH-change, and since the rate of these
reactions is often pH-dependent, it is necessary to use buffers. A list of useful buffers for the
pH region 5.5-11.0 is contained in Table 3.1.%

Table 3.1 Some Useful Buffers for Studying Complex-lIon Reactions, ¥

Butter {Actonym) pK,(25°C)

2-[N-Morpholino]¢thanesulfonic acid (MES) 6.1
Bis[2-hydroxyethyl[iminotris(hydroxymethyl)methanc (Bis-Tris) 6.5
Piperazine-N,N'-bis[2-ethanesulfonic acid] (PIPES) 6.8
3-[N-Morpholinolpropanesulfonic acid (MOPS) 7.2
N-[2-1Tydroxyethyl[piperazine-N'-[2-¢thanesulfonic acid] (FEEPES) 7.5
N,N-bis[2-Hydroxyethyl|glycine (BICINE) 8.3
2-[N-Cyclohexylamine]-ethanesullonic acid (CHES) 9.3
3-[Cyclohexylaminol-J-prepanesulfonic acid] (CAPS) 10.4

Many of these are subsiantially non-nucleophilic and unlikely to effect the rate or course
of the reaction, although this should always be checked, References 29 to 31 relate some pro-
blems in the use of somc of these buffers. Occasionally, one of the reactants being used in
excess may possess buffer capacity and this obviates the necessity for added buffer. The situa-
tion will often arise in the study of complex ion-ligand interactions when cither reactant may
be involved in an acid-base equilibrium.

Concentrations of recactants reported usually refer to room temperature and pressure. Any
changes in concentrations caused by carrving out the runs at other temperatures or pressures
may be cither ignored or are not relevant (Sec. 2.3.5). 1t is often unnecessary te maintain the
rcaction temperature mose constant than (.05 degrees. Variations in rate constants due to
such a temperature fluctuation are generally well within the experimental error. [t is obviously
wise to exclude light or air, if it is suspected that these might interfere with the reaction.
Darkened reaction vessels and apparatus for anaerchic manipulation are described. * Special
cquipment must be used if the reaction is carried out at elevated pressure. * A simple device
for working at high temperatures (say > 100°C), when continual opening of the apparatus is
to be avoided, has been described.™ Finally, when all the results have been gathered in,
analysis of the errors, precision and accuracy asscciated with the study has (o be made,

3.2 The Methods of Initiating Reaction and their
Time Ranges

Obviously the speed with which it is necessary to initiate a reaction will depend on its rate.
If it is a slow process with half-lives longer than about 20 s, (hen the reaction can be initiated
simply by mixing the rcactants. Even reactions with shorter reaction times may be studied
without recourse to sophisticated equipment. Simple mixing devices fitting info a spec-
trophotometric cuvetie ™% or used to initiate and quench enzymatic reactions (down to 0.5 s
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136 3 The Experimental Determination of the Rate of Reaction

and using 20 pl volumes)y™” can effectively reduce accessible reaction times. 1t is even possible
to commence absorbance/time traces within 5 s of dissolution of a solid. ** Flow and rapid
mixing methods allow observation times to be as short as, and occasionally even much shorter
than, milliseconds and have been considerably exploited. Relaxation methods circumvent the
mixing limitations. These are extremely important [or the measurement of rapid reactions but
the relative simplicity of the associated kinctics (scc Chap. 1) makes them also an attractive
prospect for the study of slow reactions.™ Any perturbation e g ionic strength or pH
changes which alters concentrations of species at equilibrium can in principle be used, im-
posed by flow methods if necessary. 7% A special method for the rapid initiation of a
reaction employs a large perturbation by a light pulsc (usually with a laser) or an electron
beam. Primary and secondary reducing and oxidizing radicals or excited sfates can be pro-
duced in very short limes (cven picoseconds, ar less, but usually nano- or microseconds) and
their physical propertics and chemical reactivity (lowards added substrates) can be studied.
The time coverage for the various rapid-reaction techniques is shown in Figure 3.1.%4

T T T T T I
Flow E I
1
1
Pressure jump| |
oo
1

Temperature jump

1
Etectric-field I
pulse

Ultrasonics !

Technique

Flash or laser phatolysis

Pulse radiolysis

nmr

epr |

1 | | f } 1
10¢ 10-¢ 1078 10?2
Time {s)

Fig. 3.1 Time coverage for various rapid-reaction techniques. Broken lines indicate the usval shorter time
limits. Full lines indicate the shorter time limits atiainable in some laboratorics. Unless indicated, the
longer time Hmit is usually unlimited.

3.3 Flow Methods

Comprehensive discussions of flow mecthods are available in the literature.*** There are
basically three ways in which the reaction solution may be treated after mixing (Fig. 3.2 and
Table 3.2)

www.iran-mavad.com

Slge fyuandigo g Ql.:a_?w S &



Observation or

3.3 Flow Methods 137

guenching Stopped-flow
poeint for observafiion
continuous flow pa}ni/ Reactant A
X — \N
Reactant B

Mixer

Fig. 3.2 The operation of flow methods. The distance x and the combined llow rale govern the rime that
clapses between mixing and when the combined solutions reach the observation, or quenching, poini. In
the stopped flow method, observation is made as neur {o the mixer as is feasible, and monitoring ccours
after the solulions are stopped. In Lhe pulsed accelerated flow method, observation is within the mixer.

Table 3.2 Rapid Mixing and Ilow Methods

Flow-Mode

General Procedure

Characteristics

Continuous

Quenched

Stopped

In situ monitoring at a fixed point on the
obscrvation tubc with various [low rates.
Allernatively, the mixing chamber is incor-
poraled into the observation tubc with
early monitoring

Mixed solutions gquenched after a predeter-
mined time controlled by the distance be-
tween the mixer and quencher and the flow
rate.

Mixed solutions abruptly stopped and
analyzed near mixer.

Tedious but Icisurely analysis. Uscful with
sluggish monitoring probes. A 1-0.01 ms
resolution. Large velumes of reactants used
(=5 ml). Not commercially available,

Tedious bul leisurely analysis. Essential for
the batch method used in rapid isotopic ex-
change and low temperature epr monitor-
ing. A 10-20 ms rcsolution, 1.arge volumcs
of reactants used (25 ml). Commercially
available.

Most popular methed. Easy analysis re-
quiring rapidly responding monitor. A 1 ms

resalution. Uses small (=102 ml) volumes.
A number of commercial apparatug in wide
variety of modes and monitoring methads.

3.3.1 Continuous Flow

The continuous-flow method avoids the stopping features of the stopped-flow technique
which arc time limiting, but suffers from the disadvantage of consuming relalively large
amounts of material, even in the latest developments, There has however been a resurgance
of interest in the method, using integrating observation with a very fast jet mixer which is in-
corporaled inlo the observalion tube. The resolution time is short (=10 us) but relatively large
volumes of solution arc nceccssary. ¥ The inleprating observation leature has been com-
bined with pulsed continuous flow (pulsed continuous-flow spectrometer), resulting in the usc
of smaller volumes of material {5 ml), enhanced optical sensitivity and short resolution times
(4 us), **** It now represents a method for determining high rate constants (=105 s~ or 101
M~1s~1) for irreversible reactions (which are nol ameniable o relaxalion methods), Unlor-
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138 3 The Experimental Determination of the Rate of Reaction

tunately, the treatment of kinetic data is mote involved than with thc stopped-flow
method. %0

The continucus flow method is still necessary when once must use probe methods which re-
spond only rclatively stowly to concentration changes. These include pH,3' O,-sensilive elec-
trodcs, ™ metal-ion selective electrodes,™ thermistors and thermocouples, epr™ and nmr
detection. Resonance Raman and abserption specira have been recorded in a flowing sample
a few seconds after mixing horseradish peroxidase and oxidants. In this way spectra of tran-
sients (compounds I and 1I) can be recerded, and the effext of any photoreductlion by Lthe laser
minimized. 3

3.3.2 Quenched Flow

A number of simple picces of apparatus for using the guenched-flow method have been
described. 7% Commercial stopped-fiow apparatus are available in which a double mixer ar-
rangement allows quenching of a transient produced in a first mixer with quencher from a
second mixer.®~% In one apparatus the aging interval for the transient (time between first
and second mixer) can be adjusted from 20 ms to 11 s. This i3 accomplished by altering the
volume of tubing between the mixers and/or altering the flow rate. A series of quenched solu-
tions with different “ages” are thus obtained and can be analyzed (for details, sce Ref. 63).
See Prob. 2. Somc varicd cxamples of the applications of quenched flow are shown in
Table 3.3, Quenching can be effected by several means including rapid cooling, ** precipita-
tion of one reactant¥-7%5L%4 or chemical destruction by adding a complexing agent or acid.
The method has been particulary vseful for studying fairly rapid isotopic exchange reactions
(Table 3.3). Some of the reactions have also been studied withoul the necessity of a separalion
procedure, and therefore more convenientiy, by nmr linc-broadening methods (Scc. 3.9.6). The
latter still require fairly high reactant concentrations, and with these conditions subtle medium

Table 3.3 Some Rapid Isotopic Exchange Reactions Studied by Quenched Flow

Exchanging Pair li\ida_l_els(-;‘(]mslant szp. Quenching Mcthod ii:r_

#MnO3~, MeQ, 7.1 x 102 0.0 {C,H;),As ' coprecipitates MnOj 57

(0,16 M OH ) (in presence of ReO;)

IrCl} =, "*IrClz- =23 x 10’ 250  2-Butanonc cxtracts IrCE~ 58
(stopped flow mixing)

SCu!l stellacyanin, 1.2 x 107 20.0 Cool to —120°C and epr analysis using 62

&Cu! stellacyanin slight differences in cpr of *Cu and

55Cu ! stellacyanin, Rapid mixing, rcaction
half times =10 msec at 0.5 mM concentra-

tions.
VOi-, H, %0 24 % 0% (s~ 0.0 Co{NH;)}* precipitates VOI~. An injection 64
{in 0.5 M base) device allows short 1., 8-44 s,
107, H,%0 4 term rate law 3.0 Ag* precipitates 10, which pyrolyzes 6]

cleanly to O, for isotopic analysis, Dionex
double mixer, t;,, 20 ms-2 s,
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3.3 Flow Methods 139

effects are less easily recognized. The quenched-flow method has been particulariy eflective
also for the study of the transients produced in rapid reactions of certain Mo®-% and Fe®" %
proteins. Epr moniloring of rapidly quenched solutions fingerprints transients. T'he MoFe
protein of nitrogenase in the reduced form is oxidized rapidly by Fe(CN){~ and frozen at
—140°C after various times have ¢lapsed between oxidation {complete within milliseconds)
and freezing. The epr examination of the [rozen oxidized material of various ages allows a)
the assignment of the product to a [4Fe-4S5] ' containing center and b) an indication of an
epr signal diminishing with time after oxidation. The transicnt signal fades by an in-
tramolecular process (k = 4.1 £ 0.8 s71) at the same rate as that of enzyme turnover, Prob-
ably both processes are controlled by a conformational change in the protein. %

The disadvantage of the quenched-flow technique is the tedium associated with the batch
method of assay. Addilionally there is a relatively long reaction time limit, often > 10 ms,
necessitated by the extended guenching times, Offsetting these limitalions are the simple
equipmen! and the lcisurcly assay that are integral featurcs of the method.

3.3.3 Stopped Flow

The stopped-flow technique is by far the most popular of the flow methods. ™ A block
diagram is shown in Fig. 3.3. Stopped-flow systems have employed nearly all the usual
monitoring metheds and these will be discussed later (Table 3.7). The linking of the method
with spectral monitoring is by far the most popular combination. A useful tgst reaction is the
reduction of 2,6-dichlorophenol indophencl by L-ascorbic acid both for performance of the
stopped-flow apparatus and the double mixing arrangement.™ The pseudo first-order rate
constant varies lincarly with the concentration of L-ascorbic acid, in excess, over 3 orders of
magnitude. The time for mixing and moving the solution from the mixer to the cobservalion
chamber is referred to as the deadtime. ™ If the absorbance change accompanying a reaction
is large, there may still be sufficient absorbance change after the absorbance loss due to the
deadtime, The associated first-order rate constants will be large (=102 s7!) but can be cot-
rceted for mixing effects.™ A commercial siopped-flow apparatus can be modified so that
unequal volumes of reactants (e.g. 50: 1} can be mixed.” Details for mixing small amounts
of crganic solutions (e, g. containing dmso) with large amounts of aqueous solution have becn
described. Such an approach allows the examinatlion of the reactions of OF (stable in organic
solution) with reactants (in H,O in larger syringe) in a mainly aqucous solution. ™ Turbidity
and cavitational problems can be largely circumvented by simultaneous cbservation of a reac-
tion with two detector systems set al lwo wavelengths and computer-subtracting the two absor-
bances. ™ Spurious races can arise [rom mixing effects.”™ Although the majority of
reported studies relate to aqucous solution in ambicnt conditions, the stopped-flow method
has been used in nonaqucous solution, ™ at subzero temperatures, ™ and at high pressure. 8-%
The stopped-flow apparatus can be easily converted into a double-mixing arrangement to ex-
amine & transicnt intermediate, # such as VO; HO,% and O, Refs. 86, 87. The double-mixer
has played an important role in studying the transients in the unfolding and folding of pro-
teing. 7188
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Light
Source

Monochromater Reservoir
/ syringes

Siop |
SYringe Draqin Mixer
Mechanical tube Drive
stap syringes
Photo- Manual push
multiplier or Air-supply
Actuator

| Computer I

Fig. 3.3 Block diagram of stopped-flow apparatus. Reagents from the reservoir syringes are transferred
to the 2-m[ drive syringes via taps. A small portion {about 0.25 ml) of the reactants in cach syringe Is
pushed through the mixer and observation chamber inte a syringe, where the flow is abruptly stopped
when A hits a mcchanical stop. The progress of the reaction in the portion of stopped solution in B is
monitored spectrally. The spent sotution in the stop syringe is ejected through a drain tube and the process
repeated. Ullraviolet, or visible, light through a monochromalor passes through the observation chamber
to a photomultiplier and oscilloscope or (more usually) an interfaced computer. Changing light intensity,
arising from the absorbance changes in B as the reaction procecds, is converted directly into absorbances.
The design due to Q. H. (Gibson and L. Milnes, Biochem. J. 91, 161 (1964) has been the basis of the most
successful stopped-flow apparatus, sold by Dionex.

3.4 Relaxation Methods

Even using the flow methods outlined in the previous sections, the reaction may still be too
rapid to measure (i.e. it is complete within mixing), We must resort then 1o methods in which
a reaction change is initiated by means other than mixing, the so-called relaxation
methods. ¥

The amounts of species present in a chemical equilibrium may be changed by a varicty of
means. ‘Lhe rate of change of the system from the old to the new equilibrium, the relaxation,
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3.4 Relaxation Methods 141

is dictated by (and is therefore a measure of) the rate constants linking the species at
equilibrium (Sec. 1.8). Any perturbation which changes concentrations can in principle be
uscd. It is in the area of rapid rcactions that relaxation methods are most powerful and have
been most applied. The perturbation must of course be applied more rapidly than the relaxa-
tion time of the system under study. However perturbations can be imposed in much shorter
times than arc involved in the mixing process. Since also monitoring of very rapid processes
rarcly presents insuperable difficulties, reaction times in the micro-to pico second range can
be measured (Fig. 3.1).

The relaxation technigque does not have the wide applicability associated with the flow
method since one does not usually have, nor is it easy to induce, a reasonable degree of rever-
sibility in a system, This is essential in order that measurable changes of concentration may
be induced by the perturbation, although sensitive methods for detecting very small changes
arc now available. Relaxation methods cover the time ranges not gencrally attainable by {low
technigues and have permitted the measurement of large firsi-order rate constants associated
with many fundamental elementary reactions. In addition, relatively small volumes of solu-
tion are required for mosi relaxation techniques and these can often be used repeatedly. The
various types of relaxation techniques associated with specific perturbation modes will now
be considered. These perturbations can be of two types: stepwise, meaning one abrupt change,
and continuous, usuailly imposed as an oscillating perturbation. Regardless of the complexity
of the reaction, a set of first-oder kinetic equations is always obtlained (Sec, 1.8.1).

3.4.1 Temperature Jump

The temperature jump is undoubtcdly the most versatile and uscful of the relaxation
methods.®' Since the vast majority of reactions have nonzero vahes for the associated AH,
a variation of equilibrium constant & with temperature is to be expected:

dn K/dT = AH/RT? (3.7

Figure 3.4 shows a block diagram of a temperature-jump apparatus. In the original ®2 and
stilf most popular form of the apparatus, electric hcating is supplied by discharging a
capacitor through the solution. *»%* Heating times are about 1 us but if a coaxial cable is
used as the capacitor, a heating time of 10 ns — 100 ns is possible, ** % An electrically condue-
ting solution is requircd, usually by adding 0.1 M KNO, or KCI, but this is avoided when
microwave heating (1 us) is used, although polar solvents must be employed.” Neither
electrically-conducting nor polar solvents arc neccessary if laser heating is emploved and a
1-10 ns heating time can be reached.® ¥ Temperature jumps of 1°—10° are commonly
used, but even if a small temperature change is used, repetitive jumps on flowing sclutions
with computer collection can be employved effectively (e.g. with microwave heating).”’ The
most common monitoring method is absorption spectrometiry but a few others have been
employed occasionally (Table 3.7). Fluorescence monitoring has the advantage of high sen-
sitivity which means that low concentrations of reactants can be used, thus better ensuring
equilibrium coenditions, even with rcactiens which have high equilibrium constants. The most
effective ways to maximizc the signal-to-noise, acquire and analyze data have been fully
discussed.® Temperature jump can be used for reactions involving dissolved gases, but
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High voltage _T-

i_{:
Spark T

gap
Light
source
<
Mono- | | Phote- L Computer
chromaior Electrades muitiplier

yad

Temperature-jump cell

Fig. 34 Block diagram of temperature-jump apparatus. The condenser is charged 10 30-30 kilovolis and
then discharged viz a spark gap through the metal electrodes of the cell. This heats up a small portion
ol the solution some 3-10 degrees. This portion is monitored spectrally in the same manner as with the
flow apparatus. An apparatus based on this arrangement was first manutactured by Messanlagen Stu-
diengesellschaft, Gottingen, Germany.

cavitational effects may last as long as 50 us and thus limit its value, '** The combination of
the stopped-flow and lemperature-jump methods for the study of the relaxation behavior of
transients has not yet been extensively applied. '™ A commercial piece of equipment com-
bines stopped flow with temperature jump and although the heating times are relatively long
(>> 50 us), the apparatus has been used effcctively to examine the primary reaction of sodium
nitroprusside with thiols before further redox reactions occur within seconds.’™ The
temperature-jump method has been effectively combined with high pressure. ®

3.4.2 Pressure Jump

Most chemical reactions occur with a change in volume, The cquilibrium position will be
therefore changed by an applied pressure, which can therefore be used as a perturbation, '
Nearly always the progress of the reaction is observed at ambient pressures gffer the applied
pressure has begen terminated.

The expression

InkK - T
<dn ) _ AV All « (3.8)

+ -
dpP R RT? pC,

relates the variation of the equilibrium constant K with pressure P under adiabatic conditions.
AV = standard volume of reaction; AH = enthalpy of rcaction; a = cocfficient of thermal
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3.4 Relaxation Methods 143

expansion of the solution; p = density and C, = specific heat. Normally in aqueous solu-
tion, the first term is the major contributor (= 90% of total). ¥* Usually the pressure change
imposed is of the order of 30-130 atmospheres and since the response of the equilibrium con-
stant (0 pressure change is much less than to temperaiure changes, sensitive conductivity
monitoring is usually emploved. Occeasionaily, other monitoring methods have been reported
{Table 3.7). The method has the advantage that a wide range of solvents and a medium of
low ionic strangth can be used. The time range can be extended to long times since the pressure
(unlike the temperalure} remains constant after the perturbation. The method lacks the power
of the temperature jump in reaching very shert times (usually =20 ps) although attempts 1o
shorten the working time % "7 and improve the accuracy ' have been made. The method has
been used to study, for example, metal complex formation in solution *-1% and protein self-
associalion, using light scattering monitoring. '** Pressure-jump relaxations at various (high)
applicd pressures allow the determination ol volume of activation, "'? (Prob. 3,) No commer-
cial set-up is offered but the component parts arc readily available and there have been good
descriptions of the system. %

3.4.3 Electric-Field Jump

Any reacting system occuring with a change in clectric moment, AM, will show a dependence
of the associated equilibrium constant K on the electric-field strength £ '

dln K _ AM 3.9)
dE J.r RT 3.

There is a modest increasc in the cleetrical conductance with an increasc in the electrie-field
gradicnt, an effcct that operates with both strong and weak elecirolytes (the first Wien effect).
More important in the present context is the marked increase in electrical conductance of weak
electrolytes when a high-intensity electric field is applied (second Wien elfect). The high field
promotes an ingrease in the concentration of ion pairs and free ions in the equilibrium

AB -* A7|[B- = A+ + B- (3.10)

Commonly, a 10° volt/cm fieli will produce a 1% change in conductance of weak elec-
trolytes. The measurcment of very short relaxacion iimes (= 50 ns) is possible by the clectric-
ficld jump mecthod but the technique is generally complicated and mainly restricted to ionic
equilibria. M

The five-coordinate Ni(L)Cl, (L = Et,N{CH),),NH(CH,)},NEL;) acts as a moderalely
weak electrolyte in acetonitrile where cquilibrium with a planar form is assumed

. AR \ i N 16 x 105! . . _
NILICl, <= NiLCI*[|Clm e———=> Ni(L)CI™ + €17 (311)

Perturbation by an electric {ield jump {conductivily monitoring} produces a single relaxa-
tion. These data and other considerations give the rate constants shown in (3.11). Perturbation
by u laser pulse of (3.11) using spcctral monitoring (Sec. 3.5.1) gives rcasonably concordant
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144 3 The Experimental Determination of the Rate of Reaction

kinetic data. Irradiation at 1.06 pum, where Ni{L)(1, absorbs, increases the concentration of

ion pairs and ions. '?

3.4.4 Ultrasonic Absorption

The methods so far discussed involve a sinple discrete perturbation of the chemical system
with direct observation of the attendant relaxation. An oscitlating perturbation of a chemical
equilibrium can also lead to a hysteresis in the equilibrium shift of the system. This effect can
lead to the determination of a relaxation time. The process will obviously be more complex
than with discrete perturbations, and there will be problems in the monitoring. 113

Sound waves provide a periodic oscillation of pressure and temperature. '™ In water, the
pressure perturbation is most important; in non-aqueous solution, the temperature effect is
paramount. If w (= 2 xf, where fis the sound {requency in cps) is very much larger than 7
(7, relaxation time of the chemical system), then the chemical system will have no opportunity
to respond to the very high frequency of the sound waves, and will remain sensibly unaffected.
If e» < 7!, then the changing concentrations of chemical species demanded by the
oscillating perturbation can easily [ollow the low frequency of the sound waves. In both cases
there will be net absorption of sound. Of greatest interest is the situation in which the relaxa-
tion time is of the same order of magnitude as the periadic time of the sound wave, that is,
7 = e~ '. An amplitude and phase difference between the perturbation and the responding
system develops and this leads 1o an absorption of power [rom the wave. It can be shown that
the sound absorption is proportional to wt {1 — w?t? ' and that this value passes through
a maximum at wt = 1. Experimentally, onc hay then to measure the maximum attcnuation
of the wave as the ultrasonic frequency is changed.

In quantitative terms, for a single equilibrium

o4 A
=—+ B (3.12)

Fik 1 + w?r?

a — absorption ceefficient in Np cm ™', the experimentally determined value; /= frequency
(Hz); w = angular frequency = 2 rf; v = relaxation time; A = constant, the relaxation
amplitude; B = background absorption which includes ali relaxations other than due to
chemical system (*‘classical’ absorption — duc to viscous and thermal losses). The plot of
(3.12) is shown in Fig. 3.5. When w?1? » 1, a/f?> = B. When w?t> < l, a/f* = 4 + B
Al wr = 1, there is an inflection and [rom this the relaxation time T can be obtained. As a
bonus, from the value of A, AV for the reaclion can be determined. There are a number of
variations in the presentation of the data. '™ ' Computer fitting to equations such as (3.12)
is increasingly popular.

A number of techniques are necessary to cover the five decades in frequency from 107 to
10® Hz corresponding to relaxation times of 107* to 1077 s. A wide frequency range can be
spanncd with only two or three methods, requiring only a few ml of sample and relatively
straightforward equipment. In the 10-100 kHz range considerable volumes of sample are still
required (although the material is recoverable!).

Ulirasonic absorption played a major historical role int an understanding of the mechanisms
of metal complex formation. '® It has also been uscd to study stereochemical ¢change in metal
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Fig. 3.5 One represeniation of ultrasonic data in terms of (3.12) for a single rclaxation (1. K. Beattie, Adv.
Inotg. Chem. 32, 1 (1988)). Reproduced with permission from J. K. Beattle, Adv. Inorg. Chem. 32, 1

(1988).

complexes (Sec. 7.2.3), 95" spin equilibria (Scc. 7.3),""° proton tramsfer, aggregatlion
phenomena, and helix-coil transitions of biopolymers. '

3.5 Large Perturbations

Photolysis and pulse radiolysis are powerful methods for producing sizeable amounts of reac-
tive transients whose physical and chemical properties may be examined. Structural informa-
tion on the transient and the characterization of early (rapid) steps in an overall reaction can
be very helpful for understanding the overall mechanism in a complex reaction. Chemical
equilibria may be disturbed by photolysis or radiotysis since one of the components may be
most affceted by the beam and its concentration thereby changed. The original ¢quilibrium
will be reestablished on removing the disturbance and the associated change can be examined
just as in the relaxation methods. The approach has been more effectively used in laser
photolysis and since very short perturbations are possible the rates associaled with very labile
equiilibria may be measured.

3.5.1 Flash or Laser Photolysis

This involves the application of a pulse of high intensity light of short duration to a solution
containing one or more species. In the original Nobel prize winning studies a flash lamp of
a few microseconds duration was used. '* Now a laser pulse is more often utilized and times
as short as picoscconds or less may be attained. Several set-ups have been described. ' Their
complexity and cost are related to the time resolution desired. An inexpensive system using
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146 3 The Experimental Determination of the Rate of Reuction

a photographic [lash lamp { ~ 5 ms) and two lascr systems with time resolutions of 1-5 ps and
30 ns have been described in detail. 22 (Sce also Refs. 123-124.) Once of these is shown in Fig.
1.6.122 Laser photolysis in the ns-ps region is obviously very sophisticated but guite exten-
sively used. '™ In Ref. 126 an apparatus for picosecond resonance Raman spectroscopy of
carboxyhemoglobin is described. '*

Photomultiplier FDP 8/f
and omplifi«szr‘

Transient
recorder
Monochromator
[0
(8]
FRY Storage
S oscilloscope
A
L2 ]
c—3F3
1 4
Y\ /
VO Sample
/
[:] holder i
'f"\‘\ Time Fig. 3.6 Schematic diagram of a dye laser
PR Y delay photolysis sct up for rclaxation times = ps.
i1 fc‘j\ The photolyzing light pulse is produced by a
E2 . \ dye laser and enters the sample at about 107
F1 [%& L3 lo the axis of the sample beam. The observa-
L g Wt o A tion beam originates from a 75-W xcnon are
ARG - W peck lamp. The apparatus is supplied by OLIS,
lamp '® Athens, Georgia USA. 12 Reproduced with per-
Dve laser mission from C. A. Sawicki and R. I. Morris,
Lamp ¥ Flash Photolysis of Hemoglobin, in Methads
power in Enzymology (E. Anlonini, L. R. Bernardi,
supply L. Chiancone eds.), 76, 667 (1981).

The intense pulse of light will likely produce a highly reactive excited state or states in a mat-
ter of femtoscconds. The subscquent steps that are possible can be illustrated by examining
the case of Ru(bpy);*, undoubtedty the most pholochemically studied complex ion, '*7 Ir-
radiation at 303 nm produces the excited species *Ru(bpy); - which is gencrally believed to
have the transferred eleclron on a single ligand. The subsequent behavior of *Ru(bpy);™ is
shown as *A in (1.32)., Of most interest to us is the strong reducing (£° = —0.86 V) and
maoderate oxidizing (E? = 0.84 V) properties of the excited species, compared with the
ground state. Thus if Fe?* is also present in the irradiated solution (B in scheme 1.32) the
following sequence ol events occurs; '

Ru(bpy)i* — *Ru(bpy);* (3.13)
*Rutbpy);~ + ket — Ruibpy)' + et {3.14)
Ru(bpyii* + Fe?* — Ru(bpy)' + Fe'! {3.15)
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3.5 Large Perturbations 147

The very rapid reaclion (3.15) with a largc —AG can thus be measured. ' We therefore
have an effective method for gencrating very rapidly in situ a powerful reducing or oxidizing
agent. One of the most impressive applications of these properties is to the study of inlernal
clectron transfer in proteins, 120131

The Ru{NH,)3* moiety can be attached to histidine-83 on the azurin surface. It can then
be oxidized to Ruflll} without altering the conformation of the protein. This ruthenated pro-
lein is mixcd with Ru(bpy)™ and laser irradiated. The sequence of events which occurs is
shown in the scheme

Cui»
Rulbpyl3’ 3
[a}
_|
hv g
cut Ru™{NH,)g - His-83
3 .
g Rulbpyly internal eleciron transfer
m ) monitored at 625nm band
z mainly of Cu™ protein
Ru™(NH,), -His-83
Cu*
-
)
S
h
m
=

RUM{NH,) -His-83

(+rRulbpy!3* remeved rapidly by edtal

In the first step, considerable amounis of the final product are produccd as well as smaller
amounts of a transient in which the oxidation states are “incorrect™. Internal electron transfer
redresses this imbalance. The species Ru(bpy)it produced musi be removed rapidly (by
scavenging with edta) so that il cannot oxidize the Ru{II) protein and interfere with the final
step. ¥ See Sec. 5.9. Some other cxamples of the application of the photolytic method to a
variety of systems are shown in ‘lable 3.4, 32 ¥ (See Probs. 4 and 5)

Table 34 Some Transicnts Generated by Photolytic Methods

Trradiated System Conditions Results Applications Ref

Naphthols pH 4-7; Photoexcited naphthols  Rapid (50 ns) pH 132
subnanosecend with much lewer pK) (4 units) drop. Probe
irradiation than in ground state macromolecules 34 132

dissociate **

teXsal,trien™, 530 nm, nano-second  Transient bleaching of  Kinetics of low spin 137

X = Hor OCH,. laser; nonaqueous low spin species = high spin Fe(III)

Low spin, high spin solvents followed by thermal Sec. 7.3

mixture relaxation 7's 46-192

ng at 253-205 K
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Table 34 {coniinued)

3 The Experimental Determination of the Rate of Reaction

Irradiated System

Conditions Results Applications Ref
Ni(padj (H,0);" 3 us laser pulsc Deactivation of excited Direct analysis of 138
[See 6] aqueous solution state partly by photo- ring closure, not
substitution and pro- possible by
ducing sizeable temperaiure or
amounts of pressure jump
Ni{pada)(H,O0%~
Oxy and carboxy- Varying laser pulse Photadeligation to Measurement of 139

hemo proteing

times

varying degrees

combination rates of

nenequilibrated
forms of hemopro-
teins {see Bgn. 2.20}

3.5.2 Pulse Radiolysis

This technigue has similaritics to photolysis in that a large perturbation is involved and reac-
tive transients can be produced and examined. "% Van der Grall accelerators or, more
popular, microwave lingar ¢lectron accelerators are used to produce a high encrgy clectron
pulse typically within ns Lo ps. The set-up is illustrated in Figure 3.7. Reducing and oxidizing
radicals resuli;

L1 To digitizer or
I] oscilloscope
B - £==4-[] M1
DH G e ®—_4 A
M2
Xenon \\\
amp N / N Monochromators
Lz ;
M3 ™~

o——

Fig, 3.7 Schematic set-up for pulse radiolysis. Electron beam and analyzing light beams are al right
angles. The light beam is split for simuliancous recording at two wavclengths. 12

AH,O — 26el, + 260H" 1 0.6H" + 26H' + 0.4H, + 0.7H,0, (3.16)

The mixture of radicals would be difficult to examine or use. Fortunately, by the careful
choice of an added substrate, some of the radicals produced in (3.16) are rapidly removed so
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3.5 Large Perturbations 149

as to leave the desired radicai for examination, For example, to examine €3, Dulse radiolysis
of selutions containing CH,OH are used which rapidly removes H® and OH" radicals, Table
3.5 lists the more important radicals and gives references to the extensive compilation of pro-
perties and kinetic data for reactions of those radicals. - We thus have a means for the
rapid production of highly reducing or oxidizing species, These can, in turn, be used to
generate, for example, less usual oxidation states of metal jons and complexes (Chap. 8).
Metastable oxidation states in polypeptides and proteins can also be preduced and in-
tramolecular electron transfer cxamined, just as by the photolytic method (Sect. 3.5.1). '
Other examples arc contained in Table 3.6. It is essential to have a conceniration of substrate
(S) sufficient to produce a higher rate of reaction with the radical (R), & [S] [R], than that of
the spontaneous decay of R, & [R]?, which occurs usnally by disproportionation
(Figure 3.8).*°

[Radicall {uM)
%]

I
0 30 150
Time |us)

Fig. 3% Second-arder decay of Nj 2N} —» 3 N,) measured at 274 nm. 2& &8 x 109M~'s—',
Lass of 1-3 uM ({initial N3 concentrations) ail conform to the solid curve. There is no evidence of any
significant first-order component cven at [N3] — 0.5 uM. '¥ Reproduced with permission [rom Z. B. Al-
lassi and K. H. Schuler, ). Phys. Chem. 89, 3359 (1985). © (1985) American Chemical Society.
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3 The Experimental Determination of the Rate of Reaction

Table 3.5 Some Radicals Generated by Radiolysis

Radigal

Production (added substances underlined}® Remuarks

el Cl, O™ + OH' — "CH,OH + H,( Powerful reducing agent (£%= —29V)
CHaoH@ + H® — "CH,OH + H, Reacts diffusion controlled with many

substrates, 144,14

H" ef, + H' -+ I CHLOIL NO Powerful reducing agenl (E? - -2.3V), !5 146

Cosx N,O +e5 » N; 1 OH™ - OH E® 2.0V reuclivity often intermediate
HCO; + OH™ — CO3 + HO berween e, and 503 Refs, 147-149,
HCO; 4+ I* » COI + H,

(83 O, +11 = Q3+ HY Often acts as one-electren slow reductant
O, rel — 0F {(£° = ~033V), 150
HCO; + OH° — COJ + H,0
O, + COT » OF + CO,

OH" N;O + g, > Ny + O+ OIT Strong oxidant (E° 1.9V)'#
52_9 + H" — N, 4 OH*

(SCN);  N,O + ei ™ N+ OH™ + OH° Ref. 148, 149, At maxm, 472 nm, € = 7.6
28CN~ + OH" — (SCN)T + OH- x 10°M~'em~* and uscful for dosimetry

Br; NyO - er — N; + OH™ = OH" Ref. 148, 149, Strong oxidant (E" = 1.63V)
2Br” - OII" -» Bri + Ol

N3 NyO -~ ey » N 1 OH™ 1 O Rel. 148. Rapid, selective strong

N, = OH' — N} - QH-

oxidant (£°9= 1.30V)

(a) Usually 1 —10 pM radical generated in 0.2—2.0 ps. 1% methanol or saturated N,0 or =0.1M
HCO; or halide used. Phosphate buffers.
(b) (C1L,),COH also used to scavenge. Radicals produced are relatively unrcactive.

Table 3.6 Examplcs of Use of Radicals Generated by Pulse Radiolysis

[rradiated Syslem Pulse Radical Result Ref.
{HIP1P) reduced € First production in aquegus solution of (HIPIP) 152
(but not COY  superrcduccd
Co(Ill) ammine com- e, Production of Co(NH,* 153
ploxes ¢ p. Can then obse‘rve subsequent acid hydrolysis
Co(NH,)3~ in H' Co(NI,)2' s Co?t + 6 NHj using conduc-
tivity manitoring
cg"'r_NHs}socoﬂ NG COTar lormaltion of 154
“C(CH,),0H  co'airgzoc0 ¢ Hnol see also
(e =2 10°M "cm - at 330nm), Followed by 155,

intramolecular electron transfer (4, = 2.6 x 10°s="), 156
k., independent of [Co{ll1}].

(Scc. 5.4.2)
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3.7 Accessible Rute Constants Using Rapid Reaction Methods 151

3.5.3 Comparison of Large Perturbation Methods

In general, photolysis induces substitutional and redox-related changes, whereas pulse
radiolysis primarily promotes redox chemistry, Indeed one of the unique features of the latter
method is to induce wnambiguous one electron reduction of multi-reducible centers. ™’
Metalloproteins can be rapidly reduced to metastable conformational states and subsequent
changes monitored. ¢

Monitoring of events following perturbations can be achieved in much shorter times by
photolysis. A varicty of menitoring techniques have been linked to both methods (Table 3.7).
It is valuable to obtain kinetic data by more than onc mcthod, when possible. The measure-
ment of spin-change rates have, for example, been carried out by a variety of rapid-reaction
lechniques, including temperature-jump, ultrasonics and laser photolysis with consistent
results (Sce. 7.3).

3.6 Competition Methods

In this method, the reaction under study competes with another fast proccss, which may be
spin relaxation {(nmr and epr), fluorescence or diffusion towards an electrode. Monitoring of
the competition is generally internal, making use of the characterisiics of the fast process
itself. This approach will be treated in some ol the next sections.

3.7 Accessible Rate Constants Using
Rapid Reaction Methods

[t is the half-life of a reaction that will govern the choice of the initiation method (Fig. 3.1}
and it is the character of the reaction thal will dictate the monitoring procedure (Sec. 3.8 on).

The half-life of a reaction with a kinctic order higher than one is lengthencd as the concen-
trations of thc rcactants arc decreased (Sec. 1.3). Provided that there is still a sufficient change
of concentration during the reaction to be accuratcly monitored, quite large rate constants
may be measured if low concentration of reactants are used, even without recourse 1o the
specialized techniques described in the previous section.

The second-order redox reaction

Fe? + Cof{C,0,)% T, Fedt 4 Co + 3H,G0, (3.17)

can be followed using even micromolar reactant concenlrations, because of the high molar ab-

sorptivity of Co(C,0,)~ (2.6 x 10M ~lem~" at 245 nm). The observed second-order rate
constant (1.2 x 10°M~'s 'al 25°C, u very low) corresponds to reaction times of minutes
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152 3 The Experimental Determination of the Rate of Reaction
with uM concentrations. '* However if flow techniques and higher concentrations of reac-
tants are uscd additional features of the reaction show up. Two steps arc noted at 310 nm, a
fast increase and slower decrcasc in absorbance corresponding to the production and loss of
an intermediate Fe(C,(,}*, which has a higher molar absorptivity at 310 nm than reactants
or products. €0

AU Fe(C0,)" + Co?t s 2H,C,0, {3.18)

IH*

Fe?' + Co(C,0%
Fe(C,0,)

» Fo¥* + H,C,0, (3.19)

Large second-order rate constants, even diffusion controlled, can be measured by {low
methods using low concentrations of reactants. ' Use of pulsed accelerated flow (monitor-
ing redction times as low as 1¢ ps) and the large perturbation methods (<1 ps) can allow the
measurement of rate constants >10° M ~!'s~' for irreversible reactions which are not
amenable to relaxation methods. The concentration of a reactant and therefore the rate of a
reaction may be drastically reduced by adjustment of the pH or by the addition of chelating
agents. " It is worth recalling that forward and reverse ratc constants are related by an
equilibrium constant for the process. Relatively high rate constants for the formation of metal
complexes (&;) can be estimated from the relationship &; — &, K in cases where K (the forma-
tion constant) is large and &, is a small and easily measured dissociation rate conslanl, Many
early data for Ni(II) were obtained in this way, '

The power of the relaxation and large perturbation methods lie in their ability ta allow the
measurement of large first-order rate constants. The half-lives of first-order reactions are
concentration-independent and values =1 ms (k = 107 s '} are oulside Lhe ability ol most
flow methods. First-order rate constants ranging from 10° 57! to as large as 10'7-10"? g !
can be measured by the methods shown in Fig. 3.1. This encompasses such disparate processes
as conformational change, intersystem crossing, excited state deactivation and small
displacements of ligands from heme centers. The rate of any reaction with a [inile heat of ac-
tivation will be reduced by lowering the temperature, Some reactions that are fast at normal
temperatures were studicd ncarly forty years ago by working in methanel at —75°C, when
quite long reaction times were observed.'®® A combination of lowered temperatures {(to
252 K} with fast-injection techniques has allowed the megasuremenl of the electron sell-
exchange by 'O nmr;'®

Ru(H,(Z* + Ru(H,""0)* = Ru(H,OR* + Ru(H,"0)" {3.20)
The lowered {emperature approach has been linked to flow, ' temperature jump, '
photolysis, ' and nmr'® methods. Cryoenzymology allows the characterization of enzyme
intermediates which have life-times of only milliseconds at normal temperatures, but are stable
for hours at low temperatures. Mixed aquecus/organic solvents or even concentrated salt sohu-
tions are employed and must always be tested lor any adverse effects on the catalylic or strug-
tural properties of the cnzyme. 1'%
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3.8 The Methods of Monitoring the Progress af a Reaction 153

3.8 The Methods of Monitoring the Progress of a Reaction

The rate of a reaction is usually measured in terms of the change of concentration, with time,
of one of the reactants or products, — o [reactant]/df or +d [products)/dt, and is usually ex-
pressed as moles per liter per second, or Ms ='. We have alrcady seen how this information
might be used Lo derive the rate law and mechanism of the reaction. Now wc arc concerned,
as kineticists, with mcasuring experimentally the concentration change as a function of the
time that has elapsed since the initiation of the reaction. In principle, any property of the reac-
Lants or products that is related to its concentration can be used. A large number ol properties
have been tried.

I1 is obviously advantageous from a point of view of working up the data if the reaclant
property and concentration are linearly related. It is much casier and more likely to be ac-
curate to monitor the reaction continuously ir siti withoui disturbing the solution than to take
samples periodically from the reaction mixture and analvze these separately, in the so-called
balch method. The batch method cannot, however, be avoided when an assay involves a
chemical method (which “destroys™ the reaclion), Separation of reactants or products or bath
also is necessary when an assay involving radicisotopes is employved. Separation prior to
analysis is sometimes helpful when the system is complicated by a number of equilibria, or
when a variety of species is involved.

Methods that have been used for moniloring reactions will be discussed in the next scctions.
Those applicable to rapid rceactions arc shown in Table 3.7. Of the hundreds of possiblc
references to the literature, only a few key ones are given. Several considerations will dictate
the method chosen. If it is suspected that the reaction may be complex, then more than one
method of analysis ought to be tried, so as to show up possible intermediates and characterize
thc reaction paths in more detail.

Tahle 3.7 Monitoring Methods for Rapid Reactions

Monitoring Method Flow Tjump FPjump  Ejump  Photolysis Radiolysis
LV and visible spee- 46 170 1 72 122 173
tropholormetry

Infrared 174 — — — 175 —
Raman 176. 177 — - - 178 179
Light scattering 180 181 104 - - -
Fluorescence 182 183 184 — — -
Polarimetry (cd) 185, 186 187 188 189 190

nmr 191, 192 — - — 193 194
cpr 195 - - - 196 197
Conductivity 198, 199 200 199 m 202, 203 204
Thermal 205-207
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154 3 The Experimental Determination of the Rate of Reqction

3.9 Spectrophotometry

Nearly all the spectral region has been used in one kinctic study or another to follow the pro-
gress of a chemical reaction. In foto it represents by far the most powerful and utilized method
of monitoring.

3.9.1 Ultraviolet and Visible Regions

These regions arc particularly useful since few, if any, reactions of transition metal complexes
arc unaccompanied by spectral absorption changes in these regions. We first show how optical
absorbances may be substitued for the concentration changes required in deriving the rate law.

The optical absorbance I shown by a single chemical specics A in solution is related to its
concentlration by the Beer-Lambert law:

I/
D= 1ogT“ =g, -1-[A] (3.21)

i

where [, and J, — incident and transmitted light intensities at wavelength A.

g, = molar absorptivity al a wavelength A.
! = light path, in ¢m,
fA] = molar concentration of the species A.
Mixtures of species A, B, ... usually give additive absorbances:
D
<l> =g, [A]l + ¢5[B] + --- (3.22)

and so it s possible to analyze changes in the concentrations of specific reactants or products
from absorbance changes in the reaction mixture.

I1 is not difficult to show that the optical absorbance, or other properties for that matter,
can be used directly to measure first-order rate constants, without converting to concentra-
tions. Consider

A > B (3.23)

Omitting brackets to denote concenirations, we [ind;

At zero time, Dy = g,4, + g8, (3.24)
At time ¢, D, =g, A, + g B, (3.25)
At equilibrium D, = gB, = gg (A, 1 By) — 53{4, + B) (3.26)
Therefore,
D, — D, D, -D
Ay — (# i A4, = g (3.27)
g\ — gy €4 — Ep
A D, — D
e g Bem D)y, (3.28)
A, (D, — D)
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3.9 Spectrophotomelry 155

For orders of reaction other than one, a knowledge of the molar absorplivities is
necessary. *® See Fig. 1.3,

Commercial spectrophotometers, both in the conventional and stopped-flow mode display,
usually on a computer screcn, the optical absorbance changes directly. There are distinet ad-
vantages in using absorbance in the visible region since there is less likelihood of interference
from buffers and added electrolytes, which are usually transparent in this region. However,
the molar absorptivities of complex ions are often much higher in the ultraviolet, since they
are bascd on charge transfer rather than on d-d transitions. Consequently, lower concentra-
tions of reactants with ultraviolet monitoring will, as the reaction procceds, give absorbance
changes that are comparable with the absorbance changes when the visible region is used. A
lower concentration means a greater economy in materials, but sometimes more important,
a longer t,,, for all but first-order reactions, We have scen the value of this already (Sce. 3.7).
Lven small absorbance changes can be measured accurately using the sensitive detectors and
associated data acquisition equipment now available. Many runs cah be accumulated and pro-
cessed to obtain high signal/noise ratios even with absorbance changes as low as 0.001
units. 2 Small absorbancc changes inherent in the systcm may be amplified by the introdue-
tion of a chromophoric group into one of the reactants. The modification of carboxypeplidase
A by attachment of the intensely colosed arsanilazo group to the tyrosine-248 residue 5§ atlows

AsQyH,

Pratein / 8] CH, =" Protein

Tyr 248

the ready visualization of intcractions of the cnzymes with substrales and inhibitors
(Sec. 1.8.2329 or of the apoenzyme with metal complexcs. ! Carc has to be taken that the
modification does not alter radically the characteristics of the unmodified reactant.?? Other
methods of enhancing spectral changes are to add indicators to monitor pM #3-21% or pH?"
changes. 2 Colored complexes may be used to probe reaclion sites e.g. Zn(pad)?* 6 is a
probe for two adjacent carboxylate groups of the catalytic residues of acid proteinases. 27
Reaction complexity can often show up {and be resclved) by studying the reaction at more
than one wavelength, when different rate patterns may be observed (Sec. 3.7). 28 However the
collection of a family of spectra directly as the reaction proceeds can be of enormous valuc.
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156 3 the Experimental Determination nf the Rate of Reaction

As might be expected, the problem of obtaining spectra of 4 reacting system increases as the
time resolution involved decreases. The spectral changes associated with a reaction may be
construcied by wavelength point-by-point measurements. The method, although tedious and
costly on materials, 1s still used. However rapid-scan spectrophotometry, linked Lo stopped-
flow, is now more readily available and reliable. Two systems are used, shown schematically
in (3.29)¥"°21 and (3.30).22228 An example of its use is shown in Fig. 3.9.2% Rapid scan

white light — mixing chamber -~ diffraction grating — ~ 30 photodiodes (3.29)
white light — moving diffraction graling — mixing chamber — photomultiplier (3.30)

Fig. 39 Spectra of Fe(tpps)H, 03 (a),
Fe(lpps)OH*~ () und mixtures (curve b,
pH 6.5; curve ¢, pH 7.0; curve d, pH 7.46,
curve g, pl1 7.9). Curves b-f werc obtained
within 3.8 ms aftcr mixing Fe(tpps)H,(33~
at pH = 5 with buffer at the designaled
pH. The spectrum of Fe(ipps)QI1*  was
obtained by plunging into pl1 9.1, The
spectrum of {tpps)Fc— O —Fe(tpps)®— is
shown in curve g. In all cases, the (inal

concentration of iron{IIl) is 103 uM. Path
length in the Dionex stopped-flow instru-
ment i3 1.72 cm (fluorcscence obscrvation
chamber), 222 Reproduced with permission
from A. A. El-Awady, P. C. Wilkins and

1 | 1 ) | | { 1 1 R. G. Wilkins, Inorg. Chem. 24, 2053
540 600 660 {1985). © (1985) Amcrican Chemical
Wavelength [nm) Sociely.

spectrophotometry is valuable for obtaining spectra lollowing radiolysis®* or photolysis. 2
The acquiring of spectra after very rapid initiation (10 ? to 10 ¥ 5) presents large technical
problems'® but hus been used effectively to shed light on the carly events following
photodeligation of oxy- and carboxyhemoproteins ¥ (Sec. 2.1.2). A stopped-flow rapid scan-
ning spectrophotometer for usc at low temperatures hus been described.?? [t has been used
Lo obiain the absorplion {and epr) spectra of peptide and ester intermediales formed within
0.5 s51in 4.5 M NaCl at —20°C by the hydrolysis of dansyl oligopeptides and csters catalyzed
by cobalt carboxypeptidase. The results indicale that the metal plays a vital but different role
in the two hydrolyses. 26

The occurrence or noi ol isoshestic poinis during a reaction is very informative. Isosbestic
points arc wavelengths at which the absorbance remains constant as the reactant and product
composition changes. One (or prelerably more) isosbestic points during a reaction strongly
suggest that the original reactant is being replaced by ene product, or it more than one pro-
duct, that these are always in a strictly constant ratio. The occurrence of isosbestic points
implics the absence of appreciable amounts of reaction intermediates, thus, for example,
supporting a scheme

B

A (3.30
C
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3.9 Spectrophotometry 157

rather than

A— B —C (3.32)

Seven isosbestic points in the relatively fast reaction of Hg(tpp) (7) with Zn{Il) in pyridine
(Fig. 3.10) show that Hg(tpp} converts to Zn(tpp} withoul lormation of appreciable amounts
of free tpp basc, which has a different spectrum from either complex. ™ The occurrence of

06}
@
(=)
c
=]
T Q4L
Q
%]
2
<

021

[ N =
500 600 700 Fig. 3.10 Seven isosbestic paints observed during the

reaction of Zn(11) with He(tpp). 227
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158 3 The Experimental Defermination of the Rate of Reaction

an isosbestic point at 435 nm strongly sugpcests that Compound I is the sole product of the
reaction between catalase and methyl hydroperoxide or peracetic acid. Compound I is only
stable for a few hundred milliseconds and rapid-scan stopped-flow must be used, 2

3.9.2 Infrared Region

Direct moniloring by infrared absorption is not commonly used for the study of complex-ion
reactions in water, because the solvenl and dissolved electrolytes often absorb in this region.
Infrared analysis had found some use in studying H-13 exchange processes in both substitution
and redox reactions, using DO as the solvent since this does not absorb extensively in the
near infrared. ‘The nmr method (Sce. 3.9.5) has largely replaced infrared for monitoring thesc
exchanges. Infrarcd monitoring sometimes provides structural information not obtainable
using uv-visible spectrascopy. The (O, NO and NC stretches are very sensitive Lo the metal
environment, Therefore substilulion,?®® including CO exchange, 2*** geemetrical isomeriza-
tion €3.33)%* and redox reactions® of organowmetallics have been studied in

cis-Mo(CO),(Bu;P), == trans-Mo(CO)(Bu,P), (3.33)

nonagueous solvents using inirared detection. The potential for the examination of metal oxo
compounds is iltustrated by the demonstration of oxo-group transfer in a Mo{lll}) — Mo(V)
transformation

H . 18
5. C‘)Hz 0! 0
Mo =MoL + 2 NG, —— Mo\—/Mosz» + 2N, +2 HyO' (3.34)
NS I
OH 3 g ©

(L — 1,4,7-triazacyclononanc) 8% The rate law

dIMo}1/dr = k Mol [NO, ] (3.35)

[\

HN NH

Cy

H
8

indicates that substitution of H,O by NO;j is the rds. Using 90% enriched N'80; the Mo(V)
product shows a predominant v{(Mo=0,,.,, = 868 cm~! and v,, (Mo — Oy} = 730 cm ™',
Comparison with the unlabelled Mo(V) product which shows v(Mo=0,,,,) = 918 cm ~! and
Voo (M0-0y0,0) = 730 cm ™' and with one terminal M = Q. (v -= 887 em~' and 730 ¢cm ")
indicates that the terminal oxo groups in the product of (3.34) must have originated from the
NO; group. 2

Fast time resclved infrared attached to flow '™ and to uv-vis flash photolysis’* has been an
important development for the study of rapid substitution, . g. in Co(CO), in hexane '™ and

term
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3.9 Spectrophotometry 159

for the detection of transient organomectallic specics, with s resolution.'” (Sec. 3.13.1) A
unidentale intermediate is observed in the reaction of M(CO});, M = Cr, Mo and W, with
4,4'-dialkyl-2,2’-bipyridine (L-L) using rapid-scan Fourier transform ir. 3

M(CO), \—’A\ M(CO); + CO (3.36)

M(CO), + L-L ——> M{CO)LL > M(CO)(LL) + CO (3.37)
3 rast 5 4

Raman, like infrared, gives sharp detailed spectra and structural information. The sen-
sitivity is however peorer than uv-vis and the equipment more complex. By choosing an excita-
tion frequency matching that of a strong absorplion band, ordinary Raman intensities may
be boosted some five orders of magnitude (resonance Raman). ** Small amounts of a tran-
sient in a high solute background may be characterized. For examining some short time tran-
sients, two lascr pulses arc used. One photolyses the sample. The second laser acts as a
resonance Raman probe. This allows picosecond imaging in very fast photochemically induced
reactions. 6 Resonance Raman is a powerful structural tool for characterizing mertallo-
proteins @ and has been successfully linked to flow and photolytic, but not (s¢ far) to the
relaxation methods.

3.9.3 Fluorescence

The attenuation of fluorescence can be uscd as a sensitive monitor tor the progress of a reac-
tion. Even reactant concentrations as low as 0.5-2.5 uM can be detected, thus bringing the
reaction rates into the stopped-flow region even although second-order rate constants as high
as 107 M ! s = may be involved. *’ Fluorescence has been little used to monitor complex-ion
reactions, although its enhanced sensitivity, compared with that of uv-visible should be an
important consideration, not only for reactions invelving aromatic-type ligands e.g.
porphyrins ** but also others. ***

The luminescence of Tb** increases when coordinated water is replaced by a ligand such
as edta. Thus the reaction

Caledta)?” + Tb?' — Ca?' + Thiedta) - (3.38)

can be monitored at 545 nm at right angles to the exciting beam (360-400 rnn). 2 Flow- and
relaxation apparatus with spectral monitoring can be casily adapted to follow fluorescence
changes. #2183

It is in the study of reactions involving proteins that fluorescence comes inlo is own.
Thus, the reaction of carbonic anhydrase with a wide variety of sulfonamides (important in-
hibitors) results in a substantial quenching of the fluorescence of the native protein {Scc.
1.10.2 (b)) The binding of concanavalin A to certain sugars is most conveniently monitored by
atlaching a 4-methylumbelliferyl fluorescent label 9 to the sugar and examining by stopped-
flow the fluorescence quenching of the sugar on binding. 2124 See Structure 10, Chap. 1.
The kinetics of binding of “colorless” supgars can also be studied in competition with the
fluorescent one.?¥ Aliernatively, the protein may be chromoephorically modified. Since
Ca?’, an important component of many metalloproteins, can be replaced by La?* without

240
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gross changes in protein structure, the La(IIl) derivative can be monitored by fluorescence
mecthods, and give, indircetly, information on the native protein. **

The measurement of fluorescence life-tirmes has great value for prebing structural features
of proteins. It requires expensive equipment since very rapid extinction of the exciting nanose-
cond pulse is necessary and the rapid decay of the cmission must then be measured. ™ The
deeay of the tryptophan fluorescence of LADH is biphasic with T = 3.9 and 7.2 ns and these
are assigned to buried Trp-314 and cxposed Trp-15, respectively, 2%

3.9.4 Polarimetry

The polarimetric method naturally must he used when stereochemical change involving chiral
compounds is being investigated. The optical rotatory power of an optically active ligand is
dependent on the environment. This fact can be used o follow the interaction of resolved
ligands with metal ions,?*” Optical rotation changes accompanying reactions of proteins
(folding, conformational changces, hclix-coil transformations) are a useful monitor especially
now that stopped-flow and relaxation techniques have been successfully linked with circular
dichroism. 18

The polarimetric method is sometimes uscful for the study of exchange reactions in which
large rotation changes but no net chemical change is involved : %250

A-Co(—){pdta)~ 1 A-Coll(4)(pdta)? = A-Co'l{—)(pdta)*~ + A-Co"(+) (pdta)
(3.39)
A-[Colcage)]®* + A-[Cofcage)]®’ = A-[Colcage)]?™ + A-[Co(cage)|** (3.40}

(cage - a variety of cage ligands, > See Sect. 2.2.1{a)). Even when a very slight absorbance
change is involved as in (3.41)

(T)-Pbledta)?~ + R(-)pdia*~ = A-(1'}-Pb-R(—)(pdta)?~ ¢ edta’- (3.41)
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3.9 Spectrophotometry 161

the large rotational differences between the Pb-pdta complex and the pdta ligand (10) al 365
nm is more sensitive and may be utilized. ™7 Although polarimetry is rarsly supcrior to the
other speetral methods as an analytical tool, probing by more than onc monitoring device can
be informative. In the unfolding of apomyoglobin, monitoring by cd indicates a more rapid
change than when fluorescence is examined. This Is ascribed to changes in a-helical structure
{responding to ¢d) being [aster than those cccurring in the local environment of tryptophans
which show up in fluorescence. 21 See also Refs. 88 and 252,

3.9.5 Nmr Region

Nmr can be used simply as an analytical tool in which the strength of the signal is a measure
of the concentration of a particular species. With the advent of reliable machines, more sen-
sitive to small changes in concentration, and with the availability of multinuclear probes, the
method is finding increasing use for studying a variety of reactions. One disadvantage stilf is
the relatively high concentrations (typically 0.065—0.23 M) of solute that must be used, this
posing problems of availability, solubility or stability of material. Although we saw in Chap-
ter 1 an excellent example of the nmr analysis of the three participants in an A = B — C se-
quence, 2% its real advantage lics in the study of cxchange processes, using both the analylical
and the line broadening (next section) aspects of nmr. A selection of exchange rcactions

Table 3.8 Analyrical Applications of Nmr

‘type of Reaction Example Nucleus Used Ref. & Notes
Watcr exchange in cis-Cofen),(H, 0% 70 254, Signal for coordinaled water at
inert agua complexes  — O exchange 126 ppm decreases; sipnal for free

water at 0 ppm incrcases.

P{H,;* —H,"0 "G 255. High pressure probe allows
determination of AV*. Could also
use 5Pt %% but not as accurate.

Praton exchange in Coltren)(NH, 3+ 'H 257. Shows H exchange of various
ammines in D,0 ammine centers

Co(NIL,)]' /D0, ILO  *¥Co 258, Figure 3.11
Electron Cllttp, ClMipp+ ‘H 259, Anions accelerate, then must use
Transfer in CDCI, p-methyl peak line broadening (coalescence

(ttp = 5§, 10, 15, 20 Co'(tzp} temperature, next seclion)

tetra-p-tolylporphine & = 2.63 ppm
and tpp = 5, 10, 15, Co'l{ttp)

20 tetraphenylpor- & = 4.13 ppm
phing} (shifis from
Me,Si)
Ru(H,(M)3+2+ elec- "G and PRu 260. Injectivn technique. Also by line
tron transfer broadening with consistent resuits.
Subslitution V83~ + H,0 = sy 261. Can detect VOS2~ during slow
vOl- + §7- reaction
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162 3 The Experimental Determination of the Rate of Reaction

Signal intensity

\ A

A\J T T ™

80 60 40 Z0
ppm

Fig. 3.1 **Ce nmr spectra obtained as a function of time at 71.7 MHz and 25°C for 0.05 M
Co(NH,),Cl, in D,O/H,O (3:1) at pH 4.0. 1.7 min {A); 18 min (B}; 38 min (C); 68 min {1J); 107 min
(K) and 140 min (F). There is 2 5.6 ppm isotope shilt experienced at the Co nuclens for every proton
replaced by D on the W, Each H/D isotopomer can be observed. The final distribution will depend on
the H/D ratia in the salvent. A plot of the Hy; isotapomer vs. time is first order, & = 3.5 x10~ %571,
Ref, 258, Reproduced with permission from I ;. Russell, R, G. Bryant and M. M. Kreevoy, Inorg. Chem.
23, 4565 (1984), © (1984), American Chemical Society.

Signal intensity

1R

06 20 34 48 62 76 90 04 M8
Time {s)
Fig. 3.12 Parts of successively recorded 'H nmr specira obtained by stopped-flow nmr after mixing
Ff:(dmso)'g' with [%;]dmso in CD;NO, scluticn at 243.4 K. Fe(III} - 10 mM [*H,]Jdmso = 1.0 M,

Resonances: a = dmso; b = SiMe,. 2" Reproduced with permission from C. H. Mcateer, I Moore, J.
Chem. Soc. Dalton TFrans. 353 (1983).
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3.9 Spectrophotometry 163

studied by nmr monitoring is shown in Table 3.8 and illustrated in Fig. 3.11.72°* Y0 can
replace '¥Q) in tracer applications, and continuous nmr monitoring then replaces the tedious
analysis associated with the batch technique. Nowhere is this more evident than in the study
of the exchange of the 7 types of O in V0§ 11 with H,0. Using ®0, excellent first-order
traces indicating identica! exchange rates for all O’s were obtained.?® The individual O’s
{7 types) are identificd by nmr and the exchange data indicate some very sfight differences in
their exchangeability (but close to the values by '%0). 2 For other comparative cxamples sec
Ref. 264-266. One can also examine 80- 180 exchange by using the fact that 3C, %7258 g
well as P2 and other nuclei show different nmr signals when adjacent to **O compared
with '®Q, 'H Nmr has been extensively used for diamagnetic complexes such as those of
Co(11D) but there are problems with Cr(III) because of the long clectron spin relaxation times
associated with this paramagnetic ion. Using 2H nmr may be advantageous here since 40 fold
narrower lines resull. 2% Relatively fast processes can be examined by nmr by using fast injec-
tion techniques?® or flow methods, *¥'>"*%27 Fig, 3,12,

3.9.6 Nmr Line Broadening

The determination of the rates of fast cxchange processes by nmr linebroadening experiments
has been onc of the most significant factors in the success in understanding the mechanisms
of complex-ion reactions of all types. Among the nuclei which have now been utilized,
sometimes routinely, one finds 'H, “C, “N, "0, YF, ¥Na, ¥P, K and *Mn. For ex-
change, the proton is most used because of the favorable 100% abundance and 1/2 spin guan-
Lum number. However the proton is invariably far from the influence of the metal site and
chemical shifts between bound and free ligand are small. For this reason, *C, N, 70 or 3P
which are nearer the central atom are also used even though they are less sensitive nuclel, There
have been several comprehensive accounis of the application of nmr to the measurcment of
exchange rales. 7727

The same nucleus {say methyl protons) in different chemical environments A and B will
generally have nuclear magnetic resonances at different frequencies. 11 the exchange of pro-
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164 3 The Experimental Determination of the Rare of Reaction

tons between A and B is sufficiently slow, sharp lines corresponding to A and B wil! be
recorded. As the exchange rate increases however, it is observed that at first there is an initial
hroadening of the signals; this is followed by their coalescing, and finally, at high exchange
rales, narrowing of the single signal occurs.

This behavior is well typified in Fig. 3.13 involving the exchange®®

Collittp) + CoMnp)Cl = Co"fip)C1 + Co''(ttp) (3.42)

-32° -9° 3° 26° 4g°

Signal intensity

2 5 2 5 2 5 2 5 2
& (ppm}

-

=
f

Fig. 3.13 Tempcerature dependence of the p-Mc line shapes in 90-MHz 'H nmr spectra of a mixture of
Col¥(ttp) and Col™(tip) Clin CDCL,. tp - 5, 10, 15, 20-tetra-p-tolylporphine. 2 (Temperatures in "C).
Reproduced with permission from R. D. Chapman and E. B. Fleischer, J. Amer. Chem. Soc. 104, 1582
(1982). © (1982) American Chemical Socicty.

in CDCly. At temperatures around —30°C, the spectra of mixlures are additive and ex-
change is too slow to affect the signals, Near 0°C, as cxchange becomes important, the lines
broaden until they coalcsce at 26°C. Above this temperature, the methyl line appcars at the
average position and continually narrows as the temperature is raised, and the exchange is very
fast, The region between —10°C and near to 26°C is termed the slow-exchange region. That
around the coalescence temperature is the inrermediate-exchange region, and the region above
about 40°C is the fast-exchange region. Only the temperature region between —10°C and
about 50°C can be used to assess cxchange rates (see following discussion). For another exam-
ple of this sequence of events see Ref. 273.

(a) Slow-Exchange Region. 1f the exchange rate is very slow, the lines due 1o A and B in
the mixture correspond Lo the nes of the singlc components in both position and linewidth,

The broadening of the signal, say duc to A, as the exchange rate increases, is the difference
in full linewidth at half height between the exchange-broadened signal W%, and the signal in
the absence of exchange W9. This difference is often denoted Avi, — Avi,. If the
broadening of the lines i1s still much smaller than their separation and the widths arc expressed
in cps, or Hertz, then in this, the slow-exchange region. =™

WL — W9 - (n1,) (3.43)
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3.9 Spectrophotomeiry 165
The width W is related 1o the transverse relaxation time 7, by the expression
W= (nT,)" (3.44)

Now 1, is the required kinetic information, since it represents the mean lifetime of the
nucleus (for example, 4 proton) in the environment A.

1 = Al (3.45)
AT dAl/dr '

1, is the first-order rate constant &, for transfer of the nucleus out of sitc A. Similarly
for the signal due to B,

WE — Wi = (n1g) 7! (3.46)

0 = Bl (3.47)

B gIBl/ar '
and

T4 /Ty = [Al/[B] = ky/k, (3.48)

The values of 7, and 1 and the manner in which they vary with the concentrations of A
and B vield inlormation on the rate law and ratc constants for the exchange. (Prob. 11.)

The linewidth of the diamagnetic ¥MnQ, rcsonance, WS, is broadened on the addition
of the paramagnetic MnOZ~, but there is no shift in the signal position, which is proef that
we are in the slow-cxchange region. The broadened line width WT is a linear function of
added MnOj3~

AWE — nWQ =k [MnO3"] = &, (from 3.43) (3.49)
+d [MaO;)/dt — k,[MnO;J] (3.50)
= &, IMn02~] [MnO; | (3.51)

indicating that the exchange is second-order with a rate constant, k;.?”* This cxchange has
also been examined by guenched flow using radioactive manganese (see Table 3.3); there is
good agreement in the results, (See Problem 13.) The slow-cxchange region has been very
useful for studying the rates of complex ion reactions. 1t has been uscd to study fast glectron
transfer processes involving the couples Mn{VID)—~Mn{VI), (above), Cu(IT)—Cu(l),¥*
V(V)— V(IV), ¥ Ro{IID) — Ru(Il), ’® Mn{I1) — Mn(1), 2" Cu(II[} —Cu(l1),** Cu(taab)>*/* (14
in Chap. 8).* The slow-exchange region has also been used in studies of the exchange of
ligands between the free and complexed statcs, %3 ligand exchange in tetrahedral com-
plexes, 2 optical inversion rates in Co(Ell) chelates, 282 and a most impressive scries of
studies of exchange of solvent molecules between solvated cations and the bulk solvent (Ta-
bles 4.1-4.6) which merit a separate section ().

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



166 3 The Experimental Determination of the Rate of Reaction

(b) Intermediate-Fxchange Region. In the intermediate-exchange region, the separation of
the peaks is still discernible. This separation Avg (in cps) is compared with the separation in
the absence of exchange Av,. With the condilions of equal populations of A and B, thal is,
P, = Pyand P, + Py = 1, 14, = T4 and no spin coupling between sites:

T =2 (AVE — AV = 0t g (3.5
Coazlescence of lines occurs at
T =22 nAy, (3.5%
and
ky, = kg =1/21 (3.54)

The usc of the intermediate region (o determine rate constants is less straightforward,
although it is relatively simple to obtain an approximate rate ¢onstant at the coalescence
temperature, 2¥7-2%°

fc) Fast-Exchange Region, The two lines have now coalesced to a single line. Exchange is
still siow enough to contribute to the width, however. Eventually, when the exchange is very
fast, a limiting single-line width is reached. Under certain conditions in the fast-exchange
region 2907292

T = AnP Py(Av P (WE — ! (3.55)

where WT and WP are the widths of the single broadened and final lines respectively.

A number of studies have used the slow-, intermediate-, and fast-exchange regions with con-
sistent results. **” Both the slow- and the fast-exchange rcgions were used to analyze the ex-
change between Pt|P(OEt),], and P(OE1),?™ with very good agreement between the resultant
activation parameters. The intermediate region was not useful because of serious overlap of
lines.*™ The most reliable method involves matching observed spectra with a series of
computer-calculated spectra with a given set of input paramecters including t.2** Fig. 3.14.

{d) Exchange Involving a Paramagnetic Ton. When the nuclei examincd can gxist in {wo en-
vironments, one of which is close to a paramagnetic ion, then the paramagnetic contribution
to relaxation is extremely useful for determining the exchange rate of the nuclei between the
two environments, This is undoubtedly the arca on which nmr line broadening technique has
had its greatest impact In transition metal chemistry, particularly in studying the exchange of
solvent between metal coordinated and free (bulk) solvent. A variety of paramagnctic metal
ions in aqueons and nonaqueous solvents have been studied (Tables in Ch. 4).

When a paramagnetic ion is dissolved in a solvent there will be, in principle, two resonance
lines (due perhaps to 7O or 'H) resulling from the two types of solvent, ¢oordinated and
frce. The paramagnetic specics broadens the signal due to the diamagnctic one (free solvent)
via the chemical exchange. QOften only the diamagnetic species will have a signal because the
paramagnetic one is broadened completely by the interaction of an unpaired electron or elec-
trons and the nucleus. The sole signal due to selvent can still be used Tor rale analysis, however.
The broadening of the line will follow the sequence outlined above as the temperature of the

www.iran-mavad.com

Slas pwdige 9 bgziils x> e
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Expt.

Temp./K

293

—

FErT

283

273

263

Calcd.
/s
10 Hz
— 0.0096
A 0.025
0.055 ¥ig. %14 Experimenial (lelt) and best
fit calculated 'H numr line shapes of
UQ,(acac),Me,80 in o-C,H,Cl,.
A 0.085 Temperature and best fit T values are
shown at left and right sides ol the
figure.””? Reproduced with permission
A from Y. Ikeda, 11. Tomivasu and H.
Fukutomi, Inorg. Chem. 23, 1336

(1984). © (1984) American Chemical
Society.

solution is raised. A rigorous treatment of {wo-site exchange, considering the effccts of a relax-
ation time and a chemical shift, has been made by Swift and Connick,*** with some later

modifications, 2. 2%¢

The relaxation time is given by

1
P (W.E _ Wg) - _ 1 - PM IN%M B ™™ TZI\; - A(DM + PM
2 Tya T ( ! v Lw T Ao Ty
Tow 7 (3.56)
where
Tsa, T, = transverse relaxation times for bulk solvent nuclei along, and with solute
(concentration [M]), respectively.
Tom = rclaxation time in the environment of the metal,
Ty = nuclear relaxation times of solvent molecules outside the first coordina-
tion shell.
Ty = average residence time of the solvent molecule in the metal coordination
sphere (coordination number #),
Py = mole fraction of solvent that is coordinated to the metal ~ n [M]/[sol-
vent] for dilule solutions; Py, /1y = 1/7,
Ay, = chemical shift between the two environments in the absence of exchange,

(in radians s~7).
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168 3 The Experimentul Determination of the Rate of Reaction

The subscripts A and M refer to bulk and coordinated solvent, The lerm Py, /Ty, i in-
cluded in (3.36) when solvent exchange using ‘H nmr is studicd. The value Py' (757 — T3
is sometimes termed 73!, the reduced line width of the free solvent.

We can obtain the exchange regions oullined previously by considering various terms in
(3.56) deminant. These might be induced by temperature changes, There are four exchange
regions i-IV shown in Figure 2.15.%7 Only rarely is the complete behaviour displayed by a
single system.?°"?%” Although caution must be exercised in the use of approximate forms of
(3.56), regions 1T and III can provide us with exchange rate constants.

10
- I - “, I

1.,’?‘ - u '_ T = HKexch
= . .
,_I_N - . TMAl‘JM2 :
> .. H
= . B
= 3 . . *
w10 vt .
>~ - _ et
- 1/ Ty )( 1/ T

1 ! ]

27 33 39

103 7

Fig. 3.15 Temperature dependence of (1/P,)(Ll/T, — 1/7,,) for protens in CH,CN selutions of

Ni(CH,CNE' at 56.4 MHz. 27

Region II. If the chemical exchange is slow compared with the retaxation mechanism (which
is incorperated in the terms Awmy or T,y), that is,

0t Tod < Awd (3.57)
or
T Awgt < 5] (3.58)

then in either case

1 - 1 _ Py (3.59)
T, Ty T -

Relaxation is thus controlled by ligand cxchange between bulk and coordinated ligand, This,
the slow-exchange regien (11 in Fig. 3.13), is most uselul for obtaining kinetic data and for
studying effects of pressure.?® Since 7' = 4, the pscudoe first-order exchange rate con-
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3.9 Spectrophoiomelry 169

stant, then a semilog plot of V/P,(1/T, — i/T,,) vs 1/T will give an Arrhenius-type plot,
from which k, at any temperature, and the activation parameters for exchange, may be
directly determined.

—_AHT AST
5 ) (3.60)

kT
TM = h exXp RT + R

It is clearly shown, for example, in Fig. 3.15, that at 7 = 298.2 K(1/T — 3.36 x107?
KW =3 % 10,

Region IH. If rclaxation is controlled by the differcnce in precessional frequency between
the free and coordinated states, that is, if

Tt B AL (ty T} ! (3.61})
then
L ! P, Aw? (3.62)
—_— - = T ; .
TZ TZA MM M

Now the line widths decrease rapidly with decreasing 1,, (increasing temperature) and anti-
Arthenius behaviour is shown (Region [II). Nevertheless the exchange rate constant can be
determined if Aw,, is known. It is useful il data from Regions II and I11 can be used. The
Ni(dmso)* cxchange with solvent using "*C was studied in the fast-cxchange region, @ If
YO nmr is used, because Aw,,; is much larger, all of the data relate to the slow exchange
region, since (3.57) and (3.59) apply. ***™ There is good agreement in the data from the two
regions.

Region IV, If the T,y process controls relaxation, that is,

(TomT) ™' = Tids Aok (3.63)

then

[ 1 P
—_ oM (3.64)
TZ TEA T2M

Now the linewidths no longer depend on the cxchange ratc and onby vary slightly with
temperature. The chemical shift as well as the linewidth changes as chemical exchange
becomes important. Chemical shift is used less frequently to estimate exchange rates with
paramagnelic systems but is important in the study of diamagnetic ones,** 2%

3.9.7 Epr Region

Eleciron paramagnetic resonance can be valuable as 2 monitor when paramagnetic species are
being consumed or formed, as in the acid-catalyzed reaction®™ (see also Ref. 301)

HiG+

Cr(CN)L(NO)H,0); —— Cr{CN)NO)}H,(0), + HCN (3.65)
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170 3 The Experimental Determination of the Raie of Reaction

Since there are small differences in the epr of isotopes of a particular nucleus, these may
be uscd to study clectron transfer rcactions (Table 3.3)

BNi(cyclam)?t + Nifeyelam)™* +— ®Ni(cyelam)¥ + *Nifcyclam)?* (3.66)

Oply the Ni(IIl) complexes display epr sighals. Those or 8'Ni show a splitting of the g
feature owing to the nuclear spin (I = 3/2) of ¥Ni. This is missing in the corresponding >*Ni
complexes. 3*

Epr is most effective for detecting free radicals that may occur as intermediates in oxidation
and reduction reactions involving transition metal ions. Since these transients are invariably
quite labile, cpr is combined with continuous flow,>3%% (more conveniently) stopped-
flow, ¥94-3% flash photolysis, ¥ and pulse radiclysis. '

A sharp epr signal observed 0.1 s after mixing Cr(I11) (which has a bread cpr spectrum) and
H,0, in base can be assigned to a transient Cr(V) intermediate. The subsequent loss of the
epr signal parallels the absorbance loss at 300 nm, ¥

Radicals such as OH® and O7 can be slabilized, and detected by epr, by spin-trapping wilh
deO, 12 307,308

”3“70

HqC

C—Z

12

3.9.8 Epr Line Broadening

Another example of the use ol spectral line broadening for rate measurements is by epr,
although the method has been much less used than nmr. [I covers & range of very short
lifetimes, 1074 —10"1 5, The very rapid intcraction of ligands with square-planer complexes
at the axial positions are suitable for treatment by epr line hroadening.?® The fast self-
exchange reactions involving Cr(l) and Cr(Q} complexes of bpy3'® and n%-arenes®! have also
been studied by epr line broadening and full details and equations are provided, ™"

Anionic radical ligand derived from alloxan 13 shows cpr which arc markedly affected by
coordination to diamagnetic Mg2*, Ca?" and Zn®" ions.

The splitting patterns due o ligand protons and N nuclei differ in the free ligand and the
M2+ complexes, There is rapid intramolecular exchange of M2 between two possible sites
{(shown in 13) and this leads to line broadening which can be uscd to measure the exchange
rate constants (3 x 10%s~1to 2 » 107 s71.3"2 Sec Table 7.4.

y o
N

o=< o
N
H %%
13
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310 Non-Spectrophotometric Methods 171

3.10 Non-Spectrophotometric Methods

Non-spectral methods are generally less useful although in specific cases, they may represent
the only monitoring method.

3.10.1 [H*] Changes

Many complex-ion and metalloprotein reactions are accompanied by a change in the hydrogen
ion concentration. This may be as a direct result ol the reaction under study or because of
fast concomitant secondary reactions that monitor the primary reaction, The change of [H']
with time may therefore be used qualitatively, to give insight into the number of changes oc-
curring during a reaction, or as is morc usual, guantitatively, to measure the rate of the reac-
tion or reactions. There are basicaily two ways ip which [H*] changes are measured in
kinetic studies.
fa) Glass Electrode. The relationship

pH — —log ay- (3.67)

means that pH values read from a meter must usually be converted from activitics into concen-
trations of H*, [H*], by using activity coeflicients, caiculated, for example, from Davies’
equation

_[A]lezullz

Cege T bw (3.68)

logy; =

Alp =01M, 4 = 0507 and B — (.1, and therefore
—log[H*] = pH — 0.11 (3.69)

For experiments in D,O, pD — pH 4 0.40," while Tor work in mixed aqueous solvents,
an operational pH scale has been used. ™* A small correction must thercfere be made in
estimating [H*] or [OH ] from the pH, when these concentrations have to be used for
calculating the rate constants in [H™']-dependent rate laws. However, d[pH]/dt can be used
direcily as a measure of d]H7]/dt provided that only small pH changes are involved in the
reaction. Since the rates of many reactions are pH-sensitive, it is obviously scnsible in any case
to avoid a large pH change. Specialized apparatus has been developed that will measure a
change as small as (.001 pH unit in an overall change of 0.05 pH unit during the reaction.
Such equipment has been successfully employed in (he study of cerlain enzyme reactions. "
Obviously, the reaction must be sufficiently slow so that the meter or recorder response does
not become rate-limiting. In certain cascs, it may be necessary to add a small amount of buffer
to keep the pH change reasonably small.

In a ¢lever variation of the use of a pH change to monitor rate, the pH ¢hange is minimized
by the controlled and registered addition of acid or basc to maintain a constant pH during
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172 3 The Experimental Determination of the Rate of Reaction

the reaction. The rate of addition of reagent is thus a measure of the pH change and the reac-
tion rate. The so-called pH-star method has the decided advantage that reactions can be
studied at a constant pH without recourse to buffers. it can only be used for reaction half-lives
in the range 10 sec to a few hours, because of the slow response time, and possible electrode
drift, over longer imes.

th) Indicators. It may be morc convenicnt, or cven essential in certain cases, to avaid the
glass electrode and register d[H *]/dr using an appropriate acid-base indicator. This is
usually necessary in the study of rapid reactions, although glass electrodes have been incor-
porated into continuous-Mow apparatus (Sec. 3.3.1). The acid-base equoilibrium involving the
indicator is usually established rapidly and will not be rate-limiting with flow meusurements,
but may have to be considered with temperature-jump cxperiments, carricd out at the shortest
times, Some useful indicators that have been used are bromochloropheno! blue (pXK = 4.0),
bromocresot green (4,7), chlorophenol red (6.0}, bromothymol biue (7.1}, and phenol red (7.5).
The figure in parcnthesis is the pK, and therefore the optimum pH value al which the in-
dicators may be used. For a fuller list sce Refs. 316 and 317. As always, onc must take carc
that the indicator does not interfere with the system under study. Thymol blue and phenol
blue, but nol bromocresol green, interact with certain metals ions at pH 4.5.3® The acid-base
propertics of certain napthols are modified in the excited state. ' Large pH changes can
thereby be initiated by electronic means within nanoscconds and monitored by indicatars, ™**
(Table 3.4).

The types of reaction for which pH monitoring is uscful arc as follows, The mode of
monitoring, (a} or (b) above, wiil be determined by the rate.

(1) Spontancous and metal-ion catalyzed base hydrolysis of esters, amides, etc.?"”

Ha Ha
RN <
P o M P oy (3.70)
o—¢ o—¢
s Y W
Et o} o

pH changes linked to indicators have been effectively used {o probe the carbonic anhydrase
catalysis of (he reaction®”

CO, + H,O0 == H* + HCOy (3.71)

and (indirectly) enzyme catalyzed hydrolysis of fructose biphosphate. 3%

Reduction of D-proline by D-amino acid oxidase at pH & shows two steps when monitored
at 640 nm. These are interpreted as the build-up and breakdown of a reduced enzyme-imino
acid charge transfer complex. If the reaction is monitered using phenol red the same two rates
are observed but additionally the release of =1 proton for cach step can be assessed and inter-
preted. The indicator changes are followed at 505 nm and 385 nm, which are isoshestic
wavclengths for the two steps (without indicator), 2

(2) Formation and dissociation of complexes containing basic ligands. 2% The
polymerization of Cr(III) in basic solution is a complex reaction the kinetics of which only
recently have been probed, Monitoring the pH changes using a pH-stat aids considerably in
the understanding of the species involved.
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310 Non-Spectrophotometric Methods 173

The acid-base propertics of a transicnt can be asscssed directly by placing a glass clectrode
in a streaming fluid that is generating that transient a few ms after the mixer. The pH is
measured after the electrode has equilibrated. A series of measurements of the extent ol pro-
tonation vs pH yields a pK, value in the usual way, The pK,'s of H;VO, (and lower pro-
tonated species) and Ni(H,0%™ could be determined, without interference by slightly slower
polymerization. ¥

3.10.2 Cationic and Anionic Probes

Electrodes are now available for the selective determinaiion of the concentrations of a large
number of cations and anions, ** Halide-sensitive electrodes have been used (0 monilor reac-
tions, *® bul their relatively slow response has restricted their use. They may have particular
utility in the study of reactions with low spectral absorbance changes and also in an ancillary
role to the kinetics determination.

Although the rate of hydrolysis of nitroammine cobali(IIl) complexes can be easily
measured spectrally, it proved important to monitor for loss of NH; or NO5 groups in the
early stages by using selective electrodes. The dominant loss of NH; or NOj3 in the first stage
depended on the complex.??’

3.10.3 Conductivity

The conductivity method of monitoring has occasionally been valuable for studying specific
reactions. It is a colligative property and rarely shows up the {ine reaction detail possible with
spectral measurements. It can cope with a widce varicty of rates and is convenient (o use with
flow, retaxation, laser photolvsis and pulse radiclysis techniques (Table 3.7)."" 2™ It has
decided value in relaxation technigues since in these the changes in concentration of reactants
are usually small and conductivity is a very sensitive and rapidly registered property. High con-
centrations of nonrcacting clectrolyte are to be aveided however, since otherwise the conduc-
livity changes would be relatively small, superimposed on a large background conductivity.

Conductivity monitoring is most valuable {or sfudying reactions which have very small
spectral changes but which are accompanied by pH changes. The interaction of group 1 and
2 metal ions with cryptands and diaza-crown ethers has been studied by flow/conductivity
methods, "™ Conductivity monitoring has been linked to reactions which may follow pulse
radiolysis, for example, in examining the

a0] . I

V(Ji(: 8 x 10'?’1:1' iy ! Vo~ 15 x 1(;'1“7:1*'5“‘ VOH' (3.72)
rapid conduclivity decrease corresponding to loss of 1 H' in the second step of (3.72)** or
following laser photolysis of Cr{lIl} complexes. 247" (Probs. 5 and 6.) Of course, pH-
indicators might alse be used (Sec, 3.10.1(b)) but might be effected by the perturbation. A con-
ductivity cell for use at high pressurcs has been employed to measure AV * for substitution
reactions of ¢is- and trans-Pt(L),C1X with pyridine in various solvents. 38
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174 3 The Experimental Determination of the Rate of Reuction

3.10.4 Thermal Changes

If a reaction is accompanied by a change in AH, then the temperature of that reaction sensed
with time is a measurc of the rate. Although the method has found little use generally, it can
be linked to a stopped-flow apparatus and this allows the determination of the thermal pro-
perties of a transient.?%-27 The heat of foermation of an intermediate, which decomposes
with & = 0,275 !, in the complicated luciferase-FMNH, reaction with O, can be measured
by stopped-flow calorimetry. ?%

3.10.5 Pressure Changes

Reactions accompanied by gas evolution or absorption may be followed by measuring the
change in pressure in a sealed vessel equipped with a manometer. The method has been used
to study decarboxylation reactions, the decomposition of hydrogen peroxide™® and the
homogeneous reduction of transition metal complexes by M, . ¥ It is essential to check that
the rale of eqailibration between dissolved gas in and above the sohition, or that the manipula-
tion timcs in using the manometer, or both, are not being measured and thus mistaken for
a (faster) reaction rate. Again a combination of monitoring mecthods can be helpful, as in the
study of the Ag(l) catalyzed decomposition of S,03~. Both the loss of 5,0f~ {polaro-
graphically) and the gain of (), (Warburg meter) were monitored. **

3.10.6 Electrochemical Methods

Polarography can function, like nmr and epr, in a dual manner, both as an analylical and a
competitive probe, For polarography to be potentially uscful analytically, onc of the species
in the reaction must give a polarographic wave. The limiting current at a given potential is a
measure of the concentration of the species involved and so a change of waveheight with time
is recorded. The polarographic method rarely has any obvious advantages over other methods,
although it is straightforward to usc. It is increasingly being used in laboratorics where elec-
trochemical measurements are perhaps the main thrust, and the equipment and expertisc arc
readily available.

A graphite rotating disk electrode maintained at 0.5 V is used {0 monilor the reaction of
Ru(NH,)' as it is being oxidized by O, to Ru(NH,)i*. The limiting current is proportional
to [Ru(NH,)Z*] and therc is no interference by O, or the product. The electrode is rotated at
3600 rpm to ensure rapid mixing of reactants within seconds, since reaction times are
20-30 5.%*2 See Ref. 333. Square-wave amperometry has been linked 1o stopped-flow to
measure reaction hall-lives as short as 5§ ms,

Polarographic probes that respond specifically to concentrations of Q,, €O, or 50, are
very useful. They have decided advantages over the more clumsy manometric monitoring.
Their usc is Lmited to slow rcactions or the continuous-flow approach, because ol the
rclatively long response time of the probe. ™ An 0,-electrode system for incorporation in a
spectrophotometer cuvette, for simultaneous moniforing of [O,] and spectral changes, has
been described. 6

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



3.1 Barch Methods 175

The polarographic iechnique c¢an be used to measure the rates of rapid reactions, ™7
Because an “internal” process is examined the problem of mixing is avoided, as it is in the
relaxation and other non-flow methods. The rate of diffusion of a species (which can be ox-
idized or reduced) to an clectrode surface competes with the rate of a chemical reaction of
that species, for example

Cd + 4CN~ « 2 CACN}™ = “CdCN)y + CN- (3.73)

Values of &, and &_, may be extracted from the polarographic data, although the treat-
ment is complex. 7 Hxamples of its use to measure the rute constants for certain redox reac-
tions are given in Refs. 339 and 340 which should be consulted for full experimental details.
The values obtained are in reasonable agreement with those from stopped-flow and other
methods. The technique has still not becn used much to collect rate constants for homogenous
reactions. " The availability of ultramicroelectrodes has enabled cyclic voltammograms o be
recorded at speeds as high as 105 Vs~!, Transients with very short lifctimes (< us) and their
reaction rates may be characterised. >

3.11 Batch Methods

All the methods described above have been amenable to continuous monitoring as the reaction
procecded. In this scction the batch procedure is described, in which aliguots of the reaction
mixturc are removed at various times and analyzed, Although the batch method is tedious it
must be used to study certain cxchange rcactions and when the quenched-flow technique is
used (Sec. 3.3.2). Recent evenis have suggested that batch analysis of a reacting system may
give vilal information not easily oblained by routine spectral analysis, see the next section.

{a) Chemical Methods

In years past, the hydrolysis of ions such as Co(NH,).Cl** or cis-Co{cn},F; has been
studied by volumetric analysis of liberated chloride or fluoride jons respectively. Such purely
chemical methods of assay have been largely superseded by continugus monitoring of the
hydrolyzed substrate, based on some physical property, Chemical methods do have the advan-
tage, however, of analyzing specific reactants, usually after a separation, and should always
be used (at least in one run) to check the stoichiometry of the reaction if this is in doubt and
10 monitor reactions that may have irritating side reactions,** Only recently has it been
rcalized that the reaction of Co(NH;);H,0*% with SCN~ leads initially to botk S-(26%}) and
N-bound thiocyanate cobalt(I1]) complexes. This can be shown by early sampling of the rcac-
tion mixture combined with ion-exchange separation. Previous kinetic studies with spectral
monitoring failed 1o observe the S-bound isomer. Since the S-bound isomerizes completely to
the N-bound form in the samc time frame as the anation reaction, accurate anation rate con-
stants are best obtained by observation at the isosbestic point for Co(NH,),SCN?** and
Co(NH,),NCS2*, Ref. 344.
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176 3 The Experimental Determination of the Rate of Reaction

Another classical reaction which has been reinvestigated by the batch method {with quick
HPLC separation of samples withdrawn at various times) is the acid-catalyzed substitution
of Co{CN);Ni~ by SCN~. The products are Co(CN}H,0%7, Co(CN),SCN?~ and
Co(CN}JNCS?~, The kinetics of these reactions are difficult to disemtangle by in situ spectral
examination alone, and indeed this procedure has led Lo erroneous conclusions, ™ Care must
be observed that the separation procedure used in the batch method does not alter the condi-
tions of thc systcm. 3

{b) Isotopic Analysis

The usc of radioisotopes as an analytical tool, although somewhat laborious, has decided
value. The reaction

Co(NH;),PO, + H,0 — Co(NH;);H,0% + PO}~ (3.74)

has been studied using *P-labellad complexes. The spectral changes are insufficient for casy
analysis.*¥ Because of the high sensitivity of radioisotope assay, UM or less concentrated
solutions of complexes can be examined, In this way the effect on the rate of low ionic strength
(for which the Debye-Hiickel treatment is most applicable ) or low concentration of ions can
be asscssed. In using radioisotopes to study exchange reactions, we must necessarily use the
batch method.

Full experimental details for assaying '®Q), commonly used for studying exchange reac-
tions, have been given by leading practitioners. **® Usually the oxygen-containing compound
is converted into a gas, CO, or O, for example, which is analyzed usually by mass spec-
trometry bui also by densimetry.™® The cxchange reaction between Au{**NH,);' and NH,
has been studied®® by precipitating at various times the gold complex (as phosphate) to
quench the reaction, carrying out Dumas destruction of the precipitatc at 400 °C and analyz-
ing the evolved pas by optical emission catalysis. The latter method is effective for PN and
3¢ analysis. ™ "O-sampling techniques lead Lo the sum of all exchanging oxygens and occa-
sionally it is difficult to distinguish between oxygens of very similar exchangability. In this
respect the nmr method is superior, as wcll as representing an i site technique, Nmr can be
used to determine the '¥Q environmeni of a species (and an exchange rate) by examining the
nme signal of adjacent atoms c.g. '*C, ¥P etc. (Sec. 3.9.5).

3.12 Competition Methods 33!

Occastonally it is as useful to obtain refative constants for a series of reactants acting on a
common subsirate, as it is 1o have actual rate values. Relative rate constants are obtained by
competition methods, which avoid the kinetic approach enlirely, The method is well illusirated
by considering the second-order reactions of two Co(IlI) complexes Coll' and Co}' (which
might, for example, be Co{NH,),C12* and Co(NH,)sBr?*), with a common reductant (Cr{11)
(leading in this case to CrC1?' and CrBr?* respectively):
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3.12 Competition Methods3* 177

Colll + Cr'' — Co" + il &, (3.75)
Colil 4 Cril —» Coll 4 Crlll 4y (3.76)

Il Cr(IIy is used in deficiency, that is, if the starting conditions are [Cr'"]; < [Colll] |
[Coh'], then when the reaction is complete it is clear that the ratio of Co(l1I) complexes re-
maining, |Coill],/[Coll],, will be related to their relative reactivities. Great care is necessary
1o ensure thorough mixing of all reagents particularly when, as in this example, rapid reactions
are involved, otherwise fallacious results might resuit, ** The problem of efficient mixing is
circumvented by gencrating the scavenged matcrial iz sifi in the presence of the two compeling
species. The generating process may be much slower than its scavenging and yet still be used
successfully (see Prob. 17).3 The approach has been particularly useful for studying certain
radicals with low optical absorbancies.

The reaction of pM concentrations of O radicals (produced by pulse radiolysis) with
substrates such as Co(en)l' produces very small absorbance changes. The reaction of O
with SCN~ on the other hand (k = 6.6 x 10° M !s ! a( 25°C) yields the highly absorbing
{SCN)3. Competition of Co{enpi* with SCN~ for OH' can be used to measure the relative
rate constanls and hence the value for O™ with Co(en);™ Ref. 354, 355, This approach is
useful for the study of reactions of CO¥ and (537 with pairs of reactants.

3.12.1 Stern-Volmer Relationship

The decay of the excited state #*S is through a number of processes shown in Egn (1.32) with
a combined first-order rate constant &,

§ 25 +8 % (products), (3.77)
When a quencher Q (B in (1.32)) is added there is an additional path for deactivation

5 — *5 2%, (products), (3.78)

Il is easy to see that if 7, and t are the excited state lifetimes in the absence and in the
presence of guencher, respectively, then

. .1 L) Y . :
. X =1+ % [Q] (3.79)

This is the Stern-Volmer relationship with Ky, = &,/k,y, and is an important basis for
determining quenching rate constants after pulsed cxcitation. The guantum vicld of (pro-
duct), can be measured without (¢y) and with (¢) guencher under continuous excitation
{¢ = moles of product/einsteins of light absorbed by system). Assuming that a steady state
concenlration of *S$ exisls in both cases,

B -t ko) (3.80)
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178 3 The Experimental Determmination of the Rale of Reaction

This represents a competilive, non-kinetic, method for determining relative rate constants
for the photochemical system. The value of &, may be obtained after one dircet determing-
tion of %, has been made. For an extensive compilation of quenching rate constants for ex-
cited states of metal complexes see Ref. 358.

3.12.2 Isotope Fractionation

Another powerful application of the competition method is in isofope fractionation ex-
periments. These allow determination of the relative rates of reactants with different isolopic
composition. Co}! in (3.75) might be Co(NH;)H,"%0** and Co}' in (3.76) might bc
Co(NH,)H, %03 . By examining the *Q)/ '*0) contents of the Co(11l) complex remaining
after all the other reactant {Cr{ll) or V{I[), for example} has disappeared, one can determine
Ko/ ko (=F), their relative rate constants, obtaining thereby the isotepic fractionation laclor
S Since the rate constanis are so close, separate studics of the two rcactions could not possibly
yicld the ratio with the desired accuracy. The %0/ 180 ratio in the complex, converted to H,0O
by heating and thence equilibrating with CO, for assay, can however be accurately deter-
mined by mass spectrometry. An accuratc value for f can thence be obtained, although the
lreatrnent and procedure are complicaled.

In the reaction of a cobalt{lll) aqua complex containing 'O and 'O with another
reagent, >

T din[°0]  ["0] la’[”’O]
/= kg dIn[B0O] T d[FO]  |%0] (3.81)

[t can be shown that®0

fe Ino{l — N/ (1 — Ny - logu i
B In a (N, /N,) log a (N, /N,)

(3.82)

where o. = [Co(1II)], /[Co(lll}],, the fraction of complex sample left unreduced at time ¢,
which may conveniently be designated as that when all the other reagent is con-
sumed.

N,, N, = mole fractions of '*0 in complex alter partial reduction and initially.

BC kinetic isotope cffccts have been used to determine the degree of C—C breakage in
metal and non-metal catalyzed decarboxylation of oxalacetic acid.’® (Sec. 2.2.2).

3.13 The Study of Transients

A knowledge of the properties ol transients is an integral feature in understanding the rate
and mechanism of reactions. We concentrate here on labile species, because the propertics of
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3.3 The Study of Transients 179

transienls arising in slow reactions can be usually determined by conventional methods on
equilibrated solutions. Flow and the massive perturbation techniques (but not the relaxation
methods) can, as we have seen, gencrate sizeable amounts of reaclive transients, The technigue
nsed to examine thefr properties depends on their reactivity. The lifctime of transients is con-
trolled by self-rcactions, reaction with solvent, buffer, etc.

3.13.1 Spectral Properties of Transients

The presence of intermediates suggested by a mechanism has been supported in a number of
cases by rapid scan spectrophotometry. Examples include Ni{IT) polyamine complexes during
acid dissociation, **>* protonated and ring-opened cobali{II1) carbonate complexes during
acid dissoctation, *® copper(I1l} intermediates in the oxidation of Cu(Il) by OCl ,*" and
Mn(V) penerated in the course of the MnQ);, SO%~ reaction.??! Streak camera recordings of
transient spectra in 200 ps intervals demonstrates two distinct transients in the reaction of
Cr(en),(SCH,CO,)* with OH® radicals, generated by pulse radielysis, >

An important development for detection of transient organometallic species is fast time-
resolved infrared.'™ The transient is generated rapidly by uv-visible flash photolysis and
monitored by ir with ps resolution. Spectra are obtained from a series of kinctic traces
recorded at about 4 cm~! interval.

Uv-vis flash photolysis of [CpFe(CO),]; (14) and MeCN in cyclohexane at 25°C gives the
ir/time display shown in Figurc 3.16. This shows that 14 is destroyed in the flash and that there
are two intermediates CpFe{uCO)FeCp (16) and in much smaller amounts, CpFe(CO);3, (15).
The principal intermediate reacts relatively slowly with MeCN to give Cp,Fe,{(CO),(MeCN)
{17) and the decay of 16 mirrors exacily the increase in 17 (k = 7.6 x 10° M 's "' at 24°C

Fig. 3.16 Time resolved ir spectra ob-
taincd by uv flash photolysis of
[CpFe(CO),],(14) (0.6 mM) and
MeCN(6mM} in cyclohexane solution
at 25° Only ~ 5% of 14 is desiroyed
by the flash so that the concentration
of 16 < 14, The spectra have been
reconstituted from =70 kinetic traces
recorded at intervals of ~4 cm~!
from 1750 ¢m ! to 1950 cm ', The
first three spectra correspond to the
duration of the firing of the flash
lamp and subsequent specira are
shown at intervals of 10 ps. The
negative peaks in the first spectrum
(subsequenliy omitted) are due to
material destroyed by the flash, %*
Reproduced with permission from A.
I. Dixon, M. A. Hcaly, M, Poliakoft
and I L Turner, J. Chem. Soc.

em™! Chem. Comim. 994 (1586)
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80 3 The Experimental Determinalion of the Rale of Keaction

by separate kinetic experiments). The radical 15 disappears rapidly (prabably by recombina-
tion) but does not produce much 17.%% The impact of these observations on the understan-
ding of mechanism is self-evidenl.

The three stages in the replacement ef three dmso molecules in Al(dmso)¢™ by one terden-
tate ligand, trpy, (I8) in nitromethane solution is resolved beautifully by flow/mmr, The
method is effective becanse nmr can monitor specifically for free dmso. ' See also Fig. 3.12.

18

3.13.2 Thermodynamic Properties of Transients
In the equilibria
K Kn
Zn?r 4 803~ == Zn¥*|[sOI~ == 7nS0, (3.83)

electric ficld jump (Sce. 3.4.3) allows the measurement of K| (1.3 x 10*M~1). Low-ficld con-
ductance measurements give an overall cquilibrium constant K, K, = 7.5 x 108 M, from
which it follows that the ratio of contact to solvent separated pairs (K,) is 5.8 x 107, Ref.
367.

If & transient is formed rapidiy within mixing timg, bul undergoes further reactions slowly,
then the thermal propertics of the transicnt may be determined using thermal monitoring.
When Cr(VI) containing HCrO7 and Cr,0% is treated with base, reaction (3.84) occurs
within mixing and the associated heat change can be measured, isolated from the much slower
(3.85)%

HCrO; + OH- = Cr0i~ + H,0 (3.84)

Cr(03~ + 20H™ — 2Cr0}” + H,0 (3.85)
Similarly, the spectrum of a mixture of Fe(lpps)H,0" and Fe(tppsOH)?  can be
mcasurcd by rapid scan/stopped-flow at various pH's within a few milliscconds after gencra-

tion {Fig. 3.9). In this short time, dimerization i3 unimportant so that the spectrum of
Fe(tpps)OH?2~ can be measured and the pK, of Fe(ipps)H,0~ estimated. %

3.13.3 Chemical Reactivity of Transients

Different chemical reactivity may be used to diagnose structurally different groups. The use
of flow simply widcns the dimension of this use, The reactivity of the cnol but not the keto
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form of aldehydes as a substrate towards horseradish peroxidase I (by stopped-flow) can be
used to estimate {as 0.01-0.001%) the enol form in the equilibrium mixture, 35

The reactions of an unstable intermediate ¢an be studied by the use of multiple mixers. The
transient is generated in one mixer and then mixcd with a reagent in a second mixer. Monitor-
ing after thc sccond mixer is usually by spectra.®% The protonated superoxotitanium(IV)
species TIO(HQO3) is formed by mixing a Ce(IV) solution with one containing H,O, and
TiO** {which gives Ti((3,)*").

Ti(0,)> + Ce(IV) —25 TIO(HO3)?* + Ce(ll) & = 1.1 x 105M~'s™" (3.86)

The mixture is flowed for 0.23-0.31 s ! before being allowed to react in a sccond mixer
with the cxamining reductant. In this time, there is a maximum production of TIO(HO3)*™,
and insufficient time has elapsed for its decomposition to be marked. %

TIOHO)?*  — TiO2* + HO, & = 0.i1s ! (3.37)

Transicnts such as OF or HO; can be generated in solution by pulse radiolysis of O,. If
such solutions are contained in one syringe of a stopped-flow apparatus they may be mixed
with substrate and the tinal mixture examined spectrally, For flow experiments these transicnts
musl, of course, have lifetimes longer than & few millisccond. For the examination of more
labile transicnts, production may be by laser photolyscs or pulse radiolysis, and the substrate
under examination must be then incorporated in the pulsed solution. Care has now to be taken
that substantial amounts of the substrate are not lost (by reaction) as a result of the pulse.

References

1. A, S8amuni and G. Czapski, I. Chem. Soc. A, 487 (1573); (5. Davics and B. Warnguist, Coordn. Chem.
Revs. 5, 349 (1970); M. Knoblowitz, [.. Miller, I. I. Morrow, S. Rich, and T. Scheinbart, Inorg. Chem.
15, 2847 (1976).

2. A. C. Melnyk, N. K, Kildahl, A, R. Rendina and I, H. Busch, J. Amer. Chem. Soc. 101, 3232 {1979).

3. J. Simplicio, K. Schwenzer and F. Macnpa, J. Amer. Chem. Soc. 97, 7319 (1975).

4. E. L. Evers, (. G. Jayson and A. I. Swallow, J. Chem. Soc. Faraday Trans. I 74, 418 (1978).

5. R. F. Evilia, Tnorg. Chem. 24, 2076 (1985} and refercnces therein.

6. R. G, Khalifah, G. Sanyal, D, J, Strader and W, Mgl, Sutherland, J. Biol. Chem. 254, 602 (1979);
G. Sanyal and R. G. Khalifah, Arch. Biechem. Biophys. 196, 157 (1979).

7. P. ). Connolly and E. 1. Billo, Inorg. Chem. 26, 3224 (1987).

8. [ J. Livingston, N. L. Davis, G. N. LaMar and W. D. Brown, J. Amer. Chem. Soc. 106, 3025 (1984).

9. M. Ardon and B. Magyar, J. Amer. Chem. Soc. 186, 3359 {1984); M. Arden and A. Bino, Structure
and Bonding, 65, 1 (1987); P. Andcersen, Coordn. Chem. Revs. 94, 47 (1989). This structure persisls
in concentrated solution.

10. L. M. Veigel and C. S. Garner, Inorg. Chem. 4, 1569 {1965).

11. C. Narayanaswamy, T. Ramasami and D, Ramasamy, Inorg. Chem. 25, 40352 (1986); H. Bruce, I
Reinhard, M. T. Saliby and P. 8. Sheridan, [norg. Chem. 26, 4024 (1987).

12 S. Balt and C. Dekker, [norg. Chem.15, 1025 (1974).

13. R. Koren and B. Permulter-Hayman, Israel I Chem. 8, 1 (1970).

14, W. G. Jackson, S. 8. Jurisson and B, C. McGregor, Inorg. Chem. 24, 1788 (1985).

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



182 3 The Fxperimental Determination of the Rate of Reuction

15. A. I. Thomson, A. E. Robinsoen, M. K. Johnson, R. Cammack, K. ¥. Rao and Do O Hall, Biochim.
Biophys, Acta 637, 423 ([981).

16, A. J. Mirallcs, R. E. Armstrong and A. Haim, J. Amer. Chem. Soc. 99, 1416 (1977); D. Pinnell and
R. B. Jordan, Inorg. Chem. 18, 3191 (157%).

17. M. (. Burnett and M. Gillallen, J. Chem. Scc. Dallon Trans. 1578 (1981).

18. A. Haim, Inorg. Chem. 21, 2887 (1982}

19, G, Davies and A, R. Garafalo, Inprg, Chem. 19, 3543 {1980); D, H. Macartney and A. McAuley, [norg.
Chem. 20, 749 (1981).

20. H. E. Toma, A. A. Balisla and H. B. Gray, J. Amer. Chem. Soc. 104, 7509 (1982).

21. M. W. Fuller, K.-M. E LeBroeq, L. Leslie and 1. R. Wilson, Aust. J. Chemn. 39, 1411 (1986).

22, K. Madle, A, Hasnedl and S, Veprek-Siska, Coll, Czech Chem, 41, 7 (1976); F. R, Duke, Inorg. Nucl.
Letters 12, 107 {1976).

23. [0 F. Bvans and M. W. Upton, I. Chem. Soc. Dalton [rans. 2525 (1985).

24. 1. Veprek-Siska and V. Ettel, J. Inorg. Nucl. Chem. 31, 789 (1969).

25. L I Bunnett in B S, Chap. III, directs attention to the various points that should be considered before
and after a kinetic study.

26. (r. A, Lawrance, Chem. Revs. 86, 17 (1986).

27. A. D. Hugi, L. Helm and A. E. Merbach, Helv. Chim. Acta 68, 508 (1985).

28. W. I Ferguson, K. I. Braunschweiger, W, R. Braunschweiger, J. R. Smith, 1. 1. McCormick, C. C.
Wasmann, N, P, Jarvis, D, H. Bell and N. E, Good, Anal. Biochem. 104, 300 (1980),

29. K. Hegetschweiler and P. Saltman, Inorg. Chem. 25, 107 (1986).

30. D. Masi, L. Mealli, M. Sabat, A. Sabalini, A. Vacca, F Zanobini, Helv. Chim. Acta 67, 1818 (1984).

31. . Wang and L. M. Sayre, Inorg. Chem. 28, 169 (1989).

32. R. N, Smith, Anal. Biochem. 93, 380 (1979).

33. M. Kotawski and R. van Eldik, Coordn. Chem. Revs. 93, 19 (1989).

34, I R. Graham and R. J. Angelici, Tnorg. Chem. 6, 2082 (1967).

35. 1. O. Bdwards, F. Monacelli and G. Orlaggi, Inorg. Chim. Acta 11, 47 (1974).

36, J. H. Swinehart and G, W, Castellan, Inorg, Chem, 3, 278 (1964); I 11. Swinehart, J. Chem, Educ.
44, 524 (1967), gives a full description of the study of the equilibrium Cr,07# © + H,0 — 2HCrO7
by changing the total concentration of Cr(V1} and watching the concemitant spectral changes on a
recording spectropholometer.

37. J. E. Eccleston, R. G. Messerschmidt and D, W, Yates, Anal. Biochem. 106, 73 (1980),

38. D. AL Buckingham, P. J. Cresswell, A. M. Sargeson and W, G. Jackson, Inorg. Chem. 20, 1647 (1981).

39, B. F. Peterman and CAW. Wu, Biochemistry 17, 3889 {1978).

40, Z. A. Schelly in B2L, p. 35-39.

41. H. Kihara, E. Takahashi, K. Yamamura and 1. Tabushi, Biochem. Biophys. Res. Communs, 95, 1687
{1980),

42, 8. Saigo, J. Biochem. Japan 89, 1977 (1981).

43. L. E. Erickson, H. L. Erickson and T. Y. Meyer, Inorg. Chem. 26, 997 (1987).

44, Trom R. G. Wilkins, Adv. Inorg. Bicinorg. Mechs. 2, 139 (1983), slightly amended.

45, B. I1. Robinsen in Bé, Chap. 1.

46, B13, Chap. 2.

47. H. Gerischer, I. Holzworth, [ Scifert, and 1.. Strohmaier, Ber. Bunsenges. Gesellschaft 73, 952 (1969).

48. 1. . Holzwarth in B21, p. 13.

49, S, A, Jacobs, M. T, Nemeth, G, W. Kramet, T. Y. Ridley, and D. W. Margerum, Anal. Chem. 56, 1058
(1984).

50. M. 1. Nemeth, K. D. Fogelman, 1. Y. Ridley and [2. W. Margerum, Anal. Chem. 59, 283 (1987).

51, F AL Sirs, Trans. Faraday Soc. 54, 207 (1958).

www.iran-mavad.com

Slgo mwiiges 3 Olgamiils @y



66,
67,
68.
69.

70.

71,
72,

73.

74,

75.

76.

77.

78,
79.
80.

8L

82.

References 183

. M. R, Luzzana and J. T. Penniston, Biochim, Biophys, Acta 396, 157 (1975) monitor the hemoglobin-
O, reaction by continuous flow combined with a Clark O, clectrode and obtain a rate profile similar
to that with the spectral method.

. G. A. Rechnitz, Anal. Chim. Acta 180, 289 (I1986); R. L. Solsky, Anal. Chem. 60, 106R (1988).

. P. Bowen, B, Balko, K, Bleving, R, L, Berger and H, P, Hopking Jr,, Anal, Biochem. 102, 434 (1980).

. . €. Borg, Naturc, 1.ondon 201, 1087 (1964).

. 1. Ogura and T. Kitagawa, J. Amer. Chem. Soc. 109, 2177 (1987).

. I C. Sheppard and A. C. Wall, J. Amer. Chem. Soc. 79, 1020 (£1957).

. B, Hurwitz and K. Kustin, Trans. Faraday Soc. 62, 427 (1966).

. W. I. Ray, Ir.,, and I. W. Long, Biochemistry 15, 3990 (1976).

. P. A. Benkovic, W. P. Bullard, M. M. de Maine, R. Fishbein, K. L Schray, J. X Steffens and S. 1.
Benkovic, J. Biol. Chem. 249, 930 {1974).

. H. von Felten, H. Gamsjager and P. Baertschi, J. Chem. Soc. Dalton Trans. 1683 (1976).

. 5. NDahlin, B. Reinhammar and M. T. Wilsen, Biochem. I 218, 609 (1984).

. G. C. M. Bourke and R. C. Thompson, Inorg. Chem. 26, 903 (1987).

. R. K. Murmann, Inorg. Chem. 16, 46 (1977).

. B, E, Smith, D, J, Lowe, €. G Xiong, M, J. O'Donnrell and T, R. Hawkes, Biochem. 1. 204, 207
(1983); R. N. F. Therneley and 1. ). Towe, Kinctics and Mechanism of the Mitrogenase Enzyme
Systemn in Molybdenum Enzymes, T. G. Spire, ed. Wiley Interscience NY, 1985, Chap. 5 includes a
description of the rapid freeze technique.

I 1. G, Malthouse, I, W, Willlams and R, C. Bray, Biochem, I, 197, 421 (1981},

P. Reisberg, ). 8. Olson and G. Palmer, J. Biol. Chem. 251 |, 4379 (1976).

K. Hille, GG. Palmer and }. §. Qlson, J. Biol. Chem. 252, 403 (1977).

A number of stopped-flow sysltems are commercially available.*® Three of the most used are
manufactured by Atago Bussan (formerly Union Giken), Japan; Dionex (formerly Durrum), USA
and HiTech Scientific, UK. These also manufacture rapid scan spectrophotometers, multimixer,
remperature-jump and flash photolysis equipmcent.

B. Tonomura, H. Nakatani, M. Ohnishi, J. Yamaguchi-Tte and K. Hiromi, Anal. Biochem. 84, 370
(1978).

. J. Hagerman, F. X. Schmid and R, L. Baldwin, Biochemistry 18, 293 (1979).

C. Paul, K. Kirschner and (. Hacnisch, Anal. Biochem. 101, 442 (1980) determine the deadtime for
a stopped-flow apparalus using a disulfide exchange reaction.

P. N. Dickson and D. W. Margerum, Anal. Chem. 58, 3153 (1986), estimaie that & _ ey =
koo Uk /Ko and ko= 17005 ' and = 1000s ! for Dionex and HiTech stopped-flow in-
struments respectively.

M. A. Abdallah, I-F. Biellmann and P. [agrange, Biechemisiry 18, 836 (1979).

G. I MceClune and J. A, Tee, FEBS Leut. 67, 294 (1976): G. H. McClune and J. A. Fee, Biophys. 1.
24, 65 (1978),

J. T. Coin and J. S, Olson, J. Biol. Chem. 254, 1178 (1979).

J. . Ellis, XK. [.. Scott, R. K. Wharton, and A. (. Sykes, Inorg. Chem. 11, 2565 (1972), who observe
optical densily changes when 1 M acid solutions are mixed with water in a Durrum-Gibson stopped-
flow apparatus. Such traces could be incorrectly assigned to chemical reactions.

J. H. Sutter, K. Colquitt and J. R. Sutter, Inorg. Chem. 13, 1444 (1974).

S. 8. Hupp and ¢ [Dahlgren, [norg. Chem. 15, 2349 (1976).

D. 8. Auld, K. Geoghegan, A. Galdes and B. [.. Vallee, Biochemistry 25, 5156 (1986); C. Balny,
T.-L. Saldana and N. Dahan, Anal. Biochem. 163, 309 (1987) describe a high-pressure, low
temperature, stopped-flow apparatus.

P. I Nichals, Y. Ducommun and A. E. Merbach, Inorg. Chem. 22, 3993 (1983) and references therein.
S. Funahashi, Y. Yamaguchi and M. Tanaka, [norg. Chem. 23, 2249 (1984).

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



184 3 The Experimental Determination of the Rafe of Reaction

83. R.van Eldik, D. A. Palmer, R. Schmidi and I1, Kelm, Inorg, Chim. Acta 50, 131 (1981) for a dctailed
description.

84. K. Ishihara, H. Miura, S. Funahashi and M. Tanzka, Inorg. Chem. 27, 1706 (1988), describe a high-
pressure, stopped-flow arrangement with conductivity monitoring.

85, L. D, Rush and B. H. J. Bielski, J. Phys. Chem. 89, 1524 (1985).

86. C. Bull, G. I. McClune and I, A, Fee, I. Amer. Chem. Soc. 105, 5290 {1983},

87. Z. Bradi¢ and R. G. Wilkins, J. Amer. Chem. Soc. 106, 2236 {1984).

88, P. 5. Kim and R. L. Baldwin, Ann. Rev. Biochem. 59, 631 (1990).

89, Selected Bibliography.

90. T.-E. Dubois, Pure Appl. Chem. 50, 801 {1978); H. Kruger, Chem. Soc. Revs, 11, 227 {1982).

91. D. . Turner in B6, Chap. I1L

92. G. H. Crerlinski and M. Figen, Z. Electrochem. 63, 652 (1959).

93, List of commercially available equipment (not cheap !}y in Hiromi p. 159 and Bernasconi Ed. 4, p. 171.

94, A, S, Verkman, A. A, Pandiscio, M. Jennings and A. K. Solomon, Anal. Biochem. 102, 189 {1980).

93, 1. Porschke, Rev, Sci. Instrum. 47, 1363 (1976}

96. M. F. Perutz, T. K. M. Sandcrs, 3. H. Chencry, R. W. Noble, R. R. Pennelly, L. W.-M. Fing €. Ho,
1. Giannini, D. Pérschke and H. Winkler, Biochermistry 17, 3640 (1978) show relaxation of
azidomethemoglobin (AT — 4°, T = 260 ns for human and < 100 ns for carp).

97. I. Aubard, }. M. Nozeran, P. Levoir, | 1. Meyer and 1. E. Dubois, Rev. Sci. Instrum. 50, 52 (1979).

98. 1. V. Beitz, G. W. Flyan, 2. H. Turner and N, Sutin, ). Amer. Chem. Sac. 92, 4130 (1970), 94, 1554
(1972).

99, K. A. Reedet, E. V. Dose and L. J. Wilson, Inorg. Chem. 17, 1071 (1978).

1040, K. Kustin, 1. A. Taub and E, Weinstock, Inorg. Chem. 5, 1079 (1966).

101. A. I. Miralics, R. E. Armstrong and A. Haim, J. Amer. Chem. Soc. 99, 1416 (1977).

102, C. E Bernasconi and M. C. Muller, J. Amer. Chem. Soc. 100, 5530 (1978).

103, A. 8. Verkman, J. A. Dix and A. A. Pandiscio, Anal. Biochem. 117, 164 (198]).

104, M, I, Johnson and R. G. Wilkins, Inorg. Chem. 23, 231 (1984).

105. W. Kneche in B6, Chap. 1V.

106. H. R. Halvorson, Biochemistry 18, 2480 (1979).

107, R. M. Clegg and B. W. Maxfield, Rev. Sci. Instrum. 47, 1383 (1976).

108, M. A, Lopez Quintela, W. Knoche and 1. Veith, T. Chem, Scc. Faraday Trans. 1 80, 2313 {1984).

109. G. Kegeles, Mcthods in Frnzym, 48, 308 (1978) P jump/light scatiering arrangments arc reviewed.

110. T. Inoug, K. Sugahara, K. Kojima and K. Shimozawa, Inorg Chem. 22, 3977 (1983).

111. E. M. Eyring and P. Hemmes in B&, Chap. V.

112, H. Hirohara, K. I. Tvin, }. I McGarvey and J. Wilson, J. Amer. Chem. Soc, 96, 4435 (1974).

113. L E. Stuchr in Bé, Ed. 4, Chap. VL.

114. S. Harada, Y. Uchida, M. Hiraishi, H, I.. Kuo and 1. Yasunaga Inorg. Chem, 17, 3371 (1978); B.
Perlmutter-Hayman, J. Chem. Educ. 47, 201 (1970); N. Purdie and M. E Farrow, Ceordn. Chem.
Revs, 1L, 189 (1973) for excellent presentations.

115, Y. Funaki, S. Harada, K. Okumiya and T. Yasunaga, I. Amcr. Chom, Soc, 104, 5325 (1982).

116. J. K. Beattic, M. T. Kclso, W. E. Moody and P. A. lregloan, Inorg. Chem, 24, 415 (1985).

117. B22, p. 45.

118, M. Eigen and K. Tamim, Ber. Bunsenges. Gesellschaft 66, 107 (1962); L. G. Jackopin and E. Yeager,
I. Phys. Chem. 74, 3766 (1973).

119. R. A. Binstead, J. K. Beatlie, E. V. Dose, M. F. Tiveedle and L. J. Wilson, J. Amer. Chem. Soc. 100,
5609 (1978),

120. R. (5. W, Norrish and G, Porter, Nature London 164, 658 (1949).

121. M. A. West, In B6, Chap, VIIIL

122, C. A Sawicki and R. I. Morris, Flash Photolysis of Hemoglobin, Metheds in Enzym. 76, 667 (1981).

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



123.

124,

126.
127.

128,
125,

130.
131.
132.

133.
134,
135,
136.
137.
138,
135,
140.
141.
142
143.
144.

146.
147,

148.

149,
150.
151,
152.

153,
154.
155,

156
157

158.

15%

References 185

. G Nocera, [ R, Winkler, K. M. Yocum, E. Bordignen and H, B, Gray, J, Amer. Chem. Soc. 106,
5145 (1984).

P, Conunolly, J. II. Espenson and A. Bakac, Inorg. Chem. 25, 2169 {1986); M. A. Hosellon, C.-T.
Lin, H. A, Schwarz and N, Sutin, J. Amer. Chem. Soc. 100, 2383 (1978).

. G, R. Fleming, “Chemical Applications of Ultrafast Spectroscopy™, Oxford Univ, Press, NY, 1986.
The book covers the range 102 to 10~ s, and full details on gencrating, characterizing and prob-
ing ultrashort light pulses are given.

J. Terner and M. A, El-Sayed, Acc. Chem. Res. I8, 331 {1985).

A. Juris, V. Balzani, ¥. Barigelletti, S. Campagna, . Belser and A, von Zelewsky, Coordn. Chem.
Revs. 84, 85 (1988).

C. R. Bock, T. J. Meyer and D. G. Whitten, J. Amer. Chem. Soc. 96, 4710 (1974).

Since Ru(bpy)i' and Fe*' must of necessity be produced in equal concenlrations, (3.15) is set up
for second-order conditions (Scc. 1.4.3}.

H. B. Gray, Chem. Soc. Revs. 15, 17 {1986).

A. G. Sykes, Chem. in Brilain 24, 551 (1988} and references therein.

S. P. Webb, S, W, Yeh, L. A, Philips, M. A. Tolbert and J. H. Clark, J. Amer. Chem. Soc. 106, 7286
(1984) and references therein.

I T Ireland and P A, H. Wyatt, Adv. Phys. Org. Chem. 12, 131 (1976).

R. Yam, E. Nachliel and M. Gutman, J. Amer. Chem. Soc. 110, 2636 (1988)

M. Gutman and E. Nachliel, Biochem. Biophys. Acta 1015, 391 (1990).

(. Ferraudi, [norg. Chem. 17, 2506 (1978) generates methyl radicals photolytically.

I. Lawthers and J. J. McGarvey, J, Amer, Chem, Soc, 106, 4280 (1984).

B. H. Robinsen and N. C. White, J. Chemi. Soc. Faraday Trans. 1 74, 2625 (1978).

(). H. Gibson, J. Biol. Chem. 264, 20155 (1989); Biochem. Soc. Trans. 18, 1 (1990},

I. H. Baxendale and M. A. J. Rodgers, Chem. Soc. Revs. 7, 235 (1978).

M. S. Matheson and L. M. Dorfman, Pulse Radiolysis, MIT Press, Cambridge, Mass. 1969.

L. M. Dorfman and M. C. Saucr in B6, Chap. 1X.

G. V. Buxton and R. M. Sellers, Coordn. Chem. Revs. 22, 195 {1977).

M. Anbar, M. Bambenek, A. B. Ross, Nalienal Bureau of Standards Publication NSRDS-NB543
1973 and Supplement, 1975,

5. G. V. Buxten, C, L, Greenstock, W. P. Helman and A. B. Ross, J. Phys. Chem. Ref. Data 17, 513

(1988).

M. Anbar, F. Ross and A. B. Ross, NSRDS-NBSS1, 1975,

A. J. Swallow, Prog. React. Kinetics 9, 195 (1978) — an account of rgactions of free radicals (in-
cluding COI) produced by irradiation of organic compounds.

A. B. Ross and P. Neta NSRDS-NBS6S, 1979; P. Netz, R, E. Huie and A. B. Ross, J. Phys. Chem.
Ref. Data 17, 1027 (1988).

Z. B. Alfassi and R. H. Schuler, J. Phys. Chem. 89, 3359 {1985).

B. H. I Bielski, D, E, Cabelli and R. L. Arudi, J. Phys. Chem. Ref. 1Data 14 1041 (1985).

S. S. Isied, Prog. Inorg. Chem. 32, 443 (1984).

I. Butler, A. G. Sykes, G. V. Buxton, P. C. Harrington: and R. G. Wilkins, Biochem. 1. 189, 641
{1980).

J. Lilie, N. Shinohara and M. G. Simic, J. Amer. Chem. Soc. 98, 6516 (1976).

M. Z. Hoftfman and M. Simic, J. Amer. Chem. Soc. 94, 1757 (1972).

K. D. Whitburn, M. ¥. Hoffman, N. V. Brezniak, and M. G. Simic, Inorg. Chem. 25, 3037 {I1986)
and references therein.

. I V. Beitz, J. R. Miller, FL. Cohen, K. Wieghardt and D. Meyerstcin, [norg. Chem. 27, 966 (1988).
. R, G. Wilkins, Adv. Inorg. Bicinorg, Mechs. 2, 139 {1983).

[.. A. Blumenfeld and R. M. Davidov, Biochim. Biophys. Acta 549, 255 (1979).

. H. Barrett and T. H. Baxendale, Trans. Faraday Soc. 52, 210 (1956).

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



186

3 The Experimental Determination of the Rate of Reaction

160. A. Haim and N. Sutin, J. Amer. Chem. Soc. 88, 5343 (1966); R, . Cannon and T. S, Stillman J.

161,
162
163.
164,
165.
166.

a7,

168.

169,

170.
171,

172.
173.
174

175.
176.
177.
178.
179.

180.

181

182.
183.
184,

185,
186,

187.
188,
189.
190

191.

192,

Chem, Soc¢. Dalton Trans, 428 (1976),

J. P. Candlin and J. Halpern, Ingrg. Chem. 4, 766 (1963).

M. I Carter and J. K. Beattie, Inorg. Chem. 9, 1233 (1970).

R. G. Wilkins, Acc. Chem. Res. 3, 408 (1970); Comments Inorg. Chem. 2, 187 (1983).

J. Bierrum and K.G. Poulsen, Nature London 169, 463 (1952),

P. Bernhard, L. Helm, A, Ludi and A, E. Merbach, J. Amer. Chem. Soc. 107, 312 (1985).

[>. 8. Auld, Methods in Enzym. 61, 318 (1979); A. Galdes, 1. 5. Auld and B. L. Vallee, Biochemisiry
22, 1888 (1983).

P. Douzou and G. A. Petsko, Adv, Protein Chem. 36, 245 (1984); S, T, Cartwright and S. G. Walcy,
Biochcmistry 26, 5329 {[987) for a critical analysis of the technique.

R. H. Austin, K. W. Beeson, [.. Eisenstein, H. Franenfelder, and 1. C. Gunsalus, Biochemistry 14,
5355 (1975).

A. L. Fink, Acc. Chem. Res. 10, 233 {1977).

A. 8. Verkman, A, A, Pandiscio, M, Jennings, and A, K, Solomon, Anal. Biochem. 102, 189 {1980).
K. Murakami, T. Sano and T. Yasunaga, Bull. Chem. Soc. Japan 54, 862 (1981). This is unusual case
where there are no temperature-jump relaxations. The interaction of bovine serum albumin with
bramophenol blue is accomparied by [our relaxations which are attributed (o a fast second-order
interaction followed by three fivst-order sieps.

S 1. Olsen, I.. P. Holmes and E. M. Eyring, Rev. Sci. Instrum. 45, 859 (1974).

A. Raap, J. W. Van Leeuwen, H. & Rollems and 8. H. de Bruin, Cur. J. Biochem. 88, 555 (1978},
M. Absi-Ilalabi, J. D. Atwood, N. P. Forbus and T. L. Brown, L. Amer, Chem, Soc. 102, 6248 (1980},
M. S, Corraine and J. D, Atweod, [norg. Chem. 28, 3781 (1989).

M. Poliakoff and E. Weitz, Adv. Organomct. Chem. 25, 277 (1986).

. Ogura and [ Kitagawa, I. Amer. Chem. Soc. 109, 2177 (1987).

M. Foster, R. E. Hester, B. Cartling and R. Wilbrandt, Biophys. J. 38, 111 (1982},

W. K, Smothers and M, 8. Wrighton, I, Amer, Chem, Snc. 105, 1067 (1983); R. Cartling and R.
Wilbrandt, Biochim. Biophys. Acta 637, 61 (1981).

K. B. Lyons, I. M. Freidman, P. A. Fleury, Nature London 275, 565 (1978); R. . Dallinger, W. 1.
Weodrulf and M. A. k. Rodgers, J. Appl. Spectros. 33, 522 (1979).

M. Brouwer, C. Bonaventura and J. Bonaventura, Biochemistry 20, 1842 (1981).

. Thusius in B23, p. 339,

S. M. X Dunn, J. i Batchelor and R, W, King, Biochemistry 17, 2356 (1978).

R. Rigler, C-R. Rabl and T. M. Jovin, Rev. Sci. Instrum. 45, 580 (1974).

M. J. Hardman, Biochem. J. 197, 773 (1981) Pressure-jump combined with protein fluorescence
changes arc uscd to study LADH catalyzed reductien of acetaldehyde. The results show that the rate
determining step is isomcrization.

P. M. Bayley, Prog. Biophys. Molec. Biol. 37, 149 (1981).

H. Nieisen and P. E. Serensen, Acta Chem. Scand. 37, 105 (1983), describe the modiflication ol a
commercial stopped-flow for polarimety.

M. Anson, 8. R. Martin and P. M, Bayley, Rev, Sci. Instruom, 48, 953 (1977).

B. Gruenwald and W. Knoche, Rev. Sci. [nstrum. 4%, 797 {1978).

A, L. Cummings and E. M. Eyring, Biopolymers. 14, 2107 (19735).

X. Xic and J. D. Simons, J, Amer, Chem, Sog¢. 112, 7802 (1990),

A. E. Merbach, P. Morre, (3. W. Howarth, and C. H. McAtccr, [norg. Chim. Acta 39, 129 (198()).
S. Lanza, D. Minniti, P. Moare, I Sachinidis, R. Romeo and M. L. [obe, Inorg. Chem. 23, 4428
(1984}, measure exchange of Me,SO[2H;] with ¢is-PI{C H,),(Me,50), in CDCl, by siopped-low
'H NMR. There is a steady decrease in the signal at 5 2.82 due to coordinated Me,SQ and increase
at §2.61 (uncoordinated Me,SG).

193. R. 1. Miller and G. L. Closs, Rev. Sci. Instr. 52, 1876 (1981).

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



References 187

194, A. D. Trifunac, K. W. Johnson and R. II. Lowers, J. Amer, Chem. Soc. 98, 6067 (1976},

195.
196.
197,

198.
199,

200.
201,
202,
203.
204.

205

R. C. Bray, Adv. Enzym. 51, 107 (1980).

K.A. McLauchian and 13. G. Sievens, Acc. Chem, Res. 21, 54 (1988).

V. Jagannadham and S. Steenken, J. Amer. Chem. Soc. 106, 6542 (1984). The reaction of RCHOH,
generated by pulse radiolysis, was studied with p-substituted nitrobenzencs using time-resolved op-
tical and conductance detection, The radical anion of the nitrobenzene is produced directly and in-
directly.

B. G. Cox. P. Firman, 1. Schneider and H. Schneider, Inorg. Chem. 27, 4018 (1988).

T. Okubo and A. Enokida, J. Chem. Soc. Faraday Trans. 1, 1639, (1983) tlow and pressure-jutnp with
conductance.

H. Hoffman, E. Yaeger and ), Stuchr, Rev. Sci. Ingtrum. 39, 649 (1968).

T. Saneo and T. Yasunaga, Biophys. Chem. 11, 377 (1980).

I Lilie, W. L. Waliz, 5. H. Lee and L. L. Gregor, Inorg. Chem. 25, 4487 {1986).

W, L. Waltz, J. Lilie and S. H. Lee, Inorg. Chem. 23, 1768 (1984),

B. Fourest, K, H, Schmidt and J, C, Sullivan, Inorg, Chem. 25, 2096 (1986). Tor description of pulse
radiolysis/conductivity see K. H. Schmidt. S. Gordon, M. Thompson, J. €. Sullivan and
W. A. Mulac, Radiat. Phys. Chem. 21, 321 (1983}

T. Nakamura, J. Biochem. Japan 83, 1077 (197R); J. V. Howarth, N. C. Millar and H. Gutfreund,
Biochem, ). 248, 677, 683, (1987) describe the construction and testing of a thermal/stopped-flow
aApparatLs.

206. P. Bowen, B. Balko, K. Blevens, R. L. Berger and H. P. Hopkins, Jr., Anal. Biachem. 102, 434 (1980).

207.
208.
209.
210.

211,

212,

213,

214,
215,
216.
217.
218,
219.

220.
221

222,
223,

224,

225

G. W, Liesegang, J. Amer. Chem. Soc. 103, 953 (1981).

B16, Chap. 3; B12, p. 45.

S. Yamada, K. Ohsumi and M, Tanaka, Inorg, Chem. 17, 2790 {1978).

L. W. Harrison and B. L. Vallee, Biochemistry 17, 4359 (1978).

J. Hirose and R. G. Wilkins, Biochemistry 23, 3149 (1984); J. Hirosc, M. Noji, Y. Kidani and R.
G, Wilkins, Biochemistry 24, 3495 (1985).

. A. Malencik, 8. R, Anderson, Y, Shalitin and M. 1. Schimerlik, Biochem. Biophys. Res. Com-
muns. 101, 39G (1981}

J. R. Biinks, W. G. Wier, P. Hess and F. Gi. Prendergast, Prog. Biophys. Maol. Biol. 40, 1 (1982) —
measurement of Ca®* in living ceils.

P. L. Dorogi, C.-R. Rabl and E. Neumann, Biochem. Biophys. Res. Communs. 141, 1027 (1983).
R. Koren and G. G, Hammes, Biochemistry 18, 1165 (1976).

D. H. Devia and A, G, Sykes, Inorg, Chem, 20, 910 (1981}.

K. Nakatani, K. Kitagishiam and K. Hiromi, J. Biochem. Japau, 87, 563 (1980).

D. Barber, S. R. Parr and C. Greenwood, Biochem. J. 173, 681 (1978).

5. C. Koerber, A. K. I1. MacGibbon, 1. Dictrich, M. Zeppezauer and M, F. Dunn, Biochemistry
22, 3424 (1983},

BT Gray Jr., R. W. Taylor and 2. W, Margerum, Inorg. Chem. 16, 3047 {1977).

L. 1. Simdndi, M. Jdky, C. R. Savage and Z. A. Schelly, J. Amer. Chem. Soc. 107, 4220 ({1985}, which
gives a detailed description of the arrangement.

A. A, El-Awady, P. C. Wilkins and R, G, Wilkins, Inerg. Chem. 24, 2053 (1983).

A systemn which has been used successfully by a number of groups for some years is put together
by On Line Instrumeni Systems, Jefferson, Gerogia 30549, USA.

I C. Sullivan, E. Deutsch, G. E. Adams, 5. Gorden, W. A, Mulac and K. H. Schmidt, Inorg, Chem,
15, 2864 (1976).

. M. Tsuda, Biochim. Biophys. Acta 545, 517 (1979).

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



188

226

227.
228.
229.
230.

231
232,
233,
234.
235,
236,

237.

238.
239,
240.

241,
242,
243.
244,

245.
246.
247.
248,
249,

250.
251,

252
253,
254.

255,
256.
257.
258,

259

3 The Experimental Determination of the Rate of Reaciion

. K. ¥ Geoghegan, A. Galdes, R. A. Martinelli, B. Holmguist, 2 5. Anld and B. L. Vallee,
Biochemistry 22, 2255 (1983), give a schemaltic diagram of a low-temperature, stopped-llow, rapid
scanning spectrometer and its use for recording spectra of intermediates in coball carboxypeptidase
A catalyzed hydrolysis of very reactive dansyl oligo-peptides and -csters.

C. Grant, Jr., and P. Hambright, J. Amer. Chem. Soc. 91, 4195 (1969).

M. M. Paleic and H. B. Dunferd, J. Biol. Chem. 255, 6128 (1980).

F. Zingales, A. Trovati and P, Uguagliati, Inorg. Chem, 100, 5IG (1971),

W. G. Jackson, [norg. Chem. 26, 3004 (1987), indicates the problems in interpreting the kinetics and
stereochemistry of compounds of the type Mn(CO}X.

T. L. Brown, Inorg. Chem. 28, 3229 (1589).

D. J. Darenshourg, Inorg. Chem. 18, 14 (1979).

R. W. Callahan and T. ). Meyer, Inorg. Chem. 16, 574 (1977).

K. Wieghardt, M. Woeste, P. 5. Roy and P. Chandhuri, J. Amer. Chem. Soc. 107, 8276 (1985).
R. J. Kazlauskas and M. S. Wrighton, J. Amer. Chem. Soc. 104, 5784 (1982).

I. D, Campbell and R. A. Dwek, Biological Spectroscopy, Benjamin/Cummings, Menlo Park, 1984,
Chap. 9.

N. Capelle, J. Barbet, P. Dessen, S. Blanquet, B. P. Roques and I.-B. le Pecq, Biochemistry 18, 3354
(1979).

V. H. Rao and V., Krishnan, Inorg. Chem, 24, 3338 (1985).

P.J. Breen, W. DeW. Horrocks, Jr. and K. A. Johnson, Inorg. Chem. 25, 1968 (1986),

M. R. Eftink and C. A. Ghiron, Anal. Biochem. 14, 199 (1981}, revicw solute fluorescence quen-
ching of proteins in the study of structure and dynamics.

P. C. Harrington and R, G, Wilking, Biochemistry 17, 4245 (1978).

R. [ Farina and R. G. Wilkins, Biochim. Biophys. Acta 631, 428 (1980},

R. M. Clegg, F. (i. Loontiens, A. V. Landschoot and TI. M. Jovin, Biochemistry 20, 4687 (1981).
P. I. Breen, K. A. Johnson and W. D. Horrocks, Ji., Biochemistry 24, 4997 (1985) and references
therein,

M. G. Badea and L. Brand. Methods in Enzym, 61, 378 {1979},

1. B. A, Ross, . ). Schmidt and 1.. Brand, Biochemistry 20, 4369 (1981).

5. I Simon, J. A. Boslett Ir. and K. H. Pearson, Inorg. Chem. 16, 1232 {1977).

M. Abdullah, J. Barrett and P. ©'Brien, Inorg. Chim. Acta 96, L35 (1985).

Y. Ae Im and D. H, Busch, J. Amer, Chem, Soc. 83, 3362 (1961). Models show that when the Me
group of the (-)pdta ligand is cquatorial (10a) there is less steric interaction with other hydrogens
than in the axial Me group arrangerment in (10h). The A-configuration about the metal (Sce. 7.6.1)
will therefore be retained regardless of the lability of the complex. A beginning net-rotation thus
becomes zera at eqquilibrium in (3.39).

I. I. Creascr, A. M. Sargeson and A. W. Zanclla, Inorg. Chem, 22, 4022 (1983),

H. Kihara, E. Takahashi, K. Yamamura and 1. Tabushi, Biochem. Biophys. Res. Communs. 95, 1687
{1980}.

L. E McCoy, Jr., E. S. Rowe and K.-P. Wong, Biochemistry 19, 4738 (1980).

P Hendry and A. M, Sargesen, Inorg. Chem. 25, 865 (1986).

8. Aygen, H, Hanssum and R, van Kldik, Inorg, Chem, 24, 2853 (1985). The results are very similar
to older data obtained by the '3 batch method (Sec. 3.11(h)), W. Kruse and H. Taube, J. Amer.
Chem. Soc. 83, 1280 (1961).

L. Helm, L, [, Elding and A. E. Merbach, Inorg. Chem. 24, 1719 (1983).

Q. Gréning, T. Drakenberg and L. 1. Elding, Inorg. Chem. 21, 1820 (1982),

D. A. Buckingham, €. K. Clark and T. W. Lewis, [norg. Chem. 18, 2041 (1979).

I. G. Russell, R. G. Bryant and M. M. Kreevoy, Inorg. Chem. 23, 4565 (1984); sce also R. K. Harris
and R. J. Morrow, J. Chem. Soc, Faraday Trans. I, 86, 3071 (1984).

. R. D. Chapman and E, B, Fleischer, J. Amer, Chem. Soc, 104, 1575; 1582 {1982},

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



260

261.

262

263.
264.
263,

266,
267.
268,
269,
2710,

271.

272,
273.
274.

275.

276,
277.

Z78.
279,
280,
281
282

283,

284.
285.
280.

287,
288.
289.

290.
291.
292.
293,

294

References 189

. P. Bernhard, L. Helm, A. Ludi and A. E, Merbach, J. Amer. Chem. Soc. 107, 312 (1985) also
1. Rapaport, [.. Helm, A. E. Mcrbach, P. Bernhard and A. Ludi, Inorg. Chem. 27, 873 (1988).
Y. T. Hayden and J. (0. Edwards, Inorg. Chim. Acta 114, 63 {1986).

. R K. Murmann, J. Amer. Chem. Soc. 96, 7836 (1974); R. K. Murmann and K. C. Giese, Inorg.

Chem. 17, 1160 (1978).

P. Comba and [.. Helm, Helv. Chim. Acta 71, 1406 (1988).

R. L. Kump and L. I Todd, Inorg. Chem. 20, 375 (1981).

D. T. Richens, L. Helmn, P.-A. Pittet, A. E. Merbach, F. Nicold and G. Chapuis, Inorg. Chem. 28,

1394 (1989); G, D. Hinch, D, E. Wycoft and R, K. Murmann, Polyvhedron, 5, 487 (1986).

R. van Eldik, J. ven Jouannc and H. Kelm, Inorg. Chem. 21, 2818 (1982).

I. M Risley and R. L. Van Etten, I. Amer. Chem. Soc. 181, 252 (1979).

T. G. Wood, O. A. Weisz and J. W, Korarich, J. Amer. Chem. Soc. 106, 2222 (1984).

W, I Wheeler, S, Kaizaki and J. [, Legg, Inorg. Chem. 21, 3250 {1982).

I’ Moare, Pure Appl. Chem. 57, 347 (1985); C. H. McAtcer and P Moore, ). Chem. Soc. Dalton

Trans. 353 (1983).

L. D. Becker, High Resolution NMR. Theory and Chemical Applications, Academic Press, NY,

1980,

G, Fraenkel in B6, Chap, X,

M. Meicr, E. Basolo and R. . Pearson, Enorg. Chem. &, 795 {1969).

These and subsequent equations are ireated in: F. A. Bovey, Nuclear Magnetic Resonance Spec-

troscopy, 2nd. Edit, Academic Press, San Diego, CA, 1988, p, 118, 119, 191-203.

L. Spiecia and T. W, Swaddle, Inorg. Chem. 26, 2265 (1987) is the more recent of a series of studies

of this clectron transfer.

1I. M. McConnell ang H, E, Weaver, I, Chem. Phys, 25, 307 (1936},

C, R. Giulian and H. M. McConnell, ). Inorg. Nucl. Chem. 9, 171 (1959); K. Okamoto, W.-S. Jung,

H. Tomiyasu and H. Fukutomi, Inorg. Chim. Acta 143, 217 (1988) — scc Prob. 5(b) Chap. 8.
P. J. Smolenaers and J. K. Beattie, Inorg. Chem. 25, 2259 (1986).

R. M. Nielson, I. P Hunt, 11, W. Dodgen and S. Wherland, Incrg. Chem. 25, 1964 (1986).
C. A, Koval and D. W. Margcrum, Inorg. Chem. 20, 2311 (1981).

E. ) Pullian and ). R. McMillan, Enorg. Chem. 23, 1172 {1984).

D. [.. Rabenstein and R. I Kula, J. Amer. Chem. Soc. 9}, 2492 (196%); G. E. Glass, W. B.
Schwabacher and R. S. Tobias, [nery. Chem. 7, 2471 (1968).

P. W, Taylor, J. Feeney and A, S, V. Burgen, Biochemistry i, 3866 (1971}, employ nmr to study the
binding of acetate (using 'H) and fluoroacetate (*°F) to carbonic anhydrase.

L. H. Pignolet and W. D. Horrocks, Jr., I. Amer. Chem. Soc. %0, 922 (1968).

G. N. La Mar, J. Amer. Chem. Soc. 92, 1806 (1970).

P. R. Rubini, Z. Teaty, J-C. Boubel, L, Radenhiiser and J.-J, Delpuech, Inorg, Chem, 22, 1295
{1983).

P. K. Rubini, L. Rodenhiiser and J. J. Deipuech, Inorg. Chem. 18, 2962 (1979).

J. M. Lehn and M. E. Stubbs, I. Amer. Chem. Soc. 96, 4011 {1974).

G. Binsch in Dynamic Nuclear Magnetic Resonance Spectroscopy, L. M. Jackman and F. A. Cotton,
eds. Academic Press, NY, 1975, Chap. 3.

A. Allerhand, H. & Gutowsky, J. Jones and R. A, Mcinzer, ). Amer, Chem. Soc. 88, 3185 (1966).
. B. Storm, A. H. Turner and M. B. Swann, [norg. Chem. 23, 2743 (1984).

M.-S. Chan and A. C. Wahl, J. Phys. Chem. 82, 2542 (1978).

G. Binsch, Tap. Stereochem. 3, 97 (1968); Y, Ikeda, 11, Tomiyasu and H. Fukutomi, Inorg, Chem,
23, 1356 (1984) study intramolccular exchange in UO,(acac)Me,30 in o-CH,Cl,.

LT Swift and R, E. Connick, I. Chem. Phys. 37, 307 (1962).

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



190

265,

296.

297.
298,
299.

300.
301,

302,
303,
304,

305.
306.
307,
308.
309,

310.

311

312

313
314

315.

316.
7.

318.

319.
320.

321.
322.
323,
324.

325.

326

3 The Experimental Determination of the Rate of Reuction

Z. luz and S. Meriboom, Y Chem. Phys. 40, 1058, 2686 (1964); R. Murray, H. W. Dodgen and L
P. Huxit, [norg. Chem. 3, 1576 (1964}, H. 11, Glaeser, H. W, Dodgen and J. P. Iluat, Inorg. Chem.
4, 1061 (1963); S. Funahashi and R, B. Jordan, Inorg. Chem. 16, 1301 (1977); S. F. Lincoln, A.
M. Hounslow and A. N. Boffa, [norg. Chem. 25, 1038 (1286); A. Kioki, 5. Funahashi, M. 1shii and
M. Tanzka, Inorg. Chem. 25, 1360 (1986).

T. R. Stengle and C. H. Langford, Coordn. Chem. Revs, 2, 349 (1967) and S. . Lincoln, Prog. React.
Kinetics 9, 1 (1977) for comprehensive discussions of complete line shape analyses.

. K. Ravage, T. R. Stengle and €. H. Langford, [norg. Chem. 6, 1252 (1967).

A, E. Merbach, Pure Appl. Chem. 59, 161 (1987).

(1) P. J. Nichols and M. W. Grant, Aust. J. Chem. 31, 258 (1978). (b) C. H. McAteer and P. Moore,
J. Chem. Soc. Dalton Trans, 353 (1983).

1. Burgess, B. A. Goodman and J. B. Raynor, 1. Chem. Soc. A, 51 (1968).

1. N. Marov, M. N, Vargaftik, V. K. Belyaeva, G. A. Evtikova, E. Hoyer, R. Kirmse and W. Dietzsch,
Russ. I Inorg. Chem. 25, 101 (1980).

A. McAuley, D. 11, Macartney and T. Oswald, J, Chem, Soc, Chem, Communs, 274 (1982).

G. Czapsidi, J. Phys. Chem. 75, 2957 (1971).

J. Stach, R. Kirmse, W. Yietzsch, (i [assmann, V. K. Belyaeva and 1. N. Marov, Inorg. Chim. Acta
96, 55 (1985).

M. Knoblowitz and J. I. Motrow, Inorg. Chem. 15, 1674 (1976).

S. A. Jacobs and D. W, Margerum, Inorg. Chem. 23, 1195 (1984).

F. Finkelstein, (. M. Rosen and E. J. Rauckman, Arch. Biochem. Biophys. 200, 1 (1980).

A. L FE Searle and A. Tomasi, I. [norg. Biochem. 17, 161 (1982).

B. I. Corden and P. H. Rieger, lnorg. Chem. 10, 263 (1971); J. B. Farmer, T. G. Ilerring and R. L.
Tapping, Carn, J. Chem, 50, 2079 {1972},

T. Saji and S. Aoyagui, Bull. Chem. Soc. Japan 46, 2101 (1973).

T. T-T. Li and C. . Brubaker, Jr., J. Organomet. Chem. 216, 223 (1951).

C. Daul, I-N. Gex, D. Perret, D. Schaller and A. von Zelewsky, J. Amer, Chem, Soc, 105, 7556
(1983},

P. K. Glasoe and F. A. Long, J. Phys. Chem. 64, 188 (1960).

R. G. Bates, M. Paabo and R. A. Robinsen, . Phys. Chem. 67, 1833 (1963); B. B. Hasinoff, 11. B.
Duntord and D. G. Horne, Can. I. Chem 47, 3225 {1969},

F. Millar, 1. M. Wrigglesworth and P. Nicholls, Fur. J. Bicchem. 117, 13 (1981) — using glass
microelecirode and pH meter followed changes of +£0.005 pH at neutral pH.

B13, p. 178.

R. S. Rowlett and 1. N. Silverman, 1. Amer. Chem. Soc, 104, 6737 {1982); D. N. Silverman and
S. Lindskog, Acc. Chem. Res. 21, 30 (1588).

L. S. W. L. Sokol, T. D. Tink and D. B. Rorabacher, Inory. Chem. 19, 1263 (1980).

R. W. ITay and P. Banerjee, J. Chem. Soc. Dalten Trans. 362 (1981).

P. A. Benkovic, M. Hegazi, B. A. Cunningham and S. J. Benkovic, Biochemistry 18, 830 (1979) use
continuous monitoring of inorganic phosphate product of enzyme catalyzed hydrolysis of fructose
biphiosphate. The pH change monitored by phenol red results [rom an acid, base adjustment of the
liberated phosphate. This is a detailed valuable, if complicated, account.

P. F. Fitzpatrick and V. Massey, J. Biol. Chem. 257, 9958 (1982).

A. K. Shamsuddin Ahmed and R. G. Wilkins, ). Chem. Soc. 3700 (1959).

R. Gresser, D. W. Boyd, A. M. Albrecht-Gary and J. P. Schwing, J. Amer. Chem. Soc. 102, 651
(1980).

F. P. Rotzinger, H. Stiinzi and W, Marty, Inorg. Chem. 25, 489 (1986), usc a weakish basc such as
cthanolamine to avoid local excesses of OH™,

G. Schwarzenbach and G. Geier, Helv. Chim. Acia 46, 906 (1963); G. Geier, Chimia, 25, 401 (1971).
. C. Margues and R. A. Ifasty, J. Chem. Soc. Dalton Trans. 1269 (1980).

www.iran-mavad.com

Slgo mwiiges 3 Olgamiils @y



327,
328,
329,
330.
33L
332
333.
334
335
336.
337,
338.
339,
340.
341,

42,
343,
344.

345,

3da.
347,

348

349.
350.
351,
352.
353,

354.
355,
356.
357.
358.

361

362,
363.
364.
365.
366.
367.
368,
369.

References 19

S. Balt and C. Dekker, Inorg. Chem, 15, 2370 (1976).

M. Kotowski, I2. A, Palmegr and H. Kelm, [norg. Chem. 18, 2555 {1979),

[.. I. Csanyi, Z. M. Galbacs and 1.. Nagy, ). Chem, Soc. Dalton ‘Itans. 237 (1982),

R. . Dakers and J. Halpern, Can. 1. Chem. 32, 969 (1954).

M. Kimura, T. Kawajiri and M. Tanida, J. Chem. Soc. Dalton Trans. 726 (1980).

F. C. Angon, C.-L. Ni and J. M. Saveant, J. Amer. Chem. Soc. 107, 3442 (1985).

E. L. Yeg, 0. A. Gansow and M. 1. Weaver, J, Amer. Chem. Soc. 102, 2278 (19801,

B. G. Cox and W. Jedral, J. Chem. Soc. Faraday ‘Irans. 1 80, 781 {1984).

R. E Jameson and N. J. Blackburn, J. Chem. Soc. Dalton Trans. 2, (1982).

R. Hamilton, D. Maguirc and M. McCabe, Anal. Biochem, 93, 386 (1979).

B18, p. 42.

A. J. Bard and L. R. Faulkner, Glectrochemical Methods, Wiley, NY 1980 Ch1l.

T. Matusinovic and . E. Smith, Inorg. Cherm. 20, 3121 (1981},

K. Shigehara, N. Ovama and F. C. Anson, Inorg. Chen, 20, 518 (1981).

H. Kriiger, Chem, Soc, Reyvs, 11, 227 (1982) for a short account of electrochemical (as well as other)
methods for studying fast reactions.

R. M. Wightman and D. Q. Wip[, Acc. Chem. Res. 23, 64 {1990). C. P. Andrieux, P. Hapiot and
J.-M. Saveant, Chem. Revs, 90, 723 (1990),

W. E. Joncs and J, D. R, Thomas, J. Chem. Sac. A, 1481 (1966),

W. . Jackson, S. 8, Jurisson and B. C, McGregor, [nerg. Chem. 24, 1788 (1985),

M. H. M. Abou-El-Waifa, M. G. Burnelt and J. ¥. McCullagh, J. Chem. Soc. Dalton Trans. 2083
(1986).

M. E Perutz, Biochem. 1. 195, 519 (1981).

S, K Lincoln and D, R, Stranks, Aust, J. Chem. 21, 37; 67 (1968).

H. Gamsjiger and R. K. Murmann, Adv. Inorg. Bicinorg. Chem. 2, 317 (1983).

B. Bronnum, L. 5. Johansen and L. H. Skibsted, Inorg. Chem. 27, 1859 (1988).

H. S. Johansen and V. Middelboe, Appl. Spectrosc. 36, 221 (1982).

R. M. Noyes in BS, Chap, Vv (Scc. 4),

1. Ogino, E. Kikkawa, M. Shimura and N. Tanaka, J. Chem. Soc. Dalton Trans., 894 {1981},

A. Bakaé and I. H. Espenson, Inorg. Chem. 20, 953 (1981} generate Cr2+ slowly by the rcaction
CrCH,OH2Y + VO 4 H- = Cr? + v3* 4+ CH,0 + H,0 and then the relative reaction rates
with (NH; };CoX?* and VO?* both in large excess are assessed by the Co?* produced {color wilh
SCN ).

N. Shinohara and J. Lilic, Inorg. Chem, I8, 434 (1979).

H. Boucher, A. M. Sargeson, D. F. Sangster and I. C. Sullivan, Inorg. Chem. 20, 3719 {1981).
M. Z. Hoffman and M. Simic, Inorg. Chem. 12, 2471 (1973),

R. F. Pasternack and B. Halliwell, 1. Amer, Chem. Soc. 101, 1026 (1979).

M. 7. Hoffman, F. Bolleta, L. Moggi and G. L. Hug, Rate Constants for the Quenching of Excited
States of Metal Complexes in Fluid Solution, J. Phys. Chem. Ref. Data, 18, 219 (1989).

. F. A, Posey and 11, Taube, J. Amer. Chem. Soc. 79, 255 (1957).
. L. Dostrovsky and F, S, Klein, Anal, Chem. 24, 414 {1952).

M. H. O’lcary, Mcthods in Enzym. 64, 83 (1980); C. B. Grissom and W. W. Cleland, 1. Amer.
Chemn. Soc. 108, 5582 (1986).

T. J. Kemp, P. Moore and G. R. Quick, 1. Chem. Soc¢. Dalton Trans, 1377 (1979).

K. J. Wannowius, K. Krimm and H. Elias, Inorg. Chim. Acta 127, 1.43 (1987).

R. van ¥ldik, L. Spitzer and H. Kelm, Inorg. Chim. Acta 74, 149 (1983).

A. J. Dixon, M. A. Healy, M. Poliako(f and I. 1. Turner, J. Chem. Soc. Chem. Commun. 994 (1936),
AL I Brown, O, W, Howarth, P. Moore and G. E. Morris, J. Chem, Soc, Daltan Trans, 1776 (1979},
P. Hemmes and J. ). McGarvey, Inorg. Chem. 18, 1812 (1979).

A. Lifshitz and B. Perlmutter-Hayman, 1. Phys. Chem. 65, 2098 (1961).

C. Botine, 1. D. MacDonald and H. B. Dunford, I. Amer. Chem. Soc. 108, 7867 (1986).

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



192 3 The Experimental Determination of the Rate of Reaction
Selected Bibliography

B21. W. I. Getlins and EWyn-lTones (eds.) "lechniques and Applications of Fast Reactlions in Solution,
D, Reidel, Boston, 1979.

B22. D, N. Hague, Fast Reactions, Wiley-Interscience, New York, 1971,

B23. I. Pecht and R. Rigler {cds.) Chemical Relaxation in Molecular Biology, Springer-Verlag, New York,
1977,

Problems

[. The buried Cys-212 ol human carbonic anhydrasc B (3 uM) is virtually unreactive lowards
2-chleromercuric-4-nitrophenol (60 M) at pH 9.2, but upon the addition of only 40 pM
CN -, the half-life drops to 10 minutes which is an, at least, 75-fold rate enhancement.
On first analysis, this would suggest thal inhibitor binding to the enzyme has produced
a conformational change or altered the —SH cavironment of the Cys —212. This is unex-
pected. How would you prove by kinetic experiments that the CN~ is binding to the mer-
cury compound and not the enzyme and that this is changing the reactivity. The ratc
reaches a constanti value at high [CN ).

R. G. Khalilah, G. Sanyai, D. J. Strakcr and W. McI. Sutherland, J. Biol. Chem, 254, 602
(1979).

2. A number of Co(l11y complexes, such as Co{edta)~ and Co(phen)*, can be resolved into
optical isomers and are extremely stable towards racemization, The Cofll) analogs are
configurationally labile und resolution has proved impossiblc. Suggest how with 4 double
mixing apparatus it might be possible ro measure half-lives in the 10~*-1 s range for the
first-order raccmization of the Co(ll) complexes.

E. L. Blinn and R. (. Wilkins, Inorg. Chem. 15, 2952 (1976).

3, Figure 1 shows pressurg-jump relaxation traces with conductivity monitoring at pressures,
P of 1 kg em 2 (lower curve) and 1000 kg em~2 for the relaxation of a 6.06 mM nickel
([1} glycolate sotution at 20°C. Time scale: 2 ms/division. Only the 1:1 complex (K =
2I0M~Tat P — lkgomZand K = 100 M 'al P = 1000 kg cm %) need be considered.
Estimate (he A% value [or the formation and dissociation of Ni(II) glycolate from these
data, and aftcr reading Chap. 4 account for the data.

T. Inoue, K. Sugahara, K. Kojima and R. Shimorzawa, [norg. Chem. 22, 3977 (1983).

i
: J
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N | |
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A, [
\\ !
T . . .
! Problem 3. Reproduced with permission from T. inone,
i K. Sugahara, K. Kojima and R. Shkimozawa, Inorg.
) 10 20 Chem. 22, 3977 {(1983). © (1983) American Chemical

Time (ms) Society.
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4. Geminate recombination of iron(II} porphyrin with a number of isocyanides and 1-
methylimidazole has been observed by T. G, Trayler, 12 Magde, D. Taube and K.
Jongeward, J. Amer. Chem. Soc. 109, 5864 (1987).

{a)y What is geminatc recombination and what is its significance to the measurcd quantum
vicld?

(b) The suggested mechanism (with rate constants} for the binding of MeCN({1.) to the 1-
methylimidazole (B) complex of protoheme dimethyl ester in toluene/B is

| 285! { 3.8 x 005! ‘

B__F‘C_L s !O'“s_t) [B_Ff“"L] 3.0 x mﬁm-‘s“‘\' B—F‘c +L

How are these individual rate constants determingd?

5. Lascr pulses of 265 nm and 20 ns duration were delivered into a quartz cell through which
a solution of dearated 0.2 mM [Co(NH,)CI]Cl; in 5 mM HC1 was flowing. Both spec-
tral and conductivity changes could be monitored. The very fast absorbance change at 340
nm {only a slight conductivity increasc) and the slower conductivity changes (no absor-
bance changes) are shown in Fig. 2. The absorbance at the end of (a) corresponds o
Cl3. Interpret the resuits.

I. Lilie, J. Amer, Chem. Soc, 101, 4417 (1979).

E al
=4
~1
- ——
2 50ns
T 260ns
o -k___-
s
* 1'U_p‘s Problem 5. Reproduced with permission from I. Lilie, .
pulse Amer. Chem. Soc. 101, 4417 (1979), © (1979) American
Time Chemical Society.

6. Nitroprusside ion Fe(CN)NO?2~ is an important drug for the allevialion of severe
hypertension. A. R. Butler and C. Glidewell, Chem. Soc. Revs. 16, 361 (1987).
Radioly;sis of Fe(CN);NO?~ with a number of reducing radicals g c,,, COJ,
(CH,),COH, and H" gives a common transient, A with maxima at 345 nm and 440 nm.
What will be the approximate magnitude of rate constants for production of A from the
radicals and what is likely to be the structure of A?

A undergoes spectral changes in the ms range by a firsi-order process (&) to give a stable
product (in the absence of O, and light), & is 2.8 x 1025 ' from pH 4.6-8.5. lts value
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194 3 The Experimental Determination of the Rate of Reaction

is increased if free CN~ is added 1o the pulse radiolyzed solution (at pH 6.7, mainly
HCN). Now,

oo, — 2.8 X 107 4+ 4 % 105[CN"]

Monitoring by conductivity shows a very rapid increase (during the reduction) and a
slower decrease (2.6 x 10?571 Explain. R. P. Chency, M. G. Simic, M. Z. Heffman,
1. A, Taub and X.-1>. Asmus, Inorg. Chem. 16, 2187 (1977).

7. The conductivity changcs following pulse radiolysis of a mixture of 0.5 mM Colacac)s,
(.04 mM HCIO, and 0.1 M tert-butyl alcohol are shown in Figure 3 {the units of G x
AA are (molecules/100eVy Q~'em?M ™. The very first increase in conductivity also ap-
pears in solutions containing no Co(acac);. The decreases in conductivity are speeded up
in acid. Account for this behavior
D. Meisel, K. H. Schmidt and . Meyerstein, Inorg. Chem. 18, 971 (1979).

a)
1000 —

Gx AN emIM

Problem 7. Reproduced with permission from
D, Meisel, K-, Schmidt and D, Meyerstein,
Inorg. Chem. 18, 970 (1979), & (1979)

Time American Chemical Society.

8. Vitamin B,,, a cobalt(IT) complex designated Co(IT} is oxidized by Br:
2 Co(ll} + Br, — 2Co(Ill) 1 2Br-
Since the reaction is sccond-order, (he rate limiting step is considered to be:
CofIl) + Br, — Co(lII} + Bri(or Co{lll)-Br + Br") )
This would be followed by the faster reactions (2) or (3)

Bri + Co(Il) > Co(lll) + 2Br~(or Co(lll)—Br + Br™) (2)
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Problems 195
or
Bri + Br; — Br, + 2Br- (3

Show how, using pulse-radiolytically genetated Br3, you might distinguish between (2)
and (3) and how you might decide whether (he reaction is inner sphere,
D, Meyverstein, J. H. Espenson, D. A. Ryan and W. A. Mulac, Inorg. Chem. 18, 863 (1979).

. How would you verify that the intermediate in the Fe®*, Co(C,00,5~ reaction (3.17) is

the I'e(C,0,)* (3.18) ion?
Al high Co{C,0,), concenirations, this reaction obcys the ratc law

—d[Fe®' 1/dl = k[Fe® }[Co(C,0,) 1 + k,[Fe®* ] [Co(C,0,57]

Suggest a reason for the second term.
R. D. Cannon and J. 5. Stillman, J. Chem. Soc. Dalton Trans. 428 {1976).

The second-order rate constants & for the base hydrolysis of a number of cobalt(III} com-
plexes were measured with a simple flow apparatus using conductivity 48 & monitoring
device. Equal concentrations (A,) of reactants were used. Show that a plot of R,/R, —
R, vs time is linear, having slope 5, and that

(R

ko= 8 RQ)S

RyAy

where Ry, R, and R, arc the resistance of the solution at times zero, ¢ and at equilibrium,
respectively.
R. G. Pearscn, R. E. Meeker and I Basolo, ). Amer, Chem. Soc. 78, 70% (1956).

Suppose that the mechanism for exchange belween A and B is a dissociative one;
A =B+C ki k|

Deduce the dependence of the broadening of the lines A and B on the concentrations of
the reactants and the rate constant k.
T. L. Brown, Acc. Chem. Res. 1, 25 (1968).

For the 1:1 Ca?* complex of the ligand A, at 4°C in D,0, two scts of four "C
resonances are observed arising from C§, CF, C§ and C§. The signals for C¥ and C}
have twice the intensity of the other two, When the temperature is raised, the signals of
the same intensity within each set coalesce at 40°C, The separation of HC signals for C§,
Av, is 48 Hz at 4°C, Excess ligand or Ca?’ do not affect the result. The averaged four
BC lines of the Ca?* complex and the four C signals of free ligand (in about egual
amounts) remain sharp as the temperature is raised but finally broaden and coalesce at
= 105 °C. The separation of *C signals for C¥ is 21 Hz al 32°C. Calculate the exchange
rate constants and free energies of aclivation at the two coalcscent temperatures and ac-
count for the behaviorn

J. M. Lehn and M. E. Stubbs, J. Amer.Chem. Soc. 96, 4011 (1974).
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3 The Experimental Determination of the Rate of Reaction

o
.—-C

0 ﬁ‘\CN

/ R

N N
CI%’ \)
o2 0

B o o

()
D

The CN- cxchange with PA(CN);  (0.117 M) was studied by *C nmr complex line
broadening at 24°C in D,0 with the following results:

CN™, M WE — WO, Hz

0.00 1.0

0.036 1.5

0.104 3.5

0.214 7.5

0.321 12.5

0.447 18

Estimate &, for each CN™ concentration and hence the order of the cxchange and the
value of the rate constant.
J. 1. Pesek and W, R, Mason, Inorg, Chem, 22, 2058 (1983).

. The mechanism for the reaction

HOCL + 80~ — Cl- + 50} + H!

may invalve cither dircet oxygen or Cl* transfer. Show how by using indicators e g.
phenolphthalein (pK = 9.55) or thymol blue {(pK = 9.20), it should be possible to dif-
ferentiate between the two mechanisms.

B. S. Yiin and D. W. Margerum, Incrg. Chem. 27, 1670 (1988).

Two plausible mechanisms for the reaction of Co(CN)? - with H; invoke cither homolytic
splitting of H,:

H, + 2Co(CN)}~ — 2Co(CN),H%-
or heterolytic cleavage:
H, | 2Co(CN)~ > Co,(CN),H™ + H* — 2Co(CN)H?-

An attempt was made to distinguish between these by carrying out the reaction in D,0
and examining the ratio [Co(CN),H? [/[Co(CN),D* ). The Co—D/Co —H ir strelching
intensity ratio (Iagem-1/Ligwoem-1} R s 0.53 for an Co—D/Co—H ratio of 1.0. The
following results were obtained:
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Timme (mins) R Time (mins) R

5 0.26 30 0.71
{0 (.58 56 0.75
15 0.36 90 1.04
20 0.68 (0.43)2

2 Repeat experiment.

Which mechanism do these data support?
J. Halpern, Inorg. Chim. Acta 77, 1. 105 (1983).

The — SH group in proteins (P — SH) can be estimated by the addition of Ellmans reagent
(ESSE)

T 0,C co;

Q,N S—s NO,
ESSE

which gives the colored ES™ group (pKpey = 4.50)
P—SH + ESSE — P—SSE + ES-

Devise a competition method which allows the determination of the rate of reaction of
P—SH with another disulfide RSSR which decs rof lcad to a colored species

P—SH + RSSR — P—S88R + RSH

(Hint: RSH reacts rapidly with ESSE to give ES™)
J. M. Wilson, D. Wu, R. M. DeGreod and D. J. Hupe, J. Amer. Chem. Soc. 102, 359
(1980).

. The reaction of YO32* with Cr2*:

VO 4 Cr¥t 4 2HY A v o4 et 4 B0

is {oo fast to be measured by stopped-flow, The reaction of Co{NH;}.F?* with Cr?*:
Co(NH,).F*' + Cr? + SH* —2» Co* + CiF** + 5NH;

has been measured by stopped-flow, since low concentrations of reactants can be used.

The relative rate constants &, /k; can be measured by a competition method in which a

Cr?* solurion is added (in fact geperated in sifu) to a well-stirred solation of a mixiure

of VO2+ and Co(NH,);F?* both well in excess of the Cr?* ¢oncentration, The initial

concentrations are [VO?** ], and [Co(NH;)F?'},. After measuring, the solution was
analyzed for Co?™ ([Co?*],) with the following results:
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3 The Fxperimental Determination of the Rale of Reaction

VO2* [Co(NH;)F2* ), [Cr2*], [Co®*],
mM mM mM mM
10.0 18.0 0.90 0.48
10.6 10.0 0.90 0.35
20,0 10.0 0.93 0.25
25.0 10.0 0.96 0.1%

Estimate {preferably using a graphical method) the value of &, /k,. A. Baka& and J. H.
Espenson, Inorg. Chem. 20, 953 (1981).

Suggest a suitable method (other than uv-vis spectral) for monitoring the following reac-
tiong and give details:

H
/O\
a4 2 0H +
4. (en)Co Coten), ——— 2Co(en)(OH),
A
o]
H

A, A. El-Awady and Z. Z. Hugus, Ir., Inorg. Chem. 10, 1415 (1971).

McOH

b, Pd(PR;),(CH,)CI + py » PA(PR,),(CHYpy* + CI™

F. Basolo, J. Chatt, H. B. Gray, R. G. Pearson and B. L. Shaw, J. Chem. Soc¢. 2207 (1961).
¢ Cd(pdwa)’~ + Hypdta®’™ — Cdipdta)’~ + H,pdta?"

B. Bosnich, E. P. Dwyer and A. M. Sargeson, Ausl. I. Chem. 19, 2213 (1966),

d. Mo(CO); + PhiAs —5 Mo(CO),PhiAs + CO

J. R. Graham and R. I. Angelici, Inorg.-Chem, 6, 2082 (1967).

e. 7n2* 1 apocarbonic anhydrase > carbonic anhydrase

(this is the regeneralion of the enzyme [rom the demetallated form and zinc ion).
R. W. Henkens and J. M. Sturtevant, J. Amer. Chem. Soc. 90, 2669 (1968).

f.  MA, + MB, — 2MAB

A and B are different N,N-disubstituted dithiocarbamates (see Sec. 4.7.6(a)) M. Moriyasu
and Y. Hashimoto, Bull, Chem. Soc. Japan 54, 3374 (1981). J. Stach, R. Kirmsc, W.
Dietzsch, G. Lassmann, V. K. Belyaeva and 1. N. Marov, Inorg. Chim. Acta 96, 55 (1985).

g Cofen}’ + OH" — products
N. Shinohara and J. Lilie, Inorg. Chem. 18, 434 (1979).
h. Cu{ll}azurin + Cu(l)azurin (sclf-cxchange rate constant = 105M~!s~!)

C. M. Groeneveld, S, Dahlin, B. Reinhammer and G. W. Canters, J. Amer. Chem. Soc.
109, 3247 {1987) and previous references.
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200 4 Substitution Reactions

techniques must be used to measure substitution rate constants, Metal ions or complexes that
generally react rapidly {within a matter of seconds) arc termed labile, whereas if they substitute
slowly, taking minutes or longer for completion, they are considered inert.?

Ligand interchange in metal complexes can occur in two ways, either (a) by a combination
of solvolysis and ligation e.g.*

Co(CN),CI*~ + H,O  » Co(CN),H,0* 1 CI- .10
Co(CN).H,0% + Ny — Co(CN)Ni~ + H,0 4.2)

or (b) by simple interchange in which there is a replacement of one ligand by another without
the direct intervention of solvent, e.g.

Pt(dien)Br* i CI- = Pr({dien)Cl* + Br- 4.3)

Indirect substitution of the type indicated in (4.1) and {4.2) appears to be the method much
preferred by octahedral complexes,® whilc direct substitution is more relevant with square-
planar complexes. This situation couid perhaps be predicted in view of the more crowded con-
ditions with octahedral than with planar complexes. For other geometries both routes arc
uscd.

‘The substitution process permeates the whole realm of coordination chemistry. 1t is fre-
quently the first step in a redox reaction® and in the dimerization or polymerization ol a
melal jon, the details of which in many cases are siill rather scanty {c.g. for Cr(IID*"), An
understanding of the kinetics of substitution can be important for defining the best conditions
for a preparative or analytical procedure.® Substitution pervades the behavior of metal or
metal-activated enzymes. The production of apoprotein (demetalloprotein and the regenera-
tion of the protein, as wcll as the interaction of substrates and inhibitors with metalloproteins
are important examples?.

4.1.1 Solvated Metal Ion

Beforc we consider substitution processes in detail, the nature of the metal ion in solution wiil
be briefly reviewed. " A metal ion has a primary, highly structured, solvalion sheath which
comprises sotvent molecules near to the metal ion. These have lost their translational degrees
of freedom and move as one entity with the metal ion in solution, There is a secondary solva-
tion shell around the metal ion, but the solvent molecules here have essentially bulk dielectric
properties. '™ "' The (primary) solvation number # in M(S)?' of many of the labile and inerl
metal ions has been determined, directly by x-ray or ncutron diffraction of corcerntrated solu-

tinns, %2 from spectral and other considerations and by examining the exchange process
M(S); " + *8 = M(S), (") + S “44)

From the ratio of the areas of nmr peaks due to coordinated and free solvent, or from sim-
ple isotopic analyses, the value of # can be determined. 1* [t may be necessary o slow (he ex-
change process (4.4) by lowering the temperaiure of the solution. A varicty of solvation
nurnbers # is observed, with four and six being the most prevalent. As we have noted already,
there is a wide range of labilities associated with the solvent exchanges of metal ions {Fig. 4.1).
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4.2 Substitution in Octahedral Complexes 201

4.1.2 Representation of Substitution Mechanisms

The simplest type of replacement reaction is the exchange of a coordinated ligand by an iden-
tical free ligand, an important example of which ariscs when the ligand is a solvent
molecule. "* The mechanisms we can visualize are presented in schematic form in Fig.
4.2."1% The larger circle represents the total coordination sphere of the metal ion (of any
geometry) and the small circle labelled E and L represents an (identical) entering and leaving
ligand molecule. If we can deduce by kinetics or other tests that there is an intermediate of
higher or lower coordination number than in the reactant, the mechanisms are of the extrerme
types, denoted associative 4 or dissociative D respectively. * When the interchange is con-
certed and there is partial, and equal, association and dissociation of the ¢ntering and leaving
groups, the mechanigm i3 termed 7. This will rarely occur and more likely there will be a
preference for 7, or I, in which the entering and leaving groups are either firmly {7,) or
weakly (1) enbedded in the coordination sphere of the metal (Iig. 4.2). Microscopic rever-
sibility considcerations (Sec. 2.3.6) requirc that the aclivated complex be identical in both dirce-
tions for this exchange reaction. As we have already implied, substitution in octahedral com-
plexes is dissociatively activated, whereas with square planar complexes, associative activation
is favored. Other {actors, ¢ g. ligand crowding in the reactant, may modify these generaliza-
tions. Distinguishing mechanisms, I; from D, [, from A and parlicularly I; from I, can be
very difficult and it will be noted in this chapter that it 1s a preoccupation of the workers in
this area. It is necessary 1o emphasize that these classifications are necessarily approximate
and that there is a continuous rangs of behavior, '®

©BR00

A I ! 14 D

Fig. 4.2 Schematic representation of the mechanisms [or substitution reactions. Based on Ref. L.

4.2 Substitution in Octahedral Complexes "’

The replacement of one unidentate ligand by another (particularly if the two ligands are iden-
tical) is the simplesl substitution {0 envisage and has been used extensively to establish the
rules of substitution mechansims. This becomes handy information in order to understand
substitution involving chelates and macrocycles of incrcased complexity. From what has been
already stated, at least one of the unidentate ligands will be a solvent molecule. In (4.1) the
forward direction is variously referred to as solvation, solvolysis or dissociation and the reverse
reaction is termed a formation (or anation, if the cntering group is anionic) process.
Mechanistic information can be obtained by studving the reaction in either direction (since
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202 4 Substitution Reactions

these are intimately related (Sec. 2.3.6, Prob. 1) and particularly if the results are combined
with those from solvent exchange studies. Substitution reactions of both labile and inert metal
complexcs have becn investigated mainly, but not exclusively,'® in agueous solution. The
earlier studies of the Werner-type complexes have been augmented by investigalions of
organometallic complexes, particularly of the metal carbonyls and related derivatives™
although we shall not deal specifically with these.

4.2.1 Solvent Exchange with Metal Tons

Valuable information on mechanisms has been obtained from data on solvent exchange
(4.4). L 1%16.20.21 The rate law, one of the most used mechanistic tools, is not useful in this in-
stance, unfortunately, since the concentration of one of the reactants, the solvenl, is invariant.
Somctimes the exchange can be examined in a “neutral” solvent, although this is difficult to
find. # The reactants and products arc howcever identical in (4.4), there is no free enerey of
reaction to overcome, and the activation parameters have been used exclusively, with great ef-
fect, 10 assigh mechanism. This applies particularly to volumes of activation, since solvalion
cifferences are approximaltely zero and the observed volume of aclivation can be equated with
the intrinsic one (Sce, 2.3.3).

(a) Divalent Metal lons

Kinetic parameters are shown in Table 4.12°-% for the exchange of the first-row (and one
second-row 2%} divalent transiticn metal ions in water. Since AV for a D mechanism is Vs
+ Vg — Vys, and usually Fys, < Vs, then AFF will be less than ¥, the molar volume
of the released solvent molecule.

"Table 4.1 Kinctic Parameters for Water Exchange of Divalent Transition Metal lons, M(H,OR)* at 25°C
Refs. 23- 25

v Mn?! Fe?! Co?! NjZ! Ru?!
kys! 89 2.1 » 107 4.4 x190°% 3.2 =105 32 x 104 1.8 x 1077
AHY, kJ mol ! 62 33 41 47 57 88
!\Sf, I K~"mal™! —{.4 + 6 +21 +37 +32 - 10
A¥T, emimol e —4.1 —54 +3.8 +6.1 +7.2 —-0.4
Electronic Conlig. 13, t3.e2 13 el 13 ¢ 1f,el 14,
Tonic Radius, A® 0.79 0.83 0.78 0.74 0.62 0.73

2 On Basis of AB* = (); " R.D. Shannon, Acta Crystallogr. Sect. A: Crysl. Phys. Diff. Theo. Gen.
Crystallopr. A32, 751 {1976},

In aqueous solution therefore AV* will be less than +18 cm”® mol ' and probably near 19
to +11 ¢m?® mol ~! for a 2 mechanism, independent of ionic charge, '!%2! For an 4 mecha-
nism AV* will be negative to the extent of about —11 cm?mol ~!. The increasingly positive
values for A¥T {from V2' to Ni?' (Tsble 4.1) signify therefore an increasingly dissociative
mode for substitution. It appears that the designations £, (V2*, Mn?') I(Fe?') and 7,(Co?",
Ni’*} are most appropriate for water exchange with these metal ions. A strikingly similar
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4.2 Substitution in Octahedral Complexes 203

paitern holds lor exchange in MeOQOH? (we can add the f; designation for Cu?') and
CH,CN,?"? Tables 4.2 and 4.3. The increasingly dissociative activation mode of exchange
from WMn to Ni is accompanied in all three solvents by slower rates and increasingly positive
AST and larger AJIT values. Since it is anticipated that the entering and leaving solvent
molecules will be along the three-fold axes of the oclabedral complex, it might be expected
that the greater the t, clectron density (see Table 4.1} the Icss likely the associative path will
be electrostatically favored, which is precisely what occurs. »'¢ The relative inertness (low &
and large AH 7} for V2+ stems from its stable t%g electronic configuration. The high lability
(large & and low AF ™) for Cu?' results from its tetragonal distortion, * When the size of the
ligand (solvent) molecule increases, c.g. as in M(dm?f)Z*, an associative path for exchange is
obviously less favored on steric grounds, all A ¥ values are positive (even Mn?* %} and a
dissociative activation mode is favored for all four ions. Perhaps even an extremes D
mechanism is operative for Ni(dmi{)Z', Table 4.4.7%* Finally, the sequence ol solvent ex-
change rate constants HyO > dmf > CH,CN > CH;0OH 15 mectal-ion independent. At-
tempts to explain this sequence have so far been unsuccessful, but a relationship between
AHT for solvent exchange and AH,, the heat of dissociation of solvent molecules S from
MS:2* has been suggested. !

Table 4.2 Kinetic Parameters for Methanol Exchange of First-Row Divalent Transition Metal lons,
M(CH,OH)2" at 25°C Rel. 26

Mn?** Fels Colr NiZ: Cy?**
kst 3.7 % 10° 5.0 x 10% 1.8 x 10% 1.0 x10° 31 = 107
AHY K mol - 26 30 58 66 17
ASF T K 'mol™! —-50 +13 +30 +34 —44
AP emimol —5.0 1 0.4 t 8.9 111.4 +8.3

Table 4.3 Kinetic Parameters for Acetonitrile Exchange of First-Row Divalent Transition Metal Tons,
M(CHECN)E'* at 25°C Rcets. 27, 28

Mn2+ Fe?+ Co?* MiZ=
k5! 1.4 x 107 6.6 x 10° 34 x 100 2.8 = 103
A7 kT mol—! 30 41 50 64
ASTJK 1imol ! -9 +3 +27 +37
AVY emdmol-! —7.0 +3,0 +6.7 +7.3

Table 4.4 Kinectic Parameters for Dimethylformamide Exchange of First-Row Divalent Transition Metal
lons, M{dmD3* al 25°C Refs. 27, 29

Mn2+ Fe:ﬂ COZ‘ Ni2+
ks ! 2.2 x 10% 9.7 % 10° 3.9 x 10° 3.8 = 107
AH T kI mol~! 35 43 57 63
AST T K 'mol™! -7 +14 +53 +34

AP cmimol ! 2.4 +8.5 +6.7 +9.1
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204 4 Substitution Reactions

(b) Trivalent Metal Ions

The exchange of the trivalent ions of the metals Cr, Fe, Ru and Ga in water is governed by
the rate law

kexch =a-t b[H+]_l (45)

from which exchange data for M{H,OR* and M(H,0);0H?" may be extracted (Sec.
2.1.7(bY), Tables 4.5 and 4.6.7%%% The negative signs of AF" indicale an associative
mechanistic mode for the transition metal ions M{H,O)*, with Ti(H,0)}}* probably 4, and
the others / -controlled. In contrast, a dissociative mechanism I, for M(H,0),012* is sup-
ported by the pressurc measurements. A strong labilizing cffect of coordinated OH™ in
M{H,0);0H?*", presumably on the trans H,Q, leads to a 10%-107 fold enhanced rate for (he
hydroxy- over the hexaaqua ion and portends an important effect of ¢oordinated ligands on
the lability of other bound ligands (Sec. 4.3.3). Again, the greater the t,, electron density, the
less effective is associative activation, This is shown by increasingly less negative AT7s from
Ti** 1o Fe?'. The behavior of Ga’* is included for comparative purposes.® The trend is
however much less pronounced than with the bivalent metal ions. A comparison between iron
and ruthenium is interesting. The stable low-spin configurations of Ru{ll) and Ru(l1l) com-
pared with their high-spin iron counterparts lcad to dramatic reductions in exchange rates.
The two g, electrons in Fe(Il) and Fe(IIl) are missing in Ru(IT} and Ru(l11) and this favors
more associative character for exchange with the latter ions, This is shown by more necgative
AV *®s for reaction of Ru{H,()2* and Ru(H,0) . General relationships of reactivity with

Table 4.5 Kinetic Parameters for Water Fxchange of Trivalent Transition Metal Tons, M(H,()] at 25°C
Refs. 25, 32, 33

Ti3* AN Cri+ Felt Ru? Ga'-®
kos! 1.8 % 10° 5.0 x 107 24 % 10°% 1.6 x 107 3.5 »x 107% 40 x 107
AH k] mol-! 43 49 109 64 90 67
AST T K-'mot-t 41 - 28 t12 +12 —48 +30
A¥H emimol 1" 121 X ~9.6 —5.4 —§.3 +5.0
Electronic Canfig. ti, t3, t, t3el 13, t el
lonic Radius, A® 0.67 0.64 0.61 0.64 0.68 0.62

2 On basis of AB3™ = 0; ? R.D. Shannon, Acta Crystallogr. Sect. A: Cryst. Phys. Diifr. Theo. Gen.
Crystallogr. A32, 751 (1976); ¢ Included for comparative purposes.

Table 4.6 Kinetic Parameters for Watcr Bxchange of Trivalent Transition Metal Tons, M{H,0),Q11%"
at 25°C Refs. 25, 32, 33

GaOQH?+

CrOH?2! FeOHI?! RuOH?2"
kst 1.8 x 10 ¢ 1.2 x 10° 3.9 x 1074 (0.6 — 2.0) = 105t
AH* kImol ¢ 110 42 96 59
AS®, JK~'mol ! +55 +5 +15 -
AVFY emmol—i® +2.7 +7.0 +0.9 +6.2

4 0On basis of ART = 0, ® Range arises from the uncertainty of pK of Ga(H,0)}+
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4.2 Substitution in Octahedral Complexes 23

electronic configuration have been understood for seme time, mainly on the basis of ligand
reactions (next Section). 23* Crystal ficld considerations for example indicate kinetic inertness
associated with the d?, low spin d*, d°® and d® and d? electronic configurations. >3 Un-
doubtedty, a much clearer picture of the intimate mechanism of reactions has emerged from
the studies in the past decade of solvent exchange reactions,

4.2.2 The Interchange of Different Unidentate Ligands

Now we examine the replacement of a coordinated unidentate ligand L. by a different uniden-
tate ligand L. Either I. or I., will be H,O. The reaction can be examined in either direction.
Figure 4.2

ML + L, <= ML, + L (4.6)

is still generally useful for depicting mechanism. We can consider the mechanism associatively
activated if the reaction characteristics (activation parameters, steric effects, cte.) are more sen-
sitive to a change of the entering group, then they are to the leaving group. ' We can now ob-
tain a meaningful rate law, but kinetic parameters are likely to be composite and less easy to
evaluale than those from solvent exchange.

The D mechanism is represented by the scheme

ML = M+ L &k, k, 4.7

Mo L, = MIL, by, ko (4.8)

in which a five-coordinated intermediate represented by M is gencrated with a sufficient
lifetime to discriminate between L and L,. The full rate law governing this mechanism has
been referred to in Sec. 1.6.5. If we use I, in excess over M1, and the reaction is irreversible
(k_, = 0) then

K, k,[ML][L,)

4,9
kL ¢ holLy) 9

—d(ML)Y/dr = d (ML }/drt = -

In the interchange mechanism, there is an interchange of L and L, perhaps within an
outer-sphere comptex (ML --- 1.} which is very rapidly formed from the reactants

ML + L, = ML:--L; K, fast (4.10)
ML -+ L, — ML, -+ L ks (4.11)
ML, ---L — ML +L fast (4.12)

The cxtent of influence of L, on the &y process, will diclate the applicable designation {y,
For 1. For this reaction scheme,

k3 Ko IMLI[L 1,

d (ML,)/di =
Y £+ KL,

(4.13)
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206 4 Substitution Reactions

where the subscripts 0 indicate the total (starting) concentrations of the specics. For an A
mechanism, in which there is a scven-coordinated intcrmediate or activated complex, a
second-order rate law obtains,

ML + L, é [MLL,|* = ML, + L (4.14)
diML,)/dt = k [ML]|L,] (4.15)

4.2.3 Outer Sphere Complexes

Before considering the kinetics associated with the various mechanisms, a discussion of the
outer-sphere complex is necessary, since it features so prominently in the interchange
mechanism (4.10)-(4.12), The secondary interaction of an inner-sphere complex with ligands
in selution to give an outer-spherc complex as depicted in (4.10) is mest effective between op-
positely charged species (ion pairs). The presence of an outer-sphere complex, a term first
coined by Alfred Werner in 1913, is easily demonstrated in a number of systems. Rapid spec-
tral changes in the 200-300 nm region, which can be ascribed to outer-sphere complexing,
occur on addition of a number of anions to M(NH,);H,0 %, where M = Cr or Co,* fong
before final equilibration to the inner-sphere complex occurs. For example,

Co(NH)H,0'' + N; == Co(NH)H,0%' - N,
Outcr-sphere complex
l
Co(NH,)\N3* + H,0 {4.16)

Inner-sphere complex

The separation of the two stapes is easier to discern when the rates of the two processes are
so different, but it can also be seen in the ultrasonic spectra of metal-sulfate systems (Sec.
3.4.4), Ultrasonic absorption peaks can be attributed to formation of outer-sphere complexes
(at higher frequency, shorter 1) and collapse of outer-sphere to inner-sphere complexes (af
lower frequency). In addition to uv spectral and ultrasonic detection, polarimetry and nmr
methods have also been used to monitor and measure the strength of the interaction. There
are difficultics in assessing the value of K, the outcr-sphere formation c¢onstant. The
assemblage that registers as an ion pair by conductivity measurements may show a blank spee-
troscopically. ' The value of K, at 7 K may be estimated using theoretically deduced expres-
sions: ¥

4nNa? Ula)
K, = — 4.17
©% T3000 P ( kT 1)
where U/(a) is the Debye-Hiickel interionic potential
z,z,€° 77,62k
Ula) = - (4.18)
al D{1 4 xa}
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4.2 Substitution in Octahedral Complexes 207

. SmiNe'n
1000DET

(4.19)
and

= Avogadro’s number,

= distance of closest approach of two ions fem).
= Boltzmann’s constant {erg).

= charge of an electron in esu units,

— bulk dielectric constant,

i = joni¢ strength.

Z;» 4 = charge of reactants.

bm?.“ﬁz
|

To give some idea of the value of K; — it is approximately 14 M~' for interaction of 2+
and 2 - charged reactants at p = 0.1 M and 0.15 M ™! for interaction between a cation and
a zero charged species. ™ It is necessary to reaffirm the point that the occurrence of outer-
sphere complexes, which can be observed in the studies of the Fe(lll}—Br—,
NiI{) —CH,PQ;~ and the ultrasonics of a number of M2* —S0J}~ systems,*® does not
necessitate their being in the direct pathway for the formation of products (Sec. 1.6.4). Their
appearance does not help in the deciphering of the mechanism.

4.2.4 Characteristics of the Various Mechanisms

Although the rate laws derived from the three mechanisms assume distinctly different forms,
(4.9}, (4.13) and (4.15), the assignment of the mechnisms on the basis of these alonc is difficult.
If reaction (4.6) is studied using an excess of 1.,, the rate laws shown in Table 4.7 will be
observed for different concentrations of L, for the D and I mechnisms. For the A mechanism
Lhe second-order rale law holds for all concentrations of L. Al low [L,], e/l mechanisms
give second-order rate behavior with composite rate constants for D and I mechanisms. Only
if the mechanism is £, is the rate slowed down by L (mass law retardation). This can be used
for diagnosing a /2 mechanism for I., L, interchange reactions in nonaqueous solvents (see
however Ref. 19} bul for the ligand replacement of coordinated solvents, commonly sludied,
[L], the solvent, is constant and the abiiity te use this feature to diffcrentiate amongst the
mechnisms is lost. For D and I mechanisms. the linear dependence of &, on [L,] at low [L,]
may be replaced by an independence at high [L,]. The limiting rate constants will be &, for
the breakage of the ML bond or k,, for the interchange within the ouler-sphere complex.
The experimental limiting first-order rate constant is unlikely to be uscful for distinguishing

k. and &, (in an f; mechanism) but in any case its value should be close to the valuc of
Ky 153940
exen =

MO + 1L,*0 = M—H,*0 | H,0 k.o (4.20)

Unfortunately even a slight deviation from linearity of kg, with [L.,] is rarely observed.
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208 4 Substitution Reactions

Table 4.7 Rate J.aws for Substitution Mechanisms with Different Conditions

Low [L,] Medium [1{] High [L]

D ky[L] < &[] kL]l ~ &_ L] K [LT = k_ L]
M scavenged by L M scavenged by L,
preferentially preferentially
k b, (ML 1. &k, [ML][L

Rule “ZI—HJL __,,_1_:[. 71[ L] k[ [ML]

k_yIL] k [L] + k,[L.

I KL, < 1 KolLily ~ 1 Kol > 1
Small build up of outer- Formation of outer-sphere
sphere complex complex complete

kKo IML][.
Rate Kk, &Ky [MLi,[L,], KoKy MU o kML,

1+ KL ],

4.2.5 The Limiting First-Order Rate Constant

Only in a relatively lew systems are deviations from constancy for the function &, /[L,]
observed and in even fewer, is a point reached in which &, is a constant, independent of
[L,].

In the replacement of H,0O by SCN~ in the Co(Fl) porphyrin 1 abbreviated CoP>*

Co(tmpyp¥H,0%" + SCN~ — Co(tmpyp)}(H,0) (SCM}** + H,0 (4.21)

the pseudo first-order rate constant &, vs. [SCN~| (used in excess) is shown in Figore 4.3,

The further replacement of the water in the product by SCN™ is very rapid, The rate law
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4.2 Substitution in Qctahedral Complexes 209

. o/ﬂ
35° v
o
10} .
T
£ L
.kﬂ
[ 25° a( ° Fig. 4.3 The dependence of the pseudo first-order rate
/ o)/ constants upon anion concentration for the anation of
101 o Collmpyp)(H,0)5* by SCN- at 15, 25, and 35°C in
P / 159 01 M H*Y, u = 1.0 M.* The solid lincs conform to
o,o’c' o 58— Eqn. (4.22). Reproduced with permission from K. R.
?,09;/'[*’:" L Ashley, M. Berggren and M. Cheng, 1. Amer. Chem.
0.4 0.8 Soc. 97, 1422 (1975) © (1975} American Chemical
[SCN-1 (M} Society.

{4.22) therefore applies and an A4 mechanism is eliminated. For a £ mechanism, ¢ = &, and
b — k_,/k,. For an I mechanism,

a|SCN]

—d[CoP 5+, /dt = 2= 1
[COP™ Lo b+ [SCN-]

[CoP**]) b (4.22)

a4 = kyand b — K;! (Table 4.7, Medium [1.,] Condition). The value of K; which results from
this analysis (0.83 M~! at 25°C) appears small for a +5, —1 reaction pair in an f
mechanism, although the effective charge is probably markedly reduced from | 3 since it is
smeared over the whole porphyrin.*! Better cvidence for the I mechanism than simply by
default, comes from studies of the pressure cffect on (4.21) using the high-pressurc stopped-
[low technique (Sec. 3.3.3).%? On the hasis of the rate law (4.22), which was confirmed, the
variation of &, the pseudo first-order rate constant, with pressure P will be given by (Sec.
233
aexp (—PAV]/RT)[SCN"]

ks = : : 4.23
P pexp (—PAVE/RT) | [SCN-] : 4-23)

For a D mechanism, {4.24) and (4.25) the valuc of A¥? (= AV7) = 14 + 4 em® mol 'is
reasonable for the loss of onc H,O molecule in the activated complex. The valie of

Coltmpyp)11,0)* = Co(lmpyp)H,0)5* + H,0 AV}, AVF (4.24)
Co(tmpyp)H,0)™ + SCN  — Co(tmpyp)(H,Q)SCN** AV} {4.25)
AVi{= AV, — AVI) = 5 & 4 em®mol ~! is also plausible. On the other hand for an £,

mechanism (4.26) and (4.27) the large value of AV] (= AFY) for the interchange step and
the negative value for AV (= —AV{) arc quite unlikely, “>% See Ref. 44,
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210 4 Substitution Reactions

Co(tmpypXH,0%5* + SCR- = Co(t..mpyp)(Hz())g*---SCN' AV {4.26)

Co(tmpyp)XH,0)E* - SCN™ — Coltmpyp)SCN** + H,0 AVf {4.27)

All the kinetic features expected for a D mechanism and rate law (4.9} i.e. marked effects
of 1. and L, on the rate constants, are shown in the comprchensive studies in nonagueous
solutionn of substitution in low-spin Fe(ll} complexes of the type FeN,XY where N, are
planar porphyrins, phihalocyanins and macrocycles and X and Y are neutral ligands, CO,
R,P, pyridines cte. Small discrimination lactors (k _; /k;) suggest that the five-coordinated in-
termediate in these systems is very rcactive. *>* ‘There have been problems in the confirma-
tion of curvature in the plots of k., /[L|] for “classical” reactions of a numbcr of aquapent-
ammine complexes. ¥’

4.2.6 Second-Order Rate Constants

We have to nearly always use the activation parameters from the second-order rate law 1o dif-
ferentiale between mechanisms. For a single reaction, the kinetic parameters are ol little use
and it is usually necessary (o compare Lhe bchavior of a number of recaction systems. The ploy
then is to deduce with which mechanism the kinetic data are most consisient. Some values
for k, for reactions of NiZ* jon with a variety of unidentate ligands, calculated from the ex-
perimental rate constant (k;K,, see Table 4.7) using an estimation of K, are contained in
Table 4.8%°, The values of &, are reasonably constant, close to the water exchange rate con-
stant (Table 4.1}, and these results represent strong support for an I; mechanism. It was this
type of cvidence that Eigen usced to propose the ion-pair mechanism for the reactions of a
number of bivalent metal ions®®, It is difficult to distinguish an [, from a D mechanism,
although AF* values for solvent exchange and ligation by neutral ligands of Ni(H,(%* also
support an f; mechanism.* The situation appears different with the bulkier dmf ligand. The
computed value of &; > 1.4 x 10%s™1 for reaction of Ni(dm[)?* with SCN and El,dic s
substantially greater® than Lhe solvent exchange value &, = 3.8 x 107s7! {Table 4.4). An
I, mechanism is ruled out and a D mechanism favored by default.® The values of AV
(+8.8 to +12.4 cm?mol ™'} for reaction of a number of ligands with Ni(dmf);* also support
a dissociative mechanism.?!

Table 48 Compuled Values for &, from Second-Order Ratc Constants {K;4,} for the Formation of
Nickel{IT) Complexes from Unidentale Ligands at 25°C Ref. 40

Lo- 1073 x Kok, K, 10 4 x ks
Y M-! 57!

CH, PO~ 280 4p2 0.7%

CH,CO; 300 20+ 1.5%

NH, 4.5 0.15% 3.0

C;HN 3.6 0.15" 2.0

NH,(CH,),NMe; 0.4 - 0,027 ~2

* These valucs arc dircetly determined from refaxation dala.
b Estimated values (see text).
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4.2 Substitution in Octahedral Complexes 211

Associative mechanisms are indicated by the second-order rate constant showing a decided
dependence on the nucleophilicity {or basicity) of the entering ligand. We have already noted
this in the reactions of Fe(H,0%' (Sec. 2.1.7) and find that a similar situation holds for
Cr(H,0); *,** V(H,0)}* ** and Ti(H,0)* * ions. The I, assignment for substitution in these
mectal ions is satisfyingly consistent with their activation parameters for watcer exchange (Table
4.5). It has been suggested that in replacement of coordinated H,O by SCN~ and CI~ ions
in any compilex, if the ratic of their second-order rate constants (#) exceeds 10,
k(SCN )/k(Cl ) > 10, an {, mechanism is indicated. ** This is a useful rule. Values of r ex-
ceeding unity are usually associated with meral ions which have negative values for AV for
water excharnge again supporting associative activation. The sclectivity indicated in the r value
declines as the rates become faster. ™ Thus, r decreases in the order Cr(H,0)}*, Fe(H, )+
and probably Mn(H,0);', even though solvent exchange data indicate an f, mechanism is
opcrative in all cascs. This mild selectivity for entering ligands has caused interpretation prob-
lems in the assignment of mechanism for the most labile metal ions. '®

Examining the relationship between the hydrolysis rate constants (k,) and the equilibrium
constant (K|) for a series of reactions of the type (4.28) and (4.29) involving charged ligands
X" has been very helpful in delincating the type ol F mechanism.

M{NH XY 4 H,0 = M(NH,)H,0* + X"~ k., k_,K| (4.28)

M(H,0),X%-"* + H,O0 = M(H,0)" + X"~ ko kK, (4.29)
For these rcactions the general LFER holds
logk, — alogK, + b (430

With an 7; mechanism, the rate constants for anation (k__'l) are approximately constant
and any differences in the formation constants K| reside in dilfering k, valucs since K, =
k,/k_|. This requires that ¢ = 1.0 as we have already scen for Co(NH;);X2* (Sec. 2.4).%
Simple reasoning indicates that for an 7, mechanism ¢ = 0.5.?%% The decreasing values of
a for the hydrolyses of Co(NH,);X?™ (1.0), Cr(NH;);X?" (L69) and Cr(H,0).X?' (0.58)
suggest increasing associative character (f,)} for these reactions. This is supported by the
vajues of AF¥ (+12, —5.8 and —9.3 cm*mol ' respeciively) for the water exchange of the
corresponding aqua ion.? See also Ref. 57.

4.2.7 Summary

Since we shall not obtain the comparable amount of dctailed information on the mechanisms
of substitution in octahedral complexes from the studics of more complicated substitutions
involving chelation and macrocyele complex [ormation (Secs. 4.4 and 4.5) it is worthwhile
summumarizing the salient features of substitution in Werner-type complexes.

Associative (4) mechanisms are extremely rarc and il is uncertain whether an aulhentic ex-
ample exists.”® Dissociative (D) mechanisms are more common although difficult to
establish. Some examples were cited in Secs. 4.2.5 and 4.2.6. Thus interchange (I} mechanisms
dominate the scene. This leads to the following generalizations:
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212 4 Substitution Reactions

{a) Relatively small influence of an entering group on the rate or ratc law.

(b) Parallel rate constants for substitution and water exchange for a large number of com-
plexes. Equality of &, and k,,,, or even belter ol the associated parameters AH{ and AHZ,,,
is strong evidence for an f; mechanism.

{c) Correlation of hydrolysis ratc with the binding tendencics of the lcaving group, leading
to a variety of LFER involving activation and reaction parameters.

(d) Dccrease of rate with an increase in the charge of the complex (Fig. 4.1) since bond rup-
ture is an important compoenent, even of an f, mechanism.

(e} Steric acceleration and deccleration effects (Sec. 2.4).

Attempts to improve the simple mechanistic classification have been made using More-
’Ferall diagrams,'® or transition state bond order variations.*®

4.3 Accelerated Substitution of Unidentate Ligands

Reagents such as H*, Ol ~, metal ions and ligands may alter the rate ol replacement of one
ligand by another. These reagents act either by modifying the structure of onc of the reactants,
or by direct participation in the transition state (and the difference may be a subtle one and
difficult to diagnosc; see Sec. 2.3.6). It is important to establish that these reagents are pro-
moting another reaction pathway and not just producing a medium effect (see Sec. 2.9.2). If
the reagent is not used up in the reaction, the accelerating effect is termed catalytic. If on the
other hand it 15 consumed, perhaps ending up in the product, the terms reagent-accelerated
or -assisted are more appropriate. We shall deal in the next section with the catalytic and ac-
celerated replacement of unidentate ligands and Lhe ideas developed will be then incorporated
in the discussion of chelation and macrocycle complex formation (Sec. 4.4 and 4.5).

4,3.1 H*-Assisted Removal

Studies on the removal of unidentates in acid media have been made mainly with inert com-
plexes. It might be expected thal the removal of ligands that retain some basicity, even when
coordinated, would be acid-promoted, ¢ .

CrX? 4+ HY &= Crxpt+ K 4.31)

CrX** + H,0 —» Crit 4 X ky (4.32)

CrXH* + H,0 -» Cr** + HX k| {4.33)
for which,

—d[CrX?7 + CrXH3Vdt = hop [C1X2* + CIXH 3] (4.34)
where

b = Jot kK

o I+ K[H™] (4.35)
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4.3 Accelerated Substitution of Unidentate Ligands 213

Somelimes appreciable amounts of CrXH?* build up and the full rate law {(4.35) is ap-
plicable, as with X = CH,CO, , Ref. 60, Normally however, K < [H*], and

Kope = Ko + K K[HT] (4.36)

Placing a prolon on the X group presumably weakens the Cr-X bond. The enhanced lability
is duc to a reduccd enthalpy of activation, compared with that associated with the k, step. ®
Normally, the removal of unidentate ammonia or amine ligands from metal complexes is not
accelerated by acid, since the nitrogen is coordinately saturated. This situation changes when
we consider multidentates (Sec. 4.4.2).

4.3.2 Metal Ion-Assisted Removal

Metal ions can function much like protons, and cocrdinated ligands whose removal are ac-
celerated by H' (Sec. 4.3.1), are often ones (N;, CN ) whosc loss arc also metal ion-
assisted. Metal ions can also specd up the removal of an additional type of ligand (NCS5—,
CI17) that shows a strong tendency to form bridged binuclear complexes. The catalytic effi-
ciency ol a metal ion depends on a number of faclors. Therg is a close correlation of the rate
of accelerated aquation by M*' with the complexing ability of M7' . Hard mectal ions (Be?™*,
AP, like H*, rcadily remave the hard ligands, such as F~. Soft metal ions (Hg?t, Ag*)
are most effective when the leaving ligand is soft (C1—, Br~). % Substitution-inert metal ions
or complexes are usually ineffective.

The phenomenon has been mainly explored using inert CoflI) and Cr(III) complcxes with
He(I) and THKILD) as the accclerating ionms, and the leaving groups are usually halides,
pseudohalides, alkyls and carboxylates.® The majority of these induced aquations follow
simple second-order kinetics. At high inducing metal ion concentration, deviations [rom
second-order behavior might be expecled with the (rapid) appearance of an adduct (cxactly
as might be obscrved with H' catalysis) c. g.

cis—Colen),Cly + Hg™ Colen),CloHg™

(4.37)

£

cis-Colen),(11,0)C17* + HgCl*

y  “HgICon | (4.38)
1+ K, [Hg™"]

Fruitful interaction might occur via the adduct (g = &, K) or be extraneous to adduci for-
mation (@ — &;).% The two mechanisms are not easily distinguished, since they lead to the
same kinetics (Sec. 1.6.4). See also Ref. 63.

The Hg(Il) assisted agquation of Co(lIl)-chlore complexes has been throughly studied to
gain insight into the cffects of solvent, ionic strength and polyelectrolyles on reaction rates
and equilibria.® For the two reactions in 1.0 M HCIO, {4.39) and (4.40), (N); representing
five mitrogen donors in unidentates or multidentates or mixtures thereof,
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214 4 Substitution Reaciions

Co(N)C1%* + Hg™ — Co(N}H,0'" | HgCl"  kyo (4.39)

Co(NYCI2 + H,0  — Co(N)H,0% | CI° Ko (4.40)

a LFER for log ky 2+ vs log &y, (slope 0.96) is constructable for 34 complexes, Fig. 2.6. This
rclationship suggests a similar 5-coordinated species as an intermediate in both these
dissociatively-activated reactions.® When the removal of coordinaled halides is speeded up
with metal ions, products not normally oblained in aquation may result. ® Mercury(I1} is
useful [or producing chelaled esters for hydrolytic examination (Scc. 6.3.1) and to probe for
intcrmediates (See. 2.2.1(b)).

4.3.3 Ligand-Assisted Removal

Amions can promote hydrolysis of complex cations by producing ion pairs of enhanced rcac-
tivity (see 2.178). Usually howcever, ligands accelerate the removal of a coordinated ligand by
entering the metal coordination spherc with it and thereby labilizing it towards hydrolysis, We
have already seen the effect of coordinaled OH on the enhanced labilitics of Fe(III) and
Cr(I1I), Dissociative mechanisms and considerable acceleration arc promoted by CH,, CN
804~ and other groups on inert Cr(II1), Co{IID and Pt{IV) complexes. ® Nitrate ions, for cx-
ample, reduce the half-lifc for replacement of water in Cr(H,0)}* by dmso from ~ 380 h to
t0 17

In some cases, the unidentate ligand is liberated at the end of the reaction, Usually, however,
the ligand is found in both the reaclant and the product. The cffect has been most
systematically cxamined for Ni(11). *® Coordinated NH, and polyamines have the largest ac-
celerating influence. The rate acceleration induced by macrocycles resides primarily in reduced
AH? values (by 15-26 kJ mol™'). The 6- and 3-coordination of solvated tetramethyleyclam
complexes is controlled by the conformation at the 4 N-centers, 2 and 3. These complexes ex-
change by 7, and I, mechanisms, respeclively, as indicated by positive and negative AS*
values (Table 4.9). Also Sec. 4.0,

Table 4.9 Water Exchange Rate Constants? for a Number ol Nickel-(IT) Complexes at 25°C. Refs. 21 and
40),

Complex 103k, 57! Complex 1073k, g1
Ni{H, )2+ 0,32 Ni(12[ane| N )(H,0%* 200
NINH,NILOY 2.5 Ni{Me,cyclam)(D, 003~ b 1600
Ni(NH,),(H,0)3 * 6.1 Ni{Me cyclam)(D,0)2+ < 160
Ni{NH,);(H,0)2* 43 Ni(bpy) (I3 0.49
Ni(2,3,2-tety(H, 00+ 40 Ni{epy)(H, 0% * 0.52

* Far cxchange of single solvent melecule ® For RRSS form 2 of macrocycle, AH * = 37.4 kJ mol~! and
AS* = +38 J K 'mol ' ¢ For RSRS 3 which forms 3-coordinated solvated specics AHY = 27.7 k]
mol 'and AS® = =24 J K ‘mol .

There are linear correlations between log & (formation) and certain properties of the ligand
{(number of nitrogen atoms '’ or electron-donor constant ®). The enhanced rate resides largely
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4.3 Accelerated Substitution of Unidentate Ligands 215

et ¢ M

R
Trans i Trans |
RRSS RSAS
2 3

in the k& term in (4.11). Other coordinating groups such as aminocarboxylates and
heterocycles, bpy, etc. have much less labilizing influcnce (Table 4.9). This behavior conirasts
sharply with the pronounced effect that coordinated edta and related ligands have on the rates
of substilution of the waters attached to Ti(IID), Cr(l11), Fe(lIl), Ru(ily and Ru(I11}, Co(lID)
and Os(I1D). Factors of 10°-10% enhanced substitution rates, compared with the hexaaqua
ions have becn reported.® Porphyrins also accelerate dramatically the substitution of the
axial unidentate group in Cr(111), Fe(I11) and Co{II[} complexes. ™

We have been concerned in this section with the formation of adducts and reactions of the
type (3, and S, representing different ligand cntities):

S,ML + L, == S,MLL, £ (4.41)

We are interested in the effect of L, compared with S., on Lhe rate constantl (k,) for the
process. Ternary complex formation depicted in (4.41) has been actively studied, to & large ex-
tent because of the biclogical implications of the rcsufts."-72

4.3.4 Basc-Assisted Removal

The hydroxide ion can modify the reactivity of a system in acid medium, This has been known
for a long time and an example is used in Section 1.1. The ability of hydroxide to modify a
reactant is probably most importiant in the base-assisted hydrolysis of metal ammine and
amine complexes, ”* The overwhelming bulk of these studies have been with Co{III), for ex-
ample,

Co(NH;).X?* + OH- — Co(NH;),0H?' + X~ (4.42)
and these will be considered first. The kinetics are usually second-order,
V = koyulCo'] [OH] (4.43)

a rate law which is maintained in up to 1 M OH~, at which point flow methods must be used
to fotlow the rapid rates. Although a number ol mechanisms have been suggested to explain
these simple kinetics,” there is overwhelming support lor a conjugate base mechanism for
the majority of systems studicd.

(a) The Conjugate Base Mechanism. As originally proposed by Garrick, ™ basc removes a
proton from the ammonia or amine ligand in a rapid preequilibrium to form a substitutionally
labile amide complex
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216 4 Substitution Reactions
Cof{NH,;)X*' + OH = Co(NH,)(NH)X' + H,O &, k_,, K| (4.44)

Unimolecular solvolysis of this conjugate base in steps (4.43) and (4.46) produces an agua
amide complex that rapidly ¢converts to the [inal product (4.47):

Co(NH,)(NH.)X' — Co(NH,),NHZ* + X~ K, (4.45)
Cof{NH,),NH}* + H,0 — Co(NH,),(NH,)HLO** fast (4.46)
Co(NH,)(NH)H,0%* — Co(NH;),0H2* fast (4.47)

This mechanism termed D, (formerly S, 1CB) was developed by Basolo and Pearson and
their groups in the 19507s in the face of a good deal of healthy opposition {rom Ingold,
Nyhotm, Tobe and their co-workers who favored a straightforward A (S42) attack by OH
ion on the complex. ™ For a £, mechanism, in general,

V = d[Co(lID]/dl = ko [Co(lIN] [OHT] = % [Co(TI)] [OHT]  (4.48)
—1 2

where therc arc # equivalent amine protons in the cobalt reactant and assuming a steady-state
concentration of the conjugate-base. Some of the evidence for the various sieps proposed in
the conjugate base mechanism will now be considered.

1. The base-catalyzed e¢xchange of hydrogen between the cobait amincs and watcr
demanded by equilibrium (4.44) has been amply demonstrated. Normally all the exchange will
proceed by (4.44) but when &, and & | are similar in magnitude, the amount of H exchange
between solvent and reactant will be less than the amount of exchange between solvent and
product. This rarely has been observed.™ f there is a build-up of conjugaic basc, i.c
K/[OH ] = 1, or of an ion-pair of the Co(IIl) substrate with OH —, it is casy to show that
there will be a deviation from lincarity of the W[OH | plot. Again, this is rarcly
observed. ™™ Normally, k_, =k, and &, > k,,. With (hese condilions, proton-transfer in
(4.44) is a preequilibrium and

V = nK Kk, [Co(III)] [OH 7] (4.4%9)

In the unlikely event that &, » & |, kyy = mk, and the act of deprotonation becomes rate
limiting, alfording powerlul evidence (or the nceessity of (4.44) in the basc rcaction.”
Changes of rds with conditions show up in changing values of AH T (but surprisingly not
AV with temperature (Sce. 2.6).

2. An intermediate of the type Co(NH,),NH3~ is postulated in (4.45). The subsequent
reactions of this intermediate should be independent of the nature of the X group in the start-
ing material. The results of early experiments to verify this point have represented some of
the most powerful supporl for the D, mechanism. Base hydrolysis of Co(NH;)sX?' in an
H,'%0/H,"0 mixturc was found, as required, to pive a constant proportion of
Co(NH,);"*OH** and Co(NH,),"*0OH*", independent of X~ being C1~, Br~ or NOy.™ The
competition experiments described in Sec. 2.2.1 (b) support a live-coordinate intermediate
which is so short lived that it retains the original ion-atmosphere of Co(NH).X% "' bul
has lost “memory” of the X group. ™
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4.3 Accelerated Substitution of Unidentate l.igands 217

3. There is strong evidence for a dissociative type of mechanism for base hydrolvsis. Therc
is an =~10°fold rate enhancement (steric acceleration) for base hydrolysis of Co(ise-
BulNH,).C1*' compared Lo Co{NH,},Cl>* (mainly residing in &,™) while Lhe corresponding
factor for aquation is only =102, emphasizing the differcnt degrecs of dissociation (D vs
1)).® There is, incidentally, a 1.FER for log kqoy- v log K. slope 1.0, for reactions of a
series of Co(l11) complexes.® Finally, on the basis of a D, mechanism, the estimated pro-
perlies of the conjugate base Co(NH,);NH3' such as heal conteni® and partial molar
volume™ (see Prob. 15, Chap. 2) arc constants indcpendent of its source. Some other
charactcristics of the 5-coordinated intermediate will be discussed in Sec. 4.3.5.

There is no reason to believe that the conjugate base mechanism does not apply with the
other metal ions studied. Complexes of Cr(lII) undergo base hydralysis, but gencrally rate
constants are lower, often 107 — 104 less than for the Co(llI} analog, ™ * ‘Iable 4.10.% The
lower reactivily appears due to both lower acidity (K,) and lower lability of the amido species
(ky) in (4.49) (provided &_, can be assumed to be rclatively constant). The very unreactive
Rh(III) complcxes arc as a result of the very low reactivity of the amido specics. The complexes
of Ru{IH) most resemble those of Co(IIT) but, as with Rh(I11), base hydrolyses invariably takes
place with complete retention of configuration, ™

4.3.5 The Quest for Five Coordinate Intermediates

Many experiments have been performed to throw light upon, and much been written aboul,
the cxistence of an intermediate in substitution reactions. Most of the work has concerned
Co(III) and often the complex jon Co(INH,).X"* has been the examining substrate of chaice.
Evidence rests largely on competition experiments. The exislence of an intermediate
Co(NH;):' in the replacement of X on Co(NH,);X (charges omitted) by Y is strengthened if
Co(NH,)sY is formed directly (k; route):

Co(NH,),X 5 Co(NH,).Y (4.50)
. k3 (Y)
“ Co(NH,);H,0

{+ H0) {(—H,0)

Table 410 Rate Parameters for Base Hvdrolysis and Hxchange of Trans-M(RRSS-cyclam)Cly al 0°C
Ref. 86

Co 4,1 x 103 2.5 x 103 7.9 x 10!
Cr 1,2 x 10-2 9.8 3.8 x 10 4
Rh 3.8 x 10 &b 6.5ab 1.5 x 10-%b
Ru 2.3 1.3 x 107 4.3 % 10738
Co* 4,5 x 10% S8 % 109 4.1 x 102

7 Proton exchanging is cis to Cl. ® 20°C © Data for cis-Co(RRER-cyclam)Cl ¢ Proton exchanging is
trans to CL
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218 4 Substitution Reactions

Unfortunately, spontaneous aquation and anion-interaction with the aqua product
represents another route for XY interchange, and it is normally difficuli to separate the
primary (k) and secondary routes ¢k, and k;). This problem is cased if rapidly-lcaving
groups X, such as CF,80;, ClO; are employed. A comprehensive examination of 14 dif-
ferent complexes with ¢, (hydrolysis) ranging from < 1sto =1 hour, using SCN™ as a com-
petitor, shows that there is 3-19% direct anion capture (k;) and that the values are leaving
group dependent. Significantly, the ratio S-/N-bound thiocyanate in the products differs ap-
preciably. These facts suggest thal an I, rather than a D mechanism operates.* With aqua-
tion induced by Hg?' and NO*, Ref. 87, generally dissociative activation is supported but
the fine details, particularly the nature of the intermediate, has been z subject of some con-
troversy. %7 Most work related to and the best evidence for, a 5-coordinate intermediate is in
that generated in base-acceleraled reactions.”™ The charge and nature of the leaving group
X"~ in Co{NH,),X® " only slightly alfects the competition ratio (it may for examplc vary
[rom 8.5 to 10.6%) and when SCIN ™ is used as a competitor the S/M bound isomer ratios are
quitc constant for a large number of leaving groups (Sec. 2.2.1(b)), in contrast with the acid
hydrelysis results (above.)

The consensus is for a short-lived 5-coordinated intermediate of the type Co(NH,),NH3'
4 which may react quicker than it can equilibrate with its solvent cage. *® Experiments using
competition with anions at concentrations as high as 1 M are complicated by ion-pairing. %%
Both non-aggregates and aggregates are reactive, but curiously the aggregate MY scavenges
Y from solution and not [rom the second coordination sphere. It is not easy to arrive at any
firm conclusions about the gcometry of the five-coordinated intermediate of the conjugate
base mechanism.”™ 'The base hydrolvsis of a number of octahedral cobali(ITl) and
chromium({IIt} complexes, particularly of the type M(en),XY"* is accompanicd by
stereochemical change and il is reasonable to suppose that there is a rearranged trigonal-
bipyramidal intermediate, although at which point along the reaction profile il appears, is
uncertain, ”* The amido conjugate base is very labile and the manner in which the amido
group labilizes is still highly speculative. 1t iz also uncertain whether the amido group
generated has te be in a specific position (cis or frass with respect to the leaving group). ™ Il
is however generally true that the presence of a meridional or “ftat”™ sec-NII proton, cis to
the leaving group, leads to high base hydralysis rates. Finally, observations on the relative rates
of base hydrolysis and loss of aptical activity of cleverly conceived substrates have allowed
reasonable conclusions about the svmmetry of a relatively stabic five-coordinated in-
termediate in base hydrolysis (Sec. 7.9).°h%

NH, 2+
NH
HN=Co_
NH,
NH,

4
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4.4 Replacement Reactions Involving Muftidentate Ligands 219

4.4 Replacement Reactions Involving Multidentate Ligands

There is no reascn to believe that replacement of water by the donor groups of a chelating
agent 1s fundamentally different from replaccment when only unidentate ligands are involved.
However, the multiplicity of steps may increase the difficulty in understanding the detailed
mechanism, and mainly for this reason the simpler bidentate lipands have been most studied.

4.4.1 The Formation of Chelates

Thec successive steps in the replacement of two coordinated waters by a bidentate ligand L-L
is represented as

\|\l,4/OH2 . l QR

- + -l —=——= M\ + HoQ oy, fy {4.51)
| “oH, ="
(M{OH,)z]
N { L OH; b ‘ /L>
_— M + HO ko Ko (452)
= <
ML}

Assuming stationary-state conditions for the intermediate, in which L—L is acting as a
unidentate ligand, we find

d[M(L))/d? = k:[M(OH, )] [L—L] — 44[M(L)] (4.53)
with

_ kik, L kk,

ki = (k| + ko) ko= (k| + ky) @34

The [unction k,/4_; will dominate the kinctics of bidentate chelation.

(a) k, » k_;. For this condition, &y = k, and the overall rate of chelate formation will be
determined by the rate of formation of the M — L —L cntity, & process we can &ssumme is con-
trolled by the same factors that apply with the entry of unidentates.** The relation &, = k_,
is anticipated when the first bond formed is relatively strong and the tendency for the in-
termediate to bond-break (measured by £_;) is much less than its ability to ring close (k).
This behavior is heralded by a single discernible rate process with rate constants for complex-
ing by bidentate (or multidentate) ligands resembling that of the appropriatc unidentatc
ligand. The rate constant al 25°C for complexing of Ni®* with py, bpy and tpy are within a
lactor of three, namely 4 x 107, 1.5 x 10 and 1.4 x 10° M~!s~! respectively. * Complexes
containing no, onc and two chelate rings are formed. The reaclions of Cr(H,03' with
acetate, dicarboxylates, hydroxy- and amino acids have the common featurce of a rate indepen-
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220 4 Substitution Reactions

dent of the concentration of ligand. All reactions obey a single first-order process with similar
energies of activation (75-97 kJ mal™!} and in the suggested schemc

Cr(H,00* + HNCH,CO; — [Cr(H,0)' - H,NCH,CO, ] — [Cr(H,0);H,NCH,CO,]?*
(4.55)

(with glycine for example) the outer-sphere complexing is considered complele, Lhe rafe-
determining step is the expulsion of one water from the Cr(IEl) coordination spherc and ring
closure then is rapid.** The volumes of activation for complexing of Mn2*, Fe?*, Co?~
and Ni®* with tpy arc —3.4, +3.5, +4.5 and +6.7 cm?® mol ~! respectively. Comparison with
the water exchange data (Table 4.1} provides convincing evidence thal the loss of the [irst
H,0 in (4.56) is rate-determining and that the mechanisms of replacement resemble those
deduced for water exchange, %

M(H,O%* + tpy — M(H,0)ipy?' + 3H,0 (4.56)

The establishment of the first bond appears to signal rapid successive ring closures with most
of the multidentate ligands examined. (However, consider the Ni(II)-fad system, Sec. 1.8.2) In
certain cases the later steps in chelation can be shown to be more rapid than the earlier ones,
by clever experiments involving laser photolysis (Table 3.4)% or pH-adjustments of solutions
containing partially formed cheluates, ™

The dissociation ratc constant Is now composite, k; — & _ &k _,/k,. Following the first
bond rupture (k_,) the competition between further bond rupture (& _,) and reformation (4,)
which may lead to a small & /&, is the basic reason for the high kinctic stability of the
chelate. The problem of complele dissociation is intensified when complexes of ligands of
higher dentate character are examined. The situation is altered when the successively released
donor atom(s) van be prevented from reattachment (see subject of accelerated substitution).

(b} &, <€ k_,. Now, k; = k &, /k_| and the rate-determining step is ring closure. The con-
dition (b} is likely to arise in the following circumstances:
(iy If the first step is wunusvally rapid. The reaction of Co(tren)(OH), and
Co(tren)}(OH)H,0?' with CO, at pH 7-9 is biphasic (4.57). The first step is rapid because
no Co— O boad breakage is involved. This is followed by slower intramolecular chelation.®
For other examples see Ref. 100.

Co(lren)(CH)H,0** + C0O, — Co(tren)({H,O}YOCO,H?* > Coftren)CO, + H,0O ¢
(4.57)

The steps in the complexing of Ni** by the terdentate dye sulfonated 2-pyridylazo-1-
naphthel (5) have been carefully studied. At plI — 8.0 and low [Ni2*| {< 0.4 mM) the for-
mation of the first bond is Lhe rds. At much higher [Ni?*] = 100 mM, the initial substitu-
tion is mow faster than the first ring closure, The final ring closure (kK ~ 255 ' at 25°C) is
abnormally slow. "

(i) If the closing of the ring is inhibited. This may arise with the formation of certain six-
membered chelate rings involving diketopes '™ or B-aminoacids. Steric hindrance or strain
may then lead to “sterically-controlled” or “chelation-controlled” substitution, which is more
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OH

imporeant with the more labile ions. '»* If the closing arm is protonated and a proton has

to be lost prior to coordination then this may inhibit ring closure. This is likely only with the
more reactive metal ions, for it is only with these that substitution rate constants ¢an be com-
parable to those of protonation and deprotenation. ' The difficulty of ring closare from
this cause is however intensified when internal hydrogen bonds need to be broken. The rate
constant for reaction of Ni%~ with the unprotonated 3,5-dinitrosalicylate, dnsa? is 3.1 x 10
M~'s71(25°C, T = 0.3 M), that is, a normal valne, However the corresponding value is 3.8
» 102 M~! s~! for dnsaH~ (6) in which strong hydrogen bonding exists. For the scheme
(4.58) the second-order formation rate constant {k;) is given by

Ni*

O O:“H 8] -., L \
1. " L @58)
o k[
G

klk2k3
k_k oV k &y Uk Gk

ky =

(4.59)

on the assumption of steady state concentrations for 7 and 8. However it is uncertain whether
the rds is opening of the H-bond in 7 or closure of the chelate ring in 8 '™ '% Sce also Rel.
106 and 107, and Prob. 4,

The dissociation ratc constant &, measurcs directly the value of &k _; in (4.52). The strain
resident in multi-ring complexes is clearly demonstrated by some hydrolysis rate studies of
nickel(ITy complexes. The AF T values for the first bond rupture for Ni(ll}-polyamine com-
plexes fall neatly into groups. They are highest for en, containing the most strain-free ring
(84 kI mol™", about 75 kJ mol ' for compicxes with terdentate ligands and only ~63 kJ
mol~! for complexes of quadridentate and quinguedentate amines and with NH; itscif. '™
See also Ref. 109,

4.4.2 Effect of [H*] on the Rates of Substitution in
Chelate Complexes

Both the formation and hydrolysis rates of chelates will generally be pH-dependent. Let us
compare the behavior ol a chelating ligand L with its monoprotonated form LH 7. Each will
exis! in predominant amounts at particular pH's and usually have separate and distingl reac-
tivirics,
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222 4 Substitution Reactions

HL® = H* + L K, (4.60)
M+ I, = MI ko k 3, K, (4.61)
M | TH® = ML+ H'  k.k_..K, (4.62)

Il is easy to show that
Ky = KK, and therefore K, » K, since X, <€ 1 (4.63)

‘The smaller value of K;{— k,/k_;) than K,{k,/k_,) will reside in k; being less than &,
and k_,[H*| being smaller than & _,. Most reported studies examine the hydrolysis of metal
complexes of polvamines, particularly those of Ni(1[)'%19° and Cr(111). 10

In the reverse direction, a proton may be effective by aiding ring-opening dircctly or via a
reactive protonated species, [t may intervene with the ring-opened species. A splendid cxample
of thesc effects is shown in the acid hydrolysis of ferrioxaminc B (9). Four stages can be
separated and the kinetics and equilibria have been characterized by stopped-flow and rapid-
scan spectral methods. '!!

W 1
+
NH, C—-NH C—=NH
< N ' N
(({42)5 {CHy)p ((:-{"z)s /(CHz)z (C\Hz)s CH,

/
¢

4.4.3 Metal Ion-Assisted Dechelation

Metal ions can assist in the dissociation (hydrolvsis) of complexes containing multidentate
ligands. The metal ion may not necessarily complex with the detached ligand, for example,
in the metal-assisted acid-catalyzed aguation of Cr(C,0,%3~. Ref. 112, Usually however the
metal ion removes and complexes the ligand as in

MI, | M, — ML +M (4.64)

The reactions have been followed spectrally, including luminescent changes,!!* polaro-
graphically {(when M, is monitored} or by isotope exchange (M, being an isolopic form of
M). They are commonly sccond-order reactions, with the second-order rate constant often
dependent on [H*], [M|] and even [M] 13

It is supposed that binuciear intermediates involving M and M, occur in the various paths.
The most studicd systems involve edta complexes. '
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4.4.4 Ligand-Assisted Dechelation

Interchange involving multidentate ligands is obviously even less likely to be direct than inter-
change involving unidentate ligands. When solvent is available on the complex (or part of the
coordinated ligand is easily replaceable by solvenl), the incoming ligand can gain a “coordina-
tion foothold™. This can thereby lead to eventual complete ejection of the original multiden-
tate ligand. """ The simplest example of this is shown in the exchanges of metal chelates of
B-diketones with free ligand which have been studied in a varicty of solvents using nmr line
broadening, isotopic labelling with *C and spectral methods, "¢ [n the general scheme, where
OO0 represents the diketonc and the asterisk distinguishes the interchanging diketones

5 TN ST
’ A L0 oH 0o o
% + H == M _— M
"o o o e
\__/O \JOH (4.65)
0] a
= M )x + H< )

Q Q

the rds can be (1) breaking of the M — O bond, (2} formation of an intermediate containing
dangling groups or (3) intramolecular proton transfer between the dangling groups. ''® For
exchange of M!acac), with acac in CH,CN, rate laws suggest that the first step is the com-
mon rds. Because M —O cleavage is involved in this step it is found that there is a LFER bet-
ween ligand substitution rates of Miacac); and water exchange of M(H;O)!' and even
M(NH.)H,0%", Fig.4.4.""

L 1 |

-4 Q 4
loghky

Fig. 44. LFER between exchange rate constants for M{acac), &, and M{H,0)} k,, at 25°C. The valucs

arc both in s~ units and the former exchanges are in acac. The data for Mo are second-order rate con-
stants for anation, '7
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224 4 Substiturion Reaetions

Of course, when highly dentated ligands have lo be replaced, more complicated behavior
is observed. In this category, are the well-studied ligand exchange reactions of edta and
polyamine complexes, a Lypical one of which (charges omitted) is

Cufedta) + trien = Cu(trien) + edta (4.66)

This may be studied in either direction by adjusting the pll and reactant concentrations.
Substantial evidence exists for a mechanism in which three nitrogen atoems of the polyamine
bind 1o the metal (10) before the rds of M — N cleavage, which leads to the final products. "
See also Refs. 17 and 119.

0L /\//‘CO\ / />

:\—-HN
: ozc—-/ - co/

NH,
10

The incoming ligand (or metal ion in the previous scction) simulates H* by preventing
reclosing of the Ni-donor bonds as these are successively broken (see also Fig. 8.7)

4.5 Replacement Reactions Involving Macrocycles

The study of the complexing of macrocycle ligands should be considered for itls intrinsic im-
portance rather than for its value in iluminating the mechanism of substitution. Kinetic (but
much more thermodynamic'?®) data are available for the reactions of the different macrocy-
cle ligand types, shown in Fig. 4.5, including azamacrocycles, 212 crown ethers and cryp-
tands, '**'2* and porphyrins, 712

Conventienal, flow, temperaturc-jump, ullrasonic absorption, electric-ficld jump and nmr line
broadening have all been used to measure the rates. UV-vis spectrophotometry and conduc-
tivity are the monitoring methods of choice. A variety of solvents have been used. The focus
has been often on the dissociation since the dissociation rate constani appears in general to
be the main controller of the overall stability,

The constraints imposed by a macrocycle on complex formation are well illustrated by a
comparison of copper ion sequestering hy flexible chain polyamines, 2,3,2-tet and Me,trien,
macrocycles, tetraazatetraamines, cyclam and (N-Mey)cyclam, a bicyclic tetraamine cryptand
2wl lo and a rigid porphyrin, 1% 128 The reactions are carried out in a strongly basic
medium, where ligand protonation is unimportant, and second-order rate constants for reac-
tion of Cu(O11); and Cu(OH);~ are shown in ‘Iable 4.11. Generally it is seen that an acyclic
tetraamine allows easy stepwise replacement of coordinated H,O and OH groups and reacts
=10* times faster than the rigid porphyrin, where simultaneous multipic desolvation of the
metal ion is mandatory. With cyclam, twisting or folding of the ligand is possible but
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SOME LIGANDS MENTIONED IN THIS SECTION
M /\ N o~
N N l/\N N/\
CwoNy vy !
N o}
P NS B A
- -~ Q
H H CH, HaC RS R
2,3,2-tet Megtrien cyclam (R = H) N'g'o
{N-Meg4jcyclam
(R=CHg)
HO._ .CH
3 CH, R
OH
L tppsHs
CH, (R = 4-CgHaS03)
hermatoporphyrin immp Ha
H,C CHa (R ;g?ﬁaleamoyl GCeHa)
R
H.OC CO,H

Fig, 4.5 Semc ligands mentiened in this section (4.5,

(N-Mc,)eyclam and 2y 1 1o (compare Megtrien) are more rigid and

the rate constants reflect

this condition. All rate constants are less than the diffusion-controlied limit and even of the
anticipated axial water lability of Cu(II}, Sec. 4.2.1(z). It is apparcent that the mechnisms are
complex and must dilfer appreciably (position of rds etc.) for the various types. Nevertheless

there arc also general similaritics when the detzils are examined.

Table 4.11 Formation Rate Constants for Cu{Il) Reactions 124126127

\ &k, Cu(OH); , C i-
[igand M :1"(?1 5 /;A%}IS(E),H)A
2,3,2-1el 1.0 x 107 4.3 = 106
Me,trien 4.1 x 10% 4.2 x 103
cyclam 2.7 x 109 3.8 x 104
(N-Mc, Jeyclam 3.0 x 10?3 <10
20041, 6.6 % 10° 1.8 x 10}
hemalaporphyrin - =2 x 10-?
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4.5.1 Azamacrocycles

The stepwisc nature of complexing is illustrated in the suggcested scheme (Fig. 4.6) for the reac-
tion of Cy{OH); and Cu(OH);~ with the cyclic tetraamines. """ When Cu(OH); and
Cu{OH); "~ react with similar rale conslanis il may be supposed that they have a common rds,
which will then depend on the ligand. Indirect arguments indicate that the rds is after the first
substitution of axial water. It is almost certainly before formation of the third Cu-N bond,
otherwisc Cu(OH); ™ reacting would lead to an unlikely 7-coordinate Cu{II) complex at some
point. The lahn-Teller inversion step is an additional complication with reactions of Cu(lI)
and may indeed be the rds following bond formation. Differences greater than a factor of 10
for reaction of Cu(OH), over Cuy{(OH)Y. suggest a shilt of rds. This is believed to be a
change from the first- to the sccond-bond formation, respectively. ''#" Formation rate con-
stants vary little with the ring size of the tetraaza macrocycle, except that reaction with the
12-membered ring is particularly slow, perhaps because of the difficuity in folding such a ring,
which would be expected (o be helpful in the difliculi insertion process. Conformational
changes in the macrocyele can arise after metal ion incorporation. The problem of binding
a metal ion to a macrocycle may be eased if the macrocycle has a pendent arm which contains
a ligand center. The metal ion can bind then to the arm and from thence be pulled into the
macrocycle, '2?

s "\ N
OH, N OH, N / N-..-N/
u‘p;iM—;‘pH i }{ )q ko, HOQ |- 1o Y i, H?\'L ~OH
16r \,/ Ko HO--I\ ks HOT-0M
HOH ) HOY HOH
. N —
—
k.. HO ,,6: r. HO_/ oH\ K TXOH
ks, \.\ AP gy MO >\ Kan, ‘
Y (I),\,ou Tk HO- 1\ / Wzn HO l“N/
HON~

nz—T\N ’%X "i“
ka Ve p k‘ N\ N k N N
— u 4, 5 G
HO™ ™ N) Ho/'f‘\u) i ( | .u)

\o o
H H

Fig. 4.6 Stepwise complexing of Cu(QH); by a tetradentate macrocycelic ligand. The first Cu(IT)-N bond
is formed by replacement of an axial solvent melecule (4,,) followed by a Jahn-Teller inversion (k)
which brings the coordinated nitrogen into an axial position. Second-bond [ormation follows a similar
pattern (k,, and &, ). 1% Reproduced with permisson from J. A. Drumbiller, F, Montavon, J. M. Lehn
and R. W. Taylor, Inorg. Chem. 25, 3751 (1986). © (1986) American Chemical Socicty.
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4.5 Replacement Reactions Involving Macrocyeles 227

{a) Effect of H*

The macrocycles are generally characterized by their extreme resistance to dissociation, (see
however Prob. 6). The kinetics of acid-promoted dissociation of an extensive series of Ni(IT)
and Cu(l1) complexes, (ML) have been reportied,'® The general rate law is (see Prob, 2,
Chap. 2):

V= [k + ky[H*]7} [ML| (4.67)

where 7 can vary from 1 1o 3, the value of # depending on the number of preequilibria involy-
ing H'. “Acid-limiting” kinctics arc interpreted either in terms of a mechanism:

ML + H* = MLH* K rapid (4.68)

MI.H* — products Ky (4.69)

for which the first-order loss of MI. is given by

Kky[H'
g = L] (4.70)
11 K[H™]
Alternatively, they can arisc as a result of the rate-determining reaction of H* with a reac-
tive form of ML (ML *) which might be an isomer originating, for example, from the chiral
NH centers (Sec. 7.9.).

k& +
ML Rﬁj MIL# [:2—> products (4.71)

-1

kobs

[P E - + =1
_ kol .[1 AL IJ (4.72)

L k—l 1 k_1

The formation of Cufcyclam)?* by reaction of cyclam with a large variety of copper com-
plexes (Cul"*) is interesting:

CuL?* + cyclamH* — Cu(cyclam)y?' + LH®="+ (4.73)

Provided rthat the stability of the Cul”* is not very high (log K <10}, the value of k is
similar to that lor Cuazq+ . There is an inverse relationship of log & with log K {(Cul"') with
more stable complexes (Fig. 8.7). It is also worthy of note that although the main cyclam

species at the pH of the study (4-9) is cyclamH32', the reaclive species is cyclamH ™. Ref.
130.

4.5.2 Crown-Ethers and Cryptands

Studies wilh these ligand systems mainly involve the Group One and Two metal ions. The sug-
gested mechanism for the formation of complexes has a number of features in common with
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228 4 Subsritution Reactions

those proposcd for porphyrins (Sec. 4.5.3). A possible rapid pre-equilibrium involving a ligand
conformational change,

C = C= (4.74)
is frequently followed by a rds:

Mg, + C* — MC*** 4+ golv (4.75)
and (rapidly)

MC#% ! — MC* (4.76)

where C, C* and C** represent different conformations of the crown ether or cryptand. With
for example 2,22, conformational changes involving endo-endo, exo-endo and exo-exo
forms {11} have been established. Since in general there is little effect of solvents on the rates
(see however Ref. 131) it i5 surmised that there is little desolvation in the transition state for
(4.75), which thus resembles the reactants. As a corollary of this, there is a siriking linear plot,
slope —1 over 12 orders of magnitude, for log k(diss) vs log K{stab) for a variety of
systems, '>* Quter sphere complexing may also precede the main step as has been postulated
for the first of three steps observed in the complexing, in propylene carbonate, of UO3* by
[18Jcrown-6 to give a 1:1 complex.¥ With the cryptand complexes, dissociation is onfy
proton-promoled when easily approached donor sites are available and probably occurs
through the cxo-endo isomer. Dissociation of the crown-cther' and cryptand™? complexes
is rarely metal-ion assisted. An intriguing example of ligand-aided removal of a transition
metal ion from a macrocycle, involves complexes of catenends. These are interlocked as
represented in 12, The rate law for removal of Cu(l) by CN ™ from the Cu(l) complex of 12,
CuC* (see Fig. 6.1) is

‘N N: :N/_j ﬁ

ex0-exo exo-endo
"

enda-endo

Confarmers of the Cryptand (2.2.2)
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4.5 Replacement Reactions Involving Muacrocycles 229
—diCuCh|/dr = k, 1| &,[CN"} (4.77)

The &, lerm corresponds to spontanecus dissociation and the &, term ariscs from cyanide-
assisted dissociation:

CuC* + CN™ —— Cu(CN) + C (4.78)

fagt

Cu(CN) + 3 CN- > Cu(CNy 4.7

The difficulty in discngaging the two interlocked rings is seen when the values of &, (2 x
10 4s~Yyand &, (0.16 M~!s~!) are compared with those for the corresponding breakdown of
Cu(dpp)y by CN~, &, = 1.3s 'and &k, = 146 M~ 's™', dpp = 2.9-diphenyl-1, 10-phenan-
throline, 134

The formation of Li~, Cd?*, Zn?* and Co?* (but not Cu '} complexes ol 12 is biphasic.
The first step (overall second-order) likely represents binding of the metal ion to one of the
chelating subunits of 12. The second step (firsl-order) is very slow (k = 1072 — 157"} and
possibly corresponds to the gliding motion of one ring within the other while the second
phenanthroline fragment attempts to bind to the melal cenler, P4

4.5.3 Porphyrins

Maost of the studies have heen carried out in nonagucous solution. The important processcs
are (A) direct metal jon (M) interaction with porphyrin and (B) metal-ion M * assisted entry
(transmeiallation) shown schematically in (4.80). The reactions are usually slow, easily
followed spectrally because of the high characteristic absorplion coellicients ol the complexes
and [ree porphyrins, and attended by beautiful isosbestic points**® (Fig. 3.10). The free
basc in (4.80) is represented as H.,I* and is the reactive species.'™® The mono- and di-
protonated forms are unreactive.

SR R

HN NH N—I\id*—N — N—I\ld—N (B)
{-2H") ! =y
N S N (4.80)
(A)
M (-2 H')
{a) Direct Interaction
For route (A) the rate law is often second-order
V = k[M] [H,P] (4.81)

The insertion steps are probably preceded by deformation of H,P and/or outer sphere
complexing, ™ **-17 If these are incomplete they will introduce rapid preequilibria constants
K, and K, into the rate expression, and by reducing the
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230 4 Substitution Reactions

H,P = H,P= K, (4.82)
HP* + MS, = MS, - H,P* &, (4.83)

concentrations ol the reactive species, lower markedly the overall rates of reaction with the
solvento complex, MS,. Ligand dissociation and the formation of the first bond then oc-
curs:

MS, - H.P# = MS;-H,P + § (4.84)

[s this the rds? There is striking correlation of the exchange rale constants lor M5, and the
valucs of & in (4.81). % In addition the volumes of activation arc positive for solvent cx-
change and interaction of M(dmf)$~ (M = Mn, Co, Ni, Zn and Cd) with N-Metpp in dmf
(compare Table 4.4). In spite of these two facts however, it is considered that one of two fur-
ther steps, probably the first, controls the overall rate. A sitting-atop (SAT) complex ** is
formed in which metal is attached by two bonds to the porphyrin and two N — H bonds remain
intact.

MS;-H,P = MS, =H,P  {5-n)8 (4.85)

In the final step, the SAT complex collapses to the ultimate product with a concerted release
of 2 protons

MS, =H,P — MP + uS + 2H- (4.86)
This segment of the mechanism and the concepl of an SAT complex *® have played an im-

portant role in the understanding of the complex mechanism by which metal ions react with
porphyrins.
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4.5 Replacement Reactions Involving Macrocycles 231

Appropriately placed groups on the porphyrin periphery can aid considerably the incor-
poration of metal ions into the ring. The perphyrin shown, Hytmpp, 13 reacts rapidly with
Co(ID, Ni(ll), Cu(Il) in dmf/H,0. Thc rate datz indicatc that an initial adduect is formed
which allows the metal to more easily transfer into the porphine ring. 1*® See also Ref. 129 for
a similar behavior with an azamacrocycle.

{b) Metal-lon Assistcd Entry

Metal ions can assist, in a novel way, the formation of a metalloporphyrin, by route (B).'¥
Since the free porphyrin does not appear in any amount during the M, M* interchange it is
a truly associative process. The reaction of Mn?* with tppsHj~ in water is very slow.

Mn?* + tppsHi~™ — Mn(tpps)*~  2H* very slow {487

The incorporation is accelerated markediy by the presence of small amounts of Cd?' ions
acting as a catalyst. The following mechanism is suggested

Cd?* + tppsHE = Cd(pps)*~ + 2H" &, k_, {4.88)
Cd(tpps)?  + Mp?' — Mnfpps)* + Cd¥' &, (4.89)

on the basis of the observed rate law, [Mn?**] & [tppsH3~], [Cd?7]:
—d[tppsHS 1/dt = kg, [tppsHE ] {4.50)

where

kMol CdR
kK TH'] + ky[Mn?']

Koy = (4.91)

The reaction of Cd2* with tppsH1~ is rapid, because the larger metal ion forms an out-of-
plane complex. This is easily aftacked, probably from the other side of the ring, by the

Fig. 4.7 Plot of the log of the relative rates of hydrolysis of
MP and the corresponding Ni{IIP vs. the stability index S,.
The paramcter S, is defined as 100 2E/r, where z = charge,

r; = radius and £ = Pauling’s electronegativity of the metal
in the metalloporphyrin. The paramecter is empirical but agrees
generglly with the order of stability, determined experimentaily
(J. W. Buchler, Ch. 5 in Porphyrins and Metalloporphyrins, ed.
K. M. Smith, Elsevier, 1975),7® Reproduced with permission
from D. K. Lavallee, Coordn. Chem. Revs, 61, 35 (1985),
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232 4 Substitution Reactions

stronger binding Mn?* " At high pH, &, = &,1Cd*]. At 25°C, &k, — 4.9 x 102 M~157!
and & |/, = 3.0 x10°M~! (u = 0.1 M). By studying (4.89) directly, &, =~ 2 x 10°M~'s"!
and thus k_; = 6 x 102 M 2g ! '* Reaction {4.89) is aboul 10* faster (han {4.87),

Dissociation of most mctal porphyrins, M(II}P, is very slow. As well as metal ions, H* ac-
cclerates the metal removal. The order of dependence on [H*] varies from 1-3 depending on
the system, with a rate law

V= k[M{IDP] [H']? (4.92)

common. ¥ This behavior suggests that a single metal-N bond is readily broken. The rate
constant & parallels the instability of the prophyrin complex in a dramatic manner, Fig. 4,77

4.6 Substitution in Square-Planar Complexes

There are a number of metals, particularly with a low spin d? configuration, that form four-
coordinate square-planar complexes. Of these, the Pi(11) complexes have been the most inten-
sively investigated, They are therefore representatives of this geometry, much as Co(I1I) com-
plexes cpitomize octahedral behavior — and for preciscly the same reasons, namely that they
have heen previously well characterized and studied, particularly by Russian workers, and that
they react slowly. There have never been any problems therefore in the initiation and the rate
measurement of these reactiions, With the easier access {o rapid reaction technigques, par-
ticularly flow, squarc-planar cemplexcs of a4 number of other metals, Rh(l), Ir(I), Ni(II),
Pd(I1}y, Cufll} and Au(lll) are being increasingly examined. Many of these metal complexes,
unlike most octahedral complexes, are soluble in aprotic solvents and these have been, as well
as waler, examining media. The uliraviolet and nmr speciral metheds, and less commonly,
conductivity and radioactive isotepic exchange have been the methods most commonly
employved for monitoring the rates. In many respects, substitution in square-planar complexes
is one of the best understood dynamic processes in chemistry. 14214

4.6.1 The Kinetics of Replacement Involving Unidentate Ligands
Most studies have again been concerned with replacment of one unidentate ligand by another,

and the rules and patterns of behavior that have evolved are based mainly on this simple type
of substitution reaction. Consider the substitution schemc

—A{I—X LY = —1\({—'{ + X (4.93)

The rale law governing substitution in planar complexes usually consists of two terms, one
[irst-order in the metal complex (M) alone and the other first-order in both M and the entering
ligand Y:
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4.6 Substitution in Sguare-Planar Comiplexes 233
V= —d[MX)/dt = &, [M] + k;[M][Y] (4.94)

The experiments are invariably carried out using cxcess Y and therefore with pseudo first-
order conditions. The experimental first-order rate constant & is given by

V = k[M] (4.95)
Therefore
k= k1 k[Y] (4.96)

A plot of £ vs [Y] will have an intercept &, and a slope &,. An cxample is shown in
Fig. 4.8.1% For different nucleophiles reacting with the same complex, the value of &, is the
same, whereas the value of &, usually will be different. Often, &, < &,[Y] and it is then dif-
ficult to measure k; accurately. Care has to be taken that a positive intercept in a plot of the
type shown in Fig. 4.8 is not mistakenly assigned to &, in (4.96), when it may in fact represcnt
the reverse rate constant of (4.93) (Sec. 1.5). 19516

(a) Significance of k;. The term containing %, resembles octahedral complexes in their
substitution behavior where it represents ligand-ligund replacement via the solvated complex

A

103 4 (s
[
T T
\

Br-
CgHsSH NH,OH
- Ot-_ N'
..‘_/.//:__:.‘;.——‘:‘:;';;’E;_/N%_ Fig. 4.8 Plots of pseudo first-order rate
wi—t=——14 ] R constants at 30°C vs{nucleophile, Y]
L0 80 for reaction of frans-Pt(py},Cl, in
Y] {mM) methanol. ™
| 5 | Y |
—M—¥ === —M—S5 — MY 4.97)
| X slaw | S fast |
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234 4 Substitution Reactions

As with sclvolysis reactions of octahedral complexes, the rate-determining step may be
solvolytic or dissociative; in any case, it is independent of the concentration of Y:

"n

M+ X e MY+ X
ey +¥
A !
—M- X (4.98)
N
kg I Y \
8 M-S+ X ——~ MY +S§+X

Setting up stationary-state conditions for —M and —M—5 vyiclds

Kk Y] KY kg 18] [V}
k, = 4,99
VSRSV ¢k oIX] | ATIYD + K gIX] (4:99)

The full cquation (4.99) must be invoked when reversibility of any of the steps in (4.98) oc-
curs. 12 When the step involving Y is fast, (4.99) reduces to

ky = kp + kg[S (4.100)

On the basis of cither interpretation, &, should equal the solvolysis rate constant and if
MS is an isolatable intermediate, it should be shown to react rapidly with Y. Both conge-
quences have been realized in certain systems. Although there has been some skepticism shown
towards a dissociative mode of substitution (kp, k_p in (4.98)), there is growing evidence for
its existenge in ¢ases where the imporlance of the associatively activated pathways can be
reduced. For the first step of the reaction

cis-PH{CH)a(Me,80), + L—L — ¢is-PHCH){MeS0) (L—L) + Me,S0

[asl

L PHCIL),(—1) + Me,S0 (4.101)

where L—L (a bidentate ligand) and Me,S5O are used in excess, the pscude first-order rate
constant & for the loss of the Pt(I1} reactant is:
a[L—L]

k= bL—L] + [Me,SO] + c[il—L] (4.102)

This coenforms to the usual two-term rale law (4.96), but in which the &, term is associated
with a three-coordinated intermediate in (4.99). The values of @ = kpkp/k o, b = kY/k_p
and ¢ = k, (in (4.96)). Significanily the exchange of Me,50 with cis-Pt{C,H,},(Me,S50),, in
CDCl, followed by stopped flow-nmr, yields a value for &y, 0.08 s ' {27°C) similar 1o that
obtained by examining (4.101) using L—L = bpy, and other bidentate ligands in CHg. 147@
Markedly different values of & for different cntering ligands (L — L) suppert a £ mechanism.
The D mechanism might be favored in very poor nucleophilic solvents such as CH, or
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4.6 Substitution in Square-Planar Complexes 235

CHCI,, but its differentiation from the solvolytic path is still very difficult. ¥>'*¥ The AV*
value of +5.5%0.8 cm®mel™! for the exchange of Me,80 with P{CH.),(Me,S0), also
strongly supports a 2 mechanism which appears [avored in complexes containing a Pt-C
bond. #7®

(b) Significance of k,. Tt is generally acccpted that the key rate term in substitution in
square-planar complexes involves nucleophilic associative attack of the entering nucleophile
Y on the metal complex. It fellows from this that the bond-making as well as the bond-
breaking process will be important, and it can be expected that there will be varying degrees
of participation by both. All attempts, however, to observe an intermediate in the bimolecular
reactions of Pt(1l) have failed, even with the most favorable siluation, that is, using a strong
entering ligand and a weak leaving one. '

4.6.2 Activation Parameters

Substitution in Pt(II) and Pd(1l) complexcs is invariably attended by large negative values of
AST and negative values of AV~ (Table 4.12).¥¥-152 This is consistent with an associative
mechanism and a net increase in bonding in an ordered and charged transition state. These
considerations apply to both the k; and the &, terms. “** Although there is strong cvidence for
an absolute A mechanism, the small value of AF* for the simple M(H,0%* ~H,0 ex-
changes (Table 4.12) ', M = Pd(Il) or Pt(I), might suggest otherwise and support an 1, pro-
cess (see also Pt{Me, SO+, Me,SO exchange (Sec. 7.4.1)). However the formation of a fifth
{equatorial} metal-water bond in the trigonal-bipyramidal intcrmediate or transition state (Sec.
4.7.5) may be accompanied by lengthening ol the two (axial) metal-water bonds offsetting
somewhat the anticipated larger negative AF®.'™ More data are obwiously required.

Table 4.12 Activation Paramelers [or Substitution in Some Squarc-Planar Complexes in Water at 25°C
Refs. 149-152.

Complex Reagent AHT asT AV
Mgt kI mol-! JK-'mol-! e’ mol !
Pd(H,0)+ H,0 5.6 % 10% 50 -26 -22
Pt(H,0) " H,O 3.9 x 1074 90 -9 —4.6
Ni(CN)2 CN =5 = 107 - — —
Pd(CN)%_ CN-™ 1.2 = 102 17 —178 -
PH{CN)2— CN- 260 26 - 143 -
Au(CN) CN- 3.9 x 1030 28 — 100 -
Pt{dien)Br * 11,0 1.4 x 1042 84 —63 —10
Ci- 6 = 10°% 75 —46 -
Br- 6 x 10-? 67 —63 —
Ny 64 x 1072 65 —-71 —8.5
Dy 2.8 x 1077 46 —136 -1.7
NO; 1.4 x 10 ? 72 —56 —6.4
1- 0.32 46 — 104 -
NCS— 0.68 19 —112 -
SC{NH,), 1.3 35 —-121 —

25— bNp [CN|-independent term
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236 4 Substitution Reactions

4.7 Ligand Effects on the Rate

One of the consequences of an associative mechanism is the decided importance of all the
ligands — entering, leaving and remaining — on the rate of the process. This arises because
all the ligands involved are present in the five-coordinate activated complex and can therefore
affect its stability and the activation energy for its production. This featurc distinguishes
planar from octahedral substitution. There have therefore been, mainly in the 60°s and early
70’s a large number of studics in which systematic variations are made in the character of all
the ligands. "*? The interpretation of the results has been helped by the fact that complete
retention of configuration during substitution has been consistently observed with the Lype
of Pi(II) complexes studied. 142

4.7.1 Effect of Entering Ligand

There have been cxtensive studies of the influence of an entering ligand on its rate of entry
into a Py(II) complex. %5 The rale constants for reaction of a large number and variety of
ligands with frans-Pi(py),Cl, have been measured (Table 4.13). The large range of reaclivities
is a feature of 1the associative mechanism and differentiates it from the behavier of octahedral
complexes, The rate constants may be used to sel up quantitative relationships. For a varicty
of reactions of Pt complexes in different solvents {Scc. 2.5.4):

logk, = snp, + logk, (4.1033

Table 4.13 Rate Constants {k, M~ 's™") for Reaction of frans-Ptpy,Cl, with a Number of
Nucleophiles in CH,0H 415

Nucleophile 10 = & Ap, Nucleophile 0% x k Mp;
CH,0H 0.00027 0.0 [~ 1072 5.46
CH,O~ Very Slow <24 (CH,),Se 148 5.70
Cl 0.45% 3.04 SCN 1807 5.75
NH, 0.47% 3.07 SO 250 5.79
CsHN 0.55° 3.19 Ph,Sb 1,810 6.79
NOy 0,683 3.22 Ph,As 2,320 7.68
CILN, 0.74 3.44 CN- 4,000 7.14
Ny 1.62 3.58 SeCN- 3,150 7.11
N,H, 2.9 3.6 SC(NH,), 6,000° 7.17
Br- 3. 4.18 Ph,P 249,000 8,93
(CH.),S 21.9 4.87

2 Kinetic data at 30°C.

The term 5 is the nucleophile discrimination factor. The values of np,, the nucleophilic
reactivity constant, is useful for correlating kinetic data for other Pt{II} complexes. 44 148132
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4.7 Ligand Effects on the Rate 237

4.7.2 Effect of Leaving Group
Reactions of the type
Pt(dien)X* + py -* Pt(dien)py*" + X~ {(4.104)

in aqueous solution have been used to study the effect of X on the rates of the reactions, 1%
The members of the series differ in rate constants by as much as 10¢ from the slowcst

CN- < NO, < SCN' < N; <1~ < Br < Cl- < H,0 < NO, {4.10%)

(CN7) to the fastest. Generally, the second-order rate constant increases with decreasing
basicity of the leaving group and this gives rise to LFER. Il is therefore fairly clear from these
observations that metal-ligand bond breakage must be significant, even in a predominantly
assaciative reaction.

4.7.3 Effect of Ligands Already Present

The group trans to the leaving ligand appears to have a more pronounced influence than the
two cis to it, on the rate of its departure. ' [t has been known for many years that a ligand
can be assigned an order of frans effect which denotes its tendency to direct an incoming group
in the position frans to itselll In Pt(II) complexes, this power decrcases approximately in the
order 14

CN-,C,H,,CO,NO > R,P = H- = SQ(NH,), > Cl; > CHf =

SCN- = NO; > 1= > Br~ > CI= > NH; » OH~ > H,0 (4.106)

The effect has played an important role in preparing Pt(II) complexes of specific geometry.
The greater {rans cffect appears to be associated with a larger rate constant for the elimination
of the trans ligand, from a limited number of studies. *** Comparison of (4.106) with (4.105)
and Table 4.12 shows that the groups with a pronounced ability 1o trans-labilize are replaced
the least easily and are the more powerful nucleophilcs. This might to anticipated singe in the
five-coordinate intermediate (scc 4.109) the cntering nucleophile E, érans ligand T, and the
departing ligand D, all occupy positions in the trigonal plane and all may influence the
energetics of the transition state in similar ways.

[n an associative mechanism, increasing the steric hindrance in the complex should lgad to
decreasing rates (steric retardation). This has been realised with a number of systems, that of
Pd{R.dien)X”* being the most cxplored. %1% Activarion parameters for the reaction

Pd(Rdien)C1* 1 1~ + Pd{Rdienyi= + Cl (4.107)
are shown in Table 4.14.1%@ For R = H, i.c. dien itself, the usual two term rate law (4.94)

is observed and the value of &, is shown in 'lable 4.14. The rate constant &, decreases with
increasing steric hindrance as a result of increases in the value of AH*. With the heavily
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238 4 Substitution Regctions

hindered complexes the rate constant &, is almost 107 less in value than for the dien complex
and now the k, term is difficuil (o detect'™ unless large concentrations of a strong enlering
nucleophile are used, *315%® The values of AVY however throughout the scrics remain
negative at —12+ 2, although rising to —3=1 ¢m? mol when the replaced group is neutral
in Pd(Ft,dien)NH?*. One is forced to conclude that the solvolyses remain associative in
character even in the hindered complexes although its extent may change. Similar conclusions
arc reached from an examination of exchange reactions of Pd(R,dien)11,07 Ref. 156(b). In
some respects then these hindered complexes, which have also been examined with Pe{Iy and
Au(11D, * resemble their octahedral analogs and they have been termed pseudo-octahedral
complexes. ' They resull when bulky ligands in the plane of a four-coordinate metal com-
plex spill over and hinder the apical positions and they resemble the octahedral complexes in
reactivity characteristics, while at the same time retaining some features of a square planar
complex.

‘Tlable 4.14 Activation Parameters for the Solvolysis of Pd(Rsdien)Cl' in Agqueous Solution using Reac-
tion (4.107) at 25°C. From Ref. 156{a)}

? 5! kJ mol~! J K~ 'mol~! cm3mal !
dien 44 43 —69 —10.0
1,4,7-Etdien 10 41 —B6 —10.8
1,1,7,7-Et,dien 22 xio ? 66 74 —14.9
1,1,4,7,7-Mecdien 0.28 50 —88 —10.9
1,1,4,7,7-Etgdien 7.2 x 1074 59 — 106 —12.8

4.7.4 Effect of Solvent

The solvent is the reaction medium and as such, by solvating the ground and activated states,
will influcnce the cncrgetics of the activation process. In addilion il acts as a nucleophile in
the reaction path represented by k. A large value of &, rclative to k, is observed in solvents
capable of coordinating strongly to the metal so that generally the order

(CH;)»50 > MeNGO,, H,0 > ROH {4.108)

is observed.'® In solvents that are poor coordinators such as C;H, and CCl,, the &, value
dominates. The order of nucleophilicities does not however change in different solvents.
A linear plot of AV*® vs the solvent electrostriction parameter for reaction of trans-
Pt(py),(C)NO, with py in a variely of sclvents, atiests 1o the lmportance ol solvalion in
these reactions. 1%¢

4.7.5 Reaction Pathways

There is naturally an overriding interest in the geometry of the five-coordinate intermediate,
or activated complex. General considerations of the shape in which there will be least mutual
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4.7 Ligand Effects on the Rate 239

interaction of five ligands and of the available orbitals!®® support a trigonal bipyramid.
Much replacement behavior can be rationalized on this basis. It has been suggested, however,
that both square-pyramid and trigonal-bipyramid geometries are developed in the course of
the replacement: 4% 149

E E
T G TG TP G
S E “ L N
N “ "
¢/ D ¢/ b e/ Tp
T.D and E in trigenal plane (4.109)
T\M:C, LT
" or e

The departing ligand D is replaced by the entering E. The ligands C, and C, are ¢fs, and
T is trans to D. The full scheme {4.109} should therefore be represented by a reaction profile
(Sec. 2,3.6) which contains 3 minima, corresponding to the 3 intermediates and 4 peaks, cor-
responding to the activated complexes for the four steps. 2 Tor the sake of simplicity, the
reaction profile can be represented as shown in Fig, 4.9. A number of cases are depicted, exag-
gerating those likely to bc cncounted in practice. In Fig. 4.9(a) bond breaking is rate-
determining and in Fig. 4.9 (b) bond making is rate-determining. In both cases, the energy of

{al (b}

Free energy (G]

M—Y +X M—Y + X

Reaetion coordinate —=

fast assaciation M-X+Y === MXY
slow dissociation MXY —> MY + X

Fig. 4.9 Simptified reaction profiles for various situations in the associative mechanism for substilution
in square planar complexes, focusing attention on the replacement M—X + Y — M—Y + X (4.93).
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240 & Substitution Reactions

the intermediate is above the energies of reactant and products. The highest energy level deter-
mines the mgjor transition state. If & five-coordinate intermediate is detected as in certain
Rh(I} and Ni(II) recactions, the encrgy corresponding to this intermediate will be between the
energies of reactant and products and Fig. 4.9(c) results. %1% With Au(l1) all the data sug-
gest that bond formation and bond breaking are synchronous, the pentacoordinated species
is therefore the activated complex and the peaks in the reaction profile are replaced by one
major peak (Chap. 8. Au(IID))." The order of reactivity is

NI & Au(ll) > P} > Pr(ID) {4.110)
(See Table 4.12) and 1s possibly related to the stability of 5-coordinate complexes and therefore
the ease with which this is reached in the transition state.
4.7.6 Chelation in Square-Planar Complexes
As with substitution in octahedral complexes, in chelation in square planar complexes the for-
mation of the first bond is wsually rate-determining (see (4.101)). *®
Compare the ring closure shown in (4.111) with the corresponding process involving only

a unidentate ligand in (4.112), rate constants at 25°C.

HaMN{CHz)2HzN Cl

N 104587
Pt —_—
AN
Cl NH{CHz):NH,
(4.110)
2+
2 HN NH
HNCHaoHN, N 0735 /et \20H
Pt (CHzle —— (H:Cls Pt (CHy:
PR WS N
ol NH, HN  NHg
AN G 54x 107
Pt +NHy ——
LN [T
cl” NH,
(4.112)
. 24
HaN_ NH;, R HaN - NHy
Pt + NH; — Pt
M s LN
Gl NH; HaN NH3

The comparison has to be made between a first-order rale conslani for the vnimoelecular
process and a sccond-order rate constant for the corresponding intermeolccular reaction
(Sec. 6.1.1). One may arbitrarily decide on a 1 M concentration of reagent NH,, in which
case the pseudo first-order rate constant for the intermolecular process is 5.7 % 10~%s~! (but
the procedure is far from satisfactory). On this basis ring closures are over 107 times faster
than unidentate replacement in 1 M NH;. When a slightly greater nucleophilicity ol
cthylenediamine over ammonia is allowed for, a nearly 10? fold enhanccment in ratc attends
chelation. A large part of this effect resides in a higher effective concentration of —NH,
nearer the replaced chtoride in (4,110 than in (4.112).'%° Ring opening of chelates appears to
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4,7 Ligand Effects on the Rate 241

occur at only a slightly slower rate than cleavage of unidentates from the metal (about a factor
of 10) so thal the enhanced stability of Pt{en)3* over Pt{NH;)}* resides largely in enhanced
formation rates, " A proton may aid in the removal of chelating ligands in a manner similar
to that of octahedral complexes, although second-order reaction paths are possible:

M

~ /A) X AR e N AAR

M\ ~ ~
7 e VR, 7 Ny
B Z—
(4.113)

¥

N /Y

M\

s X

X and Y may be H,O or halide groups. A number of reactions of Pd(II) appear to fit this
scheme. '8! Ring opening and the subscquent slower displacement of single bonded amine are
kinetically separable with M — Au([11), and each step proceeds via a normal nucleophilic at-
tack. 1*?

(a) Coordination Chain Reactions
The interaction of two metal chelates, MA, with NB,, poses interesting mechanistic pro-
blems. Depending on the system, nature of chelating molecules A and B etc., complete ex-
change may occur,

MA, + NB, — MB, + NA, (4.114y
or mixed species may be partially or completely formed 162-1¢4

MA, + NB, = MAB + NAB (4.115}

As an example, consider the interchange between Cu{mnt);~ and Ni(Lt,dsc),

\cﬁ + EtN—C Ni  C—NEL
VAR Ve v
NC S 5 CN Se Se
(4.116)
B NG S Se
> TN
/Cu C—NEt; /Nl\ J}C—NEtQ
NG e NG 5 Se

The rale has been measured in 1:1 acetone/CHCI; by a stepped-flow/cpr method. '%3 The
epr signais of Cu(mnt);~ and Cu(mnt)(Et,dsc) ™ are sufficiently different to allow analysis.
(Fig. 4.10). A second-order rate law is usually observed, but this belies a simple mechanism,
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242 4 Substitution Reactions

dpf q Fig. 4.10 X-band epr specira of Cu(mnt}y~ (A) and
Cu{mnt)(Bt,dsc)— (B) at 25°C. The reaction s
monitered at the ficld strengths indicated by the
H/ | W arrows. Full details for the mixing and accumulation
‘J ’# ‘ of epr signals are given in Ref. 163, Reproduced with
!
i

permissien from J. Stach, R. Kironse, W. Dielzsch,
$ G. Lassmann, V. K, Relyacva and 1. N, Marov Inorg.
H Chim. Acta 96, 55 (1985).

since with some conditions an S-shaped formation of product with time is observed. In addi-
tion the rate is retarded by added ligand (Na,mnt) and accelerated by Cu(ll). Although a full
kinetic study was not reported, the observations were consistent with a chain mechanisin, in
which there are solvated monochelate intermediates: '6% 163

Cu(mnt)3~ — Cu{mnt) + mnt’~ 4.117y
chain iniliation
Ni(Et,dsc), ~— Ni(Etydse)t + Eiudse™ | (4.118)
Cu(mnt);” + Ni(Etydse)' = Nifmm}EL,dsc) - + Cuimnt) (4.119)
chain propagation
Ni(Et,dsc), + Culmnt) = Cu(mnt){Et,dse) + Ni(Et,dsc)* {4.120)
Cu(mnt) + Etdsc~ = Cu(mnt)(Bt,dsc)™ (41213
chain termination
Ni(Et,dsc)* | mot*~ = Ni{mnt)(Etydsc)™ (4.122)

Solid evidence for this type of chain mechanism (differing only in the chain propagation
steps) had been earlier obtained by Margerum and his co-workers 1%%% in the study of *“coor-
dination chain reactions™ between two metal complexes each containing one multidentate
ligand, edta, trien and so on, eg.,

Ni(trien)?* + Cu(edta)?~ -» Ni(cdta)?~ + Cuf{trien)?™ (4.123)

A number of cross reactions of Lhe type (4.115) have been studied and, when sufficiently
slow, an elegant HPLC batch mcthod (Sce. 3.11{a)) has been used,'™

4.8 Substitution in Tetrahedral Complexes
The exchange reactions (M — TFe, Co, and Ni; Ar = Ph or p-tolyl)

M(PAT1;),Br; + PAr; = M(PAr;),Br, + PAr, (4.124)
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4.9 Substitution in Five-Coordinate Complexes 243

studied in CDCL, by nmr linewidth techniques are all second-order (Table 4.15).% The
lability trend Fe > Ni > Co resides mainly in & AH* effect.

‘Table 4.13 Rate Constants and Activation Parameters for Ligand Exchange of M{PPh,),Br, in CD{l, at
25°C a7

k AH- AS*
M Pe 1 - _r
M ‘s kJ mol ! J K= "mol~'
Fe 2.0 x 108 i6 —92
Co 8.7 x 102 32 —79
Ni 6.9 x 10% 20 104

Ligand field arguments indicate that the tetrahedral d® ground state and five-coordinale d®
transition state are both stabilized to a lesser extent than the d? and d* counterparts. These
effects would make Fe(I) more reactive and less reactive, respectively, than Co(I1) and Ni(II),
so that presumably ground-state destabilization is the more important. For the Co(PPh,),Br,
exchange with Ph,P in CDCI,, a value for AF* = —12.1 cm®mol ' at 30°C as well as the
highly negative AS™, are strong supportive evidence for an associative mechanism.’® Sce
alsa Ref. 169 for substitution in the tetrahedral FeCIZ~ ion,

The situation is quite different with tetrahedral complexes of Ni((), Pd(0) and Pt(0). We
might anticipate that an associative mechanism would be deterred, because of sirong mulual
repulsion of the entering nucleophile and the filled d orbitals of the d'° system. Thus a first-
order rate law for substitution in Ni(0) carbonyls, ™ and MYP(OC,H:}),M = Ni, (Sec.
1.4.1) Pd and pt, 7! as well as a positive volume ol activation (+8 cm?mol™!) for the reaction
of NyCO), with P{OFt), in heptanc'™ support an associative mechanism,

4.9 Substitution in Five-Coordinate Complexes

Five-coordinate complexes may have cither a square-pyramidal or a trigonal-bipyramidal
geometry. The replacement reaclions of the complexes of mainly Co(II}, Ni(IT) and Cu(II}
have been studied in both agucous and nonaqueous media. As might be expected, the
mechanisms of substitution may be associative or dissociative in character. '™ Axial methyl
groups in macrocycles such as cyclam and tet b can impose five-coordination on metal
complexes, usually square pyramidal geometry, and associative mechanisms. The com-
plex Ni(RSRSMc,cyclam)(D,0)2 " (3) exchanges with D,O with a negative entropy of activa-
tion (=24 JK 'mol ') whereas for (rans-Ni(RRSSMccyclam)}(D,0%*, 2, AST =
138 TK~'mol~! for the corresponding exchange™ (Table 4.9). For the
Co(Me,cyclam)CH,CN2*, CH,CN exchange, k — 6.4 x10%7s71, AH® = 18.7 kI mol ™', AS*
= —71 JK 'mol ! and AV® = —9.6 cm’mel™! all evidence for an /7, mechanism.
However, for the corresponding Ni complex, a slightly positive value for AWT
{123 cm” mol~!) is interpreted in terms of a D mechanism. Significantly, an equilibrivm be-
tween a 3- and 4-coordinate Ni(II) — Me,cyclam complex in CH;CN has been established. '**
LFER for the reactions {for tet & and tet b see Sec. 7.9):
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244 4 Substitution Reactions
red or hlue Cultetb)H,0?* + Y~ = red or dlue Culletb)Y® + H,O k. k_, (4.125)

supporl Lhe associative character for the anation (Sec. 2.5). ' The valuc of 4, depends on the
nucleophilicity of ¥ but since the effect is not as pronounced as with Pt(1l), an /,
mechanism may hold.

Table 4.16 Activation Paramecters for the Exchange of M(Megren)dmf?* with dmf at 25°C Ref. 177

M Kexe AHF AS*T AVT

5! klmel-! JK 'mol ! cm?*mol !
Mn 2.7 x 10¢ 18 —61 -6
Co 31 52 —36 —-2.7

Cu 5.6 x 102 43 —47 +6.5

Substitution behavior in a trigonal-bipyramidal structure has been confined to an examina-
rion of the exchange of M(Metren}dmf2*, M = Mn(II), Co(ll) and Cu(ll), with dinf (Table
4.16). "7 The values of AF7 suggest an increasing dissociative character for the exchange with
progressive filling of the d,, and d,, orbitals, from Mn to Cu. It is suggested that therc is
thereby increasing hindering of an appreaching dmf to any of the three faces of the trigonal
hipyramid which are adjacent to the axially-coordinated dmf. ‘" The dissociative character
for substitution in Cu(Megtren)dmt?* is supporied by saturation kinetics for anation by
SCN  and an associated Ky = 157 M ! and {as expected) £, = 5.5 x 10% 57", Eqns. (4.10)
and (4.11). Ref. 178.

4.10 Substitution in Organized Surfactant Systems

The rate of metal complex formation is often modified (usually ecnhanced) by the presence of
a charged interface in the aguccous phasc. This may be provided by ionic micelles, e g.,
SDS, 178 microemulsions '™ or polyelectrolyies. 1818 The reactions of Ni?* and Co?~ with
hydrophobic ligands pan, pap and pad 14-16 are popular ones for examining effects, since
they are well ¢haraclerized in the bulk water, The simple model (4.126)

7N\ / N\
O O

14 (pap)
\Y
s \NON(CHS)E
16
(pad)
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4.11 Substitution in Metalloproteins 245

sol

M2+ Ly = ML

sol ~ ol sol

[

s e , (4.126)
M:u; + Lsur = ',-(;.“- = MLqu'r
—1

presupposes rapid interchange of species between the bulk solvent (sol) and the pseudo phase
associated with surfactant (sur), compared with the complexation rate. The usual equation for
complex formation is modified to allow for micelle surface concentration of M?!

. [M2*1, .
Kope == feeT + k% 4.127
obs © (ISDS|; — eme) AN ! (4.127)
cme = critical micelle concentration
A = surface arca per SDS head group in m?
N = Avogadro’s Number

The ratc constants &7 and £ represent rate constants for a surface reaction and have
units m®mol ~'s ~' and s ' respectively. The accclerative ceffcets are about 102-107 fold.
They indicate that both reactants are bound at the surface layer of the micelle (surfactant-
water interface) and the enhanced rates are caused by enhanced reactant concentration here
and there are no other significant effects,"® Similar behavior is observed in an inverse
micekle, where the water phase is now dispersed as micro-droplets in the organic phase. With
this arrangement, it is possible to study anion interchange in the tetrahedral complexes
CoCli~ or CoClL{SCN)~ by temperature-jump. A dissociative mechanism is favored, but
the interpretation is complicated by uncertainty in the nature of (he species present in the
water-surfactant boundary, a general problem in this medium,

If the polyelectrolyte can coordinate strongly to a metal ion, marked deceleration effects can
be noted, as, for example, in the reactions of Ni** and Co?* with pad in the presence of
polyphosphates, ®11%2 Modifications of equilibria constanis in these micelles must also be
recognized as contributing to rate change, e g., ligand pK or keto-enol equilibria may be
altered.

4.11 Substitution in Metalloproteins

Undoubtedly the most complicated mileau for a substitution process is that of a protein.
However, the principles developed in this chapter for substitution in metal complexes also
apply 1o metalloproteins, ™ Allowance for a role for the protein, particularly near the site,
must always be made. The formation and dissociation of a metalloprotein (PM) may be
represented in an undoubtedly simplified form as;

P+ ML = PML — PM + L (4.128)
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246 4 Substitution Reactions

where P is a demetallated (apo) protein and MI. is a metal-ligand complex, The incorporation
of metal fons into proteins appears to occur post-lranslationally and so the forward direction
probably represents the last step in the biosynthesis of many metalloproteins. The occurrence
of a ternary intermediate or inlermediates is deduced by the observation of “saturation
kinetics™ or, in rare cases, dircctly obscrved. Conformational changes may occur after the
metal ion is placed in the metal site. The reverse direction has also been studied, ligand L
removing metal ion M from the protein to produce the apo form. From the latter a variety
of mctalloforms of the protein may be prepared for useful structural analysis. For references
and the study of two systems scc Refs. 183 and 186. In general, formation rate constants are
smaller than those for simpler ligands.

Multisitcs in proteins are not uncommon. The removal of metal ions from such centers is
likely to be involved. This is in fact illustrated by the iron removal from serotransferrin, see
also Se¢. 2.6. This protein is bilobal and each lobe contains an iron-binding site. These are
35 A apart and it js believed that direct interaction between the sites is absent. The two Fe's,
designated a and b, are different and their removal is biphasic, although not markedly so.

e

r[“fFeh

N‘
Fe, TiTey, T (4.129)
Fe,Tf /4'
Simultaneous rate eguations are complex, but solvable. ' Simplifications are possible €. g.
k, = k;and k, = k;, if the sites are non-cooperative, Strong binding ligands such as edla
or synthetic sidercophores cffect iron remaoval and the two rate constants associated with the
biphasic Fe removal are both curved towards saturation when plotted against [ligand].

Such behavior has been cncountered in Chapter 1 and conforms to either a mechanism in-
volving formation of a ternary species (considering just one iron):

FIf + L — KTIfL. — FeL + Tf (4.130)
or rate-determining transformation of a “closed” form (Fel'f) to a reactive “open’ one, FEIf*:

FIf — FCIf* % FTfL — FeL + Tf (4.131)

(see Sec. 1.6.4), 188-190
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Problems

1. For the reaction

Cr{H,){* + SCN~ = Cr(H,0),NCS*" + H,0

the forward dircction is governed by the rate law

Vo= (k, + i, [H'] + k[H' 1 H[Cr 1 [SCN]

Using microscopic reversibility considerarions, write down the rale law for the reverse
direction and deduce the relationship between the various rate constants and ther-
modynamic parameters for the sysiem,

C. Postmus and E. L. King, J. Phys. Chem. 59, 1216 (1933).

2. For a large number of hydrolyses, X being anions and neutral ligands

Co(NH,}:X"" + H,0 — Co(NH,);H,0%" + XU+
AV = 048 AV + 1.5

where AFT = activation volume and A¥ = reaction volume. Discuss the significance of
this equation with respect to the mechanisim of the hydrolyses.
Y. Kitamura, K, Yoshitani and T, ltoh, Inorg. Chem. 27, 996 (1988).
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3. The tautomeric eguilibrium

R

]
=\ P }-—\._
N —_—
\\'\‘/N\H H” N\/’”
is established rapidly (t << 10~%). For histamine, R = — CH,CH,NH7, the tautomeric

cquilibrium constant K is estimated to be 0.26 from "N nmr chemical shift experiments.
How might the tautomerism influence the kinetics of chelation of Ni2* with histamine?
I>. Dasgupta and R. B. Jordan, Inorg. Chem. 24, 2721 (1985).

4. (a) Show that the open form of 6 present in =0.1% in dnsaH ~ cannot account for the
reduced rate of rcaction of dnsaH = (Scc. 4.4.1).
(b) Account for the higher rate constant for reaction ol (sa~ with Ni?' {94 x
f0*M s~ 1) compared with that for dhba™ (650 s 1)

coy COy
SH HO OH

tsa” dhba

H. Dicbler, F. Secce and M. Venturini, J. Phys. Chem. 91, 5106 (1987).

5. There are two likely pathways for the replacement ol chelates in complexes of the type
M{CO),(L,) by an incoming unideniate nucleophile, L,

L L-L L-L
' ki Fe Ly v Lq
(a) (CO),.M\ ) == (COIM —  (CO)M — {COuM{Ly)s + L-L

K, fast
L &, 2 \L‘ as
L /L L-L
k:
{b) {CO)M P (CO)M >H {CONLM (CONMIL o+ L-L
L : L \L fast
' 1

Derive the tate laws for (a) and (b) with L; in cxcess, and with assumption of a steady-
state concentration of the 3-coordinate species in {(a) and a rds associated with &, in (b).
Under what condilions will the rate laws for (a} and (b) be identical? With these condi-
tions in 1,2-dichloroethane AV® = 147 ¢mimol™! when M = Cr, L—-L = 3,6
dithiaoctane and L, = P(QC,H;);. Which mechanism is supported?

H.-T. Machoidt, R. van Eldik and . R. Dobson, Inorg. Chem. 25, 1914 (1986).
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{a) The acid hydrolyses of both Cu(12[ane]N,)*' and Cu(l4[anc]N,)?* are acid-
dependent

¥ = k[Cu(ll)] [H*]

Account for the value ol & being =107 larger for Cu{l2fane]N,)2* than for
Cu(ld[ane]N)?

R. W. Hay and M. P. Pujari, Inorg. Chim. Acta 100, L1 (1985).

{b) The rates of hydrolyses of Cu(2,2,2,,)*" and Cu(trans-Mcg[18]diencN,)?* arc both
strongly base dependent with # = 3 and 2 respectively in

V = k[Cufll}] [OH"]*
Account for these rale laws.

J. A, Drumhiller, F. Montavon, J. M. Lehn and R. W. Taylor, Inerg. Chem, 25, 3751
(1986); R. W. Hay and R. Bembi, Inorg. Chim. Acta 62, 89 (1982).

. Rationalize the following rate behavior for Ni{ID complexing with an cxcess of bidentate

ligand, XY — en, gly or phen:

Ni*, overall sccond order at all concentrations of XY

Niftrien)(H,0% ", second-order at low concentrations of XY and first-order at
high concentrations of XY (independent of [XY])

Ni(14[ane]N,)?' lirst-order at all concenlrations of XY

E. I Billo, Inorg, Chem, 23, 2223 (1984) and rcferences therein,

. There have been a number of studics of the kinetics of interaction of Ni(1I) complexes

with CN~ lon.
(a) The square-planar complex MiAZ™ reacts with CN~ (o give Ni(CN);~ via a discern-
able intermediate NiA(CN),, A = 2,3-diamino-2,3-dimcthylbutane

NiAZ* + 2CN~ — NiA{CN), ~ A Stage |
NiA(CN), + 2CN- — Ni(CN)2~ + A Stage II

Ar high pH, all the cvanide is present as CN~. The ratc laws arc

Stage I d[NIA(CN),]/dr = &, [NiAZ-] [CN-]
Stage 11 d [NI(CNY~|/di = k,INIA(CN),] [CN~]?

The pH-dependence of Stage 1T was determined from pH 10.7 to 6.3, The order in total
cvanide ion remains 2 and the rate law is

dINWCNY2~Tdf — (h,[CN7]2 | A, [CN J[HCN] + k,[HCN]2 + &) [NIA(CN),]
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Suggest mechanisms for these rale laws.
J. C. Pleskowicz and E. J. Billo, Inorg. Chim. Acta 99, 149 (1945).
(b) The rate law for the reaction between Nifedda) and CN™ at pH 10.8 is

¥ = k[Nifedda)] [CN7)”"

where r varics from 3 at low [CN~] to 1 at high [CN~]. Suggest a mechanism, and a
reason why the similar reaction between Nifcydia)?> and CN - is much slower.

L. C. Coombs, I2. W, Margerum and P. C. Nigam, Inorg. Chem. 9, 2081 (1570).

(c) For the reaction of the binuclear chelate Ni,L with N~ to form Ni{CN);~ in one
ohservable step, at high pH,

V =tk + & [CN"}[Ni,L]

wherc L = dicthylenctriaminepentaacetate. Suggest a mechanism.
K. Kumar, H. C. Bajaj and P. C. Nigam, ). Phys. Chem. 84, 2351 (1980).

. (1) Account for the following two rate laws which have been observed for the incorpora-

tion of M(II) into PH, (porphyrin)

(a} V — k[M]*[PH;]
(b) V' = k;[PH,]

J. Weaver and P. Hambright, Inorg. Chem. §, 167 (1969); C. Grant, Ir, and P, Hambright,
J. Amer. Chem, Soc. 91, 4195 (1969),

(b) The structure of the porphyrin ring of both the ligand and metal complexes of N-
substituted porphyrins is very similar, How would you expect the dissociation of N-
substituted and unsubstituted porphyrin complexes to differ with respect to rate law, effect
of H*, rates, ctc?

D. K. Lavallee, The Chemistry and Biochemistry ol N-Substituted Porphyrins, VCH 1987
p. 112.

Using scheme (4.109) show how ¢is-MA,B; could be transformed into frans-MA,B, in
the presence of free ligand A. See Sec. 7.7.2.
R. I. Cross, Chem. Soc. Revs. 14, 197 (1985).

(a2} What form will the rate law for substitution in squarc-planar complexes take if the
solvolysis of the complex is rapid compared with ligand substitution? (This occurs in reac-
tions of PtCi;~ with *C1~, bpy and phen).

F. A. Palocsay and J. V. Rund, Inorg. Chem. 8, 524 (1969).

(b} Predict the effects of the concentrations of 17 and OH on the rate constants for
replacement of C1™ in Pd(dien)Clt, Pd(1,4,7-Me,dien)C1", Pd(1,1,7,7-Me,dien)Ct* and
Pd(1,1,4,7,7-Medien)ClE* .

1. B. Goddard and F. Basolo, Inorg. Chem. 7, 936 (1968); E. L. J. Breet and R. van Eldik,
Inorg. Chem. 23, 1865 (1984).
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256 4 Substitution Reactions

i2. Give a reasonable explanation for the fact that the lability of dmf in M(Megtren)dmf2+
is some 107 less than in M(dmPZ' for both M = Co and Cu,
S. F. Lincoln, J. H. Coates, B. G. Doddridge and A. M. Hounslow, Inorg. Chem, 22, 2869
(1983).
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258 5 Oxidation-Reduction Reactions

Redox reactions usually lead, however, to a marked change in the species, as reactions
4-6 indicate. Important rcactions involve the oxidation of organic and metalloprotein
substrates (rzactions 5 and 6) by oxidizing complex ions. Here the substrate often has ligand
properties, and the first step in the overail process appears to be complex formation between
the metlal and substrale species. Redox reactions will often then be phenomecnologically
associated with substitution. After complex formation, the redox reaction can occur in a
variety of ways, of which a direct intramolecular electron transfer within the addugt is the
most obvious,

Spectrophotometry has been a popilar means of moniloring redox reactions, with increas-
ing use being made of flow, pulse radiolytic and lascr photolytic techniques. The majority of
redox reactions, even those with involved stoichiometry, have second-order characteristics.
There is also an important group of reactions in which first-order intramolecular electron
transfer is involved. Less straightforward kinetics may arise with redox reactions thal involve
metal complex or radical intermediates, or multi-clectron transfer, as in the reduction of
Cr{VI) to Cr(111).? Reactants with different equivalences as in the noncomplementary reac-
tion

2Fel 4TI — 2FeM 4 ! (5.1)

often give rise 1o complicated kinelic rale laws.

Proton-accelerated rates are ofien observed when the net reaction involves protons since
somc of these will have been tost or gained at the transition state. This is the situation with
a large number of reactions of oxyions.

5.2 Classification of Redox Reactions

The most important single development in the understanding of the mechanisms of redox
reactions has probably been the recognilion and establishment of cuter-sphere and inner-
sphere processes,* Ouler-sphere electron transfer involves intact (although not completely un-
disturbed) coordination shells of the reactants. In inner-sphere redox reactions, there are
marked changes in the coordination spheres of the reactants in the formation of the activated
complex.

Reaction 2 in Table 5.1 musl qualify for an outer-sphere redox category since the bipyridine
could not become detached, cven by just one end of the bidentate ligand, from the inert
iron{I1) or iron(I1I) centers during the course of the rapid redox reaction. There is thus no
bond breaking or making during the electron transfer, a situation making them ideal for treat-
ment by the theoretical chemist (Sec. 5.4),

Reaction 4 in Table 5.1, on the other hand, was onc of the first-cstablished examples of an
inner-sphere redox reaction.® The rapid reaction gives CrCl2* as a product, characterized
spectrally after separation by ion exchange from the remainder of the species in solution. It
is clear that since CrClI** could not possibly be produced from Cr*' and Cl- ions during
the bricf time for reaction and ion-exchanger manipulation, it must arisc from the redox pro-
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3.3 Characterization of Mechanism 259

cess per se. Thus an activated complex or intermmediate of the composition shown in (5.2) must
arise from the penetration of the chromium(Il) ion by the coordinated chloride of the
cobalt(IIT):

(NH):CoCI2* + Cr(H 0%+  » (NH,),CoCICH(H,0)!' + H,0 {(5.2)

Within thiy specics, an intramaolecular electron transfer from Cr{lI) to Co{l11) must occur,
producing Cr(IITy and Co(Il}). The adduct then breaks up and the Cr(III} takes along the
chloride as the species CrCl2+:

H*

(NH;);CoCICr{H, )} » Co?* + SNHf + Cr(H,0),Cl** (3.3)

This scheme implies that at no time does chloride ion break free of the influence of at least
one of the metals, and in support of this there is no incorporation of *Cl in CrCl?* when
the reaction takes place in the presence of *Cl icn.?

5.3 Characterization of Mechanism

The characterization of a redox reaction as inner-sphare or outer-sphere is a primary preoc-
cupation of the redox kineticist, The assignment is sometimes obvigus, but often difficult and
in certain cases impossible!

(a) From the Nature of the Products. The everntual products from reaction 4, Table 5.1, are
Cr*, CrCl?*, Co?*, CI—, and N ions. These could arise from an outer- or an inner-
sphere process: "

Quter-sphere:

Cr2* + Co(NH)CIY — > Cr** + Co(NH,),Cl* (5.4)
Co(NH,),Cl* de Co + 5NHj + CI- (5.5)

slow
Cr* + Cl- 0~ crert (5.6)

Inner-sphere:

Cr2* + Co(NH,)CI2* —=5%s  CrC12t + Co(NH,)H,07 (3.7)
Co(NH,),ILO :p:d Co® + SNIIf + 1,0 (5.8)
CrCl> —= > crir 4 Q) (5.9)

The inertness of CrCl12~ and the labilities of Cr?* and Co?* (in part responsible for the
rapidity ol the infermediale formation and the breakup sieps) were thus cleverly exploited to
provide unambiguous proof for the operatien of the inner-sphere process, * Since most redox

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



260 3 Oxidation-Reduction Reaclions
reactions involving Cr?* are rapid, and the hydrolyses of most Cr(II} complexes slow, it is
not difficult to detect the intermediate CrX”"", for example,

Cro + MUIX™ - Crlitget + M2+ (5.10)

and, in so doing, characterize the reaction as inncr-sphere. This has been demonstrated in the
Cr(1I} reduction of a large number of Co(IID, Cr{I1l}, Fe(II) and recently Rh{II[}'? ox-
idants, "

The only other common reducing agents that can lead to products leisurely characteri-
zable, because they hydrolyze extremely slowly, are Co{CN)i~, Fe(CN);H,O0%~ and
Ru{NH,),H,0?". With the other common reducing agents, Fe?*, v+ Fu?*, and Cu*t, any
product will hydrolyze rapidly; for example,

H

M2t 4 CofNH,).X?' - " =  MX?' 4 Co?* + SNHJ (5.11)

MX?2- = M3+ X- rapid {5.12)

Table 5.2 Rate Parameters and Charactlerislics of Some Reactions of V(L) at 25°C, Refs, 15 and 16.

Reactant k ALIT AS?
M-l kI mel~! JK ‘mol™!

Inner-sphere recdox, Intermediate detected

CrSCN2! 8.0 54 —46

v+ 1.6 51 71

Co(NH,L,SCN2+ 30 69 +25

Co(NH,3,C,07 45 51 -4

cis-Colen);{N;); 33

CotCN)N} - 112

Co(CN)SCN 3~ 140

Probably inner-sphere redox

Cu?! 27 48 —59

Co{NH,);N3* 13 49 —59

Co{NH,}.50] 26 49 54

Co{NF,);OCOR?! 1-21* 46-51* —54 to —71%

CO((‘.N)SX-“ 120-280°

Probably cuter-sphere redox

Co(NH,},CI** 10 31 —121

Co(NH,),ILO! 0.53 34 —134

Co(NH;}}' 0.004 kL] — 167

RuCi?+ 1.9 % 107

Fett 1.8 % 104

FeX?! (4.6-6.6) x 107 ©

Replacement reaction

NCS™ 24 67 +5

H,O 89¢ 62 —-0.4

* Variety of R groups. " X = CI7, Br—, I~ and H;00. ® X = Cl™, Ny and NCS~.
¢ First-order rate constant (s~') for water exchange.
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5.3 Characterization of Mechanism 261

It will be very difficult to detect Cu(IN)X and Fu(IIDX as intermediates because of their
marked lability, and therefore hard to characterize Cu' and Eu?* as inner-sphere reductants
by product identification. It is casicr to detect Fe(1II) and V{liL) species, by {low methods,
and a number of reactions of Fe?t with Co(lll) complexes™® and V2 with V(IV), Co(IlD),
and Cr(IIl) complexes, Table 5.2,'%15 have been shown to progress via the intermediate re-
quircd of an inner-sphere reaction.

Closer examination of the reaction between Fe?* and Co{C,0,)3~ (Sec. 3.7), for example,
shows the formation and decay of an intermediate FeC,0; ion, "

Fe?* + Co(C,0) ——  TeC,0f + Co** + 2H,C,0, (5.13)

H

FeC,0f ——— Fe* + H,G,0, (5.14)

Obviously, for success in this approach, the rate of the redox step producing the in-
termediate must be at least as fast as the decomposition of the intermediate. This can be
sometimes accomplished by increasing the reactant concentrations, since the first step is
sccond order and the second step is first order.

(b) By the Detection of a Bridged Species. The detection of a bridged complex comparable
to that in (5.2) does not prove (although it may suggest) that it is an intermediate in an inner-
sphere redox process. The bridged species could be in equilibrium with the reactants, but the
products form directly from reactants by an outer-spherc process. This apparently occurs in
the reaction of Cofedta)?~ with Te(CN)} (Sec. 1.6.4). The possible oxidation states of the
metals in the bridged species in (5.2) arc cither Cr(II) and Co{ITI} or Cr(iIT} and CofII). In
both cases, one of the components is quite labile, and the binuclear species will respectively
either return to reactants or dissociate to products rather than exist independently for any
length of time. When both partners in the bridged intermediate are inert, however, there is
every chance that it will be detected, or at least its presence inferred from the form of the rate
law, or the magnitude of the activation parameter {Sec. 5.5). A number of such systems are
shown in Table 5.3.1 The oxidation states of the detected species are deduced from spectral
or chemical considerations. In only the last iwo entries are the oxidation states of the metals
in the bridged complex the samc as the oxidation state of the reactants. Such bridged in-

Table 5.3 Some Bridged Species Arising from Redox Reactions. ¢

Reaclants Species

Cr(Il) + Ru(lli} chloro complexes Cr(I1D) — Ct — Ru(IT)
Co(CN)? + IrClE- Co(IITy — Cl — Ir(IIT)
Cofedia)?~ + Fe(CN)} Co(ll) - NC —Fe{I)
Cr{Il) + Y({IV) Cr(iN —(OH), — v{iID*
Fe(Il) + Co(NH,);nta Fe(II) — nta — Co(IIN)"
Fe{CN)sHa0® 1 Co(tHals NQ—CN“-‘ (N(}}5F9"N\’3>—<f ‘;NCO‘”:NH;;)S"

* This is one of a number of examples in which a binuclear complex with an —O— (or {OH},} or OH
bridge results from the interaction of oxyions. '
P These species undergo intramolecular cleetron transfer at measurable rates {Sec. 5.8.1).
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262 3 Oxidation-Reduction Reactions

termediates arc termed precursor complexes to distinguish them from the more commonly cn-
countercd successor complexes in which electren transfer has already taken place (Sec. 5.5).
In order to obtain sizeable amounts of a precursor complex it is clear that there must be a
very strong affinity by the bridging ligand for the reactant partners.

(c} From Rate Data. Both inner- and outer-sphere redox reactions are usually second-order
= k [oxidant] [reductant] (5.15)

Only in a limited number of instances will the value of & and its associated parameters be
useful in diagnosing mechanism, When the redox rate is faster than substitution within either
reactant, we can be fairly certain that an outer-sphere mechanism holds.”” This is the case
with Fe'* and RuCl%* oxidation of V{[I}"¥ and with rapid electron transfer between inert
partners. On the other hand, when the activation parameters for substitution and redox reac-
tions of one of the reactants are similar, an inner-sphere redox reaction, controlled by replace-
ment, is highly likely.” This appears to be the case with the oxidation by a number of
Co(IID) complexes of V(I)," confirmed in some instances by the appearance of the requisite
V(IID) complex, e. g.

Co(CN)NI~ + VI — Co(CN)! + VN%* (5.16)

An [H*]~! term in the rate law for reactions involving an aqua redox partner strongly sug-
gests the participation of an hydroxo species and the opceration of an inncr-sphere redox reac-
tion {Sec. 5.5(a)). Methods (a) and (b) are direct ones for characterizing inner-sphere pro-
cesses, analyzing for products or intermediates which are kinetically-controlled. Method (c)
is indirect. Other methods of distinguishing between the two basic mechanisms are also
necessarily indirect. They are based on patterns of reactivity, often constructed Irom data for
authentic inner-sphere and outer-sphere processes. They will be discussed in & later section.

5.4 Outer Sphere Reactions

Consider one of the most common types of outer-sphere reactions involving bivalent and
trivalent metal complexes, ML2* and M,L3* where L and L, represent the total ligand struc-
ture and M and M, or/and [. and 1., may be different, as in the reactant pairs, V(H,0)* and
Fe(11,003, Fe(H,0);" and Fe(bpy)i ', and V(H,0);* and Ru(NH;)}*. The outer-sphere pro-
cess can be cnvisaged as

ML 4 ML} = ML*' + ML} (5.17)

proceeding in three steps

ML + ML} = ML ... M,L}* (5.18)
ML2* - M,L}* > ML - M,L3* (5.19)
ML3* o M,L2* = ML + ML (5.20)

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



5.4 Quter Sphere Reactions 263

A precursor complex is very rapidly formed in (5.18). It undergoes intramolecular electron
transfer (5.19) to give a successor complex, which rapidly breaks down to products {5.20). In
outer sphere reactions, it is noted that the two reaclants do not share at any time a common
atom or group. Such reactions then are particularly suitable as a basis for the calculation of
rate constants since no bond breaking or making oceurs during the electron transfer. The coor-
dination shell and immecdiate environment for the reactants and for the products will differ
as a result of a redox reaction. However internuclear distances and nuclear velocities cannot
change during the electron transition of a redox seaction (Franck-Condon principle).
‘Therefore some “common state’” must be reached for cach reactant prior to electron transier.
It is the free cncergy AG* that is required to change the atomic coordinates from their
equilibrium values to those in the activated complex, which must be calculated in any theory.

The work required to bring the ions 1 and 2 {charges z, and z;) to the separation
distance # (— @, + @,) is w,, where

Z, T €0 425 x 107%z, 2,
Wiz = 2y, 7. (.21
Dor(l + Bru's) r{l 4+ 329x 107t
and [ (Debye-Hiickel constant) is given by
BN A 030941 in 1,0 at 25°C
~ looo b T = 0. in 1,0 at C (5.22)
The reorganization terms, A, and A, are given by
1 1 1 1 1
A, = (Ae)? + - — - —
0 = (88) (2(11 2a, r)(nz DS> (5-23)
T FP(AGi)? 3f 2
A= T S f1 { qJ) _ 3fad) (5.24)
R 2
where N = Avogadro’s number
D, — Dielectric constant of the medium
n — Refractive index of the medium

(Ae) = Charge transferred from onc reactant to another
S and fP = jth normal mode force constants in the reactants and products respec-
tively. Breathing vibrations are often emploved and f = mean of the
breathing force constants.

Agj — change in equilibrium value of the jth normal coordinate, and when
breathing vibrations are employed
Ad = the diffcrence of the metal-ligand distance beiween oxidized and

reduced complex.
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264 5 Oxidarion-Reduction Reaclions

Several workers, particularly Marcus and Hush, tackled the calculation of AG*; for an ac-
count and comparison of the various early atterapts, the reader is referred to Refs. 19 and 20.
This important area has been thoroughly reviewed and representative examples in Refs. 21-25
as well as in the Sclected Bibliography give accounts of the theory in varyiag depths as well
as an entry into the vast literature.

The free energy barrier AG* is considered to consist of various components:

1. The work required to bring the reactants {assumed to be rigid spheres of radius &, and
@) to their mean scparation distance in the activated complex {r — g, + @,) and then
remove the products to infinity. These work terms are w' and — w?, respectively, and incor-
porate electrostatic and nonpolar contributions.

2. The free energy required (o reorganize the solvent molecules around the reactants (the
outer coordination shell) and to reorganize the inner coordination shelt of the reactants. These
arc termed A, and A;, respectively.

3. The standard free energy of the reaction in the conditions of the experimental medium
and when the reactants are far apart. The guantity (AG® + wP — w') is important sincc it
is the standard [ree energy of the reaction at the separation distance (it is the work-corrected
free encrgy of reaction). Both the w and X, terms can be fairly easily calculated. The term A,
is quite difficult to estimate, requiring a knowiedge of bond lengths and force constants of
the reactants (see Inset).

Marcus has derived the cxpression (alternative forms are often seen)

T o F 3 A AGO o po_ ™2
AGH - wh o+ ow * Ao T+ Ay N AG N (AG + w W) (5.25)
2 4 2 400, + &)

The free energy termn AG* is related to the Iree energy of activation AG? by
L h .
AG* = AG™ — RTIn | —- = (AG" — 2.8) keal mol ! (5.26)

and to the rate constant k& by the expression
k — wArtexp(—AG¥RT) (527

The transmission cocfficient « is approximately | for reactions in which there is substantial
(>4 kI) elecironic coupling between the reactants (adiabatic reactions). Ar? is calculable if
necessary >>? but is usually approximaled by Z, the effective collision frequency in solution,
and assumed to be 10""M 's ', Thus it is possible in principle to calculate the rate constant
of an outer-sphere redox reaction from a sel of nonkinetic purameters, including molecular
sizg, bond length, vibration frequency and solvent parameters {scc inset). This represents a
rcmarkable step. Not surprisingly, exchange reactions of the type

ML + ML]' = ML}' + ML} {5.28)

(5.28) rather than (5,17) have been examined, since AG® (= 0) in {5.25) ¢an be ignored and
the properties of only one redox couple (ML) and not (wo (ML2'?' and M,L3**)
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3.4 Outer Sphere Reactions 265

need be considered. Some results are contained in Table 5.4. See also Table [1 in Ref, 25, The
details ol the calculations and references to the experimental data obtained in a variety of ways
arc given in Refs, 23, 25, 27-31.

Table 54 Comparison of Observed Exchange Rale Constants with Values Calculated on the Basis of
(5.25) at 25°C

abs k .
Couple Mh—“s“ l\fclalc‘s ; Refs.
Ru(H,OR* — Ru(H,0) 20 60 27-29
Ru(NH,:* + Ru(NH,)}' 7 % 10% (4°C) 1% 108 27, 30
Ru(bpy)d' + Ru(bpyi* 4 = 108 1 = 10 25, 27
Te{dmpe)] + Fofdmpe)™ # ~6 x 10° 3 x 10% 31

2 dmpe = 1,2-bis(dimcthylphosphino)cthanc

Everything being considered, the agrecment between the calculated and the observed rate
conslants is excellent. The rales tend to increase with size of the ligands (see Ru entries in
Table 5.4). This arises from a decrease in the value of A, as the reactant size increases. For
a piven ligand tvpe, (), = constant) rate constants increase with decreasing diffcrences in the
metal-ligand distances {smaller X, term) in the two oxidation statcs. This is strikingly il-
lustrated by the M{bpy); ™' and M{bpy);/** coupies shown in Table 5.5.% The transfer of
o*d clectrons between the two oxidation states leads to larger M-N bond distance changes
{Ad), and slower rates than when only non-bonding nd electrons are involved. The varying
self-exchange rate constants for a serics ol M(sar)®'7>* (Prob. 4) and Ru(ID-(III) complexes
have been rafionalized in a similar manner. 263334

Table 5.5 Electron Transfer Rate Constants and Differences in Metal-Ligand Distances between the Ox-
idation States (L = bpy)*

Couple Electron Configuration Ad{A) k.8 !
Nil3*+73+ (nd)® (o*d) 2/ (nd)¥(c*d)! =012 1.5 x 104
CoL3+/3 (nd) (o *d)2/ (md) ® 0.19 18

Cal; 7% (nd)© (o ¥d) 2 (nd)* (e7d)> ) 1 % 10°
Fel3+/3+ (nd) ¥/ (nd)? .00 3 % 108
Rul 3+/3= (nd)5/(nd)? 0.00 4 x 10#
CrL3+73+ (n) ¥/ (nad)? 0.00 2 % 10¥

A good deal of data is required for these caleulalions and the theoretical ideas developed
have been more usefully applied to the estimation of rate constants for net chemical changes
(5.17) in terms of the free energy change, AGY and the rate constants for related reactions
(LILR, Sec. 2.5). Equation (5.25) can be written

Ao + A AGY + wP — wT 2 .
AGH = wt o e T A LA (5.29)
4 P&o + 4y
If
(AG® + wP — wh(h, + M)~ < 1 (5.30)
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266 5 Oxidation-Reduction Reactions

then

(5.31)

In the redox rcactions of a scrics of refated reagents with one consfani reactant (so that
AGY is the only important variable), a plot of AG* vs AG? would be expected to be linear
with slope 0.5.

We can lake the analysis still further: Consider the “cross rcaction™ (5.17) with the various
parameters subscripted 12 (forward direction)

ML2+ + ML wr MLt 4 M 12+ ki Kz Oyt Adyg, Wip, Koo (5.17)

and the related isolopic exchange (“self-cxchange') reactions, (5.28) and (5.32) with the
subscripts 11 and 22

ML 4 MLYT = ML{™ + MLZ* s Oy + 30w, K8 (5.28)

ML+ M3 = M3+ MLY &y, Gy + M)z Waa Ko (5.32)

In the first instance, we can ignore work terms. If, in addition, we can assume that the sum
of &’s for the cross reaction (&, + &)y, is given by

(hg + 2dip = /210G 4 A+ O + Al (5.33)

then combining this with (5.29) vields

AGH, = 0.50AGY, + 0.50AGE + 0.50AGY, — 1.15RT log f,, (5.34)
or

kiy — (kg kK s fi) M2 (5.35)
where

log iy = - oe K (5.36)

4log (knkzz/ZT)

The vzlue of K, is the equilibrium constant for {5.17) in the prevailing medium, and may
be determined directly {e. g. spectrally) or calculaled from a knowledge of the oxidation polen-
tials for the two sell-exchanges. A relalionship of the form (5.35) has been dcerived from a
simplified nonrigorous statistical mechanical derivation™ and by simple thermodynamic
cycle and detailed balance considerations. *® First we examine a series of reactions between a
common reactant ML.2* (constant &,,) and a number ol closely related complexes M.1.3~
{(there might be slight changes in the ligand structure L) so that ko, docsa’t much vary
either. In addition, if the equilibrium constant for the cross-reaction K|, does not deviate
much from unity, i.¢. log f.; = 0, then it is easily seen from (5.35) that there should be a
linear relationship between logk , and log K, with a slope 0.5, [n a number of systems in-

cluding metalloproteins® and electronically excited reactants ™ this simple relalionship has
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5.4 Ouwter Sphere Reactions 267

been observed, * and an example has been already shown in Sec. 2.5. However with a large
number of reactions (particularly between oppositely charged reactants and with large driving
forees), work terms cannot be ignored and if the transmission coefficient x is less than 1, i.e.,
there is an element of nonadiabaticity, then the modified Marcus expression is33%0

T [’W%T”KWIE (537)
LSTRS
_ 2
Inf, — In Ky, + (w, — wy)/RT) (5.38)
4l Ky kg " Wyt Wy
ZP K Ky RT
Wi =expl—{wy + wy — w — wy)/2RT] (3-382)

There are a number of ways of plotling the modified expression (5.37), using natural or
decadic logarithms, Usually the self-exchange reactions are assumed adiabatic (x;, = Ky = 1),
and rearrangement of (5.37) leads to

2ink, — Inf, — 2InW,, — Inky, = In(k, k%) + Ink,, (5.38b)

A plot of the left-hand side of (5.38b) versus InK |, should be lincar with a slope of unity
and an intercept = In{k; x%)." Such a plot for the reactions of Cof{phcn)i* with
Cribpy)}*, Criphen)}* and their substituted derivatives yields a slope of 0.98 and an in-
lercept of approximately —0.55. If k,,, the self-exchange rate constant for Co(phen)g* 18
30M ‘s ' this corresponds to x,; = 0.13, indicating mild nonadiabaticity for reactions in-
volving Co(phen)}*. Ref. 41. See also Fig. 8.2.

We are now in a position to understand the full implications of the plot of Fig. 2.8, The
value of logk,, at logK; = 01s 2 and on the basis of the simple Marcus expression this
cquals 172(8.5 + x) wherc 8.5 = logk,, (for PTZ/PTZ %) and x is logk, (For Fe?* /'), This
leads to a valuc of x = —4, ie ky, = t07*M~'s~!. This is much smaller that the ex-
perimentally determined value of 4 M~'s~', This difference may be taken care of by using
the fuller expression (5.38b) and a value of k,; = 1072 See also Ref. 42.

Plots for a reaction scrics have been however much less used than the application of these
equations, both simple (Prob. 1) and complicated, to isolated reaction systems. 2% Table 5.6

Table 56 Calculated Values for the Sell-Exchange Rate Constant for Ru(H,0%7"** using (5.35) and
1Daty for a Number of Cross-Reactions (from Ref. 43)

; AE® Ky Ky Ky
Reactions v M s Mg M-ts |
Ru(H, 0%+ + Ru(NH;)py3' 0.082 1.1 x 104 4.7 = 10° 15
Ru(NH,)* + Ru(H,0)i* 0,150 14 x 107 2 x 104 32
Ru(H,0)% ' + Ru(NH,),isn>*+ 0.167 5.5 % 10° 4.7 x 107 14
V(H,0);© + Ru(H, O3+ 0.47 2.8 x 102 1 = 1077 .37
Ru(H,0);~ + Co{phen)3* 0.15 53 40 0.24
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268 5 Oxidation-Reductfion Reaciions

shows the second-order rate constanis &, determined for a number of cross reactions involv-
ing the Ru(H,0)*"% couple at 25°C and p — 1.0 M. The difference in oxidation potentials
for the two reactants, AE®, allows us to calculate logK, (— 16.9 x AF®) which together
with &y, petmits an estimation of &, for the Ru(H,0%' " couple using (5.35).** Inclusion
of the work terms has only a small eflect on the final results. * The values calculated for &,
using data for the highly exothermic reactions are lower than those derived from reactions with
small driving forces. The higher values (14-32 M~ 's™'} are satistyingly close to those
measured and c¢alculated in Table 5.4,

If the reactants arc oppositely charged, the collision complex in (5.18) takes the form of an
outer-sphere complex with discernable stabilily. Tor the outer sphere redox reaction between
Co(NH,},1.7* and Fe(CN)}~, L being a series ol pyridine or carboxylate derivatives, salura-
lion kinelics are observed, with the pseudo first-order rate constant (k). Fe(II) in excess,
being given by

obs

koK. |Fe(CNY]

= 5.39
P 4+ K [Fe(CN)] (339
This behavior is consisient with the mechanism (Notc however Sce. 1.6.4).

fas|

Co(NH,)L"* + Fe(CN)!~ == Co(NiL)L" | Fe(CN)YI~ K,  (5.40)

Co(NH, )L | Fe{CN)yI- > Co(NH,)L@=D% | Fe(ONY ™k, (5.41)
i

CONIL)LU=1 | FefCN)™ === Co(NH,)L." U+ + Fe(CN}~  (5.42)

At 25°C and p = 0.1 M, the values of K, are 10°-10* M " and those of k,, are 10 %~
10~'s~" depending on the identity of L.** The internal electron transfer rale in an outer-
sphere complex can thus be analyzed *** without considering work terms or, what is equiva-
lent, the equilibrium controlling the formation of precursor complex.*” This favorable silua-
tion ts even improved when the metal cenlers are directly bridged. The relative orientation of
the two metal centers in a well-established geomelry can be betler treated than in the outer-
sphere complex (Sec. 5.8).

It is hardly possible to overcstimate the impact that the Marcus-Hush ideas and their ex-
perimentzal exploitation, mainly by Sutin and his coworkers, have made on the study of redox
reactions. The treatment here is necessarily brief. Other aspects have heen discussed in the
references cited. Some imporiant peints we have not considered are
(a) the application of the derived cquations to other activation parameters, >
(b) the necessity to sometimes (not often} aliow for the preexponential facior ¥ being non-
unity, has been briefly alluded to. The non-adiabaticity becomes more pronounced when the
standard free energy of the reaction increases (Table 5.6). Its assessment can be difficult (and
controversial), 4®
{¢) the occurrence of an inverted region where AG* increases {rate constant decreases) as
AG® becomes more negative. In this Tepion, very large driving forces are involved. %

{(d) the effect of solvents.** '
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3.5 Inner Sphere Redox Reactions 269

5.4.1 The Applications of the Marcus Expression

Occasionally, the successful application of the Marcus expressions (5.35) and (5.37) to a reac-
tion can support its designation as outer-sphere. The reduction of a serics of substituted
benzenediazonium salts by Fe(CN)¢~ and (Mescp),Fe conforms to the simple Marcus expres-
sion and represents supporting evidence for the formulation of these reactions as outer sphere
(or non-bonded electron transfer in organic sysiems)

ArNY + Fe'' — ArN; + FelV (5.43)
rather than inner sphere {or bonded electron transler)™
ATNS + Fe'' — ArN=N-Fc"' — ArNj + Fell (5.44)

The pattern for outer-sphere oxidation by Co(NH;);~ compared with Colen)i* {usually it
is =10 times slower) towards inorganic reductants can be used ™ to support an estimate of
the proportion of clectron transfer (Marcus-dependent) and charge transfor which
“Ru(bpy);* displays towards these oxidants (45 and 117, respectively), Sec. 2.2.1{b). Finally,
Egn. 5.35 ¢can be used to determine K|, for a reaction in which the other kinetic parameters
are known. The value of K, can be used, in turn, to ¢stimate Lhe oxidation potential of one
couple, which is normally inaccessible. > Thus the potentials of the o, m- and p-benzene diol
radicals H,A+ were determired from kinetic data for the oxidation of the diols (H,A) by
Fe(phen)}* (5.45):%

As might be anticipated, there are exceptions to the Marcus equations (Prob, 33.%°

Fe(phen}}' + H,A = FPe(phen)?" + H,A! (5.45)
5.5 Inner Sphere Redox Reactions

Just as we did with onter-spherc reactions, we can dissect an inner sphere redox process into
individual steps. Specifically, let us examine the reaction of (H,0),Crt with CoY{(NIi;)L.
The first step is the formation of the precursor complex %2053

(H,0),Cr¥ + LCo™(NH,), = (H,0),CrULCo"™(NH,), + H,0 &,&_,,K,
(5.46)

The product of intramolecular electron transfer within the precursor complex is the suc-
cessor complex

(H,03.Cr"LCoM(NH, ), -~ {H,0),Cr'"LCo(NIL,), ky ko, (547
which then undergoes dissociation into products

(H,0):Cr'"LCo "(NH,);, « (H,0)Cri"L + Co(NH,); Ky k_, (5.48)
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S5 Oxidation-Reduction Reactions

{a) b} le)
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o |Reactants 35 o fad
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Fig. 5.1 Reaction profiles for inner-sphere redox reactions illustrating three types of behavior (a) prercur-
sor complex formation is rate-limiting (b) precursor-to-successor complex is rale-limiling and (<)
vreakdown of successor complex is rate-limiting. The situation (b) appears lo be most commonly en-
countered. '

Of course the Co''(NH,); breaks down rapidly in acid into Co?* and 5§ NHJ . Precursor
complex formation, intramolecular electron transfer, or successor complex dissociation may
severally be rate limiting. The associated reaction profiles are shown in Fig. 5.1. A variety of
rate laws can arise (rom diflereni raie-delermining sieps.? A second-order rale law is com-
mon, but the second-order rate constant &, is probably composite. For example, (Fig. 5.1(b))
if the observed redox rate constant is less than the substitution rate constant, as it is for many
reactions of Cr?*, Fu?*, Cu*, Fe?* and other ions, and if little precursor complex is
formed, then &, = (& k% _}). In addition, the breakdown of the successor complex would
have to be rapid (k; = &_2). This situation may even give rise to negative AHjbs (=AHS +
AHZ*) since enthalpies of formation of precursor complexes (AHY) may be negative. Such
negative values of Z\H(fhS in turn, constitutes good evidence for the existence of precursor
complexes. >’ A good deal of effort has gone info atterpting o isolate the data for the elec-
tron transfer step (5.47).%® One way of accomplishing this might be by bulding up large
concentrations of precursor complex. If this is noi possible, then the experimental rate con-
stants for reaction of a series of related complexes may still parallel the corresponding values
for the intramolecular rate constants, k,, if the values of k&, /k_, remain sensibly constant.
However, the possibility that this is not the casc should be always recognized.

5.6 The Bridging Ligand in Inner-Sphere Redox Reactions

The early work of Taube and his co-workers opened several interesting avenues of approach,
most of which have been fully exploited, 222248840 One of the most obvious is (o examine the
requirements for 4 good bridging group and determine the effects of this bridge on the rale
of the inner-sphere redox reaction. Hundreds of different bridges have been examined since
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5.6 The Brideing Ligand in Inner-Sphere Redox Reactions 271
Taube’s original discovery.* Artendant changes of redox rates by many orders of magnitude
have been observed. Much data have been obtained on reactions of the type

Cr2* 4 Co(NH)L™* s Cri™* + Co?* + 5NHY (5.49)

and these, rogether with reduction of the Co(llI} complexes by other metal ions and com-
plexes, are useful for discussion purposes (Table 5.7). ' Oxidation by Cr(IH} and Ru(lII) also
provides useful information, and isotopic exchanges of the type

*Cr2+ + CrL?' = *CrL?* + Cr2+ (5.50)

which cannot be ouler-sphere, were early explored® {Table 5.8).

Table 5,7 Rate Constants (&, M~'s ) for the Reduction of Co(NH,).L"* by a Variety of Reductants
at 25°C

L Cr2= vt Fe?+d Eu?+

NH, B.0x 1077 3.7x1073 2w 10-2

Py 4.1%1073 0.24

1LO <01 0.53 0.15

QCOCH, .35 1.2 <5x10 ° 018

OCOCOOH 1.0 x 107 12.5 3.8x10-F

I~ 2.5% 107 2.6 6.6x10-3 2.6 %104

Cl 6% 10° 10 I1x10-? 3.0x10?

Br- 1.4 x10% 25 7.3x10 4 2.5x10%

1- Ix 108 1.2 % 102 1.2x 102

OH- 1.5x10°¢ <4 <2 x 107

N, ~3x%10¢ 13 g8.8x10-3 1.9%10%

NCS- 19" 0.3 <3x 108 0.05

SCN- 1.9x10%® 30 0.12 31x103
0.8x13¢

L Cu* Co(CN): Cr(bpy}’ Ru(NH,)2+ Ti+

NH, gx 0% 6.9x107 1.1x10 2

Py 1.2

H,0 1.0x10~% 5x104 © 3.0

OCOCH, 1.1x 1042 1.2x10} 1.8x 1072

OCOCOOH 0.50

K- 1.1 1.8x10° E8x10? 2x 102

Cl- 4.9x10% ~3%107 &x10° 2.6 x 107 13

Br 4.5x 107 Sx 108 1.6%10% 2

- 6.7x 103 4

OH- 18102 9.3x10¢ 1x10% ¢ 0.04

N, 1.5x10? 1.6x10° 4.1x 104 1.8

NCS™ ~1 L1x10° 1.1x 104 0.74

SCN™ <107 2.0x 108 3.8x 102

@ M~25-%, outer-sphere reduction by Co(CN}~. ® Remote attack. * Adjaceni attack. 9 1. IL
Espenson, Inorg. Chem. 4, 121 (1663). ¢ 4°C. ’
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272 5 CQxidarion-Reduction Regctions

Examtination of the data for (5.49) and (5.50) in Tables 5.7 and 5.8 shows that there is some
general order of reactivity for the varions ligands L. Containing an unshared electron pair
after coordination appears a minimum trequirement for a ligand to be potential bridging
group, for it has to function as a Lewis base lowards two metal cations. Thus Co(NH,)3'
and Co{NH,)spy** oxidize Cr2* by an outcr-sphere mechanism, giving Cr?' as the product,
at a much slower rate than for the inner-sphere reactions.

The bridging group is often supplied by the oxidizing agent because this is invariably the
inert reactant. In these cases, the bridging ligand normally transfers from oxidant to reductant
during the reaction. This however is not an essential feature of an inner-spherg redox reaction.
The cyanide bridge is supplicd by Fe(CN)}~ in some reductions and remains with the iron
after electron transfer and breakup. * Such reactions, which proceed without ligand transfer,
can only be shown to be inner-sphere directly, i.e. by the demonstration of a bridged in-
termediate.

Table 58 Rate Parameters for Cr(Il) — Cr(IIT) Exchange Reactions (5.20) at 25°C. Ref. 16.

Exchange Partners K AHT A8t
Y kJ mol~' TK 'moi
Cri' + Cr¥ £2x10-°
Cr?+ + CrOH?* 0.7 54 —&7
Cr2' 4+ CrNCs?! 1.4x10-%
Cr?* + CrSCN?! 40
Crlr + Crngt 6.1 40} 96
Cr?' 4 Crrt 2.4x10 7 (0°C) 57 —84
Cr?' + CrCl¥ 9 (0°C)
Cr?* + CrBr?* =60
Cr2* ¢ CrCN2+ 7.7%x10 2 39 — 134
Cr?t + cis-Cr(N )Y 60

The different types of bridging ligands will now be discussed, Many of the varying patterns
and theoretical bases have been built up by using the simpler bridging ligands on which we
shall first concentrate. This will lead into the larger organic and protein bridges.

(a) Hydroxide and Water. With oxidants containing a coordinated water group, for example
Co(NH,);H,0% ", a term in the rate law containing an [H~]~" dependency for their reaction
is often found. This may make a significani contribution to the rate, and mask any [H']-
independent term. '* 'The inverse term is usualtly ascribed to reduction of the hydroxy species,
for example Co(NH;);0112% offering a very effective OH bridge in an inner-sphere pro-
cess. % Reactions in which the aqua and hydroxy forms have similar reactivities and in which
no other bridging group is present are probably outer-sphere,'® and assignmenl of
mechanism on this basis is illustrated in Table 5.7, ¢

‘There has been a continuing discussion without resolution® of whether the aqua group
acts as a (weak) bridge in the situations where the corresponding hydroxo complex reacts
inner-sphere.

(b} Halides, The reduction of halide complexes has featured prominently in the develop-
ment of redox chemistry. Rates vary monotonically from F to I but not in 4 consistent manner.
In examining Table 5.7 it is seen that in inner-sphere reductions of Co{NH;).X?* by Cr?*,
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5.6 The Bridging Ligand in Inner-Sphere Redox Regctinns 273

the rafe increases with increasing size of the halogen. % The order is inverted when reduction
by Eu?' is considered, even although it is probable that this is inner-sphere also. The dif-
ference has been rationalized by calculating formal eguilibrium constants for halide inter-
change in the transition state for various redox reaclions, 226465 36

The equilibrium constant for

[(NH,);CoFCr**]% + I~ = [(NH,);ColCr#]* + F~ K, (5.51)

can be calculated knowing the rate and equilibrium constants far:

Co(NH,),F2* + Cr?' = [(NH,);CoFCri-|* ks (5.52)
Co(NHy)I?* + Cr?' == [(NH,);ColCr**17 k; (3.53)
Co(NH;),H,0* + F~ = Co(NH;)F** + H,0 K, (5.59)
Co(NH,);H,0% + 17 = Co(NH,),I%* + (1,0 K {(5.55)

since K, — kK kK, — 00649

The value of X; < 1 for this Cr(II) reduclion, as with the reactions of Fu(Il), indicates
that the substitution of bridging F~ by I~ is unfavorable in the bridged transitien complex
in both cases. The two scts of reactivity patterns noted above thus disappear. It has been noted
that K| < 1.0 when both metal centers are hard acids, whereas X, > 1 when one reactant is
soft e.g., Cu*.% These relationships have been rationalized.? The much better bridging
properties of chloride than watcr are shown by the data in Table 5.7 and Table 5.9.

Table 59 Ratio (R} of Reactivilies of Co(edta)C1?~ and Co(edta)l1,0~ towards Reductants’

Reductants R Mechanism

Cr?: >3 x 10? inner spherc
Fel+ 2 x 10? inner sphere
Fe(CN)E- 33 outer sphere
Ti(IIT} 31 outer sphere

(c) Ambidentate Ligands. The usc in the oxidant of a polyalomic bridging ligand that
presents more than one potential donor site towards the reducing metal 1on introduces the con-
cept of remote and adjacent attack. An authentic example of adjacent attack is rare but il-
lustrated by the scheme®®

remote attack by

——> [(NH;);CoSCNCr**]# — CrNCS?* stable (purple)
Cr ’ form

Co(NH;),SCN?! (5.56)

— CrSCN?* — Cr¥* + SCN-
unstable linkage
(green) isomer

T adjacent attack by k(NHg):;CoSCr‘“ T
> C

Cri+ N
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274 3 Oxidation-Reduction Reactions

Analysis for CrSCN2?* and CrNCS2' in the preducts can be made by ion-exchange
scparation and spectral identification, This procedure indicates that about 30% of the reac-
tion goes by the adjacent attack path in 1 M~H~* at 25°C. Reduction of Co{NH,);NCS2~ by
Cr?*, in contrast, proceeds much more slowly and quantitatively by remote attack, leading
to the unstable isomer CrSCN?2*. In the N-bound thiocyanate complex, the only lone pairs
of cleclrons available for attack by the Cr?' are on the sulfur. In the S-bound
Co{NH,);SCN?' both 8 and N have lonc pairs.® It is gencrally found that MSCN?** is
about 107 times more reactive than MNCS?, M = Co(NH,); and Cr(H,0),, in its reaction
with Fe(l[) and Cr(IT), (Table 5.7} as well as with a number of other reducing ions which go
by inner-sphere. With outer-sphere reduclants the ratio is less, about 102, and these ratios
have been rationalized.?? With V(I1), the ratio is also much less, and this supports the idea
that the V{II}-Co(NH;)};SCN?" reaclion is substitution-controlled (Table 5.7).%” Redox reac-
tions of the type outlined above have been used to prepare linkage isomers (Sec. 7.4).

The azide bridging ligand cannot offer the interesting dual possibilities of the thiocyanate
group. Because it is symmetrical and presentls a nitrogen donor atom, which is favored over
sulfur for most incipient tervalent metal centers, Co{NH, )N} * is likely to be a more effective
oxidant than Co(NH,);NCS2* if the rcaction goes by an inner-sphere mechanism; it is not
likely to be much different in an outer-sphere reaction. This has been a useful diagnostic
tool?? (see Table 5.7).

Doubie bridges have been csiablished for cxample, in the inner-sphere reaction of Cr2’
with cis-Cr(N,)7.% Surprisingly, the double bridge does not offer a markedly faster route
than the single bridge (a factor of only 31 in enhanced rate for the example cited®). If a
chelate site presents itself to an attacking metal ion, a chelate producl can result. * The oxi-
dation of Co(en),(H,0)' by Co(C,0,%" viclds Colen),(C,0,)*, probably via a double
bridge, and with a very small amount of chiral discrimination (Sec. 5.7.4). Using nmr and
BC-enriched free oxalate ion it can be shown that there is no enriched oxalate in the
Co(en)s(C,0,)" product, which must therefore arise from an inner-sphere process.®

(d) Non-Bridging Ligands, We might wonder what happens to the ligands that are not in-
volved in the bridging act during the redox process, and what influence they might have as
a result on the rates of such reactions.”™ This is an area where theoretical predictions
preceeded experimental results. Orgel first drew attention to a model in which clectronic siates
in the activated complex are matched by changing tond distances and therefore the ligand
fields of the reactant ions.”' For the reduction of Co{11{) and Cr(111} complexes, for example,
an electren from the reducing agent would appear in an unoccupied e, say d, orbital
directed towards X (the bridging group) and Y in frens-Co{NH,),XY. The energy of this or-
bital will obviously be more sensitive to changes in the frans Y group than to changes in the
cis NH, ligands, and the orbital will be stabilized by a weak field ligand Y.™ In general, the
consequences of these happenings have been confirmed in both rate experiments and isotopic
fractionation experiments. It has been shown, for example, that towards Cr(ll), rrans-
Cr{NH;),(H,"®0)C1%* reacts 1.6% faster (han frans-Cr{NH;),(H,*O)C1%' (Sec. 3.12.2). This
strongly supports the idea of stretching of the bond in the ¢rans-position during the redox
rcaction, Stretching of the bonds in the ¢is postition is less important, although not negligible,
judged by the value for kiq/ kg = 1.007 for the cis isomer. 72

(e} The Estimation of Rate Constants for Inner-Sphere Reactions. There is evidence that
a Marcus-type relationship may be applied o inner-sphere as well as outer-sphere redox reac-
tions. 2™ Varying A in cis-Co{en),(A)C1?~ has the same effect on the rate in the outer-sphere
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5.7 Same Other Features of Redox Regctions 275

reduction by Ru(NH,)2' as in the inner-sphere reduction by Fe?* (constant €l bridges).
Since there is a nice correlation of logk vs AG for the outer-sphere reductions, it follows that
a similar [.FER must also apply to the inner-sphere process. ™

5.7 Some Other Features of Redox Reactions

We now consider seme other aspeets of redox reactions which might be outer- and/or inner-
sphere in nature.

5.7.1 Mixed Outer- and Inner-Sphere Reactions

As might be foreseen, there are a (limited) numbsgr ol systems where the encrgetics of the
outer- and inner-sphere reactions are comparable and where thercfore both are paths for the
reaction. An intercsting cxample of this behavior is the reaction of Cr(HL,O)* with IrCLE-
which has been studied by a number of groups and is now well understood. 22 At 0°C, most
of the reaction proceeds via an outer-sphere mechanism. The residual inner-sphere process
utilizes a binuclear complex, which can undergo bath Cr—Cl and Ir — Cl clcavage:

Cr(H, 0™ + 1eCl

%
" 2-/
CI‘(HQO}ﬁ + ITC]6 (557)

(H,0)CrCICly

Cr(H,0)>" + IrCL™

(1,0)5CrCIClg ~__
61%

Cr(H,0)sCI*" + IrClH,0%

(5.58)

The outer-sphere rate constant for the Cr(H,0); " /1rCl:~ reaction can be estimated, using
Marcus’ equation, as ~10°M~'s~!_ A value of this magnitude can obviously be competitive
with that for the inner-sphere path, which is more usual with the highly labile Cr(H,0)*
ion. 2

A rather involved, but interesting, example of a rcaction which proceeds by both inner- and
outer-sphere pathways is summarized in the scheme

e
Rui{NH,);pz** + Colcdia)? k#t [(NH;):Ru"pzCo "(edta)] * (5.5%
Ru(NH,)p73* + Coledta)®~ :;—kfz ~ Ru(NIly);pz?* + Cofedta) (5.60)
2

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



276 5 Oxidation-Reduction Reactions

The outer-sphere pathway (&,) produces the final products dircctly, as shown by a rapid in-
crease in absorbance at 474 nm, which is a maximum for Ru(NH,),pz>*. At the same time,
a rapid inner-sphere (%) production of the binuclear complex takes place. A slower absor-
bance increase at 474 nm arises from the back electron transfer in the binuclear intermediate
(k .,). This produces the original reactants which then undergo outcr-sphere reaction (&,).
The vatucs of the rate constants at 25°Cand p = 0.1 Marc 2.5 x 10°M 's~! {(4)), 165 57!
(k_) 1.0 X 107 M~'s™' (k) and 32 M~ 's ' (k_,).”

5.7.2 Two-Electron Transfer

In most of the discussions so far, we have been concerned with reactants undetrgoing one-
eleciron transfer processes. When one or both of the participants of a redox reaction has 1o
undergo a change of two in the oxidation state, the point arises as to whether the two-clectron,
transfer is simultaneous or nearly simultaneous, a question that has been much discussed. ¥
The THD-TYIID) sccond-order cachange (k) procceds by a two-clectron transfer. One
would need to postulate the equilibrium (5.61) if TI{II) was involved in the

TKIID) + TKI) = 2 TI{II) K.k, K, (5.61)

exchange. The value of k_, can be determined by pulse radiolytic (one-eleciron) reduction of
TI(IID) and observation of the subsequent disproportionation of the resultant T{II). The value
of k_.i5 1.9 x 10* M~'s™". By using data for the Fe?*, T1** reaction, invelved but sound
reasoning, which 1s wcll worth cxamining, allows the csiimation of K, — 4 X 10-3. It
follows that &, = 7.6 x 107 M~!s~', and since this is very much less than k., (1.2 x
10-*M~'s™") the exchange cannot proceed via a TI(11) species which is free in solution. ™

The immediate product of the reaction of TYIII) with Cr(ID) is the dimer Cry(OH)}*. This
is likely to resull only from an interaction of Cr(Il} with Cr(IV), produced in the redox step
with TI(III). If Cr{IIT) {and TI{II}} resulted directly from Cr(II} and TIII), it would un-
doubtedly be in the form of a mononuclear Cr{ill} species, since this is the product of maost
of the oxidations of Cr(1I).”” Other examples are in B36 and Ref. 78.

5.7.3 Redox Catalyzed Substitution

Certain substitutions can be catalyzed by the operation of a redox process. It is most casily
detected with inert Cr(1IT), Co(IH) and Pt{IV). Hydrolysis, anation and anion interchange all
have been accelerated in complexes of these metals by the presence of the lower oxidation state
(which is more labile).
Chromium{Il) catalyzes the ligation of Cr({IlI} by X by a mechanism:
Cr'"+ X — Cr'"'X (5.62)

Cr'X + Cr'! — 'Y+ ! (5.63)
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3.7 Some Other Features of Redox Reactions 277
based on a third-order rate law™
V= kICrT [CrM [X] (5.64)

Chromium{Il) must catalyze the aquation of CrillX by the reverse of the two steps (5.62)
and (5.63). % Traces of lower oxidation state may be the cause of apparent lability in the
higher one e. g. Fe(lI} labilising Fe(IIT). ** Exchange of Co(NH,)}' with NH,(aq), catalyzed
by Ca(ll) has been examincd using ""N-labciled NH; and nmr monitoring.' The treatment is
complicated hy side reactions.

Co(I) + 6 NH, — Co(NH,)* (5.65)
Co(NHy)2" + Co(NH,1* — Co(NH.)i* + Co(NH)2* (5.66)

5.7.4 Stereoselectivity

Omne might anticipate that there would be a rate difference for the reaction of enantiomers with
a chiral compound, The first demonstration of stcrcosclectivity in an outer-sphere clectron
transfer was as recent as 1980, % Since then such asymmetric induction has been established
with a number of examples, nearly all involving outer-sphere redox reactions. Thus, consider
the two reactions %

A-Co(edta)” + A-Co(en)?! "y (£)-Coledta)y?™ + A-Co(en)it (5.67)
A-Cofedta)™ + A-Cofen)* 2> (£)-Cofedta)®~ + A-Colen)}’ (5.68)

We arc looking for a difference in &, and &,. Since the Co(ll) complex is a labile racemic
mixture ( £}, such a diffcrence can only be demonstrated by a competition approach, scarch-
ing for a prepondetence in the product of one of the optical forms of Cofen)i*, In this in-
stance a small {11%) excess of A-Co{en)}* is observed in the product, meaning that &, /%, =
1.2, With this typical result it is clear that the kinetic approach, when applicable, is less likely
to be as sensitive as that in which the product estimation is asscssed by cd and optical rotation.
If (5.67) and (5.68) are considered as outer-sphere redox reactions, which is highly likely, the
observed rate constant &, or k, is composite, a product of a precursor complex formation
constant and an intramolecular electron transfer rate constant {Sec. 5.4). Since there is an ion
pairing sclectivity between Co(edia) and Colen)l' which is also AA, this suggests that
precursor ion pair formation between Cefedta)~ and Cofen)3* is an important component of
the observed electron transfer stereoselectivity. The stereoselectivity increases to 32% AA
preference in dmso. ®® From a detailed examination of the variety of stereochemical products
of reduction of Co(edta)™ by a number of Co(1l) complexes of the type Co(N)2*, it has been
possible to make deductions about the detailed interactions, for example, thal here is strong
hydrogen bonding of the pseudo-C, carboxylate face of Co(edta)  with amine hydrogens on
the reductant. 8%

The reductant may be optically stabilized by using optically active forms of the coordinated
ligand. Such ligands may impose stereochemical restrainis even with labile oxidation states
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278 5 Oxidalion-Reduciion Reactions

{Chap. 3, Structurc 10). The S§ form of the ligand alamp (chirality relating to the two
asvmmetric C atoms) imposes a A-conliguration at the Fe(TI) center in the complex A-[Fe(SS)-
alamp], 1. Treatment of this complex with the racemic mixture (£ }-Co(bamap)H,O* (see 2)
shows a change ol ¢d (A = 367 nm) with time indicated in Fig. 5.2. The sign of the cd signal

08 = cd Joto

Fig. 5,2 (a) Change in absorbance at

[a] - 502 nm and in cd intensity at 367 nm
0.06 © on mixing () — Co(bamap) (11,0}
0.4 Uy (2.5 mM) and Fe(S5S-alamp) (from

] 2,5 mM Fe?' and 10 mM (SS)-alamp),
The solution contains 0.1 M ascorbic
acid. ®7 (b} In {c/cg)vst for reaction ol
I i ! (~) Cotbamap)}(H,0) " {upper curve)
10 and (=) Ce(bamap)(H,0) - . The ratc
constants are 3.2 x 10~%s~' and
5.5 x 10775~ ! respectively. 87
pH = 4.0 and 25°C. Reproduced
\b with permission from K. Bernauer,

e P. Pousaz, J. Porret and A. Jean-

a guenal, Helv. Chim. Acta 68, 1611

(1585),

Time {min}

infc/cg!

1
-

corresponds to A-{ —);6-[Co(SS)-bamap(H,0)]*. This must therefore be the enantiomer
building up in the residue and thercfore be the one with the lower rate, This is confirmed when
the two Co(lll) complexes, A-{—)ye-[Co(S5)-bamap(H,0)]" and A-{+4),:-[Co{RR)-
bamap(H,(0)]' are separately examined in their rates with A-[Fe(88)-alamp]. The ratio of
rate constants is 0.6 from the cd measurements and (,L53 measured directly at 25°C and
pH = 4.0. The chiral faces of the Fe(Il) and Co(Ill) complexes fit better in & precursor com-
plex when they show opposite chirality {2) and thus the A-A couple might be expected to react
laster, An inner-sphere mechanism with a H,O bridging is proposed, although it is admitted
that such a bridge is unusuat (Sec. 3.5@N. ¥

Both outer- and inner-sphere pathways are observed when Co(C,0,)3~ reacts with Co?" in
the presence of en ligand.® The outer-sphere pathway is lavored in higher en concentrations
and produces Co(en)s” . The AA combination is preferred (9% stereospeciticity). The inner
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5.8 Intramolecular Flectron Transfer 279

sphere pathway leads to Co{en),(C,0,)* in only 1.5% (AA) preference. Il would perhaps be
anticipated that inner-sphere redox processes, which lead to more inlimate intcractions, might
be more stereosclective but in this case the bridge is extended and maintains the two cobalts
some distance (5 A) apart. There is a detailed discussion of the various interactions in the two
pathways and it is ¢lear that asymmetric induction studies have the potential for probing strue-
tural details of the mechanisms of redox reactions. %

5.8 Intramolecular Electron Transfer

A major effort has been made to determine the rate of electron transfer between two well
defined siles in a molecule and thus to assess the effect, on the rate, of the distance and the
nature of the medium separating the points, the potential drive and so on. ® Again, the
pioncering work on simple complexes has laid the basis for understanding the behavior of
larger molecules, especiafly protein systems which are attracting so much attention.

5.8.1 Between Two Metal Centers

s

The pioneering studies of Taube and his co-workers established remote attack by Cr*~ on an
extended organic ligand attached o M = Co(III), Cr(III) or Ru(III)®

ocr*
‘ /
(NHG;SMN®CONHZS+ v Cr '%f“- HN@C\ + M® | 5NH,* (5.69)
— == NH,

The result made it possible to begin to answer the important guestion as to how electron
transfer from one redox center to another occurred. Was it (i) by the passage of elccirons to
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280 5 Oxidation-Reduction Reactions

the bridging group to give a radical ion, which passes an clectron {urther to the oxidant
center?

MUL + €t > M".L.Crt - MM Lot (5.70)
MU Lo -Cr' o MMLeCr' - MY+ CrlL (5.71)

This is called a chemical, radical or stepwise mechanism. Or was it (ii) by the action of the
bridging group to increase the probability of electron transfer by tunneling, termed resonance
transfer? 183691

The chemical mechanism was supported for M = Co and Cr, whereas a resonance transfer
was favored by Ru(III) and these differences were rationalized.® %% As important as these
resules are, they do not allow us to observe the actual electron transfer between the metal
centers. Subsequent strategy has been o produce a very stable precursor complex, preferably
with a versatile bridging system, and to obscrve the subscquent internal clectron transfer, Tt
is gssenlial that the system is analvzed carefully kinetically, so as to obtain the internal electron
tranfer rate constant separated from other possible reactions also occurring (break up of
precursor complex to constituents or cuter-sphere electron transfer (Sec. 1.6.4(d)). For such
examples see Refs. 22, 75. Examples of the types of bridging systems which have been ex-
amined are shown in Chart 5.0.% %

Chart 5.1 Bridged Ligand Systems Within Which Electron Franster Occurs

)
A (NH3)sCe"'N NFe"(CN)g N N series of heterocycles
Refs. 85,98 including imid, pz,
.
B (NH 5Co"N  NRuMinHH0" 4.4 bpy. N/ \ c=c / \N
(I — ,_.

Ref. 97 and N@C*C—CEC / \‘N
o — _
o o Co'NHgs2
/ -~
G (NH5)z0s"'— N<_\>C;I N ©
(AU T )

Refs. 88 and 99

The bridged complexes were prepared by (a) direct interaction of the two constituents or
(b) one electron reduction of the fully oxidized bridged complex (it would be the Co!"'-Ru!!!
complex in one example shown above®”). The speed with which the reduction must be carried
out depends on ihe subsequent electron (ransfer raie. Both chemical reductants or rapidly
generaled reducing radicals have been usced. The latter approach (b) has been an cffeclive ong
for investigating electron transfer within proteing (Sec. 5.9). A special approach (c) involves
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5.8 Intramolecular Electron Transfer 281

opticaf (picosecond) excitation to produce an unstable isomer, and examination ol the reverse
reaction '0% 0!

/RN .
(NH3?5Ru”*N/ \N—Ru’“(ema)- LS (NH3)5RU“'—N/ \N—Hu"(edta)* (5.72)
— I idfurgs) Y —

An important goal using these types of bridged complexcs is to determine the factors which
will control the rate constants. From the previous discussions, we can guess that the important
ones will include driving force, distances between redox centers and type of bridging ligand.
Other more subtle influences are expected. The rate constant {£,,) for intramolecular electron
transler within a Hgand bridged binuclear complex (as in an inngr-sphere mechanism) or in
an outer-sphere complex, and in which the metal centers are separated by a distance r, is given
by the expression (compare (5.27))

I

ct

= VoK ¥y (573)

v, is the effective nuclear vibration frequency that destroys the activated complex con-
figuration and is =10'3s~! 1, is the electronic transmission coefficient and is approx-
imately one for an adiabatic electron transfer, which occurs when the electronic coupling of
the two redox sites is relatively strong. The value of w, will be, otherwise, a function of the
scparation and relative orientation of the twe redox centers. x, is 4 nuclear factor®® and
given by (5.74); see (5.27) and (5.25), with w' and wP irrclevant (= 0).

X, = cxp(—AG*RT) (5.74)
) (g + & + AG?)?
AGH — .
4(h, 1 &) (5.75)

AG? is the standard free energy change lor intramolecular eleciron transfer. Both x and
K, dare contributary factors to a dependence of & on , and {5.73) can be written

ky = voexp[—P(r — 1)l ¥l exp{—vyr) (5.76)

The term 7, is defined as that in which the value of ®,{= exp{(—B{r — ry)) is unity when
r — ry, Loe it is then an adiabatic reaction.

We can now consider some of the limited results which have emerged so far. In Haim’s
bridging systems (Chart 5.1), all reactions appear to undergo adiabatic ¢lectron transfer by a
resonance mechanism with k., = 1. A linear plot of AG* (or AGH) against 1/r is obtained
over a range of r from 6 to 16 A for the five bridges shown. This indicates that only the solvent
reorganizational term X, in (5.75) is a variable in the x, factor.?>%-% Other effects of the
ligand structure are discussed (sce Prob. §2), The Os(ID-1L-Co(IlI} polyproline system has
about an 0.6 V increased potential drive over the Ru(IT)- L-Co(III) sysiem (C in Chart 5.1)
which is an analogous one in every other respect. A substantial increase in the rate of electron
transfer resulis [rom this factor (Table 5.10), For the slower reactions (7 — 3 or 4) equilibra-
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282 5 Oxidation-Reduction Reactions

tion of trans- to cis-proling interferes with the analysis. With the Os(IT}-L-Ru(IIT) system,
both the nuclear (v = 0.9 A~'} and the electronic (p = 0.68 A" factors are shown to con-
tribute to the {cxponential) dependence on r of &, . %% ™10

Table 5.10 Intramolecular Eleciron Transfer Across Oligoprolines®

# in System C Koy kg,

(Chart 5.1) 57! s

0 1.9 x 1o 1.2 x 1072
1 2.7 x 102 1.0 x 107
2 0.74 6.0 x 10-°
3 0.09 56 x 10 2
4 0.09 1.4 x 10-¢

5.8.2 Metal Complexes with Reducible Ligands

Strong ¢vidence for the leasibility ol the chemical mechanism (Sce. 5.8.1) has been afforded
by the production of a transient nitropheny! radical attached to a Co(lI) complex

—_ ¥
(NHSJSCDIHOﬁ@NO? T (NHosCo! OﬁQNOE (5.77)
0

G

+
- ke \ + ]
(NH3;5cgoﬁ@No; ! (NH‘Q,'S(:o"t:)Cl<<;>NO2 — products  (5.78)
Q

Q

The radical undergoes [irsl-order decay (k) via clectron transfer to CofIII). '* This ap-
proach has been much employved to investipate the internal electron transfer process. In-
variably Co(l1[} complexes have been used and since the transient radicals have strong absor-
bance characieristics, pulse radiolysis reduction with spectral {and occasionally) conduc-
lomeltric monitoring is universally employc_d. Since cg, reduces both the Co(Ill) and the
ligand centers, the use of CO7Y and (CH,),COH, which preferentially reduce the ligand, is
preferred. In the types of systems so far examined (Table 5.11):%-1% decay of the coordinated
radical ligand usually occurs as in (5.78) by an intramolecular electron transfer (&) leading
Lo the ¢obali{Il) species.

col ki

Co'—L —=3» CoM-L+¥ %% (Coll—L (5.79)

This is indicated by the observation of first-order loss of radical signal, with the rate constant
&, being independent of the concentration, both of radical complex (i. ¢., independent of the

dose of reductant radical used) and of Co'"—L complex used (in excess). Only rarely is the
first-order loss of Col!— L+ directly dependent on the concentration of Co—1, present,
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5.8 Buramolecular Electron Transfer 283

and this is interpreted in terms of reaction (5.80). Sometimes the loss of Co'™M—L~* is second-
order, '

Co''—L* + Co"—L — CoM-L + Co¥-L ks (5.80)
and this is attributed to a disproportionation of the protonated adduct in acid (5.81).
2CoM-L'H — Co—L + Co""—=LH, 24, (5.81)

[n all cases (5.79)-(5.81), the cobalt(tl) product is expected to rapidly dissociate to consti-
tuents. The presence of (5.80) makes it difficult to determine the value of k,, which is a small
intercept on a k&, vs [Co '™ —L] plot. !* The occurrence of (5.81) is usually signalled by mixed
first- and second-order kinetics since as the concentration of Co™—1.7 (or Co"'—L'H)
dcercases, the importance of (5.81) is supersedcd by €5.79) and &, resulis {rom the {first-order)
end of the decay (see Fig. 1.6). Most unusually, the complex (NH,);Co(N-Mebpy")*+
undergoes all three modes of decay {Table 5.11). 19

Table 5.1 Rate Constants for Decay of Co(NH,)(L*)"" at 23-25°C

-L iy, 57! by, M~ 157! 2hy, M5! Ref.
4.0x10% (o) 104
e Y N 1.5 % 107 (m)
2.6x10% (p)
% 8
—05C ¢ NOsH* 5 1.5x10 104
,OchHENSXcoNH; <2.0x 104 1.5x10° 105
. AR 4 %
ogcwgogﬂdmn 2.0x10 <6x10 105
N o 8.7 107 5.4% 107 2.4 %108 106

There has been nothing like the enthusiasm for the application to these systems of the
theoretical equations, which we have noted in the previous sections and will encounter in the
next. Nevertheless, a number of featutes are present which are qualitatively consistent with the
discussions in Sec. 5.8.1 and which are in part illustrated in Table 5.11. There is a correlation
of rate constant with the driving force of the internal electron transfer. ' The p-nitro-
phenyl derivative is a poorer reducing agent when protonated and &, is much less than for
the unprotonated derivative. Consequently dispropertionation (24;) becomes important.
Although there arc not marked effects of structural variation on the values of k,, the
associated activation parameters may differ enormously and this is ascribed to the operation
of different mechanisms, '™ The “resonance-assisted through-chain™ operates with the p-
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284 5 Oxidation-Reduction Reactions

nitropheny! derivative and has large Franck-Condon requircments, hence AHY =
71 kI mol™" and AS® — +59 JK 'mol-!. “Dircct ligand by-pass” is possible for the
o-nitrepheny] derivative sinee orbital overlap of the donor and acceptor sites is now feasible.
The much smaller AH* values (~16 kI mol~') are consistent with this, but the advantage is
offset by a large negative AST(— —100 1 K° "'mol ") which is attributed to a greatly reduced
configurational flexibility which accompanics activation. Two other ways of electron transfer
are suggested, namely flexible “indirect overlap”™ and nonadiabatic transfer with very little
coupling between the centers. '™

Finally, attention should be drawn to the elegant studies of Meyer and his co-workers. Metal
complexes have been designed which contain both an excitable {e. g. bpy} and a quencher (e. g.
N-Mebpy *) group. Following excitation, intramolecular electron and energy transfer occurs
and the dependence ol rale on distances, mectal and so on, can be assesscd. '™

5.8.3 Induced Electron Transfer

Internal ligand-to-metal electron transfer may be initiated by the action of an external oxidant
on the ligand. This phenomenon of induced electron transter has received rather scant atten-
tion. In the complex 3 shown in {5.82) the one-clectron oxidizing center of the Co(Ill) and
the two-electron reducing ligand 4-pyridylearbinol can coexist because of their redox “incom-
patability”. The complex is therefore rclatively stable. ‘This situation is upset when a strong
one-electron oxidant such as Ce(1V) or Co(EIl) is added to a solution of the Co(l1l) complex.
The oxidant aliacks the carbinol function Lo generate an intermediate or intermediates; the
intermediatc in this casc 1s oxidized infernaily by the Co([II) center; for example,

(NHs)QCOHI*N / \ CHZOHG' ong-2 ectren

cxidant

3 H

(NH:,)SCG‘”—N/ N COH*'

Yﬂ'\al
redox
H2»
. " -
Co?+|5NH¢|HN®CHO 1 (NHs)GCOH*N/ N C\\ +H'
. — o]

Thus, one equivalent of an extcrnal oxidant and one of the Co(llI} complex are consumed
in oxidizing one equivalent of the alcohol to the aldehyde. Two-equivalent oxidants, Cl,,
Cr(VI), give no such radical intermediate, and thercfore no Co(Il), and only the Co(lIl) com-
plex. %

(5.82)

(NH3)500"'—N/ \ CH,OH3- %._ (NH3)500=“—N/ \ CHO™ +2H  (5.83)

For more recent examples invelving induced clectron transfer linked to cobalt(111) complexes
of o-hydroxy acids and hydroquinone esters see Refs. 110, 111.
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5.9 Electron Transfer in Proteins

Early attcmpts at obscrving clectron transfer in metalloproteins wiilized redox-active metat
complexes as external partners. The reactions were usually second-order and approaches based
on the Marcus expression allowed, for example, conjcetures as to the character and ac-
cessibility of the metal site. !> The agrecment of the observed and calculated rate constants
for cytochrome ¢ reactions for example is particularly good, even ignoring work terms. ”* The
observations of deviaton from second-order kinetics {“saturalion” kinctics) allowed the
dissection of the observed rate constant inlo the components, namely adduct stability and
first-order electron transfer rate constant (scc however Sec. 1.6.4). 112 Now it was a little easier
lo comment on the possible site of attack on the proteins, particularly when a number ol
modifications of the proteins became available.

Protein surface “patches” — Cerlain sites on the surface of proteins appear to act as
conduits for electron passage. Thus in the protein azurin (Pseudomonas aeruginosa)
a hydrophobic patch around the partly exposed His 117 (which ts altached o Cu) is
belicved 1o be involved in electron t{ransfer with nitrite reductase and in the sclf cx-
change of the Cu(l} and Cu(Il) forms of azurin. The effect of specific labelling at the
patch on the kinetic characteristics helps confirmm this patch as plaving a role in the elec-
tron transfer. Earlier, chemical modificalions were employed (O, Farver, Y. Blail and
1. Pecht, Biochemistry 21, 3556 {1982)). Morc recently the powerful technigue of sitc-
directed mutagenesis has been used. Met 44 located next to His 117 is replaced by Lys
with minimum overall structural changes in the protein. The eleciron self-exchange
measured by nmr line broadening is slower and pli-dependent for the modified protein
compared with the native (wild type) protein (=10°M~'s~', which is also pH-inde-
pendent). The patch is therefore implicated in the ¢lectron transfer process. (M. van de
Kamp, R. Floris, F. C. Hali and G. W. Canters, J. Amer. Chem. Soc. 112, 907 {1990)).

This general approach has, however, serious limitations. The position of the site for attack
(and therefore the electron transfer distance involved) is very conjectural. In addition, the vex-
ing possibility, which we have encountered several times, of a “dead-end” mechanism
(Sec. 1.6.4) is always preseni, '™ One way to circumvent this difficulty, is to bind a metal com-
plex to the protein at a specific sife, with a known (usually crystallographic) relationship to
the metal site. The strategy then is to create a melastable state, which ¢an only be allevialed
by a discernable electron transfer between the labelled and natural site. It is important to
establish that the modification dogs not radically alter the structure of the protein. A favorite
technique is to attach (NH;);Ru?" to a histidine imidazole near the surface of a protein. Ex-
posure of this modified protein to a deficiency of a powerful reducing agenl, will give a ¢con-
current {partial) reduction of the ruthenium(IIT) and the site metal jon c. g. iron(I1[) heme in
cylochrome ¢
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[
— 1 (NH,)Ru(His-33)*" ¢yt o(Fe’*)
(NH;)sRu(His-33)°" eyt «(Fe*')  rapid one- k. {5.84)
electron ©
reducticen

| |
I_* (N11,)Rufllis-33)* ' eyt ofTe®™)

The intramolecular electron transfer &, subscquent to the rapid reduction, must oceur
because the Ru(IIT)-Fe(IT) pairing is the stable one. 1t is easily monitored using absorbance
changes which ocecur with reduction at the Fe(IIT) heme center. Both laser-produced
*Ru(bpy);' and radicals such as CO3 (from pulse radiolysis (Prob. 15)) are very effective
one-electron reductants for this task (Sec. 3.5).1%'% In another approach, "1 the Fe in a
heme protein is replaced by Zn. The resultant Zn porphyrin (ZnP) can be electronically excited
lo a triplet state, ZnP* which is relatively long-lived (v = 15 ms) and is a good reducing
agent (E° = —0.62 V), Its decay via the usual pathways (compare (1.32)) is accclerated by
electron transfer to another metal (natural or artificial) site in the protein e g.,

] kv '— i
(NH3)5R113+ /nP == (NH;;)RUH 3ZHP*

NG ; (5.85)
1
(NH;);Ru®  ZnP*

The ZnP+ accepts an electron from the Ru?’ to return the system to its initial state.
Although &, > &, both can be measurcd. '® Examples of these approaches with iron and
copper proleins are shown in Tabie 5.12. There are a number of excellent short reviews of this
subject. 12 1

Table 5.12 Intramolecular Electron Transfer Rate Constants in Metalloproteins at =25°C

Redox Centers Initiating k, Distance?® AL

1 u Ref.
Protein Involved Mode 57! A Volts ¢
Cytochrome ¢ (NH;);Ru 1(His-33); *Ru(hpy)% ! kloid 11.8 0.19 14
(horse heart) Fe{l[Il}heme B

CO3 53¢ 11.8 0.19 115
Plastocyanin (NH;);Ru'(His-5%); O3 £0.08 11.9 026 119
A, variahilis) Cu(lD
Azurin (NTL,)Ru''(ITis-83); *Rufbpy)} 1.9 11.8 0.28 120
P, aeruginosal Cu(Il) COy 2.5 11.8 0.28 119

(Sec. 3.5.1)

Cytochrome ¢ (NH,),Ru'"(His-33); 4nP* (Av) 77105 11.8 072 118
(horse heart) ZnfIh

4 The shorlest distance separaling Lhe delocalized metal centers, e.g. heme edge.
bAIFT 8-16kImol . ¢ AHT = [SkImol .
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Electron transfer within polypeptide material is surprisingly fast even over relatively long
distances. The rate constants however are much less than the typical values of 10% to 1075
for electron transfer between biphenyl radical anions and organic acceptors held about 10A
apart by a stercid frame. ' In the latter case, there is generally a larger potential drive and
eleciron (ransfer may be “through-bond” rather than the “through space™ in proteins,
glthough this does not now appear likely. 1%

We have seen that two important factors control the value of k. These are (a) the distance
of separation of the two sites () and (b) the driving force AGY for the electron transfer.
Recalling (5.73) to {5.76) and setting r, = 3 A x = Ao + Ag

—(AG® + &) w (5.86)

ko = v, kg%, = v, exp[—F{r — 3)]exp (—4;&27_

For a series of Ru modified {all at His-33 so that r is constant), Fe or Zn substituted
cytochrome ¢ derivalives, ky and A arc relatively constant and AG© is variable. The plot of
Ink,, (which varics from 30 to 3.3 x 10%s7") vs AG® (—0.18 to —1.05 V} shows the
scmblance of the expected parabolic shape for (5.86) and leads lo A = [.10 &V, 1812
Experiments directed towards the distance dependence of Ink, lead to p valucs of
0.9-1.0A "7 Similar results are oblaincd with Co(IIT} cage modified cvtochrome-c. 2%

More subtle faciors that might affect &, will be the sites structures, their rclative orienta-
{ion and the naturc of the intervening medium. ’>* That these are important is obvieus if one
cxamines the data for the two copper proteins plastocyanin and azurin, Despite very similar
separation of the redox sites and the driving force (Table 5.12), the electron transfer rate con-
stant within plastocyanin is very much the lesser (it may be zero). ' Sec Prob. 16. In siriking
contrast, small oxidants are able to attach to surface patches on plastocyanin which are more
favorably disposed with respect 1o electron transler to and from the Cu, whick is about 14 A
distant. Tt can be asscsscd that internal clectron transfer rate constants are =30s~! for
Cofphen)i™, >3 x 10*s7! for Ru(NH,)imid>* and 3.0 = 10%s~! for *Ru(bpy)i*, Refs. 119
and 129. In the last case the excited state *Ru(bpy);" is believed 1o bind about 16-12 A from
the Cu center. Flectron transfer occurs both from this remote site as well as by attack of
*Ru(bpy)i* adjacent 1o the Cu sile,'®® At high protein concentration, electron transfer ocours
solely through the remote pathway.

Experimental evidence for long-range electron transfer in polypeptides and proteins had
been early accrued. ™ The value of using a metal cenler as a marker is apparent from the
above. The approach can be exiended (o eleclron transfer between two proteins which are
physiological partners.  Metal substitution (c.g. Zn for Fe) can be used to alter the valuc of
AG® and permit photoinduced initiation. The parabolic behavior predicted by {5.86) has
been verified for the electron transfer rate constant vs AG® within the adduct between cyt ¢
and cyt by
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5.10 The Future

Of all the areas covered in this book, that of oxidation-reduclion reactions has attracted the
most attcntion by a variety of chemists with substantial results. Many of the future problems
delineated by ‘Iaube in his book Electron Transfer Reactions of Complex lons in Solution
published 20 years ago, have been tackled with success. The detailed arrangement of reactants
in the activated complex for both outer-sphere and inner-sphere reactions is better understood
as well as the controlling factors. The calculations of outer-sphere sclf-cxchange rale constants
is likely now to be a successful exercise and the application of cross-reaction equations almost
routine. Deviations are rare and lead to interesting concepts. The assessment of solvent and
medium effects as well as volumes of activation still requires a good deal of examination. The
observalion of very short-lived transients is increasingly casier and with it cornes an apprecia-
tion of an increasingly detailed mechanism, small molecule interactions with heme protcins
being the best example of this. Finally, the transfer of electrons in proteins will undoubtedly
ateract much time and talent. The approaches that are likely to be successful have been well
established in the past decade.
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Problems

1.

Calculate the rate constants for the reactions
Ce"™ + Fe(CNyl~ — Ce'™ + Fe(CN)~
and MnO7 + Fe(CN){~™ — Mn0Oi~ + Fe(CN)~

on the basis of the Marcus equation, {3.35). Use the following information for the isotopic

exchange reactions
E, v ky Mgt

*CelY + Ce o Ce'V + *Ce! +144 4.6
*Fe(CN)~ + Fe(CN)i~ + Fe(CN)3~ + *Fe(CN):i~ +036 3 % 102
*MnO; + MnO;~ < MnO; + *MnO;~ +036 3.6 x 10°

All values at 25°C.

. Using the Marcus expression, the self-exchange for the couples CO3%/CO, and SO3%/50,

have been estimated as approximately 107 *M 's "and 10*M 's ° respectively, Suggest
a reason for such a tremendous difference. H. A. Schwarz, C. Creutz and N. Sutin, Inorg.
Chem. 24, 433 (1985); R. 1. Balahura and M. D. Johnson, Inorg. Chem. 26, 3860 (1987).
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3. The electron self-exchange rate constants evaluatcd by the Marcus expressions (using
cross-reaction data) and those determined cxperimentally differ in the following cases.
Give possible reasons for these differences.

Couple ]l\j;al]l;atzlon }lj;(f)le:l_rrllental Refs.
Cu(IT) peplides, ~ 1082 6x107 e
Cu(Ill) peptides

Fe(H, 002", 10-30 4 f. g
Fe(H,03*

0%, O, 10 #-105% 4.5x 107 h, i
Cu{phen); , 50¢- 7% 104 i
Culphemi* sx107¢

2 Using [rCI2~ ¥ Larpe number of metal complex oxidants ar reductants
¢ Using cvt-¢ as partner  “ Using Cofedta)™ as partncr ¢ Refs. below

(e} G. D. Owens and D. W. Margcerum, Inorg. Chem. 20, 1446 (1981).

(fy 3. T. llupp and M. Weaver, Inorg. Chem. 22, 2557 (1983).

(g) P. Bernhard and A. M. Sargeson, Inorg. Chem, 26, 4122 (1987),

(h) M. S. McDowell, J. H. Espenson and A. Bakaé, Inorg. Chem. 23, 2232 (1984).

(i) X Lind, X. Shen, G. Mcrényi and B, O. Jonsson, J. Amer. Chem. Soc. 111, 7654 (1989).
(i) C-W. Lee and F. C. Anson, Inorg. Chem. 23, 837 {1984),

4. The electron self~exchange rate conslants {k) have been assessed for the following couples
at 25°C and p = 0.1 M:

Couple ko M~ts! E,

Mn(sar)?!' /3! 17 0.52
Fe(sar)2+/3+ a.0x10% 0.09
Rufsar)2+/7+ 1.2x10° 0.29
Cofsar)?*/3+ 2.1 —0.43
Colenyd ' * 3.4x10°% —0.18
Ni(sar)?' /3! 1.7 x 10? 0.86

Siructure sar — Chap. 6, Structurg 19

Correlate these data with the electronic configurations of the couples or alternatively
deduce structural differences tor the couples from the kinetic dala.

I. I. Creaser, A, M, Sargeson and A, W. Zanella, Inorg. Chem. 22, 4022 {1983),

P. Bernhard and A. M. Sargeson, Inorg. Chem. 26, 4122 (1987).

5. Ratienalize the relatively slow sell-exchange rates for the couples involving the agua ions,
Ti34 = 3 « 10—4M—1S~1; T]'OHM/S\ ~ lo—zM—!s—l; V23 - 10-2M s ©,
D. H. Macartney, Inorg. Chem. 25, 2222 (1986) and references therein.

6. 4. Explain why the rate constants for a number of Cr?' reductions, although inner-
sphere, do not vary much.
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J. B. Candlin and J. Halpern, Inorg. Chem. 4, 766 (1965); R. C. Patel, R. E. Ball, 1. F.
Endicott and R. G. Hughes, Inorg. Chem. 9, 23 {1970); N. Sutin, Acc. Chem, Res, 1, 225
(1968).

b. Co(N11)sNH,CHO?* reacts rapidly with Cr?" (o give Cr(H,0);OCHNH; , with a
rate law:

¥ = kiCI’H] [COIII] [H >] 1

whereas the linkage isomer Co(NH,);OCHNH' only slowly recacts with Cr?', with no
[H "] dependency in the rate law. Expain.
R. 1. Balahura and R. B. Jordan, |. Amer. Chem. Soc. 92, 1533 (1970).

¢ Discuss the probable mechanisms for Cut reductions from the data of Table 5.7.
0. J. Parker and J. 1[. Espenson, J. Amer. Chem. Soc. 91, 1968 (1969); E. R. Dockal,
E. T. Bverhart and E. S. Gould, J. Amer. Chem. Soc. 93, 5661 (1971).

d. The reduction of nicotinic or isenicolinic acid complexes of the penlarnminecobalt(I11)
moiety are much faster by V2! than by Cr?', and this is unusual. Suggest how this
might arise, bearing in mind the discussion in Sec. 5.8.1.

C. Norris and F. R. Nordmeyer, Inorg. Chem. 10, 1235 (1971).

. Comment on the raic constants, M 's ' al 25°C, for the following pairs ol reactions
considering particularly the relative valucs:
reductant oxidant k oxidani k
Cr2+ CING* 6.1 FeNj* ~3x107
CrNCs?! 1.5=10 4 FeNCS2- 3x 107
Vi FeNi* 5.2%x10° Co(CN)N3 - 1.1x10%
FeNCS§2- 6.6 10° Co{CN),SCN- 1.4% 102
Co{CNY- Co(NII,) N2 1.6x 1048
CO(NH3)5NC82' 1.0x10%2
TIOH?* ColCN)N3- 1.5
Co(CN),NCS - <1073
* Inner-sphere.
O, Oyelunji, Q. Olubuyide and ). F. Qjo, Bull. Chem. Soc. Japan 63, 601 (19907 and
references therein.
. The reduction of a number of complexes Co(NH;). X" "~ by Co(CN¥~ in solutions

conlaining CN~ ion has been examined, With X7 = Cl , N,, NCS , and OH , the
redox reactions are second-order, with a wide range of values for the second-order rate
constant, and a product Co(CN);X >~ _ The rate law is different with X7~ = NH;, P03,
CO3~ and S0;°,

V = k|Co] [Co'[CNT]
with & similar for these reductions, and the product Co(CN)Y} . Give an explanation for

this behavior.
J. B. Candlin, J. Halpern and 8. Nakamura, I. Amer. Chem. Sac. 85, 2517 {1963).
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. A sirong aulocatalysis is observed in the reaction of Co(bamap)(H,0) (sec 2) with Fe?!

in the presence of ascorbic acid, pH < 3.5 (Sec. 5.7.4). The autocatalysis is climinated if
a large excess of Zn?" is present and the second-order rate constant for the Fe?* reaction
can then be determined (as 9.0 x I0-'M~'s~"). What might be happening?

K. Bernauer, P. Pousaz, I. Porret and A. Jeanguenat, Helv. Chim. Acta 71, 1339 (1988).

Suggest why the oxidation

(NH3)5F|u—N/ \ CHOH* — (NHS)SRu—N@CHoa'

gives solely one product, whether a one- or a4 two-clectron oxidant is used, compared with
the behavior of the Co(IIl) analog (Sec. 5.8.3).
I1. Taube, Electron Transfer Reactions of Complex lons in Solution, Chap. 4.

When the yellow-orange ion Co{NH,),py’' is mixed with Fe(CN){~ {in the presence of
edta to prevent the precipitation of products) three color changes arc obscrved, The solu-
tion goes orange very rapidly (within miiliseconds), then turns vellow in a period of
seconds and finally over hours becomes purpte. Interprei these changes.
A. 1 Miralles, A. P. Szecsy and A. Haim, Inorg. Chem. 21, 697 (1982).

Give a reasonable cxplanation for the intramolecular electron transfcr rate constants (&)
at 25°C for the following precursor complexes:

(NHsysoo”’—N/ \ x@m —Fe'iCr)g

= CH,, & < 6 x 107%"!

(CH,),, & = 2.1 x 10737}

~ —CH-CH-—, &k — 14 x 1073~!

. Haim, Prog. Inorg. Chem. 30, 273 (1983}, p. 340,

o R
I

The rates of very sluggish outer-sphere reactions of Eu?* (also V(11) and V(111)) with
Co(NI1,)~ and Co{NH,),py** are increased markedly by addition of small (mM)

amounts of N’Z_}-(;OOH and inhibited by Cu?®'. The reaction products remain un-

changed. The 3-pyridine carboxylic acid is without effect, Account for this behavior.
E. 5. Gould, Acc. Chem. Res. 18, 22 (1985).
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296 5 Oxidatinn-Reduction Reactions

14. The second-order rate constants for reaction of Co(NH,)L** (k;,) and Co(NDy)L"'
(kp) with V2* and Cr?- have been measured. Explain the resulls shown

Ligand, L kyglkn (VED) ke /e (Cr24)
py 1.54 1.48

H,0 1.54 -

N; 1.04 -

NCS- 1.41 1.34
N:)CONHQ 1,16 1.07

ND 1.44 1.45

COMNHz

M. M. Itzkowitz and ¥. R. Nordmever, Inorg. Chem. 14, 2124 (1975).

15. The absorbance changes shown below occur for the reaction of the radicals with penta-
ammine{histidine-33)ruthenium(I1I) ferricytochrome ¢, PFe" —Ru'" (see (5.84)). The
Jinat product is PFe"Ru". Absorbance increases at 530 nm are largely as a result of the
step PFe™ — PFe!l. Interpret the changes (particularly the relative absorbances
associuted with the very fast and slower absorbances).

E

[ =4

(=]

w

i

4]

(=]

c

o

5 CH,0H
@ HOCH,~C-CHOH
< CH,0H

e

Problem 15. Reduction of Ru(I11)-

cytochrome-c-Fe(I11) by pulsc radiolysis-

generated radicals, Reproduced with per-

. { mission {rom 8. 8. Isied, C. Kuehn and

25 50 G. Worosila, J. Amer. Chem. Soc. 106,
Time [ms) 1722 (1984},

5. 5. Isied, C. Kuchn and G, Worosila, J. Amer. Chem. Soc. 106, 1722 {1984).
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Problems 297

16. The reduction of the ruthenated plastocyanin protein PCuRu™ by CO3 results in 72%
PCu'Ru™ and 28% PCullRul. This very fast stage is followed by a slower one in which
PCu™Ru" is converted by a first order process into PCu'Ru™, For this conversion

d [PCu'Ru™)/dr = [k, + &,[PCu"Ra""} [PCu"Ru™

ky — 0.024 £ 0.058s 'and k, = 1.2 x 10°M 's ', Comment on the values and the
significance of &, and £,.

M. P. Jackman, J. McGinnis, R. Powls, G. A. Salmon and A. (. Sykes, I. Amer. Chem.
Soc. 110, 5880 (1988).
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300 6 The Modification of Ligand Reactivity by Complex Formation

6.1.1 Neighboring Group Effects

The ability of a substituent in one part of an organic molecule o influence a reaction by par-
tially or completely bonding to the reaction center in another part of that molecule, thereby
leading to an intramolecular reaction, is well recognized in organic chemistry.” These
neighboring group effects, or anchimeric effects, often give rise to a rate 10° to 10° times
faster than the rate for the “unassisted” reaction. It is surprising, when one considers the
possibilitics for juxtaposing reactants within the coordination sphere of the metal, that the ef-
fect has not been more exploited in transition metal chemistry, We shall be concerned in this
section with the interaction of a coordinated nucieophile with a reaction center in & metal
complex, and are interested in how much acceleration might result compared with the situa-
tion when the metal is not present.

One obvious arca in which anchimeric effects might materialize is in ¢helation reactions;
this is the underlying reason that chelation is dominated by the first step (Scc, 4.4.1), We have
seen it operate in the formation of Pt(II) chelates {Sec. 4.7.6). The accompanying valucs of
AS7 are less negative than is usual for the associative substitution in Pt{1l), consistent with
the intramolecular mechanism.® The raie consiant for the ring-closure reaction (6.1)

H, e

-CI-

N
AN " N 5
(NHa).Co CoiMH,), {NH4},Co Co{NH3}. (6.1)
I \O/

OH; ¢l

2 H2

is some 102 times faster than the intermolecular aquation of the corresponding mononuclear
complex,”

Co(NH,),CI** + H,0 — Co(NH,),H,0%" + Cl- (6.2)

Since the bridged complex reacts without! formation of the diaqua intermediate (this can
be separately prepared and shown to be much less reactive than would be required), the an-
chimeric effect of the adjacent coordinated water is established. See also Ref. 8.

Using a Co(III) complex as a scaffold, it is possible to place a coordinated nucleophile cis
to an incipient substrate. As an example (of many (see later sections)) the amidolysis of the
phosphate ester, which is normally extremely slow, is quite markedly promoted in (6.3).° The
valuc of k(20 s7") is an enhancement of about 10° compared with the attack of (I M) NH,
on the free dinitrophenylphosphate.® In addition to holding the reactants together, the metal
may also provide a driving force in producing a stable chelate ring. Tinally, the shift of elec-
trons away from the ligand, induced by the positive charge of the metal, will lead Lo acce-
lerated nuclcophilic attack at the ligand. These effects are even more dramatic in the in-
tramolecular attack by OL!~ on esters, amides ete. (Secs. 6.3.1 and 6.3.2).

H
NH 2
A AN
(NH:Co  © e (NHguCo \IL/
4 34 -
Nl NUDZAN (6.3)
O— P —0—CaHa(NCs)s o} O—CygHa{NOs)s

=
|
O
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6.1 The Metal as a Collecting Point for Reactunts m

Comparison of intra- vs inter-molecular reactions — The problems in assessing the ac-
celerating effects of intramolecular processes (which we do constantly in this chapter) have
been analyzed by W. P> Jencks (Catalysis in Chemistry and Enzymology, McGraw-Hill,
NY, 1969, p8). It may be difficult to estimate the magnitude of the neighboring group ef-
fect because the analogous intermolecular reaction may occur by a different mechanism
or may not takc placc at a convcniently mcasurable rale. Even if the two rales can be
measured the vexing question of units arises. The intramolccular reactien is first-order
with the usual umts kmm = 57! whereas the intermolecular counterpart is second-order,
kier lypically M~'s™!, The ratio &,/ k.. 15 0t therefore dimensiontess, but will de-
pend on units of concentration cmploved, here M. The ratio represents the concentration
(in M) of onc of the reactants which must be used in the intermolecular reaction to produce
the same (pseudo) first-order rate constant, as obscrved for the intramolecular reaction.
Alternatively, the ratio may be regarded as the “effective” concentration of one of the en-
tities in the intramolecular reaction. This assessed large “local’” ¢oncentratien may not ac-
count for the cffects obscrved, signifying that other f{aclors are contributing io the
neighboring group effect. An entropic advantage for intra-over inter-molccular reactions
of about 140 JK - !mol-! has been assessed. This amounts to AGT (= —TAS") of
42 kJmol " at 25°C, or a 10° enhanced rate factor (K. N, Houk, J. A, Tucker and A, E,
Dorigo, Accs, Chem. Res. 23, 107 (1990)).

inter

6.1.2 Template Chemistry

The use of metals for prearranging reaction centers as neighboring groups has a special value
in the production of macrocycles (template effcct). *'®!' Although these ligands can be
sometimes prepared directly, the addition of metal ion during the synthesis will often increasc
the yield, modify the stereochemical nature of the product, or even be essential in the buildup
of the macrocycle. ' There have been few mechanistic studies of these processes. The alkali
and alkaline-earth metal ions can promow the formation ot benzo[18]crown-6 in methanol:

| o
o} O &}

SO ¢ G T
[OCH,CH,)sBr O O
o/

Er\AO

Qr>{<3—-©:/ ;’J
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302 6 The Modification of Ligand Reactivity by Complex Formation

The value of k,/k, varies from 1.2 x 10° (Sr**) to 17(Cs*). There are itwo opposing fac-
tors influencing this ratio. There is a rate-enhancing elfect due lo the increased proximity of
the chain ends in (6.5). This is offset by a ratc retardation which ariscs because of the reduced
inherent nucleophilicity of ArQO  which ion-pairs with M”77 .2 The formation of the in-
terlocked catecnands under the influence of Cu™ is a striking example of the template effect,
Fig. 6.1.7

CH

+ Cu{NCCHa),*

CsCOy

[CHo{CHo0CH, ) 4CHol

Fig. 6.1 Synthesis of a cuprocatenane, High dilution comclitions [or the second slep allow the In-
tremolecular condensation of the terminal OH groups on a single phenanthroline. Removal of the metal
from the copper{l) complex by ireatment with Mc,N ' CN~ in acetonitrile/water affords the catenand.
Reproduced with permission from C. O. D. Buchecker, I.-P. Sauvage and J.-M. Kern, J. Amer. Chem. Soc.
106, 3043 (1984). © (1984) American Chemical Seciety.

This particular function, and also others of the metal, are also beautifully utilized in Lthe
work on the chemical synthesis of corrins (Fig. 6.2). [n the synthesis of 2, a metal, Co(II},
Ni(II} or Pd(I1), is required to stabilize the precursor 1, which would otherwise be extremely
labile configurationally and constitutionally, As added bonuses, the metal ion helps to activate
the methylene carbon for ils altack on the iminoester carbon, and also forces the four
nitrogens into a planar conformation, therehy bringing the condensation centers of rings A
and B close together. This is strikingly shown by X-ray structural determination of 1. With
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6.1 The Melal us a Collecting Point for Reactants 303

all this help from the metal, the final ring closure occurs smoothly. However, it is impossible
to remove the metal from 2 without its complele destruction. To obtain the metal-free corrin,
it is necessary to synthesize the zinc analog by a roule somewhat more involved than that used
with the nickel complex. The zinc can be replaced by cobalt, or the ring closure can be made
using the cobalt(II1) complex directly. These are key types of steps in the mammoth synthesis
of vitamin B, that has been completed. "

CH
3 CH;
CHj
CHy
o
1 2

Fig, 6.2 Utilization of template and other effects in corrin syntheses, 4

6.1.3 Collecting Reactant Molecules

In the examples above, one or both of the reaction centers are already attached to the metal
center. In many cases, the reactants are free before reaction occurs. If a metal ion or complex
is to promote reaction between A and B, il is obvious that at least one species must coordinate
ro the metal for an effect. 1t is far from obvious whether both A and B enter the coordination
sphere of the metal in a particular instance. A number of metal-oxygen complexes can oxy-
genate a variety of substrates (80,, CO, NO, NO,, phosphines) in mild conditions. Probably
the substrate and O, are present in the coordination sphere of the metal during these so-
called autoxidations, In the reaction of oxygen with transition metal phosphine complexes, ox-
idation of metal, of phosphine or of both, may resull. * The initial rate of reaction of Q,
with Co(Et,P),Cl, in tertiary butylbenzene,

—d [CofiD)/dt = & [ColD)] [Q,] {6.6)
is comnsistent with the mechanism

Co(EL,P),CL, + O, = Co(Et,P),(0,)Cl, (6.7)
Co(ELP),(0)CL,  — Co(OPEL),Cl, (6.8)
in which O —O bond rupture occurs within a oxygen adduct and two P —O beads result. In

the reaction of Co(Et{OFEL),P)CL, with (O, the 1:1 dioxygen adduct can be isolated at lowered
temperatures { —46°C) and its decomposition (6.8) studied. ” Reaction cannot be occurring
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304 6 The Modification of Ligand Reactivity by Complex Formation

via dissociated free phosphing since this reacts with oxygen via radical reactions to give pro-
ducts such as Bt {OFt), PO, and these are not observed. In contrasl, ihe formation of
phosphine oxide by the Pt(R,P),-catalyzed oxidation of RyP by O, ocecurs by more involved
sleps with major mechanistic differences in protic and aprotic media. 177

Another example, where both reactants coordinate for an effective ncighboring group par-
licipation, is in the Cu(II) catalysis of the reactions {Prob. 2, Chap. 1):

21,0, — 2H,0 + O, (6.9)
2H,0, + NyH, — N, + 4 H,0 (6.10)

The metal appears to function by complexing with H,0, or HO, ({(somctimes this is
detected); the resulting species then interacls with another molecule ol H,0, or other H
donor, such as NyH,. Copper(Il) complexes with no coordinated watcr appear inactive, and
an interesting comparison of the catalytic activity of 1:1 Cu complexes with en, dien, and
iricn is shown in Fig. 6.3. The type of detailed mechanism envisaged for (6,10 is

H H
\D O/
N\ 2- OHg N N B
B0 4N RO ey AH
N CoH, N N
FAWEEEN
H H H
\ (6.1
H H
H\ _ H\O \O o
N\ s OH N\EE/ (RN Hglz ‘\Ew/
/C -— /C{J H /ij H
N N H N ‘N=N" N Cn=n
AN
H H H
H* H
10 F ]
s (1)
—_— L]
n
*x 05 .
bR / Fig. 6.3 Catalytic activity of Cu(ll)
. chelates toward H,0, decomposition. The
| / (2} piot illustrates the decrease in catalylic
. . activity with decreasing number of free
/ / (3 11,0 coordination sites on the metal ion:
» - o
. PR T | S B, Lot Culen)(1LORX* (1);
6 8 10 Cudien)(11,0)2* (2);
pH Cuftricny?* (3). Ref. 18.

N =N might represent bipyridine, which will retain the metal in solution, even in alkaline con-
ditions, '*
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6.2 Promotion of Reaction within the Metal-Bound Ligand 305

The iron enzymes catalase and peroxidase ' promote these reactions very effectively, but it
is unlikely that hoth reactants are coordinated to the metal during the reaction. It is generally
true that the metal site is restricted in enzymes, allowing coordination of only one reactant.
The other reactant is however often held close by the protein structure. 2%

There has been an increasing interest in the mediation by metal ions of reaction between
two coordinated organic reactants, Consider the reaclion between pyridine-2-carbaldoxime
anion and phosphoryl imidazole in the presence of Zn{IT). A ternary complex 3 or 4 is formed
and it is believed that reaction occurs within this framework. The first-order rate constant for
reaction of the ternary complex is at least 10 times larger than the second-order rate cons-
tant for the metal-frec reaction. The zine appears to {unction in this example, as in a number
of a similar type, * as (a) a collector of the two reactants in the correct orientation for an in-
tramolecular reaction (the so-called proximity effect) and (b} a shield belween the negative
charges of the reactants.” An important condensation that mctal ions catalyze involves
pyriioxal and amino acids (Fig. 6.4). In the formation of Schiff bases from salicylaldchyde,
glycine, and metal ions, there is, as metal-dependent terms in the rate law indicate, a direct
participation of the metal in the condensation. In this, a kinetic templale mechanism is
believed operative, involving a rapid preequilibrium bctween reactants and mctal ion 1o form
a ternary complex, within which a rate-determining reaction oceurs.

Q Q
Y GH Y GH
N | N
Zn/ \0_ Zn’\/ \OHﬁOH.
é\o ™o
\Ff' U
N AN
(o ¢
HN== HN==
J v/
3 a

The Schiff base can undergo a variety of reactions in addition to transamination, shown
in Fig. 6.4; for example, racemization of the amino acid via the a-deprotonated intermediate.
Many of these reactions are catalyzed by metal ions and each has its equivalent nonmetallic
enzyme reaction, cach enzyme containing pyridoxal phosphate as a coenzyme, Marny ideas of
the mechanism of the action of these enzymes arc bascd on the behavior of the model metal
complexes. 26

6.2 Promotion of Reaction within the Metal-Bound Ligand

The shilt of clectrons away from the ligand, which is usually induced by the positive charge
of the metal, will lead to accelerated nucleophilic attack at the ligand. Since nucleophiles
donate electrons they thus act to redress the balance. This effect may well reinforce the
neighboring group effect, Some cxamples of its operation are shown in Table 6.2. All the rcac-
fions are second-order.
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306 6 The Modification of Ligand Reactivity by Complex Formation

I
AR—C—COO H
NHF ! c‘/}o
+ oW O L
+ HeO |
CHO HOH,C N o}
HOH,C O o
N™ “cn
H 3
=
N CH, aldimine
A /O
\C__C/
H* if \
N.. ~
HC”
|
HOH,C l O
g CH,
g —deprotonated intermediate
H—ﬁ—COO'
O
R V]
\C__C
+ i\
N, ~
-~
CHoNH, HaC “I
- +H20 (o]
HOH,C o M3 2 HOHC
R - .0 -
+ ﬁ/
m CH3 H CHB
pyridoxamine ketimine

Fig. 64 Reversible interconversion of amino acid and keto acid. Conjugation of the imine bond in the
aldimine with the clectron sink of the pyridine ring plus protonation of the pyridine nitrogen as well as
the metal jon — all this results in weakening of the C —H bond of the amino acid residue. Thus, also
calalyzed 1% w-prolon exchange, racemizalion ol a chiral center at the a-carbon atom and decarboxyvlation

of the apprapriate amino acid, 2
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6.2 Promotion of Reaction within the Metal-Bound Ligand 307

Table 6.2 Some Examples of Mctal-Promoted Reactions

Nucleo-
Substratc I{C &0 Products Comments Ref.
phile
Fe(CN)NO*? OH Fe(CN);NOF  via metal polarization causes ligand a
Fe{fCN)NO,I13~ Lo be present as NO™ in substrale
cis-Rubpy){(NOYCI?' N, Ru(bpy), (11,0l b
+ N, + N,O
Ru(NH, ) N,O2! Cr#! Ru(N11;),N2! Ru wezkens N—O bond c
(no sign of in- k=28 x 10°M ‘s ' compared with
termediates) k=65 x t07°M~'s! for
N,O + Cr2+ (25°0)
PtCI(Ph, P),CO ROH PtCI(Ph,P),C(O)YOR Rare attack of nuclcophile on d

carbon rather than on metal
Co(NH),NCC,H*  OH-  Co(NH,),NHCOCHZ® (=188 M~'s~'; AH =69%I mel~'; ¢,

AS*=11] K~'mol~! compared with 47

ko B2wiI05M-isg—T;

AH* = 83kJ mol !

AST = —64) K-'mol~! for free

CgHCN
ColNH,),NCCHI* Ny Co(NH,)N,CCH3* complete in 2 hours at room 48
(5-methyltetrazole) remperature; 25 hours at 156°C
see (6.24) for metal-free system

# I H. Swinehart and P. A. Rock, Inorg. Chem. 5, 573 (1966); (r. Stachel, R. van Eldik, E. Hejmo and
Z. Stasicka, Inorg. Chem. 27, 2767 (1988).

b F. I Miller and T. J. Meyer, 1. Amcr. Chem. Soc. 93, 1294 (1971).

¢ J. N. Armor andd H. Taube, J. Amer. Chem. Soc. 93, 6476 (1971).

d J. E. Byrd and J. Halpern, ], Amer, Chem, Soc. 93, 1634 (1971); H. C. Clark and W. J. Jacobs, Inorg.
Chem. 9, 1229 (1970).

¢ [ Pinnell, G. B. Wrighi and R. B. Jordan, J. Amer. Chem, Soc. 94, 6104 {1972); D, A, Buckingham,
F. R. Keene and A. M. Sasgeson, J. Amer. Chem. Soc. 95, 5649 (1973) note a similar enhancement for
CH,CN complexes.

The metal ion or complex, which is often termed a superacid, resembles the prdton in being
able to produce this electron shift, so that it is guite usual 1o compare the proton- and metal-
ion-assisted reactivities. For example, the values [or the sccond-order rate constants ai 25°C
for the reactions shown

HNCO + H,0' — NH; + CO, = 2 M5! (6.12)

k

M(NH,),NCO®* + H,0' — M(NHI* + €O, k= 016 M~'s~* (M — Co)
k=062M 's ' (M = Rh) (613)
k=006M"'s ' (M= Ru

indicate that, although both H,O* and metal complexes promote reaction, there is not a
large difference in their effects here, see also Table 6.3, It should however be remembered that
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308 6 The Modification of 1.igand Reactivity by Complex Formation

(a) the larger coordination number of the metal ion might altow more {lexibility in positioning
reactants for intramolecular grouping and (b) a larger concentration of metal ion and
therefore increased rates 1s tolerable at newiral and basic pH. 12

The polarization effects of metals have a substantiai impact particularly in two areas; the
promotion of the hydrolysis and other nucleophilic reactions of chelated ligands and the
enhanced ionization of coordinaied acidic ligands. Their importance has encouraged extensive
attacks on the cffccts.

6.3 Hydrolysis of Coordinated Ligands

The ability of metal ions 1o accelerate the hydrolysis of a variety of linkages has been a subject
of sustained interest. If the hydrolyzed substrate remains attached to the metal, the reaction
becomes stoichiometric and is termed metal-ion promoted. If the hydrelyzed product does not
bind to the metal ion, the latter is free to continuc ifs action and play a catalylic role. The
modus operandi of these effects is undoubtedly as a result of metal-complex formation, and
this has been demonstraied for both labile and inert metal systems. Reactions of nucleophiles
other than H,0 and OH~ will also be considered.

6.3.1 Carboxylate Esters: —CO;R — —-CO2H

The discovery that metal ions such as Cu?" catalyzed the hydrolysis of amino acid esters was
first reported nearly 40 years aga.?” Table 6.3 shows (hat in the absence of direct intgraclion
of the ester grouping with the metal ion, the primary cause of any increased rates cxperienced

Table 6.3 Efiect of Metal Coordination on Rate Constants for Base ITvdrolysis of Amino Acid Esters at
25°C

Substrate ';;1 g1 Ref.
NH,CILCH(NH,)CO,Me 0.73 28
NH; CH,CH(NILI)CO,Me 57 28
NH,—CHZt
(H,0),Cu (NH; Hi: o,Me 6.2 x 102 28
8 84 (30°C) 30
NH,CH,CO,F1 0.6 29
NIy CH,CO,Ft 24 29
(H,0),Cu(NH,CH,CO,EN T4 x 101 29
en,Co(NIL,CH,CQ,Pri)t* 1.5 x 10¢ 14
NH(CH,)3,CO,Pr 0.02 35
en,Co(OH)(NH,(CH,),CO,Pri)dt | 12 56 x10-%g e 35
en,Co{NH,(CH,),C0,Pri) 3+, 11 4 % 10* 35

4 For intramolecular attack; 0.22 M1 s~ for external OH ~ atiack
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6.3 Hydrolysis of Coordinated Ligands 309

by the metal complex system resides mainly in a charge effect.?® Association of the ester
grouping to the metal on the other hand induces marked rale acceleration. ™

There is a major problem in the inferpretation of the results when labile metal ion complexes
arc used as promoters.' It is difficult to characterize the reactant species and therefore 1o
distinguish between the following modes of atlack by O~ (and H,0):

OH
X 2
Oz % H ’)\ o e
- . —
M/ O~ - Pathe e M ~CHR
N\ (I:HH o M\ | R —
—
NH; NH;CHR o /,';/

[4.]
[+]

7

In 5, coordination through O polarizes the C = O bond producing the incipient carbonium
ion, which is more susceptible to nucleophilic attack. In 6, there is intramolecular attack by
coordinated OH -~ on the N-bonded monodentate amine acid. In 7, only a small rate
enhancement would be anticipated from intermolecular attack on the N-bonded monodentate,
In these representations, X is OR, but anticipating the next section, it might also be NHR.
These interpretive problems are illustrated in the hydrolysis of complexcs of the type 8, where
again any of three mechanisms corresponding to 5-7 could apply.

CH,C0,C-H
Pk atach

HaC
’ \N\ /,N
ch2t
E /N j
N N
HaC U CH,

8

Absorption spectra suggest that the carbonyl O-alom is coordinated to Cu in 8 and
therefore the attack corresponding to 5 is favored.?® These problems are to a large extent
overcome by using a cis-structure of the type 9 or 10 which we shall abbreviate CoNX)Y.
With this framework, there are only two available sites for reaction. The known inertness and
well-characterized behavior of coball(IIl) allow the identification of reactants and in-
termedicates and in so doing more easily differentiatc between alternative mechansisms, an
approach not possible with the labile systems.! 3! There is some merit also in using a
tetradentate ligand (N,) which can only coordinale to leave cis-positions for X and Y, e.g. 10.
Although most studies use activaled esters as substrates, recently strong catalysis of the
hydrolysis of methyl acetate by Co{trpn)(H,0)0H?' has been reported. Complexation of the
cster to the Co(IIl) complex is rate determining. 3

(‘\ (\NHZ
NH,
/—‘—-\

HZN\J:G/X N\CD/NHE
H2N/| ~y HZN/I\X
K/NHZ ¥

9 10
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310 6 The Modification of ligand Reactivity by Complex Formatior

A complex of the type CoMN,(NH,{CH,), CO,R)X?! in which the cster must be unidentale,
linked only through the NH, grouping, is relatively stable towards hydrolysis. If we can
rapidly remove the halide X from the coordination sphere, it may be possible to see what takes
place prior to and during ester hydrolysis. Mercury(Ll} ion or OH ™~ can be used to effect
removal. The pioneering work on thesg lines of Alexander and Busch,® Sargeson® and
Buckingham % [orms a strong basis for a good understanding of the factors which in-
fluence the cobalt(1ID)-catalyzed hydrolysis of coordinated amino acid esters. The complexes
11 and 12 can be isolated and separately examined.’® Both give the chelated (Co{en),
(P-ala0)** as product:

3+

NH,

H{CHa),
en,Co |

\ U
o= _ K
Nopd ! ,
11 NH, *
/ ~

{CHZ)
enyCo, ze

(6.14)

c
N
2+ s} \O

NH kn

2
~{CHy).
cis-an,Co |

Co—
O#H e}
/
oPr

12

For It and 12 both OH -unassisted and -assisted paths cxist for hydrolysis wilh ring
closure.

{(PIOH"] t c[OH 1%

k= allLO] +
1= alihol I + d[OH"]

(6.15)

Ky = e | FlION7] {6.16)

The @ term refers lo rate-delermining addition of H,0 to the chelate 11 (@ =

83xI67'M ™57 ay/ap,n = 2.5). The value is little different from that for intra-

molecular attack by H,0 in 12 (in acid, 12 converts trom Co-OH to Co-OH,, pK, — 6.05;

Ko 1.8 » 107%s~! and no *H isotope effect). The sccond lerm in (6,15) can be ascribed to
the mechanism (6.17)-(6.18) with & ¢ and ¢ composite rate constants, *

i = en?C? {CH.), (617)
Ol“\\/ O / :
¢ C
OR e’ on
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6.3 Hydrolvsis of Coordinated Ligands 311

24 2
NH, NH,
O - ACH
enzC? {CHy)z - en,Co (CHz);
2
b/ b/
/N [
RO OH 0
1 (6.18)
24
S
~ feq (tast
enca  (CHal ‘Rg’
o /
C
SN
RO o

The value of | extracted from the data for R — Pr'is shown in Table 6.3 and shows the
very large rate enhancement (almost 10%) due to attachment of the — CO,R moiety to Co(I11)
compared with that of 12 which is considerably slower. The effect resides mainly in a much
more positive AS”. In the pH range 7-10, the rds is proton abstraction (k;) from the addition
intermediate. At higher pH, the rds is OH ™ addition Lo the chelated ester {k;). This is the
first kinctic demonstration of a tetrahedral inlermediate in amino acid ester hydrolysis. Tracer
experiments show that 11 rcacts without ring-opening and that in 12 the coordinated —OH
group is incorporated into the chelate. Trapping experiments indicate that a common
tetrahedral intermediate features in the reactions of both Il and 12 with OH ™~ ion.*®

6.3.2 Amides and Peptides: —CONHR — -CO;H

The amide and peptide linkages are much more difficult to hydrolyzc than the ester grouping.
Both free and metal bound groups hydrolyze wilth second-order rate constants approximaiely
104-10% less than for the cerresponding esters. " There are two potential sites for coordina-
tion in the -CONHR residue, namely at the carbony] O in 13 and at the amide N in 14 where
ionization of the amide proton is induced (Sec. 6.4.3).% Cu?' promotes hydrolysis of
glycinamide at low pH where it is present as 13. Howcver it inhibits hydrolysis at high pH,
where it is 14, to such a degree Lhat hydrolysis cannot be observed. *¥

Hz Ha
NE—CH, N=—CH,
/ \C ittt \ + H+
M M c
\O/ “NH, N =0 (6.19)
H
13 14

Once again, a better understanding of the basis of these effects has emerged from studics
of the Co(III) complexes. * Hydrolysis of chelates of the type 13 oceurs by rate-determining
attack of OH~ by a mechanism similar to that shown in (6.17) and (6.18) with OR replaced
by NHR.* The metal promotes hydrolysis by OH ~ by a factor of about 10¢ (Table 6.4) and
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312 6 The Modification of Ligand Reactiviiy by Complex Formation

again this resides entirely in a different AST, The acceleration is however about the same as
that observed with singly O-bound amide in Co(NH,)}{OCHNMe,}** (Tuble 6.4) so thal
chelation is apparently unnecessary to achieve hydrolytic promotion.

‘Iable 6.4 Eftcct ot Cobhali(l1l) Coordination on Rare Constants for Base Hydrolysis of Amina Acid
Arnides

Substrate Ai‘f/[‘E g1 3;‘;1101 ‘ JAf\ “Tmel ! Rel.
NH,CIi,CONII, 2.9 % 1072 58 —9% 29
en,Co(OH)NH,CH,CONH3* 1.5 3 10743 50 —150 38, 39
en,Co(H,O0)NH,CH,CONHE? 9.2 x 1073 75 —33 38, 39
en, CofNH,CH,CONH, ) ** 14 58 -30 38, 39
(NH,);Co(OCTHINMe,)? 1.3 58 —50 1]

ag-l

Startling results are obtained with the unidentate species 15, The intramolecular hydrolysis
by coordinated H,O in 15, X = H,0, is more marked than by coordinated OH™ 15, X —
OH (Tuablc 6.4)

Ha n+
N—~cH,
en;Co b —o
NHR
15

A bigger effect for HyO than OH  is very unusual and is a behavior certainly not shown
by the unceordinated amide. The cffect is ascribed to a benefit from cyelization and concerted
loss of protonated amide, without formation of the tetrahedral intermediate.?' Although the
coordinated OH ~ is some 107 times less effective rthan coordinated H,0 (Table 6.4), it is still
about [0? times faster with 15 than via external attack by OH~ at pH 7 on the chelated
amide 13. Early studics showed that complexes of the type CoN(I1,0)OH " can promote
the hydrolysis of esters, amides and dipeptides and that this probably arises via formation of
ester, amide or peptide chelates. These then hydrolyze in the manner above, ™

Q
o
= |

\ /N-TE:OHE o)

N NH
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6.3 Hydrolysis of Coordinated Ligands 313

In cster hydrolysis, rate-limiting formation of the tetrahedral intermediate usually applies
{Sec. 6.3.1) since the alkoxide group is easily expelled. In contrast, amide hydrelysis at neutral
pH involves rate-limiting breakdown of the tetrahedral intermediate, because RNH  is a
poor leaving group. The catalytic elfect of metal ions on amide hydrolysis has been ascribed
to accclerated breakdown of the tetrahedral intermediate,

The importance of correct juxtapositioning of melal and amide function is ilJustrated in re-
cent studies by Groves and co-workers. ¥ If the metal (Ni?', Cu?! or Zn?') is forced io lie
above the plane of the amide function in a specially designed complex 16, 10%-107 fold ac-
celeralions can be observed, in contrasl to the meagre rate enhancements with previous models
where this favorable gecometry was not present.”

6.3.3 Nitriles: —CN — —CONH>

Considerable attention has been paid to this transformation (which is sometimes referred to
as hydration ) in the past 15 years.»*>* An early example of the cffcet was the marked ac-
ceteration of the basc hydrolysis of 2-cyanophenanthroline by Ni%*, Cu?* and Zn?* ions.
The sccond-order rate constant is 10°-fold higher for the Ni2* complex than for the free
ligand, residing mainly in a more positive AS¥. An external OH~ attack on the chelaie was
favored but an internal attack by Ni(II) coordinatcd OH™ cannot be ruled out."?>* Nickel-
ion catalysis of the hydrolysis of the phenanthrolinc-2-amide product is much less effective,
being only about 4 x 102 times the rate for spontaneous hydrolysis.*

<\ /; 2/ _\? <\ /; 2/ \3 - <\ /Q/ _\i
N N — N N N N (6.20)
AV N c=0 N c=0
N N ~ T NI\ e

I \\\ 1
Hp
The plausibility of intramolecular hydrolysis of artached but uncoordinated nitrile is
demonstrated in the reaction

24 3
NH NH
& e
ensCo /CHE —  engCo /CHq
OH H?I:I 0=C¢ {6.21)
N 3 NH,
H

the rate constant for which is 1.2 x 10~2s~'. For intermolecular hydrelysis of frce
acetonitrile, the rate constant is 1.6 x 107%M~!'s~!. Therefore at pH = 7, this represents an
acceleration of 10" for the Co(Ill) catalyzed reaction, undoubtedly as a result of the
ncighboring group effect displayed by a good nucleophile {coordinated QH™), 4546
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314 & The Modification of Ligand Reactivity by Complex Formation

More attention has been paid to the behavior of nitriles which are ceordinated to the metal
eg.,

X3+ Xz;

(NH3sCoN=C @ :’: (NHE)ECONHF@ (6.22)
)

Ratc accelerations of =109 residing in more positive AS¥, over the free ligand are
observed. For 11 coordinated nitriles,

loghoy — 1930 1 130 (6.23})

The slope {p = 1.93} is slightly smaller than that for uncoordinated nitriles (p = 2.31). Since
BC nmr shows the effects of coordination on the nitrile carbon chemical shift are indepen-
dent of substitutents, the observed difference in p must be an effect associated with the ac-
livaled complex.®

Similar high ratc cnhancements on coordination are observed with the analogous
Rh{NH,)i*- and Ru(NH,)3~- but not with Ru(NI1,}3"-coordinated nicriles. This is an impor-
tant finding. With ruthenium(11) complexes considerable metal-ligand n-bending occurs. This
results in back donation of electron dengity from the metal center to the C=N bond. The
polarization by the metal of the nitrile, which is the basis for the cnhanced effects with
Co(1ID, RR(IID) and Ru(IlI), is thercfore lost with Ru(II).!

A number of nucleophiles including CN—, BH;, amines and alcohols react with coor-
dinated nitriles at > 107 enhanced rates comparcd with the free ligand.! One of the most
novel examples involves Ny as a nucleophile. Acetonitrile and sedium azide form 5-
methyltetrazole only after 25 hours at 150°C whereas the cobalt(TTI} coordinated acetonitrile
recacts in 2 hours at room tcmperaturc:

Ir _ P
{(NHg)sCoN=CR + Ny —— (NHg),Co—N :' NN (6.24)

VL

N N

The product undergoes linkage isomerism (Table 7.4). 4

6.3.4 Phosphate Esters: ROPO}~ — POj -

The ¢leavage of P— O bonds produces the energy required for many biological processcs, in-
cluding synthesis of complex molecules, muscle functioning and ion transport. The catalytic
modification of phophate chemistry by metalloenzymes is therefore very important. £. coli
alkaline phasphatase is a Zn(I1)-containing enzyme that calalyzes the hydrolysis of phosphate
monoesters about 10!! (imes faster then in the abscnee of cnzyme. * Using labile metal ions
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6.3 Hydrolysis of Coordinated Ligands 315

to probe these effects is rarely fruitful because of the difficully in characterizing the species
involved. Yet again Cofl11} is the metal of choice for model investigations. A number of
groups have examined the accelerated hydrolysis of phosphate monoesters by cis-
CoN,(H,0%* and the ionized forms.** Invariably CoN,(H,O)OH?* is the most reactive
species, but the formation and dissociation of thc phesphate complex and ils hydrolytic
hreakdown may be mixed up kinetically and it is better to by-pass the formation altogether
and study the isolated complex. ¥P nmr, 0O isotopes and spectral monitoring have been
used to interpret the attack by cis OH  on the coordinated ester in (6.25). The nitrophenyl
ester is a convenient one to employ because of the color of the 4-nitrophenolate product (s
= 2.6 x 10° M~'cm~! at 400 nm and pll 6.3). There is believed (o be a five-coordinated
phosphorane intermediate which breaks down with a ratc constant £ = 7.8 x10 #s ! at
25°C (pH 9-12). This is a 10° larger value than that for the uncoordinated ester. * The reac-
lion (6.25) is accompanied by some cis, frans rearrangement and although this has little impact
on the interpretation, the complication can be avoided by using as N,, chelates which can
only leave cis-positions (e.g. tren). There is a marked effcct on the rate by the N, grouping
used, 133

*OH 0 O
feli C / O [of 4 \ﬁ// © NO.
iS—en,la - en 0 +
1 SN2 : (6.25)
O—T—o— NG, 0 o)
o}

The phosphodicster in the complex Colen),(OH}OP(O)YOCH,NO,).}' is cleaved more
slowly than the monocester (6.25) (this is usual), bul the rale constant (2,7 x 107%™ at
30°C) is still 107 times that for the unbound ester. ™

|0|/OCHHQN02 *
—FP

Q +
\ 0 0 o o}
en Cc/ OCHMNO, —  enl e \F;// L G / \P//
2 2Co enyCo 6.26
\ NIPZN NIPZN (6.26)
OH o OCH,MNO, C o}
+ TQ—GgH4NO, +  O=CgHNO;

This accelerating factor also holds for the corresponding cis-Ir(I111) diester complex, where
stereochemical changes arc also unimportant. Now however biphasic release of nitropheno-
late is obscrved and the product of the first step is not the chelate but cis-
erL Ir(OH)[OP{O),{OC1,NO,)]. The rates are some 103 slower than for the Co(Ill) com-
plexes. These important differences arc ascribed to the larger size of Ir(I11) which deters ring
closure.® The strategy described in this section relies on the generation of a coordinated
nucleophile ¢is to a reactive coordinated pheosphate derivative. As well as OH ™, an NH;
group can be examined, generated from an NH, ligand as in the example (compare Sec.
1.6.2):
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316 6 The Moadification of Ligand Reactivily hy Complex Formation

{NH;)sCo—0—P =0 NQ, = (NHS)ACO"/ N .
| NN (6.27)
(@] e} o O NO,

Ho \
AN A
— {MNHy),Co P (S / \ NO,
AN _
Q Q
" {£.28)
N O
OH .-"/ \\l OH
{NHz).Co P
S
a a ©

(NH3),CO[OH),' + PONHE

The first observed product is the hydroxo-N-bound phosphoramidate complex, although
there are almost certainly other intermediates. Both ester hydrolysis (to nitrophenolate ion)
and transfer of a phosphate residuc from O to N occur. An acceleration of at least 10% fold
can be asscssed for both processes, compared with the reaction of the uncoordinaled ester
with NH, or OH~ ion."* The O to N transfer is a general biochemical occurrence, c.g.
creatine kinase uses Mg?* and crealine to transform ATP to ADP and form creatine
phosphate, !

It a hydroxyester function is ingorporated into a potential chelaling system then the ability
even of a labile metal ion to catalyze the hydrolysis can be assessed. The 8-hydroxyquinoline
17 and 2,2"-phenanthroline 18 frameworks have proved popular for this purpose.

17 18

In 17, X may be PO} * (but COCH,,*” SO, and ather groups have also been examined
by this means), In the type of structure shown in 18 we have already enceuntered the 2-nitrile
hydrolyses. With X = PO~ in 18, divalent metal ions show a pronounced catalysis of the
hydrolysis of the dianionic species. The metal is strongly chefated to the phenanthroline but
in the preduct it is unlikely that the O is coordinated since a four-membered ring would
result {see Se¢. 6.8). The monoanionic form (X = PO.H ) is the reactive specics (Prob. 3).
Reaction of the dianion in the absence of metal ion cannot be observed and with Cu?*, for
cxample, accelerating effacts of >10% are estimated. ¥

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



6.4 The Acidity of Coordinated Ligands 317

6.3.5 Other Groups

There have been a number of isolated studies of metal-ion catalyzed nucleophilic reactions
of other groupings. "% Particularly interesting is the induced nucleophilic attack on olefins.
Hydration is narmally very sluggish, Enzymes ¢can speed up such reactions. Aconitase, an iron-
containing enzyme, catalyzes the isomerization of citric acid to isocitric acid, through (he in-
termediacy of cis-aconitic acid. A possible mechanism has been suggested basced on the follow-
ing Co(IIl) model chemistry. ® Rapid cyclization of the maleate ester produces AR and AS
chclated malate half cster:

GOLCH; *
CO.CH; CH,
o H o
/ s \H\H (629)
enzCo {from hydroxy] —=  en;Co
N H NGy
0-C o

I 0

as well as the fumarato isomer of the reactant (which ring closes very much slower than the
maleate isomer).

N COp(iH)—; =
CO,CH; H - H
/OH H p 8 “ /O COL0H,
enzoo\ [ an,Co H - enQCo\ H
O_ﬁ H \D/ﬁ o—=C (6.30)

The process is 107 fold faster than hydration of uncoordinated half-ester. More details and
a full kinetic scheme are provided in Ref. 61.

6.4 The Acidity of Coordinated Ligands

An important effect of the metal ion Hes in its ability to enhance the acidity of certain coor-
dinated ligands. Any ligand that in the free state can release a proton can also do so when
coordinated to a metal. The positive charge originally associated with the ceniral metal is
dissipated over the whole complex, and the resultant neutralization of ncgative charge at the
coordinated ligand center will result in the center’s being more acidic. Some examples of this
effect, with comparisons of the free and coordinated ligand, are shown in Table 6.5. A com-
prehensive list of cobalt{Itl) complexes is given in Rel. | and of many mononuclear and
dinuclear metal complexes in Refs, 62-65,

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



318 6 ‘The Modification of Ligand Reactivity by Complex Formation

Table 6.5 Values of pK, for Some Free and Coordinated Ligands®

Ligand or Complex pk®

H,0 15.8
Cr(H,0)!* 43
cis-Cr(en),(H,0¥' 4.8 (7.4)¢
(1,002 4.4 (52)
Co(NH,)H,03 5.8

NH, >16
Ru(NH,)}' 13.1
Aufen)* 6.5

—

MoONHY fpzdty 0.6

("

(NH;)RuT(pzH)* 2.9
(NH;)sRu'{peH)y*+ —0.8
11C,0, 4.2
Co(NH,),C-0,H? 2.2
HCO; 10.3
Co(NH,),0C0O,H?" 6.4
(NIL)LCO =14
Co(NH,),OC(NH,)}~ 132
 From Refs. 1, 62-65 ? pK, = —log[base] [II'][acid] ' © pK, lor second ionizalion

Cienerally, the higher the positive charge, the greater the enhancement of the ionization con-
stant. The increase in K" compared with K1, {6.32) vs (6.31),

HA = H' 4 A- LK KH( KMk (6.31)

M(HA)" = H' + MAYT=D M kM kM= g MEY) (6.32)

which may amount to as much as 13 orders of magnitude, resides in different values for &}
compared with 4% since & , and &M wvalues are approximately constant and diffusion-
controlled for most proton-base reactions. 55.% (See Prob. 8)

One of the very few exceptions to the rule that the acidily of the complexed ligand exceeds
that of the free ligands involves the Ru{Il) complcxes shown in Table 6.5, It is belicved that
back bonding from the filled t,, orbitals of Ru(ll) to unoccupied m-antibonding orbitals of
the ligands more than compensates for the usual electrostatic effects of the metal that makes
the nitrogen less basic. This m-bonding is less likely with the Ru(I11) complex and its pK, is
lower than that for the protonated pyrazine (scc also Sce. 6.3.3. for the effects of Rufll) and
Ru(IT1} on hydrolysis of nitriles). %€

6.4.1 Coordinated Water

The marked increasc in the acidily of waler when it becomes melal-coordinated, as shown in
Table 6.5, has very important ramifications. Many mctal complexes will be involved in an
aqua-hydroxo equilibrium in the common pH region of 3 to 1. Since the hydroxo form often

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



6.4 The Acidity of Coordinated Ligands 319

has a different reactivity than its acidic partner, there will be marked effects of pH on the rates
ol water exchange, substitution, redox reactions and isomeric change in which agua complexes
are involved. We have seen in the previous sections that certain metal complexes donate OH
in conditions (neutral plI} where the concentration of tree OH is small, It has becen shown
that the M —OH species is a good nucleophile with a number of substrates which are either
very electrophilic such as CO, or SO, or when a very good leaving group is involved as with
a variety of activated carbonyl substrates. *"% The Brensted plots of log &y, vs the pk, of
M —OH, are linear and the § coefficient (Sec. 2.5.3) is 0.2-0.4, An example is shown for the
promoted hydrolysis of 2,4-dinitrophenyl acetate, dnpa, c. g.

GCo(NHZ,OH™ + MeCO NO, — Co(NH;).,0CMe™* + HO NG,

Q
NO, NOQ;

The first-order loss of dnpa (k) is given by
kops = Ko + konlOH ] + kegou[CoCH] {6.34)

with &;, ., and kq;; independently measured (6.2 x107%s~! and 37M ~'s~! respectively). For
anumber of labile and inert metal hydroxy species there is a good linear correlation (§ = 0,33)
extending over a range of 10'? in nucleophilic basicity (Fig. 6.5).% Although the second-
order rate constant for hydrelysis of dnpa by Zn(nta)OH?*~ (0.3 M~'s7') is about 102 less
than for that by OH~ (37 M ~1s7!), it is obvious that at pI1 = 7, even mM concentrations
of the Zn{ll) complex will compete favorably with the OH ~-promoted hydrolysis. Since the
Bransted slope is shallow, the same situation will apply for poorer nucleophiles also e.g.
Cr(NH,){OH?' (¢ = 9 x 107*M~*s7!). The metal ion thus provides an efficicnt
nucleophile at neutral pH. This is of paramount impaortance for biological reactions. This ef-
fect is considerably enhanced when the coordinated nucleophile is forced into a juxtaposition
relative to the substraie (see previous sections). M —OH reactivity is more sensitive to the
substrate character than is OH™ reactivity. This is detnonstrated by a plot of log kyop vs
log kg for a number of subsirates being beautifully linear with a slope 2.0.¢

Fig. 6.5 Bransted plol for the MOH (including
OH ™) promoted hydrolysis of dnpa at 25°C and
n 1.0 M NaClO,. The points are for QOH~

L 1 L 1 L (1), ColCN}OH? (2), Zn{nta)OH?~ (3),
Cu(nta)OH? (4), Co(NH ),(NOOH* (5), and
pKMCIH2 (:T(NHg)SOHE' (6].('9
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320 6 The Modification of Ligand Reactivity by Complex Formation

6.4.2 Coordinated Ammonia and Amines

The enhanced ionization cffect with the coordinated-NH, cntity is sometimes much less
marked than with coordinated -OH,. It plays an important role in the conjugate base
mechanism for hydrolysis (Sec. 4.3.4(a)). Aqueous alkaline solutions of Ru(NIH, g* are deep
yellow due to Ru(NH;);NHZ*. The deprotonated species is implicated in a number of reac-
tions, basc-catalyzed prolon exchanges, and with NO to give Ru(NH;);N3', for cxample. ™
When the coordinated N in amines is asymmetric the relation between proton exchange and
inversion: can be explored (Sec. 7.9). The — N1 ionization of the ligand in Ru(sar)** 19 leads
lo interesting autoxidation behavior.™ The acidity is enormously enhanced (pK, — 6.3) com-
parcd even with Ru{NH,);". The rate constants {or tonizalion of coordinated —NH groups
have been determined by nmr cxchange methods. If the acidic group is part of a ligand but
not involved directly in coordination its acidity may be modified less than in some of the ex-
amples considered above. This has been demonstrated with a number of polyamine complexes
in which because of the geometry of the ligand or because of a limited number of available
coordination sites on the metal, there are uncoordinated NH, groups.™ Generally, the
basicity is decreased by some 2-3 pK units. Thus the pK, of NH,(CH,),NH{ is 10.5 and that
of PUen)NH,(CH,),NI1)CI2T is 8.0.

H 2+

19

6.4.3 Other Coordinated Ligands

Table 6.5 indicates that Tor still different types of ligands than H,O and NH; the pX|, is
modified by attachment to the metal. This will play a role in the reactivity of the resulting
complex. We observe therefore that the reduction of Co(NH,).C,0,H?" in acid by TI'e®* and
V2' has an inverse [H*] term in the rate law, whereas the same reductions of
Co(NH,),C,0,, which is aprotic, are pH-independent. A number of metal ions have the
ability to promote proton ionization from a coordinated amide or peptide group. The observa-
tion of relatively slow rates associated with the protonation supports the idea of bond rear-
rangement from M—0 to M—N accompanying the ionization, (6.19),” In the siructural
grouping X=Y —7ZH, H tends (o be acidic and once again this is enhanced by involvement
of any of the centers, X, Y or Z with a metal. The phenomenon shows up well in the metal
complexes of amino acids and amino polycarboxylates. The increased chemical reactivity at
the w-carbon atom is manilesied in Lhe following three ways: ™
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6.4 The Acidity of Coordinated Ligands 321

(a) base catalyzed aldol-type condensations ™7

Glycine complexes undergo aldol reactions with aldehydes yielding free -hydroxy-o-amino
acids after cleavage of the product. Although the NH, of amino acids is protected by metal
coordination (Sec. 6.6) nevertheless it does react with aldehvdes to form N-hvdroxymethyl
derivatives. This, together with the enhanced acidity in the neighboring C11, group, leads to
formation of an oxazolidine complex

OH CH Q
VAN
HCIJH H?R HICH CTH
HaC—— NHa HC—NH HE—NH
/Cu,fE +2ACHC ——— /Cuf2 — \ /Cu;’2 (6.35)
o=C—0 o=C—0 o=C—-0
‘ HySiazd
? !
H—Cl—OH HO—c];——H
H—?—NH;’ * H—(lz—NH;“ (6.36)
COOH COOH
alfothreonine threcnine

Decomposition of the copper complex with H,8 in acid leads to allothreonine and (in
abowt 2-lold excess) threonine, Following the piencering work of Akabori ef af,” this reac-
tion has been extended to a variety of metals and aldehydes and to complexes such as A- and
A-Co(en)gly?* with intriguing stereoselectivity behavior (optically-active allothreonine and
threonine products).?

(b) conhanced C—H exchange with basic D,0.7777

In Co{edra)~, 20, for example, out-of-plane hydrogens exchange more readily than thosc in
the in-plane rings.”” The latter in fact take place only via the interchange of in-plane and
out-of-plane rings. " Since this is a mechanism for racemization, the exchange and racemiza-
tion rates are similar. The distinctive nmr for the different CH, hydrogens in Cofedta) is in-
valuable for diagnosis and monitoring purposes.

O
* outof plane CHa ; ( \-Go/
* I plane CH, \ /l \

N O
i :\o
8]
20
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322 6 The Modification of Ligand Regctivity by Complex Formation

(c) enhanced racemization rates of chelated optically-active amino acids. ™

The racemization rate constant for L — Ala coordinated to Co(III) is much larger than for free
L — Ala, In addition, the larger the positive charge on the complex, the faster is the rate of
racemization. These observations give credance to the idea that racemization {and exchange)
takes placc by an initial abstraction of an «-H by base, resulting in a carbanion. 77

6.5 Electrophilic Substitution in Metal Complexes

When a metal atom donates clectron density to a bound ligand, usually by means of n-back
bonding, elecirophilic substitution reactions may be promoted. This is observed then usually
with metals in low oxidation states and is therefore prevalent with organometallic
complexes*® and less with those ol the Werncr-type, where the metals are usually in higher
oxidation states. Nevertheless there have been detailed studies of electrophilic substitution in
metal complexes of [-diketones,® 8-hydroxyquinolines® and porphyring.® Usually the
detailed course of the reaction is unaffected. Il is often slower in the metal complexes than
in the [ree ligand but more rapid than in the protonated form.

The apparcatly first kinctic study of a metal-assisted electrophilic substitution in a Co(III)
complex is recent.*® The bromination of Co(NIi,)imidFH** is complicated by the presence
of different bromine species in solution (Br,, HOBr and Br, ). In additien, successive
brominations of the coordinated imidazole occur. Rate data can be interpreted in terms of
reaction of the conjugate base of the Co(IIT) complex with Br,, and a suggested mechanism
for the first steps is (R, = Co(NH,)}*)

/H Br Br /H
» B > y
slaw a 1.2
2 1-/) —-_a /) Bre /) or13 /) (637)
() N N N
0 R Ry

A

By s

0

The first observed product is however CoiNH,)(4,5Br,imidH)**. The rate constani
(6x10°M~'s™ "y is >107 fold larger than for reaction of imidH' (1.1 x 10¢ M~!s™"). The
initial site of attack is uncertain in both instances.®

6.6 Masking Effects

The masking of the normal reactions of simple ligands, such as the nitro, cyano, and ammonia
groups, by coordination to a metal is a phenomenon encountered early by a chemist. One of
the first examples of masking in a chelate complex was reported, significantly, in biclogical
journals.® [t involves the protection by copper ion of the a-amine group in ornithine and
lysine:
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6.8 Molecular Strain Allerations 323

H, Hs
N , N .
7 TCH{CH, 4 NH; /T CH{CH.3NHCNH;
{H0)0u I {Ha0)aCu | [
No—Ca — N o) {6.38)
o +H2NﬁNH2
0

Partial protection of the —NH, group by copper {on results in a fiftyfold decrease in the
rate ol the ring-closure reaction:

CHy— CH-CH,Br CHa—GH—CH,
— | R __ N/
NH; ff (6.39)
HN N HN N
\% \% H

in the presence of the metal ion compared with the free ligand. However, Cu(IT} binds strongly
to the product and if significant amounts of the free metal ion are removed in this way, the
initial reaction rale increases sharply.*” An opposite efTect is noled in the metal-ion-catalyzed
hydrolysis of amino acid esters. Removal of the metal ion as it complexes with the amino acid
product causes deceleration of the reaction.®

6.7 Disturbance of Reaction Stoichiometry

The intervention ol a metal lon in the steichiometry of a reaction has been illustrated several
times previously, Reaction is forced to completion in ester hydrolysis since the carboxylate
grouping forms a more stable complex than the ester motety does. A similar driving force
underlies the formation of macrocycles and the completion of transamination by formation
of the metal-Schiff base complex,® The latter is particularly relevant in dilute solution and
at low pH. For example, the extent of aldimine formation between pyridoxal and alaninc is
undetectable at the physiological pH but occurs to the extent of =10% in the presence of zinc
ions. ¥

6.8 Molecular Strain Alterations

Metal complexing can subject a ligand to severe internal sirain or, alternatively, it can rclicve
strain; or it can freeze the conformation of the coordinated ligand. These modifications often
lead to enhanced reactivity by reducing the energy difference between ground and transition
state. The subjection of the cyano group to strain when 2-cyanophenanthroling is coordinated
{o a metal ion, and its resultant accelerated hydrolysis, has been referred to previously (Sec.
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324 6 The Modification of Ligand Reactivity by Complex Formation

6.3.3). The rates of a number of different types of reactions of 2,2'-hipyridyl derivatives are
markedly enhanced by metal chelation,* The climination reaction (6.40) in wet dmso

e =
| |
Nz, Br . N
KdOAc in (640)
Mso
N H N7 '
N | i

is very slow with a second-order rate constant (reaction with KOAc) of 3.4 x 1072 M~!s~!
at 80°C. Smooth elimination occurs with the Pd(OAc), complex of the bipyridyl derivative
(>3.0M 's "at0°C). A favored explanation for the enhancement involves distortion of the
ligand by coordination with Pd to produce a conformation which seems elimination prone
(21), M = Pd. The rates of racemization of asymmetric bipyridyl crown ethers 22 are also
markedly enhanced {=10% fold) when complexed with Pd, There again the metal may force
in-plane distortions of the bipyridyl nucleus in such a way that substitucnt bending (requirad
for racemization) is much reduced with & concommitant lower AGF. %

21 22

A number of complexes, mainly of Ag(I) but also Rh(I) and Pd(II}, can calalyze the rear-
rangement and degradation of a wide variety of highly strained polycyclics, which may not
react in the absence of catalysts. The products vary with the catalyst, the concentration of
which features in the rate law. Again, the relief of ring strain which is a driving force for the
reaction, appears aided by metal complexing. *-%

6.9 Function of the Ligand

The pringipal upset of the properties of the ligand is due 10 the metal. However effects of one
ligand on another arc not unimportant. A lgand may have a strong elfect on the reaction at
a frans position in substitution (Sec. 4.10.1) and redox (Sec. 5.6.(d)) reactions. Ligands may
modify reactivity patterns, such as in the smoother catalyzed decarboxylation of dimecthyl-
oxaloacetic acid by aromaltic compared with aliphatic amine complexes. * Complex ions con-
taining ligands additional to water have a decided advantage over the metal ion alone for the
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metal complex can [unclion at 4« pH at which mctal ion might precipitate. It has been pointed
oul that if the “catalase’ ability of ferric ion in acid were cxtrapolated to pH = 10 (where
obviously it would precipitate) it would be almost as effective a catalyst as the enzyme itself
and much superior to other iron(III) complexes. *

6.10 Conclusions

Enzymes are much more effective as catalysts than any man-devised model. The 107-107
enhanced factor observed in the hydrolysis of esters, amides etc. in specially constructed
Co(IIl) complexes is beginning o approach that sometimes observed with enzymes (1011,
The ncighboring group and nucleophilic effects which act in concerl with Co(III} are being
augmented by other factors with enzymes, such as strain induced in the substratc by the cn-
zyme in which the protein structure itself plays a key role. ‘Thus, the principles being devetoped
by using models (particularly, it scems, of Co(1IL) are clearly applicable to metalloenzyme
[unction. * Probably the most important single effect that meial centers have in metalloen-
zymcs is to be a focal point for reactants, often stereospecifically, although it appcurs that only
onz substrate is ever coordinated at a time. The metal ion acts as a Lewis acid but can exist
in much higher conceniralions than the proton al the physiologically important neutral pll.

Many of the propertics of mctal ions in aiding or discouraging reaclions are beautifully il-
lustrated in the work on the chemical synthesis of corrins. Thus, it is appropriate to conclude
this chapter by a relevant quotation from Eschenmoser: ™

The role of transition metals in the chemical synthesis of corrins is more than just adding
4 touch of “inorganic elegance™ to organic synthesis-“leave clegance to tailors and cobblers™,
a physicist once said — it is a vital role in the sense that perhaps no synthetic corrin would
as yet exist without recourse to metal templates. Beside the purcly topological function of ar-
ranging the proximity of reaction centres, metal ions have served this purpose as follows:

(i} by sfabilizing labile organic intcrmediates and thereby facilitating their isolation and
characterization,

(i) by activating organic ligands electronically for basc-catalvzed processcs,

(iii) by subjecting organic ligands to heavy steric strain so that they perform strain-releasing
reactions which they would otherwise certainly never undergo,

(iv) by profecting organic coordination sites against the detrimental attack of aggressive
alkylation reagents,

(v) and, last but not least-by converting the organic chemists involved in this work to ge-
nuine admirers of the depth potentials and wonders of fransition metal chemistry.
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Problems

1

2

. Suggest the origin of the rate law for (internal) amidolysis of the coordinated ester in
Co(NH,3sNH,CH,CO,R?** that contains a second-order dependence on [O17].

. The hydrolysis of I

CHa\(\‘/CHZCN
N N
[ N2 j
Cu
2N
N g
CHS/Q CHy
{n

to the corresponding amide is first order in complex and has a rate/pH dependence with
& platcu at high pH corresponding to:

Rate — 1O ]
e = T BIOH
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Problems 326

Suggest a mechanism. What would vou anlicipate would be the effect of SCN  on the
hydrolysis rale? The hydrolysis of the corresponding dinitrile (substituted on adjacent N's)
gives the monoamide after a few scconds. No bisamide is formed after a longer Lime.
Why?

T. A. Kaden, Pure Appl. Chem. 60, 1117 {1988).

3. The plot is shown of k., vs pH for hydrolysis of 11

10% ke [s7)

]
N
o] N7 TS
HoLIl |
o
o O
{1
- 0
L)
0
£O
[=]
X
-t
2 5}
1 1 1 | ! 1 1
2 4 6
pH
10
5L
(]
g Problem 3. Reproduced with permission
' | | 1 | 1 1 N from T. H. Fifc and M. P. Pujari, J, Amer.
Z 4 6 8 Chem. Soc. 110, 7790 (1988) © (1988)
pH American Chemical Society.
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6 The Modification of Ligand Reactivity by Complex Formation

in the presence of 2 x 0% M Cu?* at 30°C, u = 0.1 M with KCL. [Ester] = 2.6 x
10~F M and a saturating effect of Cu?' on the rate has been reached. The pK's of [ree
ligand are 2.9 and 6.0 in the pH range 2-11 and the pl1 profile for hydrolysis ol the free
ligand at 85°C, p = 0.1 M {KCl} is shown in the lower figure. Rationalize these behaviors.
T. H. Fife and M. P. Pujari, J. Amer. Chem Soc. 110, 7790 (1988).

. The difference in the two pK’s (4.8 and 7.4) for mononuclear complexes such as cis-

Cr(en),(H,0)3* is approx. 3 (see Table 6.3). The difference is much larger for the
binuclear complex A, A-(H,0}en),Cr(OH)Cr(en),(H,0)*¢, pK’s 0.5 and 7.9 (i.c. the
aquahydroxo cation is stabilized compared with the extreme forms). Give a reasonable ex-
planation for this larger difference,

. The rate constant for ionization of aqua species can be easily estimated from a knowledge

ol the pK of the coordinated water. It can then be verified whelher H exchange between
the complex species and water is confrolled by this ionization or by dissociation of water
from the complex. Calculate which path s responsible for the H cxchange of VOan'
(k = 7.7 % 107 s7') and NiZ* (k = 3 »x 107 s71) with H,0, determined by nmr line-
broadening technigues.

. The 'H umr spectrum of Os(bpy)? in [DJdmso is shown in Fig. {(a) If to the seluiion

is added NaOD/D,Q, after about 15 min. ai 43°C the signal at 8.6 ppm is lost (b); The
rale law is determined in dmso-H,O mixtures and & decreases as the molar fraction of
water in dmso increases

—d[8.6ppm signall/dr = k [Qs{bpy)*] [NaOD]

Further loss of the other signals occurs in three much slower steps. The uv/vis absorption
spectra of the complex remains unchanged and no resonances due (o the frec bpy are
observed during this time. The nmr of free bpy does not undergo any changes in the same
conditions. Suggest what may be happening and any implications of the results.

0. Wernberg, I. Chem, Soc. Dalton Trans. 1993 (1986); E.C. Constable and K. R. Seddon,
J. Chem, Soc, Chem., Communs, 34 (1982).

(b)

™

Signal Intensity

80 ' 7.0
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7. The 11 nmr spectrum of mer-Co(gly), (II) in D,O exhibits two resonances at § 3.68 and
3.42 due to methylene hydrogens with an intensity ratio of 2: 1 when measured at 60 Miiz.
The law lield peak is split at 100 MHz into two marginally resolved peaks. The rate con-
stants for exchange of a-H's of mer-Co(gly); arc one at 1.6 X 10 “s ! (5 3.42) and fwo
at k = 4.1 x 10781 (§ = 3.68) at pD 10.77 and 25°C. Explain.

A, Miyanaga, U. 8akaguchi, Y. Morimoto, Y. Kushi and H. Yoneda, Inorg. Chem. 21,
1387 (1982).

(n

8. The rate constant for the reactions of H* with many bases, and of OH~ with many
acids, are between 10% and 109 M~'s~!. Suggest why the reaciion of Co(dmg),(CN),
(IV)X = CN~ with base is much slower, ¥ = 1.9 x 10° M 's !, and that of
Co(dmg),(NH, ) (IV)X = NH, with base is a little higher, £ = 1.3 x105 M~'s~!

e } e

J. P. Birk, P. B. Chock and I. Halpern, J. Amer. Chem. Soc. 290, 69359 (1968),

9. Give plausible explanations for the following:
a. The hydrolysis of V when R = C,tl; is i0* faster than when R = C(CH,),. Both give
the ¢helated glycine

Y. Wu and D, H. Busch, J, Amer, Chemn, Soc. 92, 3326 (1970),

b. Co{NH;);H,0** cnhances the decomposition ef urea, and the result is the formation
of Co(NH;);NCO?*" and NH,. No cyanate complex results, however, from using
((CH),N),C =0 with the cobalt(lII} complex.

R. I Balahura and R. B. Jordan, Inorg. Chem. 9, 1567 {1970).

¢ The effect of acid on the hydrolysis of Co(NH,)<C,0/ is very small even though the
coordinated oxalate is basic.

C. Andrade and H. Taube, [norg. Chem. 5, 1087 (1966).
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10.

6§ The Modification of Ligand Reactivity by Complex Formatioh
d. The acid-base reaction
Co(CN),H3~ + OH~ — Co(CN}~ + H,0
has a very low rale constant (0.1 M s~ at 20°C).
G. D. Venerable I1 and J. Halpern, J. Amer. Chem. Soc. 93, 2176 (1571).
e. Metal ion catalvzes the reversible tautomerization of the enol form of acetylacetone,
while proton does not.
J. E. Meany, J. Phys. Chem. 73, 3421 (1969},
The oxidation of Co(NH,;);C,0; by Ce(IV) leads to Co(Il) ion:
Co(NH,),C,0; + Cel¥ + SHY — Celll + SNIL} + Co? + 2C0,
whereas oxidation by Cl, preserves Co(IIT) as a complex:

Co(NH,),C,0F 1 Cl, > Co(NH,)H,0% + 2C1- 1 2C0,

Explain this bechavior.
P. Saffir and H. Taube, I. Amer. Chem. Soc. 82, 13 (1960).
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334 7 Isomerism and Stereochemical Change

R and § Designations and Definitions

The most widely used method for specilving the configuration about a chiral center uses
the R/S dcsignarions. Groups are assigned priorities based on the atomic weight of the
atom adjacent to the chiral center i.e. decreasing priorities for O>C>H; CO> CH and
sa on, The chiral center is then viewed with the group of lowest priority directed away from
the observer. If with the three remaining groups directed {owards the observer, the move-
ment from the group of highest priority to that of sccond highest priority is clockwisc then

the configuration is 8 — if anticlockwise, S.
?H OH
I
c. G .,
7\ 'H A\ °H
H:C  Co.H HO.C  GH,
" )

The two molecules are enantiomers. If two of four groups attached to the C arc identical
as in CH,CH,CO,H, the 2 H’s are enantiotopic and are attached to a prochiral center.
Replacement of one of the H’s by OH obviously leads to enantiomers. If there is already
ane chiral center in the molecule, as in (R)-malic acid

OH Hy
HO,C—GC—G—CH,
il
]

the H’s are termed diastereotopic and replacement of Hy (say by D)} leads to the RR
digstereaisomer. The IT, is termed a pro-R ligand. The two hydrogens Hy, and 1 are of
course identical.

7.1 Conformational Isomerism

Five- and six-membered rings formed by coordination of diamines with a metal ion have the
stereochemical characteristics of cyclopentane and cyclohexane. The ethylenediamine com-
plexes have puckercd rings and the trimethylenediamine complexes have chair conforma-
tions.? The methylenc protons are noncquivalent in these nonplanar conformalions, taking
on the character of equatorial and axial substituents. They are made equivalent as the result
of rapid conformational inversion at room temperature, just as in the alicyclic compounds
(Fig. 7.1). This has been observed in nmr studies of planar and octahedral complexes of

[

ethylenediamine-type ligands with a number of metals. 3~

Rate parameters for only a few substiluled ethylenediamine chelates have been reported
and, until recenily, nonc for ethylenediamine chelates because the chemnical shifls between the
two forms in diamagnetic complexes {on which the analysis depends) are small and becausc
of the extreme lability of the system.’® For the interconversion of the & and A forms of
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7.2 Configurational Isomerism 335

Fig. 7.1 A simple representation of the two conformations ol the five membered puckered ring in metal
complexes of ethylenediamine and derivatives. Rings are viewed along the planc containing the two
nitrogens and the metal. The C—C bond is nearer the observer than the two nitrogens. It is skewed down
tar the right for a & conformation and to the left for a A conformaltion.

Fe(CN)(1,2-diamine) ~, (7.1} represented in Fig. 7.2, the activation parameters are shown in
Table 7.2.°

5 == 3 7.1

Table 7.2 Activation Parameters for the & — & Conformational Interconversion of Fe(CN),(1,2-
diamine) ~ in CI,OD —DC] at 25°C

Diamine k At as’
51 kJ mol ! JK-"mol
en 3 x 108 25 v
meso-bn (2R 3 8) 2 x 107 10 -3
cis-chxn (1 R 2 §) 8 x 104 43 -8

The interconversion slows down and AHT increases as the bulkiness of the carbon
substitution increases. It is suggested that the interconversion proceeds through an envelope
conformation. 3

H2 H!
N H? /N | H? Fig. 7.2 The & + A& equilibrium
(NC)4Fe§\ (NC),Fe T - for Fe(CN),(1,2-diamine)~, This
N , H N H? shows an alternati
shows an alternative representa-
2 H' tion to that in Fig. 7.1 for the
two conformations of the
5 A puckered ring.?

H

7.2 Configurational Isomerism

Configurational isomerism arises with complexes thatl are identical in all respects except for
the stereochemistry of the central atom. The isomeric forms arc also, incidentally, associated
with different electrenic configurations for the central metal. The thermodynamic aspects
have been much more pursucd than the dynamic features, which mainly concern (Ni(1I}.°
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336 7 Isomerism and Sterenchemical Change

7.2.1 Planar, Tetrahedral

The lability inherent in the planar, tetrahedral equilibria which nearly all involve Ni{1I) re-
quires that nmr line broadening?7 or photochemical perturbation® methods be used for their
kinetic resolution. First-order interconversion rate constants for

Ni{RR,R;P)LX, ~= Ni(RRR,P);X, (7.2)
(square-planar) (tetrahedral)

in CDCY, and CD,Cl, are around 105-10%s 7! at 25°C, Ref. 7. The complex Ni{dpp)Cl, (dpp
= (CM BLPICHLLP(C ), in CHLCN at room temperature exists as a mixture of com-
parable amounts of planar and tetrabhedral forms. Irradiation of millimolar solutions at
1060 nm

planar Ni(dpp)Cl, = letrahedral Ni{dpp)Cl, ki, k_., K| (7.3)

leads to absorbance by, and depletion of, the tetrahedral species with the formation of an ex-
cited distorted planar isomer within the time of the laser pulse. The reestablishment of the
original equilibrium in the dark following the pulse can be monitored at 470 am (where there
is a decrease in absorbance duc to planar loss) or 380 nm (an increase due to tetrahedral gain),
The observed relaxation time (.95 us at 24°C) means that (&, + &k_;)} in (7.3) is 1.05 x
10% s ! and since K, = k& /k ., = 075, k, and k_, are 4.5 % 10° s~/ and 6.0 x 10° s,
respectively.

7.2.2 Planar, Square Pyramidal

The basis of this rearrangement, as well as those in Secs. 7.2.3 and 7.2.4, is a change in the
coordination number of the metal.
The kinetics associated with the equilibrium:

Nifaex)®* + H,0 == Nifaex)(H,0)? ky, ko (7.4

have been measured in a similar manner to those of (7.3}, using a photochemically-induced
concentration jump. The values of &, and &, are 4.5 x 10%s 'and 1.5 x 107 s ! 1cspec-
tively at 20°C in waler,® Another cxample is mentioned in Sec. 3.4.3.
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7.2 Configurational Isomerism 337

7.2.3 Planar, Octahedral

This eguilibrium can be represented in general terms as the two steps (7.5) and (7.6),

ML 1§ = ML) 4, k_, (7.5)

ML(S) + S = ML(S), 43, k_; {7.6)
where S is a unidentate ligand (often sofvent) and L is a tetradentate ligand or two bidentate
ligands. ‘The equilibria are invariably labile {see however Ref. 10) and since ML(S) is usually
in small concentration compared with the other species, the perturbation approach (by
T-jump, " ultrasonic absorption™ ' or photolylic perturbation ) gives only one relaxation
and therefore an incomplete description of the system (Sec. 1.8.2). The study of the exchange
of ML(8), with S (by nmr line broadening) defines the sccond step (7.6}, and, combined with
the relaxation data, allows the designation of the rds. The study of the equilibria (7.7) il-
lustrates this approach.

. o k
Ni{[12]aneN*+ + 2 H0O “ B Ni{[12]aneN}H,O0)*' + H,0
{low spin sguare planar) k
—.\A——‘ Ni([12]aneN)(H, 03" a7
" (high-spin cis-octahedral)

Exchange studies vield k& , — 42 % 107s71, AH', = 33 kImol' and AS?, =
53K 'mol~!, The values &, — 58 x 10°M s, AH? = 43 kJ mol~! and AS} =
—28T K 'mol ' and k_,/k, = 0.016 result from the Tjump work (all data at 25°C in
3.0 M LiCIO}. " It is apparent then that the first step is rate determining in the establish-
metntl of the owverall equilibrium. This presumably arises because the frans, cis rearrangement
of the macrocyclic ligand occurs at this stage. Two possible [ree energy proliles are illustrated
in Fig. 7.3.%

A B

Fig. 7.3 Free energy profiles for planar-octahedral equilibria, In A, ligand or selvent exchange is more
rapid than the planar, octahedral equilibrivum as estabiished in (7.7). In B, the formation and dissociation
of the octahedral complex is rate-determining and the interconversion of the planar and five-coordinated
species is more rapid. S/

A related equilibriuin involving Lhe conversion of cis-Ni{[13JaneN YH,0%* to B-frans
Ni([I3]ancN,)?* is believed to involve a planar isomer, (u-trans-Ni{[13]aneN,)?*), as an in-
termediate:

cis-Ni([13]aneN,¥H,0)3' = o-trans-Ni([13]ancN > = B-rrans-Ni([13]JaneNj)3*  (7.8)
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338 7 fsomerism and Stercochemical Change

or a “dead-end” species (Scc. 1.6.4):

a-trans-Ni([13]aneN )2t = cis-Ni([13]aneN(H, 03" = B-trans-Ni([13]aneN )> (7.9}
The a- and B-planar forms arc configuraiional isomers and their interconversion require in-

versions at two nitrogens in the macrecycle ring {Sec. 7.9).'° A number of systems of the

general Lype (7.5), {(7.6) have been described > including those in which S may be an ex-
ogenous ligand, or may represent an endogenous donor atom of a multidentate ligand: u

Ni(N,O-salpip), — Ni(N,N,0-salpip), (7.10)
trans-O-planar cis-meridional

C)jD — / 9,

{planar when iridentate and musi bind meridonal)

7.2.4 Tetrahedral, Octahedral

Equilibria between tetrahedral and octahedral cobali(ll) complexes in nonagueous solution
are well characterized. Kinctic data arc sparse but those available from Tjump experiments
in pyridine solution are interpreted in terms of (X = Cl and Bry:*

Coipy),X; = ColpyyX, + py  rapid (7.11)

Colpy)sX, = Colpy)X; 1 py (7.12)

Stereechemical nonrigidity is ubiguitous with seven and higher coordinated complexes
because the geometries associated with them arc casily interconverted by relatively small
atomic displacements. > 1% Intramolecular rearrangements arc complex but their understan-
ding is helped considerably, but not soived, by nmr techniques.?

Muagnetic susceptibilities of so!uz:orzs — These arc useful paramelers lor determining
equilibrium constants for reactions involving spin changes. The Evans nmr method utilizes
the observed shift in the resonance line (sav of a proton of t-BuOH or hexamethyldisilox-
ane) in solution when a paramagnetic substance is added. The paramagnetic shift Af is
related to the magnetic moment (u, of the sclution at TK by the approximate exprassion

= 0.4HAFT/FM)'?

where fis the oscillator frequency (in Milz) and M is the molarity of the substance {(D. K.
Evans and T, A, James, J. Chem. So¢. Dalien Trans, 723 (1979)).
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7.3 Spin Equilibria in Octahedral Complexes 339
7.3 Spin Equilibria in Octahedral Complexes

High-spin and low-spin electronic states exist in thermal cquilibrium for a few octahedrat
Fe(Il), Fe(IlI), Co(ll), Co(lll), and Mn({lll} complexes. %' Some differences in bond
distances accompany the spin changes. The extreme lability of the systems necessitaies the
most rapid relaxation or (increasingly popular) photoperturbation techniques (Chap. 3) for
the examination of their dynamics. Data for two of a number® of equilibria which have been
measured are shown in Table 7.3. For Co(11), rate constants for the interconversion of the spin
states are estirnated as approximately 10'% s-!  (Ref, 6) so that in general the order of
decreasing lability is Co(1T) > Fe(III) > Fe(I1). The first reported dynamics were for the spin
equilibrium in an iren(1l) complex using Raman laser T-jump. ¥ Since then the Fe(1[} systems
have been the more extensively examined,? 2 Iron(IT)-ligand bond distances are anywhere
up to 0.20 A shorter in the low spin than in the high spin isomer and the accompanying
volume increase in going to the high spin form is 8-10 cm? mol~! although this is smaller
than would be expected.  The pronounced diflerences in the activation parameters for the
spin change for the Fe(I1)2%22% and Fe(1I1)* systems in different solvents suggest that solva-
tion effects are impertant, although the situation is complicated.? The values for A¥* in
either direction indicate that the transition state lies well along the reaction coordinate between
the low and high-spin states.

Table 7.3 Dynamics of Spin-Crossover {Low Spin = High Spin; &,, &_ |} in Iron(iI} and (IIT} Com-
plexes in Solution at 25°C

# ! '# A V#
Complex f]" kAf:{r;]()l -1 ?IS(I‘ fmol ! Cm13 mol Refs.
Fe(II)L, 5 %108 31 —9 5.5(5)%
(t§, = tied) 23 (photoperturba-
tion), see also
L= k_, AHT. AST, AVT. 24 {photoperturba-
H 1.0 x 107 15 —58 —5(—3 tion) and 25 (Raman
A Tjump)
NN
Me,CO)
Fe(I1I)L k, AHF AST
s klmol-' JK ' mol~! 28 (ultrasonics), see
(t3, — t3,e2 6.1 x 107 3 9 also 27 (pholoperiur-
at 200-255 K in
L = k_, AHF, AS*®, CHL,OT (extrapolated
Salytrien 13 x (0% 10 -57 T=3tlnsat
(H,0) 25°C).

The study of the dynamics of spin-state changes is important for the understanding of the
kinetics ol bimolecular electron transfer reactions®?® and racemization and isomerization
processes (See. 7.5.1).%% Low spin — high spin equilibria, often attended by changes in coor-
dination numbers, arc observed in somc porphyrins and heme proteins,*® although their
biological significance is, as vet, uncertain.
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340 7 Isomerisin and Stereochemical Change

7.4 Linkage Isomerism

There are a large number of unidentate ligands that can coordinate through only one donor
cenler bul that contain more than one donor site. Many linkage isomers based on the
framework M(NH,).L** M = Co(III}, Ru(lI}) or Ru(IH}, have been prepared. A list is col-
lected in Refs. 31-33. The classic pair of linkage isomers is Co(NH,ONO?* and
Co(NH,;);NO3* which have been extensively investigated, with new features continually ap-
pearing (see below). ¥

The preparation of linkage isomers relies mainly on kingtically-controlled processes. Thus
the reaction of Co(NH,),H,0%' with SCN - ion gives both the stable N-bonded,
Co(NH,)NCS?* (=75%) and the unstable S-bonded, Co(NH;LSCN?* ions. The two
isomers can be separated by ion exchange chromatography.® If the Co(IID-O bend is not
severed when H,0O is replaced in Co{NH,}H,0* by another ligand an wastable O-bound
linkage isomer may result, as for example, in the production of the nitrilo isomer in acid

solution3* %
Co(NH,);H;0% = Co(NH,)0H> + H* (7.13)
2HNO, — N0, + H,0 (7.14)
Co(NH,;;O0H?' + N;O; — Co(NH,;10ONO?' + HNO, (7.15)
d[Co(N1L);ONO?*|/df = Kk [Co[NH,);OH*"] [HNO,|? (7.16)

The base hydrolysis of Co(INH;)sX"* gencrates the species Co(NH3),(NH,)?' and either
donor site of 5,037, NO; or SCN~ (when present in solution) can attack the transient to
generate bath linkage isomers (Sec. 2.2.1(b)).

Onc impoertant approach Lo preparing linkage isomers uses the inner-sphere redox concept,
combined with the fact that a4 ligand capable of forming linkage isomers is usually a good
bridging group. Thus, the reaction of Cr?* with FeNCS?** produces by remoic attack (Sec.
5.6 (c)) green CrSCN2* which slowly rearranges to the stable purple CrNCS?*.% Most
Co(Ill} complexes with the sulfito, sulfinato and suifenate groups contain Co-S bonding.
Photochemical irradiation may effect isomerization, e g.*8

hv
Co(en),(SO,CH,CHNHL) ™ == Colen)y(OS(O)CH,CILNL) (7.17)
ar

The reversion to the S-bonded chelate in the dark is very slow & = 1.5 x 107!
(39.9°C). %

The characterization of linkage isomers is usually accomplished by ir or nmr methods. For-
tunately there are often strong spectral differences in the linkage 1somers. For example, in
Co(NH,),L** L = —0ONO, & = 1.5 x 10° M 'em ™' and L = —-NO,, ¢ = 1.7 x
F0* M ~'em ™ at 325 nm; Co-8 bonding in the sulfur-bound S,03 or SCN~™ complexes is
characterized by a strong band at 289 nm (¢ — 1.5 x 10* M~Tem ~1).* Kinetic studies of
linkage isomgrism invariably uses these uv-vis absorbance diflerences,
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7.4 Linkage Isomeristit 341

7.4.1 Rearrangement Studies

There are basically two Lypes of mechanisnis which can cxplain rearrangement of linkage
isomers. In the intermolecular mechanism, the ligand giving rise to linkage isomerism
(L—L,, with two donor centers) dissociates from and recombines with the metal M:

ML —1,) = M4 {L — L) = M{L, — L) (7.13)

In the intramolecular mechanism, the ligand L —L, rearranges its mode of coordination in
M{L — L,) without severence from the metal M. Intramolecular rearrangements dominate
the field.

The isomerizations of the nitrito complexes M{NH },ONO"' 1o the corresponding nilro
compounds M(NH);NO3 ', M = Co(III), Rh(IIT), Ir(HI} and Pt{IV), arc complete in solu-
tion, and have similar first-order rate constants for rearrangement. This strongly suggests that
M-} bond cleavage does not occur during the isomerization. This is substantiated by 1301
or 0% studies of the Co(fI} complex. A suggested rearrangement mechanism is %

EN

{NH3)5Co-ONG** —— (NHg)SCO—OA‘\O ——=  {NH;)sCo-NO;' (7.19)

The tight m-bonded intermediate is consistent with a negative volume of activation.® It
also explains the (unanticipated) O-to-O exchange in the nitrito ligand at a rate comparable
to the O-to-N isomerization (Sec. 2.2.2). k,/k, = 1.2%

Ky

(NHy)sCo—""ONC"' —=  (NH,}:Co-ON 70"

Nz

{NH,)sCo-NO' 0™

The rearrangementts of (NH,);M(ONO)?*, M = Co, Rh and Ir, are all base catalyzed (Sec.
1.10.1}

k =k + k,JOH"| (7.21)

For the spontancous change cxamined in 16 selvents, &, spans 2 orders of magnitude, bul
AV* varies only from — 3.5 to —7.0 cm?mol~!. The plot of AH ¥ against AS¥ is linear, so
that an intramolecufar mechanisni in all solvents is favored.** For the &, path, AV* is much
more positive, +27 cm®mol™! in water, consistent wilth a conjugale base pre-equilibrium,
with most of AV* residing in the release of clectrostricted water (from GH ) in the pre-
equilibrium. An intramolecular mechanism is favored.*® Other linkage isomerizations which
have been examined are also intramolecular. ¥3? This is shown by one of several observations
— isotopic labelling experiments, the values of the activation parameters**#® or by a more
rapid ratc of rcarrangement than dissociation (solvolysis). Table 7.4 conlains some novel ex-
amples of linkage isomerization.*”"* An unusual tvpe of linkage isomerism is shown by
some cryptand compiexes. In the inclusive form the solvent shell of the metal ion is completely

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



342

7 Isomerism and Stereochemical Change

Table 7.4 Some Recent Examples of Linkage Isomerism

System Comments Ref.
OH OH Unusual exampile of bidentate ligand involved 47
o— ;’:O O—IL:O in linkage isomerism. Forms characterized by
| | AP nmr and x-ray diffraction. By isomer
(l) (Ij favored at 40°C pH 6.5, No kinetic data on
/Of pP—0 ofT:o rearrangement.
|
(NH2)4Co 0 {NH3).Co 0
AN I !
o—aln:o O—IE—‘:O
OH OH
By @,y
M, —N (NH5)sCo-Nz —N N-1-bonded prepared by novel method (Sec. 48
2 2 ! & .
/,:"“~‘ 5 a”__\‘ ' 63.3). Isomerises (0 N-2-bonded, & =
(NH3)5Co-N{ o L Ny NisoZNg 19 %10 8 ! at 25°C and p = 1LOM
|5 Clb (R = CH,;) Rearrangements are acid and base
R R catalyzed. Intramolecular (no  hydrolysis
N-1 bonded N-2-bonded observed). See also Ref. 49.
(I‘\JHu)bOs—NHg+ NH, [.inkage isomerism trom N-bound to m-bound 50
. aniline to Os. k(N — @) = 2.3 x 10757
(NH3)s0s and k{m -+ N) 46 x 10~ % 'in acelone-
)
de at 20°C. Intramolecular (no solvolysis is
ohserved),
N—bound n—bound
H\ Q\* H o " Alterdentate ligands which offer lwo eguive- 51
N—<'\ M \N ! Jent siles for metal binding.. Intramolecular
v

site transfer (k) by epr line broadening (Sec.

G 0
N o O:< S 3.9.8). Rate dependent on closced-shell metal
/ | JN :\/M ion M, with a range of &£ = 1.3 x 10%~"
o0 0 (Mg} t0 4 % 1055~ (Cd>*) in dmf at 25°C

(complex of radical anion of alloxan, prepared
by clectrolytic reduction in dmf in esr cavity)

replaced by the cryptand donor atoms. The ccordination shell of the metal 1on in the exclusive
isomer consists of both ¢ryptand and other {unidentatc) ligands. The equilibrium (comparc
Structure 15, Chap. 2):

Csh = 2,252, = Us* 2,22, — 52,22,
exclusive

(7-22)
inclusive

has been examined by **Cs nmr in nonaqueous solution. ¥
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In the solid state, the remarkable complex Pt(Me,SO)(CF,50,), has two O- and two
S-bonded ligands attached in a ¢is-PU({Il) cation conliguration, 2. This structure is retained
in solution.™ The exchange of Me,80 with Pt{OSMe,),(S(MMe,)3* in CD,NO, is necessa-
rily complicated, but the details have been resolved using 'H nmz Kinetic parameters have
been obtained. The exchange of the O-bonded dmso is aboul 10% times faster than that of
water exchange on Py{H,0¥ ', showing the powerlul trans effect of S-bonded dmso. *?

CH 2+
CHaSmg a2
N/ o
F'l\
? S(CHy)z
S(CHil. o

2

7.5 Geometrical and Optical Isomerism

This is by far the most studied of the isomerisms, with thosc of square planar and octabedral
complexes receiving the major atiention. As we shall see, developments in the preparation and
separation of isomeric forms and the clever use of nmr techniques have played a major part
in the increased undersianding of the field.

7.6 Octahedral Complexes

There arc a variety of combinations of unidentate ligand and/or multidentate ligands placed
around an octzhedral frame which can lead to geometrical and/or optical isomeric
forms. %355 The most studied types are undoubtedly M{AA),, M{(AA ), and M(AA),XY,
where AA and AA; are symmetrical and unsymmetrical bidentate ligand respectively, and X
and Y are unidentale ligands. Subscquent discussion will show that geometrical isomerization
and raccmization are obviously interrelated and it is thercfore sensible not to scparate their
discussion. Indeed, examination of both processes for specific complexes can be more reveal-
ing than their separate characterization alone. % Most studies refer to behavior in solution,
there having been a limited number of investigations of rearrangements in the solid state. In
the past decade, attempts have been made to elucidale mechanisms of rearrangement by using
AV'F values, with variable success. (138

7.6.1 Complexes of the Type M(AA),

The two optical forms designated A and A are shown in Fig. 7.4. Since the bidentate ligand
is symmetrical, geometrical isomerism cannot arise.
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344 7 Isomerisim and Stereochemical Change

la) A-configuration

A B C

{b) A-configuration

A B C

Fig. 74 Equivalent representations of the complex M{AA),. The usual octahedral representation is
shown in A. In B, viewing is down the C, axis; threc metal-ligand bonds point towards the viewer, and
three point away. [n C, the oppaosite faces of the octahedron are shown when viewing is down the C; axis.
Representalion B will be often used to illustrate conligurational changes.

In (a) the A configuration is shown and in (b) the mirror-image, A configuration, is represented, The
designations A and A were previously termed & and /4, or 2 and L forms (not nceessarily respectivelv).

Stercochemical rearrangenient of the two isomers can occur by intermolecular and in-
tramolecular mechanisms. These take the following form:
(a) Complete dissociation of one figand,

M(AA), = M(AA), : AA (7.23)

This mechanism 1s supported by identical dissociation and racemization rate constants. This
further implics cither that the bis species M(AA), is racemic as formed, or that it may
racemize {by a cis-trans change, or by a dissociative or intramelecular path) more rapidly than
it re-forms #ris in the dynamic equilibrium {7.23). Identical activation parameters for the
dissociation (to the bis specics) and racemization in aqueous acid™ (Table 7.5) and other
solvents™® of Ni(phen)?* and Ni{bpy);* indicate that these ions racemize by an intcr-
molecular mechanism. This is the only such example for an M(phen){* or M{(bpy}it species
(see Table 7.5)°77% although recently it has been observed that Te(bps)i~ (bps is the
disulfonated phenanthroline ligand shown in 13, Chap. 1) but not Fe(phen)' also racemizes
predominantly by a dissociative mechanism in water.™ For the other #ris-phcnanthroline
complexes (and for Fe(bps)j~ in MeOH rich, MeOI11/11,0 mixtures®®) an intramolecular
mechanism pertains since the racemirzation rate constant is larger than that for complete
dissociation of one ligand, Table 7.5.

There are basically two types of intramolecular rearrangements which are not casy to
distiguish cxperimentally. In one type, intramaolecular twisting occurs without any metal-
donor atom bond rupture. In the other, rupture of one metal-ligand bond of the chelate occurs
to give a five-coordinated intermediate, >96(b). 56
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Table 7.5 Activation Parameters for Racemization and ligand Dissociation of M(AA)™ lons at 25°C

fon k AHY AS7 AVT Rof
g ! kImol=!  FK 'mol™' cm*maol ! ’

Fe{phen)it rac. 6 x 10 ¢ 118 + 89 +16 57,60
(0.01 M HCL
dissoc, 7 ox 1073 135 + 117 i15
{1 M HCI)

Fe(bps)? rac. 2.7 % 10677 130 | G0 - 59
(H,O)
dissoc. 2.8 x 1077 130 490 - 54
(I5,0)

Colphen)i ' rac. 6.9 kYl —125 - 61
(1L,0)
dissoc. 0.16 85 +21 — 61
(H,0)

Ni(phen)%*’ rag.?® 1.7 x 107* 105 +12 -2 57,58
(1 M HCl)
dissoc.® 1.6 x 1674 102 +3 -1
(1 M HCL)

Cr(phen)i- rac. P 6.7 x 10 * 94 —56 +3 62
(0.05 M IICI)
dissoc.? very slow - - -

Cr(C,0)1" rac, L6 x 1073 66 —76 —16 62
(0.05 M HCl)
digsoc. C - -

4 AL45.0°C Y ALTS5°C  ° Does not exchange with “C,02~ during racemization.
A

() Twist Mechanisin — This mechanism can be considered as arising from the twisting of
opposite faces of an octahedron through 60 degrees to form a roughly trigonal prismatic stalce
(I[Mig. 7.5). Further twisting through another 60 degrees leads to inversion. There are two types
of transition statc depending on the pair of trigonal faces chosen for the rotation operation,
that is, depending on the axis about which rotation occurs, the C; axis (a) or an “imaginary”
Cy axis (b). The form (a) produces a transition stale that has a C; or pseudo C; axis and is
termed a trigonal twist. 9 A “rhomboid {rhombic) twist!” * pictured in (b), produces a transi-
tion state with no such elements of symmetry. Both twists lead to optical inversion. The two
mechanisms are very similar, %% The Ray-Dutt twist is a rigid-ring process in which donor-
metal-donor angles and chelate internal ring angles remain constant throvghout the inversion.
The Bailar twist involves a flexing of rings and changes in all of the internal chelate ring angles
can occur. Because of these difference, the types of chelale complexes, lor which one of the
twists is more likely, can be assessed.

(c) One-Ended Dissociation Mechanism — This intramolecular mechanism can proceed
through a bipyramidal or square pyramidal intermediate {(Fig. 7.6).%% It is usually easy to
distinguish between an intermolecular (2) and either of the intramolecular mechanisms (h) or
(c) by comparing the racemization and dissociation rale constants.
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346 7 Isomerism and Stereochemical Change

Fig. 7.5 (a2} The irigonal, or Bailar,
twist, in which opposite faces of the
actahedron arc twisted around a Cy
axis, through an angle of 60° 1o form

Lhe eclipsed transition stale. Further

A Eclipsed or A twisting of 66G° leads to an inverted
trigonal prismatic configuration. (b} The rhomboid, or
state Ray-Dutt, twist. Opposite faces of an

octahedron are twisted but about a
ta) Trigonal or Bailar twist pseudo C; axis. There are eight C; axes

{normal to the eight trigonal faces of
the octahedron), When three bidentate
ligands span the oclahedron, there are
then only two C, axes and six pseude,
or “imaginary”, C; axes. Rotation
around ane of the two () axes con-
slitutes 2 trigonal Lwisl. Rotation
around one of the six pseudo axes con-
stitutes a rhomboid twist. It can be
scen from Fig, 7.5 that viewed down
{b) Rhomboid ar Ray-Dutt twist the Cy axis, one corner of the face is
always joined by the ligand to a corner
of the orker face. Viewed dewn the
“imaginary” axis (Fig. 7.56), only one
(of the three) corners is seen joined

from one face to the other.

MO Fig. 7.6 Onc-ended dissociation
mechanisms for the racemization
SPI of M{AA}; [[rom Ref. 62].

Two 'H nmr signals are observed at lowered temperature (--20°C) for the two non-
equivalent N,N-dimethyl substituents in Cof{ompa)?' which are indicated as N(1)Me, and
N(2)Me, in Struciure 3.% When (he temperature is raised the signals are modilied as the in-
terchange N(DMece, = N(2)Me, beecomes increasingly rapid (slow exchange region from
—21°C to+3°C and fast exchange region from 44°C to 70°C with an intermediate
coalescence temperature). This interchange is brought about by the inversion A = A about
the chiral cobalt, the dynamics of which are therefore indirectly measured, The inversion
kinetic parameters arc shown in Table 7.6.% Only at higher temperatures (60-100°C) does
the exchange of Co{ompa);” with free ompa become fast enough to be examined, also by
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7.6 Outahedral Complexes 347

nmr line broadening methods. This behavior shows in a striking manner the faster inversion
than dissociation rate. The approach also illustrates the power of the nmr method for measur-
ing inversion rates particularly in paramagnetic complexes,®” without resorting to tedious
resolution techniques. The latier is nol a viable option with labile systems anyway.

CHy

I
\C/,. IN— ¢,

| Neu
N 3
H, S
CH,
3

Table 7.6 Inversion of Co{ompa)* and Exchange with ompa in CD,CL,/CD,NO, mixture at 25°C

Reacti k AHY As?

; :
eaction kJ mol ! ITK '"mol '
inversion 1.6 x 1045~ 36 25
exchange 3.8 M fg! 54 —51

It is difficult, in general, to assess the relative importance of the twist and dissociation mode
of intramolecular rearrangement. With Co(ompa)?*, one-ended dissociation is favored since
there is a general parallelism belween optical inversion and ligand exchange rates for com-
plexes of this type with a varicty of metals. A common [ive-coordinated intermediate is
postulatcd for both processes.® - On the other hand, onec-cnded dissociation is not easily
cnvisaged with M(phen)?® complexes since the phenanthroline ligand is rigid. The more
rapid racemization of Fe(phen)i*, Co(phen)?’ and Cr(phem)}* compared with ligand
dissociation (Table 7.5) sirongly suggests that here a purely twist mechanism is operalive.
Nowhere has the difficulty in distinguishing between the intramolccular mechanisms for
raccmizations been more evident than with chelated complexes containing oxalate groups par-
ticularly of the type M{C,0,)3 . Racemization is invariabty faster than the complete loss by
aquation of one oxalate group, so that an intermolecular mechanism can be ruled out. ™
With these complexes, we have an additional probe that should in principle help us (o
distinguish between the intramolecular paths (b) and (¢). This is the cxamination of the ox-
change of '®0 between H,0 and the oxygens of the coordinated oxalate (Sec. 1.9). Exchange
of the outer oxygens of Rh(C,0,)~ (Table 7.7)"° and Co(C,0)i~ is much faster than
racemization. Rate constants {or inner-oxygen exchange and racemization are similar, sug-
gesting a common intermediate for both processes involving one-ended dissociation, A similar
vonclusion has been reached for the racemization of Cr(C,0,);~, although the argument is
circuitous. 5
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348 7 Isomerism and Stercochemical Change

Table 7.7 Raic Paramcters for Acid-Catalyzed Oxygen Exchange and Racemization of Rh{C,0,)~ at
56°C (Ref. 70

10% Xk (exch)? AH ¥ {exch) 10% = k (rac)® AH T (rac)
5! kJ mol—! 571 kl mol~!
Outer O 148 71
[nner O 8.4 95
Racermization 4.2 98

2 Value of & in A [H ] term in rate law

It has not been easy to use AV 7 values to support a racemization mechanism, nor indeed
to rationalize AV in terms of known mechanisms. For racemization, AV ° is zero and to a
lirsl approximation AF? might also be expected to be near zero for a twist mechanism. For
both Cr(phen)i* and Ni(phen)i' however AV? values arc near zero, although the
mechanisms are undoubtedly intra- and inter-molecular respectively. A large negative value for
AVT for Cr(C,0)1~ can however be rationalized in terms of a one-ended dissociative
mechanism in which solvent electrostriction of the newly developed charge center (—CO; )
dominates in the overall volume of activation. It is probably true thal lor sirong-field df
complexes, a spin change occurs along the reaction coordinate for isomerization, racemization
and substitution processes.” Thus the large positive AF' value for racemization of
Te(phen);* may arise from a contribution from the preequilibrium low-spin to high-spin ex-
citation (Sec. 7.3). The small residual componeni of AV™ is consistent with the proposed
twist mechanism. ® Sec also Ref. 72. It is apparcnt that rationalization in hindsighl abounds,
which is understandable in these relatively early days of the subject.

7.6.2 Complexes of the type M(AA )3

One valuable, although not easy, approach for distinguishing the various types of in-
tramolecular change is by using chelates of the kind M(AA,);, where AA, represents an un-
symmetrical bidentate ligand.® Geometrical™ as well as optical isomers now exist (see
Fig. 7.7), so that there are a number of isomeric changes that can be studied. These are
thoroughly discussed in Ref. 2. Different resolts, dependent on the modes of intramolecular
rearrangemenl, can be expected. This idea 1s illustrated by considering the likely consequences
when the cis-A form rearranges by any of five distinet routes (a) to (e).” Figure 7.8 shows the
product(s) and the ratio of rate constants that would result for the various changes. The twist
mechanism (a) leads to inversion without isomerization. The rhombic mechanism (b) leads to
inversion and isomerization. Bond rupture via a trigonal-bipyramidal intermediate (TBI) with
the dangling ligand in an axial (¢) or cquatorial position {d) causes isomcrization with or
without inversion, respectively. Rearrangement via a square pyramidal intermediate (SPI),
with the energetically most likely structure shown (e), leads to equivalent amounts of all
forms.

The observed ratios of rate constants {or the rearrangemenl of cis-A-Co(bzac);, 4 im-
mediately rules out mechanisms (a), (d), and (c) as primary paths. (Fig. 7.8)™ Thc very
similar activation parameters for isomerization and inversion of cis- and #rars-Co(bzac),

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



~ I—J/\ ky
~ ) —
R SS—

| Z

cis-A

K5 K 2
Ky || ka P
K, z

K
| ~
>

trans-4

Ky |{ks

|
1

frans-A

7.6 Octuhedral Complexes 349

Fig. 7.7 Geometrical and optical
isomers of chelates ol the type
M{AA,); and their interrelation-
ships. The ligand AA, is
represented as shown.

support a common mechanism for the two processes. ‘This cannot be a completely dissociative
one since ligand breakage is some 300 times slower than rearrangement at 96°C. This leaves,
48 the favored paths, cither a twisting mechanism with 80% rhombic (b) and 20% irigonal
(a) character in the activated complex, or a bond-rupturc mechanism with 80% axial TBI {c}
and 20% SPI (e) contributions. The bond rupturc is favored by a high AH* valuc (138
kI mol~! compared with 200 kI mol~! for complete rupture of one bzac ligand). Inversion
must occur at least partly by Co—0 bond ruplure because inversion is accompanied by
linkage isomerism, the latter ingeniously shown by using the deuterated complex: ™

G

cD,

{(7.249)

Linkage isomerization cannot occur by a twist mechanism,
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Fig. 7.8 Ratios of rate constants (sec Fig. 7.7) anticipated for various intramolecular mechanisms, and valucs found experimentally for rearrangement of
cis-A-Colbzac), in CHLCL at 96°C, Ref. 74,
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7.6 Ociahedral Complexes 351

7.6.3 Complexes of the Type M(L)(L,)

In this group, L, and L, represent symmetrical terdentate ligands, which may be identical.
The main product from the reaction of [Co(N11,)};ClJCL, with dien is the s-fac Cofdien)3*
isomer 5a. On heating solutions of this isomer for long times, small quantities of the other
isomeric forms, u-fac and mer, result, 5h, and ¢ (R, — R, —H). Separation of the three forms
is carried out by using Sephadcx cation cxchange columns. Characterization of the isomcers
is possible by '3C nmr which together with absorption spectroscopy, is used to study the in-
terconversions,

2N _ Nf“’:
/) /jfz,::' /4
v

N N N
o/ ~ L)
R, Rz
s-fac u-fac mer
5(a) 5{h} s(c)

These occur by intramolecular twist (b) or bond-rupture {¢) mechanisms, (See 7.6.1) consult
Ref. 75 for full details. Subsequent to this early work, the rearrangements of Cofida),,
Co(ida)(dien)* and Co(11l) complexes of N-methyl derivatives of ida and dien have been
quantitatively examined, by balch analyses. ™" For Co(ida)(dien) *, the kinctics of the se-
quence:

6.2 x 1078 32 % 078

u-foc mer s-fac 7.25
L 80 x 1078 1.0 % 1076 ( )

have been determined with the results shown (40°C, pH 10.0, p — 0.1 M; all rate constants
571, The rate constant for the decrease of the circular dichrolsm of (+ )5, w-fuc is
24 x 10-%5~!, which being larger than the sum of the ratc constants of u-fac — mer and
u-fac — s-fuc (for which & is only 0.5 x 107871, indicates that racemization of u-fuc oc-
curs without geometrical rearrangement. The mer = s-fac change is most easily envisaged
in terms of bond rupture, whercas the w-fac = s-fac interconversion involves gross changes
and both types of racemization mechanisms are likely,” All interconversions arc base
catalyzed:

Vlscm = k [complex] [OH ] (7.26})

and a mechanism similar to that discussed in Sec. 7.9 is suggested. "7’

7.6.4 Complexes of the Type M(AA),X, and M(AA),XY

Mechanisms leading to geometrical isomerization in complexes of this type resemble those
already discussed with M{AA)), and M(L}1.;}, Secs. 7.6.2 and 7.6.3. As well as twist
mechanisms, dissociation of either the unidentale ligand or one-ended disscciation of the
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152 7 Isomerism and Stereochemical Change

chelate or even an associative mechanism, must be comsidered, Fig. 7.9.% In gencral, total
dissociation ol one AA grouping, as a contributing path, can be discounted. Usually the rates
of geometrical isomerization and racemization of complexes of this type are similar to the rate
of aquation. ‘This means that rearrangement is often accompanied by a net chemical reaction.

A

A T A\ /
(& ( T ) _ /I| \
X

X A A
A\'/A : A\|\ - A\l/A
ok =P =k
A ! A ) . X y
| LD
A\ /A R A\—/ L A\ /A
o — o = of
X X
. \]/ A\I/A ____.k{
© /I\) A/x/|\A) ) /|‘-

Fig. 7.9 Mechanisms which can interconvert frans, cis isomers of the type M{AA)X, include (a) twist,
{b) dissociation of a unidentate ligand, (¢) one-cnded dissociation of one AA ligand and (d) associalive
attack by X.%

For a number of optically active ions of the type cis-M(AARLXY ™", where M = Co and Cr,
there is an initial optical rotation change (mutarotation) that is simiiar in rate to that of acid
hydrolysis, for example,

cis-A-(+)-MIAALXY® + HyO - > cis-A-( 1 )-M{AAL(ILOIX2 + Y~ (7.27)
The resultant aqua ion then racemizes to zere roration more slowly and without loss of
X . In many respects then, the agua ion is the most suitable one to examine for the relation-

ship ol isomerization, racemization, and substitution (using water exchange). ™ For the inter-
conversion

cis-Co(en),(H,OYCIE = truns-Colen),(H,0)C1% (7.28)

the associated volumes of activation are 8.0 and 5.1 cm?mol~! for the forward and reverse
directions. ™ The volume of the activated complex, V7, is therefore some 3-8 cmmol™!
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7.6 Octahedral Complexes 353

larger than cither the cis- or trans-isomer. This appears 1¢ rule out a twist mechanism. Bond
cleavage of the Co— 11,0 hond is believed to occur during the rearrangement and since the
exchange

trans-Colen},(H,*OR* + 2H,0 = frans-Colen),(H,03" + 2 H,*O (7.29)

is stercoretentive and has an associated AVT = 59 cm?mol !, an [; mechanism, with a
tetragonal pyramid transition state, is suggested for both exchange (7.29) and cis = #rans
rearrangement (7.28).7% A similar mechanism iy suggested for a number of complexes of
the type Colen),(I1,0¥X"* Ref. 79. To illustrate the complexity of the field consider however
the volumes of activation [or the cquilibration of cis- and frans- Co(en);(H,03 . The values
of AFF are 15.3 cm®mol ! and 14.3 cm?mol~! in the two directions. They suggest a D
mechanism and a trigonal bipyramidal transition state!?' A final (encouraging) comparison
of k(cis -+ trans) and k{rac) in Table 7.87 shows that for X = OH , C1~, Br~, Ny and
probably SCN~ and H,0 (but not NHj) in Co(en),(H, )X ™", racemization must arise
predominantly because of the cis — frans conversion, rather than through the operation of
a distinct 2-(+)-¢is = (+)-cis + (—)-cis process.

Tuble 7.8 Rate Constants (k, 5 " for the Isomerization, Racemizatrion, and Water Exchange of Com-
plexes of the Type Co{en),{H,O0)X 7t at 25°C Ref. 78.

X 10%% k(cis > trans) 10%% k (trans — cis) 10%x k{rac) 10%x & (exch)
OH- 220 296 220 160

Br— 5.1 15.3 4.7

Cl- 2.0 5.4 2.0

Ng 5.2 1. 43

NCS— 0.014 0.071 0.022 0.13

H,O =0,012 0.68 =0.015 1.0

NH; < 0.0001 0.002 0.003 0.10

A number of complexes of the type M{AA),X, are neutral and soluble in organic solvents.
They are stercochemically non-rigid on an nmr time scale, that is they display nmr line
broadening or collapsc in accessible temperature ranges. > Concommitant solvolysis problems
can usually be avoided. The behavior shown is typificd by the complexes Ti(B-diketone), X, .
The cis-configuration is invariably the stable one in solution, e.g. 6

d
HyC H
¢ o
X, | o
/‘/Fi\
P
O. D—cHd
‘\‘__I' 3
c H
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354 7 Isomerism and Stereochemical Change

Inversion of configuration results in the broadening and collapse of the two distinet ninr
signals of the diastereotopic geminal CH, groups in X (— OCH(CH,), in 6). Exchange of
CH, groups between the two inequivalent sites a and b in acac in 6 is probed by the usual
changes in nmr signals (Sce. 3.9.6). The activation parameters associaled with these two pro-
cesses arc essentially identical. Since these rates decrcase markedly as the R group in X (=
OR) increases in size, a common twist mechanism for inversion and exchange is strongly sup-
ported.® The nmr approach js vital for even a glimmering of understanding of these
mechanisms, partlicularly with the unsymmetrical bidentate ligands (Sec. 7.6.2).2

7.6.5 Isomeric Forms As Biclogical Probes

Although outside the main thrust of the book, attention should be drawn 1o the important
use that octahedral complexes are receiving as molecular probes. Metal complexes can
somelimes recognize specific sites on biological material, ® # The array of isomeric forms
possible with some metal complexes (previous section) adds a dimension to their use as probes.

The racemic Fe(l1I) complex containing a hexadentate ligand, Fe(5-Br-ehpg)~, can exist in
racemic (RR and SS} and meso (RS} forms (Struciures 7a and 7b)® which have different
solublities in methanol.

Br
0
it
o~¢ o
~
Nr—’l/\.N o N‘_\"I N C=q
“Ee” ‘Fe =
Fe Ve
w, / 7| v
/ o/| Y 9 EO |
O Q
BI‘/@C/ Br c
Il ]
e} 0
R,R[Fe(5-Br-ehpg) ] meso-{Fe(5-Br-ehpg) |
7(a} 7(p)

The racemic isomers have much higher binding affinities than the meso form for the
bilirubin site on human serum albumin. Bilirubin is the heme breakdown product which binds
to albumin and is transported to the liver. The resemblance of the shape of the RR form to
that of the extended form of bilirubin is striking. (Figure 7.10%%), This illustrates the potential
for using metal complexcs for probing macromolecules such as DNA.#* Chiral metal com-
plexes, particularly of the tris{phenanthreling) type can recognize and react at discrete sites
along the DNA strand. They are thus sensitive probes for local DNA helical structures. The
binding of the complex may be either through noncovalent insertion between base pairs or
by covalent attachment.® Ru(Il} complexes are particularly useful for these sludies since
they have intense absarbancics, and are inert 1o substilution and racemization. The overall af-
finily increases as the matching of the shape of the complex with the DNA site improves.
Strong binding increases the tendency for enantioselectivity. * Finally, the B, v or a, B, &
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7.7 Four-Coordinated Complexes 3558

bound Cr'™MATP and Ce'"ATP diastcroisomers {sec Table 7.4) have been used effectively as
chiral probes and inhibitors. Usually only one isomer shows activity, whereas the other isomer
may bhind, but nonproductively. Thus it is possible to deduce subslrale specilicity and
mechanisims of action of enzymes for which MgATP or similar molecules are substrates. ¥

CHy
:
/ T -G0O0H
Cit,
bilirubn 1%

Fig, 7.10 Martching of RR from 7a (thick lines) with the extended form of bilirubin IX (dashed lines).
The extended conformation of bilirubin is one of several possibilities and it is uncertain which of these
it adopts when hinding to albumin. The iron atom of 74 is placed at the central methylene of bilirubin.
A number of the peripheral groups have been omitled from the structures for clarity. ® Reproduced with
permission from R, B, Lauffer, A, C, Vincent, S, Padmanabhan and T. I, Meade, J. Amer, Chem, Soc,
109, 2216 (1987). € (1987} American Chemical Socicty.

7.7 Four-Coordinated Complexes

The 1wo shapes associated with four-coordination are terrahedral and square-planar. In the
former only optical activity and in the latter only geometrical isemerism is generally en-
countered in the appropriate motecules. ¥’

7.7.1 Optical Isomerism in Tetrahedral Complexes
The preparation, and even more the resolution, of an asymmetric tetrahedral center in Werner-

type complexes has been thwarted by the configurational instability of tetrahedral complexes.
Howcever the use of ligands of the strongly &, @ bonding type imposes stability and the forma-
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356 7 Isomerism and Stereockemical Change

tion of optically active tetrahedral complexes of a large number of metals have been re-
ported. ¥ Some cnantiomeric forms are configurationally stable, ¢ g, Mn{COWNO)(cp)Ph,P
does not raccmize in tetrzhydrofuran solution for scveral wecks. The optical forms of
Mn(COOCH, ){NO)(cp)Ph,P racemize slowly in benzene solution and the large enthalpy of
activation (128 kIJmol ~1) suggests a disscciative mechanism for racemization. This is strongly
supported by similar exchange rates with PhyP and by the observation that racemization is
slowed in the presence of PhyP, %

The stereoisomerism in some asymmetric teirahedral complexes of the type M{AA ), has
been characterized by nmr.%% Tetrahedral complexes of the type M({AA,), are chiral, but
their lability requires nmr methods for measurement of the rates of interconversion of the
enantiomers. The pioneering work of Holm and his collaborators® has been consolidated by
Minkin and his Russian group® and Zn, Cd and, morc recently, Ni chelates of the type
M(AA,), have been extensively studied.

The presence of the prochiral i-Pr(R,) and C,;H:CH,(R,) in 8% allows the investigation of
A = A in CDCI, by nmr (compare the observations with 3), It is found that the bulkier the
R; substituent, the higher the coalescence temperature, and thus the higher the energy barrier
for inversion. This is believed to arise from steric hindrance effects in forming the intermediate
planar form, i.¢. (viewed down C, axis)»®.

R

/ 3

Ry _N\N'

\
| s

Nay
l
Ry

-]

I i (7.3
A planar A

The rigid chelate 8 destabilizes the planar form and reduces the lability of the tetra-
hedral = planar rcarrangement (Sce. 7.2.1).

7.7.2 Geometrical Isomerism in Square Planar Complexes

Most of the complexes studied are of the type PiL,X, and PIL,XR where L is a neutral
ligand (often a substitutcd phosphine) and R and X are alkyl and halide groups respectively.
Usnally the cis- and trans-isomers are separately stable in solution, but equilibratc on the addi-
tion of tree ligand 1. (or 1.)). Two mechanisms have found general support for explaining the
catalyzed isomerizations. *
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7.7 Four-Coordinated Complexes 357

(a) the consecutive displacement mechanism

X X
| L | __“\\L
x-—||>t—L —L- X——Ti\ (73D
L L - \
A }t( *
L—Tt—L X
/ L
L
{ -L | '“,\X /
x—-Fi'l—x -‘—L_—.- L—t;'l'\x £7.32)
L L

In the first step of scheme (7.31-7.32), L replaces Y {rom the ¢/s isomer to [orm an icnic
intermediate [PtL,X]* X . In the second step, X~ replaces L to produce the frans-isomer (or
revert to the cis-form). The two steps are required to get around the fact that substitution at
Pt(Ii) is stereospecific (Sec. 4.6). It appears to operate in a variety of conditions but may bhe
more complicated than indicated in Scheme (7.31) and (7.32). %

(b) the pseudorotation mechanism

The five-coordinated specics A may pseudorotate 1o form B directly without the in-
termediacy of the ionic species (Schemes (7.31) and (7.32)).

Pseudorotation is well established in 5-coordinated species involving the main group
elements and is best described by the Berry mechanism which interconverts two trigonal
bipyramids via a square pyramid. Its operation here is difficult to reconcile with the highly
stercospecific nature of substitution in Pt{IT). Neverthcless, the mechanism bas had substan-
tial support. It may very well be™ that (a) is favored by polar selvents and that (b) is
prevalent in nonpolar media. The associated reaction profiles arc shown in Fig, 7.11.

Spontaneous isomerization is difficult to validate since traces of ligand are almost impossi-
ble to avoid. Photochemically-induced rearrangements may go vig a tetrahedral intermediate
(Sec. 7.2.1), although there is no evidence for this.

{¢) the dissociative mechanism

Perhaps the most controversial suggestion is that spontaneous isomerizations may proceed
through a dissociative mechanism, invoking twao three-coordinated intermediates (probably T-
shaped). The labile intermediates may be “‘cis-like” (A) or “trans-like” (B) in structure. Ap-

plied to the monoorganoplatinum(Il) complexes, Ptl.,XR, the scheme is®
L\ /X L\ -
Pt S PI:
PN PN
L" R L" 'R
{A)
{7.33)
L x L
N 7
P . :PT‘:
R™ L X gL
(B)
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358 7 Isomerisim and Stereachemical Change

(MXL I +x”

Fig. 7.11 Reaction prefiles for L-catalyzed isomerization of efis-to-trans ML,X,. In (A} an ionic in-
termediale is favored by & polar solvent. In (B) lon-pair formation arises with a less polar solvent. In (C)
a non-polar solvent promotes a S-coordinaled intermediate. In (C), pseudo-rotaiion occurs. Based on D.
G. Cooper and 1. Powell, J. Amcr. Chem. Soc. 95, F102 (1973); sce also Ref. 90, Reproduced with permis-
sion from D. G. Cooper and J. Powell, 1. Amcr. Chem. Soc. 95, 1102 {1973). @ (1973} Amcrican Chemicai
Socicty,

The idea of a 3-coordinated intermediate, although unusual, has been supported in other
work. " Not surprisingly, the mechanism has been challenged. It is suggested that solvent
(S) replaces X from e¢is-PtL,XR in a pre-cquilibrium to produce cis-PtL,RS* which
undergoes slower rearrangement to trans-PtL,RS™ (7.34). The latter is converted by X7 to
trans-PtL,XR. It is unclear how the ¢is, trans rearrangement occurs. **¢2 Some features of
bath (b) and (c) may apply, particularly in a strong dissociating medium.”

L. 8 L 8
Ve F
Pt — . Op (7.34)
PN s
I RO L

Finally, the relationship of structural isomerization to other processes is illustrated in the
behavior of PtH,(Me,P),. This exists as an equilibrium mixture of trans- and eis-isomers.
For the equilibrium

trans-PtH,(Me;P), == cis-PtH,(Me;Py, kL k_| (7.35)
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7.8 Five, Seven- and Lighl-Coordinated Complexes 359

ky — 0079 s 'and k| = 0.027 s~ at —60°C in acetone-d,. The isomerization takes placc
either by the pscudorotation (b) pathway or by the dissociation (¢) mechanism. At
temperatures from —35°C to +35°C nmr shows cxchanges of the cis- and ¢rans-isomers {with
traces of ’'Me,) which are more rapid than the isomerization. The Pr-H bonds remain intact.
The faster rates of phosphine exchange from the ¢fs isomer suggest a dissociative exchange
process arising {rom a strong labilizing trans hydride ligand. Above 10°C, reductive elimina-
tien of H, occurs slowly. This is monitored by ir and a mechanism (7.36) is suggested.

5
trans-Ptl,(Me,P), === cis-Ptily(Me;P)y — PtMe;P), + Pr, + H,  (7.36)
There 15 an inverse kinetic isotope cffect, ky/kn, = 045 & 00 (for decomposition of

PtH(Mc,P),) compared with PtD,(Me,P),) in THF al 21°C. This supports the previous
prediction of nearly complete 11 —11 formation in a “latc” transition siate.

L H L H |

~ rd S

o — /Pt—l {7.37)
L H L H

Thus, gcometrical isomerization, phosphine ligand exchange and reductive elimination of
H, all proceed by independent kinetic processes. ™

7.8 Five-, Seven- and Eight-Coordinated Complexes

Werner-lype complexes with these coordination numbers have been characterized. However a
large majority of the complexes showing these coordination numbers are organometallic in
nature and generally outside the scope of (his book. Examples are shown in Structures 9-11,
and discussion of the associaled rearrangements will be necessarily brief,

&S ¢
|
0
07 \
S
=0C
IN" ~H

c.
CsHs/ \ "'H

CH,

9

A large number of optically active square pyramidal organometallic complexes have been
described. ™ That shown in 9 is one of a pair of diastercoisomers that can be separated hy
{ractional crystallization into (+) and (—) rotating components. [t is optically stable in
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360 7 Isomerism and Stereochermical Change

acetone at room tcmperature. At higher temperatures a single first-order cpimerization® is
observed and an equilibrium involving the two diastereoisomers of 9 is established, possibly
by intramolecular rotation of the chelate by 180° with respect to the rest of the molecule. The
fast interconversion of sguare-pyramidal complexes of the type M(cpHCO),LL, are better
studied by dynamic nmr spectroscopy rather than by polarimetry of the resolved species. *

The complexity of rearrangements in molecules with the higher coordination numbers 7 and
8 is awcsome! Seven-coordinated complexes such as Ti(Me,dtc);C] are stereochemically
nonrigid in solution, even at lowered temperatures, because of the easy interconversion of the
shapes associated with this coordination number. The complex Ti(Me,dic){cp) 10 on the
other hand has a pentagonal bipyramidal structure (depicted in 10, ¢p occupying one axial
position) and metal centered rearrangements are slow on an nmr time scale even at room
temperature. A double facial twist mechanism is postulated for the exchange of the cquatorial
ligands and the unique Me,dtc ligand.*

Cp
(CHgz)N \(/S.i_‘_:sv N(CHa},

S k ‘ S

Ni/

11

10 (6}) = [-diketones )

The 'H nmr spectrum of Zr{Hf)}acac), in CIICIF, shows two Me proton resonances of
equal intensity in the slow exchange region only at lowered temperature (—170°C!). This
observation is consistent with a square antiprism geometry 11. At —145°C coalescence of the
signals occurs arising from complicated intramolccular recarrangements. *

7.9 Inversion and Proton Exchange at Asymmetric Nitrogen

Coordination of ammaenia or a substitutcd ammeonia to a metal ion alters markedly the N—-H
dissociation rate (see Sec. 6.4.2). Since also proton dissociation of complexed ammines is buse-
calalyzed, then exchange can be made quite slow in an acid medium. Thus, in a coordinated
system of the type 12, containing an asymmetric nitrogen atom (and this is the only potential
source of optical activity), there is every chance for a successful resolution in acid conditions,
since inversion is expected onrly after deprotonation. It was nol until 1966 thal this was suc-
cessfully performed, however, using the complex ion 12.%7 A number of Co(II*, PuII}*
and Pt(IV)® complexes containing sarcosine or secondary amines have been resolved and
their racemizations studied.’ Asymmetric nitrogen centers appear confined to d® and d8
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7.9 Inversion and Profon Exchange at Asymmetric Nilrogen 361

systems. The inversion at the N center {as well as the H exchange} has also been probed for
PA{(1D ' and Pt{I1) "' complexes, by using dynamic nmr without the necessity of resolving
the complexes.

Molccules which contain a chiral cobalt as well as an asymmetric nitrogen exist in four
possible optical isomeric forms. These are repressnied for Cofsar)(hbgh*, hbg =
NILC(=NIDNHC(=NH)NH, in Fig. 7.12. All four optically-active isomers have been
isolated and characterized by cd, nmr and vis/uv absorption spectroscopy. The kinetics of

Hac'-N/\ /\N’CHJ
( > < )

A(R) AlS)

H...@ | ’
( \Co/ \ Fig. 7.12 The four possible isomers of
/ X l \X Co{XX),(NY)Y" . XX may rcpresent
C,04~ or NH,C(=NH)NHC(= NH)}NH,
with NY being CH,NH{CH,),NII, or
A(8) A (R} CH,NHCH,CO; .

racemization for the chiral cobalt centre (A = A) is faster than for the asymmetric nitrogen
(R <= 8).'2 (Table 7.9) It is however not necessary to resolve these complexes in order to
study the inwversion behavior. For example, the complex Co(C,0,),{Meen)- could be
separated by column chromatography under acid conditions, into the racemic pairs
A(SY A(R) and A(R)Y A({S). Eilher racemic pair will reveri in solution into a mixture

A(S) A(R) = AR) A(S) k. k_ . K, (7.38)

the dynamics of which may be measured by pertodic withdrawal of a sample, separation of
the pairs by a HPLC method and analysis of the chromatograms by area measurement (Fig.
7.13).'% The first-order epimerization® rate constant, &, is equal to the sum of &, and & |,

cp
and the ratio of the signals at cquilibrium yiclds K, = k;/k_, . "0 '™
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2 min AL min 62min 119min  209min ch
i

Abserbance [260 nm)

2L W

P ) SO T T d oy | 1 |

i 1 i
W0 32 10 12 10 12 10 12 19 12 10 12

Time (min}

Fig. 7.13  Variation in the celution curve during the cpimerization of  A(R)IA(S)-
Ca(Cy0),{Mesen)~ at pll 6.0 and 34.0°C. I = AMSIA(R) isomer; 11 = A(RIA(S) isemer. ' Reproduced
with permission from M. Kojima, T. Hibano, Y. Ouyang and J. Fyjita, Inorg. Chim. Acta 117, 1 (1986).

For all systems studied so far it is found that the rates of racemization R and proton ex-
change E (measured cither by ,0 exchange (Sec. 3.9.5) or by nmr line coalescence methods
{Sec. 3.9.6)) are both first-order in [OH™].

Ve,x — ky plcomplex] [OH 7] (7.39)

Since proton exchange is usually measured by nmr methods in D0 (Secs. 3.9.5 and 3.9.6),
the more appropriate rate law is

Vag = kg plcomplex] [OD7] (7.40)

where |QI>7] is estimated from pD = pll + 0.4 and K, = 0.195 K. Racemizalion and
exchange data are shown in Table 7.9 for a selected number of cobalt(TII) systems. ¥ % 1027103
Since kg » kg, the loss of a proton from the N ~H group must rarely lead to racemization.
The results can be accommodated by a scheme (M, contains the metal center):

M

R

Ry~ N:H + OH
S

M

Re

~
Ri—N: + HO
e

s Ky

fa, Kz

s
HZN\—R--*—OH’ k., K
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Table 7.9 Rate Parameters (k, k5, M 's '} for Secondary N—H Hydrogen Exchange and Racemiza-
tion in Mctal Complexes

Complex Temp. kg ' Kylky Rel.
Co(NH,),(Meen) ™~ 343 10 % 107 25 % 102 1.2 % 10° 99
Co(C,0,),(Meen) - 4.0 I8 % i0° 5.7 x 19 3.2 % 0% 103
Cofacac),(Meen) ' 34.0 9 x 10° 7.0 x 1920 1.3 x 107 103
Cofacac),(N-Phen)* 34.0 4 w107 1.4 x 103t 2.9 x 102 104
Co(NH,),(sar)?* 333 12 % 108 3.3 % 104 3.6 % 10° 97
Cofsar)ibg)}* 198 16 x 10 21.5¢ 1.7 % 102 102
trans-Co(dien)l 5.0 1.0 x 10¥ 2.4 % 102 4,2 x 10° 105
P[(NH;)Z(MCCI‘I)Q*' 23.0 6.6 x 104 3.2 % 102 2.1 x 102 9%
Pu(en)(Meen)Cl,7 343 2 % 101 6.5 % 10° 3.1 % 10 99

© [euteration rate constant in 1,00 P far 4, in FEgn. {(7.41). ¢ For the A = A conversion, &k =
15 % I02M~ts™! ul 35.0°C

Step (7.41) leads to hydrogen exchange, &, = ky. Only step (7.42) leads to racemization
and is considered pH-independent. Most of the time the amide complex becomes reprotonated
with retention of configuration. If a sieady-state concentration for the amide form is assumed,

(o 2k 2kk Tk, .44
k| + ks k_, K

w

with K, the acid dissociation constant for the N—H proton. The factor 2 enters into (7.44)
because the racemization rate constant is twice the inversion rate censtant (k;). A more in-
volved treatment is discussed in Ref. 32. Attention has been focused on the factors affecting
the values of ky, kg and their ratio. The values of &y /&y are in the range 1.7 x 107 o
4.2 x 10° (Table 7.9). The reasons for these variations are not well understood'® but are un-
doubtedly linked to the stability of the racemized amido intermediate, 3>%%2%.19 Tn general,
enthalpies of activation for exchange and racemization are in the range 50-60 kf mol~! and
80-100 kJ mol ' respectively, The replacement of NH; by acac or hbg (both producing a
planar chelatc ring with n-clectrons} recduccs both exchange and racemization rates by
103-10*. The similarity of Co(dien)3™ and Co(NH,),(Meen)** in behavior indicates that the
coupling of chelate rings across the NH center has little effect. %

The asymmetry at certain nitrogen centers has been cleverly exploited to reveal features of
base hydrolysis. The complex Co(trenen)CI?!, represenied in 13, conlains an asymmetric N
rrans to a chloride group and it has been resolved. It is found that the (+) chloro to (X}
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364 7 Isomerism and Stereochemical Change

hydroxo transformation is unimportant during the base hydrolysis. It 15 concluded ihat the
sterecchemically labelled nitrogen could not have gone planar in the course of base
hydrolysis. 1% It is uncertain whether it is the site of the labilising amido group even though
it is the mosi labile N —H moiety (Sec. 4.3.5). A similar approach used a cobalt(I1I) complex
where the asymmectric nitrogen is ¢fs to the departing chioride, and probably the site of amido
formation. Now, base hydrolysis is accompanied by complete racemization and this is
reasonably explainable in terms of a symmetrical five-coordinate intermediate with planar
nitrogen. '*’

[nversion at the N center is coupled to conformational changes in a chelate ring. The
kinctics of inversion at asymmetric N centers in conplexes of tetraaza linear or macrocyclic
ligands have received scant attention. There are five configurational isomers of the planar
complex Ni{[14]aneN,)>*, Sec. 3.1.1. The intcreconversions between such structures are base
catalyzed with second-order rate conslants covering a small range from 1.2 x 102 to 2.4 x
107 M 's ! Refs. 108-110.

The blue and (stable) red isomers of Cuftet a)2" 14 and 15 differ in the configuralion of
a single asymmetric N center.'! The bluc-to-red conversion cntails, as well as the single

HiC CH, H€, Cl,
HyC H,C
H H
Hay o N2 Ha N2
¢ (¢
N FARN
"N NS N g
HY "H

PN NP
Hsc“. CH3 Hsc“. CH3

CH;

blue complex red complex
14 15

nitrogen inversion, the favorable inversion of two adjacent unstable chelate rings. These are
an cclipsed to gauche five-membered ring and a skew-boat o chair six-membered ring. The
conversion s both acid catalyzed (to rupture Cu —N bonding) and base catalyzed {to produce
the deprotonated species). The kinclics of the conversion at pH > 10 requires stopped-Tlow
monitoring, For the major path,

k Ko [OH "1 [Cuteta)blue? ]

—d [Cult blue?']. = 7.45
[Culteta)blue="].,.., /dt T+ Koy [OH] (7.45)

consistent with a scheme
Cofteta)blue?* + OH- = Culteta)(QH)blue* Koy, fast {7.46)
Culteta)}(OH)bluet — Cuftetayred®' + OH k,, stow (7.47)

Inversion occurs through a copper-hydroxy species, Kg; — 516 M~ &k — 5557 inp =
5.0 M at 25°C Ref. 112. A similar kineti¢c pattern is observed for the blue-to-red change with
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Cuftct b)*' but the rcactions arc much slower since two inverting nitrogens and less
favorable ring conformational changes are involved. '™

Finally, other chiral donor atoms, P, As (see Problem ) and S in metal complexes

have been less systematically studied than nitrogen.3? Inversion rates in metal ion-thioether
complexes have been measured by nmr, but the specigs are too labile to allow a successful

Ic

solution. ¥
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Problems

. The equilibrium

NiL?* + 2H,0 - NiL(H,0)'
is slightly displaced to the right on application of pressure. What is the sign of AV? Ex-

plain its small value. (L are 5 different macrocycles).
Y. Kitamura, T. Ito and M. Kato, Inorg, Chem, 23, 3836 (1984),
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2. The relaxation time T for the Fe(ll) entry in Tahle 7.3 was measured in the pressurc range

. Tempcrature-jump relaxation kinetics of the P-450,

0.1-300 MPa

dlnt ! AV
aP J.  RT

AV -0

ATV (difference in partial molar volumes of the two spin states) = 8.0 cm*mol !
K = 0.56 for [hs]/[ls]

Calculate AV,* and AVfl for 1s gf'i‘ hs

C. Creutz, M. Chau, T. L. Netzel, M. Okumura and N, Sutin, J. Amer. Chem. Soc, 102,
1309 (1980); J. DiBenedetto, V. Arkle, 11. A, Goodwin and P. C. Ford, Inorg. Chem. 24,
455 (1985).

am SPIN equilibrium  have been
measured.
(a) How does the high spin (hs), low spin (Is) equilibrium in ferric P-450,,,, arise? For
what other transition metal ion specics has such a spin-state equilibrium been observed?
What other methods are available for studying the kinetics of the spin-siate equilibrium?
(b) The suggested mechanism for the P-450/substrate (S} interaction is

Ki ky

P-450, + 8 —— P-450,-8 f P-450,,-S

How many rclaxations should be observed? Why is only one observed? Can you derive

- _ Kl kl([P'450]frcc + [S]frcc) .
ohsd 7 N ik 2
1+ Kl ([P"4501free + 15]free)

for the single observed relaxation rate constant £,.47
(¢) Show that

Kib = K1+ (fy/k 9))
(d) Suggest the significance of the fact that & _, increases as the percentage of low spin

increases.
M. T. Fischer and S. G. Sligar, Biochemistry 26, 4797 (1987).

. (a) Suggest how you would preparc Co(NH,), "ONO?! and Co{NH,);ONY0O?* for the

experiments which result in (7.20).

(b)Co(NII,);NOE+ reacts rapidly and completely in neat anhydrous trifluoromethanesul-
fonic acid to produce Co(NH,),H,0O*', Suggest what experiments you would carry out
to lend support to an acid-catalyzed nitro-to-nitrilo rearrangement as part of the reaction.
W. G. Jackson, Inorg. Chem. 26, 3857 (1987).
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5. Suggest how linkage isomerism might arisc in the following complexes
Os(NH,)[(CH;),CO] !
W. D. Harman, M. Sekine and H. Taube, J. Amer. Chem, Soc, 110, 2439 (1988).
Ru(NH)s(asc)* asc — ascorbate anion

D. M. Bryan, S. D. Pell, R. Kumar, M. J. Clarke, V. Rodriguez, M. Sherban and J.
Charkoudian, J. Amer. Chem. Soc. 110, 1498 (1988).

CofNH,),(4-Meimid)** 4-Meimid — 4-methylimidazole

M. F. Hoq, C. R. Johnson, S. Paden and R, E. Shepherd, Inorg, Chem, 22, 2693 (1983).
How might you monitor the rearrangements?

6. The acid hydrolysis of Ru™(NH;)}{NH,CH,CO,Ft)** is first order in Ru(lI} and the
dependence of the rate constant £, is given by

a|l1+]
K e

At g — 1.0 Mand 25.0°C, b/a = 116 Ms and c/a — 8RO s from a &l vs [11+]7! plot.
The acid-independent rate constant for the rearrangement of Ru(NH,),NH,CH,CO,H*~
to Ru(NH4);0,CCH,NHI™ is 2 x 10 *s ', Sugecest a mechanism for the acid hydrolysis.
A, Ych and H. Taube, ). Amer. Chem, So¢ 102, 4725 (1980),

7. Interpret the changing nmr signals when A(R)-Co(sar)(hbg)i™ is added to D,0, pD =
7.0 at 39.6°C (Table 7.9 is helpfull),
H. Kawaguchi, M. Matsuki, T. Ama and T, Yasui, Bull, Chem, Soc, Japan 59, 31 (1986).

8. Fuc and mer isomers of IrHy(CO)Ph, 1P}, were characterized by 'it and I nmr spectra.
Their rates of inlerconversion in CH,CL, at 25°C

ki
mer ™~ fue
g Je

—1

were measured al 1780 cm ! (infrarcd band due to mer isomer) in the presence of free
H,, to suppress a side reaction with CH,Cl,, The transflormaliens mer = fuc and fac =
mer are first order in 1r complex and the values of &, and & _, are independent of [Ha).

IrH{CO)Ph,P), + Ph,P ‘%> I'I{CONPH,P), + H,
In addition the fac and mer isomers undergo rcaction with PhyP. Using cxeess PhyP Lo

prevent any back reaction, the rates of reaction were followed at the 33C nm band of the
product. With the same conditions,
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I3 _ 2.0 x 10 45
ko, =13 % 10-%s—
ky(facy = 2.3 x 10745~
ko(mery = 2.2 x 1074

Both 4, values were independent of [Phl?]. Suggest a mechanism for the isomerization
and PPh, substitution reactions.
L F. Harrod and W. 1. Yorke, Inorg. Chem. 20, 1156 (1981).

. Draw the meso and racemic forms of the tetradcntate arsine

(CH;),As(CH, ) As{CeH)CH,CH,AS{CH3)(CH )3 As(CH,),

Then draw the five possible isomers that may be formed when the mese and racemic
ligands are coordinated to an octahedral metal.

B. Bosnich, W. R. Kneen and A. T. Phillips, Inorg. Chem. 8, 2567 (1969); B. Bosnich,
W. G. Jacksen and S, B. Wild, J. Amer. Chem. Soc. 95, 8269 (1973).

Estimate the nitrogen inversion rate constants in the complexes Co{NH,){sar)?*,
PL(N1L),{Meen)* and Pt{en)(Meen)Cl3* using (7.44) and 1able 7.9. Comment on their
values in Pt{II), Co(IIl) and PL(IV).
T. P. Pitner and R. B. Martin, J. Amer. Chem. Soc. 93, 4400 (1971); W, G. Jackson and
A. M. Sargeson in Rearrangements in Ground and Excited States, P. de Mayo, cd.
Academic, NY, 1980, Vol, 2, p. 277,
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374 & A Survey of the Transition Elements

Titanium(IV)

Titanium(I1V) in aqueous HCLO, is predominantly Ti(?* | with possibly some Ti(O1T3~ and
Ti*' present.®'! The approximate H,O exchange rates for yl (double bonded) oxygen in
TiO?', Ref, 11,35 1,6 x 10%s ' which is about nine orders ol magnitude larger than that for
VO, suggesting a mechanistic difference. In trimeric and tetrameric specics, which exist at
high (>0.05 M) Ti(IV} concentrations and low [H*], exchange rate constants for oxo and
hydroxo bridges are =10%s ! and for terminal aqua or hydroxe groups &,,.. = 3 = 10375,
(Ref. 11) Formation rate constants and activation parameters for reaction of Ti(IV) with
a number of anions are similar (K = 103M 's 5 AHT = 45kImol ' and AST =
17 JK " 'mol~) and this suggests that substitution is {; controlled.

The reactions of Ti([1I) and Ti{IV) species with dioxygen moieties have evoked interest. The
Ti(I1} complex Ti{edta)H,O~ reacts with O, to give Tifedta)((,)2~. A superoxo interme-
diate Ti(edta)(Q,) is formed (kK = 1.0 x 10*M~'s~!) which is scavenged rapidly by (he ex-
cess Tiledta)H,0 (& > 10°M 's ')." The sccond-order rate constant for reaction of
Ti?* with H,0,'* has been confirmed '™ and reactions of the produet Ti(0;)?* have been
examined. 7 Reductions of Ti((3,)2* by Fe(ll), Ti(I11) and $(1V} are much slower than the
corresponding reductions of H,O,. This resides partly in the reactions occuring only via rale
determining dissociation of peroxide from Ti(0,)?', Ref, 17, Oxidation of Ti(O,)?' has also
been examined. !® The reaction with Ce(IV) produces the protonated superoxotitanium{IV),
probably TiO(HO3)?*

Ti(O;) + Ce(IV) 22> TIO(HO:)™ + Ce(Ill) & = 1.1x10°M 's—' (8.1)

{THT)

Although the latter decomposes within a minute (1 M HCIOQ,, 25°(),

TIO(HO)YF == TiO* | HO; k= 0105 (8.2)
TIO(HO;) > + HO; % Ti(0,)?* + O, + H,0 (8.2(a))

its spectrum and kinetic reactivity can be determined by use of a multimixer (Sec. 3.3.2). Ex-
cess Ti(0,)2* and Ce(IV) are mixed in mixer one, left for 0.23-0.31 5, the time for maximum
production of TIO(HO3)?* and the mixture then reacled in a second mixer with the examin-
ing reductant, ®'*

Reactions of H,Q, with TiO?*, TiO{ntayH,0O~ and TiO(ipypH,)**, 1 all leading toa 1:1
peroxo species, appear to be associatively activated, based on negative AV values deter-
mined by a high-pressure, stopped-flow technique. ' It can be shown using '*O-labelling and
ir or nmr analysis that the O —O bond in the H,O, remains intact (P = tpyp Hy'): "

Ti%OP)** + H,0, — Ti(0,)P** + H,®0 (8.3)
Ligand exchange and isomeric rearrangement of ¢is- and trans-isomers of ML,Cl, (M = Ti,

Zr and Hf; L = neutral base) have been examined by variable pressure 212 11 nmr spec-
troscopy. 2
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Vanadium

The lower oxidation states are stabilized by soft ligands c.g. CO (Prob. 3). The aguated
vanadium ions represent an interesting series of oxidation states. They are all stable with
respect o dispropertionalion and labile towards substitution. They undergo a number of
redox reactions with onc another, all of which have been studied kinetically. Many of the reac-
tions are [H*]-dependent. There has heen recent intcrest in the biological aspects of
vanadium singe the discovery that vanadate can mimic phosphate and act as a potent
inhibitor ® (Proh. 4).

Vanadium(IT)

‘The parameters for water exchange with V(H,0)}~ (Table 4.1} indicate an [, mechanism. >

The observed AFT (—2.1 cm*mel~') for anation of V2* by SCN~ includes a AV, (esti-
mated +3.2 em*mol~ '} and a A¥] for inierchange (Sec. 4.2.2):

Ao,

avt
V(H,0)2" + SCN- — ™= [V(H,0), - SCN}' —= V(H,0)SCN' + H,0
(8.4)
The computed value for AVT of —5.3 cm®mo! ' is supportive also of an I, mechanism. ¥
The reaction of V{II) with O, to give substantial amounts of V(IV) must represent a two
electron oxidation step (Sec. 5.7.2) since V(111) reacts more slowly with ©, than would ac-

count for the appearance of V(IV).?* The suggested mechanism® resembles that for other
bivalent metal ions,

V4 0, — VOIt k=2 x 10°M 's | {8.5)

VOI* + 1,0 — VO™ + 11,0, ks = 1075 (8.6)
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The value of /&, suggests an outer sphere process (Table 5.2) perhaps giving VV{037)?" via
VI”(Oq )2 ',

If excess V27 is present further recactions occur

VoIt + VI —\—: - VO,VHY k= 37 x 10°M7isT!, k — 2050 (B.7)
V02V4+ — 2y k=355 "1 (8.8)

Two clectron changes also occur with H,0,2, TIII} and Hg(11), Towards V(V), I; and Br;
however, V(III) i1s the only product of oxidation of V(II) (Sec. 5.7.2).

The oxidation of V(II) by a large number of Co{I1]) complexes has been studied (Tables 5.2,
and 5.7). Somc oxidations arc clearly ouler-sphere and others inner-sphere (controlled by
substitution in V{II)), and several arc difficult to assign (Tablc 5.2). In general AH® values
arc much lower for outer-sphere than inner-sphere redox reactions and outer-sphere processes
usually give LFER in reactions with Co(NH,}.X ™", Ref. 26.

The ion V(pic); is a uscful highly-colored strong outer-sphere reductant (E® = —(.41V at
p — 0.5M and 25°C). %

Vanadium(III)
Yanadium(IIT) reacts with O, and CIO; and is easily hydrolyzed (pK, = 3.0}, all important
points to constder in studying its reaction kinetics. An 7, mechanism is favored for H,O ex-

change (Table 4.5) and for other ligand substitutions. This is supported by the activation
parameters ™ and the correlation of &, with the basicity of the entering ligand (Table 8.2). %%

Table 8.2 Rate Constants (k) for Interaction of Ligands (I.) with V(H,0%* at 25°C*

L pK," ky
M s

Ccl- - <3

NCS —1.8 1.1x10?
H,O —1.7 54
C,0,H- 1.2 1.3 %103
salH ¢ 2.8 1.4% 103
4-NH,salH EN] 7x10?

* Selected from fuller compilation in Ref. 28. ' Dissociation constant of the conjugate acid of L.
¢ salll, = salicylic acid

The jon VOH *+ appears not to be more reactive than V' (Fig, 1,5) which is very unusual
for M(IIT) ions. #7#° The reaction of VOH?' with HN; is favored howcver over the reaction
between V¥ and Ny beeause the AST value for hydrolysis of VNI* suggests that it inci-
piently produces VOH?>* and HN,.*

Singe V(IID) is not easily reduced, only the reactions with Cr(II) and Eu(IT) have been
studied. Inverse [H7] terms in the rate law can be ascribed to reactions of VOH?', although
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this conclusion is equivocal (Sec. 2.1.7(c)). For the oxidation of V(I11) by Cr(V1) the net activa-
Lion process 1s

H;0

V3 4+ HCrO; — [VHCrOi'1? r VO + H,CrO, (8.9
and thus in the three-step oxidation by Cr(VI), Egs. (1.118-1.120), the first step is rate-deter-
mining. The second-order rate constant (3.9 x 102M~'s~! at 25°C) may be too high 1o
represent a V' -substitution controlled inner-sphere oxidation,

Vanadium(IV)

The labilities of the coordinated water in the VO(H,0)%* (normally abbreviated VO?2*) and
substituted VO?' ions have been nicely studied by the nmr method, ™ There are three types
of attached oxygen in 2. Their increasing

O ~—— k=29x107s"at 0°C
HQO\HIOHE ~—— 4 equatorial waters

N (k=5x10° 57", Al T =57 kdmol™, AVF = 1.9 em’mol™)
Hz0 4 OH,

OHy ~—— ayfal water, k= Ex10%s !

2

labilities correlate wilh increased V~O bond distances: 1.80A (V=0), 2.00A (V—-0OH,
equatorial) and 2.40 A (V—0H, axial). For the V{IV), H,O exchange invelving yl oxygen,
both VO(11L,OEY (k) and VO(OLD{EL,ON (k) are involved.

VO(H,0)}' = VO(OH)}H,O) + HY K, (8.10)

Vo= (kg + koK, [H"]")[VO**] (8.11)
AL0°Candp — 25 M, ky — 2.4 x 10757 kyy = 13 s ' and K, = 4 x 10 "M% An
internal electronic rearrangement, coupled with proton transfer, is suggested for the

mechanism for both the &y and kg terms. In this & vl oxygen is converted into a labile coor-
dinated water:*>*

o} CH OH OH;
. Ko |.¢
HZO\. ”/OH2 tas: HZO\U/OH slow 2O\\L//OH fast i \\|’,{/ 212
AN - RN — FEAN - L (8.12)
10" | o, HL0 \ OH, H0 | “OH, He0 | O,
OH, OH, OHy OH,

The V(1¥)-H,0 exchange is catalyzed by V{V)* {Prob. 5(a)). The enhanced reactivity lor
the base form is observed in dimerization,* substitutien and redox reactions (below). The
mechanism of substitution of VO?' remains uncertain. One of the problems is to assess the
contribution of the highly reactive VO((H)* . Rate constants for complexing by VO 2+ are all
=~ 10°M~"s~!, Ref. 35, consistent with an /, mechanism. By using chelating ligands 1o lie up
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378 & A Survey of the Transition Elements

various positions of the coordination sheath, one can isolate and distinguish between the types
of coordinated oxygen. "33 Coordinated chelales in which the apical group is blocked by
one of the donor atoms of the chelale group lcad to slower anation of thc remaining
equatorial waters. An associative mechanism is favored from the low AHT, large negative
AST and varying k; with different nucleophiles. "%

Being a d! one-electron reductant, VO?' gives [ree radicals with two-electron oxidants e. g.
with HSO; Ref. 40 (and Cl, Ref. 41).

VOt 4+ HSO; — VO + 1% + $OF (8.13)

VOt 4 8035 + H,0 = VOI 4 1ISO; | H* (8.14)

The reduction of VO2* by V(I), Cr(ID, Eu(ID and Cw(l) implicates oxo or hydroxo
binuclear specics (Table 5.3). The oxidation of VO2* by M(II[)-bipyridine complexcs and by
IrCl2~ has acid independent (k,) and inverse acid (k,) dependent terms, ascribable to reac-
tions of VO{H,0}* and VO(OHYH,0), respectively (Gqn. 8.10). Towards Ru(bpy)i~,
ky — LOM's~ and &, — 64 = 10°M 's 'al 25°C and p = 1.0 M.*>** Enhanced reac-
tivity of VO{nta)OH?~ Ref. 44 has also been noted. A roughly linear relationship, originally
devcloped by Rosscinsky, between log Ax2 and log Ky« holds for a number of oxidants
(Fig. 8.1)."

Fig. 8.1 Best linear plot of log & (VO(OH)')
vs log & (Fe?*) for reduction of cight Ni(llD
macrocycles (upper ling) and six iris(polypy-
ridine) metal complexes. Ni([9]aneN-)3* (1),
Ni(S,lZdiMc[MM,Il—dicncN4)3+ {2),
Ni(|l14]aneN,)?! (3), Ni{[10]aneN;)** (4},
Ni(2,%diMe[14JaneN, P (5}, Nifrae-(5.14)-
Me,[l4]aneN,)* ' (6), Ni(meso-(5,14)-
Meg[l4]aneN, )" (73, Ni(Mc,]1414,11-dieneN, ¥+
{8), Os(bpyi* (9), Fe(bpyy* (10), Ru(Me,bpy)i~
{11), Ni(Me,bpy)* (12), Ru(opy)}* (13), and
Ni(bpy)i: (14).% Reproduced with permission

N N N from D. H. Macartncy, A. McAuley and
2 4 8 . A. Otubuyide, Inorg. Chem. 24, 307 (1985)
logkp2+ @ (1985) American Chemical Sociely.
Vanadium(V)

Vanadium{V) exists as a large variety of monomeric and polymeric species over the pll zero-
to-14 range, Vanadium-51 and 70 nmr arc important tools for their characterization. * The
O:V ratio deercases in these specics as increasing [H ™) removes coordinated 02 groups.
The exchange of the coordinated oxo group in VOF (high acidity),* VO~ {(pH > 12)* and
V,a0% (1 mM total vanadium at pH 4-10)*-® with H,O has been examined by mass
spectrascopy and nmr methods with the results shown in Table 8.3, The decavanadate,
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V0%, ion is especially interesting. It assembles with ease quickly when alkalinc VO]~ -con-
taining solutions arc acidified. Despite this, the pK values of VO3~ can be determined by
potentiomctry in a flow apparatus (Sec. 3.10.13}. Mcechanisms for the formation and decom-
position of V,jO% have been suggested. ¥*%3@ Although therc are seven structurally dif-
ferent oxygens in 3 these exchange with very similar (although probably not identical
rates). ¥ @ Lach type of oxygen can be identified by nmr*™ (Sec. 3.9.5). A small change
in hatf-life of exchange when the concentration of vanadium is changed ten-fold supports, as
a likely mechanism for exchange, a breakdown to a morc labile hall-bonded intermediate,
rather than complete scission to cyclic metavanadates. **¥® QOnc or lwo “capping”
vanadiums can be replaced in V,;0% to give MoV,03; and Mo, V0% . Using "O-nmr, it
can be shown that the polyanion structure is substantially broken down during the substitu-
tion, 30

Table 8.3 Exchange Behavior of V(V) lons Towards H,O

Species Exchange Rale Comments Refs.
VOi {2 = 0.5 5 {0°C) by Unusually rapid for MOS™ 46
competition method may reside in %O*
structure OV
VOi- ty, = 205 (0°C), OH™ = 0.1 M 4 oxygens cquivalent, 47
AHT = 92 kImol™!; Solveni-assisted [
AST 60 TK~'mol ! mechanism lavored.
(n = 14M)
V0% tin = 7-15 h (25°C), Near cquivalency of all 48-30(a)
pH-dependent oxygens mandates reversible,

cxtensive breakage as
exchange mechanism

In the VO,{H,0)} ion, the two V=0 bonds are cis to one another, £’s are 10*-10°M ~'s~!
(Prob. 6) for water replacement by ligand and a dissociative mechanism is favorced.” In
ligand interchange, when there are available H,O%s on the V(V) complex, an intermediate
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with both departing and entering ligands attached to the metal, is invelved. With V(V) com-
plexes in which no bonded labile Hy's remain (e.g. the cdta or edda complex) a special
mechanism for chelaling ligand interchange is proposcd. In this an outer-sphere preequilib-
rium complex is formed within which interchange occurs (& — 0.1-0.6 s ', fairly indepen-
denlt of ligand).™

A number of reductions of VO, show acid catalysis with no rate saturation at high [H*].
This is consistent with a protonation equilibrium,

VOL(H,0); + H* = VO(OHNH,0)%" K {8.15)

separale reactivity for the two vanadium species and a relatively large value for K-
(estimated as 30 M). Marcus treatment cannot be applied to the VO3 /v couple because
iwa protons as well as one electron are involved. The same restriction does not apply to the
couple VO{OHYH, M3 AVO{OHN11,00); (the reactive V(IV) species) and extended Marcus
treatment (Eqn, 5.37) shows a self-exchange rate constant for the VO(OH) *72* couple of
=10 *M ‘'s~' (Fig. 8.2)." Vanadium(V) reacts with H,O, (o give peroxo species. VOO,
is sufficiently stable that its oxidation may be investigated.  The reaction with 8,027 is Ag”
catatyzed (Sec. Ag(l)).

S,0{ + Ag™ — SO + SO% + Ap?- rds (8.16)
SOT + Ag™ — SO + Ag?* (8.17)
Ag™t + VO(0,)T - Ag' + VOIt (8.18)
VOl — VO 4 0O, (8.19)

Oxidation of VO?* by $,0f 1o produce VOF is also Ag* catalyzed (Prob. 7). The forma-
tion and decay of complex radicals resulting {rom reactions of VO(O,} ' can be studied by
double-mixing using epr and spectral monitoring. ® Vanadium(V) oxidation of organic com-
pounds often proceeds via complex formation. %

Fig. 8.2 Marcus plot of log (k5 /&, kyp) "2 W,
vs log (K|, /1,02 for the oxidalion of VO(QOH)*
and the reduction of VO(QI1}?+. The points are
caleulated by using &, = 1 x 10 *M 's™7 [or
VO(OID)! 7+ and the solid line represents the
theoretical slope of unity. Oxidants: Ni(bpy)*
(), Ni(d#-(CH,),bpyr ' (2), Ru(bpy)i= (3),
Ru(4.4'-(CH,),beyly* (4}, Fe(bpy)}* (5), IrCIZ~
(6). Reductants: Os(4,4'-(CH,),bpy)3' (7),
Os(4,7-{C4H),phem?* (8}, Oslbpy¥* (W),
Os(5-Clphen)d® (10), V{H,0%' {11).%
Reproduced with permission from D H. Macart-
2 ney, Inorg. Chem. 25, 2222 (1986). © (1986)
log(Kllfli) American Chemical Socicty.

=)

12
loglkyotkykyn) W,
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Chromium

Chromium produces some of the most interesting and varied chemistry of the transition
elements. Chromium{QO)} and chromium(I) are stabilized in organometallics (Prob. &). There
have been extensive studies of the redox chemistry of Cr(ID), Cr(III} and Cr(VI}. Generally
the Cr{IV) and Cr(V) oxidation siales are unsiablc in solution (see below, however), These
species play an important role in the mechanism of oxidation by Cr(VI} of inorganic and
organic substrates and in certain oxidation reactions of Cr(II} and Cr(I1I). Examination of
the substitution reactions of Cr(lIl} has provided imporiant information on octahedral
substitution {Chap. 4).

Chromium(IT)

XAFS measurements on the beautiful blue ion Cr{H,0);~ suggest tetragonal distortion with
Cr—O = 1.99A (equatorial) and Cr—€ = 2.30A (axial).*% Solvent proton relaxation
measutements on Cr(11y in CI1L,0OD indicate (a) two exchanging coordinated CH, 0, &
per CH,OD — [.2 x [0%s~% at 25°C and (b) axial, cqualorial interconversicn (k =
<7 x 10% 'yin Cr{CH,0D);' aL. —80°C.** Cr?* is preparcd in solution cither by reduc-
tion of Cr(Ii) with Zn/Hg or by dissolution of Cr metal, usually in perchloric acid. These
methods lead also to production of Zn?* or Cl~ ions respectively, which do not interfere in
most studies. The agueous ion is extremely labile (&, > 10%s "")*% and this, together with
its weak complexing ability have limited the number of studics of its inleraction with
ligands.>’

The rate constant for the rapid reaction of Cr?! with O, (K = 1.6 x 10¥M “'s” ") can be
measured by c,, reduction of Cr?* in the presence of O,. The product, CrOj* is long-lived
in the absence of Cr?' and 0,.°%% It rcacts with Cr>*

24

croz S croortt 250 Crom,Crtt (8.20)
2 2 o 2

to give the dihydroxy bridged producl® which is the normally observed product of the reac-
tion of Cr(II} with O,. Oxidants such as Cu?*, Fe* and Cl, give, with Cr{II), the
mononuclear species Cr** and CrCI2* as the sole products.® CrO2*, which is probably
Cri{0O7)2* Ref. 63 can be easily prepared and is stable [or hours or more.®-% Both inner-
and outer-sphere redox reactions have been noted.®® CrOZ~ reacts with excess N;H. in acid
solution

CrOof' + NJHY — Cr'' + H,0, + 142N, + Nil, (8.21)
with a rate law
—d[CrO2' 1/dt = kolCrOZ*] i & [N, ][] 1CrO} ] {8.22)

The first (smaller) term involves the spontancous decomposition of CrOz*. For the second
term the following mechanism has been suggesied®

Cro.H* = CrOl* + H* (8.23)
CrO,H3* | NHE = CrO,H>* 4 "N,HZ'  rds (8.24)
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NHP = NJH; 4 H- (8.25)
2°N;H; = N, + 2NH; (8.26)

Cr?* reacts with H aloms, generated by pulse radiolysis * or uv flash photolysis, ¥ to give
Cr(H0)sH™, & — 1.5 x 10°M~'s~!. The product may be regarded s the first member of
a serics of compounds of general formulae Cr(H,0).R2* which arisc from reaction of Cr2*
with RCl in anaerobic acid solution. 1t is the most reactive member of the series towards
acidolysis {c.g. & (CrH?"V/A(C(CH,)?') = 2 x 107 and in other electrophilic reac-
tiOns. 63,08

Chromium(IT) is a very effective and important reducing agent that has played a significant
and historical role in the development of redox mechanisms {Chap. 5}. It has a facile ubility
to lake part in inner-sphere redox reactions (Proh. 9). The coordinated water of Cr(ll) is easily
replaced by the potential bridging group of the oxidant, and after intramolecular electron
transfer, the Cr(l11) carries the bridging group away with it; and as it is an inert product, it
can be casily idenrificd. There have becn many studies of the interaction of Cr(IT} with Co(III)
complexes (Tables 2.6 and 5.7) and with Cr(IIl) complexes (Table 5.8). Only a few reductions
by Cr(11} are outer-spherc (Table 5.7), By contrast, Criedta)® Ref. 69 and Cr(bpy)2* are
very effective outer-spherc reductants (Table 5.7).

The Cr(IT)-acetate complex is a dimer und undergoes a number ol substitution and redox
reactions via the monomer with 4 common mechanism:

cril = 2¢rt ki ok, {(8.27)
Cr'' + X — products ke, (8.28)

The ratc law
—d[Ceif/de = 17204 [X)/dn) = k,[Cri (8.29)

Is observed for X = edta® ", Co(C,0,)i~ and Co(N11,),C1%* where k,(X) » k_,. The rate
law;

—d[CVdi = (k 7k )2k, [Crl] 72X (8.30)
holds for X — Cofedta)~, Co{NH,);OH*" and Cr(NH;);X?*, for which, being less reactive

oxidants, &,(X) < &_, ™ (See (2.55) and (2.56)). With I3, a mixed rate law is observed. ”
With excess Cr(II) (Prob, 10), condition (8.29) leads to a zero-order loss of I;. (Fig. 8.3}

Fig. 8.3 Absorbance vs time traces for
reactien (8.28), X 1, showing the zero-
order churacter when [Crll] = 4.25 mM
and [L],(mM) = 0.6(+), 0.4(X), 02(C)
and 0.05(®). In all reactions, Nal =

25 mM, H,O = 015 M, 4 = 410 nm

{2 mm cell) and 25°C. Ref. 71. Reproduced
with permission from L. M. Wilson and
R. D. Cannon, lnorg. Chem. 24, 4366
(1985). © {1985) American Chemical
Time(s) Society.
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8 A Survey uf the Transition Elements 383
Chromium{1II)

The ion Cr(H,0);' is one of the [ew agua species thai is sufficiently inert that the solvent
exchange rate and solvation number may be determined by conventional sampling or nmr
analytical methods. Improved techniques enable lower concentrations of Cr(III) and H™ to
be used than in the early studies of the 50’s. This allows the determination of an extended
rate law for H,O exchange with Cr(III)

Kops = ko + K [H'] (8.31)

The Ffirst and second terms relate to exchange of Cr(11,0)%" and Cr(11,0),0H?* respec-
tively, with resulis shown in Table 8.4.72 These values reflect a strongly associative activation
mode for Cr(H,0);" cxchange and a predominantly dissociative one for Cr(H,0);0H®",
The lack of pressure dependence of AVF for Cr(H,0);" also indicates that the solvation
sheath is completely retained during interchange.”™ A large span in rate constants for ana-
tions of Cr(H,(N:* (but not Cr{H,0)O0H?*) also reflects an associative character, 2™
Table 8.4.7%7 The hydrolysis of Cr(IIl) yickls a number of polynuclear species (Prob. 11)
such as Cro(OH)**, Cr,(OH)}", Cry,(OH);* and others, although there is disagrecment as to
their formulation. 7" Incisive recent reviews by Danish chemists™®™ afford entry into all
aspects of thermal and photochemical substitution processes involving Cr(I11). In general,
bridge cleavage, interconversions and formation reactions of {rivalent metal ion polynuclear
complexes occur through both spontaneous and acid-catalvzed paths, although for Cr(II) the
former dominate. The decrease in stability as the number of hydroxe bridges increases, reflects
increased bridge strain (Table £.5).7%@

Table 84 Rate Constants for the Reactions of Cr{H,0)* and Cr(H,0),0H?' with X" , p = 1.0M
and 25°C, From Ref, 72.

- 107 % kpae 105 3¢ &eypr
Mg M5!

H,0 2 (571 18 (s~

NCS- 17 9.7

SCN 0.1 2.1

NO3 7.1 15

Cl- 0.3 4.2

Br- 0.09 2.7

T 0.008 0.46

50:;_ 110 6l

Table 8.5 Stability ol u-Hydroxo Bridged Chromivm{lIl} Complexes

Complex Cr-0-Cr fiz

: ' Angle {degrees) (hours)
[NH;);CJ‘(OH}CI‘(NH;)? + 166 19
{NH;),CriOHRCHINH) 102 1.6
(NH,),Cr{(OH},Cr(NH;)3~ 83 0.008
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The vast majority of substitution reactions of Cr(III) take place slowly and are easily
measured. The complexes thus are a closc sccond to those of Co(lil) in importance as
substrates for exploring all aspects ol octahedron reactivity. They do moreover have the advan-
tage of inscnsitivity to redox processes. The assignment of mechanism to anation and thus
hydrolysis reactions of Cr{IIl} complcxes, especially involving Cr(NH,);H,03', has pre-
sented problems® hut associative activation is now generally supporied, Table 8.67
(Chapter 4). Acid and base hydrolyses, induced aquation and stercochemical change have
been thoroughly investigated with Cr(II} complexes.® Thermal reactions of Cr(IlI) com-
plexes are usually but, particularly with agua ions not always, stereoretentive.” Rate
parameters for water exchange with a number of Cr{IIf) amines may be used to explore kinetic
cis- and frans-effects, although the rules have been less well established and with much fewer
ligands than with Pt(II) chemistry.”® Certain coordinated ligands will labilizc Cr(l11I)
(Prob, 12), These include polyaminocarboxylates, ¥ porphyrins and a number of oxoions in-
cluding OH ™. An /, mechanism is favored. ®

Chromium{III) organocations {see previous seclion} have aitracted a good deal of atten-
tion.% The nature of the R group in Cr{H,0)R** controls the reactivity. When R is a
primary group, the complex is stable in (),. A chain mechanism holds for O, reaction with
a complex coniaining a scondary or tertiary alkyl R group while reaction is indirect and via
unimolccular homolysis with benzylchromium(III) (Sec. 2.1.6).

Table 86 Activation Parameters for Some Replacement Reactions of Cr(WIlL)H,0%' at 30°C and
p = 1.0 M. From Ref. 75

. . 104k Al ASF
Entering l.igand e -
M~s - kImal ! JK 'mol™!
H,0 13.7 (s ! 97 0
Ny 3.2 96 —15
NCS™ 4.2 102 +13
Cl- 0.7 107 + 8
Br 3.7 110 +32
CCLCO; 1.8 105 b9
HC,07 6.3 11 +39
C,0i 29 104 +32

Chromium(IV) and (V)

Many more Cr{V) than Cr(IV} compounds have been characlerized, ** The Cr(V)} com-
plexes 4 are relatively stable in agueous solution in air.* Often R, =R,=Et in 4 has been

R,

o
1 4
R J— o——2=C
—C O\gr/ /
/C——O/ B\O —C~—p
O/ 1 1
RZ
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used to Investigate this oxidarion state.®® At pH > 6, 4 decomposes (8.32) by second-order
kinetics, suggesting a mechanism {8.33) and (8.34)

3Cr(V) — 2C(VD) + Cr(IIl) (8.32)
2Cr(V) — Cr(VI) + Cr{Iv) rds (8.33)
Cr(V) + Cr(IV) — Cr(VID) + Cr{III) (8.34)

Oxidation of one-glectron reductants Fe?* and VO?* by 4 produces a Cr(111) bischelate
cation via an intermediate which is probably Cr{IV),* Two-clectron reducing agents such as
N;H, preduce a Cr(IIT) chelated monocarboxylate

Cr(Vy + NoH, -» Cr(llI} + N,H, + 2H" rds (8.35)
Cr(V} + N,H, — Cr(Ill) + N, + 2H" (8.36)

Finally, hydroxylamine produces a Cr(I) product:

OCI'L, = OCH'L 4+ L —s OCrL(NILOH) + H* (8.37)

OCIr'LINH,0OH) — Cri(qIL)NO (8.38)

Chromium(1V) and (V) are important intermediates in oxidation by Cr(V1), see next section.
Chromium(V} is generally more reactive than Cr(VI). It is believed that Cr(V) is most cffective
for C—H rupture whereas Cr(IV) best breaks C —C bonds. ¥

Chromium(VI)

Some small doubt has been cast on the occurrence of HCrO7 in Cr(V1) solutions in acid.®
If this were confirmed, a large amount of kinetic data would need reinterpreting!

The rate ol exchange of oxygen belween Cr{VI) and watcr has beecn measured and the
following rate law obtained:

V = & [CrO") + k,[HCrO;] + ky[H'[HCr0O, ]
+ ki, [HCrO;] [CrO? | + k,[HCrO,]2 (8.39)

At 25°C, pH 7-12and p = LOM, & = 32 x 10 7s7' ky = 23 x 10737 &y =
73 x 10°M s ky = 107°M s and &, = 9.0 M~'s~! (for the transfer of one oxygen
only}. The proton evidently facilitates exchange by polarizing the Cr—0 bond.®

The rate of attainment of the equilibria

Cr,0f + H,0 = 2HCro, (8.40)
HCro; — H* + Croz- (8.41)
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has been measured by flow and rclaxation methods. The first step is generally base (Sec. 2.5.3)
and acid-catalyzed. The highly negative values of AF~ (around —20 cm¥mol~') for OH -,
NH,, H,0 and lutidine base-catalyzed hydrolysis ol Cr,03~ are in agreement with an [,
mechanism (Sce. 2.5.3). % The k; value in (8.39) is within an order of magnitude of that for
the reverse of (8.40).%

Since the stable product of oxidation by Cr{VI} is Cr{II[} we are necessarily involved with
three-electron reactions, with their attendant interests and complications. **® For inorganic
reductants, R oxidized to O, the reaction scheme (1.118) holds

Cr{VD) + R == Cr(V) + O kioko (8.42)
CrV) + R <= CH{IV) + O kork (8.43)
Crilv) + R = Cr{ll) + O kynk s {8.44)

With reducing agents inert to substitution, lor example, Fe(phen); ', Fe(CN);  or Ta Br
the first step i1s the difficult one and straightforward sccond-order kinetics are observed:

V — &, [Cr(VI)] |R] (.45

For a number of inorganic reductants, the sccond step is rate-limiting and

V= ({"--—) & |Cr(VD] [R]7[O] ~ (8.46)
—1

Rarely is the third step rate-limiting but appears (o occur with Ag(I)P*

i ks . -
= (A—‘> (k—> K, lCr(Y DI [RI?[O] 2 (8.47)

Support for the general scheme {8.42)-(8.44) also emerges from induced oxidation cx-
periments (Prob. 4, Chap. 2) and from tracer experiments on the Cr(II}— Cr{VI) reaction.”

The reactions of Cr{VIl) with H,0, lead o a variely of peroxo species dependent on the
conditions. The kinetics of formation or hydrolysis, or both, of Cr0O(0O,), (Secs. 2.1 and
2.1.7(c), Cr{0,)]~, Cry(0,)*" and Cry(0,);" have been investigated.® The formation of
CrO(Q,), has been compared with those of a number of Cr{VI)-substrate complexes for
which

V= k[HCrO, ] [H'T[X" ] (8.48)

where X"~ — H, 1?07, NCS~, H,0, and others.** All &’s are approximatcly 10°M %s !and
a dissociative mechanism is favared for the rds?

CrO,(OH)~ + H* = CrO4OH,) rapid (8.49)

CrO4(OH,) + X*~ > CrOX”" + H,0 rds (8.50)
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‘The oxidation of organic substances by Cr(VI) has been reviewed and the importance of
Cr(V) and Cr(IV} intermediates assessed. ¥ The mechanisms appear to depend on the nature
of the substrates and the medinm. One favored mechanism for 2-propanol and other
substrates in aqueous acid is®

70\0//0 N N 70\0//?"3;&0/’:‘ FLG-0 + Cr{lV) 8.51)
r + c —— o~ — RL=0+Cr (8.
O// \OH HO/ \R 41,0 O/ \D/ \H
Cr(v) + Cr(lv) — 2Cr{V) fast (8.5
Criv) + R;CHOH  — Cr{lll) + R,C=0 (8.5

A kinctic isotope effect supports C—H bond breakaec as a rds.™ The intermediacy of
Cr(V) is demonstrated by epr. The Cr(IV) species is epr-silent.? Free radical formation in
some systems has also been demonstrated. ¥

Molybdenum

There has been considerable interest in the chemistry of molybdenum in recent years, in part
due to its occurrence in nitrogenase which catalyzes the reaction:

N, + 8H* + 8¢ -~ 2NH, + H, (8.54)

as well as in a number of other sulfhydryl enzymes, such as xanthine oxidase, nitrate reductase
ete,® There is a wide range (=10'"") of rate constants for substitution in molybdenum
species. Generally, there is increased lability as the oxidation state hecomes higher. ¥

Molybdenum (IT)

Mo,(H;0)#' is one ol only three dimeric aqua lons with no bridging ligands (Hgi* and Rhi*
arc the others). The structure 5 is cclipsed with 8-bond formation and quadruple metal-metal
bonding. 7" A rapid pre-equilibrium involving substitution of anion into the axial {end)
waters,

4+
HaQ OHp HQ OHy

Mo ==m=Mo
H:O OH, HO ©OH,
5

(not shown), is followed by a slower anion movement to the basal plane. *® This mechanism
resembles that proposed for substitution in VO2* and TiQ2* (Table 8.7). %%
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Table 8.7 Comparison of Kinctic Paramcters for the Formation of 1:1 Complexes of Metal lons with
KCS  at 25°C. From Ref. 98.

Metal Ion 10k AH? AS*?
M-ig! kImol ' JK 'mol~!

Mai+ 0.59 58 + 3

VQOr - 11,5 45 —-16

TiO?! 6.1 44 —17

Molybdenwm(III)

The pale yellow Mo(i{,0)}* ion is obtained by reduction of Mo(VI) by Zn/Ha. ligation rate
constant values are highly dependent on the incoming ligand (Table 8.8) and this [act, together
with the —11.4 cm*mol™ ! value for AV7T for the SCN™ reaction strongly supports an
assoclative mechanism, possibly as extreme as A.* Surprisingly, Mo(H,0)}™ is more labile
than Cr(H,00%" by a factor of 10°. The reactions of Mo(H,0)%* with O, and with CIQj7 in
acid are triphasic and give the Mo',O(H,0¥* lon. With O, the first slep is believed to be

Mo* + 0, = MoO}' Kk, (8.55)
and the value for &, (180 M~'s~'y suggests an associative inner-sphere reaction, %1%

Table 8.8 Second Order Rate Constants (K, M~ 's~ ") for Moenocomplex Formation beiween L and
Mo(H,O)* at 25°C, From Ref. 95,

L k L k

cl 4.6x1073= Co(C,0,% 0.34"
NCS- 0.32% MoQ,{H,0)* 420
HC,0; 0.49% 0, 180°

A =10 "p=20M

Molybdenum({IV)

In low concentrations in 0.3 to 2.0 M H*, Mo{I1V) is present as MoO?' or Mo{OH ). At
Mo{IV) concentrations cxceeding 1 mM, the red irimeric species Mo;O,(H,0);' is present,
the structure of which, 6, is identical in solution and the solid statc. "2 Both capping (a) and
bridging (b} oxygens do not exchange with 11,70 in two vears. The exchange of the H,0's
trans to bridging oxygen (c) is rapid and must be determined by nmr line broadening whereas
the exchange of H,0’s trans to capping oxygen (d) can be determined by nmr signal loss.
These waler cxchanges arc via Mo,0,(OH,),OH?*" , and it is believed thal deprotonation oc-
curs at a d water (K, = 0.30 M). Exchange ratc constants arc 1.6 x 10257 (¢) and 1.5 x
107337 (d).'” Anation of Mo,O* by SCN™ also occurs via the conjugate base and this
substitution, as well as the water exchange are assigned an /; mechanism (Prob. 13}. There
are two sleps in the anation by C,02  and these are atiributed w a fast (ring closure) and a
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slow {first bond formation) process i.e. the two steps are interposed (Sec. 1.6.2). 4% Reduc-
tion of Mo;0,(H,0)3* by Bu’* produces MofIl) via species containing Mo(III) Mo(lII)
MO(IV) 104(b)

g
OH, 4+
c
HQO\"'J}]Q/OHZ
o/l \ob
Hzos.__Ml_/;P\ lo/OH?_
M0 I\o/ T~0H
H,C OH,
6
Molybdenum(V)

The diamagnetic binuclear specics has the structure 7 (the number of coordinated H,O's is
uncertain) '® and therefore three types of exchangable oxygen. The coordinated waters are
labile. For the slower measurable oxveens, two well scparaled exchanges are observed, with
{,,» — 4 min (0°C) and 100 hours (40°C), each corresponding to two oxygens. Laser Raman
spectra of solutions after the measurable faster exchange indicates these arise [rom y] OQ’s. 106
Mo(V} is monomeric in organic solvents® {Prob, 14),

2+

O Q
H0me IOl o,

H0~" T\o/ ]\"Io"“'-cH2
H:C CH,
7
Molybdenum(VI)

Molybdenum(V1} and tungsten(V1) arc stable oxidation states and only mild oxidants, Ex-
change with H,0O obeys the rate law:

V = k[XO37] + & [XOZ1[0OH ] {8.56)
The values of k&, {0.33 s7' for X = Mo and 0.44 57! for X = W) are much larger than
that for CrO2 (3.2 % 1077s™"), and this arises Irom smaller AF* terms. '’ The tetrahedral

MoeO?~ ion reacts with chelating lizands X to form octahedral complexes. All kinetic data
can be represenied by

V = k[MoO} ] [X][H*] {8.57)
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Plots of log & apainst log Ky (Kux 15 the constant for protonation of X) are linear
(Fig. 8.4), and the greater reactivity of the more basic lisands supports an associative
mechanism. '™ There is a simitar behavior with W3~ Ref. 39 and both conirast with that
for HCrO; where an identical rate law {8.48) holds bul a dissociative mechanism is Tavored.
Tetrahedral coordination is maintained in reactions of Cr{VI) so that Cr— O cleavage must
occur. This probably accounts for the greater reactivity of HMoO7 where adduet formation
involves direct addition,

*16

{ I
4 B 12

IOgKHx

Fig, 8.4 Relationship between log & and log K gy for Mo{VI) complex formation. 1. = Hox (1), ox~ (2),
Hoxs™ (3), oxs?~ (4), Hecat™ (5}, Hyedta?~ (6), Hthb? (7), Hythb (8), Hpg®~ (%), Hypg~ {10},
ep? (11), Hep?~ (12), dopa’ ~ (13), Hdopa?~ (14), H,ga®~ (15), Co(NH;};OH?' (16), Has®> (17), and
Hnta®" (18).1% Ilox = 8-hydroxyquinoline; Hyoxs = &-hydroxyquinoline-5-sulfonic acid; H,cat =
catechol; Ithb = 12,4 trihydroxybenzene; Hypg = 1,2,3-trihydroxybenzenc; Hiep = (3,4-dihvdroxy-
phenyl)-2-(mcthylamino)ethanol; Hydopa = (3,4-dihydroxyphenyDalanine; H,ga = 3,4,5-trihydroxy-
benzoic acid; Hyas = 1,2-dihydroxyanthragquinone-3-sulfonic acid. Reproduced with permission from
S, Funahashi, Y. Kato, M. Nakayama and M. Tanaka, Inorg. Chem. 20, 1752 (1981). & {1981} American
Chemical Soclety.

The substitution reaction
MoOi~ + 4H,S = MoS; + 4H,0 (8.58)
is surprisingly clean. The various steps have been delineated and a general rate law observed:
¥V — k[MoOS; 7 1[HS [[H'] (8.3%

It is proposcd that the proton is introduced into the activated complex with the Mo, 53—,
specics (rather than with HS™), thereby allowing activation of the Mo=0 bond '**

O0—Mo / —_— O—Mo 'y {3.60)
A T TN
o -0 o Con
H
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8 A Survey of the Transition Elements 391
Mangancse

Manganese represents the epitome ol that characteristic property of the transition clement
namely Lhe variable oxidation state. The aguecus selution chemistry includes all oxidation
states from Mn(Il) to Mn(VIID), although these are of varying siability. Recently atiention has
becn focused on polynuclear manganese complexes as models for the cluster ol [our
manganese atoms which in conjunction with the donor side of Photosystem(II) is believed in-
volved in plant pholosynthetic oxidation of water. The Mn, aggregate cycles between 6
distinel oxidation levels involving Mn(II} to Mn{lVv). 10

Manganesc(II)

The nmr lines for coordinated H,'"0 are ico broad [or the accurate determination of the
ceordination number of Mn(Il). The formula Mn(H,0) ' is deduced from speciral con-
sidcrations. The average parameters for water exchange are given in Table 4.1.25111® On the
basis of these values an £, mechanism for 1,0 exchange, and for ligation by bpy and tpy'™'®
is suggested.

The aqua ion is notl easily reduced nor oxidized. It is the slowest reacting of the bivalent
transition metal ions with ¢, (k = 7.7 x 10'M 's ) and the product Mn], is very reac-
tive. " However Mn{CNR)} (R = a variety of alkyl and aryl groups) is stable and the self-
exchange in the Mn(I,11) hexakis{isocyanide) system has been studied by **Mn and 'H nmr
line broadening. The effects of solvent, temperature, pressure and ligand have been thoroughly
explored. '

The Mn(H,01*** exchange involves transfer of clectrons [rom the high spin
A {(nd)}6*d)?] +2 ion to the high spin d*[(rd)*(c*d}'] +3 ion. The transfer to a ligand-
directed metal orbital of antibonding character should be accompanied by a substantial
change in the Mn—0O bond length, and therefore a reduced rate (Sec. 5.4). The electron
transfer rate constanl calculated from a semiclassical model is 107#*'M~"s~'. The values
cstimated from Mareus treatment vary from 1077 to 10-°M ’s ', depending on the system
considered (usually Mn** as an oxidant). '™ On the other hand a value of 3.2 x 10*°M 's~!
is estimated for the Mn(tpps)?~"*~ exchange. The > 107 enhanced reactivity compared with
Mn(H,0% /%" is ascribed to a change from a hard to a sofi environment for Mn. " See also
Ref, 116,

Manganese(ITI)

Manganese(III) is a powerful oxidant, with interesting mechanistic cheristry.'” H can be
generated in situ from MnQO7 and Mn** in acid solution. By using excess Mn?* ions and
high acidity (3-5 M HCIO,) the marked disproportionation and hydrelytic tendencies of
Mn(IIl) are suppressed and such solutions are stable for days al room temperature.

A number of second-order reactions with inorganic reductants have been studied, When the
reductant has lipand properties, for example, C,037, Br~ or HN,, reaction is considercd to
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392 & A Survey of the Transition Elemerits

occur via complex formation. Irradiation of Mn{C,0,): ~ in aqueous solution leads to reduc-
tion and formation of CO, similar (o that with the thermal reaction (Prob. 15):

Mn(C,0,)0" —» Mn(C,0.} + C,03 (8.61)
Mn(C,0,08~ + C,0% — Mn{C,0,8" + G0~ + 2C0, (8.62)

Other first-row transition metal oxalate complexes behave similarly. "'#

Manganese(V)

MnOj~ is reduced by e7, in base to yield MnO;~. This ion is postutated as an intermediate
in a number of studies, '™

Manganese(VI)

The green tetrahedral ion MnO2~ is stable in basic solution. It can be prepared by reducing
MnO; with Fe(CN); . There is uncertainty about the MnO?2~ — L0 exchange rate.** The
ion disproportionates in acid and the kinetics have been studied by stopped-flow.'¥ At
610 nm where loss of MnO;~ is monitored, the rcaction is first-order. At 520 nm where for-
mation of Mn(Q)j is observed, the reaction is second-order. These observations and the H-
dependency suggest a mechanism

HMnO; = MnO; + H- fast (8.63)
HMnO; — MnO; + OH first-order (8.64)
MnQ, + HMnO; — MnO; + Mn(V) second-order (B.65)

The MnOZ~, MnOj electron transfer has been studied using radioisotopes and quenched-
flow as weil as by nmr, with good agreement between the results (Tables 1.3 and 3.3). The rate
of outer-sphere eleciron transfer is given by

V = (ky + ki [IMT]) [MnO7 | [MrO2 7] (8.66)
The activation parameters [or the cation-independent pathway (k) can be accounted for

by a modified semiclassical Marcus-Hush theory. Lower enthalpies, and more posilive
volumes of activation are noted for the M ' -catalyzed pathway. %!

Mangancse(VII)

As with MnQ3~ there is disagrecment on the rate law for water exchange for MnQ; . One
term in the rate law (ko [MO; 1) appears certain and for M = Mn, &, = 1.9 x 10775~ ! and
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M — Re, &k, — 7.7 x 10775~ at 25°C. %% It is a useful oxidant for inotganic and organic
substrates, often with complicated kinetics. In the stepwise mechanism

Mn(VII} + red <= Mn(VI) + ox (8.67)
Mn(Vi) + red — Mn(V) + ox (8.68)
Mn(V) + 3red -— Mn(Il} + 3ox rapid (8.69)

the first step is ratc-determining for red — W{CN)}~, Mo(CN){~ and Fe(CN)}~, whereas
with Fe(phen)?*, reduction of Mn(VI) is rate-determining. #** Two stages are discerned with
V(IV)*

Mn(VID) + V(IV) — Mna(VI) + V{V) (8.70)
Mn(VD) + VIV) — Mn(V) — V(V) - Ma(l) (8.71)
The simple stoichiometry in (8.72) belies simple kinetics. The dynamics arc

2MnO; + 5H,0, + 6H* — 2Mn2* + §H,0 1| 50, (8.72)

frighteningly complex, with induction, inhibition and autocatalytic features! For the first
phasc the rate law 1Is

~d[MnO, 1/df = {a + b{H']} [MnO;] [[1,0,] (8.73)

which is interpreted as a nucleophilic inner-sphere atlack of H,0, on Mn(VII}. %

[t is a useful oxidani for hydrocarbons, alkenes, alcohols and aldehydes. '** Permanganate
reacts with carbon-carbon double bonds to form 4 cyclic manganate(V) diester. The nature
of the products is determined by subsequent rapid processes. 124

Iron

The ¢complexes of Fe(lI) and Fe(III}, the imporiant oxidation states in aqueaus selution, have
playved major roles in our undcerstanding of the mechanisms of substitution and redox pro-
Cesses.

Iron(IF)

Data for water exchange with Fe(H,0)}" are shown in Table 4.1.'" The value for AV7 in-
dicates an interchange dissociative mechanism, which is also reflected in data for the reaction
of Fe™ with tpy (AV* — +3.5 cmmol~!, %) and other ligands.!"! One of the carlicst
studies of substitution in a labile metal ion was of the reaction of Fe?* with bpy and phen
in acid sotution (Sec. 2.1.4).
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A classical D mechanism is favored for substitution in a aumber of low spin Te(IT) com-
plexes of the form frens-Fe(N,)XY where N, 1s a planar tetradentate ligand (porphine,
phthalocvanine or macrocycle) or two bidentate glvoximatces and X and Y are neutral ligands
CO, py etc. (Structures 8). '*® These substitutions are characterized by a small range of on-
rates for a particular {N,) and X group, when Y is the replaced aroup. Equilibrium positions
are dominated by ihe off-rates which can span many orders of magnitude. Thus AH il lor
the dissociation process is a useful measure of the coordinate bond energy, * There have
been few studies of ligand replacement in non-octahedral complexes. {Table 4.8)

(A) (B ({C)

8 - Structures of four-coordinated Fe(Tl) porphyrin (A).
phihalocyaning {B) and bis(diphenylglyoxime) () complexes.

A number of oxidations of Fe(H,0);* by one-clectron outer-sphere reactants, IrClLE—,
Fe(phen)i™, Mn(IIl}) and Co{lil} are rapid and second-order and give the expected
I.LFER. 612" The measured rate constant for the Fe2*/3*+ self-exchange is 4 M~'s~!. The
value computed from a number of ¢ross reactions involving Fe?! or Te?! is =107°M 's .
This suggests that the directly measured sclf-cxchange may be inner-sphere. V' (Sce. 5.4 and
Fig. 2.8) In the slow inner-sphere oxtdaticns of Fe?*, electron transfer is almost always rate-
determining, (Fig. 5.1 (b)) since substitution in the coordination sphere of Fe{Il) is very rapid.
Diagnosis of an inner-sphere process requires identifying quickly the Fe(IlI) complex {ormed
(by flow methods, Sce. 5.3a)). Rapid ¢lectron transfer between coordinately saturated Fe(IT)
and Fe(III) complexes must be outer-sphere. Oxidation of Fe(II) by two-electron oxidants must
of necessity be more complex, since an unstable oxidation state of either iron or the oxidant
must be produced. In some cases the production of a binuclear Fe(I1l) complex is evidence
for the participation of Fe(IV), for cxample with HOCI and O, (but not O, nor H,0, %),

Fe + ox ~» Fe™ { red (8.74)

Fe'l + Fe » [Fe™], fast (8.75)

The interaction of Fe(Il) with small molccules has received much attention. The Fe(11)/
oxygen system must be one of the most studied chemical interactions. Since the Fe-porphyrin
complex forms the core of the naturally occurring iron respiratory proteing myoglobin and
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hemoglobin'* the reaction of iron{ll) porphyrin (PFe™) with O, in noncoordinating solvents
has been extensively siudied. A generally accepted mechanism is

PFe" + 0, = PO, (8.76)

PFeQ, + PFe! — PER™"-0-0-Fe'"P ®7N
PR~ 0 —0O—Fe"P — 2PFeVO (8.78)
PFc!YO + PFe!! — 2PFelll—O—Fe"P (8.79)

By working at low temperatures { —70°C) it has been possible to identify the oxygen adduct
in (8.76), the peroxo bridged complex in (8.77) and the Fe(IV) species in (8.78) as in-
termediates.'® In aqueous solution, using Fe(tmpyp)*', a dimer product does not result
from the O, reaction, which suggests that an Fe{IV) specics is not implicated. **¥ The first
step {8.76) is isolated in the reactions of myoglobin and hemoglobin, henge imparting the
unigue oxygen-carrying and storage ability of these vespiratory proteins. The simple formula-
tion of (8.76) docs however hide a wealth of detail (Sec. 2.1.2). The ion Fe{edta)? is scnsitive
to O, but is a useful, gentle reductant {Prob. 17).

A combination of Fe?' and H,0, is termced Fenton’s reagent and is an effective oxidizing
mixture towards organic substrates. In aqueous solulion, the OH® radical appears to be the
actual oxidant 132

Te(Il) + H,0, — FellOH?®" + OH’ (8.80)

From observations of widely different products in nonaqucous solvents, it is concluded that
higher valence iron complexes are primary oxidants (as in biochemical oxidations #3-136);

Fe(ll) 1 H,0, » Fe{H,0,)3~  {(which may be FeQ*) (8.81)

Fe(H,0,)* + RH > Fe{ll) + ROH (8.82)
Fe(H,0);* and other Fe(Il) complexes react with NO to give brown-black complexes, e g.
Fe'(H,0);NO?* Ref. 137. There is a wide range of formation rate constants, 4 x 102M~'s~!
to =6 % 10"M~'s~! and the interaction is conveniently studied by temperature-jump. 3%

Iron(HI)
Nmr H, "0 line broadening gives the following rate law for exchange with Fe(IlT) solutions
Koeh = Ky + ko [HT]7! {8.83)

#, is the rate constant for exchange of an aqua ligand on Fe(H,0)2* with bulk water, and &,
= koK, in which &gy, is the rate constant for exchange on Fe(k,0)0b12*

Fe(H,00* -~ Fe(H,0),0H%" + 1i- K, (8.84)
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The data, including results from pressure effects, are shown in Tables 4.5 and 4.6. The com-
plexing of Fe(111) with a large number of ligands has been studied (Table 2.1}. The general con-
sensus is that substitution in Fe(H,0)}  is associative and that ol Fe(H,0)30H?' is
dissociative. The appurent dependency on the nature of the ligand of the ligation rate con-
stants for Fe(Hzo)éJr but not for l*‘e{l[l())j()lll‘*, strengthened by negative and positive
values for A7 respectively, ¥ 4! support 7, and /, mechanisms respectively. Where proton
ambiguily arises, the reaction of FeOH?' (with HA) is usually [avored over reaction of Fe*'
(with A} Scc. 2.1.7(b). Porphvrins have the ability when coordinated to Fe(III) (and also
Cr(III) and Co(III}} to labilize the remaining coordinated water(s) by a factor of 10%-107
compared with that of the hexaaqua jon (Table 8.9), *? This lability may be the explanation
for the high rates of dimerization of the porphyrin complexes ™" e.g.

Fe(tmpyp)(H,0)°F + Fe(tmpyp)OH* = (tmpyp)Fe — O —Fe(tmpym®* + H,0 (8.85)
H

“Iahle 8.9 Water Exchange on Fe{II1)-Porphyrin Complexes %2

Complex koo (per HyO, 57 AFIF, klmol ™! AS%, JK 'mol™!
Fe{tmpypHH,08 ' 7.8%10% 57 61
Fe{tpps)(H,0)} 1.4%107 57 84

A number of Fe(Iil) complexes undergo such dimerization in soluiion.

The aguated iron(IIl) ion is an oxidant. Reaction with reducing ligands probably proceeds
through complexing. Rapid scan spectrophotometry of the Fe(IID-cysteine system shows a
transient blue Fe(II1)-cysteine complex and formation of Fe(II} and cystine. ¥ The reduction
of Fe(IH) by hydroquinone, in concentrated solution has been probed by stopped-flaw linked
to x-ray absorption spectrometry. The changing charge on the iron is thereby assessed. ** In
the reaction of Fe(IIT} with a number of reducing transition metal ions M in acid, the rate law

V=(at b[H'} D[Fe™] [M] (8.86)

is obeyed. '™ The inverse proton dependency is dominant and is ascribed to an inner-sphere
reaction of a hydroxy form of either Fe(IT]) or M. ¥ The absence of an inverse [11*] depen-
dant term heralds an ouler-sphere mechanism, e, g. in the reaction of Te(lIT} with Co{sep)?*
Ref, 146.

Some Iron Systems of Special Interest

Iron{ll) and (1M} cyanc complexes provide very interesting mechanistic chemistry. The
Fe(CN);H,0*~ ton is a popular substrate for siudy. Ii is easily prepared in situ by the
dissolution of solid Na,[Fe(CN).NH,] for 15 minutes at 25°C in aqueous solution, For a
large varicty of cntering groups Y (unspecified charge) a £ mechanism is favared (Prob. 18):

Fe(CN)s1 1,03~ = Te(CNY + H,0 ko k K, (8.87)

Fe(CN)I~ 1 Y = Te(CN).Y? ky k5, K (8.88)
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There is an excellent LFER between log k£ , and leg &, K, for reaction of neutral uniden-
tates, and even for the binuclear-forming R(NH,3,X** and Co(CN);X? (Fig. 8.5%7), also
Reis. 148, 149, Rate constants for the replacement of H,O in Fe(CN);H,0?~ range {rom

Fig. 8.5 LFER for Fe{CN),L complexes.
Reprasentative cxamples from a large
number of data include C.H,CN(1), py(2),
4-CNpy in which attachmenl is through
NEC(3), 4-CNpy in which attachment is
through the py N(4), 4-C'H3rt'py(5),
4-bpy Rh(NH,)3' (6),
4-CNpy Co(CN)2~ (7), and NC-
Co{CN):~(8). The line represents the
equation logk_, 245 — 098 lop K\ K,
ohserved for a number of neutral ligands
L and interpreted in terms of a {2
mechanism (A. D. James and R. 5. Mur-
ray, J. Chem. Soc. Dallon Trans. 1530
(1975); A. P. Szecsy, S, S, Miller and A.
Haim, Inorg. Chim. Acta 28, 189 (1978);
1 ! K. J. Plenning, L. Lee, H. ID. Wohlers
2 4 6 and J. D. Petersen, Inorg. Chem. 21, 2477
logK K5 (1982)).

~logk

2 x 102M~'s~ ¢ (neutral ligands) to 6 x [0°M 's ' for +3 charged cntering jons. ' Dilute
solutions (< 0.1 mM) of the aqua complex should be used to avoid complications of
poivnuclear formation. In addition, O, oxidizes Fe(CN) 11,03~ fairly rapidly in acid solu-

tion; ¢

4Te(CN)ELO? + 4H' + O, — 4Te(CN)H,02" + 2H,0 (8.89)
V = & [Fe(CN)H,0 ] [0,] Fe?! ] (8.90)

Indeed, the oxidation of Fe(CN)] by O, (as well as by H,0, and Br0;) proceeds via the
rds of dissociation of the hexa- tc the penta-cyano complex.!™ The value of & in (8.90) is
5.6 x 10°M %57 at pH > 3.8. Traces of Fe®* from decomposition of the cyano complex
promole catalytic oxidation (Prob. 19). A large number of complexes of the type
Fe(CN); X"~ for both Fe(II) and Fe(IIT} have been studied and cross-reaction redox kinetics
abound. "% Carc has to be exercised in the use of Fe(CN)} . Daylight can induce changes
in the compiex even within an hour'™ and catalytic cffects {traces of Cu?* Sec. 3.1.4) have
to be considered. In addition, the sensitivity of the values of £° and rate comstants to
medium effects lessen the value of the iron-cyano complexes as reactant partners for the
demonstration of Marcus relationships. '’ Nevertheless, they, with other inorganic com-
plexes, have heen extensively employed to probe the peripheral characteristics of metallopro-
leing, "**
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Nitric oxide coordinated to iron modifies, in a striking manner, the properties and reactivity
of free NO {Sec. 6.2). Probably the most famous such ¢oordinated entity is the nitroprusside
jon, Fe(CN),NOZ~. An incisive review of ils reactions particularly related to its hypertensive
action (it reduces blood pressurc of scvercly hypertensive patients) is available. '%®
Mitroprusside ion reacts with a variety of bases

Fe({CN),NO 2~ + X"~ = Fe(CN),NO{X)?:#~ (8.91)

with aitack at the O or the N atom of the coordinated nitrosyl group. ™ A full study of Lhe
primary reaction of Fe(CN),NO? with a varicty of aliphatic thicls has been carried out by
a temperature-jump/stopped-flow combination. This is necessary because (8.91) X"~ = RS~
is followed within seconds by redox reactions.’® The primary products of reduction of
nitroprusside by dithionite are Fe(CN),NO?~ and CN~, Using nitroprusside enriched Lo
90% in "*C, the epr of the iron product is best interpreted in terms of coupling to four {and
not five) PC nuclel and a single “N of NO. ' This supports the formulation of the product
as Fe(CN),NO?~, containing the Fe'—=NO" rather than the Fe!! —NO entity. *¢

A nurmber of Fe(II) and Fe(IIl) chelates exist in low spin, high spin equilibrium in solution.
They therefore afford an excellent opportunity 1o study the dynamics of a relatively “simple”
clectron-transfer and a number of very rapid rcaction techniques have been applicd to thesc
systems (Chapters 3 and 7). Spin state interconversions are slightly more rapid in Fe(I11) com-

plexes. 1%

Iron(1V) and Iron(V)

These oxidation states attract atiention because Fe(IV) and Fe(V) cation radical porphyrins
arc active intermediates in biological hydroxylation.'® In sirong base, Fe(IV) is produced
from Fe(III) by powerful oxidants and Fe(V)} arises from radical reduction of Fe(V])

Te(OH); + OH® » FeV=0(OH)2-"' + (3 — x)OH + H,0 (8.92)
FeQi + &, — RO} (8.9

Both products are unstable and decompose to Fe(l111) with rate constants 2 57! (Fe(l1V) in
IM O17) and 4 s~! (Fe(V) in M QH ). 162183

Iron(VI)

Iron{VI) ferrates are easily prepared, stable solids. They are strong oxidizing agents (k° =
+0.72V in alkaline solution) and show a high degree of selectivity. ' In aqueous basic sotu-
tion the ion is FeOQ3™; all O's are equivalent towards H,O exchange. At pH 9.6-14,

V= k [FeQ2"] (8.94)

where & = 1.6 x107%s~!, The oxidation states Fe(IV) and Fc(V) can be shown not to play
an important role in the exchange. '%

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



8 A Survey of the Transition Elements 369
Ruthenium

Increasing attention is being given Lo the reaclivity of ruthenium specics whichk show unusual
behavior compared with their Co analogs. Aspeets of current interest are mixed valence
states, ' ruthenated proteins to probe electron transfer in them (Chap. 5) and the
photochemistry and photophysics of Ru(ll} polypyridine complexes. 1%

Ruthenium((TI)

The exchange data for Ru{H,0)Z" indicate an 7 mechanism. '®’ ‘The larger activation volume
for Fe(I,0)* than Ru{ll,O)* exchange (i.e. more dissociative character}) arises from the
presence of two e, electrons in the former. This apparently more than offsets the larger ionic
radius for Fe(H,0)2' (0.78A vs 073 A) which would favor an associative behavior, 's” There
is a strong trarns cffcct (which is probably operational in the transition statc) in the 10°*
enhanced rate of water exchange in Rum®-CyH ) H,0)~ compared with Ru(H,0)2*. An in-
terchange mechanism for both is proposed.!%® Substitution reactions of ruthenium{ll} am-
mines have been widely studied and are predominantly dissociative even in ncnaqueous solu-
tion, '™ The RufNH,),H,0?' ion reacts with a number of unidentate ligands, including
nitrogen, with similar ((0.3-30) x 107?M~'s "} rate constants suggesting a dissociative
activation mode 77173 Because of the relatively slow rate for water substitution in
Ru(NH,)H,02* (=01 M 's"') and the relatively large rate constant for self-exchange
(=3 x 10°M ‘s, the ruthenium(Il) ion leads to react by outcr-sphere redox mecha-
nisms. ™ Ruthcnium(Il) ammines rcact with O, in acidic solution:

2Ru(Il) + 2H' + ©, — 2Rudll} + H,0, {8.95)
—dRu(ID]/dt = 2k, [Ru(1)] [O,] (8.96)

for which a mechanism invoking the intermediacy of OF is proposed:

Ri(ID + O, — Ru(ll) + O3 k. k , (8.97)
Oy + H* = HO; (8.98)
Ru(ll) + 1105 — Ru(ill} + HO; (8.99)

Although autoxidation of Rufsar)?~ has similar characteristics in acidic solution, in base
hydrogen atom transfer from Ru(sar)?* to O3 leads (o a deprotonated Ru(lI1} species which
is oxidized to relatively stable RuV(sar-2 H+)2~ Ref, 175, The strong deviation [rom lingarity
for semi-log plots, with a large excess of Q,, is removed when Fe(II} is added. This sup-
presses the &, step and doubles the rate. Compare Sec. 2.2.1(b). The value of k_, can be
asscssed as 1.3 x 108M~'s ' Ref. 176. The behavior of pentacyanoruthenium complexes has
been compared with the iron analogs. Substitution in M"{CN);L."* with bolth M = F¢ and
Ru is dissociative, with decreased labitity for the Ru(Il) species, Table 8.10, 77
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Table 8.10 Rate Constants for Reactions of Ru{CN)H,03~ and Fe(CN)H,0?~ with Ligands at 25°C,
From Ref. 177.

a 5 b ey 2 1 way b
Ligand f;{ff]&;}] Sl?i xk_, {Ru) i&ffz)—f ;D: xk_,(le)
bpyH * 44 4.2 2050 2.6
bpy 4 6.8 365 0.62
pyZ 10 1.8 380 0.42
Py 5.4 3.3 365 1.1
imid 5.1 11 240 1.3

dmso 13 0.85 240 0.07%

* Formation of M(CN),L"~ b Hydrolysis of M{CN),L"~

Ru(CN);NO?>~ reactions with OH~, SH~ and SO}~ rescmble thosc of the nitroprusside
ion, with attack ar the coordinated nitrosyi to give analogous transients and similar second-
order rate constants. !"® Ruthenium(l1) compiexes of the general type Ru(N,)', N, = biden-
tate ligands, are important reactants. The relalive inertness of Ru(NH,)2* and Ru(diimine)’
towards substitution makes these complexes definite, although weak, outer-sphere reductants
(Tables 5.4, 5.5, 5.6 and 5.7). 'Y Ruthenium(IT) complexes of the general type Ru{diimine):~,
and particuiarly the complex Ru(bpy3*, have unique excited state properties. ' They can be
used as photosensitizers in the photochemical conversion of solar energy, Scheme 8.1'%

v %

products Ef Ru(bpy)%+ e a(Ru(bp_\/)-_zfr ETA 1/2 H,

I catalysi

E "~ Ru(bpy)3' ETA H
(8.100)

Elcetron donor E: photosensitizer Electron transfer calalyst:
edta or Ru(bpy)%*' or agent, (ETA): PL(PVA) or
2—mercaptoethanol Co(lll) cages or hydrogenasc

3
Zn(ipps;) viologens

It is essential that the quenching of *Ru(bpy)i* by the ETA is via electron and not energy
transfer. Either or both pathways have been observed with cobalt(II) complexes 318
(Prob. 22).

Ruthenium (111)

Substitution reactions of Ru{Ill} are very slow. "®"% An [ mechanism is assigned to water
exchange for Ru{H,0)}* and an 7 mechanism for Ru{l,0);OH>" {Tables 4.5 and 4.6).'%
Coordinated cdta labilizes the remaining H,O coordinated to Ru(IIT). Activation parameters

for:

Ru(edta)H,0~ + L = Ru(edta)l.”  H,0 (8.101)
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indicate an associative mechanigsm. #3513 The bell-shaped &/pH profile (Fig. 1.13) resembles
that for the Co(I1I) analog with a similar assignment namcly 1o reaction of Ru{edta)OH?
Ru(edta)H,0~ and Ru(Hedra)H,0.""* ¥ Data for substitution in Ru(Iljedia complexes arc
mote equivocal because the more labile Ru(I11)-edta complexes catalyze substitution in Rufl{)
(Compare Sec. 5.7.3)'% Associalive mechanisms are common with Ru(lIl) complexes. '®
Complete stercorctention in substitution and induced hydrolyses is observed, '™ Qverall,
Ru(III} behaves more like Ru(Il) than like the obvious analog, Co(III).

Ru(11,03)2/7* is the only known low spin d, d° pair of metal aqua ions. Exchange can be
measured by broadening of the “Ru nmr signals of Ru(H,0)* in the presence of
Ru(H,0)}'. The results check well with those measured dircetly at lowered (emperatures
using a fast injection technique. The measured rate constant 20 M~ 's~’ at 25°C in 2.5 M
H* agrees well with that estimated from cross-reactions data and the Marcus expres-
sion. 7157 Ru(H,037"** is the only unambiguous ouier-sphere self-exchange among the
hexanqua ions, This arises because H,O exchange on both ions is much slower than eleciron
transfer. * The higher value (3.3 » 10°M~'s™' at 4°C Ref. 188) for the Ru(NH;)?' "'
couple is ascribed to lower reorpanisational energy (in Eqgn. (5.24)) for the ammines (Ad =
0.04A, Ru—N and Ad - 0.09A, Ru—0)'® {Prob. 23). The differences in the Ru—N bonds
in Ru(sar)®> ' complexes must be even smaller since & (self-exch) = 1.2 > 103M '™}
Ref. 116.

Ruthenium(VI) and (VII)

The rale constant for electron exchange between RuQ, and RuQZ  is greater than
10°M 's 'in0.l M OH " at 25°C. This is faster than the electron exchange between MnOZ~
and MnOj, although the standard potentials for the two couples are close (0.60 and 0.56 V
for Ru and Mn species respectively). '%¢

Cobalt

It would be hardty possible to do full justice to the kinetic behavior of cobalt even in a book
devoled to that subject, Only some important features will be emphasized. The stable oxida-
tion statcs in aqucous sotution are Co(Il) and Co(I1I).

Cobalt(I)

Kineli¢ information on the lower oxidation states (Prob, 24) is sparse [or Werner-type com-
plexes. ' Co®* and CofIlj-bpy complexes are reduced by e, to give Co(I) complexes except
that the mono species yields Col(bpy*) (11,00} . The rate constants are in the range
35-74 x 10°M~'s~! for the mono, bis and tris bipyridine complexes and
3.0 x 10°M 's | for the hexaagquacobait{IT) ien. The radicals CO3 and (CH,),COH" react

www.iran-mavad.com

Slao pwdige § Lgziils x> 0



402 § A Survey of the Transition Elernents

more slowly (& = 10"M~'s™'} and concurrently produce Co(l) and radical addition pro-
ducts, The examination of a number of cross-reactions of the 1ype:

Co(bpy); + Colbpy¥* = Co(bpy}i* + Colbpy)i (k=2 x10°M s )
(8.102)

lcads to sclf-cxchange rate constant estimates of >10°M~"s~! for Co(bpy) ?* couples.

These Co(l) species react very rapidly with acid forming Co(III) hydrides c.g. '™

Colbpy)? + H;Ot = Co(bpy),(H,O)H* | bpy (5.103)

Cobalt(I) oximes related to vitamin B, have been extensively investigated, %1%

Cobalt(II)

A variety ol geometries have been estabhished with Co(1I). The interconversion of tetrahedral
and octahedral species has been studied in nonagueous solution (Sec. 7.2.4). The low spin,
high spin equilibrium observed in a small aumber of cobalt{l1} complexes is rapidly attained
(relaxation times < ns) {Sec. 7.3). The six-coordinaied solvated coball(IT) species has been
established in a number ol solvents and kinclic parameters for solvent(S) exchange with
Coi8);* indicatc an I, mechanism (Tables 4.1-4.4). The volumes of activation for Co?*
complexing with a variety of neutral ligands in aqueous solution are in the range +4 Lo
—7 em?*mol~ -, reemphasizing an /; mechanism.'®

Substitution in 5- and 4-coordinated cobalt{l]} complexes is associative. The macrocvcle
Me,cyclam imposes a S-coordinated structure in the complex CofMecyclam)CH,CN 2

which exchanges with solvent CH,CN by an I, mechanism (AV® = —%.6 cm’mol 1),
A strongly associative mechanism for (tetrahedral) Co(Ph,1’),Br, /Ph,P? exchange in CDCl, is
supparted by a AFT — —12 em?mol~! value. (Sec. 4.8)

Exchange reactions involving complexes ¢l Cofll) and Co(1II) have proved very inleresting
because of the generally high-spin and low-spin characteristics, respectively, of these oxidation
states. The differences in self-exchange rate constants have been rationalised in terms of
reorganizational energy differences {Chap. 5). An interesting correlation of log & (self-
exchange) with the number of amine protons in twenty-four Co(N}*/?: systems has been
noted, %

The interaction of cobalt(il} complexes with O, has been intensively studied'”
(Prob. 25). in general, octahedral complexes have been examined in water and square planar
complexes in nonaqueous solution. The types of ligands which promole O, affinity for
Cofll) are porphyrins, " salicylidenamines, aliphatic polyamines, amine acids or peptidces,
and saturated and unsaturated macrocyclic tetraamines.’™ Three or more strong donor
groups attached to cobalt{I[) appear to be necessary to promote its O, binding.!*® A general
mechanism (charges omitled) for O, uptake by octahedral complexes of Co(ll), deduced by

kinetics 2™ is

198

Co(l) + 0, = Co(L)O, Kk (8.104)
Co(L)O, + Co(l) = LCoO,Col.  kyk (8.105)
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Square planar Co(I) complexes with tetradentate ligands tend to stop at (8.104) in nona-
queous and aqueous solution, 2°%2%% Otherwise, reaction results in the p-peroxo complex and
this can undergo further bridging to lform a variely ol double bridged complexes, 'F Even-
tually mononuclear Co{(IlI} complexes result. Recently ¥Co nmr has been used to help to
disentengle the various species which arise in the overall oxygenation process.® The values
of k, range from 104 to 5 x 10°M 15~ 2 Oxidation and reduction reactions of the p-
peroxo and p-superoxo cobalt complexes have been kinetically investigated. '™ The & _, path
can be studied by scavenging with strong ligand or H* {to remave Co(L)) or with 5,02~ (to
temove O,). If the scavenging is rapid, the loss of LCo0,Col. reflects the value of & %
(Prob. 26}. The enhanced reactivity of Co(fl4]ane N,)(H,0)0% " compared with aqueous O,
towards a number ol ouler-spherg and inner-sphere reductants resides mainly in & greater driv-
ing force and little radical or special kinetic properties need be assigned to the 1:1 adduct. 22

The yellow Co(Il)-cyanide solid complex contains square-pyramidal five-coordinated
Co(CN): ~. The green ion in sclution is possibly Co(CN);H,0*~ wilh very weak H,O coor-
dination in the sixth axial position.?™ It is an important inner-sphere reductant {Prob. 8 of
Chap. 5, and Tables 5.3 and 5.73.% Generally

Co(CN)! = XY — Co(CNLX™ v Y rds (8.106)
Co(CN)~ + Y* — Co(CN),Y? {8.107)

where XY may be H,0, Bry, 1,, ICN, NH,OH, H,0, and RX.* As would be expected with
this mechanism, there is an inverse correlation of second-order rate constant with the bond
cncrgy of the XY additive, ** The reaction of Co{CN);~ with H, to give Co(CN);H?~ differs
from the reactions mentioned above in being a third-order process (Secs. 1.12 and 2.1.3).
Homolytic (as opposed to heterolytic) splitting of H, is supported from the results of ex-
amining the reaction in 13,00. The Co-D/Co-H ratio in the product {estimated from infra-red
stretching data) changes from approximately zero to one, the ingreasing value arising from
known cxchange of the product, %

Co(CN) 113~ + OD~ = Co(CN)!~ + HOD (8.108)

Cobalt(III)

The aquated Co(111) ion is a powerful oxidant. The value of £% = 1.88 V (u — 0} is indepen-
dent of Co(lll) concentration over a wide range suggesting little dimer formation.? It is
stable lor some hours in solution especially in the presence of Co(ll) ions, This permits ex-
amination of its reactions. The CoOH?' specics is believed to be much more reactive than
Coi&r Ref. 208. Both outer sphere and substitution-controlled inner sphere mechanisms are
displayed. As water in the Co(H,0);* ion is replaced by NH; the lability of the coordinated
water is reduced. The ¢obalt(IT]) complexes which have been so well characierized by Werner
arc thus the most widely chosen substrales [or investigating substitution behavior, This in-
cludes proton exchange in coordinated ammines, and all types of substitution reactions?”
(Chap. 4) as well as stereochemical change (lable 7.8). The CoN.X"~ entity has featured
widely in substitution investigations. 2® There are exlensive dala for anation reactions ol
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Co{NH,);H,037, Co(NH,),dmso** and other aqua and diaqua cobalt(111) complexes, 2!
I, mechanisms prevail, supported by large positive AV™’s and isokinetic plots. The inert
Coflll) complexes are important for studying the reactivity of coordinated ligands (Sce. 6.3).
Cobalt(1II) complexes arc often chosen as the oxidant pariner in the study of redox reactions
{scc many of the tables in Chap. 5) (Prob. 28). They can present a large variety of bridging
groups, both inorganic and organic, to the reducing agents that take part in inner-sphere redox
reactions {Sec. 5.6).

Although Co(III) is often considered the classical representative of inert behavior, there are
a number of cobalt(lII) compicxes that react rapidly cnough to require that the rates be deter-
mincd by flow methods. Table 8.11 shows a representative selection of such labile complexes.

Table 811 Some Labile Cobalt(1[F) Systems at 25°C

Calegory Complex System koM 1y Rel.
(&) Co{tpps)i(H,; 01" + SCN- 1.0x10? a
(h) Co(NH;)080,CF + H,0 0.027(s~ 1 212
+ OH™ > 10°
(<) Co(NH;)H,0 + HCrOy 2.3 b
Co(NH,);OH?>* + HCrO; 2.2x1072 b
(dy Calen)(SO;H,OF — H,0 exch. 13.2(s71) 214

TAHY = T7kImol™'; AST = +66 JK~'mol=!; A¥T = +15.4cm*mol~'; I, G. Leipoldt, R. van
Eidik and H. Kcim, lnorg. Chem. 22, 4147 (1983). Previous work: K. R. Ashley and 8. Au-Young,
Inorg. Chem. 15, 1937 {1976}. I} or I, mechanism is proposed.

® A. Okumura, N. Takeuchi and N. Okazaki, Inorg. Chim. Acta 213, 127 (1985).

The lability may arisc in the following circumstances catcgory (a)-(d), Table 8.11:

(a) from a strong in-plane chelating ligand, such as a porphyrin, labilizing axial unidentate
ligands (cis-etfect). A neat suggestion is that the electron-rich porphyrin donales €lectron
density to the Co(IIT) imparting partial labile Co(IT) character.

{b) when an excellent lcaving group is involved e, g, as in Co(NH;)1080,CF;7 (Table 8.11) or
in Co(NH;);0CtO37 (ky,q = 0.1's ).21253 Unlike () below, Co—0O bond cleavage oc-
curs completely in base and in acid.?'> These then are good precursers (CT,805 much
safer than ClO; 1) lor synthesis, by solvolysis, ol a large number of complexes of the type
Co{NH,);L"* including Co(NH,).H, 0" (Refs, 212, 213). This lability also applies to
Rh, Ir, Cr, Ru and Os complexes of the type M{NH,);0S0,CF}*.

(c¢) because a Co-ligand bond is not broken in the substitution e.g. in Lthe interchange of
11,0 and certain oxoanions in Co(ll1} ammine complexes***" as well as the classical
reactions involving CO, uptake?!2216

H* Oy, ko
Co(NH;);0H}" === Co(NH;}0I1?* === Co(NH,),0CO,H*
- “ (8.109)

Co(NH,),0C0: + H'
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The values of &, and k_, vary little with different cobalt(111) complexes and a transition
state for CO, uptake can be represented as 9
H O 2F
AN
— [
(NH3)sCo o\‘)C({/

v
O/

g

80 experiments show no Co ~ O bond cleavage in the inierchange (Sce. 2.2.2). A similar
situation is encountercd with SC, uptake (Prob. 27).

(d) from the prescnce of sirong (rens-labilizing groups such as alkyl, SOi~ and NH3
groups. 2+ The frans-cffect sequence for Co(IIl) and P(I1) bears similarities. Larger
elfects for CN~ and NQj in Pt chemistry probably reside in the increased clectron den-
sily associated with the d® configuration.

There arc many binuclear complexes involving peroxo, amido, and hydroxo single and
multibridged combinations. The studics of the kinetics of their substitution, disproportiona-
tion and redox reactions have been well summarized. "' Cobalt(I11) bridged superoxo com-
plexes react with strong reducing agents to give bridged peroxo complexes without participa-
tion of the Coflll) center. The formation and cleavage of a Co—C bond is an important
feature in vitamin B,, chemistry. *"7

Cobalt(IV)

Little kinetic data exist for this oxidation state. Cebalt{IV) has bcen proposed as an in-
termediate in the Co(ll)-catalyzed reaction of H.O with Rufbpy)}* at pH = 5

Ru(bpy);* + /2H,0 — Rufbpy)it + H* 1+ 1/40, (8.110)

The Co(1V) species {perhaps Co0?*) reacls with H,Q/OH~ to regenerate Co(l1} and pro-
duce H,0,. The kinetics are quite involved, **

Rhodium and Iridiom
Rhodium(l) and Iridium(I)

Both oxidation states undergo the very important oxidative addition reactions in which
malecules (XY) such as O,, I1,, CO, 80,, C,H, and CII,I add directly in solution®® e g.
with Vaska’s compound,

In(Ph,P),(COICL + XY -~ If(PRPLCONCIXY  k,.k_, (8.111)

LFER and negative AST and AVT values indicate an associative mechanism with strongly
polar character to the activated complex for Mel oxidations of Rh(I) B-diketonates, 2
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Ligand replacement reactions, which have been little studied,?*' are strongly associative, as
with other square-planar complexes.**® Replacement, as the first step in oxidative addition,
has been detected by ir and conductivity monilering in (he reaction; 222

I{(OR)(CO}Ph;P), + 2CO — Ir(CO)(Ph,P); + OR- ~» Ir(COOR)YCO),(PhsP),
{8.112)

Reactions of Wilkinson’s catalyst Rh{Ph,P},Cl involve the three-coordinate intermediate
Rh(Ph,P),Cl. This intermediate can be generated and its reactivity probed by [lash
photolytic methods

RI(CO)Ph,P),Cl == Rh(Ph,P),C] + CO (8.113)

The second-order decay of the three-coordinatc transicnt (to form a dimer, & =
2 »x 107"M~"s~" can be accelerated in the presence of substrates, I’h;P, CO ete. The second-
order rate consiant for reaction with CO, 1.0 x 10°M~'s~! is consistent with an early
estimate (>7 x 10*°M ‘s ") from thermal studies, 2

Rhodium (11}

Well characterized in the solid state, the agua ion probably exists as Rhy(H, O . 1t results
from the reduction of mononuclear Rh(IIT} complexes: 22

2 Rh(HLO)CI2Y 1 2Cr2 » Rhy(H,O) + 2CrCl2: (8.114)

It 15 slowly oxidized by air, Tetra-p-carboxylate-dirhodium(1l} complexes undergo facile
substitution with rate constants = 10%M ~'s~! 225326

Rh,X,(H,0), + L. > RhX(LO)L + H,0 (8.115)

Rh,(OCOR),X, undergo oxidation to Rhy{OCOR},X] by Ce(1V), Fe(lll} and V{V). For
Rh,(OAc) X, there is a linear logk, vs log K|, relationship, slope 0.5, This simple approach
works because &, in Fgn. (5.35) is similar for the three oxidants, 7

Rh(bpy);' results from e, or CO3 reduction of Rh(bpy)i*. The reactivity of this very
labite RR({II} complex towards O,, dissociation and disproportionation has been extensively
studied. #%?* Reduction of Rh(bpy)]* by e, vields Rh(bpy* W bpy)f .28

Rhodium {I1I)

The ion Rh(I1,0)}* is well characterized in aqueous solution from H,'%Q exchange
studies. " The hvdroxy species is more labile, There is an absence of pressure dependency
measurements, but an 7, mechanism is favored. »?° The formation and cleavage of some
hydroxo-bridged rhodium(IlI} and iridium{I1) complexes have been studied.™ Kinetic
studies of oxidation by Rh{II1) indicate thas RnOH?' is the sole oxidant,?* Kinetic data for

substitution in Rh(N)H,0*" arc sparsc. An I, mechanism is favored for water exchange 2%
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8 A Survey of the Transition Elements 407

and there is a definite, although not substantial, degree of ligand assistance in net substitution
reactions. 7 Substitution reactions of Ru(IIT) and 1r(111) complexes invariably occur without
stereochange.

Iridium(III)

Ii{H,O); © (pK 4.4) was first characterized in 1976.” Only rate studies of interaction with
H,C.0, and HC,0; have been reporled. ™ Substitution reactions of Ir(111} are extremely
slow and stercorctentive. Replacement reactions must olien be studied above 100°C.%* The
inertness of Ir(II) has been exploited in order to study the base hydrolysis of coordinated
trimethylphosphate in Ir(N11,),(OP(('Me),) 3+

Ir(NH;)5(0 - P(OMe),)** + O11- — Tr{NH,){OP =0{0Me),)?* + MeOll (8.116)

The rate is 400-fold faster than for the free ligand. In both cases intermolecular attack of
O~ at the phosphorus center is involved. Hydrolysis of the corresponding CofIID) complex
is through 100% Co— O bond cleavage, thus preventing a test of the effect of metal coordina-
tion, *** Oxidation of Ir(H,0){= vields binuclear Ir(fV) and Ir(V) species although litlle is
known of their chemistry. 2" Electrochemical reduction in nonagueous solution of Ir(bpyy*
produces Ir(I11) species in which 1, 2 or 3 coordinated bpy’s are rcduced. The situation
resembles Ru(bpy):' reduction to 14, 0 and 1— species. 2%

Nickel

Although Ni{ll) is usually the stable oxidation state in solution, a considerable number of
Ni(1), Ni(III) and Ni(IV) complexes have been prepared.?* 2 These are sirong reducing or
oxidizing agents but are often stable in aqueous solution for sutficient time for examination.
Discovery of Nifl) and Ni{IIT) in methanogenic bacleria and other bioinorganic maierial in
the past 15 ycars has hcighiened interest in these oxidation states. ¥ Epr is useful for
characterizing intcrmediates or products of reactions involving these oxidation states. It can
distinguish Ni(l11) from a Ni(ll)-stabilized radical since the latter has only one signal at
g o 2.00'242

Nickel{))

The tetrahedral complexes of the d!® Ni(0) system undergo dissociative substitution
{1able 4.15). Kinetic dala are shown in Table 8.12.2* Infrarcd monitoring methods feature
prominently in these studies (Sce. 3.9.2).

Table 812 Activation Paramecters for Substitution Reactions of Ni%L, in Toluene at 25°C2%

AHT ASF
. -
MLy ks kImol - TK~"mol-!
NIi(CO), 2.0%1077 93 13
Ni(PT,), 2.1%10 6 119 46
Ni[P(OEL),], 9,9 % 107 110 8
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408 8 A Survey of the Transition Elements

Nickel(1)

This oxidation state which resembles Cu({ll}**® may be prepared by electrochemical, 424
photochemical®%%7 or pulse radiolytic?* reduction of nickel{IT), Nickel{I) macrocycles are
powerful reductants and their spectra and redox potentials have been measured. *** The reac-
tions of the Ni{I) complexas Ni(tme)* 10 and 11 with RX are similar. 262

CHy + C(H3 /CH3 +
,N::E,N\ CH3 3HC\/N'=¢.F7N\/CH3
HC/ N N éN_- Iy
Sy &/f’\>, ~—— §
3HC
RRSS ASRS
10 11

Ni{tm¢)*t 4 RX  » Ni(unc)xX* + R' (3.117)

Ni(tme}* + R* — Ni(lmc)R - (8.118)
Nitme)R ™ + H,0 — Ni{tme)® + RH + OH" (8.119)
—d [Ni{tme) * 1/dt = k [Ni{tmc) '] [RX] {8.12(h

When RX = propyl iodide, the rates of formation and hydrolysis of Ni{lmc)R ' are com-
parable and can be disentangled using a program lor numerical integration of kinctic equa-
tions. 2% One-electron reduction clectrochemically of Ni(IT) porphyrins in DMF produces the
Ni{l) complexes and not the Ni(II)-porphyrin anion radicals as had been supposed. * Factor
Fyy found in methanc-forming bacteria is a nickel complex of an unsaturated tetraara
macrocycle,

Nickel(ID

This ion continues to be the most studied of the labile metal ions for probing the phenomena
ol subslitution, #* rearrangements (Chap. 7) and ligand reactivity (Chap. 6. The number of
coordinated waters in the hexaaqua ion NifH,0)2* has been established by beth the nmr
peak area method (Chap. 4) and by neutron scattering technigues in concentrated nickel sall
solution. 2251 Solvent exchange rates for a large varicty of solvatcd nickel ions over
temperature and pressure ranges have been determined by nmr methods (Table 8.13). An [
mecchanism for cxchange is stromgly supported. With the hindered Ni(dmf}*, the
dissociative mode is favored and an extreme I mechanism has been proposed. 2°? There have
been many studies of ligand substitution in Ni(Il}.**¥ This Las becn possible because of the
wide variety of stable complexes that Ni(II} forms and the ease with which rates of exchange
and formation may be measured by nmr line broadening, flow and conventional methods.
Again, in general, rate parameters favor the I, mechanism for interchange. 2** The kinetics of
chelation have been probed mainly using Ni(II) as thc specics of choice (Scc 4.4.1).
Substituting water in the nickel(I) ion by other ligands (particularly containing nitrogen
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& A Survev of the Transition Elements 409

donors) alfects the rates and mechanisms of further substitution (Prob. 29). Table 4.9 shows
watcr exchange rate constants of 4 number of nickel{Il) complexes. 2%2**-2% With the rules
for substitution behavior in Ni(II) well established, we can use these to assess the mode and
sequence of binding of metal ions to complex molecules. The interaction of Ni** with the
coenzyme [lavin adenine dinucleotide has been studied by temperature-jump cither dircetly
spectrally or via pH indicators (Sce. 1.8.2). Four rclaxation times ranging from 100 ps to 35 ms
are observed and may be rationalized in terms of the sequence (8.121) (A-P-¥ representing
linked adenine, phosphate and flavin moieties}. For the first step, a characteristic rate constant
2 x 10°M~'s~! is observed. 7

N\
N\;P
: 7N
Ni + P —= Ni—P N:i}P

™
Ni—FP
|
o F (8.121)
N
HaC A NH NH;
HaC Zn N
N M 0 </ ! TN
H H H H o 0 )
‘ [ Il N N
H._,o_c—c—c—C—o—tlz—c:—?—o—CH2
OH OH OH OH 0 e} o
OH CH
F—-P-—p

Table 813 Rute Parameters for Solvent Txchange on Ni($)i~, B17, Table 2.8.
Specics ks " AHT kImol AST JKmol A¥T emPmol !
NI(HL,00 3.2 104 57 +32 + 7
Ni(CH,OH)}" 1.0x 103 fi6 +34 +11
NI(CH,CNR%~ 2.8% 107 64 +37 +10
Ni(dmf)i- 3.8x 103 63 +34 + 9
Ni(dmsa)2* 1.7 %104 49 + 1 -
Ni(NH, )2+ 7.0x 104 57 +41 + 6

The rapid interconversion between tetrahedral and planar geomeiries, between cis- and
trans-planar forms and between planar and octahedral species has been studied using Ni(1I)
complexes (Sces. 7.2.1-7.2.3). Chelaics can be resolved into optical forms and their racemiza-
tion studied. (Sec. 7.6.1}.
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410 8 A Survey af the transition Elements

There have been few studies of substitution in complexes of nickel(IT)y of stereochemistries
other than octahedral. Substitution in 5-coordinated and tetrahedral complexes is discussed
in Secs. 4.9 and 4.8 respectively. The enhanced lability of the nickel{1l) compared with the
coball(IT) letrahedral complex is cxpected tfrom consideration of crystal field activation
cncrgics. The reverse holds with octahedral complexes (Sce 4.8),

Nickel(IT} ion and complexes are often included in the study of the catalytic properties of
metal ions (Chap. 6). Nickel{Il) (and copper(Il}) have a marked ability to promote ionizalion
from coordinated amide and peplide likages (Sec. 6.3.2). Nickel(l[} can also help assemble
reaclants in o specific fashion to produce macrocycles. 2%

Nickel(111)

Relalively plentiful in both solid and solution states,2%#90:23%.280 Ni([11) is generated from
Ni(I]) by strong oxidants, such as OH*, Br? and (SCN)3, produced by pulse radiolysis and
flash photalysis. Rate constants arc =10"M 's ™! for oxidation by OH® and Brj and
=108M~'5~! for (SCN)3 Ret. 259. The most popular means of production in both agueous
and nonaqueous solution is electrolytic. %1252 The ligands which stabilize Ni¢III} are cyanide,
deprotonaled peptides, amines and aminocarboxylates, ¢-diimines and (etraaza macrocycles,
including porphyrins. 2" Low spin d” Ni(ITI} resembles low spin Co(II). The kinetics of
the following types of reactions have been studied:

a) substitution — The formation rates for (8.122) (L, variety of macrocycles, peptides) arc in-

sensitive (0 L and X and un J, mechanism is proposed, consistent with the small Ni*t
261,263,264

om
NiL{(H,0%" + X~ = NiL(H,0)X*" + 11,0 (8.122)
b} redox — The kinctics of reduction of Ni(III) complexes by ouler-sphere processes enables
an cstimation of Ni{bpy)i™/*™, Ni(oxime)™°* and Ni(sar)?*?* self-exchanges, all of
which are (1-3) x 103M~'s~'. This relatively low rate constant can be rationalized in
terms of a transfer of an ¢, electron, 113:259.26%,256
=
=
| =
b
£ Fig. 8.6 Conversion of a violet-black to a
-g vellow Ni(IIT) species, Ni(H_ AlaAla);
o menitored by cpr and showing isosbestic
v points, There is 1,35 s belween scans which
\T/' are run in 0125 M H* and at 25°C.
. Ref. 242, Repreduced with permission from
1 1 1 L A 5. AL Jacobs and [0 W, Margerum, Inorg.
300 3120 3140 3160 3180 3200 Chem. 23, 1195 {1984). © (1984) American
H (Gauss} Chemical Society.
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& A Survay of the Transition Elemenis 411

c) rearrangement — A black to yellow Ni(IIl) rearrangement has been observed with Ni{Ill}
bis(dipeptides). 1i is accompanied by isosbestic points {(from spectral and epr monitoring)
(I'ig. B.6) and is acid catalyrzed, The two forms are considered (etragonally compressed
(gy > g_, clectron in de2_2) and tetragonally clongated (g, > gy, clectron in d2) oc-
tahedral complexes respectively. The vellow form undergoes an acid-independent internal
redox reaction to give Ni(Il[}. The black — yellow — Ni(Il) sequence has been fully

analyzed (Sec. 1.6.2).°%

Nickel(IV)
This oxidation state 20 is particularly stabilized by dioximes e.g. 12 (R, is normally 1§).

R NCH HGN R
N Ao Fip I
N N N

R N

12

Most of the studies of the reactivity of this oxidation siate have been carried out with these
types of complexes,®” The low spin d° Ni(IV) resembles Co(IlI) in heing diamagnetic,
substitution inecrt and capable of resolution into optical isomers, 2 Reductions are outer-
sphere; when Co(edta)®>~,%® ascorbate? and Co(phen)i™ Ref. 269 arc used, intermediate
Ni(I11) species are detected and characterized. Oxidation of Co(edia)?~ by Ni!¥ (§-Me,L)*
or Nim (§-Me,1}', I. — 12, R—_R,—CHj;; R,=H, produces a =10% excess of (+)-
Co(edta) over the (—) form Sec. 5.7.4.%° The comproportionation reaction (protons
omitted)

Ni(12)2* + Ni(12) = 2 Ni(12)* ki k (8.123)

is important at pH > 5 and valucs for &, and &_, have been determined 27 (Prob, 30).

Palladium

Palladium{0)

Substilution 1s dissociative (Sce, 4.8),

Palladivm(IT)
Water exchange of Pd{H,0)3* has been studied by the "O-nmr line width of coordinated

waler in (.8-1.7 M HCIQ,. The parameters (Table 4,12) support an associalive mechanism,
The exchange rate is over 10° times faster than for Pt(H,0)* (Ref. 270). The ligation of
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412 & A Survey of the Tansition Elements

Pd(H,0);* has been discussed. > For the reaction with [~ an I, mechanism is proposed with
bond breaking less important for Pd(Il} than Pt{11}.>"" Many of the characteristics
established for substitution in PYID) are also seen in Pd(I1).3%

The reaction system {8.124) illusirates a number of features of Pd(II)

Pd{1L,0)]* + MeCN \% Pd(MeCN}H,0)3* ;:i“ cis- and trans PAMeCN),(H,0)3*
¢ H,0 : + H,0 (8.124)

square-planar substitution, Step [ is monitored at 353 nm, which is an isosbestic point {or the
mono,/bis mixture. Step 2 is monitored at 296 nm. The sccond step is complicated by the pro-
duction of a cfs, trans mixture of unknown composition. Because of this k,/k. , # K, (the
experimentally determined equilibrium constant for the second step). The first step is
straightforward and &,/&k_, = K,. Comparison of step 1 with a number ol analogous
substitutions involving monro complexcs of PA(II) is shown in Table 814,77

There is the usual strong dependence of the rate constant on the nature of the entering
ligand (4,) and a smaller dependence on the leaving group (£ ). Although AVT , is only
slightly negative, (Table 8.14) the value is not changed when H,0O is the incoming ligand and
there arc three different leaving groups. Their release into the medium would be expected to
produce a large expansion. This suggests that the leaving group is still tightly bound in the
transition state and that an A rather than an 7, mechanism pertains. *'2

Table 8.14 Rale Constants for Formation (k) and Aquation (k_,} of PAL(H,O¢ ™' in Agueous Solu-
tion at 25°C in 1 M 1ICIO, 22

LA ki, M~!g™! ko s! A¥T, emPmol AV_., cmimol™!
H,O 41% 5607 —-2.2 —-22

Me,3C2 2.45 0.24 -9.2 -1

MeCN 309 16 -4.0 - 1.5

Cl- 1.8 %10 0.83 - -

Br- 9.2x10¢ 0.83 - -

1= 1.1 x 108 0.92 - -

* Water cxchange ratc

exeh

=560 s~ per coordination site recalculated to second-order units 44, . /55

b Water exchange rate &, for a particular coordination site.

Palladium(IV)

Substitution in Pd(IV) is generally fast,

Platinum

Platinum(0}

The compounds of zero valent platinum PH(Ph,P), and P1(Ph;P); were first discovered in
1958.2" Tetrahedral complexes Pt(PF,), and Pt{P(OEt),), undergo nucleophilic substitution
by a dissociative mechanism (Sec. 4.8).
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& A Survey of the Transition Flements 413
Platinum(l)

The binuclear complex 13 undergoes substitution of Br by Cl in two steps. The assign-
ment A, = 93M 's 'and k; = 19 M 's ' for the successive replacements in CH,Cl, has
been made on the kasis of the expected absorbance of the intermediate (Sec. 1.6.2), The Pi(])
center may be regarded as square planar. The rate enhancement over analogous P(«(II) com-
plexes may be ascribed to a large trans effect from the P1—Pt bond. >

PhZPA PPh,

BrPt P1Br

|
PhP
2\/

13

PPh,

A variely of small molecules can be inserted belween the two metals in these complexes,
The reaction with CH,N; in CH,Cl, to insert —CH,— is sccond order and kinetic
parameters for different X’s suggest a rate-limiling transfer of an clectron pair from the
Pt — Pt bond to the methylene group of CH,N,*

CH,
b on o N
/Pii"—'T[\+c2N2 R (8.125)
X X
Platinum(TII)

Up to 0.5 M solutions of PI(H,0);' can be prepared. The slow exchange of Pe(H,0¥* with
solvent H,O can be followed from the increase in height of the 70 signal of PifH,0)2* after
mixing with YO-enriched H,(, see Fig. 1.11. The kinetic data for the exchange (Table 4.12)
support an [, or 4 mechanism.*’® The values are morc accurate than those obtained by using
YPt pmr, since a wider temperature range could be emploved. Nearly all the mechanistic
studies of nucleophilic substitutions in square-planar complexes have been made on com-
pounds of platinum{11).

Platinum({ILD)

This oxidation state has usually a transitory cxistence. [t may be generated by electrochemical,
photolytic and thermal non-complementary reactions using a le redox agent 727

PUIV) + red - PIII) + ox (8.126)
PE(IIE + red — Pi{I1) + ox (8.127)

Reduction of Pt{iV) by ¢, and oxidation of Pt(II} by O11" produces reactive Pt(III) spccics

aq
which can be detected by conductivity, polarographic and uv/visible spectral means. %™
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414 & A Survey af the Transition Elemenis

Platinum{I1V)

Normally P1(1V) is an extremely inerl oxidation state. Substitution in Pt(IV) is catalyzed by
Pr(I1)*

trans-PUVLXY + 2 + P, — fans-PUYLYZ + X + PriL, (8.128)

and is associated with a mechanism:

PtL, + Z — L, Z (8.129
PiLZ + PiL, XY — PtLYZ + PIL,X (8.130)
PtL,X = Ptl, + X (8.13D)

Modifications of this mechanism have been made recently (Sec. 2.1.3).

Copper
Copper(I)

The ion Cu* is extremely labile. Rate constants for the formation of maleate or fumarate
complexes are = 10°M~is~' Ref, 281, It can be prepared in an acid perchlorate solution by
rcaction of Cu?' with a one-eleciron reducing agent such as Cr2*, V2' or Eu?' Rel. 282,
Although there is a marked tendency for disproportionation, selutions of Cu' arc
mctastable for hours in the absence of oxygen, particularly when concentrations of Cu(I) are
low and the acidity is high. Espenson®? has capitalized on this to study the rates of reduc-
tion by Cut of some oxidants, particularly those of Co(lIl), Table 5.7 (see Prob. 6(c)
Chap. 5).

Copper(l) complexes can be generated by radical reduction of the corresponding Cu(I1)
complex. A few copper(l) mucrocycies are remarkably stable®* but usually they arc strong
reducing agents reactive in O, and disproportionate to copper(ll) and metallic copper.**

N—
P
/Cu\
—nN N
14
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Under extreme conditions some Cu(ll} or Cu(l) macrocycles underge controlled potential
reductive electrolysis to Cu(®} complexes. ™ The Cu(l)-Cu(ll) exchange has not been
investigated in a perchloric acid medium. In 12 M HCI, fast cxchange has becn noted by
nmr line broadening (Seg. 3.9.6(a)). One of the few self-exchanges which has been direct-
ly measured {by nmr line broadening) is Cuftaab)*?-, 14, for which a value of
5 x 10°M~'s ! in CD,0OD has been delermined. ¥ The calculation of the self-exchange for
Cu(I)}-Cu(ll) complexcs is difficult becansc there are large structural differences between the
two oxidation stares and the Marcus approach needs modification. Estimated self-exchange
rate canstants vary from =10"*M~'s~' (agua complex) to 5 x 10"M~s~! (chlora com-
piex). % Cleavage of DNA is efficiently induced by treatment with a mixture of Cu(ll) ion,
phen, H,0, and a reducing agent. This has stimulaled interest in the Cu{phen); -H,O, reac-
tion. The latest data using OH" scavengers (e.g. MeOH) (Prob. 31) indicate that OH" does not
result from the reaction (Cu® = Cu(phen)s):

Cu' + H,0, » Cu''+ OH + OH' (8.132)

but that the mechanism may be

Cu'+ H0, - > Cul(H,0)) . (8.133)

Culing,) S5 200l 4 20H- (8.134)
{R”

—=> Cu(ll}) + OH + H,0 + R’ (8.135)

Assuming the rate of step (8.133) is less than that associated with step (8.134), &, = 2k,
= 4.6 x 10°M~'s™! {Ref. 286). Cu(I) is important in the binding and activation of oxygen
in biological systems. ¥’

Copper(II)

The six water molecules arc arranged around Cu{ll) ion in a tetragonally distorted octa-
hedron. *** Substitution can easily occur at the very labile axial positions. Rapid inversion
of the axial and equatorial ligands leads then to apparent easy substitution in the equatorial
position. % The water exchange is 100 rapid (& = 10%s~") to be determined accurately by
"O nmr.2' The Cu{lI}-methanol sysiem is moere amenable to study. The mean lifetime at
25°C of a particular tetragonal distortion in Cu{(McOH):' is 1.2 x 10 'y whilg that for a
particular CH,OH is 1.4 x 107% 5.?® Thus the six coordinated methanols are indistin-
guishable. For these k., = 3.1 x 107571, AIIT — 172 kJmol ™', AS* = —44.0 JK 'mol ™!
and AVF — 183 cmPmol™!, consistent with a dissociative activation mode. 2 From a
comparison of CH;OH exchange with M(CH;OH), ", M = Mn, Fe, Co, Ni and Cu (see
Table 4.2) it is cencluded that electronic occupancy of d-orbitals and cffective radius diclates
the dissociative mode, as much as tetragonal distortion. The tetragonal distortion docs
however enhance the lability of Cu(II)®* (Prob. 32). [t is technically difficult to measure
rates of {ormation of Cu(Il) complexes. A temperature jump study gives for the formation
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416 8 A Survey of the Transition Elements

of CulNILYIL,O3*, &, — 2.3 x 108M~'s~!, AH* = 18.8 kImol~! and AS* = —21 JK!
mol ¢, supporting a disseciative mechanism.# The [airly constant ratio for ke, /- for
reactions of Cu®' and Ni?' with a wide varicty of ligands suggests a common mechanism,
i.e. dissociative for both.** The rate constanis for formation of bis and tris-bipyridine and
-phenanthroline complexes of Cu(Il} are appreciably higher than for the mono and this is
unusual. It is attributed to a “stacking™ phenomenon.?® The rate-determining step for
Cu(IT) complexing by polyamines or nilrogen macrocycles varies with (he nature of the ligand
entering (Scc. 4.5).#" The interchange of coordinated and frec ligand in Cu complexes has
been studied. When the Cu complex has one or more coordinated water e. g.

CuL(H,0)2 "+ + cyclamH~ LN Cufcyclam)® + 11 + L7 4 mlL,0 {(8.136)

the relationship of logk with logK ., is shown in Figure 8.7.2% The expression:
logk — log [ko/(1 + Koy Ko )] (8.137)

is obeyed, with &, = 1.1 x 107M's~'and K, = 23 x 10'"M "a125*Cand p = LOM
(KNO3). This means that for the weaker Cu(II) complexes, when pK,, < 10.4, & is indepen-
dent of the nature of L {= 1.1 ¥ 10°M~'s~") and unwrapping of the coordinated L is not
a prerequisite for interchange. For very stable Cu complexes, pK.,, ¥ 10.4, there is an in-
verse relationship between the stability of Cull and its reactivity in ligand cxchange reaclions.
A similar behavior eccurs with the reaction of Ni{II) complexes with cyclamH™ (logk, =
11.5) but now only thc most stable complex (with edda) deviates from the ligand-independent
rate region. >*®

41

logk

2 8 14
logKe),.

Fig. 8.7 Plat of lag & vs log K. for the reaction with cyclamH* of Cu complexes with various ligands
[. = succinate(l), malonate{2), glycine(3}, en{d), ida(5), nta(6), dien(?), and lledta(8). The curve is
calculated using (8.137) with &, = 1.0 x [0'M~'s~' and K, = 2.3 = 10°M~*, Ref. 296. Reproduced
with permission [rom Y. Wu and T. A. Kaden, Helv. Chim. Acta 68, 1611 {1985).
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In the replacement of one ligand by another in a bis chelated Cu(Il) species not containing
coordinated water however, e.g.

Cu(lL); + L, — Cu(LL,) + L (8.138)

the rate constants depend on the nature of L and L., and an associative mechanism is par-
ticularly atiractive for rationalizing this bchavior.® Copper(E} reacts with a number of
reducing ligands such as sulfite and dithizone, and eventually gives a Cu{l) product. The reac-
tion probably proceeds through a Cu(11) complex within which the redox process occurs. The
reaction of Cu(Il) with CN~ has been thoroughly assessed (Fig. 8.8)%%

40

Fig. 8.8 Plot of log & (M~"s™") vs log [CN~] (M} for data
by I. H. Baxendale and D. T. Westcott, J. Chem. Soc. 2347
(1959) {A); N. Tanaka, M. Kamada and T. Murayana, Bull.
Chem. Soc. Japan 31, 895 (1959); (. Nord and
H. Matthes, Acta Chem. Scand. A28. 13 (1974} (C); and S.
Yoshimura, A. Kalagiri, Y. Deguchi and S. Yoshizawa, Bull.
Chem. Soc. Japan 33, 2437 (1980) (D). The line cor-
responds to logk = 6.17 log [CN "] + 46, Ref, 298,

. . R Reproduced with permission from A. Katagiri,
-6 G S. Yoshimura and S. Yoshizawsz, Inorg, Chem, 20, 4143

logICN‘] (1981). © (1981) American Chemical Socicty.

log k

Cul) + CN — Cu(l) ~ 1/2{CN), (8.139)

' — & [Cu?*]? (excess CN) V' — a[Cu?[*[CN |° (8.140)

and the reaction is believed to proceed via CulliCN)2  Ref, 298, The reduction of transition
metal salts by H, has been investigated in detail. * The reaction with Cu(LEy is autocatalytic
(due to Cu(l}). The suggested mechanism is

Cu®* + H, — CuH* + H* " (8.141)
mainly

CuH* + Cu? = 2Cu~ + - {8.142)

Cu* + Hy, <= CuH + I~ {8.143)

CuH + Cu¥ — CuH' + Cu' (8.144)

2Cu" — Cu®+ Cy? (8.145)
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Copper(1II}

Interest is mounting in this state, ***! promoted once again by its possible implication in
biological systems, Galactose oxidase, for example, is & copper cnzyme which catalyses the ox-
idation of galactose to the corresponding aldehyde. *® The tervalent oxidation statc may be
prepared from Cu(Il} by chemical, anodic®® and radical oxidation. Cu(lIl} complexes of
peptides®® and macrocycles*® have been most studied, particularly from a niechanistic view-
point. The exidation of I~ by Cu(lll)-deprotonated peptide complexes* and by imine-
oxime complexes ™ have a similar rate law

V= (& [17] + &, [1713) [Cu(lID] (8.146)

There is a LFER belween the values of logk, (and logky) and £°9/0.059 for the Cu(111),
Cu(II) ccuple. The slope for the &, path is 0.56 and this suggests that the rate limiting step
is electron transfer to form an I radical. The slope for the &, path is 0.95, indicating that the
activated complex occurs after electron transfer.”™ A number ol redox reactions involving
Cu{IID) are reperted,*® The Cu(ID-(IIT) peptide cxchange rate constant is 5 x 104M~'s™!
for 15 (coordinated waters omitted) determined directly from the broadening of the nmr signal
of Cu(IIT} by Cu(ll). This value is in good agreement with that estimated from cross-
reactions, 2%

CH,
Ca, .2 N\ /N
CH
HyC /Cu\ 3
N 8] 0
HsC Ha
15
Silver
Silver(I)

The Ag ' ion is labile, ™ Even with cryptands, which react sluggishly with most labile metal
ions, Ag* rcacts with a rate constant around i0°M~'s~! (in dmso).* The higher stability
of Ag(l) complexes compared with those of the main groups [ and I resides in much reduced
dissociation rate constants.® Dissociation tends to control the stability of most metal cryp-
tand complexes, ** Silver(l) is a useful electron mediator for redox reactions since Ag(ly and
Ag(II) arc relatively rapid reducers and oxidizers, respectively. Silver(T) thus promotes oxida-
tion by sluggish, if strong, oxidants and catalyses a number of oxidations by $,02 in which
the rate-determining step is

Ag* + §,08 — Agh + S0 + 803 (8.147)
for which

V = klAp*]15,087]
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The oxidized species does not feature in the rate law. (Table 8.15. 723031y With carboxylic
acids, after step (B.147)

Ag' + S0T — Ag?' + 80 (8.148)

Ag®' + RCH,COOH — Ag' + H' + RCH,CO; (8.149)
RCH,CO; — RCH: + CO, (8.150)

RGHy + COp + H' + SO (8.151)

S0O) + RCH.COCH

\ RCHCOOH + H' + S0, (8.152)

The competition amongst (8.148), (8.151) and (8.152) can be assessed.>? Ag(Il) is also the
active oxidizer in the Ag(l) catalysis of the Cr(Il1I)-Co(IlI) and Te{l1)-Co(11}) reactions??
{Prob. 33). In the former case, care has 1o be exercised to consider a stoichiometric lactor
which arises, since the rate in terms of the change of concentration of reactant (Co(I1D) differs
from that in terms of the product (Cr{Vi)).3"

Table 815 Kinetic Data for Ag’ lon Catalyzed Oxidations by 8,03~ (25°C)

Reductant w, M 103 xk,M~'s7! Refl.
Cri- .23 5.7 310

(148 5.3 310
Mn?* 0.10 8.2 310

0.57 44 310
N,H, 0.20 9.2 310
VO(0,)* 1.0 3.0 (20°C) 52
Vo2 0.65 5.0 52

Silver(I) has a marked ability to catalyze rearrangement and degradation rcactions of highly
strained polyeyclics (Sec. 6.8).

Silver(IT)

As well as an important kinetic transient (see above) aqueous Ag(1l) (£% = +2.0V) can be
obtained by oxidation ol Ag(l) by OH" radicals. The pK’s of Ag®* remain controversial. The
kinetics of oxidation of a variety of substrates have been discussed,

Ag({l) can be stabilized by nitrogen-containing heterocycles such as py, polypvridyls and
macrocycles. In fact, Ag(l) disproportionates in the presence of the I4-membered tetraaza
magrocycle meso-Meg[14]aneN, (M)

2Ag() + M = Ag(IDM?' + Ag(mirror) (8.153)

The Ag{ll) complex has a characteristic d® epr spectrum and is stable in solution. It is ox-
idized reversibly (o Ag(ITI) complexes. '
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Silver(ITI)

A review on this oxidation state includes scme kinetic data. ™ One of the simplest examples
is the diamagnetic square planar ion Ag{OH), , casily prepared in less than millimolar con-
centralions by clectrochemical exidation of a silver anodc in strong basc. It is stable for a fow
hours in [ M NaOH, and forms orange complexes with tri- and tetrapeptides which resemble
those of Cu(til}* e g. (1 ,Gi~ and H G}~ are deprotonated tetraglycine):

Ag(OH), + H_,Gi — Ag(H_,G,? +30H + H,0 (8.154)

An assaciative mechanism is supported, consistent with a low-spin d® configuration. Other
ligands such as arsenite reduce Ag(OH); in a rapid second-order reaction. I is uncertain
whether it occurs via complex fermation, 7 Silver(ITI) macrocycles including porphyrin com-
plexes have been characterized. ¥-13

Gold
Gold(I)

Only lrmited data are available for substitution in this state. An associative mechanism is
favored and Au(l) appcars to be less reactive than Ag(I) or Hg(I1). 318

Gold(I1I)

The aqua ion Au{H,O);" has not been characterized either in solution or in the solid state.
Most of the substitution studies have invoived the halide complexes AuXy and Au(NH,"
(Ref. 319). A number of earlier generalizations have been confirmed.??! Rates are very sen-
sitive to the naturc of both cntering and leaving ligands and bond {formation and breaking
are nearly synchronous. The double-humped energy profiles witnessed with Pd(IT) and Pt{I)
are not invoked; the five-coordinate species resulting from an associative mechanism is the
transition state:

Clp T C|72 T|* % T
YAl o |Y-Au _— Au o+ X (8.135)
/| I /)

X C C, % Y C.

Substitution in Au(III} is characterized by small AH™'s, negative AS™'s, rapidity preater
than Pd(ll), and an insignificant &, in the usual two term rate law (Eqn. (4.94)), i.e. H.O is
a poor e¢ntering group. The effccts of entering, leaving and non-reacting ligands have been
rcasonably well assessed.?® They are as important as with other square planar complexes.
Linear AG* vs. AGO plots (slope = 1.0 for a common substrate with various nucleophiles,
generally,

AL, + Y — AuLY + L (8.156)
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indicate associative character (Fig. 8.9)." The leaving group has less influence as the reac-
tivity of Lhe entering group increascs, again an indication of a lesser role for bond breaking
with the entry of efficient nucleophiles. Both cis- and (raas-cffects of nonrcacting ligands are
noted and appear to be more important than for Pd or Pr. The orders for the frans-effect
NH; < ClI7 <« Br- < SCN~ = R,P and wcis-effect CI7 € Br~ < N, < CN~ are
USL]H].EW‘SEU

Substitution and redox processes are often mixed up when reducing nucleophiles are used.
Direct reduction (AuCly + 17), reduction via substitution (AuCly + Ph,;P) and reduction
plus substitution (AuBr; + SCN7) have all been noted (Prob. 34). Reduction by compounds
ol the main groups V, VI and VII has becn extensively examined, %320

100 }—

AG *(kJmol™)

Fig. 8.9 Relationship between AGT and

AGP for ligand substitution in

AuCly (A), AuBr;(B) and

Au(NH,)3+{(C) at 25°C. Tor

L = ILOM), €1 (2}, Br (3), 1 {4) and

L 1 | SCNT(5). Ref. 319, Reproduced with

-50 50 permission [rom L. H. Skibsted, Adv.

AGY (kImol™) Inore. Bioinorg. Mechs. 4, 137 (1986).

o
o
i

Zinc and Cadmium

The chemistry of Zn and Cd is predominantly substitutive and catalytic in nature and
dominated by the +2 oxidation state. The Zn~ and Cd' jons are formed, albeit slowly
(k < 10°M~'s~") by e reduction of Zn** and Cd**. Only Cd* is reduced by CO3."? The
Znr* ion is the stronger reductant.’? Trom Marcus treatment of the reductions of
Ru(NH, 1", it is estimated that E%(Cd?'7 'y = —0.5V and EX(Zn>*"+) ~ —1.0V.!? There
are relatively few data for substitution in Zn** and Cd® ", The comparison of the complexing
of Zn?* and Cd®* by bpy (using high-pressurc, stopped-flow) is very interesting
(Fig. 8.10).72 The positive (4 7.1 cm*mol~") and negative (—35.5 cm’mol™'} values for
AVF, respectively, are strong evidence for 7, and f, character in the substitutions, a for-
mulation which was previcusly suspected. ™ There is a wider range of rale constants
(10° — 5 x 10°™M~'s™Y) for ligation of Cd(II}. For rcecent systems studied by ultrasonics,
Cd(H,0%*-8CN~ and Zn{dmso)i*-NQ7, €1~ in dmso, see Refs. 323 and 324. The complex-
ing of a number of Zn?' complexes, ZnL ", (L a series of anions) by phen has been studied
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RTin (kP7k®)

Fig. 8.10 Effect of pressurc on the reactions
of Zn?* () and Cd2+ (M) with bpy at
0°C, Concentrations of Zn?* or Cd?' were
50-200 uM in excess of bpy (5 pM). %2
Reproduced with petmission from Y. Ducom-

N 2 \ A mun, G. Laurcnezy and A. E. Merbach
100 200 Inorg. Chem. 27, 1148 (1988). € (1988}
P {MPca} Amcrican Chemical Socicty.

by stopped-flow. The values of the second-order formation rate constants for ZnL?t and
Zn*' are linearly related to the ¢lectron-donating ability of L (8.157) where

logkpize 1,0y = ]ngZn:’(—HzUj r ¥E (8.157)

I = electron donor constant of L; v = a constant, characteristic of the metal and related
to a softness parameter32°

¥ — —58Bo + 5.7 {8.158)

Zinc porphyrins find use in catalytic cycles promoting the H' — 1/2 H, transformation.
The Zn excited state (tpps, represents the tri(sulfonated phenyl) derivative of porphyrin):

Za(ipps,Y~ "> *Zn(tpps,) - (8.159)

replaces *Ru(bpy):' in scheme 8.100, 3%

Zinc is the metal constituent of a number of very important cnzymes including carbonic
anhydrase, carboxypeptidase, thermolysin and aleohol dehydrogenase, 733 In g number of
these enzymes, the zinc ion and groups important in the activity arc structurally superim-
posable.™® There is a distorted tetrahedral geometry aboul the Zn and invariably a coor-
dinated H,O is present. The ionization of this is promoted by the metal. The prelerrcd
mechanisms involve nucleophilic attack by the “n —OH  entity on the C=0 meicty in the
substrate. This action is invariably assisted by a nearby amino acid ¢ g. His-64 in carbonic
anhydrase 11, Glu-270 in carboxypeptidasc A and Glu-143 in thermolysin. 273 A number of
important concepts are invoked Lo altempt an explanation of the mechanism of these complex
catalyses. They include promoted nucleophilic attack, inter- and intramolecular hydrogen
transfer, rate-limiting step, isotope effects and others. > A well-supported mechanism for the
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action of the efficient enzyme carbonic anhydrase is shown in (8.160); reactants in circles, pro-
ducts in squares:

-~

EZnOH + (CO,) o EZnOH - €O, __- EZnOCOH + @o —_
N - - (8.160)
EZnlL0O + —— BZnIL,0O —= EZnOH + |H

The ionization is the rds. The spontaneous rate is considered to be accelerated by both inter-
molecular (from the buffer) and intramolecular (from His-64) proten transfer. ** Cadmium
can replace the native zine from metalloenzymes and "*Cd nmr is being used increasingly to
probe metal ligation sites in metalloproteins. **' The cadmium product often does not show
enzyme activity however.

Mercury

Although Hg has two oxidation statcs, there is & relatively small amount of redox chemistry
associated with the group. Many reactions of Hp(l) and Hg(Il} appear to involve the
disproportionation equilibrium:

Hg. - Hg" + Hg® (8.161)

Mercury atoms, Hg?, are sufficiently soluble in water to remain as part of a homogeneous

equilibrium, **2

Mercury(II}

Mercury(1l) complexes are very labile. The dynamics of equilibria involving 11g2*, phen, bpy
and OH  have been recently examined by temperature-jump. *** The rate constants {or phen
and bpy complexing correspond to diffusion-controlled values, but those of phenH' and
bpyll* are 2-3 orders of magnitude lower. The species CH;Hg* has the ability to form
strong complexes in aqueous solution with a wide variety of N, P, O and S donor
atoms, ™% Temperature-jump and stopped-flow studies of CH,Hg(II) transler beiween
ntps(d-nitro-2-sulfonatothiophenolate) and a variety of unidentate ligands have been
reported:

CH Hg(ntps) + X"~ = CH,HgX®-"* | ntps’- ki, k K, (8.162)

The logk /logK, or logk _,/log K, plots arc shown in Fig. 8.11. The curve resembles that
for other atom transfers ™ including acid-base interactions.?*” See also Ref. 335.

For strongly endergonic reactions the slope of logk, vs log K| is 1.0. There is a diffusion-
controlled limit lor exergonic reactions, the value dependent on the charge types in-
volved, ¥ This behavior favors an 7, mechanism, I{ is probably the major pathway for
CH,Hg(TI) exchange among thiol ligands in biological systems. *
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Fig, 8.11 Log & vs log K for CH,Hg(IT)
transfer reaction (8.161). X"~ = Br ,
imid, SO}~, I-, OH ", phos~, S,0%-,
CN °, RS~ (from icft o right). 3
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R. van Fldik, I. Asano and W. J. [eNoble, Chem. Rev. 89, 549 {1989) — Compilation of AV values.
Collections of rate constants for reactions of radicals and metal complexes cxcited states arc cited in
Rels. 143-148 and 358 in Chap. 3.

General information on the coordination chemistry of the transition elements is contained in G, Wilkin-
son, R, 2 Gillard and ). A, McCleverty, eds. Comprehensive Coordination Chemistry, Vols. 3 (Barly
Transition Clements), 4 (Middle Transition Elements znd 5 (Later ‘Itansition Elements). These are detailed
and authoritative accounts. In addition, periodical issues of Coordination Chemistry Reviews contain
reviews of the current chemistry of the transition (and main group) elements.

Problems

1. The following rate constants (M~ 's~!) werc cobtained for the redox reaction partners
listed:

Cr2! Fe?! Te(CN); Ti(I11)®

Cofedia) 6.6x10* 6.0x10°* 0.21 0.29
Cof{edtaH)H,O

ar 7.6 x 104 8.5x10°? 14 3.0
Cofcdra)H, O~
Co(edral DC1 -

ar >2x10% 1.4 7.0 9.0
Coledta)Cl?~

4 yalue of ¢ (s71) in —..;1'[Co(lll)]/dr = g [[Co(lID] [Ti(TIN]]/b + [11°]

Differentiate between inner- or outer-sphere mechanisms for the four reductants.
R. Maréec and M. Orhanovic, [norg. Chem. 17, 3672 {1878); H. Ogino, E. Kikkawa,
M, Shimura and N, Tanaka, J. Chem, Soc, Dalton Trans. 894 (1981).

2. Zr(IV) forms a peroxocomplex formulated Zr(0,),(OIN§*. This dissociates in 2 M
HCIO, acid with & — 1.3 x 107*s~" at 25°C. Both the rale of oxidaton ol
Zr, (0,0 by Ce(IV) and the reduction by S(IV) in 2 M HCIO,:

Zr{O)(OH)E ' + 4 Ce(IV) — 4 Zr(IV) + 4 Ce(IID) + 20,
Zr(O)(OIE* + 250, — 4Zc(IV) + 2 HSO;
arc independent of Ce(IV) or S(IV) concentrations and at 25°C
Vo= 2.4 % 1077 [Zr,(0,)(OH) "]

Suggest a mechanism for the redox processes.

R. C. Thompson, Inorg. Chem. 24, 3542 {1985).

(For the kinetics of conversion of Zr (OH)' te monomeric Zr{IV), —d [Zr,(OH)E" 1/dt
= k[H ' ][Zr(OH)}"])

D. H. Dcvia and A. G. 5Sykes, Inorg. Chem. 20, 910 (1981).
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V(CO), is the only homoleptic metal carbonyl radical, comparable with Re(CO); and
Mn{CQ),L, radicals, which however arc more difficult to study. For the substitution reac-
tion in hexane solution:

V(CO); 1 RyX —» V(COLR,X + CO
—d [VICO)]/dt = k[V(CO)] [RyX]
The values of & decrease for R;X in the order:
(n-C;Hy»P > Ph,P > PhyAs. For R;X = PhyP, at 25°C,
k=025M7"s7!, AH? = 418 klmol™" and AST — —116 JK 'mol ',

Suggest a mechanism (and rationalize it) for these substitutions.
Q.-Z. Shi, T. G. Richmond, W. C. Trogler and F. Basclo, J. Amer. Chem. Soc. 104, 4032
(1982); see alsp D. J. Darensbourg, Adv. Organomet. Chem. 21, 113 (1982).

. Orthovanadate(V}is a potent inhibitor of many phosphate metabolizing enzymes. In what

ways might VO] -mediated cnzymes resemble or differ from PO? -medialed enzymes?
N. D. Chasteen, J. K. Grady and C. E. Holloway, Inorg. Chem. 25, 2754 (1986).

. (a) Suggest a reason why VO, calalyzes the exchange of VO with H,0O with a rate law:

V= {ky + £ IVO; [} [VO*']
M. D. Johnson and R. K. Murmann, Inorg. Chem. 22, 1068 (1983).
{(by The IV nmr signal of VO is broadened by the addition of VOQ2*. This is ascribed

to an exchange process, the rate law for which can be expressed by

a[VO?' |, [VO; I3
1+ b[VO!],

at 50°C in 54 M HCIG,. Suggest a reason for the rate law.

K. Okamoto, W.-5. Jung, H. Tomiyasu and H. Fukutomi, Inorg. Chim. Acta 143, 217
(1988).

Information for (a) and (b): There is evidence for the existence of a 1:1 VO3 /VQ?2Y
mixed valence dimer (K = 067 M ! with the conditions of the nmr experiment), but a
V(O3 dimer in only much higher acid. C. Madic, G. M. Begun, R. L, Hahn, J. P. Launay
and W. E. Thiessen, Inorg. Chem. 23, 469 (1984).

. Suggest how the rapid exchange of VO3 oxygens with H,O may arise from the cis struc-

ture shown. [Coordinated H,O’s cxchange rapidly]

1

O OH,
TV
H0—V==0
H,0
OH,

{Hint: Consider H* transfer)
K. M. Rahmocller and R. K. Murmann, Inorg. Chem. 22, 1072 (15983).
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Problems 435
For the Ag* catalyzed oxidation of VO? by S,0%7, using VO{ in deficieney, the absor-

bance at 356 nm (which measures the total concentration of VO3 and VOj since it is an
isosbestic point for these species) vs time is represented as below

os bﬂ
700 s

What is happening?
R. C. Thompson, Inorg. Chem. 22, 584 (1983).

. How might one measure the kinetic parameters for the self-exchange (& = 10¥M~!'s~ 1)

ol (nf-arene),Cr'/(n®-arene),Cr? in solution? What would be the advantages of such a
systerm for testing outer-sphere clectron transfer theories? How mighl the rate constant
vary with the aptical and static dielectric constants for various solvents?

T. T-T. Li, M. J. Weaver and C. 1. Brubaker, Jr., I. Amer. Chem. Soc. 104, 2381 (1982).
See also M. S. Chan and A, C. Wahl, J. Phys. Chem. 86, 126 (1982).

. Cr(H, 00" reacts with iodoacetamide to give (Hy0)Crl?! (50%), (H,0),CrOCNH,)CH}*

(18%) and (H,0);CrCH,CO(NH,)?* (30%). The reaction is first order in each reactant
and indcpendent of [H*]. Suggest a mechanism.
P Kita and R. B. fordan, Inorg. Chem. 25, 4791 (1936).

In the reaction of the Cr(Il)-acetate dimer (8.27)-(8.30), what kinetics will be observed
if [Cr(ID]y = X for X — Co{C,;0,)3~, Co(edta)” and 17
I.. M. Wilson and R, D, Cannon, Inorg. Chem, 24, 4366 (1985).

Cry(NH,),,(OHY " does not cxhibit acid-basc propertics. Acid cleavage gives Cr(H,0)%+
and ¢is-Cr(NH;),(H,0)%" in a 1:3 ratio. What is the likely structure for the tetramer?
P. Andersen, T. Damhus, E. Pedersen and A. Petersen, Acta Chem. Scand. A38, 339
(1984); 1. Springborg, Adv. Inorg. Chem. 32, 55 (1988),

The rate constants for thiocyanate anation of a number of complexes of the type
CrL(H,0)"", where L is an N-substituted ethylenediamine-triacetate (L) are shown in
the Table,

“O,GCH, CHACO,
\\
NCH,CH,N

“0,CCH; R
i)
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Table. Rate Constants for the Thiveyanale Anations of CrL(I,0)" (&) and the Aquation Reac-
tions (k_,) of CILINCS)(' 1

R ﬁfll"s“ 27"
CH,CO; 14 27
CH,CO,IT 0.8 0.03
CiI,CH,CH 33 0.24
CH,CO,Co(NH,)2 13.3 42

H 0.03 (.0024

L 5 H,0* 1.8x10°% 9.2x10°?

¢ Cr(H,0)}' + SCN- reaction

What do the dala suggest as to the cause of the unusually high rate constants for these
Cr(III} reaclions?
H. Ogino and M. Shimura, Adv. Inorg. Bioinorg. Mechs, 4, 107 (1986),

. Examine the structurc of MoyO,(H,0¥' 6 and draw the possible isomers for

Mo O,(NCS)*. It is observed that the aquation of Mo;ONCS);' is biphasic. Given
that the Mo’s would be expected to behave independently and that rapid intcr-conversion
of isomers is unlikely, indicate which is the likely structure of Mo,O{NCS);".

P. Kathirgamanathan, A. B, Soarcs, D, T, Richens and A. G. Sykes, Inorg. Chem. 24, 2950
(1985).

The ratc constants for the reaction
MoOCL(OPPhy), 1 C1-  » MoOCI,(OPPhy)~ + Ph,PO

in dichloromethane were measured using the Mo(V) compound in deficiency

{0.15 mM), The reactions were generally first-order (o at least 85% complelion. The
dependence of the first-order rate constant £, on the concentrations of C1  (added
as Et,;NCI) and Ph,PO is tabulated (25°C)

[Cr-j# [Ph,PO] 'd

why
mM mM 5!
013 0.00 44
0.26 0.0 45
0.36 0.00 449
0.15% 0.00 42
0.13 1.0 43
0.13 2.0 31
0.13 in 25
0.13 a.8 17
0.13 12 11.5

# Estimaled from mcasured dissociation constant of Et,NCI in CH,Cl,.
P Q.15 mM Br instead of C1-
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16.

17.

18.

Problems 437

Suggest a mechanism for the reaction and determine any relevant rate constants.
C. D. Garner, M, R, Hyde, T.. E. Mabbs and V. 1. Routledge, J. Chem. Soc. Dalton Trans.
L175 (1975); also 1198 (1977).

Mn(C,0,); decomposes in acid solution:
ZMn{C,0,); — 2Mn?* + 3,03 + 2C0,
In the absence of O,,
—d [Mn(C,0,¥%; 1/dt = k[Mn{(C,0,)3] [FH*]

Addition of Co(IIl) complexes (which can be good radical scavengers) does not change
the rate law, but decreases the rate. With increasing concentralion of Co(Ill), a limiting
rate is reached which is about 30% of that in the absence of Co(III).

In the presence of O, the rale is markedly inhibited, the rate law changes and con-
siderable amounts of H,0, arc formed.

Suggest a reasonable mechanism for the decomposition.

M. Kimura, M, Ohota and K. Tsukahara, Bull. Chem. Soc. Japan, 63, 151 (1990).

N,-saturated salinc (0.56 M) solutions of 20 mM TFe?** at pH 4.8-6.0 were [lash
photolyzed at 265 nm. A broad transient absorption was obscrved with a peak between
700800 nm and an intensity which was roughly proportional to the laser intensity. The
transient signal decayed with L, = 400 ns, [L was scavenged by Fe3~ and Fe®* ions and
did not appear when N,O-saturated solutions were used. Explain,

P. S. Braterman, A. G. Cairns-Smith, R. W. Sloper, T. G. Truscott and M. Claw, I. Chem.
Soc¢. Dalton Trans. 1441 (1984),

Fe(ed1a)?~ is sensitive to O, but is a usclul gentle reductant which, for example, unlike
rmany reductants, docs not attack the porphyrin sing in melal-porphyrin complexes, For
the reactions of Co{tpps)?~ and Co(tap)*~ with (excess) Fe(edta)?~, predict the rate vs
{Fe(edta)?~] profile, and the effect of ionic strength on any second-order rate constants
for the two reactions.

R. Lagley, P. Hambright and R. F. X. Williams, Inorg. Chem. 24, 3716 (1985).

The formation of the iron{IT) product in the reaction:

o) o)
[ /N Il
Fe(CN)sS(CHa1E + N/ \NLCH3 s Fe{CN};MPZ* & S(CHgh

(MPz™)

in agqueous solution, can be monilored at 655 nm. Quite surprisingly, the specific rate of
approach to equilibrivm (&) decreases as the concentrations of MPz' increases (small
excess of dmso). Rationalize this behavior on the basis of a £ mechanism for the inter-
change.

I M. Malin, H. E. Toma and E, Gigsbrecht, I. Chem. Tdue. 54, 383 (1977).
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20.

21.

22,

23.
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Give & plausible rcason for the irreproducibility of substitution rcactions of
Fe'{CN);H,0%~. The ion had been preparcd in solution from a sample of solid
Na,Fe(CN) 11,0 which had not been overly purified. Addition of a small amount of Br,
slowed down the substitvtion reaction and gave more consistent data.

A. D, James, R. 8, Murray and W. C. E. Higginson, I. Chem. Soc. Dalion Trans, 1273
(1974).

The effect of redox mediators on the rate of reduction of the Fe({tl) myoglobin-fluoride
adduct by dithionile is shown in the figure. Suggest reasons for these behaviors. The net
reaction is MbFe(II. F % » MbFe(ID) + I~ (very slow)

methy] viologen
__. anthraquinone—2—sulfonatc

[mediator] (uM)

R. P. Cox, Biochem. 1. 167, 493 (1977).

Fe''{CN),X*~ species, pulse-irradiated at 330 nm, display bleaching within the 20 ns
pulsc. After blcaching, the original absorbance is redeveloped at rates lingearly depending
on the concentration of free X in solution. For 1 {(but not 2) a second small absorbance
change (=~ 10%) accompanied the first. Explain this behavior.

HaC
< 3= 2=
Fe(CN}N N Fe(CN)ﬁm/ \ / \NCH3
N4 _ _
1 2

J. M. Malin, B. S. Brunschwig, G. M. Brown and K.-S. Kwan, Inorg. Chem. 20, 1438
(1981).

Suggest mechanisms for the quenching of *Ru(bpy)s’ by Cofen)}' and therclore how
N¢,, the number of Co’* jons produced per quenching cvent, might equal values bet-
ween zero and one. How might some mechanisms be eliminated?

K. Zahir, W, Boticher and A, Haim, Inorg. Chem. 24, 1966 (1985},

The rate of the clectron exchange of the Rufen)} '2' couple is slightly faster than that of
the Ru{NH,)}*"*>* couple. Show that this is expected, by examining Eqn. (5.23) and in
particular considering the electrostatic work terms and the outer sphere reorganizational
energies {k,) contributions Lo the activation free energy.

J. K. Beattie and P. J. Smolenaers, J. Phys, Chem, 90, 3684 (1986),

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



24,

2s,

26.

27.

28.

Problems 439

Co,(CO}, reacts with Lewis bases lo give various products. With AsPh, the monosubsii-
tuted intermediate Co,(CO);AsPh, first forms, The first-order rate constant & is indepen-
dent of [AsPh,] but reduced by added CO. At 15°C, & = 51 x 1073s~!, AHT =
93 kimol~!, and ASF — +42 IK~'mol-! (no added CO0). The exchange rate of
Co,(CO), with BCOis 3 x 10~*s~" at 0°C. Qutline the possible mechanisms for substi-
tution in Co,(CO)y and indicate the likely one for AsPh,,

M. Absi-Halabi, J. D. Atwood, N. P, Forbus and T. L. Brown, J. Amer. Chem. Soc. 102,
6248 (1980).

The interaction of Co(Il) complexes (Col?*) with O, can be studied by mixing in a
stopped-flow apparatus Co** (syringe 1} with a lipand L/Q, mixture (syringe 2). What
are the advantages of this procedure and what are likely 1o be the problems?

5. Nemeth and L. I. Simandi, Inorg, Chem, 22, 3151 (1983); M. Kodama and E. Kimura,
J. Chem, Soc. Dalton Trans. 327 (1980).

All three reactions shown below (p-peroxo complex in deficiency)

2Coledia)” + 2NH, + den +0,

2euta® o,
b pH =3 / \\ kR
{en)o{NH)CoQ.Co{NH )(enty ——— (en},Co Golen)s . 2NH,
NS
Q
2NOy H

(ema(NOLICoD,Ca(NOLens’ + 2NH,

proceed by first-order kinetics, independent of [edta’~], pH or [NO;], with a very
similar value for #, 4.9 x 107%s~" at 25°C. Explain,
Y. Sasaki, K. Z. Suzuki, A. Matsumotoe and K, Saito, Inorg. Chem. 21, 1825 (1982).

low would you expect the uptake by Co(NH,).H,0** of SO, to comparc with that of
CO, regarding rates and products?

R. van Eldik and G. M. Harris, Inorg. Chem. 19, 880 (1980); R. van Eldik, J. von Jouanne
and H. Kelm, Inorg. Chem. 21, 2818 (1982).

The reduction of Co(bpy)}' by reducing radicals, €y €C. has rate constants ~10% -
104°M ~!s~1. Transient species (A = 300 nm, £ = 4.2 » 10*M 's *7) are observed which
undergo further spectral changes, see Figure, & = 3.5 s~ 1. No such change accompanies
Co{phen}} ' reduction, at least within a few seconds. Give a reasonable explanation for
this difference of behavior,

M. G. Simic, M. Z. Hoffman, R. P. Cheney and Q. G. Mulazeani, J. Phys. Chem. 83, 439

{1979).
[Hint: Data in P. Ellis and R. G. Wilkins, J. Chem. Soc. 299 (1950) are relevant.]
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Product AA Transient
N -
£
[8)
= by
=
»
v by L
)
Y
o
o
1 L L
250 300 oo 350

Wavelength {nm]

Problem 28. Spectra of {ransient (a) and final product (b) of one-clectron reduction of 40 pM

Cof
and
Rep

bpy)}' in aqueous solution by o (G} and COJ (A) at pH 6.9 and (CH,),COIT" at pH 7.0 (L))
(.5 (M). The solid line in {b) is the spectrum ol a 3:1 mixture of bpy and Co?* ion.
reduced with permission from M. G. Simic, M. Z. Hoffman, R. P. Cheney and Q. (5. Mulazzani,

1. Phys. Chem. 83, 439 (1979), € {1979} American Chcmical Society.

29,

30.

The Ni complex Ni{tmc)L2* (Trars I) in which the conformation at the nitrogens is
RSRS is 5-coordinated. Fxchange parameters arc (L = D,O):

k=16 x107s""y AHT =247 kJmol ' and AS* = —24 JK 'mol '

Compare these with the corresponding values (L. — [3,0) for the solvent exchange of the
6-coordinated species Ni(tme)L3* in the Trens 111, RRSS configuration:

k=16 x 108, AH*=1374kJmoi~' and AS* = +38 JK 'mol !

Suggest mechanisms for the two exchanges. [Similar behavior is observed when L =
CH,CN and dmf].
P. Moore, 1. Sachinidis and G. R. Willey, I. Chem. Soc, Dalten Trans, 1323 (1984).

followed by the initial rate method, The dependence of the initial rate on [Ni(111}] and
pH is shown below. Suggest a mechanism [or the disproportionation (protonation of the
Ni(I[T} complex is known to occur with a pK, = 4.0. Disproportionation at pH > 6 is
very slow).
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Probleims 441

Initial Rate Data for the Disproportionation of Nickel{lll) at 25°C and p = 01 M

[Ni(HID)], Initial Rate
pH 10° M 107 x Ms |
1.13 0.23 0.12
1.16 0.93 1.8
1.17 2.3 9.8
1.68 2.1 19
2.17 2.3 47
2.67 2.3 155
3.10 i.7 211
141 1.7 340
31.38 [.7 380

A. G, Lappin, . P. Martone and P. Osvath, Inorg. Chem. 24, 4187 {1943).

The reaction of Cu(l) with H,O, has been usually assumed o produce OH® radicals us
the reactive intermediate, e.g. with Cu(phen)y ,

Cu(phen); + 1,0, — Cuiphen)}” + OH" + OH~
In the presence of scavengers {alcohols, RH) the OH" radical reacts as follows:
OH" + RH ->» R" 1 H,O

How would you go about using the scavenging reaction to prove (or disprove!) the produc-
tion ol OH® in the Cu(l)-H,O, interaction?
G. R. A. Johnson and N. B. Nazhal, J. Amer. Chem. Soc. 109, 1990 (1987).

The raie constants for the Cuy(OAc),, HOAc exchange determined by 'H and 'O nmr
[ing broadening methods are in good agreement. Suggest a reason why the exchange rate
constants (=10%s~") are so much smaller than those normally encountered for solvent
exchange with Cu(ll).

A. Hioki, 8. Funahashi and M. Tanaka, Inorg. Chem. 25, 2904 (1986).

The oxidation of the ions Cr?', Co?' and VO by SO,F is catalyzed by Ag". For all
these reactions
V= —d[SOF-|/dr = k{Ag*][SOF]
with & = 1.3 x 10°M~ts—! at 17°C. What mechanism do these data suggest?
R. C. Thompson and E. H. Appleman, Inorg. Chem. 20, 2114 (1981).

The rate of reaction of AuCl; with Fe(IT) to give AuCly is retarded by Fe(I11) but ac-
celerated by Cl~ ions. Suggest a mechanism.
K. Moodley and M. J. Nicol, I. Chem. Soc. Dalton Trans. 993 (1977).
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10.

1L

12.

13.

14,

15.

16.

17,

19.

Problems — Hinls to Solutions

Integrate cquations of the form shown after algebraic manipulation.
d IMANE = k_, [MAB]? — k; IMA,] [MB,]
From (1.74)
d [Bl/dt = Agk, {ky — k)" {—k, exp (—k, 1} + ky exp (—ky1)]

[B] — [Bln. when & [Bl/d¢ = 0, whence [B],., and £, can be derived.
Treat the rate law

1 d[A]

a dr

= k, [AJ¢[BI* — k_, ID]¢[E]*

as described in Sec. 1.8.[. The perturbaiion of the concenlration of A is +eAx and using
[A] = [A], +aAx = [AL{l + (gAx/TA],)) aids in the general derivation.

From Scc. 181, for C = A + B, k|, k_;,and [A] = [BL, k = 2k_,[A] + k. Tt is easy
to show

kY = Ak k_(([A] + [C]) + &P
Treatment of Figure shows for L. — Bt,NCS,, & — 29s ' and £, — 1.5 x
103°M~1s~" L = E,NCSSe, &k, = 38s Tand k_, = 9.0 x 10°M 's Tand L =
E{,NCSe,, &, = 1085 'and &_, = 83 »x 10°M~ !5~

Adopt appreach of (1.153). In general,
kpyky = 172 (ay + ay) £ {11720y + o0)1? 4 o0, — oy 0] '

where @, 0, @, and o, are appropriate functions of &,, & ,, &k, and &k ; (see
(1L1703-(1.173)).

Use —d [X]/dt = 0, [S]g(= [5] + [F]) = IE];(= [E] + [X})to derive equation. For in-
itial ratc measurements, we can set [P] = 0 and obtain an equation which conforms to
that of (1.104) since as [S} - oo, rate — V. The same approach to the extended
mechanism yields a similar equalion with ¥, ele. more complex.

From Eqns, (1.125) and (1.126) it is clcar that

ky+ kyp= (ko + k) [HY] + (k) + k_y)[Cu?]
kpky = (kiky + k_jk_3) [Cu?* [H*] + kk_, [Cu®)?

Computer treatment of the data yields best fit to these equations when &, + &_, —= 2.08
X 10°M s =1 (k4 k) HYT = 6587 kk , = 196 x 10'M~2s—2 and (k &, +
koo k) = 179 x 10°M %s ? whenee individual &'s.

V. st be calculated for each entry using Ban. (1.191). The value of V,, /[Ag{1T}]? is

reasonably constant and the second-order exchange rate constant is 1.1 x 10°M~lg~!
for the lst entry. A plausible mechanism is 2Ag(ID = Ag(IIl) + Ag(D.

. A plot of k vs pH conforms to Eqn (L207) with A,y = 190 M- "s ', &k, =

0.48M 35! and K,;; = 2.5 x 107°M. The limiting (acid) &,y and K, are difficult
to estimate.

Because & decreases in the acid and base regions, only the 2nd and 3rd terms in (1.226)
are important, For carbonic anhydrase-B, &k, = 3.5 x 10°M s 1 &k, = 2 x
10M 's!, pKg = 93 and pKkp = 7.5 and for the carboxymethylated derivative,
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ky=30 x 10°M s ky = 45 x 10M s}, pKg = 9.3 and pK; = 9.1. The two
possible routes for only iscenzyme — B can be distinguished on the basis of the values of
k; or k,. The latler appears (oo large {exceeding a diffusion-controlled value) and reac-
tion of the basic form of the enzyvmc with the acidic {ncutral) sulfonamidc is favored.
For the ionization of QH™ @ O~ + H7, the reactivity of the basic form is negligible and
Eqn (1.207) can be used with k- — 1.2 % 10®M~!s~!and pK,,. — 11.9 £ 02,

2[. The value of K (= &, /k_,) lor the equilibrium:
H" + OH " = H,0 + ¢, koo ko,
in conjunction with that for H,O == H*" + OH ", will yield the desired K, for H* = H!
+ gy (23 X 107°M).
Chapter 2

. See literature references.

2. The reaction of A involves an hydrolytic path as well as onc which is first-order dependcent
on [H™*]. Reactions of B and C involve only two or three protons in the respective ac-
tivated complexes. Proton-assisted dissociation of macrocycle complexes are discussed in
Sec, 4.5.1(a). Preequilibria involving H' are favored.

3. The formation of thc dimer Fe,(OH)3' suggests an Fe(IV) intermediate which then

reacts with Fe(Il). It is most likely to arise with 2-electron oxidants.

4, The induction factor of 2 arises from Cr(V) oxidation of 1~ as rds, Eqn. (1.121}.

9.

10.

. Use PNH,"®OH and examine product. This is N"N®0 which shows the O and central

N of NNO arise from NH,OH. Possibly an intermediate (NC)sFeN(=0) ¥NH *OH?
results from addition of BNH,'30H to NO moiety of Fe(CN);NO?~. The intermediate
then loses H* to O~ in rds and cleaves to (NC)Fe(11,0}3 ™ and NP¥NFO.

. The isotope effect suggests abstraction of H(DD) from the NH(ND) group of Colsep)?~

is necessary for the OF reaction to form the (thermodynamically stable) HO,  product.
Direct outer sphere oxidation of Co(sep)?* by O, will not produce an isotope effect.

. The expression

n k e v
— _InC - —
m RT

with n = 0, 1/2 and 1 is fully discussed in BE, p. 116-118.

. In Bgn. (4.48), when k_, » k,, prolon iransfer is a pre-equilibrium and when £_, < ,,

the act of deprotonation becomes rate-limiting. Since these processes are likely to have dif-
ferent heats of activation, in the intermediate region, &_, = £,, the heat of activation is
changing and the Eyring plot will be curved. See Sec. 2.6.

A change in the rds is suggested over the temperatlure range examined. A near zero value
of AH* is usually associated with an exothermic preequilibrium (Sec, 2.6), Formation of
a PCu(l) - Fe(II[) adduct is supgested within which electron transfer occurs. At lower
temperature a higher AHY obtains and formation of the adduct may involve a
reorganisational slep.

The approach outlined in Sec. 2.5 indicates that a dissociative mechanism applics.
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11.

12,

16.

Problems -~ Hints to Solutions

With a dissociative mechanism expected for
NiZr 4 1, = Nil2 k, k. K

since &, is fairly constant, & | parallels K. In addition, K often is related to the stability

of HI.* (K, 1), and thus log k_, is linearly related to pk,.

(a) Small negative value suggest an clccirophilic reaction with small amount of formal
carbanion transfer from Cr to Hg.

(b) The low value of p indicates a nonpolar iransition state.

{c) Electron-donating groups increase basicity of porphyrin and weaken Ru py interac-
tion. This would be expected to lead to an increased rate if dissociative mechanism.

. {a) When the activated complex resembles the reactants, an “early” transition state forms

and a peak in the reaction profile occurs carlicr. The value of |A V7| is smaller than
with situation (b).

. {(a) The considerable solvation of OH ™ influences the value of AV*. See Ref. 163,

{b) Negative and positive AFT values are consisient with associative and dissociative
mechanisms, These differences might be related 1o the structures of the Co{Il) and
Cu(ll) species respectively.

. Examine the velume profile for the base hydrolysis on the basis of a conjugate base

mechanism;

AVE I [Co(NH,L,NH" + X77]F + H,0 I I AVT

- (2 m T #
Co(NH,),(NH),X® 7' +H,0 AV Co(NH,),0H + X1~

AV, \
: AV,
¥

Co(NH,)sXB-"+ + OH~

(@) AVL, — AV, = AV7 is a constant involving the common 3-coordinate intermediate
+11,0. The value =20 em?mol ~* supgests that an H,O melecule is completely “ab-
sorbed™ during the final step.

(b If ¥ = W(Co(NH),NH2') + M(X" ) [product-like activated complex], V(H,0O) —
18.1 em3mol ~! and F{OH ) = (.5 cm®mol ~}, then W(Co(N11,),NI113*) = 66, 77,
75 and 76 cm*mol ! for the four entries.

() This is @ graphical representation of (b). Slope = 0.90; inlercept = 92 =+
3 cmPmol =t WCo(NH,NH3)Y — 92 —17.6 = 74 cm®mol .

(dy AV, = AV, + AL,

Increasing concenirations of Na* give rise to NaFe(CN);~ and Na,Fe(CN)2~ and chang-

ing slope of plot may arise in terms of a reactive NaFe(CN)}~ and a non-reactive

Na,Fe(CN)Z .

. The rate law is

~d [Cr(H0)0NO |/df — (e, [H*] 1k, [H*}3 [Cr(H,0),0NO ']
with k; = 032 M~'s~'and k; = 1.2 M *s '. The relative magnitudes of %, and £,

preclude a medium cffect. Reactive mono- and di-protonated species are considered the
effective reactants.
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Chapter 3

L.

Examine the effect of CN concentrations on the rate constant for reaction of Hg(ll)
species with the Cys-212. Expect saturation kinetics from which rate constants for reac-
tion of ArHgOH and ArllgCN may be assessed as well as equilibrium constant K for

ArHgOH + CN = ArHgCN + OH~ K

Show that the value of X agrees with that independently found spectrally (in absence of
enzyme). Other cysteine-containing proteins should give a similar pattern and value for X

. Reduce the resclved Coflll} complex very rapidly in mixer . Allow the reduced complex

to raccmize for a known time before oxidizing in a second mixer. The change of optical
rotation in the Co(ITI} product reflects the amount of racemization of Cof{ll) complex in
the time between its generation and its destruction.

. Al lower pressure f,,, = 250ms, &, = 24 x 10*M 's 'and k_; = 1.1 x 10%s ' At

high pressure, #,,, = 316 ms, k; = 1.2 x 10° M~*s'-and &_| = 1.2 x 10%2s5-!. Use
equation for A + B — C in Table 1.2, and calculate equilibrium concentrations from
values af K, These data yield AVy* = 17.5 cm*mol ' and AV*+, = 0 cm® mol ~! using

Eqn, 2.125 and 1000 kg ¢cm 2 = 98 MPa.

. (#) For geminate reccombination sce Sce. 2.1.2,

(b) The 2.8 s = step is determined by scavenging of 1. hy excess CO. Subpicosecond laser
photolysis of B—Fe—1. and picosecond monitoring allow determination of other rate
constants and overall equilibrium, as well as detection of B —Te.

. Very fast change corresponds to Co(NH,),C1*~ LN Co(NH, )}~ + Cl-; the slower

changes correspond to consumption of H™, The equivalent conductance of H*
(350 Q@ 'moi ~'em?) is much higher than those of other species.

. The e, is most reactive (k ~ 10" M5 1), COTand (CI1,)},CO11 less reactive (k ~ 107

A
~10° M~!'s %) and H- least reactive {(# ~ 107 — 10% M~'s ~'). Since the intermediate
A arises from all radicals il is likely the one-electron reduced, Fe(CN);NG?*~, This will
be labile and likely to lose CN~ reversibly,

. Conductivity changes observed arise from the formation or loss of I (Question 3).
. If the spontancous disproportionation of Br¥ is accelerated when Co([I) is present (in

concentrations comparable to those used in the B, /Br, experiments) then {2) is the
favored fast step. This step is inner-sphere if Co(lL}— Br is detected and its aguation to
Co(111) —H,0O noted.

. Compare the properties (spectral and hydrolysis ratcy of the intermediaic with thosc of

Fc(C,0,)* gencrated from Fe?' (cxeess) and C,0:5~. Consider the role of ion pairs and
triplets in understanding the rate law.

. Use A, — a/R, — a/R,and A, —x — a/R, — a/R, in the expression for a second-order

reaction.

. i A, | i
Ak An—xJ' Ak

0

w0 derive the desired equation. Concentration = e¢/resisiance (R) and x, the number of
moles of A that react in time 7. See B7 or B16,
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11. The broadening of the line A equals &, /n. That of line B will give a linear plot vs
fA1/[B] of slope &, /n.

12. At coalescence temperature 40°, 2k = ]/?71.48 — 214 s~'. As the temperature is
raised intermolecuiar exchange occurs. At ~105°, 24 = ]/5.51.21 = 9457,

13. A plot of k,, (=nAW)Y vs [CN™] is linear with slope & in the ratc law ¥ =
k [PA(CN);~] [CN~]. From ali data, ¥ = 1.2 x 102 M~ls~!

14. Iyirect oxygen transfer would lead to a uniphasic release of 1™, whereas Cl* transfer
results in iwo steps, [irst a release of base and then a larger release of H' .

15, Heterolytic splitting would lcad to an initial Co-D/Co-H ratio in the product of 1.0, (R =
0.53). It is apparent that this is not the casc. Since 1,0 does not enter into the homolytic
splitting, R shoutd equal 0. At early times this appears to be so0. Why might the value
slowly increase?

16. When P —SH reacts with a mixture of ESSE (k) and RSSR (k,) (both in cxcess) the ap-
pearance of colored ES~ will result from ESSE directly and from RSSR indirectly. A
plot of the observed rate constant (&, s ~') vs [RSSR], [ESSE]| constant, will be linear
with slope ;.

17. Usc

[Crz]() 1 + (kl \Hr i\r02+]zwu

Co®'], &, || [Co(NH,).F*]

|
aver ‘

lo compuic k,/k, = 1.52 + 0.04.

18. a) pH-stat (Sec. 3.10.13 b) conductivity €) rcsolved pdta*~ (Sec. 3.9.4) d) infrared (Sec.
3.9.2) e) H™ change {indicator) or appearance of enzyme activity ) HPLC (Sec. 3.11 (a))
g) conductivity h) fast [low/rapid [reere esr {Table 3.3).

Chapter 4

1. d{SCN-V/dt — (k |, & k ,[H*]"' + k_;[H"]72) [Cr{H,0),NCS2*]

For example, k&, /k_;, = K|
2. The equation indicates that the value of 7 is close to the mean of the initial and final
states. This gives a clue to the mechanism,
3. Only cne tautomeric form will give the chelate directly. The other might form the chelate
via the unidentate metal complex. A biphasic reaction might be anticipated.
4. (&) Assuming that the rate constant for the open form ~ 104 M~!'s ~!_its contribution teo
cbserved rate constant will be only 104 x 10 7 ie 10 M !, The observed valuc
380 M ~!s—! must therefore he associated with H-bonded form, which is ~ 30 fold
lower than [or normal Ni?* complexing.
(b Internal hydrogen bonding in tsa —, but not dhba ~—, must be weak and ring closure
and/or proton loss cannot be rate limiting.
5. For (a) k. — Jk,kyk 1 [L,] when ring closure is fast. For (b} k,, = ks[L;]. A largc
positive value for A¥™ rules out the associative mechanism (b).
6. (a) Cu([12]aneN,)** is square pyramidal with Cu?* 0.5 A out of the plane.
(b) This behaviour is consisienl with Fig. 4.6 with the activated complexes forming au dif-
ferent stages, [Cu®" -30H ] and [Cu?' -20H ] respectively.
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. Ni** displays normal ({,) behavior. With Ni(trien)}(H,0);* ring closure of

Ni{trien)(F,O)XY 2+ is rate determining at high [XY]. A first order reaction of
Ni{[12]aneN,)?" controls the addition of XY.

. (a} Stage IT must involve a preequilibrium containing one CN - ion and/or HCN specics.

The k; term arises from spontancous dissocialion of NiA(CN),.

Ni(edda) species containing different number of CN~ ligands arise as [CN7] in-
creases. The rigidity of cydta prevents unwrapping and CN~ binding, with a conse-
gueni slower rate.

(¢} The two terms arise from dimer dissociation and CN - attack on the dimer.

(b

o

. (a) See Sec. 4.5.3(a). A preequilibrium step is involved in (a) and the first (deformarion)

step is rate determining in (b).

(b) Deformation of porphyrin ring is unnecessary with N-substituted porphyrins.

See Secs. 7,31 and 7.32,

(a) The first order (solvolytic) path will be missing and ¥ = & [Pt],,, [phen].

(b) Meaningful OH~ dependence for Me;dien and Me,dien complexes expected since
they show pseudo-octahedral complex characteristics (why not Medien complexes?)
(Sec. 4.7.3). Values of &, (no[l Jterm) and k, decrease with increasing steric hin-
drance, with little [I 7] dependence for Me,dien and Mesdien complexes.

Use Jahn-Telter considerations for Cu{ll) {Cu{Megtren)dmf2+ is trigonal bipyramidal).

Consider the environment of the dmf in the two Co(II) complexes.

Chapter 5

L.

For the Ce(IV) reaction, log K, (= 16,9 AE) = 182 and k, = 2.9 x [0 M~!s~, For
the MnO;, reaction, log K|, = 34 and k;; = 42 x 10° M 's L.

. Much larger inner-shell rearrangement energy terms are involved in the CQ3; CO, couple

relaling (o linear CO, bul bent CO7T species.

. The incursion of inner-sphere pathways (for 1st two cniries), selvation differences (O7F,

0,) and stereochemical changes are the bases for the differences in theoretical and ex-
perimental rate constants.

. Sce the approach used in Table 5.5. The transfer of o* d electrons will lead to relatively

large M —N differences in the two oxidation states and thercfore slower rates, There is a
low-spin = high-spin equilibrium for Fe(sar)?'.

. All couples involve moderate bond length changes and consequent slow rates.
. (2) Formation of precursor complex is rate delermining with Cr?' reactions.

(b) Compare the likelihcod of H™ ionization with the two complexes and the consc-
quent kinetic behavior. Also consider inner-sphere and outer-sphere paths for the two
isomers.

(¢) Use K (ROH? y/k (ROHI") and k (RN} (RNCS? ) ratios (R = Co{NH,)), the
widespread range of &’s and similarities in patterns between Cu(I) and Cr{II) reduc-
tions to support inner-sphere processes for Cu(l).

(d) Resonance lransfer mechanism lavored lor V2+,

. Very large ratios for & (RNZ)/k(RNCS®'} suggest inner-sphere. Large ratios of

k (RSCN?*)/k (RN3") indicate outer-sphere and small ratios (<210) are probably inner-
sphere. (Sec. 5.6(c)).
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B.

14,

15.

Problems — Hints to Solutions

The first group must be inner-sphere. The sccond group must involve 4 precquilibrium
containing a CN~ ion, followed by an outer-sphere redox reaction.

. Consider what might occur between Fe!* and the product of the reduction,

Co(bamap)H,0)?~, and how Zn?* might interfere.

. The Ru(lIl) product is inerf and ligand dissociation docs not readily occur (compare Egn.

5.82).

. The colors correspond to a) an ion pair b} Fe{CN); ™ and finally ¢) Cofedta) ~.
. Consider the cffects of conjugation on electron transfer and of free rotation around a

C —C bond modifying the closeness of metal centers.

. Examine the rate law arising from the scheme:

I Eu?! [ _Comn

1.+ Co?'

(L — 4-pyridinecarboxylic acid) and rationalise the incffectiveness of the 3-derivative,
In general, the larger &y /k|, value corresponds to an outer-sphere process or an inncr-
spherc process which 1s not substitution controlled.

The very fast change relates to direct reduction of the Fe(III} center by the radical, The
amount of absorbance change of this compared to the slow change can be understood if
the hydrophobic nature of the heme sitc is considered. The rate of the slow change is
similar for all systems since it involves a (common) intramolecular electron transfer. See
(5.8.4).

. The %, and k, terms represent intramolecular and intermolecular conversion of

PCu"Ru" into PCu'Ru™,

Chapter 6

. The k

. The product is Co(N11),(NH,CH,CONH)?~ so that two protons are lost from the

Co(III) reactant, A series of preequilibria involving ¢ither one or two OH ™ ions and a
rds involving cither onc or no OH™ ions, respectively, must be operative,

. The key to understanding the observations is the potential for binding by OH~, SCN~

or CIL,CONH ™, in the axial position of the Cu(11) complex. This binding can either aid
(OH ™) or inhibit hydrolysis.

obs/ PH profile for hydrolysis ol the free ligand can be rationalized in terms of mo-
noanionic and neutral species. Saturating effect occurs with Cu?* ion present, due to
comptete complex formation {consider the species formed and the most reactive likely).

. Consider the effect of hydrogen bonding between Cr—OH, and Cr—OH groups in the

bridge on the stability of the agquahydroxo bridged species.

. ¥or the ionization

VO(H,002 = VO(H,0),0H™ + H~kk K (=4 x 1077M)
and
Ni(H,0%* = Ni(H,0)OH~ I H' &,k 5, K, (= 10 M)

caleulate &y and k&, on the basis that &_, and & _, arc diffusion-conirolled rate constants
~10" M s ', Comparc these values with & and determine whether exchange is con-
trolled by ionization,

www.iran-mavad.com

Slas pwdige 9 bgziils x> e



Probiems — Hints 1o Solutions 451

6. No significant dissociation of Os(bpy)3™ occurs during the obscrvations. There must be
four different types of CH groups. The fastest {which?) must correspond to O~ attack.

7. Convince yoursclf that the three glycine ligands in 111 are stereochemically different.
Assume NH, is a stronger ligand than CO; and predict which chelate ring is the
strongest bound {trans-effect) and therefore has the highest CH cxchange ratc (why?).

%. Consider the effect of internal hydrogen bonding in IV on the rate of the OH ™ reaction,
and the effect of charge on the reaction of IV, X = N~ compared with that of X —

NH,.

9. (a) Consider the influence of R on the likelihoed of C—OR or CO—R cleavage and in
Llurn the influence of the cleavage position on the rate.

(b) The first stcp is probably the [formation of (NILLCoO=C{NR,3* and
(NH;)}sCoNRC{=0)NRZ*. Only rcaction of the latter leads to the product
{NI1};CoNCO?** (R = H or CH,; consider steric effects).

(c) Consider the position of proton attachment to the coordinated C,03~ and its likely
elfect on the rate,

(d) Structural differences in reactant and product present an additional energy barrier (o
a normally rapid acid-base reaction.

(e) Metal ion catalysis involves metal chelation with the enol and keto forms of acac and
their isomerization,

10. The product of onc-clectron oxidation is Co{NH,);C,0% " which containg the powerful

reducing radical C,0]. See Sec. 5.8.3.

Chapter 7

f. Use Le Chatelier’s principle or Egn. 3.7 to show A¥Fis slightly negative. No charge change
means only intrinsic AV observed. Consider {a) the number of water molecules transferred
and (b) the cffect of spin sfate change (size of complex) on value of AV,

2. AVT = +52and AV = —2.9 cm?mol !

3. (a} Camphor is a natural substrate for P-450 and when bound promotes {largely) a high

spin state. See Se¢. 7.3
(b) This conlorms o A + B = C = Dwith A + B & C rupid compared with C = D
(Sce. 1.8.2) and almost complete.
(¢} Ky = ([P-450,, - 5} + [P-450, - S])/[P-450,] [S)
and
K, — [P-450, - 8]/[P-450,,+ 8} = k,/k_4

combined give the desired equation.

Fe(HI) is 6-coordinated in the low spin state {extra H,O0) and S-coordinated in high

spin state. Correlate access of Fe in high spin state with valuc of & _,.

4. (a) Use [CofNHy);"OH3* and HNQ,] und [ColNH,).OH3" and HNQ,| respectively.

(b} Demonsirate that the O of Co(NH;);H,0?" originates from O's of Co(NH;)},NO3*.

This would mean Co—NOI* — Co(O,5CF;™ — CoH,0%* cannot occur, Also show
that Co(NH;);ONO?* reacts more rapidly than Co(NH;);NO?' with CF,50,H,
otherwise there would be no isosbestic peints in the CoNO3* — Co-—1,0%
transformation,

(d

—
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10.

Problems — Flinis to Solutions

. Draw the structures of the ligands, acctone, ascorbate and 4-Meimid and show (hat there

are 2 distinct sites in each for coordination. Nmr is an effective method for monitoring
the rearrangements in (b) and (c). That it {a) can be only measured by an indirect method.

. Show that the scheme

(NH,);RuNH,CH,CO,EL :ﬁ (NH,),RuUOC(OE)CH,NH}* el
-1
(NH,);RuOC(OEOCH,NH}' > produsts

conforms to the equation with ¢/a = 1/k,. Thus k| is consistent with the value for the
analogous rearrangement of the glycine analog.

. Tirst should observe deuteration at the sarcosinato-N atom (collapse of Me doublet signal

around 2 ppm to a singlet), Later a peak {at 2.25 ppm) ascribed to formation of the
A(R) isomer should appear.

. A plausible intermediate in the rearrangement and in the reaction with Ph,P is a four-

coordinated Ir compound. The simtlarity in & values suggests a dissociative mechanism
for the reactions.

. ‘Two isomers result from the meso ligand {A-civ-§- and frans-) and three isomers from the

rgcemic ligand (A-cis-a-, Acis-f- and rans-).

Require value of k,. From (7.44), this equals kyk | /2k,; k, = kpand k | = 107577,
Calculated values of &, are 1.4 x10°s 1, 2.4 x 1055~ and 3 x 10%s ! respectively.
Value decreases as oxidation state increases,

Chapter 8

Reductions by Cr?* are usually inner sphere and have a much higher rate constant with
oxidants which can present potential chloride bridge. On this basis reductions by Fe?®'
are also inner sphere, whereas theose of Fe (CN);~ and Ti{111) are outer sphere.

. There appears (o be & common intermediate whose formation from Zr(0,),(011)%- is

rate-determining in the oxidation and reduction reactions. A slow ring-opening process
may expose an —O,H arm, which would be expectzd to react rapidly with Ce(IV) or
S(IV). This same intermediate may be involved in the acid hydrolysis.

. Nucleophilicity order for RyX, sign of AS¥ and existence of 7-coordinated vanadium car-

bonyls, are consistent with an /1 mechanism.

. Dominant forms of V(V) are I1,VO; and 1IVO,*>~ at pH ~ 7, analogous 1o those of

P(V). However, V(V) species are more labile and relatively easily interconvertable.
Vanadium also has a rich redox chemistry which 1s missing with phosphorus.

. (@) and (b) The forms of the ratc law suggest that a mixed valence oxy-bridged dimer,

V,03*, formed reversibly from VO?!* and VO3, will lead to (a) enhanced H,O exchange
of VO?* (k, term} and (b} easier O exchange with VOJ {develop vquations), An altcr-
native explanation far (b), 2VOS = V,03*; V,0I' + VO?' = cxchange is unlikely.

. A similar rationalisation of the rapid exchange as that in (8.12) can be invoked.
. Both scgments of the biphasic plot are zero-order. The intermediate is obviously VO?+.

Thus VO{ and VO?** do not feature in the rate law for the oxidations to VO?' and VO,
respectively. The rds probably must therefore involve only Ag' and 5,02 ~ in cach casc
(see Table 8.15),
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11.

13.

14,

15.

16.

19.

20.

21,

22,

Probiemys - Hints to Solutions 453

. Esr line broadening. When one of the couples if uncharged, the electrostatic work term

is approximately zero. Structural differences between the two species are also likely to be
small (A; small}. The effect of solvenl is contained in A . Using Egns. (5.23) and
(5.25)-(5.27), a plot of log k,q vs {D,-D, '} should be lincar with ncgative slope.

. Cr(II) reacts with a number of organic halides by hydrogen atom abstraction in the first

{ras). One of the products (-ClI1L,CONH,) reacts further with Cr?+.

The rate laws (8.29) and (8.30), with [Cr(ll}],,., in excess, lead to oxidation by
Co{C,0,); and I, showing initially pscudo zero-order kinetics. As the concentration of
the oxidant decreases however, &,foxid] = k_, and some deviation from linearity for the
plot occurs and eventually becomes first-order, although this may be near to the comple-
tion of reaction. With Co(edta) = in deliciency, the reaction is pseudo {irst-order,

All 60H groups must be invelved in bridges. Products and their ratio suggests that
tetramer is Cr({OH),Cr(NH;),n6*.

. Consider the effect of pendent arm R on the water lability of CrL{(1£,0}"~ and how this

might operate. Compare the raie constants with those involving Cr(H,0)* and SCN-,
There arc five distinet isomers for Mo,O,(NCS) , considering attachment to the same
or different Mo's and whether frans to bridging or capped O’s. Symmetrical isomers
might be expected to give uniphasic kinetics.

Examinalion ol data shows an independence of &,,, on both concentration and nature of
halide, and an inverse dependence of kg, on [Ph;PO]. Try a D mcechanism.

The radical anion CO} often features in reactions involving oxalate. The reduction of the
rate by Co(llI} complexes might be understandable in terms of Sec. 2.2.1{a). With Q,,
scavenging of CO7J also occurs. Now another radical (O} is formed and a chain reaction
1s sct up, thus modifying the ratc law.

Rationalise the spectral, kinetic and scavenging cffccts in terms of the production of e
Table 3.5).

. Plots of rate vs [Fe{edta)?~] are linear for reduction of Co(tpps)’~ and curved for

Co(iap)?! (ion-pairing). Read Sec. 2.%.1 for an understanding of the ionic strength ef-
fects.

. For a D mechanism, use an equation analogous to (1.143). Derive &, at low and at high

[MPz *] and specify the conditions for the observed behaviour of k.

Consider traces of Fe"{CN)H,(% " as the impurity, and the effect of this on the rate of
substitution in the Fe(IIl) analog {Scc. 5.7.3). Br, would oxidise this impurity.

The mediators are accelerating the reduction which is very slow otherwise. The reduction
of methyl viologen and anthraquinone-2-sulfonate by $,0;™ is very rapid and leads to
strongly reducing radicals.

The effect of X on the regeneration of Fe!'(CN), X3~ afler bleaching supports the loss of
X in the irradiation process. Consider the two ways in which | but not 2 may bind to
Fe(UCN);*~ after bleaching. (This is probabiy the basis for the small change following
binding). Sec. 7.4.1 provides a clue as to whai is probably happening.

Set up a reaction scheme in which *Ru(bpy)it forms an ouier-sphere complex with
Co(en);*™. Both electron transfer and energy transfer can occur within this complex to
produce Ru(bpy)¥*{Co(en}3™ and/or Ru{bpy)i*[*Co{en);’*. The breakdown of these
lead to Co(1I} and/or Co(111} respectively. The relative values of the various rate consiants
linking these species will determine the value of Np,.
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23.

24,

23,

26.

27.

28.

29.

30.

3.

32,

33

34,

Problems — Hints to Solutions

There is a decreased electrostatic work term due to a large distance of closest approach
with Ru(en)*"**. This is small at larger 4 and the important factor is a reduced outer-
sphere reorganization cnergy for Rulen)i'2 . Eqgns. (5.23) and (5.25) lead to AGY =
45/1 keal mol ~" at 25° in H,O. Use r = 6.6 A for Co(NH,)**">* and r = 10.2 A for
Colen}} ™" ions and show that differences in AG* will lead to ~ 102 higher rate cons-
tant for Cofen)3*’?* than for Co(NH,)3*/2*. See N. Sutin, Ann. Revs. Nucl. Sci. 12, 285
(1962).

The kinetic data arc consistent with cither Co—CO or Co—Co bond cleavage in
Co{CQO), as the rds is substitution. Comparison with CO exchange data suggests that
both involve Co—CO fragmentation in a first step. Compare Eqn. (2.109).

Advantage: Anaerobic manipulaticn of CoL?* unnecessary. Disadvantage: Must show
that formation of CoL is much faster than the subscquent reaction with Q,, otherwise
kinetics could be complicated.

A common rate-determining process must attend each reaction and invelve only the p-
peroxo complex. The products arising with edta*" suggest fragmentation
(=2 Co(en),(NH,H,0?" + O, is followed by more rapid reactions,

Consider the relative shapes of 30, and the sulfito product compared with those of CO,
and the carbonate complex. In both cases, Co—OH, bond cleavage does not occur.
The spectra of the transient and final products are similar. The immediate product of the
reduction will be Co(bpy) . Consider the possible species in a dilute (uM) solution con-
taining a 3:1 ligand/Co*' mixture. Co{phen)}" is morc incrt than Co(bpy):'.

Use values of AST (and AH™) to assign f, or {; mechanisms. However, read L. Helm, P.
Meier, A. E. Merbach and P. A. Tregloan, Inorg. Chem. Acta, 73, 1 (1983) for a different
interpretation for Trns 1 exchange behavior based on a AFT value,

Would suspect disproporticnation to be second-order. Confirm by examining first three
entries. Caleulate 2nd order rate constant for each entry. Since acid and base forms,
Nil.LH2* and Nil.*, are unreactive, then maximum rate close to pH ~ 4 arises from reac-
tion of NiLH?' with Nil. * (k). Use equation analogous to (1.231) and confirm & — (3.4
+ 0.5) x 10°M 151

The radical R- would be capable of reducing Cu(phen)3* to Cuiphen),” and initiate a
chain reaction (compare Prob. 13).

Consider whether the Jahn-Teller cffeet (See. 4.2.1 (a) and Chap., 8 Cu(ID)) which is
believed to be the reason for the lability of Cu{H,0)", can operate with Cu,{OAc),.
Interaction of Ag™ with SO,F~ can lead to Ag?* and S0 hoth of which may oxidise
the substrates. Examine Table 8.15 to determine whether the & value cited is feasible in
the rate law provided,

Retardation effect means Fe(IIl) {and Au(II)} are products in a preequilibrium. Develop
the rate law, It is difficult to assess the 17 jon effect. Consider the possible role of
Fe(Il)- and Fe(III)-chloro species.
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456 Stthject Index

Interactions 46, 63, 78, 159
Carboxypeptidase 36, 155, 156. 422
Carboxylate esters, hydrolysis 172, 3081, 370
Catalase 138
Catalyzed (promoted) reactions

(see also specific metaly 3, 4, 57,70, 83,

84,935,213, 214,222,228, 231, 276, 277,

303,307, 313, 377, 380, 392, 397, 401. 414,

418f, 434, 435, 441
Catenands and metal complexes 228,229, 302
Chain mechanism 74, 242, 384
Charge (cnergy) transfer 269, 284, 400
Chelate lormation  219[, 300
Chemical (Radicaly mechanism {in redox

reactions) 100, 280, 282
Chromium(0) and (I} 159, 170, 435
Chrominm(ID-(II) electron transter 257, 263,

272,276
Chromium(Il) 21, 67.79, 80,94, 115, 116,

2572711
Chromium(H1) 21, 100, 116, 130, 204,211,

217,223,260, 318. 319

Excited state 26

FHexaaqua ion 2,48, 75,90, 92, 106, 220,

223, 318

Isomerism 107, 133,345
Chromium(V) 10, 170
Chromium{VE) 4,50, 65,66,77, 78, 102,

107, 109, 112, 180
Cis-cffect 384,404,421
Coalescence lemperature 166, 346, 367
Cobalt{0) and () 158,159
Cobalt{11)-(11I) clectron transfer

257,265, 266, 269, 277, 278
Cabalt(ll) 24, 25,50, 71, 196, 2431, 256, 273,

277t 303

Hexaaqua ion 106, 202, 203,220, 229, 245

Isomerism 339, 345, 347

Oxygen Interaction 411, 81, 82, 303, 402,

439

Porphyring

161, 164,

[61, 164, 231

Cobalt(111)
Base hydrolysis (ser Base assisted
substitution}
Binuclears 67, 85
[somerism 13,22, 84, 109, 160, 340f, 3461,
361,363
Isotope ellect 86, 216
107, 161, 164, 208
Promoted 19, 20, 300, 3071, 321
Redox, involving CU(NH:;)5X”+
116, 178, 260, 271, 273, 282(, 300
Redox 26, 50. 67, 68, 150, 151, 257, 260,
267,271,273, 274, 278, 287
Substiiution, involving Co{NH;;)_;XH 22,
84, 89,941, [16,211,213,214, 318
Substitution 17,44, 107, 112, 161, 176,
217,220,277
Competition methads (for rate measurement)
82,83, 151, 176f, 197, 379
Compressibility cocfficient of activation 91
Conconavalin A 28,29, 159

Concurrent reactions 8,9, 17, 18, 156

Porphyrins

100, 115,

Conductivily monitoring (see Monitoring)
Cone angle (and reactivity) 94
Configurational isomerism (see alsa specific
132,333, 335f
Conformational isomerism 29, 228, 3331

changes}

Conjugate-base mechanism 82, 103, 127,
2151, 249, 3064
Conseculive reactions
157,408, 411
Assignment ol fast and slow phases 20,
388,413
Conditions for single phase 22

18,19,.23,27, 29, 60,

Speciral treatment 20
Continuous-flow method 137, 138,172,174
Coordinated ligands

Acidity 3171, 330
86, 324
Electrophilic reactivity 322
Hydrolysis 3081
Masking 322, 323

Decarboxylation
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Nucleophilic reactivity  305f
Rearrangement 324
Redox reactivity 274
Strain modification 323,324
Coordination chain reactions 241, 242
Copper(ly 1653, 228,229,271, 302
Copper(ITy 241, 242,244, 293
Hexaaqua ion 163, 203, 225, 226, 231
Macrocycles 97,165, 227, 244, 364
Promoted reactions 4, 56, 59, 134, 304,
308, 311, 313,316,319, 3211, 397
Copper(IITy 165, 179, 293
Corrins (meltal promoted synthesis) 302, 325
Crown ethers, coordinated 173, 227, 228,
250, 301
Cryocnzymology 152
Cryplands
Metal complexes 97,102, 173, 2271, 342,
418
Crystal field activaiion energy 204, 243
Cytachromes
Metalloderivatives  285f
Redox rcactions 10, 113, 114, 257, 285f
Dead-end complex 4. 25, 80, 285, 338
Dead-time (stopped flow) 139
Diastereoisomers 334, 360
Dielectric constant 117
Diastcreotopic 334, 354
Dibromine radical anion, Bry’
410
Diffusion-controlled reactions 77, 101, 152,
318,423

Diiodine radical anion. I:~ 418

130, 194, 193,

Diketones and compleses  30,61,223, 353
Dimerization 10, 46, 131, 149
Dimethylformamide, exchange of solvated
110, 203, 244, 256, 408
Dimethylformamide and coordinated,

metal ions

hydrolysis 312
Dimethylsulfoxide, exchange ol solvated metal
wns 169, 409

Subject Index 457

24-Dinitrophenyl {and  4-nitrophcnyl)ester,
promoted hydrolysis 315, 319

Dissociative () mechanism
Definition and rate law 201, 205, 207f
Cecurrence 110, 134, 203, 210, 211, 216,
218, 234, 247, 357,394, 396, 408

Dithiocyanate radical anion, (SCNY)2 150,
177,410

Dithionite 58, 62,73, 74, 398, 403, 438

DNA, probing by melal complexes 36, 354,
415

Double bridges {in rcdox reactions) 274

Double mixers 81, 138, 139, 181, 192, 374,
380

Eight-coordinated complexes 359, 360
Electric-field jump 143, 180
Electrochemtcal (for rate measurement) 174, 173
Electrolvte concentration (cffect onrate)  110f
Electron configuration, rale and mechanism
Redox reactions 265, 274, 293, 399, 410
Substitution reaclions 203, 204, 243, 244,
342,415
Electron (hydrated) craq 64, 114, 1481, 173,
193, 381, 391, 392, 398, 401, 406, 413, 421,
439
Electron paramagneltic resonance
Characterizing species 81, 138, 170, 387,
398, 407, 419
Ling broadening (for rate measurement)
170, 342
Momitoring 169, 170, 380, 411
Electrophilic substiunion 322
Ellman’s reagent 197
Enantiomers 334
Enantiotopic 334
Enthalpy of Aciivation 88, 89
Entropy of Activation (Isokinetic

relationstup) 108, 109, 404

Mechanism 104, 105, 110, 203, 213, 221,
235, 27, 284, 335, 341, 349, 330, 376, 374,
384,416
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Variation with tcmperature 89, 104, 105,
216
lintropy of Activation 88, 89
Charge of reactants 103, 106
Mechanism 105, 106, L[, 203, 214, 235,
284, 300, 301, 310, 312, 341, 376, 384, 403,
416
Volume of activation 89,109, 110
Lrrors 135
Esters, coordinated
172.308f. 314f, 370, 407
Evans method (magnetic susceptibility by
nmr) 338

Exchange reactions

Hydrolysis

Involving solvent 39, 40, 161, 166, 200f,
207,210,211, 216, 235,321, 337, 347, 362,
374, 377, 381, 385, 388f, 392, 396, 398, 403
Kinetics  38f
Measurement by nmr - [610
Excited state decay 9,26, 177, 178, 4(X)
Exclusive (cryptand) complexcs 342
88, 89
89,105,127

Eyring cquation
Deviations

Fenton’s reagent 395

Ferredoxin 22

First-order reactions
Characteristics 5,0, 8, 18
Mechanism 67, 220

13,14

Five-coordinated complexes

Reversible

Equilibria with actahedral complexes 337
[ntermediates &2, 83, 1539, 205, 210, 216t
235,239,315, 420
[somerism 359
Substitution 243, 244,402
Five-membered rings, characteristics 334
Flash photolysis (see Laser phololysis)
Flavin adenine dinucleotide, interaciion with
Nit 36,37, 248, 409
Flow methods 81, 136f, 158, 159, 173, 215,
232,201, 386, 404

Fluorcscence
Life-times 160
Monitoring {see Monitoring)
Formation reactions
Chelates 2191, 300
Macrocycles 2241, 301
205f
Fourth-order rcaction 72

tInidentates
Fractional-order reacuon 73, 74, 382

Characteristics 6
Free energy of activation 88

Free energy of reacton (see LFER)
93,94

Free energy barrier {for redox reactions) 263

Mechanism

Gallhum(TIh) 204, 223
Geminate recombination 69, 193
Geometrical isomerisin in complexes  343(
Eight-coordinate 360
Qctahedral 105, 109, 158, 333, 3481, 436
Seven-coordinaic 360
255, 333, 356f
Glass electrode (for monitoring) 171
Gold(Elly 176, 235,240,318

Squarc-planar

Half-life &

Hammett relationship 99, 100, 314

Hard and soft metal ions and ligands 213,
273,391

Heai capacity ol activation 89

Hemoglobin, interaction with small molecules
49

HIPIP 47, 150

HPLC 176,242

Hydrogen, reactions 50,71, 174, 196, 403,
417

Hydrogen atom, H- 64, 148f, 193, 382

Hydrogen bonding (effect on rates) 221

Hydrogen oxide ligand 132

Hydrogen peroxide (see Peroxy species)

Hydrolysis of coordinated ligands (see afso
specific ligands)  308f
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Hydrolysis (Dissociation) of metal complexes
Chelates 2191
Macrocyeles 2241
Unidentates, 211, 219f
Hydroxide, cffect of coordinated
Hydrolysis of ligands  308f
Redox reactions 272, 406
Substitution 204
Hydroxy vadical, OH- 84, 1481, 170, 176,
179,393, 398, 410, 413,415,419, 441

[midazoles, coordinaled 322
[mpurities (influence on rate) 134
Inclusive (cryptand) complexes 342
Indicators 172
Induced electron transter 284
induction factor 126
[nduction peried 26
[nert complex 200
[nfra-red monitoring (see Monitoring)
[nitial-ratc method 3,4
[nner-sphere redox reaction  257{, 269, 394,
396
Differentiation from ouwter-sphere 273
Mixed with outer-sphere 275,276, 278
Intcrchange (£) mechanism
Delinition and rate law 201, 205, 208, 209
Occurrence 94, 202f, 209, 211, 212, 214,
218, 377, 38R, 399, 401, 406, 421
Intermediates
Detection and study  80f, 138, 139, 152,
156, 159, 161, {74, 173, 178f, 195, 260,
261, 303, 341, 395
Five-coordinaled {see Five-coordmated
complexes)
174, 180
Three-coordinated complexes, 234, 358, 400

Thermodynamic propertics

Intermolecular reactions
Elcctron transfer  262{
Isomerism 341, 344§
Proton transfer 422, 423

Subject Index 459

Intramolecular reactions
Comparison with intermolecular reactions
87,240,241, 301
Electron transfer 270f, 276f
Isomensm 33, 341, 344f
Prolon transler 422,423
Inversion at nitrogen asymmetric center 338§,
3600, 371
(Other centers, 305
Ton-selective electrodes (see Monitoring)
1101, 129, 134
Large reactants 113
13,114
Valume of activation 114
Iridium(IIL} 94, (01, 138, 315, 318, 341
Iridiam(Iv) 49, 106, 138, 275
Iron(ly 179, 180
Iron{ID-(1II) eleetron transter 257, 263, 293
Iron(Thy 12, 243, 273, 278
Cyano complexes 16, 23f, 31,47, 11,
127,134
Hexaagua ion 15, 50, 106, 151, 202, 203,
220,271,273, 397
Isomeristn 107, 339, 344, 345
Porphyrins 73,210
Tron(111} 3, 114,131,222, 223,269
Cyano complexes 16, 335
llexaaqua species 15,72, 78, 57, 94, 102,
204,222,223, 257, 260, 267
Isomerism 84, [47, 339, 354
12, 46, 131, 156, (80

Tsokinetic relationship (see Enthalpy of

lonic strength cffeets

Metalloproteins

Porphyrins

Activation)

[somerism (see also specific entrics)
To prabe biological systems 354, 355
Types 333

Isomerization (see specific types)

[sosbestic paint - 57, 156, 157, 175, 229, 410,

411,412
lsotope
Effect &6, 126, 296, 359, 387

Fractionation 86, 178,216, 274
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460 Subject Index

Mechanism value, 70, 83f, 126, 158, 176,
259,274,277, 315, 359, 374, 387

Moniloring reactions (see Monitoring)

Jahn-Teller effect 226, 415

Labile complex 200

Lanthanides 81, 131, 159, 160, 271

Laser photolysis 58, 68, {45(, 151, 158, 159,
170, 410, 438

Ligand-assisted substitution 214, 215, 223,
224,228,229, 236, 384, 396, 400, 404

Ligand-radical complexes 280, 282f

Linear [ree energy relationships (I.LFER)
Involving rate constants 214, 217,223,
376, 378
Involving rate and equilibrium constants,
93f, 90f, 128, 211,212,227, 228,232 275,
390, 397, 416,418,420, 423

Linkage isomerism 13,22, 82, 84, 175, 273,
274,294, 333, 3411, 370

Livingston-LaMer diagrams 112

Log-tog plots (of kinetic data) 31, 51, 58, 74,
417

Lowered temperatures (effect on ratesy 81, 152

Macrocyele complex [ormation 2241, 301
Magnetic susceptibility (by nmr} 338
Manganese(Q) and (I) 10, 118, 165, 356
Manganese(Ily 231, 244
Hexaaqua ion 106, 165, 202, 203, 220,
231,244
Manganese(V) 179
Manganese(VI) 4, 38, 39, [65
Manganese(VII) 38 39,86, 134, 165
Marcus-Hush ideas (clectron ransfery 2641
Marcus expressions 97, 98, 2606, 267, 292
Applications 97, 98, 269, 274, 275, 289,
373, 380. 406
Masking cffects, of metal ions 322, 323
Mechanism from

Determination of bond cleavage 83

Examination of preducts 80, 811, 133, 176,
259,262
Isotope effect 86, 359
Rate data 80, 82, 93t, 211, 212, 226, 230,
262, 276, 3441, 348, 349, 353, 356, 373, 383,
386f, 394, 399
Salventeffect  116[, 238
Volume of activation {sec Volume of
activation)
Medium effect 1100
Mercury(Il) 83, 84,495, 157, 213, 214
Metaliens
Assisting reactions (vee Catalyzed
{(promoted) reactions)
Characterization 200, 408
Range of reactivitics 199
Metalloporphyrins 12,46, 73, 107, 131, 156,
161, 164, 180, 208, 210, 231, 374, 373, 437
Cation radicals 398
Interaction with O 12,73, 395
Metal ion assisted formation 231
Metailoproteins
Attachment of Ru(ITy 16, 147, 285f
Charge estimation 114
Intermolecular electron transfer 285
Intramolecular clectron transfer 283
Spin-equilibria 339
Substitution 245, 246
Surface “patches” 285, 287
Methunol, cxchange of solvated metal ions
203, 381,415
Methyl radical, CH's 58
Methylacetate and complexes, hydrolysis 309
Microscopic reversibility 93,252
Michaelis-Menten scheme 61
Mixed inner-sphere, outer-spherc redox
reactions 275,276
Mixing devices and testing 1351
Molybdenum 40,94, 112, 158, 159, 223, 359
Monitoring methods  1533f
Batch 153, 175, 176, 242, 350, 361
Conductivity 143, 150, 173, 1921, 406
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Electrochemical 174, 222

Epr 138, 241

Fluorescence 28, 30, 141, 1591, 222

Infra-red 83, 138, 159, 179, 340, 403, 406,

407

Ton-selective cleetrodes 138, 173

Isolopic analysis 38, 176,222,223

Light scattering 143

Nmr 38, i61f, 80, 350

Polarimetry 160, 161, 277, 278, 351, 361

Pressure 174

Proton concentration 138, 171

Raman 138, 146, 159, 389
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