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11.6 CATALYSIS OF SUBSTITUTION
BY REDOX PROCESSES

Substitutions on octahedral low-spin d® complexes proceed quite slowly (see Table 11.13),
Pt also forms octahedral complexes that undergo slow substitution. In the presence of
catalytic amounts of Pt" complexes, however, substitution rates are accelerated by factors

of 10*~10°. The mechanism of these catalytic reactions is thought to be®’

fast
Pt'Ls + Y — PU'L.Y

Pt'L.Y + X*PtVL,Z — X*PtVLZ—Pt'L.Y

X*PtVL,Z—Pt'L,Y — X*Pt'L,—ZPt"L.Y (11.32)

X*Pt"L,—ZPt"VL,Y —— X*Pt'L. + ZPtVL.Y
X*Pt"L, — X + *Pt''L,

In the third step, Pt" is oxidized to Pt'¥ while the *Pt"" is reduced to *Pt!". The two
metals exchange roles via a redox process. The relatively fast substitution on Pt" enables
the reaction to occur rapidly, and the product ZPt'"L.Y contains a metal that originally
was Pt". We also find redox catalysis in pd/pd", Cr'/Cr", and Ru"/Ru" substitutions
where one oxidation state is more labile than the other and substitution on the labile cen-

ter can- be followed by rapid oxidation or reduction to"an inert product.

11.7 REDOX REACTIONS

Redox reactions are of wide importance in chemistry. Many classical analytical methods
are based on rapid redox reactions, including Fe" determination by titration with HCrO4 ,
as well as oxidations of substances such as C;O%~ by MnO4. The role of transition metal
ions in life processes (see Chapter 18) depends on their ability to participate selectively in
electron-transfer reactions. Redox reactions involving two transition-metal complexes
generally occur fairly rapidly. Thus, values of £ % are a rather good guide to the chemistry

that actually occurs on a convenient time scale.
- Below we consider models for redox reactions of two transition-metal-containing
. . . . . . . 8
complexes. Oxidations of nonmetallic species by metallic ions have been reviewed.”

» 11.7.1 Inner- and Outer-Sphere Reactions

Two models for redox mechanisms of metal complexes currently are considered operative.
In the inner-sphere mechanism, the coordination spheres of the two metals interpene-
th the oxidant and the

trate in the transition state. A bridging ligand is coordinated to bo

a7W R. Mason, Coord. Chem. Rev. 1972, 7, 241.
“ A McAuley, Coord. Chem. Rec. 1970, 5, 245; J. K. Beattie and G. P. Haight, Prog. inorg. Chem. 1972,
in Reaction Mechanisms in Organic Chemistry.

/7. 93: D. Benson, “Mechanisms of Oxidation by Meta! lons,”
Vol. 10, Elsevier, New York, 1976.
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reductant and forms part of the first coordination sphere of each. In the outer-sphere

mechanism, cach separate coordination sphere remains intact.
The first definitive evidence for an inner-sphere process was

Myers, who investigated the Cr** reduction of [C o(NH,)<C1J*". "
The final products in acid solution are Cot. Cr'*, CrCI**, 17, and NHq . It s possi

ble to imagine both inner- and outer-sphere mechanisrus that would lead to these products

provided by [aube and

Inner Sphere

[Co(NHy)sCI* + Cr" &= [Co(NH;)sCICr]*
[Co(NHy)sCICr]** — CrC1** + [Co(NHy)sl** (11.33)
[Co(NHy)sJ" + SHY — Co** + SNH.

Quter Sphere

[Co'“Cl(NHg)slz‘ +.CrAF — [Co”Cl(NHg)s]* + Cr’*
[CoCI(NH3)s)” + SH™ — Co>* + SNHi + CI° (11.34)

crr+C &= CrClI**

y must be operative, because Cr’tis inert to substitution

However, the inner-sphere pathwa
on the time scale for the reaction. At 25°C, tne second-order rate consiait for CI~ anaticn
-1 Hence, the

of Cr'* is 2.9 X 107 M™'s™', whereas that for reduction is & X 10" M
CrCI2~ could not have arisen by ‘substitution with free CI™ o ihic tiie 5¢ale required to
separate the products. The electron-transfer step converts labuie Cr- iniv substitution-
inert Cr', which retains the bridging chloride in its coordination spricie Wac. Ui brideed
species breaks up. Notice also that Cr*™ is sufficiently labite (Kewr. ~ U s at 25°C) mat
substitution of the bridging CI” into its coordination sphere 1 BOU raic- (s

A sufficient condition for esteblishing that a reaction is inner-spocic 18 that one
product be substitution-inert and retain the bridging ligand originaily covmaltued {0 e
other reactant. This means that the oxidant and reductant must be cioscit so 1hat vae 18
inert while the other is labile and the products are labile and inert i e vppostle seis<.
Rather few inner-sphere reactions fulfill this requirement (thai 25, U cOudidun 18 ot 3
necessary one). Later, we shall devote attention to other ways of deciduig whetner s vacs

tion is inner-sphere.
The above discussion revea
nism is that the redox rate be much faster than substitution on either ti.

ample is the reduction of [RuBr(NH;)s]“ by V**. The second-order 1ate constant for the
reduction is 5.1 X 10° M~'s~', whereas aquation reactions on Ru"' and V" centers have

first-order rate constants of 20 and 40 s~', respeetively.
Before discussing other ways of assigning mechanism, we review some general fea-

tures of outer- and inner-sphere reactions.

Is that a sufficient condition for the outer-sphere mecna-
qal conwer. An €x-

9 discussing redox reactions, M* ordinarily is taken to represent the metal ion with its first coordination
sphere occupied by aqua ligands. Thus Cr** = [Cr(H,0)s)**. ML represcats e comptex in which one aqua

ligand is replaced by L.
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Marcus Theory
' for outer-sphere reactions

d from theory the contributions (o AG
|, outer Q‘*\{‘,{ﬂ, reactions

Marcus™ has calculate
hemistry. In his mode

this work won him the 1992 Nobel prize inc

are regarded as involving five steps:
e complex in which both metal

1. Reactants diffuse together to form an outer-spher

coordination spheres remain intact.
. Bond distances around each metal change to become mofe “productlike”

.
3. The solvent shell around the outer-sphere complex reorganizes.

4. The electron is transferred.

5. The products diffuse away, this step is generally fast.
Calculation of contributions by the various steps to AG? can be achieved because no bond
breaking is involved. Marcus® showed that _

AG? (AG?)? \
t = 1 t 11.35
AG* = MGl + AGhimin * 3 ¥ TGRGLee + B0

where AG is the overall free-energy change for the reaction corrected for the work re-
s to the distance r where redox occurs, AG }ner sphere 1S the en-

quired to bring the reactant
ergy required for changing bond lengths, and AG Evaiion is the solvent reorganization en-
ergy. We now discuss each of these contributions in more detail with a view toward
understanding the factors involved in each rather than with the goal of actually calculating
these terms ourselves. ,
AG?°, the overall free-energy change, is easily calculated from reduction potentials:
Ived in bringing reactants together is just

—AG® = RT In K., = nFE®. The work invo
U(r), where U(r) is the sum of attractive and repulsive potentials for complex ions as they

approach. U(r) is involved in the calculation of K for outer-sphere complex formation and

is defined in the footnote to Table 11.14. AG? = AG® + NU(r).

AG }er sphere Tesults from bond length changes occurring in the separate coordination
spheres of the outer-sphere complex before electron transfer can happen. We first consider
why such changes are necessary. A well-known outer-sphere reaction is the so-called self-

exchange; for example,
[Fe(H,0)s]’* + [Fe'(H:0)]* & [Fe"(H;0)s)* + [Fe(H20)e])"*

is 1 and AG®=0; hence, AG'=

The equilibrium constant for this reaction
AG }mersppere + AG ion. The measured value of kis 4 M~ s~" at 25°C. Before an electron
Fe—O bond lengths must distort. Those of the Fe** complex

can be transferred, the

lengthen to a distance  halfway between the Fe'* and Fe** distances. Those of the Fe’*
complex contract to the same distance. This requires energy expenditure. This model for
the outer-sphere process is in accord with the F ranck—Condon principle, which states

(11.36)

%R, A. Marcus, Annu. Rev. Phys. buem., 1964, 15, 155; T. W. Newton, J. Chem. Educ., 1968, 45, 571.
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that electron transfer is much faster t

han nuclear motion. A ectrons are
o . As far as electro con-
cerned, nuclear positions are frozen d i

) \ uring the time period required for electron transfer.
If this reorganization energy (Franck-Condon energy) were not expended, initial

g;(;(ll}l:ctsHog selg‘;cxchange would be (a) [*Fe(H,0)s)"* with bond distances characteristic
e(H20)6)"* and (b) [Fe(H,0)s)** with bond distances characteristic of [Fe(H,0)s)’*.
The energy released when these species relax to their stable geometries would be created
from nothmg,_ in violation of the first law of thermodynamics.
toml’l;he reac;non prgﬁle“_ for self-exchange is shown in Figure I1.15a. The energy is the
nergy for a pair of ions in the outer-sphere complex. The reaction coordinate repre-
sents all changes in bond lengths and angles in the coordination spheres for the pair of
cgmplex ions. The curve is symmetric, since products and reactants are identical. In this
picture, electron transfer occurs where the energy curve for products intersects that for re-
actants; this occurs at some value of the coordinate for which energy is not a minimum.
As the reaction coordinate approaches its transition-state value, the wavefunctions for re-
actants and products mix, creating two separate energy states instead of the parabolas
crossing. Dashed lines show the course of the parabolas if no mixing occurred; and the
distance between the two solid curves (2Hag) is a measure-of the degree of mixing. The
path of the self-exchange is the motion of a point from the reactant well up the Franck—
Condon barrier and on down into the product well.

AG iiner sprere i usually calculated by using the expression

_ 3Nfu(Ad)?

where Ad is the change in M—L distance on going from the ground to the transition state
and f,, is the average value of the force constant for the symmetric breathing vibrational
mode by which bond-length changes are considered to be achieved.

A 1
A \; Transition
2HA \/ N = 2HABV state
% AB A Transition oS A
2 LAY s Y
v state g
& @
Reactants
['FC1H301612+
[Fe(H 0)¢)** +[Fc(H20)6].\+
y ts
+ (" Fe( H:O)(,]"’ Produc
> —
- Reaction coordinate g Reaction coordinate
(a) Self-Exchange (b) Heteronuclear Redox

Figure 11.15 Reaction profiles for outer-sphere redox reactions.

SIN. A. Lewis, J. Chem. Educ. 1980, 57, 478.
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AG Livmion can be calculated from the expression

52
A( ’.\l\»h'nnnn N A{ ( l ’ - l ‘ ) ( | 2 l» )
4 \2a, 2a, J\n? I

r

(11 38)

where Ae is the charge transferred from one metal the

state radii of the complexes,

(often taken as a + a)), nis the refractive inde

constant of the medium. This calculation

uum instead of consisting of individual mc
Values of k are calculate

other,

a, and a, are the £rotng.
ris the separation between the m

etals in the trans
x of the medium and p 15 th
assumes that the solvent s a dielec
lecules.
d from the formula*?

47 Ny?
3000 ©

1tion stae
e dielectric
tric contip.

k

AGY/RT
el Vn‘, ’

(11.39)
~K K.V.e (A4 inner sphere -+ AGH solvation 0.50GY/RT
os Nel¥p

where k. is the so-called electron transm
of electron transfer at the transition-

in which there is stron
interaction between the reactant and

¢ energy gap (2Hy) ex.
ists between the solid curves of Figure 11.154; the System stays on the lower-energy curve
and passes smoothly from reactants

ission coefficient and re
State geometry. For reactions
product wavefunctions, a larg

presents the probability

ves the system from its transition-state geometrys; it is of-
ten taken to be 1 X 10" s~ K. is the outer-sphere complex formation constant
Table 11.23 compares some calculated and observed values for self-exchange rate con-
stants. The agreement is good for Fe and Co, but not for Ru**/>* . In cases where keaic is
much greater than ks, the difference is usually attributed to nonadiabaticity. A number of
approximations are in

volved in calculations beyond those made in the theory. For in-
stance, it is not clear what the bond distances in the transition state

» and so on. However, we can see some important trends.
Complexes with larger estimated values of Ad have higher AG!

nner sphere aNd lower k. Elec-
tron transfer from e, o * — g leads to larger Ad (compare Co complexes with others).
Bond-length changes are especially important because AG fner sphere depends on (Ad)*; this
etfect contributes to the

small values for self-exchange of Co complexes. Larger ligands
:2ad to smaller AG,..i0, and lar

ger k, all other things being equal. (Compare NH., en,
end bipy complexes. )

52 This formula is approximate and holds when

AG? < (AG! + AG!

inner sphere wl\almn)

This will certainly be the case for self-exchange when AG® = and for reactions where AG® is small.



Table 11.23

Calculation of self-exchange constants for redox couples”’

Fe’***  Ru***  Ru(NH3)2*?*  Ru(bipy)}*2*

Co(NH)¢+ %+ Colen)3™**  Colbipy)i* **
E° (volts): +0.74 +0.045 +0.051 +1.26 +0.058 -0.24 —
r (pm): 65 65 67 136 66 84 136
K./107' M: 0.05 0.33 1.0 3.3 0.33 1.2 3.3
Aanner sphere
(kJ/mol): 35.2 15.9 . | 0 73.7 — 57.3
Aciolvanon
(kJ/mol): 28.9 28.9 28.0 13.8 28.5 5.3 13.8
Ad (pm): 1.3 0.9 0.2 0.0 2.2 2.1 1.9
keae (M~1 s 3 4 x 10° 1 X 10° 1 x 10° 4.8 X 10°%* 2 x 1073° 20
koos (M™' s 1): 4 50 2.8 x 10* 42 x 108 8 X 10°¢ 7.7 X 10°° 18

“Data from B: S. Braunschweig, C. Creutz, D. H. Macartney, T. -K. Sham, and N. Sutin, Disc. I':araday Soc. 1982, 74, 113, R. A
Marcus and N. Sutin, Biochem. Biophys. Acta 1985, 811, 265.

* A. Hammershor, D. Geselowitz, and H. Taube, Inorg. Chem. 1984, 23, 979.
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> 11.7.3  Heteronuclear Redox Reactions

and Simplified Marcus Theory

Most redox reactions of interest are heteronuclear —they involve two different metais

Nevertheless, each metal complex must undergo separately the kind of rearrangement de-
pect that AG L., were fOr the heteronuclear reaction wilj

scribed above. Thus, we might ex

be related to AG ., where fOr self-exchange of each of the reactants Figure 11.15h shows a

reaction profile for a heteronuclear redox reaction that is thermodynamically favorable .
placement of reactant and product

The activation barrier height depends on the relative
potential energy curves—which is equivalent to saying that the value of the rate constant

also depends on the overall free-energy change AG°.
A simplified version of the Marcus equation which incorporates these considerations is

kio = Vkikn K fi, (11.40)

where
2
log fi. = —(Iog -K'Z) (11.41)
kivka,
4 log 2

and Z is the number of collisions per second between particles in solution (~10" M~' s~

at 25°C). The Marcus equation shows that rates of redox reactions depend on an intrinsic
factor (through k,, and k2,) and a thermodynamic factor (through K;). The rate is related
to the driving force, and more thermodynamically favorable reactions are faster. This

equation is an example of a linear free-enérgy relationship.
One use of the simplified Marcus equation is to predict the outer-sphere rate constant

for a cross-reaction. To predict k,, for reduction of [Co(bipy)s]** by [Co(terpy).]**, we re-

quire self-exchange constants.
[Co(bipy)s]** + [Co*(bipy)sP’* —— [Co(bipy)s]** + [Co*(bipy)s]**
(11.42)

k|| =90M! S_I at 0°C

[Co(terpy),)** + [Co*(terpy),)’* — [(Co(terpy)z]’+ + [Co*(terpy).]**
(11.43)

kzz =48 M 's ' at 0°C

Reduction potentials for [Co(terpy).]>* and [Co(bipy);]** are +0.31 and +0.34 V, re-
spectively. Hence, log K\, = 0.553 and K\, = 3.57.

2
553 _ 395 107, fir = 0.99
(11.44)

log fiz = 9.0 x 48.0
4 log ——IO”

ki = V(9.0M s )48.0M s ")(3.57)(0.99) = 39 M~ s~
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This calculated value compares favorably with the measured value of 64 M 's ' 7’ Agree-
ment between calculated and measured rate constants generally 1s good as long as the driv
ing force is not too great (K < 10% f = 0 2), it has been estimated™ that rate constants
can bc.calculatcd to within a factor of ~25 Data in Table 11 24 are fairly typical In the
case of an unknown mechanism. agreement hetween the observed rate constant and tha

calculaied from the Marcus equation is regarded as evidence for an outer-sphere path
4 ’
way .

Self-exchange rates can also be calculated from the simplified Marcus equation. Some
values calculated for Ru’*/** self-exchange are shown in Table 11 25. the agreement with
the measured value of SO M ' s ' is within a factor of ten for all cases, and the average s
~40 M~' s™'. Calculations of this sort have been employed to estimate self-exchange rates
which cannot be easily measured directly—for example, in metalloproteins.

Self-exchange constants calculated for Fe’*/?* in this way usually turn out to be orders
of magnitude smaller than the measured one (Table 11.26). It has been suggested that a
value of ~107* for the Fe self-exchange would lead to better agreement with experiment
One interpretation is that the measured exchange rate is really that for inner-sphere elec-
tron transfer. Some evidence in favor of this view is that the calculated AG fier spnere 15 much
larger for Fe than for Ru, which leads to the expectation that k,, for Fe should be orders of
magnitude lower than that for Ru. Also, V2*/3*, where Ad ~ 1.5 pm compared to 1.3 for
Fe, has k;; = 1.1 X 1072 M~" s™'. However, recent measurement’ of AV* suggests that
Fe self-exchange is indeed outer-sphere. It may be that heterometallic electron transfers
involving Fe exhibit nonadiabaticity which is absent in the self-exchange.

» 11.7.4 Inner-Sphere Heactions

A generalized mechanism for inner-sphere electron-transfer reactions involves three sepa-
rate steps:

k
M'L, + XML} = LM"—X—M""L{ + L
-1

LSM"—X—M""Lé — LM"—X—M"L} k, (11.45)
LsM"—X—M"IL§ — products k

The first involves substitution by the bridging group X into the coordination sphere of the
labile reactant (usually the reductant®) to form the precursor complex. The precursor
complex then undergoes the same kind of reorganization described for outer-sphere path-
ways, followed by electron transfer to give the successor complex. Thus, events in this
step are related to those in outer-sphere reactions. In the last step the successor complex

SIR. Farina and R. G. Wilkins, Inorg. Chem. 1968, 7, 514.

3 For a critical review of the applicability of the Marcus equation, see M. Chou, C. Creutz, and N. Sutin. J.
Am. Chem. Soc. 1977, 99, 5615.

SW. H. Jolly, D. Stranks, and T. W. Swaddle, Inorg. Chem. 1990, 29, 1948 .
% The bridging ligand may be carried by the reductant, as in the [Fe(CN)e]*~ reduction of HCrOJ .



Table 11.24

Comparison between calculated and observed rate constants for outer-sphere reactions”

Reaction (ljl]lz'o'bsfi'. iy _clalc_d. —k ! rs
s M~ "'s") M's™) M 's™") E"VIK,) f
[Fe(CI\{)‘,]“i—[IrCls]z' 3.8 X 1O° I < 10° 7.4 x10° 23 x 10° 02412 x 10¢ 5.1 x 10
[Fe(CN)e]* —[Fe(phen);]**  >10° >] x 108 7.4 X 102 >3 X 107 0.39(3.5 x 10%) 1.2 x 10
[Fe(CN)e]*"—MnO4 1.7 X 10°. 6 x 10* 7.4 X 10? 3 x 10° 0.20(2;5 X I(}‘; c : 107!
[Fe(CN)e]* —Ce' 10 x 106 6x10° 7.4x10° 4.4 0.76(5.8 x 107) 4.7 x 10
[Fe(phen):]?"—Ce"" 1.4 X 10° >7 x 106 >3 x 10’ 4.4 0.36(1.1 x 107 2.1 i!';
[Fe(phen):)*"—MnOy . 6.1 x 10° >3 - >3 x 10’ 3 x 10° —0.503.4 x 107 1.4 m :
Fe’*—[Fe(phen):]*" 3.7 x 100 >5x10° 4.0 >3 x 10’ 0.35(7.6 x 10 2.4 x 10
Fe2*—Ce'V 1.3 x 10° 5 x 10° 4.0 4.4 0.71(8.3 x 10 2.0 x 107
Fe2*—[IrCle]*” 3.0 x 10° 2 x10* 4.0 2.3 x 10° 0.16(5.0 x 109 R 10"
Cr2*—Fe** 23 x 100 <1 X 106 =2 x 10°° 4.0 1.18(6.6 x 10 1.7 x 107
1978

« From D. A. Pennington, in Coocrdination Chemistry,
k,, and k,, are the rate constants for self-exchange for r

dox pair

Vol. 2, A. E. Martell, Ed., American Chemical Society, Washington. D.C
eductant and oxidant, respectively, for the given re



Chapter 11 Reaction Mechanisms of Coordination Compounds

Table 11.25
for Ru’*/?* using Equation (11.40)*

537

Caleulated self-exchange rate constants

Cross- -reaction K ki kY kit
Ru** + \, | §8 X 107 2.5 x 10? 1.5 % 10 (.43
Ru™ 4 [Ru(NH.)]™ 6 x 10° L4 >0 y > 10 140
[Co(phen),]'* + Ru’' 4.2 x 10 53 40 0.20
[Ru(NH.)spy]"* + Ru*' 35 1 x 10 4.7 % 10 80

.. Yee,

Data from J. T. Hupp and M. J. Weaver, Inorg. Chem. 1983, 22, 2557 and M ]. Weaver and F |
Inorg. Chem. 1980, 19, 1936 and references therein.

breaks up to give the products. If M" is inert to substitution and M'" is labile, transfer of
the bridging ligand occurs, affording M"XLs as one product—which provides evidence of
the inner-sphere mechanism. This is not always the case, however. For example, in Reac-
tion (11.46) no ligand transfer occurs, since both Fe complexes are inert.

[Co(edta)]*” + [Fe(CN)s]’~ —— [Co(edta)]” + [Fe(CN)eJ* (11.46)

In principle, any one of the three steps could be rate-determining. Figure 11.16 shows
potential-energy diagrams corresponding to each possibility.

Type I. Most inner-sphere redox reactions correspond to the case in which the electron-
transfer step (with attendant bond-length and solvation changes) that transforms the pre-
cursor into the successor complex is slowest. (ko << ki, k-; and k) All the inner-sphere
reactions mentioned so far are examples of this type. Inner-sphere redox reactions are
placed in this class if no evidence exists for assigning them to the other types. For these
reactions keps = Kk, where K = ki/k-, is the equilibrium constant for precursor complex
formation and k., is the rate constant for e transfer defined in Equations (11.45).

Because the e-transfer step involves a reorganization barrier similar to the outer-
sphere case, a Marcus- type relationship applies k... The study of dinuclear complexes
such as  |(bipy),CIRu’ —NON Ru'(bipy),C1|** as model systems for inner-sphere
precursor complexes has enabled evaluation of Franck—-Condon barriers, solvation ener-

Table 11.26 Calculated” self-exchange rate

constants for Fe**/** using Equation (11.40)

Cross-reaction K kobs ksS kSi<

Fe’* + Ru*’ 5 X 10: 2.3 X 10;‘ 50 ‘ ij: :8‘

Ay A A ST S S R

[Fe(bipy))’" + Fe*' 1.2 x 10° 3.7 x 10 ~1 x 10° 4x10°
1983, 22, 2557 and M. J. Weaver and E. L. Yee,

2 Data from J. T. Hupp and M. J. Weaver, Inorg. Chem.
Inorg. Chem. 1980, 19, 1936 and references therein.
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Figure 11.16 Reaction profiles for inner-sphere redox reactions. (From R. G. Linck, in M
T. P. International Review of Science, Chemistry, Vol. 9, series one, M. L. Tobe, Ed., Uni-
versity Park Press, Baltimore, 1972.)

gies, and so on.*’ Reaction profiles such as those shown in Figure 11.15 are applicable to
the e-transfer step in inner-sphere reactions.

Type II. When formation of the precursor complex is rate-determining (Figure 11.16b),
the reaction rate is controlled by the substitution rate into the coordination sphere of the
labile reactant (k;, << k., k). Table 11.27 gives kinetic parameters for some reductions
by V* which are substitution-controlled. The reduction rates are quite similar, and the

kinetic parameters closely match those for substitution on V*. For water exchange on
V2, k = 1005, AH* = 68.6 kJ/mol, and AS* = —23 J/mol K. For NCS- substitution,

k=28M"s"', AH* = 56.5 kJ/mol, and AS* = —29 J/mol K. That the rates should be
so similar for a variety of possible bridging ligands could be interpreted on an outer-
sphere model. However, the similarity of the activation parameters to those for substi-

-tution is evidence that the process is controlled by'the dissociative activation of the sub-

stitution (see Section 11.3.4).

Table 11.27 Rate parameters for some reductions by V** at 25°C*

Oxidant k(M5 AH? (kJ/imol) AS* (Jimol K)
[CO(NH3)5C204H]2+ 12.5 51.0 -54
[CO(NH3)5C2O4]+ 453 _ _—
cis-[Co(NHs)(en),(N;))** 10.3 52.7 -50

_ cis-[Co(H,0)(en),(N5))** 16.6 50.6 -50
trans-[Co(en),(Ns),]* 26.6 51.0 —46
trans-[Co(H,0)(en),(N;)]?* 18.1 - 46.0 -67
Cu** 26.6 46.7 -5§7.7

“From the work of Taube, Espenson, Sutin, Linck, and others.

S’T. J. Meyer, Acc. Chem. Res. 1978, 11, 94.
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A corol ' IONS |
lary of these considerations is that any V’' reduction with a rate constant sub-

stanti I v ituti
" a}ly In excess of the substitution rate constant must be outer-sphere (e.g., the Fe'’
reduction for which k, = 1.8 x 10* M ' s ",

Substitution-¢ : . :
itution-controlled reductions by Cr’*, Fe’', Cu*, and Eu’" are known

31;".);"/: You might expect the breakgp of the successor complex to be rate-determining

.c,) 'when the electron configuration of both metals in the successor complex leads
to substitution inertness. Usually, the existence of a binuclear complex in equilibrium with
reactants is indicated by the form of the rate law—as, for example, in the Cr’* reduction
of [Ru(NH,)sClJ**. A complex having both Ru and Cr is kinetically detectable. Because
the successor complex would contain inert Ru" and Cr', we assume that this must be the
species detected.*® The mechanism involved is

[RUNH)CIP* + Cr* &= [Ru"(NH,)CICr'** K.,

f (11.47)
[Ru"(NH,),CICr"}**  —5 [Ru"(NH,)CICF")** —%> Ryl + CrCP*

This is consistent with the observed rate law

kK.,

_i Iy —
R = T ko

7 [Ru"Jo[Cr?*] (11.48)
which you should verify as an exercise.”

Sometimes successor complexes are sufficiently stable that they can be prepared inde-
pendently and their breakup followed. An example is the successor complex from the re-
duction of VO** by V**: [VI(OH), V™]** ®; this species can also_be prepared by hydroly-
sis of V" solutions. Comparatively few redox reactions have been shown to belong to
Type III.

The Bridging Ligand
Even in reactions in which precursor complex formation is not rate-determining, the na-
ture of the bridging ligand can be quite important because the activation barrier for pre-
cursor formation may represent a substantial fraction of the overall activation energy and
because electron transfer is mediated by the bridging ligand. This section points out some
aspects of the role of the bridging ligand and their mechanistic consequences.

If a ligand is to function in a bridging capacity, an unshared pair of sufficiently basic
electrons is required. Thus, complexes such as [Co(NHs)e)>* and [Co(NH;)s(py)]’* react
only via outer-sphere paths. Current evidence also indicates that unshared pairs on water

58]t is true that the mere detection of a bridged species does not mean that it 1s involved in the redox reaction.
Other evidence, including comparison with related systems, is needed to establish this point. See, for example,
L. Rosenheim, D. Speiser, and A. Haim, Inorg. Chem. 1974, /3, 1571; D. H. Huchital and J. Lepore, Inorg.
Chem. 1978, 17, 1134.

* Hint: Rate = kas [Cr**][Ru™]o, where [Ru"], represents the concentration of [RuCI(NH,)s]** used in prepar-
ing the reacting solution. However, this is now partitioned between two solution species, [RuClI(NH;)s)?* and
the Ru—Cr dimer. Cr?* is assumed present in large excess.

“T. W. Newton and F. B. Baker, Inorg. Chem. 1964, 3, 569; L. Pajdowski and B. Jezowska-Trzebiatowska, J.
Inorg. Nucl. Chem. 1966, 28, 443.
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Remote Attack. Taple 11.28’5 in_formati_on on rgductxon Tl ttl;]l:C)’rZ(l)fcl;lg :r;(:eaif:sics(t);t
plexes raises several interesting points. First, notlce_that a p < the i iian
with transfer of the bridging group in an i.s. mechanism. Anqther feature 1s td e fa T a
lone pairs for bridging are not always available on the atom adjacen7t+t9 the gxn ant. f us,
for example, the only site available for bridging in [Co(NH;)sNCS]*" is on S remote from
the metal center. The product, CrSCN?*, indicates that remote attaclf occurs on S Qf
course, the symmetry of the azido ligand makes such a distinction expenmentally IMpOossi-
ble without isotopic labeling. However, drawing the Lewis structure will show that only
the remote N can act as a bridge. In [Co(SCN)(NH;)s)**, both adjacent and remotg attack
occur. On standing, the CrSCN** product rearranges to the more stable CrNCS*" isomer.
Because Cr*" is a-hard acid, it prefers to bond with hard N. This preference is reflected in
a lesser stability of the Cr—SCN—Co precursor and accounts for the rate differences
“between S- and N-bonded complexes.® In general, N3 is a better bridging ligand than
M—NCS, and a difference in rates of ~10* for inner-sphere reactions is common. If
comparable azido and N-bonded thiocyanato complexes are reduced by the same reagent
at comparable rates, the reaction is probably outer-sphere. Finally, these data show that

electron transfer can occur through a multiatom bridge.

Table 11.28 Rate constants for some redox reactions at 25°C

Oxidant . Reductant k(M sec™) Mechanism
[Co(NH),)s(H,0))"* Cr i =0.1 Probably o.s.
[Co(NH),)(OH)]** Cr 1.5 x 10° is.
[CO(f‘”‘l);)s(}‘ig())]'H [Ru(NH;),)** 3.0 0.5.
[Co(NH):)s(OH))** . [Ru(NH,),)** 0.04 0.5.

~ Reaction Product k(M s
[CO(NH;)SNCS]I' + Cr’? CrSCN?*-
[CO(NHa)sNz]Z' + Crt CrNy! 3 i(g]()‘
Co(NH,)sSCN1** 32 24 2 ‘
[Co(NH,)s I"* + Cr 1% CINCS®* + 29% CrSCN-+ 1.9 x 10°

“From the work of Haim, Linck, Taube, Endicott, and others

61 ) .
) Sulfur seems to be an cspcw_ally good mediator of electron transfer Thus
ically, even when the product is not the most thermodynamically stable ope
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One such electron transfer invokes remote attack by Cr’" on O in

//() eb
/-
(NH)sCo—N())—C
\
. NH;

The electron pair on N apparently is not sufficiently basic to provide a site for attack. This

seems to be a general feature of —NH, groups. Whereas | (NH;)sCo « NH,CH J un-
I
O

dergoes reduction with Cr** via remote attack on the carbonyl O, its linkage isomer,
H |
7~
(NH;)_gCO“—O:C
N~
NH,
.dence that, in remote attack, the oxidant and reductant must belong to a conjugated sys-

tem involving the bridging ligand. The function of the bridging ligand is to couple the
metal orbitals. This is termed the resonance mechanism for electron transfer.

follows an o.s. path. This has been interpreted as evi-

The Chemical Mechanism.®> Organic bridging ligands having conjugated m-systems

display further interesting effects on redox chemistry. A study of the Cr** reduction of

2+
[ (NH;)5Co— C(0O) —@~C(O)H] shows that remote attack occurs on the carbonyl
3+

O and gives Co?* as the product. However, [(NH3)5C0—C(O)@'N03]

gives no Co’* on reduction. Instead, ﬂrl\? nitro group on the ligand is reduced. The Cr*”
2+

reduction of [ (NH:)sCo—0C(0O) ——@ J has been found to involve two detectable
' N . 2+ ac

intermediates. The first decays to give the successor complex, which thgn affords Co™" as

the product.® Apparently, when the organic ligand is reducible to 2 fairly stable rgdncal‘

electron transfer can first reduce the bridging ligand, which thep may or may not in turn

reduce the other metal. This mode of electron transfer [Mechanism (11.49)] 1s called the

chemical or radical-ion mechanism.

Mm___L i CrZ —y MHI__L___Crzo
MM —L—Cr* — M — L —Cr" (11.49)
M“»"‘ L___ Crlll

MM — L — crt —

M”—L—Cfm — M"+ Cr'L
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