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Some redox reactions between metal complexes in
solution are known as inner-sphere reactions. They
are characterized by the formation of a binuclear
complex {an intermediate and/or a transition state)
along the redox pathway between reactants and
products. A central feature of the binuclear com-
plexes is a ligand, known as the bridging ligand,! that
forms part of the coordination spheres of both the
oxidizing and the reducing metal ions.

A contrasting category is that of outer-sphere reac-
tions in which an electron appears to be transferred
directly from one complex to the other, without in-
terpenetration of the coordination shells of the metal
ions.

The direct demonstration of the inner-sphere
mechanism is based, in major part, on ligand-transfer
studies,?* but the detection of binuclear intermedi-
ates in which the metals exhibit the initial®-7 or the
final oxidation states®!! has also provided important
information. The elementary steps in the pathway
connecting reactants to products are usually repre-
sented as in eq 1-3.1213

M'MLX + N'Lg == L;MRNTL; + L (1)
LSMIIXXNIIL/S —_— LEM”XN“ILllj (2)
S + LMUIXN'IL, == M"L,s + NUIL:X  (3)

Equation 1 is a substitutional step and results in
the formation of the precursor binuclear complex
where the two metal ions are bridged by the ligand X.
Activation of the precursor complex results in a con-
figuration appropriate for electron transfer. Transfer
takes place under Franck-Condon restrictions, and is
followed by deactivation with formation of the suc-
cessor!? or postcursor!4 complex. Finally, the succes-
sor binuclear complex dissociates into mononuclear
products, and the overall redox reaction is consum-
mated.

When reaction 1 or 3 is rate determining, the over-
all process is substitution controlled. When the rate-
determining step is reaction 2, it is electron transfer
controlled. The faster vanadium(II) reductions of
carboxylatoamminecobalt(III) complexes are exam-
ples of substitution-controlled redox reactions with
eq 1 rate determining.!®-!7 The chromium(II) reduc-
tions of some chlororuthenium(IIl) complexes fea-
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ture eq 3 as the rate-determining step.%1°

In the present Account, we are concerned with the
role of the bridging ligand in electron-transfer reac-
tions, and therefore focus attention on those systems
for which eq 2 controls the reaction rate.

Effect of Hydrogen Ion Concentration on
Reaction Rates

Unless there is strong association between the
reactants,>®18 most one-electron redox reactions be-
tween metal complexes follow mixed second-order ki-
netics. External anions, e.g., those not included in the
coordination spheres of the metal ions, often affect
reaction rates, but such effects are not considered
here, and the reader is referred to the most recent re-
view on this subject.!® The only external reagent af-
fecting reaction rates that is of importance in the
present discussion is the hydrogen ion.

Can Water Serve as a Bridging Ligand? When
the dominant form of one of the reactants is present
as a protonated form, parallel acid-independent and
inverse acid paths are often encountered. Thus, the
Co(NH3)50H3+-Cr™* reaction in a sodium perchlo-
rate medium obeys the rate law2®

(ko + k.i/[H*][Co(NH,);0H,*][Cr**] (4)

which is interpreted as two parallel pathways with
activated complexes of composition [CrCo(N-
H3)s0H2?*]! and [CrCo(NHj3)s0H**]t. However,
from a reexamination?! of this system using lithium
perchlorate, it was concluded that the ko term is,
most probably, the manifestation of a medium effect.
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A similar conclusion had been previously reached in a
study of the Fe3+_Cr2* reaction?? in a lithium per-
chlorate medium.23 Moreover, a reexamination® of
the Cr2*-Cr3* exchange reaction confirmed the ear-
lier25 upper limit of 2 X 10=% M~! sec™! for the acid-
independent term.

On the basis of this information, it was suggested?!
that water does not act as a bridging ligand in reduc-
tions by Cr2*. In view of the extremely low basicity of
coordinated water, it seems unlikely that it can serve
as a bridging ligand in other redox reactions. There-
fore, we suggest that, if water is the only potential
bridging ligand, an acid-independent term in the rate
law corresponds to an outer-sphere pathway. Support
for this hypothesis is obtained from isotope fraction-
ation studies and the effect of external anions on the
Co(NH3)50H3t-V2t reaction,?® and from compari-
sons of the Co(NHs)s0Hy3+-Eu2* reaction with
known outer-sphere reactions.?’

What Are the Consequences of Protonation of
the Bridging Ligand? Complexes with ligands con-
taining basic sites can exhibit either rate acceleration
or retardation with increasing hydrogen ion concen-
tration. The rate retardation found in the chromi-
um(I1)28 and vanadium(II)!7 reductions of cis-Co-
(en)2(HCOy)2* and in the Co(NH3)s0COCH32*-Cr2+
reaction?? is interpreted as an equilibrium effect, hy-
drogen ion and the reducing agent competing for the
same site (presumably the carbonyl oxygen) in the
bridging ligand. Rate acceleration is found in the

/CH32+
Co(NHa)s--O—C\

0]
H+/ \CI‘H

chromium(II) reductions of fumaratopentaammi-
necobalt(I11)3® and p-formylbenzoatopentaammi-
necobalt(II1).3! In the former case, improved conju-
gation between the two metal centers upon protona-
tion of the adjacent carbonyl oxygen is invoked (re-
mote attack with resonance transfer).

TN+
A0 " .
(NH,),Co—0—C crit
Sc=C 2+
n” Nc=0 /
e
OH

In the second case, chromium(II) is known to attack
the formyl oxygen, and it is postulated that protona-
tion of the adjacent carbonyl oxygen lowers the ener-
gy of the unoccupied ligand orbital that accepts the
electron (remote attack with chemical or stepwise
mechanism).
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Finally, medium effects can manifest themselves as
changing rates with changing hydrogen ion concen-
tration, giving rise to apparent acid-dependent path-
ways; therefore, utmost care must be exercised in
choosing ionic media to control ionic strength.3%33

Mechanistic Ambiguities for Inverse Acid
Pathways. The chromium(II) reductions of aquo-
pentaamminecobalt(III) and salicylatopentaammi-
necobalt(III) feature an inverse acid term in the rate
laws. The mechanistic implication is that removal of
a proton provides a favorable pathway for formation
of the precursor binuclear complex. However, there

Cr'”'

H ** Co(NH,),—O 0 o+
Co(NHJ)5 / \C/ \H\,
( 0
Cr2t Cr*

are mechanistic ambiguities associated with these
pathways, and the two systems (which have been in-
correctly discussed in the literature) will be used to
illustrate the problems involved.14:34

Two mechanisms,3® A and B, can be formulated for
the 1/[H] pathwayk of the Co(NM3)50H23+ Cr2t
reaction. The value of k_; (see eq 4) is interpreted as!

Mechanism A
Co(NH;);0H,®* + Cr?* ==

(NH;);CoOHCr** + H*
(NH;);CoOHCr!* — preducts
Mechanism B
Co(NH;);0H,** ==

Co(NH,);0H** + H*
Co(NHy);OH® + Crl" ==

(NH;);CoOHCr**

(NH,);CoOHCr!* —»

rapid equilibrium, @, (5)
slow, ke (6)

rapid equilibrium, @, (7)

rapid equilibrium, @', (8)
products slow, &y (9)
Qpket in mechanism A and as @z’ pket in mechanism
B. The ambiguity arises because, in both mecha-
nisms, the steps preceding the rate-determining elec-
tron transfer are rapid equilibria. Under these cir-
cumstances, the rate law specifies the compositon of
the activated complex, but not the order of aggrega-
tion and/or dissociation of the species that produce
it.36-38 The two mechanisms are depicted diagram-
matically in Figure 1. It has been argued!* that, if
dissociation of the proton does not obtain and mech-
anism A is operative, then dividing k-; by Q. leads
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Figure 1. Free-energy profile for Mechanisms A and B for the reaction Co(NH3);0H3* + Cr2+ (R = Co(NH;3)5, M = Cr).

to a fictitious value of a second-order rate constant
(Qpket/Qa) which would, in turn, lead to incorrect
comparisons with genuine second-order rate con-
stants (say for the Co(NHj)sCl12+-Cr2* reaction).
This argument is correct provided that proton disso-
clation according to eq 7 is precluded.

However, the proton-transfer reactions of aquo
complexes are rapid and reversible and all the
species involved in reactions prior to the electron
transfer are in equilibrium. Consequently, whether
the precursor complex (NHj3)5CoOHCr*t is formed
predominantly by reaction 5, by reaction 8, or by
comparable contributions from the two reactions, it
is perfectly meaningful to inquire (and make compar-
isons) about the free-energy difference between
Co(NH3)s0H2* + Cr2* and the transition state
[(NH3);CoOHCr**]*.

In the case of the salicylatopentaamminecobalt-
(ITIT)~chromium(II) reaction, the precursor complex
Pg can be formed either by reaction between the de-
protonated complex II and chromium(II) or by pro-

+

0 0
Va
\C/ + H*

L

1 1

ol

(NH)).Co—0O (NH,;,Co—

(NH.J.Co—0 O (NH,).Co— (6]
Lo N7 Ny Jito O\C/ Nt
(>< ¢, o+ ue
}{ Pn

ton dissociation from the precursor complex Pc. In
the former case, k—; = Q,QpPket, and in the latter
case, k=1 = QuCQ aket. Using k—y = 0.03 sec™! and
pQa. = 10.2,%4 then Q,Bke, = 4.80 X 108 M~! sec™l.
Since this value is higher, by several orders of magni-

tude, than second-order rate constants for chromi-
um(II) reductions of other carboxylato complexes
and approaches the value for a diffusion-controlled
reaction, it was concluded®* that Pg was formed by
proton loss from P¢ rather than by association be-
tween II and Cr?2*. But since I, 11, and P¢ are con-
nected by rapid equilibria, it is apparent that, in
order to preclude a rapid equilibrium between II,
Cr?*, and Pp, a barrier for substitution into Cr2* by
IT must exist. However, there appears to be no elec-
tronic or geometric feature in II to prevent rapid sub-
stitution into the coordination sphere of Cr?*, espe-
cially in view of the postulated rapid substitution by
1. Therefore, provided that the acid-base and chrom-
ium(II) substitution equilibria are rapid®® compared
to electron transfer, this system is completely analo-
gous to the Co(NH3)50H3+-Cr2+ system.

Geometric Considerations. Adjacent and Remote
Attacks, Doubly Bridging, Chelation

Early in the development of the field, there was in-
terest in determining the sites used by the bridging
ligand to bind the two metal ions. For example, in the
reduction of cyanoamminecobalt(III) complexes by
chromium(II),4° the only available lone pair is on the
nitrogen atom of CN~, and consequently, bridging
occurs as shown. On the other hand, for an oxidant

2+
(NH,);Co—C==N\: v Cr#t

remote attack

such as fumaratopentaamminecobalt(III), the reduc-
tant can bind either the oxygen atom near the co-
balt(III) center or one of the oxygen atoms of the car-
boxylate group far from the cobalt.*! Attack by the

(39) Tt may be, however, that the equilibria involving I are not rapidly es-
tablished. A. C. Dash and R. K, Nanda, /norg. Chem., 12 2024 (1973), report
that the reaction of I with Al3+ to produce (NHj);CoOCOCgH OAl4* reach-
es completion in approximately 10 min at 28°.
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(41) Attack at the oxygen atom bound to the cobalt has been shown to be
inoperative: K. L. Scott and A. G. Sykes, J. Chem. Soc., Dalton Trans., 1832
(1972).



Vol. 8, 1975

reducing agent at the lead-in atom of the bridging
ligand or, in the case of carboxylate complexes, at the
carbonyl oxygen nearest the oxidizing center is re-
ferred to as adjacent.*?2 The term remote attack de-
notes binding by the reductant at any other site.

»—Cr**
(NH,);,Co—0 0 adjacent attack
BEgt /
\?/
C
H/ \(IJ—H
C remote attack
O’// \\‘O

AKCr2+

Evidently, monoatomic ligands can only display
adjacent attack. For polyatomic ligands, remote at-
tack provides a fairly common reaction pathway.
Thus, chromium(II) reacts with isothiocyanatopen-
taamminecobalt(III)43 and isonicotinamidepentaam-
minecobalt(IIT)** by remote attack (eq 10 and 11).

Co(NH,).NC§** + Cr't == (NH,),CoNCSCr'*  (10)
o°*

P
e
NH,
0Cr*

7
(NH,);,CoN () c< (1D
N

Only two firmly established examples of adjacent at-
tack at the lead-in atom have been reported. The re-
duction of Co(NH3)sSCN2+ by Co(CN)s3~ proceeds
exclusively via adjacent attack (eq 12)%% and reduc-

N
C
Co(NH;);SCN% + Co(CN);* === (NH;);Co-8—Co(CN);"
(12)

tion by Cr?* features parallel adjacent and remote
pathways (eq 13).43

N
. C
adjacent .
—— (NHy);Co-$—Cr*
Co(NH;)sSCN® + Cr?* — (13)
remote 1s
attack (NH3)5CO_SCN_CI'

The contrasting behavior between the isothiocyan-
ate (only remote attack) and thiocyanate (at least
some adjacent attack) complexes can be rationalized
on the basis of the electronic structures. The Co~-N-C
bond in [Co(NH3)sNCS|Cl; is linear.*¢ Therefore, a
pair of electrons is not available for reaction via adja-
cent attack, and reaction proceeds via remote attack
at sulfur. For the thiocyanato complex, both the sul-

(42) The designation adjacent attack for reaction at the carbonyl oxygen
near the oxidant is inconsistent with the designation used for ligands other
than carboxylate. This admittedly arbitrary definition is widely used be-
cause of historical reasons.?
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(45) C. Shea and A. Haim, Inorg. Chem., 12, 3013 (1973).

(46) M. R. Snow and R. F. Boomsma, Acta Crystallogr., Sect. B, 28, 1908
(1972).
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Cr* remote attack possible
(NH,),Co—N=C—F; <~

K,Cr” adjacent attack precluded

fur and nitrogen atoms have a lone pair available,
and it is not unexpected that parallel adjacent and
remote attacks by chromium(II) obtain. The aston-

—
NH..CoE ¥ Cr#*  remote and
(NH,);Co AN ) adjacent attacks
C§ possible
N:

ishing feature, however, is the efficiency of the reac-
tion for attack at sulfur (k = 8.0 X 10* M~ sec™!
compared to 1.9 X 10° M1 sec™! for attack at nitro-
gen). On the basis of thermodynamic and steric fac-
tors,43 a value of 103 for the ratio of remote to adja-
cent attacks by Cr2* on Co(NHj3)sSCN2* is a reason-
able estimate. The observed ratio 2.4 is substantially
smaller, and, therefore, since the rate of remote at-
tack seems to be in line with rates of reactions of sim-
ilar compounds (k for Co{NH3);N3%* + Cr2* is 3 X
105 M1 sec™1), it appears that an unusually high re-
activity is associated with adjacent attack by Cr?* on
Co(NH3)5SCN?2*, The high electron-mediating abili-
ty of sulfur bound to cobalt(III) has been observed in
other Co(III)-Cr(II) systems,*” but the factor or fac-
tors responsible for the high rates are not apparent.
In the reactions . of ¢is-Cr(N3)s*, cis-
Co(NH3)4(N3)28, and cis-Co(en)s(HCO2)s* with
Cr2+ 28,4849 tywo ligands are transferred from oxidant
to reductant, and it is inferred that doubly bridged
transition states are involved. In the reduction of

H *
- NNN - —C—
NN AOTE=0
Cr\ /Cr"+ (en).Co /(‘r'*
NNN7 0—C==0
H

malonatopentaamminecobalt(III) by Cr2+ 3350 the
kinetically controlled product is the chelated malona-
tochromium(III) complex,® and therefore chelation
obtains in the transition state. These effects are ac-

0—C=0

(NHCo” CH, ot
‘c—0
|
0

companied by considerable increases in rates,?8:59
presumably because of the increased stability of the
precursor complexes. Additional geometric details
about precursor complexes or transition states are
lacking. Thus, it is not known whether the Co~CI-Cr
bond is linear or not in the transition state for the
most famous inner-sphere reaction (Co(NH3);CI12+ +
Cr?%), although both linear®? and angular®® halide

(47) R.H. Lane and L. E. Bennett, J. Am. Chem. Soc., 92, 1089 (1970).

(48) R. Snellgrove and E. L. King, J. Am. Chem. Soc., 84, 4609 (1962)

(49) A.Haim, J. Am. Chem. Soc., 88, 2324 (1966).

(50) G. Svatos and H. Taube, J. Am. Chem. Soc., 83, 4172 (1961).

(51) D. Huchital and H. Taube, Inorg. Chem., 4, 1660 (1965); M. V. Olson
and C. E. Behnke, ibid., 13, 1329 (1974).
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Table I
Rate Constants for Selected Reactions of Cr(1I) with
Co(III) and Cr(III) Complexes (25°, 1 = 1.0 M)

keoamg s/
Oxidant b, M sec”! kCr(HQO)sL
(NH;);CoNC8** 19 1.4 x 107
(NH,;);CoF?* 9 x 10° 3.4 x 107
(NH;);CoOH* 1.6 x 10° 2.3 x 10°
0 0t
(NH,Co—N() c< 17.4 10
NH,
H\C—C/CO_,H E
(NHJ).‘Co——O\C/ Ny 1.32 0.4
o”
H Ho o
AN e
(NHpCo—0 L=C 2 x 10 50
C CO.H
o?

bridges have been substantiated by X-ray diffraction
studies of stable binuclear complexes.

Chemical Mechanism. Direct Participation of
Bridging Ligand

Following the activation of the precursor binuclear
complex, electron transfer takes place. Two extreme
roles can be envisaged for the bridging ligand.?* The
electron (or hole) can be transferred to the ligand,
and, in a subsequent step, from the ligand radical in-
termediate to the oxidizing center (or reducing cen-
ter). Alternately, at no time is the electron (or hole)
in a bound state of the ligand, and the bridge acts
simply as a mediator. The mechanistic designations
for the two cases are chemical, radical or stepwise
mechanism and resonance or exchange mechanism,
respectively.

Generation of Bound Radical by Pulse Radiol-
ysis. Evidence for the direct participation of ligands
comes from pulse radiolytic studies of p-nitrobenzoa-
topentaamminecobalt(III). Hydrated electrons react
rapidly with the complex and a metastable interme-
diate, which decays by a first-order process to co-
balt(II), is produced.?® The intermediate is assumed
to be the cobalt(III) complex of the radical ion de-
rived by reduction of the ligand, and the first-order
decay corresponds to intramolecular electron transfer
from the radical to the cobalt(III) center.

0]
” NO gt [
N * -
Co(NH,),0—C S e

0
|

. + H‘-
C°<NHB>GO—C—@NOJ T e
Co®*t 4+ NH,” + OZC—@'NOJ

Indirect Criterion for Chemical Mechanism.
Since coordinated radicals are elusive intermediates,

(52) D. Baumann, H. Endres, H. J. Keller, and J. Weiss, J. Chem. Soc.,
Chem. Commun., 853 (1973).

(53) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemistry”,
3rd ed, Interscience, New York, N.Y., 1972, p 468.

(54) P. George and J. Griffith in “The Enzymes”, P. Boyer, Ed., Vol. [,
Academic Press, New York, N.Y. 1959, p 347.

(65) M. Z. Hoffman and M. Simic, J. Am. Chem. Soc., 94, 1757 (1972).
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an indirect criterion has been developed to recognize
the operation of a chemical mechanism.4?2 This in-
volves comparisons of reductions of cobalt(III) and
chromium(ITI) complexes with the same reductant
and via the same bridging ligand. In the chemical
mechanism, electron transfer takes place to the lig-
and, and, insofar as the ligand orbitals are not much
affected by coordination, the rate of electron transfer
to the ligand will be rather insensitive to the nature
of the oxidant. Conversely, for the resonance mecha-
nism, important changes in the inner coordination
shell of the oxidant are part of the activation process,
and rates will depend on the identity of the oxidant.

Some results are presented in Table I. In selected
cases (F~, OH~, NCS~), where thermodynamic argu-
ments®® rule out the chemical mechanism, rate ratios
keooast/Rorwst are in the range 105-107, This is in ac-
cord with the expectation of strong discrimination in
rate with respect to oxidizing center for the reso-
nance mechanism. In contrast, the rate ratio for iso-
nicotinamide as the bridging ligand is small (10), and
it is inferred that the chemical mechanism obtains.
Fumarate and maleate also give low kcoasn/RorwsL
ratios (0.4 and 50), and it was concluded3%57 that the
radical mechanism is operative.

Although some reservations have been expressed in
the use of rate ratios as a diagnostic of resonance vs.
chemical mechanism,58 and it is important to consid-
er carefully the nature of the metal orbitals accepting
the electron in making rate comparisons,® there is no
question that the chemical mechanism provides an
accessible and favorable pathway for electron trans-
fer. In particular, when the electron must be trans-
ferred through long distances and there is mismatch
in the symmetries of the donor, acceptor, and ligand
orbitals, the distortions about the two metal centers
needed to meet Franck-Condon restrictions may be
uncoupled,®® and the stepwise mechanism becomes
preferred.

Resonance Mechanism. Thermodynamic and
Kinetic Contributions to the Role of the Bridging
Ligand

In the resonance exchange mechanism, the bridg-
ing ligand brings together the two metal centers and
mediates the electron transfer. In trying to assess the
role of the bridging ligand, one must decide what
quantitative measurement will be used. Since we are
concerned with reactivity, it seems appropriate to
turn to rate constants. For simple inner-sphere reac-
tions where the kinetics are mixed second order, the
electron-transfer step is rate determining, and the
resonance transfer mechanism obtains, the measured
rate coefficient is the product of the equilibrium con-
stant @, for precursor complex formation and the
rate constant k. for electron transfer within the bi-
nuclear unit. The role of the bridging ligand is there-

oxidant + reductant ===

precursor complex rapid, @,

precursor complex — successor complex slow, kg

(56) H. Taube and E. S. Gould, Acc. Chem. Res., 2, 321 (1969).
(57) M. V. Olson and H. Taube, Inorg. Chem., 9, 2072 (1970).
(58) R. Davies and R. B. Jordan, Inorg. Chem., 10, 2432 (1971).
(59} R. G. Gaunder and H. Taube, Inorg. Chem., 9, 2627 (1970).
(60) H. Taube, Pure Appl. Chem., 24, 289 (1970),
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Table I1
Rate Constants, Equilibrium Constants and Intrinsic Barriers for Reactions of
Azido and Thiocyanato Complexes that Proceed via Remote Attack (25°)

Reaction By, M! sec™! K Biaees M1 sec™
Co(NH,);NCS?** + Cr®* == Co(NH,);>* + CrSCN** 19 5.2 x 10! 8.3 x 107
Co(NH,):N,2* + Cr¥ == Co(NH;);** + CrN;* 3 x 105 3.7 x 10' 0.49
Co(NH,)SCN* + Cr® == Co(NH,)?* + CrNCS* 1.9 x 10° 4.7 x 10 2.8 x 1073
Co(NH,);NCS?* + Fe?* === Co(NH;);** + FeSCN¥ <3 x 107 6.4 x 10716 <1.2 x 10°
Co(NH,)sN;2* + Fe®* === Co(NH,);** + FeN;** 8.8 x 107 3.6 x 107° 46
Co(NH,;)sSCN?* + Fe?* == Co(NH,);>* + FeNCs** 0.12 5.8 x 10°° 15.8
Cr(OH,)sNCS?* + Cr?* == Cr® + Cr(OH,);SCN%** 1.4 x 10 3.3 x 107 7.5 x 107
Cr(OH,);N,®* + Cr¥ == Cr* + Cr(OH,)N,” 6 1 6
Cr(OH,),SCN?* + Cr* <= Cr?* + Cr(OH,);NCs?* 40 3.0 x 10° 7.5 x 1072

fore dual. It brings the metal ions together (thermo-
dynamic contribution) and mediates the transfer of
the electron (kinetic contribution). The thermody-
namic effect can be understood on the basis of the
usual considerations about stability constants of
complexes. The kinetic effect manifests itself in the
reorganization energy, the interaction energy, and
the symmetry properties of donor, carrier, and accep-
tor orbital 6061

A somewhat different approach is based on the lin-
ear-free-energy relationship between rate constants
and equilibrium constants. The efficiency of bridging
ligands is measured by the intrinsic barrier to elec-
tron transfer obtained by correcting observed rate
constants for the overall free energy of reaction.12

A third approach makes use of stability constants
and rate constants to obtain relative stabilities of
transition states.62 Effectively, this approach corrects
the rate constants for differences in stabilities be-
tween the reactants.

Symmetrical and Unsymmetrical Bridging
Ligands. Azide and Thiocyanate. Importance of
Precursor Complex Stability. The reductions of
Co(NHj3)sN3?+ by Cr2+ 63 or Fe2* 64 gre considerably
faster than the corresponding reductions of
Co(NH;3)sNCS2+.63.65 GQimilarly, the exchange of
chromium between CrN32* and Cr2* is considerably
faster than the corresponding exchange reaction of
CrNCS?+%667 In these systems, both for reactants
and for products, the nitrogen-bonded isothiocyanato
complexes are the more stable linkage isomers. The
early interpretation of the kinetic results (see Table
II) was that the reactions proceed by inner-sphere re-
mote attack and produce the thermodynamically un-
stable sulfur-bonded thiocyanato product and the
stable nitrogen-bonded (by necessity) azido complex.
The difference in the thermodynamic stability of the
products was then invoked to account for the slow
reactions of the isothiocyanato vs. the azido com-
plexes.

This argument can be placed on a quantitative
basis and shown®® to be insufficient to account for

(61) N. Sutin in “Inorganic Biochemistry”, G. L. Eichhorn, Ed., Vol. 2,
Elsevier, Amsterdam, 1973, p 611.

(62) A.Haim, Inorg. Chem., 7, 1475 (1968). ’

(63) J. P. Candlin, J. Halpern, and D. L. Trimm, J. Am. Chem. Soc., 86,
1019 (1964).

(64) A. Haim,J. Am. Chem. Soc., 85, 1016 (1963).

(65) J. Espenson, Inorg. Chem., 4, 121 (1965),

(66) D.L.Ball and E. L. King, J. Am. Chem. Soc., 80,1091 (1958).

(67) R. Snellgrove and E. L. King, Inorg. Chem., 3, 288 (1964).

the trends. Rate constants for reactions with differ-
ent overall standard free-energy changes can be cor-
rected to obtain the intrinsic barrier!? ki, = k/KV/2,
where k is the observed rate constant and K the equi-
librium constant for the reaction. The values ob-
tained, included in Table II, show that in every case
the corrected azide-mediated reactions are faster
than those mediated by thiocyanate. Since equal in-
trinsic barriers would have been predicted from the
simple thermodynamic argument, additional factors
must be operative, and it was suggested that the dif-
ferences in the stabilities of the precursor complexes
can account for the trends.®® Since & = Qpke and
Rintr = B/K1V2, it can be shown®8 that ki, N3/kineSCN
- QpN3/(Q§NCSQ§SCN)”2 and kintrN3/kintrNCS =
QpNY/(QpNCSQSCN)1/2) where Qpl represents the
equilibrium constant for formation of the precursor
complex bridged by L. Since Cr?* is a hard acid, it
displays a strong discrimination in favor of binding
nitrogen  over  sulfur.  Therefore, QpN%/
(QpNCSQLSCN)2 > 1 and the intrinsic rate constants
for azide acting as a bridge are larger than the corre-
sponding constants for thiocyanate or isothiocyante.

Reactions of Halogen Complexes. “Normal”
and “Inverted” Orders. Relative Stabilities of
Transition States. Because of historical reasons, the
reactivity pattern I~ > Br~ > Cl~ > F~ is referred to
as “normal”’, whereas the opposite trend is called “in-
verted” or “reverse”. For the reductions of
Co(NHj3)sX2*, Cr(NH3)5X2*, and Cr(Hy0)5X2* com-
plexes (X is a halogen) by Cr?*, the normal order is
observed.5? For the reductions of Co(NH3)sX2+ by
Fe?* and Eu?* and of Ru(NH3)5X 2+ by Cr2*, the re-
verse order obtains.®® These trends are based on com-
parisons of second-order rate constants. A different
approach for comparing a series of reactions uses rel-
ative stabilities of transition states.f2 Thus, a useful
quantity in comparing the CrC12+—Cr2* and CrF2+-
Cr?* reactions is the “equilibrium quotient” Q'r ¢
for the reaction

PIRR . Q¥F,C1 4
[crrer®)t + CI [crcice™*] + F- (14)

The value of Q*rc) can be computed as kci@ci/

(68) D. P. Fay and N. Sutin, Inorg. Chem., 9, 1291 (1870). Note that in
this article both k£ and ke are taken to be proportional to K1/2,

(69) H. Taube, “Electron Transfer Reactions of Complex Ions in Solu-
tion”, Academic Press, New York, N.Y., 1870, p 51,
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Figure 2. Relative stabilities of chromium and iron complexes and transition states,

kpQr from
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CrF¥ + Cr?* =—= [CrFCri]t (15)
-3
crC* + cr® == [croicr®t (16)
3 el 2
Cr*t + CI° == C(CrCl** (17)
QF
cr* + 1 = CrF® (18)

Effectively, values of Q¥x y provide a correction of
the rate constant ratio kx/kvy for the difference in
free energies of the ground states, and thus are a
measure of the relative affinities of transition states
for the bridging ligands X and Y.626% For example,
-the equilibrium quotients for

(crrere®t + CI [crcice®*]t + F-
CrF¥ 4+ CF == CcrC1* + F°

are 6 X 103 and 5 X 1078, respectively. The smaller
discrimination of the transition states indicates ei-
ther a substantial degree of bond breaking in the ac-
tivation process or a higher permeability to electron
transfer of Cl~ compared to F~. In the case of F~ and
OH~ the opposing trend is observed, the transition
states displaying a higher discrimination than the
ground states.

—_—
=

[CrFCr“F + OH"

Qr,on =

CrF¥ + OH~

[croHCr*]t + F-
x 107
CrOH* + F~

Qron = 2 x 10°

This comparison suggests either a substantial degree
of bond making in the transition state or a higher
electron permeability of OH~ vs. F~. Finally, a com-
parison between N3~ and F~ reveals a reversal in af-
finities in going from ground states to transition
states. The constants for

[crFer®lt + Ny» == [CrNyCri*}t + F-
CrF%® + Ny~ == CrN;’* + F~

are 10 and 0.04, respectively, and more efficient elec-
tron transfer by N3~ than by F~ is indicated. The
trends for the Fe2*—FeX2+ exchange reactions are
entirely analogous, and are presented, together with
those for the Cr2*-CrXZ%~ reactions, in Figure 2.

Orbital Symmetry Considerations

The relative electron-mediating ability of bridging
ligands depends on the identity of the two metal cen-
ters involved in the redox reaction, and attempts
have been made to correlate reactivity trends and
electronic structure.5+7%7 The importance of the
symmetry of donor and acceptor orbitals in deter-
mining the changes in bond lengths attending activa-
tion was noted,>* as was the importance of matching
the symmetry of metal and ligand orbitals in facili-
tating electron transfer.”® The pertinent data are not
very extensive, but some generalizations have been
made.!4 For electron transfer between e, orbitals, Cl
> N3~ » CH3COq™. For transfer from an e; to a ty,

(70) J. Halpern and L. E. Orgel, Disc. Faraday Soc., 29, 32 (1960).
(717 H. Taube, Proc. Robert A. Welch Conf. Chem. Res., 5 (1962).
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orbital, N3~ > Cl= ~ CH3CO3™. For transfer from a
tgg to an e, orbital, N3~ > CL

A possible explanation of the observed trends is
based on orbital symmetry arguments.1472 When the
symmetries of the orbitals of the metal ions that do-
nate and accept the electron are the same, bridging
ligands with orbitals of matching symmetry may pro-
vide a lower energy pathway for electron transfer.
Thus, if the reductant has the electron to be donated
in an eg-type orbital and the lowest acceptor orbital
in the oxidant is also of e; symmetry, then chloride,
presumably being a ¢ carrier, is a “better” bridging
ligand than azide or acetate. Conversely, when the
electronic configurations of oxidant and reductant
are such that the donor and/or acceptor orbital is of
tog symmetry, the azide and acetate become effective
bridging ligands, presumably because of favorable
overlap of the ty; orbital with the = system of azide or
acetate.

The faster rate of the pentaammineisonicotinam-
ideruthenium(II1)-Cr2+ reaction as compared to the
corresponding cobalt(III) reaction has also been ra-
tionalized on the basis of symmetry considerations.”
In the former system, oxidant and bridging ligand
have matching = symmetry (Ru(IIl) with a ty%,°
electronic configuration accepts the incoming elec-
tron in a w-type orbital and the lowest uncccupied
molecular orbital of the ligand has = symmetry), and
once the electron is given up by the reductant to the
bridging ligand, the overall electron transfer reaction
is consummated. On the other hand, for the Co(III}~
Cr(IT) system, where oxidant and reductant have ac-
ceptor and donor orbitals of ¢ symmetry, but the car-
rier orbital has = symmetry, the resonance mecha-
nism may become prohibitive, perhaps because of the
difficulty in meeting simultaneously Franck-Condon
and symmetry restrictions. Under these circumstanc-
es, a stepwise or chemical mechanism for electron
transfer provides the lower energy pathway.

What Ligands Can Act as Bridges?

A basic, unshared pair of electrons in the bridging
ligand is a necessary condition for the formation of a
precursor binuclear complex and, therefore, for an
inner-sphere electron transfer. This is, apparently,
also a sufficient condition for reaction via adjacent
attack, perhaps because direct exchange is possible
between metal ions bridged by a single atom. For ex-
ample, halides, OH~, and SCN~ bound to an oxidant
have a basic lone pair and act as bridging ligands.
Bound water and oxygen-bonded urea have a lone
pair in the lead-in atom, but the basicity of the oxy-
gen is very low; CN~ and NCS~ (assuming that rehy-
bridization does not take place) have no lone pair on
C or N, respectively. Therefore, oxidants bound to
the last four ligands do not feature-inner sphere re-
ductions via adjacent attack.

The availability of ¢ lone pair for binding the in-
coming metal ion is not a sufficient condition, how-
ever, for reaction via remote attack. Thus, in the Cr2+
reductions of the linkage isomers of formamidopen-
taamminecobalt(III},’3 the reaction of the O-bonded
isomer proceeds by an outer-sphere mechanism,

(72) H. Taube, Ber. Bunsenges. Phys. Chem., 76, 964 (1972).
(73) R.J.Balahura and R. B. Jordan, J. Am. Chem. Soc., 92, 1533 (1970).
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whereas the reaction of the conjugate base of the N-
bonded isomer features inner-sphere, remote attack.

Remote attack precluded.

/H H N and O are not part
(NH3)5C0—0=C\ Cr** of a conjugated system
N‘PE/ when Cr®* binds at.N

g Remote attack possible.

(NH»;)-Co—NH-—C/ Cr'* O and N are part of
Ed) \..

o ,_/ a conjugated system

The suggestion was made’®7* that necessary condi-
tions for inner-sphere electron transfer via remote
attack are a donor atom in the bridging ligand that
has a lone pair of electrons available for ¢ bonding to
the incoming metal, and that the two donor atoms of
the bridging ligand must be part of a conjugated sys-
tem extending between the two metal centers.

It must be noted that, although the conditions out-
lined above may be necessary to ensure remote at-
tack, they are mnot sufficient. Thus, Co(N-
H3)50zCCsH4-p-COZ+ and CO(NHa)50zCCsH4-p-
CHO?* feature a basic, remote oxygen in conjugation
with the oxygen bound to the cobalt(III), but only in
the reaction of the latter complex with Cr2* is remote
attack operative.®? The difference in the two systems
has been ascribed to the ease of reduction of the p-
formylbenzoate- ligand. Whether facile reduction of
the bridging ligand is a prerequisite for electron
transfer through extended conjugated systems has
not been established, but it is noteworthy that all
cases of bridged electron transfer through more than
three atoms involve easily reduced ligands. However,
since the comparisons are restricted to Co(III)-Cr(II)
reactions, it may be that, because the symmetry of
donor and acceptor orbitals (¢) does not match the
symmetry of the carrier orbital (), reaction can only
take place via the chemical mechanism, and, conse-
quently, an easily accessible lowest unoccupied mo-
lecular orbital of the ligand becomes necessary.

The Real Thing. Intramolecular Electron
Transfer

It has been widely recognized that measurements
of rates of intramolecular electron transfer within bi-
nuclear complexes could provide considerable insight
into the details of the mechanism of electron trans-
port between metal ions across ligands. Although a
great deal of effort appears to have been expended in
various laboratories to reach this goal, only in the last
year has unequivocal evidence for intramolecular
electron transfer been obtained. The difficulties can
be traced to low equilibrium constants for the forma-
tion of precursor binuclear complexes from niononu-
clear reactants, to competitive outer-sphere path-
ways in systems where precursor complexes would
have been expected to be sufficiently stable to pro-
duce deviations from mixed second-order kinetics,’
or in general to the difficulty in finding appropriate
pairs of metal ions with the appropriate coordination

(74) R.J. Balahura and R. B. Jordan, J. Am. Chem. Soc., 93,625 (1971).

(75) The deviations from second-order kinetics observed in labile sys-
tems®®18 where there is appreciable association between the reactants have
been interpreted on the basis of intramolecular electron transfer. However,
the alternate mechanism whereby dissociation of the ion pair is followed by
bimolecular electron transfer cannot be ruled out.
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Table I11
Rate Constants for Intramolecular Electron Transfer
in (NH;3)5Co!LRu!{(NH3)4OH*~

ta

Complex k, sec”
n'd”()_c@x Ry 1 x 10%°?
CO“*()J(‘('H,@\' Ru' 1.6 x 107?
Co0.C

23, ) 1.6 x 107

(O Ru
Co MO CCH,
5.5 x107°

ON Ru’

a At 25", 1 M toluenesulfonic acid. ?In 0.1 M CF3C02H;‘ may
have $042- instead of Hz0 in the coordination sphere of Ru(ll).

spheres and oxidation potentials to yield binuclear
complexes that undergo internal electron transfer
competitively with dissociation.

In order to circumvent these difficulties, a series of
binuclear Ru(III)~Co(III) complexes was synthesized
and treated with a stoichiometric deficiency of a
rapid one-electron reducing agent.”® This produces a
binuclear precursor complex in situ and, provided
that electron transfer within the binuclear complex is

~ slow compared to its rate of generation, the intramo-
lecular electron transfer can be measured. This ap-
proach proved to be successful and to have a broad
scope in the case of a series of Co(III)~Ru(II) binu-
clear complexes bridged by pyridinecarboxylate lig-
ands.’® The results, summarized in Table III, show
the importance of conjugation (decrease by a factor
of 105 in going from 4-pyridinecarboxylate to 3-pyri-
dinecarboxylate), the insulating effect of a CH2 group
(decrease by a factor of 10* in going from 4-pyridine-
carboxylate to 4-pyridineacetate), and even the pos-
sibility of the actual electron-transfer path by-pass-
ing the bridging ligand and proceeding by an outer-
sphere mechanism (3-pyridineacetate being some-
what faster than 3-pyridinecarboxylate, and subject

(76) S. 8. Isied and H. Taube, J. Am. Chem. Soc., 95, 8198 (1973).
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to rate acceleration with increasing [H*]). Very re-
cently, another successful approach to the measure-
ment of intramolecular electron-transfer rates made
use of the high affinity’? of the Fe(CN)33~ moiety for
nitrogen heterocycles and of the newly’® devised syn-

thesis of
' 3+
Co(NH;;)SN@—@N

The rate constants for the formation and dissociation
of the binuclear precursor and for intramolecular
electron transfer have been obtained.” This ap-

kg

Co(NH,);(4,4-bpy)** + Fe(CN);0H,” —
d

(NHa)SCo’”N@—©NFe”(CN)S ety
(NH&),.)Co”N@——@NF&“(CN)\S

k, =55 X 10" sec™: ky=45 X 107° sec;
ko =26 X 107" sec”

proach is being extended to other cobalt(III) com-
plexes, and the importance of electronic and steric
considerations is already apparent.’° For the pen-
taamminepyridinecarboxylatocobalt(III}) . + Fe(C-
N)50H:3~ systems, with N in the 4 position, ke = 1.7
X 10~4 sec™!; with N in the 3 position, ke < 3 X 1075
sec”!; and with N in the 2 position, the binuclear
complex is not formed.
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