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We present a general scheme to rationalize the kinetic behavior of transition-metal redox systems in solution as a function
of the detailed electronic configurations of donor and acceptor species. For the inner-sphere route, proceeding usually via
atom transfer, simple molecular orbital arguments are used to predict for which electronic configurations LsM;-X~M,L;
complexes will be stable at the symmetric geometry. The results are supported by comparison with known crystal structures.
For these electronic configurations then the symmetric structure corresponds to an inner-sphere intermediate, sometimes
observed spectroscopically or inferred kinetically in the experimental environment. For other configurations the symmetric
structure corresponds to a transition state which is never observed experimentally. The kinetic behavior of a large number
of redox systems may be rationalized just on this basis. It is suggested that the normal dependence of reaction rate on
bridging ligand X (I" > Br~ > CI" > F") arises when the rate-determining step involves a transition state (we call this type
I) and the inverse order when the rate-determining step involves intermediate decay (type II). The dependence of reaction
rate upon substituent in some carboxylate-bridged systems is also examined, and the effects of nonbridging ligands are
analyzed by extending earlier ideas of Orgel. Two types of electron transfer are delineated. Smooth transfer occurs when
the nature of the HOMO gradually changes as the bridge ligand is transferred and corresponds to a symmetry-allowed
process. Sudden transfer occurs via an electron jump from one orbital to another, and atom transfer here is not necessary
for electron transfer. Cases are observed experimentally where atom transfer does not occur. The results of the inner-sphere
case are applied to outer-sphere reactions with some qualifications, and some interesting parallels are drawn. The effect
of extra ions added to the solution are analyzed in molecular orbital terms, and three catalytic effects are revealed. The
added species may hold together the two reacting ions as an electrostatic “glue” (if of the correct charge); it may reduce
the barrier to reaction and also may ensure adiabatic behavior. It is pointed out that water itself is probably an excellent
catalyst of this sort. . The molecular orbital approach to inner- and outer-sphere reactions gives a ready explanation for
the anomalous behavior (on the Marcus theory) of the Co™™'[(H,0), system where a spin change occurs in the reaction

coordinate.

Introduction

The oxidation and reduction reactions of transition-metal
ions in aqueous solution have long received a large share of
experimental and theoretical study in the field of reaction
kinetics. Several excellent reviews and monographs? lay out
the present state of the art in both areas. Theoretical con-
siderations to date have been dominated by the Franck-
Condon principle which only allows the electron-transfer event
to occur without a change in nuclear configurational pa-
rameters. Thus, reductant and oxidant need to rearrange and
find some “common state” where the electron may be
transferred without nuclear rearrangement. The energy needed
to attain this common state includes ligand field, solvation,
and electrostatic terms. The parameterization of these
contributions has formed the basis of the approaches of
Marcus, Hush, and others® which attempt to rationalize th
rates of these reactions. ’

Two distinct modes of reaction have been identified ex-
perimentally for these simple redox reactions, largely through
the early work of Taube and his collaborators. The outer-
sphere reaction is one in which the ligands bound directly to
the metal atoms remain intact {(although not undisturbed)
during the course of the reaction. Since a largely metal-located
d-orbital electron usually lying in a metal-ligand antibonding
orbital is transferred from one ion to another, the M—L bond
in the oxidized species contracts and that in the reduced species
expands.* Application of the Franck—Condon principle de-
mands that some of this bond extension and compression occur
before electron transfer to equate the energies of donor and
acceptor sites. Thus, in Figure 1 we see how the Fe'™O bond
is stretched and the Fe!'-O bond compressed to arrive at the
point X where electron transfer may occur for Fell/Fe!l!
exchange.® Ab initio molecular orbital calculations designed
to calculate these two energy changes for this system have

recently been performed.” Since the metal t,, orbital set of .

the octahedral complex is-less M~L antibonding than the e,
set, the energy changes needed to reach the activated complex
for t,; — ty, transfer should be smaller than those associated

with e, — ¢, transfer. Ideas similar to these have been ex-
tensively used to rationalize the faster rates of the former type
of electron transfer.

In general, where the donor and acceptor sites are coupled
electronically, the two curves representing reactant and product
energies will repel each other (Figure 2). Ac is twice the
so-called resonance energy and is a measure of the coupling
between the two metal centers. If Ae is large, then the
electron-transfer process is adiabatic and the rate of reaction
can be understood in terms of passage over an activation
barrier. If Ae is small, then nonadiabatic behavior results
where the electron-transfer probability is less than unity on
passing through the funnel. The rate of reaction then involves
the Landau—~Zener formulation governing the rate of passage
from reactant curve to product curve. Most electron-transfer
reactions are probably of the adiabatic type. (See ref 2h for
a discussion.) :

The inner-sphere reaction occurs via formation of a bridged
species after one of the reactants (usually the reductant) has
lost a coordinated ligand. The vast majority of the redox
processes we shall discuss here involve hexacoordinated ions?
and thus the geometry of the bridged intermediate or transition
state resembles 1. In many cases a bridged intermediate has

been spectroscopically detected in solution, or its presence
inferred kinetically from the form of the rate law. Many
related species are available in crystal structures amenable to
X-ray characterization. Several of these are mixed-valence
molecules where there is a lot of current interest in the factors
influencing the rate of electron transfer between the two metal
sites. In the solution environment electron transfer is suggested
to occur within the bridged species, and in the majority of cases
this is accompanied by atom transfer—usually the bridging
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Figure 1. Energy changes associated with changes in Fe-O bond
lengths in Fe™™{H,0)¢*?*. At the point X the energies of the Fell
and Fe!! sites are equal. The arrows represent the two reorganizational
energies needed to achieve this “common state”.
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Figure 2, General energy scheme for electron transfer. The resonance
energy is Ae/2.

atom or group is transferred from oxidant to reductant.
Halpern and Orgel® have delineated four distinct processes
for electron transfer: (i) direct transfer via overlap of a d
orbital on one center with a d orbital on the other, this probably
being of secondary importance in these systems due to the
relatively large metal-metal separation; (ii) double exchange
with simultaneous electron transfer from one metal atom to
the bridge and from the bridge to the second metal atom; (iii)
the chemical mechanism (eq 1) where the electron actually

MnXMmH — Mn+1_x—_Mm+1 — Mn+1_x_Mm (1)

reduces the bridging group, this being ruled out!® on ther-
modynamic grounds for most inorganic bridges but remaining
a possible mechanism for some organic bridges; (iv) the su-
perexchange mechanism also used to account for the magnetic
interaction between transition metal ions.

A general scheme for the inner-sphere redox process is
shown in 2. We shall sometimes need to modify this scheme

k
M;"Bg ———— M "B
1726 ligand loss e

k
M,"Bs + M,"*'A,X —= BM,"~X-M,A"*!
precursor complex

ks
BSMIH—X—MZM-’-IAS

B5M1H+I_X_M2MA5

electron transfer

ky
B5M1"+1—X—M2MA5 — B5M1"+1X + MzmA5
2

in the light of our discussion below, but the general picture
is a useful starting point. A large amount of experimental
effort has been expended in deciding which route, inner or
outer sphere, or the relative contributions of each, is followed
for a particular redox system. There is an excellent summary
of the experimental methods of attack in Wilkins’ book.*

Obviously those systems which are going to give us most
information about the electron-transfer process are those where
the rate-determining steps in the scheme 2 are associated with
the electron-transfer step(s). Thus reductions by V! although
potentially very interesting are often found to have similar rate
constants independent of the nature of the oxidant. This is
ascribed to the fact that five-coordinate formation is the
rate-determining step (k, of scheme 2) and means that we
glean little information about the inner-sphere route in this
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case. We shall be mostly concerned with reactions where the
rate-determining steps appear later in the reaction sequence.

Molecular orbital arguments have not in general been used
to describe these reactions!! with the exception of some
particularly perceptive comments by Orgel'? over 20 years ago
which have been neglected for the most part over the inter-
vening years. The purpose of this work is to fill such a
theoretical gap and provide a unified approach to the intimate
mechanism of transition-metal redox behavior,

In contrast to a bridged species, well documented by in-
ference or actual detection for the inner-sphere route, virtually
no information is available concerning the nature of the
outer-sphere transition state. Our molecular orbital delib-
erations will then lie mainly with the details of the inner-sphere
process, although, as we shall see later, many of the concepts
and results carry over directly into the outer-sphere case after
we make some geometrical assumptions., We shall use ex-
tended Hiickel molecular orbital calculations on simple model
systems (see Appendix) to aid us in this task but caution the
reader that the results obtained using this semiempirical
method are best regarded in a qualitative light and this is
precisely how we shall usually view them. Orbital symmetry
and overlap arguments will form the basis of our approach.

Molecular Orbital Structure of Inner-Sphere Intermediate
or Transition State

Let us initially look at the molecular orbital structure of a
symmetrically bridged species 1. In all of these redox systems
it is going to be very important to have a detailed knowledge
of the electronic structure of a molecular geometry which may
correspond to an intermediate or transition state. It is in-
structive to build this up from two C,, square-pyramidal ML
units!? as in Figure 3. The frontier region of the ML unit
consists (Figure 3a) of a set of three d orbitals at low energy
(by, ) derived from the t,, orbitals of the octahedron. To
higher energy lie the orbitals derived from the ¢, set. The a,
orbital [nd,2 mixed with (n + 1)s, p, orbitals] is well shaped
to interact with another ML; unit located along the z axis.
The x? — y? orbital to higher energy is located in the xp plane
and poorly located for such interactions. Thus the only
significant orbital splittings are for the in- and out-of-phase
arrangements of the z2 orbitals on each ML unit (Figure 3b).

A large number of ligands have been used as bridging
groups.!* For illustrative purposes in Figure 3¢ we have shown
the effect of using a single halogen bridge. For most bridging
ligands the overall pattern will be very similar, although a
trivial reversal of the ordering of the levels o, and ¢, (using
symmetry labels appropriate to the D..;, point group of the
M, XM, unit) may occur in some instances. The four mainly
ligand located orbitals to low energy are always completely
filled, and the stabilization energy afforded these orbitals
represents the binding energy of the M; XM, complex. The
lowest energy metal d orbitals are of r type. , has no ligand
counterpart; m, is involved in antibonding M—X interaction
and the in- and out-of-phase combinations of the xy orbitals
are approximately equienergetic and contain no X character.
The largest interactions are to higher energy and are the o
interactions of the linear M;—X-M, bridge. Which orbital
of oy, 0, lies to higher energy depends on the nature of X.
Their relative ordering, however, does not influence our ar-
guments presented below concerning the stability of this
structure. At the very top of the diagram lie the 6-type orbitals
formed by in- and out-of-phase combinations of x> — 3% on the
two centers. They are approximately equienergetic. Some
of the features of this molecular orbital diagram were
elucidated!® by Dunitz and Orgel and more recently by others.
With a bridging H atom the diagram of Figure 3 will be
slightly different in that the ¢, orbital remains unchanged in
energy on moving from Figure 3b to Figure 3c, simply due
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Figure 3. Molecular orbital diagram for a symmetrically bridged
M, X, species (c) assembled via a symmetric M,X ¢ unit (b), from
a bridging atom (d) and square-pyramidal MXs unit (a). The diagram
is to be regarded schematically and is not to scale. The o, = labels
refer to the orbital symmetry under the D..; point group of the MXM
unit.
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Figure 4. Orbital energies of Cr,Cl;;% as a function of bridging atom
asymmetrization. The labels xy and x* - ? refer to in-phase/
out-of-phase pairs of orbitals of this type which are essentially
equienergetic. Note the broken energy scale separating “e;” and “t5,”
type orbitals and also that the halves of the diagram are on different
scales. The labels o, 7 refer to the orbital symmetry under the D.,
point group of the MXM unit.

to the lack of an accessible 2p orbital on the H atom.
We show the geometrical change associated with the in-
ner-sphere process on atom transfer in 3. Let us see how the

- 7?84‘ %;%

3

energies of the molecular orbitals change as the bridge is made
asymmetric, i.e. B— A, C. Quantitative energy changes are
shown in Figure 4. First, our calculations on model systems
show that the system with no d electrons is most stable at the
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Figure 5. Orbital energies of Cr,Cl;;* as a function of bending around
the bridging Cl atom. The labels xy and x* ~ 3?* refer to in-
phase/out-of-phase pairs of orbitals of this type which are essentially
equienergetic. Note the broken energy scale separating “c,” and “t,,”
type orbitals and also that the halves of the diagram are on different
scales. The labels ¢, = refer to the orbital symmetry under the D,
point group of the MXM unit.

symmetric geometry, but the energy change associated with
asymmetrization is small. We can therefore focus on the
energy changes within the d-orbital manifold alone when
viewing other electronic configurations. The m, orbital is
destabilized for the X = halogen models we have examined.
A more repulsive interaction is felt with one short and one long
MX distance than two average MX distances.!® The lower
energy o orbital is dramatically stabilized since now this orbital
corresponds to z? on one five-coordinate unit. The higher
energy o orbital is destabilized since this orbital now corre-
sponds to a z? orbital on the six-coordinate unit. The o, and
¢, orbitals mix together strongly under the asymmetrization
perturbation, and this leads to a strong mutual repulsion. This
coupling together of z? orbitals on the two metal centers by
the bridging group, responsible for the increase in splitting
between ¢, and o, on moving from b to ¢ in Figure 3 has been
called"” “through-bond coupling” by Hoffmann,

Another degree of freedom possessed by the symmetric
structure is that of bending about the central atom. For the
species with no d electrons this is a costly business for our
halogen model systems. We show the energy changes within
the d-orbital manifold in Figure 5. On bending, the ¢, and
o, orbitals mix with components derived from the x, and ,
orbitals, respectively.!” The largest energy changes occur in
the o manifold, but even so the magnitudes are smaller than
those involved in the asymmetrization process of Figure 4, A
similar diagram holds for the related distortion where the
M,Xo part of the molecule is held fixed and the bridging
ligand set off axis. For the case where the bridging ligand is
a hydrogen atom, then the ¢, orbital and both components of
the m, orbital remain approximately equienergetic in either
distortion mode, because of the absence of an accessible p-type
orbital on the H atom.

Structures of Monobridged Dimers

We may use the ideas of the previous section to understand
the gross structural features of systems of this type, containing
an MXM skeleton as a function of the number of metal d
electrons. This will be of vital importance to us later, since
we shall need to be able to predict whether a transition state
or intermediate corresponds to the symmetric geometry for
a given electronic configuration. A detailed discussion of the
structural preferences of all possible electron configurations
would be lengthy and so we select some of interest and
compare theoretical predictions with experiment. We shall
use a dual notation to describe the electron configurations of
these systems. First, we shall describe the configurations of
the two reactants as d"d™. Thus a Cr'l/Cr'! system is de-
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scribed as hsd*hsd® and Fel!/Co™! as hsd®lsd® (hs, Is = high
spin, low spin). Second, we shall describe occupancy of the
binuclear species as 7"a,™a,' where we specify the number of
electrons in the six lowest lying w-type (with respect to the
octahedral geometry) d orbitals and the two higher energy o
orbitals.

For all systems with the #” configuration (r = 0-12) the
symmetric structure is predicted to be most stable. This is
observed for the d%d% 0 species Nb,F,;” where a distorted but
approximately symmetric geometry is seen.® Similarly the
NbF; structure (4) found'® for the d° and d! pentafluorides

S
~>'<F>‘<F>‘<

4

of Nb, Ta, Mo, and W consists of symmetrically bridged
tetrameric units. For the RuF;s structure, found'® for the
pentafluorides of Ru, Os, Ir, Rh, and Pt, a symmetrically
bridged tetramer is found with MFM angles of ~130°. (The
RuF; binuclear complex would have the configuration
hsd?hsd?, =%.)
A linear, near-symmetric structure is found for an
analogue'® of ruthenium red (5). The oxidation states of the
NH N,
en
HNe [ < BN [P
3N CRu—0—RUIEG _Ry— —NH,

\NH N 1891 \| H
rLH3 : |{n | H,
5

Ru atoms are suggested to be II, VI, and II leading to a
1sd%hsd?sd® structure where all the electrons reside in the metal
o manifold. For the hsd*hsd?, #% structure we have the oxo-
and hydroxy-bridged chromium(I1I) species® (6). The former

+5
NH NH “ i
HNL 2N, ] N N
HN oy = C;\—NHa o o
AN
GiNH, N N 7
6

are linear symmetric species; the latter, symmetric but bent
about the central O atom due to the presence of the H atom.
A related species with the same electronic configuration and
a structure?! identical with that of the Cr'!'~oxo dimer is
Re,Cl;;0*. Species with the lsd*lsd* configuration are
represented by symmetric, linear Mn,(CN),,0%,%
Ru,Cl1,,0*,%* and Ru,(H,0),CIgN* 2# species. We are not
aware of any lsd’lsd’, #'0 systems available as crystal
structures, but there are plenty of 1sdflsd®, x'2 molecules.
Mn,(CO),eSnX, (X = Br, I) contains®® symmetrically bridged
Mn(CO); units, bent about the central Sn atom due to the
presence of the two halogen atoms. Co,(NH,);(NH,** has?
a similar gross structure. Several mixed-valence molecules
containing nitrogen-bearing bridges have been spectroscopically
identified,?” but no crystal structures have been determined
to date. In each of these cases the ligand field strength is large
enough to force all the electrons into the w-orbital manifold.
A set of rather unusual structures are observed for the iso-
electronic molecules HCr,(CO)o-, HW,(CO)yNO, and
HW,(CO)gPPh;NO where?® the bridging hydride group is
off-axis (M—M) in every case. The bridges are, however,
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Table I
reactants binuclear species ref
Criland VIV Critlo-y1iIt 57

¢ and IrCl, - crilgp- 11 a
¢! and RutfiCIL, CHILCl-Ryl! 56
Co(CN),* and 1cl, Col Ly, 58

Co(CN),* and Fe(CN)63‘ Coll-NC-Fell 59
% A.G. Sykes andR N. F. Thorneley, J. Chem, Soc., 232 (1970).

symmetric when the halves of the molecule are chemically
identical. In the isoelectronic Cry(CO)l™ a symmetric? but
bent structure is found. Thus the observation of the symmetric
geometry for these =" systems is in agreement with our
theoretical predictions above. What is not well described is
the bent nature of some of these molecules where a single
bridging atom is present. Our model calculations with halogen
or hydride bridges indicate in all instances that the linear
MXM geometry should be most stable.’® Several molecules
with =" electronic configurations have also been observed
spectroscopically in redox solutions. Some relevant to our
discussion later are shown in Table I.

Occupation of the lowest lying ¢ orbital immediately leads
to a strong destabilization of the symmetric geometry, this o
effect overwhelming any preferences from the =" manifold.
Perturbation theory tells us that ¢, and ¢, mix together
strongly via this asymmetric distortion, and indeed we may
consider the instability of the n"c,' configuration at the
symmetric geometry to be due to a second-order Jahn-Teller
effect. As far as we know, with one exception, no symme-
trically bridged species have been observed either crystallo-
graphically or spectroscopically with #"g,!, 7"c %, or 7"¢,%0,!
configurations where this geometry is precicted to be unstable.
However, we do observe®! for “CrFs”, which contains a
mixture of Cr'l and Cr'!'ions in pseudooctahedral sites, the
structure 7. This, when viewed as a binuclear complex, would

F
F. F‘: Fe |257
< 189 .
F—CrEFoggCr—F
189| \F ‘ \F
F F

CrIII Cr”

7

have the configuration =%, arising from hsd*hsd®. Inter-
estingly this structure is slightly bent around the bridge
fluoride. Figure 5 suggested that with this electronic con-
figuration the symmetric geometry was also unstable to
bending. For the 7"a,2 configuration we have the classic series
of mixed-valence Pt!"/Pt!'V molecules (Isd®lsd®) which are
related to the present story.”? Here we reproduce the structure
of one (8) where we see 6 + 4 coordinated structures instead

Br... éu_,_NH3

H N’P@t\Br

250

Br~\|1v NH,

HN7" | Nar
Br

8
of the 6 + 5 pair that we have been discussing above. (The
molecular orbital structure of the square-planar fragment will
be similar to that of the square-based pyramid in the d-orbital
region except that the z% orbital will be lower in energy and
therefore further away from the x2 — »? orbital.) Another



MO Approach to Electron-Transfer Reactions

example of the 7"c,! configuration is presented®* by Prussian
blue (9) which consists essentially of KFelllFell(CN), with a

N - ¢ N
Nog C Cu N Ny ¢
N-C-Fe-C-N Fe N—che:c—N
L e N e
C ™~y N “C. C ™
N c N
9

high-spin “Fe(NC),” environment and low-spin Fel'(CN)q
environment (hsd®lsd®). The high-spin Fe'!l has one electron
in o, and one in x? — y? located on the Fe!ll,

Ail three of these examples are what are known as class II
mixed-valence species after the classification of Robin and
Day.3! Here the “valencies” are trapped and we can distinctly
observe Pt'l and Pt sites for example. In class ITIA mix-
ed-valence species the electron is delocalized over both centers
and they appear to be crystallographically identical. There
the electron may be “hopping” back and forth very rapidly.
Achievement of the symmetrical structure is probably a
necessary condition for occurrence of a class IITA mixed-
valence species where the electron has a chancé of being
delocalized. Thus we may understand why this behavior is
often observed with the 7" complexes noted above, but not with
these other systems where the symmetric geometry is unstable.
An understanding, in simple molecular orbital terms, of when
a given 7" system will exhibit class ITTIA or class II behavior
is much more difficult to achieve.

With equal occupancy of o4 and o, the slopes of Figure 4
suggest that the symmetric structure can again become a
possibility. With the occupation of metal-ligand ¢ antibonding
orbitals we may expect to see rather long bond lengths between
the metal and bridging ligands. Both of these effects are seen.
In the (hfac),Cul’ complex of pyrazine (d°d°,n'%0 %0, %) (10),

10
with its symmetrically but weakly bound bridging ligand, a
more usual Cu-N bond length would be about 1.95 A. With
these symmetric structures class ITIA mixed-valence behavior
is possible and indeed much discussion?’ has centered around
10 and related systems. A series of Fe'!! porphyrin molecules
with a bridging O atom [Fe(porp)],0 have also been struc-
turally characterized.’® These have symmetrical bridges with
the Fe—-O distances of ~1.83 A. They are often bent although
linear Fe-O-Fe examples are known. In the series [Fe-
(salen)],0O-solv the bond angles are about 140° (11). The

11

molecules are in fact considerably more distorted about each
metal atom than we show. These systems are claimed?® to

Inorganic Chemistry, Vol. 17, No. 9, 1978 2541

‘be based on high-spin Fell units (hsd*hsd®) which would lead

to the o,'s,! configuration. However the Fe~O bond length
does seem rather short. Our molecular orbital diagram of
Figure 5 does not anticipate the bent geometry of 11. Thus,
as before, our theory is able to well rationalize the symme-
tric-asymmetric behavior of these complexes but in general
is less able to accommodate the bending of certain structures
although these molecules in particular are considerably dis-
torted anyway. The only exception to our theory which we
have been able to find is the symmetrically bridged Col!
complex (12) which is reported’” to be diamagnetic and thus

I +
ZNC- _ _-CNg
Co
gNC"" l NCNg
I 2890
BNC.. | .-CN@

Co
@NC”” | NCNg
|I\2.766

12

has the configuration #'2¢,% the same as the platinum ex-
amples above. This interestingly points to the area where our
simple model, independent of the nature of the transition metal
and charge on each metal center, breaks down. In addition
to the molecular orbital energy changes of Figure 4 we need
to add the variation in energy of the metal levels as the ox-
idation state of the metal changes. In the present case two
Co'! units are more stable than a Co! and a Co'"l, even though
the simple molecular orbital arguments of this section, without
such modification, argue the opposite. We should bear this
point in mind in what follows in the rest of the paper.

In this section then we have combined our new theoretical
results with experimental data and defined the conditions under
which we expect to observe a transition state or intermediate
at the symmetrical bridge geometry. We summarize the
results in Figure 6. For the configurations w"agl, w"agz, and
w0 t0,! the symmetric geometry corresponds to a transition
state, and the reaction profile on atom transfer for a system
with one of these configurations is shown at the top of Figure
6. We will call this a type I profile. For any other config-
uration, namely, =", 7"0,'0,!, and 7”02, we should find a
stable intermediate. This profile is shown at the bottom of
Figure 6 and we will call this a type II profile. For the sake
of simplicity we draw the turning points of Figure 6 with equal
stabilization/destabilization energies. In fact the type I barrier
is expected to be much larger than the type II well, and this
is borne out by calculations on model systems. ¢ effects
dominate the type I barrier, but 7 effects temper the type II
well.

Before we look at some experimental results on the kinetics

- of redox systems however, we need to understand how the

electron is transferred within this transition state or inter-
mediate,

The Process of Electron Transfer

(a) Smooth Transfer. Given that an atom or bridging ligand
group is invariably transferred some time during the reaction,
what is the connection between this motion and the
“movement” of the electron? First, let us consider how the
natures of the o-type orbitals change during the process. This
is shown in Figure 7 for the w"c,' configuration. In A the odd
electron is located entirely on the five-coordinate unit, in B
it is now shared equally between both metal atoms, and in C
it has been transferred to the other metal atom which is now
five-coordinate. Thus the electron initially on one metal atom
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atom transfer

Figure 6. Two types of energy profile associated with bridging group
transfer. Type I (for electronic configurations w"c,!, 7"¢,% and
70,20, corresponds to a transition state and type II (for electronic
configurations =", 7"s,'s,!, and 7"g,%0,2) corresponds to an inter-
mediate at the symmetric geometry. The equal energy changes
depicted for both types is for illustrative purposes only. The type I
barrier is invariably larger than the type II well (see Figure 4).

Bk A A

6- coord Atom transfer
acceptor
oo e Ok
HB S BN

5-coord B v

doror =" HKOBCH "~
Figure 7. The change in the nature of the ¢ orbitals of the M,X,
unit as the bridging atom is transferred from the initially six-coordinate

acceptor to five-coordinate donor molecule. As the description of the
HOMO changes, so the electron is “transferred”.

[

s o3

Figure 8. Gross energy changes of z2 orbitals on donor and acceptor
sites as a result of atom transfer.

+—

has been very smoothly transferred from one metal atom to
another as a result purely of atom transfer. This result was
first pointed out by Orgel.!2 Figure 7 possesses the basic
features of the electron-transfer process seen in Figure 2. The
resonance energy '/,Ae arises from metal-metal overlap and
the presence of the bridging ligand which serves to split apart
o, and o, levels. Thus the energy of the 22 orbital on the
five-coordinate unit rises and the energy of the corresponding
orbital on the six-coordinate unit decreases (Figure 8) on atom
transfer. There is an avoided crossing (Figure 7) at the point
where the two would be equienergetic. Smooth electron
transfer occurs in this case by passage over a barrier shown
in the bottom half of Figure 7 whose height is mediated largely
by metal-bridging ligand interactions. We shall use pictorial
representations of this transfer similar to 13 extensively below.

7\

13

Figure 9 shows the result of a calculation on our model
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Figure 9. The charges on the two metal atoms and the bridge atom
in CryCl,,* as a function of reaction coordinate. The five- and
six-coordinate units are brought from afar to form an asymmetrically
bridged unit. The bridging atom is transferred from one metal atom
to the other, and the five- and six-coordinate units separate. Note
break in scale.
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Figure 108. The change in nature of the 7-type orbitals on bridging
atom transfer. For the case shown an electron is smoothly transferred
from the initially five- to initially six-coordinate unit.

chloride-bridged dimer showing how the charge is smoothly
transferred from one metal atom to another. No charge builds
up on the bridge atom eliminating the chemical mechanism
and suggesting that the double-exchange process applies here.

A similar smooth electron transfer between w-type electrons
can also be recognized (Figure 10). Here a pair of orbitals
change nature as the ligand ‘is exchanged. We show the
situation where the highest energy pair of = orbitals are xz,
vz on the five- and six-coordinate units. The result is transfer
of an electron from the initially six- to the initially five-co-
ordinate unit. The situation here is not as clear-cut as it was
in the o case since here the relative ordering of the = levels
will depend on the nature of the other ligands coordinated to
the metal atom. The level ordering we show in Figure 10 is
different in fact from that found for our model complexes in
Figure 3. Only for the situation in Figure 10 will smooth
transfer occur on ligand exchange for the electronic config-
uration shown. Without knowing the detailed arrangement
of orbitals in this region it is impossible to map out the “path”
of the migrating electron. However with such a density of
orbitals configuration interaction may be very important and
so talking about molecular orbital effects for a single con-
figuration may not be very meaningful in this particular case.
Electron transfer within the w-orbital manifold will then be
overall a smooth process, but we will not have to worry about
it in molecular orbital terms.

(b) Sudden Electron Transfer. Another way in which
electron transfer may occur is via an electron “jump” from
one orbital to another while the five- and six-coordinate species
are in contact during the tenancy of some sort of bridged
species. We may view this sort of electron transfer in an
exactly analogous way to the electron jump that occurs when,
e.g., Na- and Cl- atoms are brought together to make a Na—Cl
molecule. Figure 11 shows the interaction of covalent and ionic
curves leading to such a result after the ideas of Mulliken.*

In general, in molecular orbital language the location of the
electron density in one molecular orbital will be different from
that in another and thus an electron jump will result in a
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Figure 11. Avoided crossing of “ionic” and “covalent” curves for the
formation of sodium chloride from atoms and ions. The electron
“jump” occurs in the region containing the dashed lines.

sudden charge redistribution. Conceptually we may envisage
such a jump to occur as a result of one or both of two effects.
First, the electron may find itself in an orbital of higher energy
than an empty one below it somewhere along the reaction
coordinate. Second, in response to changes in relevant orbital
energies and Racah parameters due to the change in geometry
or charge on the metal centers, it may be profitable to promote
an electron (s) with a change of spin quantum number such
that the energy of the new configuration is lower than that
of the old. In the mononuclear complex we are familiar with
similar arguments applied to rationalizing the formation of
high- and low-spin complexes. We shall find below that there
are two instances when sudden electron transfer may occur.
First, in reactions where the electron is transferred from an
orbital on one metal atom to an orbital on the other metal atom
of different symmetry with respect to the MXM unit (e.g.,
¢ — 7), one way it may proceed is via an electron “jump”
when viewed on an orbital basis. Second, if the energies of
the two (e.g., z2) orbitals, one on each metal center, are very
different so they do not cross in the style of Figure 8, the
electron will need to jump from one to the other some time
along the reaction coordinate. Also it is clear that if sudden
electron transfer does occur, then there is no need for atom
transfer to occur at all. Which metal center retains the
bridging ligand will be determined by other factors.

One final point is that although in simple one-electron
molecular orbital theory we envisage an electron jumping from
one orbital to another, no energy is in fact absorbed or emitted
at this point. The process is simply the intersection or avoided
intersection of two potential surfaces in #n-dimensional con-
figuration space (Figure 11).

Application of These Results to Some Experimental
Examples

The energy changes of Figure 6 represent the effect of
moving the bridging group to an asymmetrical position in the
binuclear complex. The diagram as a whole shows the en-
ergetics associated with atom transfer within this binuclear
species. When viewing the kinetics of these redox reactions
as a whole we must also allow for the fact that there may well
be a barrier to formation of such a complex (asymmetric or
symmetric) from six- and five-coordinate units. Thus the
energy profile of the complete reaction may well be more
complex than we have indicated in Figure 6. From the relative
sizes of the barrier and well of Figure 6 steps involving
precursor complex formation should be more noticeable for
the type II pathway than for type I, due to the smaller energy
changes in the latter system.

Our approach will neglect changes in solvation energy and
electrostatic forces involved in bringing together the reacting
ions. We shall focus on the energy changes involved in making
the bridging atom of the symmetric structure asymmetric®
as occurs in the atom-transfer process. As far as the metal
d orbitals are concerned, this is equivalent energetically to
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forming a symmetrical structure from remote five- and six-
coordinate structures. We shall ignore any relaxation of other
ligands coordinated to the two metal centers since this is
difficult to include using our simple molecular orbital method.
In all cases we shall assume that the transition state or in-
termediate has a linear MXM geometry and use a classifi-
cation scheme based on the type I and II processes.

z? — z? Transfer. This is the simplest process of all and
therefore the one we shall treat first. For the Crll/CrlIX
system (hsd*hsd?, #8¢,!) one electron is transferred from the
22 orbital of Cr!l to the corresponding orbital on Crlll, (Th1s
category of reaction has been previously referred to as g —

o transfer using octahedral labels.) This partlcular reaction
was one of the first systems studied*>*! with a view to defining
the inner-sphere pathway with bridging ligands such as halide,
N5, SCN-, NCS-, OAc, etc. With H,0, NH,, and pyridine
as bridging ligands the outer-sphere route is preferred.*? In
view of our previous discussion it is a typical example of
passage over a type I barrier in which the electron transfer
is a smooth one (Figure 7) and is induced by atom transfer.
By use of our schematic notation it is described by 14 with

a rate constant k. In this case we do not have to worry about
the electrons in the t,, orbitals. There are always sufficient
to singly fill all six « orbitals. The rate of the electron-transfer
reaction is then determined by the height of the barrier at the
symmetrical transition state. One series we shall find useful
in our classification of the mechanism of these reactions is the
dependence of rate on the nature of the halide bridge. For
the Cr'/Crl!IX system the rates increase*®#2 in the order X~
= F < CI" < Br <TI". This is called the “normal” order. The
reverse order has been termed the “inverse” order. Simple
molecular orbital calculations designed to reproduce this order
are difficult to rely on. First we do not know the exact ge-
ometry (M~X bond lengths) for the symmetrical structure,
and second we are at the mercy of the parameters of the
method (orbital exponents and ionization potentials) when
comparing the energetics of the fluoride bridge with an iodide
bridge for example. However the results of the calculations
do hint that whether the normal or inverse order applies may
well be determined by whether the process is of type I or type
II. For all electronic configurations giving rise to type I
behavior the barrier to reaction decreased with increasing
bridging halide size. This result was not very sensitive to the
exact choice of geometrical and molecular orbital parameters.
For type II behavior with a #" configuration a similar in-
sensitivity was found but the well depth increased with bridging
halide size. For type II behavior with other electron con-
figurations the results were dependent upon the parameters
involved. Thus our cautionary conclusion is that the halide
order may well be diagnostic of the reaction type, especially
where the o, and o, orbitals are not symmetrically
occupied—normal for type L, inverse for type II.

We have assumed in Figure 7 that the halves of the
transition state are identical in that the energy levels are the
same, This can be ensured by making the ligands coordinated
to Cr' and Cr'X the same. But what happens if the ligands
are different? In order for a smooth transfer to occur the z2
orbital initially on Cr™ must rise in energy and cross the z?
orbital initially on the six-coordinate Cr'!, This would be the
case in some asymmetric system, Figure 12a, but not in the
case of Figure 12b. In the latter we would expect the system
to initially move uphill and then experience an electron jump
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Figure 12. Two different mechanisms of electron transfer dependent
upon the relative energies of donor and acceptor sites. In (a) the donor
and acceptor orbitals cross on bridging atom transfer (cf, Figure 8)
and the electron transfer is smooth. In (b) donor and acceptor sites
do not cross and the electron transfer has to be of the sudden type,
occurring somewhere along the reaction coordinate.
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from the donor orbital to the acceptor orbital. If the electron
jumps from one orbital to another as in Figure 12b, then there
is no need for atom transfer to occur at all, as we have noted
above. However the transferred electron ends up in a z? orbital
which is metal-bridging ligand antibonding. On these grounds
the bridging group will prefer to be bound to the metal atom
which does not contain z? occupancy, i.e., Cr'l, So atom
transfer occurs after all. One other way of viewing this effect
is that Cr¥ species are labile and Cr'll species inert. There
is no well-documented case with this particular electronic
configuration where bridging group transfer does not occur,

Cr! is not the only reducing agent of this type with a single
“ey” electron. Co(CN)s* (low spin d”) is another well-studied
example.** Crl and Co(CN)s*" reductions of Co!! systems
(1sd®) have also been extensively studied* and from the ex-
perimental point of view are very similar to Cr!'/Cr'X redox
systems. We expect to observe simple type I behavior, but here
however we have added complications. First, in the Co'!l
system there are six t, electrons which need to be accounted
for during the atom-transfer process. We may simply get over
this problem by putting the t,, set of orbitals to lower energy
on the Co! than Cr™! (15). If they lay to higher energy than

+

= i
15

those of Crll, then flow of three electrons from Co to Cr would
occur on complex formation. In practice this would not happen
since the charge on the Co would be so drastically increased
that the t,, orbitals on this atom would drop to much lower
energy. Flow of electrons back to the Co would occur. In
many ways this complication arises from the fact that we are
using a simple one-clectron molecular orbital model with fixed
atomic orbital ionization energies to view these complex
processes. Our way of showing that the electrons do not flow
toward the Cr on the simple MO approach is to place the t,,
orbitals to lower energy.

Second, the Co' system is usually more stable as a low-spin
(t55)® system but the redox product Co'! is more stable as a
high-spin (t,%¢,%) system. A lot of effort has been devoted
to this particular problem. Our molecular orbital approach
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allows us to answer this problem in a way different from all
previous approaches by using the profile of 14 and realizing
that if the spin change on reduction of Co™ occurs before the
maximum in the energy profile, then it will affect the rate of
electron transfer. If on the other hand it occurs after the
maximum, then it will not affect the reaction rate. A large
amount of research with inner-sphere processes and Co!! has
involved reduction of the Co™(NH;)sX species. For Co-
(NH;)¢** by making use of published*® Racah and 10Dg
parameters we find that the low-spin form is favored over the
high-spin form by about 17 X 10° cm™'. For Co(NH;)¢2* the
high-spin form is favored over the low-spin form by about 8
x 10° cm™. If we assume that the maximum in the reaction
profile occurs at an oxidation state of 2.5, then at this point
by interpolation the system will prefer to exist as a low-spin
complex. For this species therefore the rate constant will be
independent of the spin change. For Co™™(H,0)¢ however
we find that the spin change occurs before the maximum in
the energy curve and will therefore increase the reaction rate.
Inner-sphere reductions of Co'(H,0),X have been little
studied due to their tremendous redox sensitivity which we
suggest is due to this effect. We return to this point later in
more detail when discussing outer-sphere reactions.

The relative reaction rates for halogen and other bridges
are very similar in all systems irrespective of the nature of the
metals in the oxidant or reductant, emphasizing a common
intimate mechanism. For ¢is-Co''(en),XCl (X = NH;, Cl,
H,0, py) reductions by Crll lead*® to negative values of AH®.
This is very good evidence for the formation of a precursor
complex. As we have indicated above this must be geome-
trically of the form of the Pt!!/Pt!V mixed-valence system, i.c.,
asymmetric. No intermediate has been detected in these
reactions either spectroscopically or kinetically in agreement
with the type I profile.

Completely analogous reactions to the ones we have dis-
cussed here occur between H atoms*” and Co(NH,)sX species.
On a molecular orbital basis the H atom provides a ¢ orbital
containing a single electron in an analogous way to the z2
orbital on Cr!!, Atom transfer occurs, HX is produced, and
the halide sensitivity order is F- < CI" < Br™ < I, i.e., the
normal order observed above for Cril/Co™™! reductions. A
similar mechanism to this reduction is expected for the
two-electron transfer in the Pt"/Pt™ # system (Isd®lsdS, 7'%¢,2).
The situation is slightly different in that the square-planar Pt
is doubly unsaturated and catalytic effects due to coordination
of halide to the Pt! site are to be expected and indeed observed.
The halide sensitivity of the bridging ligand is again the normal
one as seems typical for type I transfer processes.

Related in molecular orbital terms are the reactions of Co!!
species with alkyl halides. Two possible modes of attack are
possible with either the alkyl group'* or halide playing the
bridging role. Thus Co''/(CN),*~ proceeds via a radical
pathway*® (eq 2) where the halide acts as the bridge but

Co(CN); + X-R — [Co-X-R] — Colll(CN);X* + R.
R: + Co(CN); — RCo(CN)s 2)

Co'(DMH),PBu; reacts*® via the direct nucleophilic pathway
eq 3 by using the alkyl group as a bridge. Interestingly in eq

CoY(DMH),PBu,” + R-X — [Co-R-X] —
RCO(DMH)zPBU3 + X~ (3)

2 the rates increase®® in the order RI > RBr > RCIL. Re-
actions proceeding via this radical pathway have also been
observed for other X-Y systems,** and this is a feature of some
oxidative addition reactions.

ty; — t;, Transfer. We can divide these systems into two
categories: one where there are electrons in the system in
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Figure 13. Molecular orbital pattern and electron oocupanc‘y of a
binuclear complex formed from high-spin ferrous and ferric ions,

addition to t,,-type electrons and one where the configurations
of the two ions are tp;"” and t),” only. An interesting example
of the former type is the Fel/Fe!"X exchange (hsdShsd®,
m’0,'0,1).*° By way of contrast to the Co!/Co™! system both
oxiéation states of hexaaquoiron prefer the high-spin con-
figuration.® One interesting facet of the system is that the
inner-sphere route is not all that faster than the outer-sphere
one. The electron configurations of the two ions differ only
in the presence of one t,, electron, and the electronic con-
figuration of the dimer is such that we predict a weakly bound
symmetrical structure as an intermediate (Figure 13). An
intermediate has in fact been detected kinetically for the case
where X~ = N;~. %" Depending upon the temperature the rate
of decay of the intermediate may be slower than the rate of
its formation from five- and six-coordinate units. From our
discussion above then, the electron transfer may occur in two
parts. First, partial charge redistribution occurs during
formation of the intermediate, and, second, the rest of the
charge is transferred during decay of the symmetrical
structure. This is of course assuming that the intermediate
is a class ITIA mixed-valence species where both Fe sites are
equivalent. If the intermediate is of class IT with localized
valences, then the majority of the charge transfer will occur
on intermediate decay. Thus the scheme 2 needs to be
modified by removal of the “electron-transfer” step. Electron
exchange occurs during formation and/or decay of the in-
termediate. Since the intermediate is predicted to be rather
loosely held together, we should not be too surprised that the
electron-transfer rates in these systems are similar to those
via the outer-sphere route. The experimentally observed halide
sensitivity*®S! in this series of reactions is in the inverse order,
in contrast to the redox systems of the previous section.
Although our molecular orbital calculations are not clear on
this point for this particular electrenic configuration, this
inverse order may be general for all type IT processes.
Many systems containing ty, electrons only are known as
crystal structures as we have seen above. Others have been
observed in redox solutions by spectroscopic methods (Table
I). For example reactions of VI and VIVO systems (hsd’d’,
7*) lead to ready detection of VOV**, and similar species®?
are observed with Cr in agreement with our prediction. Redox
behavior here occurs in an exactly analogous way to the
" Fell/FelX system above. As we have noted above, it is
probably meaningless to try to follow the electron-transfer
process on an orbital basis in these 7" systems but one example
where it is difficult to envisage any process other than an
electron jump is the reduction of Cr¥Lor VV by ferrocyanide
(d°lsd®) (Figure 14). Under these electron jump circumstances
bridging group transfer is not necessary for electron transfer
and indeed in this particular system the bridging CN~ ligand
is retained by the Fe. What decides which metal the bridging
ligand remains attached to depends upon the relative bond
strengths to each metal. CN- will surely prefer the softer Fe!
to the harder Cr¥ or VIV.>* In some cases it is possible to
observe kinetically the rate of formation and decay of the
bridged species. For example in the VI or Eu!! reduction of
VO? systems, both steps may be observed.526:55
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Figure 14, Schematic electron-transfer process for the oxidation of
ferricyanide by Cr¥! or VV.

z? — t,, Transfer. This is overall a symmetry-forbidden
process, although by bending the MXM unit we could remove
the distinction between ¢- and w-type interactions. Inter-
mediates have been detected for reactions of this type giving
us vital clues as to their intimate mechanism. For example
with Crl reductions of a range of chlorine-containing Ru'!
systems there is a ready detection of Cr''CIRu" intermediates®
where the oxidation state assignments are from spectroscopic
data. Similar complexes with adjusted oxidation states
compared to reactants are found for Cr** and VO?* (Cr'l,
VI hsd3hsd?), Co(CN)s*~ and IrClg? (Co'™, Ir'! [sd®1sd®),®
and Co(CN)s* and Fe(CN)¢> (Col™, Fe!l Isd%lsd®)*® among
others. A binuclear intermediate is claimed for reduction of
VI by Cr!! from kinetic evidence.®® In each case production
of a stable intermediate is in accord with our molecular orbital
ideas above. The electronic configuration of all the examples
is 7. In some systems, e.g., Cr! reduction of Rull(carbox)
complexes, both the rate of formation and decay of the in-
termediate may be simply measured.*® Bearing in mind our
discussion above we may view the overall process as in 16.

Ky

o

16

The system moves partly along a type I profile, typical of the
presence of a single z* electron in the system (hsd*lsd®),
followed by sudden electron transfer from the 22 orbital to a
tg orbital (hsd’lsd®). Now the profile is of type II, and the
intermediate with adjusted oxidation states is stable. Finally
the intermediate decays.. We remind the reader at this stage
that no energy is absorbed or released during the sudden
electron-transfer process. In 16 the two curves are separated
for illustrative purposes only. As with the Cr¥!/Fe!l example
above there is no restriction on how the bridged species may
decay. It is not a vital part of the electron-transfer process.
In fact for the RuCICr™" bridged species, decay to both Crll!
and CrICl in acid media is observed>® with more preference
for Cr—Cl fission in neutral solutions (suggesting a contribution
from a Ru™~CI-Cr'lOH?3* intermediate).

Some observations which have a vital bearing on this re-
action scheme are from the CrI reductions®* of Co™(car-
box)(NH,)s and Ru(carbox)(NH;)s. As we have noted
above, the Co™ system is described by type I whose rate is
determined by passage over a barrier which in 16 the Ru
system only climbs a part. One of the key points of the
carboxylic acid series is that subtle variations in rate may be
made by varying the bridge substituents. In Table IT we see
that the relative rates of reaction of the Cr'/Co!! system are
very similar to the relative sizes of k; for the Cr!!/Rul" system.
Indeed they should be on our scheme since both systems climb
a type I barrier. Another feature of interest is that although
the driving forces for the two reductions are similar (as
measured®! by the Cr™I /MM coyples) the Ru k;’s are much
faster than in the Co case. Again this is to be expected if the
Ru system only climbs a part of the type I profile but the Co
system climbs to the top.
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Table II. Some Rates of Reactions between CrI! and
(carbox)MI(NH,), [M = Co, Ru (from ref 56c)]

(a) Relative Rates of Reactions®

carbox M=Co M=Ru
0,C-H 55 43
0,CCH, 2.1 6.5
0,C-C,H,CH, 1.3 1.7
0,C-C,H, 1.2 1.5
0,C-p-C,H,0H 1.0 1.0
0,CCF, 0.8 0.4
(b) k, and &, for Crll + (carbox)Rul'l(NH,),
ky, 87!
carbox k, ,M!'st! (at 25 °C)
0,C-H 1.7 x 10° 2.4
0,CCH, 2.6 x 10* 25.5
0,C-C.H,CH, 6.6 x 10° b
0,C-C,H; 58x 10° b
0,C-pC,H,0H 4.0x%x 10 >29¢
0,CCF, 1.4 x 10° b

@ For M =Co this isk; for M = Ru thisisk,. P Too fast to

measure at 25 °C. € Rate was 29 s™* at 10°C

One further feature of the Ru(carbox)(NH;)s system we
shall analyze in a little more detail is that in general fast k;’s
correspond to slow k,’s and vice versa.5? In 17 we see the

activation energy contributions from the o orbital containing
the unpaired electron initially on the Cr!! 22 (AE;) and from
the =-orbital manifold (AE,). The rate constant k; will be
determined by AE, — AE, and k, by AE, alone. We have
analyzed the effect of variation of bridge substituent by
performing extended Hiickel calculations on a model car-
boxylate-bridged system. For the series of substituents of
Table II our results show that the energy of the lowest g-type
orbital in the symmetric transition state (which determines
AE,) is insensitive to the nature of the substituent R (18).

|
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This perhaps surprising result arises because the lowest energy

o orbital is the antisymmetric one and is largely located on
the metal and oxygen atoms (19). By way of contrast AE,

ool et

is sensitive to variation in the nature of the substituent R by
virtue of the fact that one of the = set of orbitals contains
significant contributions from R (20). This particular orbital
is destabilized as the p-orbital contribution from the « carbon
atom increases, as it does in the order R = H (no contribution)
<R = CH; <R = Ph. Thus AE, increases in the order Ph
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< CH; < H, and k;, is predicted to increase in the order Ph
< CH; < H (order of decreasing AE, — AE,) and k, to in-
crease in the reverse order H < CH; < Ph. This is just the
experimental order.’®® Furthermore for the Co™ reduction
the change in AH* for the reaction is experimentally about
0.7 kcal mol™! on going from R = H to R = Ph. We calculate
a figure of 1.1 kcal mol™! for our model system with two Cr
atoms. This imaging behavior of k; and k, supports our ideas
depicted in 16 rather well.

More information is contained in results on the reduction
of Ru™(NH,):X and Co™(NH;);X (X = halide) systems.56¢
For the Co'll system the rate dependence on halide is the
normal order I > Br > Cl (ratio 5:2:1) but in the Ru™™ system
the order is reversed (ratio 1:10:10%). In the latter case the
reaction is characterized by a fast reaction to form inter-
mediate followed by relatively slow rate-determining decay.
So the rate-determining step in the cobalt case is k of 14 and
in the ruthenium case is k, of 16. In each case the halide
sensitivity is in the direction we have now come to associate
with type I (normal order) and type II (inverse order) behavior.

For the related Eu?* (d%7) reduction of Ru™ we also see
the inverse order C1 > Br (2:1) for the rates®® of decay of the
intermediate.® Here the reducing electron comes from the
structurally impotent f-orbital manifold. In this case the rates
of formation and decay of the intermediate could be measured.
(The Eul and Cr! reductions share the k, path.)

A process related to the z2 — t,, transfer above is the Cr'!
reductlon65 of UY0,2* and its Np analogue (hsd*d®). Here
the z? electron on Cr is transferred rapidly to the actinide
center and the predicted binuclear intermediate (hsd3d%, #2)
readily observed is of the type (H,0);CrlI-O-UY-04*,

A different surface pertains to the Ct!'/FelIX system®®
where the FelIX species is present as a high-spin complex.
Here initially there are two electrons in z2 orbitals leading to
type 11 behav10r After the electron jump z* — t,, the presence
of one z2 electron demands type I behavior (21). The electron

. N
<

jump may occur before or aftcr the symmetric structure. Since
the halogen sensitivity is in the normal order, then perhaps
the situation is as shown in 21. No intermediate has been
detected experimentally in this system.

t,; — z2 Transfer. This is the overall process occurring in
inner-sphere reductions of, e.g., Co® by VI! and we may
envisage this to occur in the opposite direction to 14 above (22).
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Analogous reactions occur with the d° systems Eu" (f7)% and
U (968 where the reducing electron comes from the f-orbital
manifold. We will discuss these examples sirice the VI re-
ductions often proceed via the outer sphere route, due to the
inert nature of this d3 configuration.. The rate dependence on
bridging halide is the inverse one in both systems suggesting
the behavior in 22 rather than the behavior in 23. In many

7

23

of these systems a large excess of reductant was used pre-
cluding the ready observation of an intermediate but one has
been observed kineticallyé® for UM/ Co™(NH,;)sH,0 where
an OH bridge is present. In the U™ reduction of Cr''X
systems the halide sensitivity is the normal one and a binuclear
intermediate is indicated on kinetic grounds.®®®

This t,, to z2 process also occurs with the Fe!! reduction of
Coll! (hsé"’lsd6)."’3'69 Since the Fe! is high spin and contains
a z2 electron, the reaction profile (24) is laterally inverted from
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-+
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16. Here after the electron jump there are two z? electrons
present and the type IT profile applies. For Fe!! reduction of
Co'(NTA)(NH,)s (NTA = nitrilotriacetic acid, N-
(CH,;C0,);*) an intermediate has been detected’ but this
apparently with oxidation states Fe!l and Co™. No inter-
mediate has been detected in the halide case.

x2 — y2 — z2 or t,, Transfer. This reduction process occurs’!
in reactions of Cul with Co(NH,)sX (d'®lsd®). The overall
electron transfer results in the system moving from a 7'%¢,?

g
configuration to a 7'%¢,%s,! configuration (25) both of which

™

demand type I behavior. No intermediates have been ex-
perimentally observed. The halide sensitivity is in the normal
order in agreement with this profile.

Similar behavior is expected for Cu! reductions of t,* (n
< 6) systems. Here the electronic configuration changes from
7"6,? to 7162, and type I behavior with no detectable in-
termediate is expected. Indeed Cu! readily reduces’ VOZ?*,
and out of all four reductants studied to date52572 (VII, Crll,
Eull, Cul), the Cu! reduction was the only one where an in-
termediate was not observed, in agreement with our ideas.

Other Systems. One system which does not readily fit into
our classification above is the Eul! reduction of FellX systems
(d°hsd®). We recall that the Eu" reduction of t,," systems led
via a type 11 profile to a detectable intermediate. However
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Figure 15. Schematic electron-transfer process between Cr' and Cr™
when the bridging ligand has a low-lying orbital.

the single z? electron on the high-spin Fe''! means that things
will be a little different. Since this electron remains with the
Fe unit and is not involved in the transfer process, then the
relative arrangement of orbitals on reductant and oxidant will
be like that of Figure 12b with occupation of the lower energy,
oxidant z% orbital. This orbital decreases in energy until the
sixth ligand is lost leading to a completely downhill path for
ligand loss, 26. In fact which metal ion retains the bridging

26

ligand will depend on the relative substituent lability of Eu!!l
and Fe'’ centers. There is good experimental evidence® that
after sudden electron transfer the Fell retains the bridging
atom. The halide sensitivity is in the inverse order but it is
difficult to tie this to our previous molecular orbital ideas.

Reducible Ligands. The chemical mechanism of electron
transfer where the bridge group is chemically reduced (eq 1)
and the M"'/MM redox process occurs via a bridged
MMX-MM species was excluded for most inorganic ligands.!
However with some organic ligands as bridges there is the
possibility of a low-lying bridge level which can allow facile
transfer from MU to ligand somewhere along the reaction
coordinate. This is shown schematically in Figure 15 where
as the energy of the 22 orbital on Cr!! rises it may climb above
the empty bridge ligand level. Later along the reaction co-
ordinate the electron is finally transferred to the other metal
atom. For the Cr!'/Cr' system (hsd*hsd?) this transfer leads
us to a hsd®hsd® system which should be stable as a sym-
metrically bridged intermediate (7%). The energy profile of
the electron-transfer process is shown in 27. Qbviously this

ks
27

is a way of increasing the reaction rate since the full type I
activation energy is not felt. Thus the glyoxylate complex 28

2
[(NH3)5CO-O-IC-CHO]
0
2



2548 [Inorganic Chemistry, Vol. 17, No. 9, 1978

o b A o

donor
Figure 16. Energy modification of the o orbitals (dashed energy levels)
in the M,X; unit by the presence of a stronger ¢ donor trans to the
bridging atom in the acceptor (labeled with an asterisk). The barrier
for electron transfer (atom transfer) is increased.

is reduced ~2 X 10° times faster’ than the glycolate complex
29 by utilization of the chemical mechanism. If the electron

+2
[(NHg}BCo—O—?—CHZOH}
0
29

jump occurs early in the reaction coordinate, then the reaction
rate will not be very sensitive to the nature of the oxidant (e.g.,
Crilor Co'™) and this seems to be the case.”>’* The rates of
reduction by Cr' of these two systems are very different with
halide bridges but very similar with reducible ones. Such a
leveling phenomenon will only be true for oxidants which
receive a z2 electron. For the reduction of the Ru'" analogue
the rate is several orders of magnitude faster than in the Cr!
or Co cases. Here the reaction proceeds via a different route
(vide supra) by a sudden electron jump to the = manifold. An
intermediate has been observed in some cases. For example
on mixing Cr!! and Co(NH;);L (30) an intense coloration

N
(Q) C0, ColNH,),
N

30

develops’® which is suggested to be the intermediate Cr!ll-
L—Co"(NH;)s** which we predicted might be observed in
27. The ESR spectrum of this reduced intermediate has
recently been observed.”® For reduction of the same species
by Cu” there is no experimental evidence’*® for formation of
an intermediate under analogous conditions. This is quite
understandable. After an electron has been transferred to the
bridging ligand, the metal electronic configuration is still 7'2g,?
(the transferred electron came from x? — y?) which demands
a type 1 profile throughout, in contrast to the change to the
type 11 profile in the Cr' system (27) after the jump. Mo-
lecular orbital calculations designed to predict which systems
will proceed via the chemical mechanism have been per-
formed.”

Effect of Nonbridging Ligands. This is an area where
molecular orbital theory was well in advance of detailed
experimental studies,”” Orgel!? argued that the energy of the
z? acceptor orbital would be very important in determining
the rate of reaction since how stable or unstable this level was
determined how easily the reducing electron could be
transferred into it. Since the z? orbital was mainly involved
in bridging and trans ligand interactions, the rate of reaction
should then be sensitive to the nature of the trans ligand on
the oxidant in addition to being very much affected by the
nature of the bridge. Orgel argued that large Dg ligands in
the trans position would slow down the reaction by pushing
up this 22 acceptor level. However, it has been pointed out’®
that is is o strength that counts in this argument rather than
10Dg which is affected by ¢ and = effects. Also the nature
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of the cis ligands is not completely immaterial. On overlap
grounds™ the energy of z2 is determined 4 times as much by
trans ligand variations compared to cis ligand variations. In
order to understand the observed trans ligand sensitivity we
need to use a g-strength order derived from an analysis of the
electronic spectra of Cr''L;Z systems (L = NH;, H,0) where
the difference between two electronic transitions (31) tells us

31

about the relative effectiveness in z? elevation by the ligand
Z. Two studies are available which are unfortunately
somewhat contradictory. Perumareddi® gives, for increasing
Ao, "< Br" < CI"< F" < N; < H,0 < NCS" < CN-, and
Schiffer®! gives Br~ < CI” < py < NH, < F~ (<H,0), al-
though H,O is not well located in this order. Experimentally®?
the reaction rates of Cr!! reductions of Co™L,XT vary with
the nature of the trans ligand T in the order CI- > H,0 > py
> NH; > en and CI” > NCS which is in good overall
agreement with the spectroscopic a-donor order, although the
position of H,O is somewhat variable in the experimental
series. A correlation has been published between log (rate)
against energy of the highest energy dd electronic transition
on the oxidant.%3

We may view the effect of the trans ligand on the reaction
rate very simply by modification of Figure 7 (Figure 16) where
we show the effect of increasing the o strength of a trans ligand
on the oxidant. (The transition state feels a reduced effect
of the trans ligand.) A higher barrier for Cr!! reduction of
Crlll or Co!™ results.

These redox reactions are often catalyzed by halide ion.
This is usually regarded as a thermodynamic effect, but we
may see what happens to the barrier for the system where a
halide ion has been removed from solution and coordinated
in the reductant (eq 4). The effect is in the opposite direction

CrIL(H,0), + Hal - CrlI(H,0),Hal @
Cr11(H,0),Hal + ColT(NH,) X — (H,0),HalCr-XCo(NH,) , - etc.

to that described for the acceptor trans ligand. Figure 17
shows the effect of increasing the o strength of a ligand co-
ordinated to the donor. Thus strong o-donor ligands on the
donor metal should accelerate the reaction. This is experi-
mentally found to be the case; F~ is much more effective® than
Cl- (F->> CI" > Br).

For the Fe!!/Colll redox system similar effects®S are seen;
in general the effects are more pronounced than for the
Crll/Col!l system. The effects of coordinated ligands are
readily understood for the k; path of 24 since the situation is
identical with that in the Cr'!/Co™ system, but for the k, path
arguments need to be based on the relative raising and lowering
of various energy levels of Figures 16 and 17 and are un-
fortunately not amenable to qualitative analysis.

Extension to Outer-Sphere Reactions. The outer-sphere
transition state has not received very much experimental study.
However, there are indications that some sort of relative
alignment between the two molecules is necessary.®® For
oppositely charged ions the outer-sphere “complex™ resembles
an ion pair.!” For reactions between ions of like charge the
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Figure 17. Energy modification of the o orbitals (dashed energy levels)
in the M,X, unit by the presence of a stronger o donor trans to the
bridging atom in the donor (labeled with an asterisk). The barrier
for electron transfer (atom transfer) is decreased.
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Figure 18, Schematic molecular orbital picture (not to scale) for the
M2X12 unit.

electron-transfer process is usually strongly counterion cat-
alyzed; i.e., a2 negatively charged ion may hold together two
positively charged units (just as the electron holds together
the nuclei in H,*). Let us assume for the sake of simplicity
that alignment of the C, axes of the reacting ions occurs. This
leads to a geometrical arrangement strongly reminiscent of
the inner-sphere situation except with two atoms or groups in
the bridging position. On redoxidation the (e.g.) Cr! system
contracts and the (e.g.) Co™ system expands its coordination
sphere as we have seen above. Thus the concerted motion is
very similar to that in the inner-sphere case (32) where we
use a diatomic (e.g., CN") ligand to reinforce the analogy.

Aok ook
Ak Aok A of

In view. of the similarity of the two mechanisms how many
of the inner-sphere considerations carry over into the out-
er-sphere process? The answer is virtually everything with
some qualifications due to differences in the nature of the
bridging groups. The form of the molecular orbital diagram
is identical with that of the inner-sphere complex (Figure 3)
for the symmetrically bridged structure. The exact description
of the molecular orbitals is however different (Figure 18). As
before, the o', 0,2 and o420, configurations are predicted
to be unstable in the symmetric arrangement, and all others
should lead to stable symmetric structures. An exactly
analogous diagram to Figure 7 applies to the description of
the asymmetrization process. In general the splittings between
the in- and out-of-phase components in Figure 18 will be less
than those found in the comparable inner-sphere case, simply
because the bulk of the electron density is metal located and
poor overlap occurs between the molecular orbitals of the
six-coordinate units, We can therefore, envisage type I and
type II behavior in a way exactly analogous to that given
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before. The energy separation between o, and o, orbitals is
a useful parameter in deciding on how large the type I barrier
will be. Perturbation theory arguments suggest that the larger
this splitting, the smaller the barrier to electron transfer.
Obviously the larger the overlap between the two bridging
ligands, the larger is the splitting and the smaller the barrier.
This is fairly obvious—the larger the interaction between the
two molecules, the easier it should be to “transfer” the electron.
Experimentally the outer-sphere halide sensitivity is always
the normal one. This may be due to the larger overlap of the
terminal I ligand with another molecule.

It is interesting to ask at this stage how we may, for a given
system, increase the o,/ 0, splitting such that the barrier to
type I electron transfer is reduced. One way of doing this is
to introduce another species into the space between the reacting
ions, 33. o, and o, will be shifted in energy and the overall
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II

0

= o]/ e

F oA Aot

effect will be an increase in the energy between them. In-
creased coupling between the metal centers is found, and a
much reduced barrier to electron transfer results. Qur cal-
culations on model systems show that the barrier may be
dropped by 1-2 kcal mol™! for insertion of a Na* ion between
1sd® and Isd” jons separated by ~9 A. Catalysis of outer-sphere
reactions by added counterions certainly occurs,®® although
this has not been a well-studied field. The general conclusions
are that the effects of anion or cation catalysis are not simply
due to reduction of electrostatic interactions. Our molecular
orbital ideas here provide an additional mechanism for its
operation. The effects are sometimes very drastic. In
reductions®® of Co(NH,)¢*™ and [(NH,)sCo],NH,** by V1
the ratios of K.ay/Kkynca; are about 10, 10%, and 10° for the ions
Cl, SO,*, and F~, i ,

The molecular orbital effect operating here is exactly
analogous to the splittings noted in Figure 3 when the bridging
ligand was inserted between the two five-coordinate units of
the inner-sphere complex. As we noted above, this has been
called!? through-bond coupling. The barrier to electron
transfer is reduced and in addition the resonance energy (Ae/2
of Figure 2) is increased as an added bonus. Our model
calculations on this system indicate that Ae is increased from
.~0.07 keal mol™! (for the system without Na*) and probably
then described by nonadiabatic behavior to about 1.5 kcal
mol™! (with Na* present) and described by adiabatic behavior.
Thus the effect of the counterion may be threefold: (i) acting
as an electrostatic glue, (ii) reducing the barrier to reaction,
(iii) ensuring adiabatic behavior. Although we have con-
centrated on the type I barrier, similar arguments apply to type
IT behavior. The overall result is that the depth of the well
is decreased when the extra species is inserted between the two
ions. Indeed, the Fe(CN)s*—Fe(CN)¢? exchange is strongly
catalyzed by counterions. For our model system the well depth
decreases by about 0.5 kcal mol™ on insertion of the Na* ion
with this (Isd®lsd®) electron configuration.

In addition to charged counterions which may be inserted
between the two reacting ions what other likely catalysts are
there? The requirement for a good catalyst is that it be able
to stabilize differentially either the o, or o, component of the
bridge orbitals. One system which could stabilize the o,
component and leave the o, orbital virtually untouched is that
of ethylene-type molecules where we have an accessible =
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orbital, 34, and no accessible symmetrical orbitals. In the same
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class would be ketone molecules, 35. But probably the most
important catalyst of all according to these arguments would
be the water molecule itself, i.e., the very solvent in which all
these reactions are performed! It possesses an antisymmetric
b,-type orbital (as HOMO) which (36) is ideally located to

SN
/N
36

perform this task. The orientation of the molecule with respect
to the terminal metal-bound ligands would probably be along
the lone-pair directions. Our model calculations with an H,O
located between the reacting ions show a drop in energy of
activation of ~4 kcal mol™ and an increase in resonance
energy of ~6 kcal mol™!, Thus it does appear that the solvent
plays quite a vital role in these outer-sphere redox processes.
It would be interesting in the light of this result to carry out
more extensive studies of redox systems in other solvents.

In contrast to the type T and II transfer processes we have
focused on above where no electron jump occurs, when sudden
transfer occurs the rearrangement energy expended can be
regarded as the energy necessary to achieve the *“common
state” required for the Franck-Condon transition. In general
some electron transfer will have occurred before this position
is reached, so the sudden electron transfer may not involve a
“full” electron. These arguments are of course exactly
analogous to the earlier discussion on inner-sphere energetics.
On this basis then outer-sphere reactions occur in a very similar
way to the inner-sphere ones on a molecular orbital basis. “e,
— ¢,” transfers are slow because a sizable barrier needs to
be surmounted; “t,, — t,,” reactions are much faster since
now the symmetric geometry corresponds to a stable structure
and there is a potential well in contrast to a potential barrier
here. These ideas dovetail nicely with previous arguments
concerning the relative rates of these reactions; i.e., the re-
arrangement energy is small for t,, — t5, but large for e, —
¢g reactions. The phenomenological Marcus theory carries over
well into the intimate mechanism described here.

The only really serious failure of the Marcus treatment,
however, applies to reactions involving the hexaaquocobalt
species. The reason for this?® has been pinpointed as due to
the spin change inherent in going from Co™ (t,,)¢ to Co!!
(ty’es?). Reactions of Co™(H,0)¢™* occur much faster than
theory predicts while reductions of Co™(NH;)¢**, a closely
related system, are well fitted by theory. We may very simply
extend the inner-sphere discussion on this problem to the
outer-sphere case. For outer-sphere reduction of Co™ species
by Crl there will be two energy surfaces representing Cr!!
oxidation by low- and high-spin Co'l. The low-spin curve is
a simple type I process as we have discussed at length earlier.
The high-spin curve is of mixed type since here the overall
redox process is a z2 — t,, transfer and will be similar to the
Cr!! reduction of Fe™ described earlier. Whatever the exact
details of the shape of this curve three possibilities occur
(Figure 19), equally applicable to both inner- and outer-sphere
reactions. The low-spin and high-spin curves may cross after
the maximum in the lower curve (Figure 19a) in which case
the rate is unaffected by the spin change and the Marcus
predictions hold. This is the situation with Co(NH,)2+3+
where we discussed the problem for the inner-sphere case
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Figure 19. Influence of the spin change on Co™ on reduction of the
barrier height to electron transfer (Is, hs = low spin, high spin): (a)
spin change occurs after the maximum in the low-spin curve and does
not affect the rate; (b) spin change occurs before the maximum and
the rate is increased; (c) no spin change occurs at all,

earlier. Alternatively, if the curves cross before the maximum,
then the spin change will affect (Figure 19b) the reaction rate.
It will be greatly accelerated since the full activation energy
of the lower curve is not felt. This is the case with H,O as
a ligand. The third case (Figure 19¢) is where the two curves
do not cross at all. An example here is the Co(terpy),2*=3*
system®! where the low-spin configuration is stable throughout.
Thus, although we do observe a spin change in for example
Co(bpy);2*3* species (Figure 19a), the reaction rate is very
similar® to that for the Co(terpy);**?* reaction (Figure 19c¢).
Only for the situation in Figure 19b should any effects of the
spin change be seen®? on the reaction rate.

Considerations similar to the ones we used before to look
at the effect of nonbridging ligands in the inner-sphere case
apply here as well. The potential barrier of Figure 18 may
be increased or decreased according to the nature of the ligands
coordinated to the oxidant and reductant. For example in
reductions of Co! complexes, Co{(NH;)s(H,O) is reduced
faster®® than Co™™(NH,)s, and Co'l(en),, less rapidly than
Co''(NH,)¢ in agreement with the a-donor order we discussed
previously.

Of course our discussion here does not supersede the Marcus
treatment in the least. Ours is not a quantitative approach
to reaction rate constants at all, but a theoretical description
of the intimate mechanism of the redox process. As we have
just seen, it may give clues as to when the phenomenological
treatment could break down,

Discussion and Conclusion

At this stage it is interesting to see how our results fit into
an overall view of electron-transfer processes. Let us look at
the mode of transport in the symmetrically bridged
intermediate—the intimate details of this process we have
rather glossed over—which impinges directly into the field of
mixed-valence chemistry. In simple orbital terms we may view
the transport process, the electron hopping back and forth from
one site to another, by using the diagram of Figure 8. Here
we saw that the donor and acceptor levels (z? orbitals in this
case) moved up and down in response to the movement of the
bridging atom. Along similar lines for the mixed-valence
species the “reaction coordinate” may be bond deformations
or stretching of bonds not directed toward the other half of
the molecule. In addition the orbital energies will depend upon
the charge on each metal atom, and this will change as the
electron is “transferred” from one atom to the other. A similar
process is envisaged® for carrier transport through van der
Waals solids, where the term softaron has been coined®* to
describe the motion of a trapped electron or hole (cf. polaron)
from one site to another via a soft geometrical distortion.
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Table IIT

- expo-
orbital Hy;, eV exponent orbital Hi;, eV nent
Cr 45 -9.00 1.700 Na 3s ~5.10 0.733
4p -—5.00 1.700 3p -3.00 0.733
3d -11.50 4.95(0.4876), C 2s -21.40 1.625
1.60 (0.7205)¢ 2p -11.40 1.625
F 2s —40.00 2.425 N 2s -26.00 1.950
2p -18.10 2.415 2p -1340 1.950
Cl 3s -30.00 2.033 O 23 -32.30 2275
3p —15.00 2.033 2p -14.80 2.275
1 55 -20.00 2.00 H 1s ~13.60 1.300

5p -—12.00 2.00

¢ A double-¢ set was used for the Cr 3d orbitals. The mixing
coefficients of the two parts are given in parentheses.

Whereas the energy changes on atom transfer were readily
visualized for the o levels (Figure 7), the weighing of the
energy changes involved in the = manifold associated with this
and other types of deformations is much less accessible using
a simple molecular orbital approach.

So we have been successful in this paper in rationalizing the
overall kinetic behavior for several of these redox systems, but
only in certain cases and in certain parts of mechanisms have
we been able to specifically indicate in orbital terms how the
electron-transfer has occurred. The electronic charge dis-
tribution in symmetrically bridged systems and how this
changes on decay of such a structure are at present beyond
our simple approach.
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Appendix

Calculations of the extended Hiickel type® were performed
on some model systems with the exponents and diagonal matrix
elements (H;) given in Table III. Off-diagonal matrix el-
ements were¢ approximated using the arithmetic mean
Wolfsberg-Helmholtz formula with X = 1.75.

The inner-sphere Cr,ClgX® system was the model complex
used to analyze the effects of variations in the bridging ligand
X~ The terminal Cr—Cl bond lengths were set at 2.32 A. The
bridging M—X distances in the symmetrical geometry were
set at 1.1 times a typical Cr-X distance (Cr-F =1.90, Cr-Cl
= 2.32, Cr-1 = 2.75 A). Simulation of a poorer ¢ donor in
a nonbridging ligand position was achieved by increasing the
relevant chlorine atom exponents to 2.100. This resulted in
a decrease in metal-ligand overlaps. (Variation of the Hj
values did not always produce the expected change in energy
of the “z*” orbital on the metal center in a standard octahedral
complex. We will comment on this effect elsewhere.) For the
carboxylate system at the symmetrical geometry Cr~O = 2.2
A,C-0=124AC-C=1.55A,and C-H = 1.00 A. For
the Cry(CO),(H™ system, all C-M—-C angles were put at either
90 or 180°, and Cr-C =190 A, C-0=1.14A,C-0=1.14
A, and Cr-Cr = 3.38 A.

For the outer-sphere case the Cr,Cl;,’~ “complex” was used
as a model system. The bond length change between oxidant
and reductant was 0.02 A for the two axial bonds in 32. Cf.
similar changes in ref 5. The separation of the two metal
atoms was 8.6 A, and therefore the distance between the two
interacting peripheral Cl atoms is 3.76 A. The Na®* ion or
H,0 molecule was inserted symmetrically between these two
atoms.
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