as well. For example, it has been possi-
ble experimentally to stimulate a protec-
tive antibody response to an infectious
agent by immunizing with an anti-idio-
type that stimulates a clone of B cells
that produces the specific antibody.
Hence, a new method of immunization is
possible that does not employ specific
antigen!

The present award heightens the grow-
ing sense of excitement among immunol-
ogists that the immune system will be
understood in large measure during the

next decade or two. This is impressive
when one considérs two facts: (i) 30
years ago, the means by which a specific
immune response is generated to an anti-
gen was a complete mystery; and (ii)
only the brain can outdo the immurne
system with regard to the amount of
information that is received, processed,
stored, and expressed. The payoff will be
a clear view of immunoregulation, the
means by which cells communicate with
one another, and the signaling mecha-
nisms for cell activation and suppres-

Electron Transfer Between Metal
Complexes: Retrospective

This will be an account in historical
perspective of the development of part of
the field of chemistry that I have been
active in for most of my professional life,
the field that is loosely described by the
phrase ‘‘electron transfer in chemical
reactions.”” In the short time available to
me for the preparation of this paper, I
can’t hope to provide anything signifi-
cant in the way of original thought. But
I can add some detail to the historical
record, especially on just how some of
the contributions which my co-workers
and I have made came about. This kind
of information may have some human
interest and may even have scientific
interest of a kind which cannot easily be
gathered from the scientific journals. For
publication there, the course of discov-
ery as it actually took place may be
rewritten to invest it with a logic that it
did not fully acquire until after the event.

Simple electron transfer is realized
only in systems such as Ne + Ne*. The
physics already becomes more compli-
cated when we move to N, + N,*, for
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example; and with the metal ion com-
plexes which I shall deal with, where a
typical reagent is Ru(NH;)s’*, and
where charge trapping by the solvent, as
well as within the molecule, must be
taken into account, the complexity is
much greater. Still, a great deal of
progress has been made by a produc-
tive interplay of experiment, qualitative
ideas, and more sophisticated theory,
involving many workers. Because of
space limitations, I will be unable to
trace all the ramifications of the field
today, and will emphasize the earlier
history of the subject, when some of the
ideas basic to the field were being formu-
lated. This choice of emphasis is justified
because, by an accident of history, I was
a graduate student at the University of
California, Berkeley, about the time the
first natal stirrings of the subject of this
article occurred and at a place where
these stirrings were most active. As a
result, I may be in a unique position to
deal knowledgeably and fairly with the
early history of the subject. The empha-
sis on the early history is all the more
justified because most of the topics
touched on in this article, and also close-
ly related topics, are brought up to date
in"a very recent volume of the series
Progress in Inorganic Chemistry (1).
Chemical reactions are commonly
classified into two categories: substitu-

sion. These insights will generate new
approaches for the prevention and treat-
ment of autoimmune diseases, transplan-
tation rejection, infections in which im-
munity is poor (such as herpes), and
cancer.—JONATHON W. UHR

The author is professor and chairman
of the Department of Microbiology, pro-
fessor of internal medicine, and Mary
Nell and Ralph B. Rogers Professor of
Immunology at the University of Texas
Health Science Center at Dallas 75235.

tion or oxidation-reduction. The latter
can always be viewed as involving elec-
tron transfer, though it is agreed that
when we consider the mechanisms in
solution, electron transfer is not as sim-
ple as it is in the Ne + Ne™ case. Rear-
rangement of atoms always attends the
changes in electron count at each center,
and these must be allowed for. I will,
however, simplify the subject by consid-
ering only processes of simple chemis-
try: those in which electron transfer
leaves each of the reaction partners in a
stable oxidation state. While substitution
reactions can be discussed without con-
cern for oxidation-reduction reactions,
the reverse is not true. The changes that
take place at each center when the elec-
tron count is changed are an essential
part of the ‘‘electron transfer’” process,
and may be the dominating influence in
fixing the rate of the reaction. Moreover,
most of the early definitive experiments
depended on exploiting the substitution
characteristics of the reactants and of the
products. Thus, the attention which will
be devoted to the substitution properties
of the metal ions is not a digression but is
an integral part of the subject.

An appropriate place to begin this ac-
count is with the advent of artificial
radioactivity. This enormously increased
the scope of isotopic tracer methods
applied to chemistry, and made it possi-
ble to measure the rates of a large num-
ber of oxidation reduction reactions such
as:

*Fe?'(aq) + Fe*'(aq) =
*Fe’"(aq) + Fe?'(aq) (1)

[The first demonstration of a redox
exchange was made by von Hevesy and
co-workers (2), who used naturally oc-
curring isotopes to follow Pb(IV)/Pb(II)
exchange in acetic acid.] Because chem-
ists there were involved in the discovery
of many of the new isotopes (3), an early
interest in this kind of possibility devel-
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oped in the chemistry community at the
University of California, Berkeley, and
was already evident when I was a gradu-
ate student there (1937-1940). Mention is
made in a review article by Seaborg (3),
devoted to artificial radioactivity, of an
attempt (4) to measure the rate of the
Fe’™?% exchange in aqueous chloride
media, the result of this early attempt
being that the exchange was found to be
complete by the time the separation of
Fe(II) from Fe(Il) was made. It was
appreciated by many that the separation
procedure, in this case extraction of the
Fe(III)-Cl™ complex into ether, might
have induced exchange. It was also ap-
preciated that ClI- might have affected
the reaction rate, possibly increasing it,
and that quite different results might be
obtained were the experiment done with
Cl™ being replaced by an indifferent an-
ion.

There were several reasons for the
interest, among many physical-inorganic
chemists, in a reaction such as 1. That
the interest in chemical applications of
the new isotopes was keen in Berkeley
may be traced in part to the involvement
of much of the research body in teaching
in the introductory chemistry course.
We all had a background of qualitative
observations on oxidation-reduction re-
actions of simple chemistry—as an ex-
ample, on the reaction of Ce(IV)(aq)
with Fe?*(aq)—from experience in quali-
tative or quantitative analysis. Still, to
my knowledge, at the time I was a gradu-
ate student, not a single measurement
had been made of the rate of this kind of
reaction. That a field of research, which
has since grown enormously, was started
by studying ‘‘self-exchange reactions’’
(5) such as 1, rather than net chemical
changes (descriptor ‘‘cross-reaction’’)
(5), may reflect the intervention of a
human factor. Measuring the rate of a
virtual process such as 1, today made
commonplace for many systems by the
introduction of new spectroscopic meth-
ods, seemed more glamorous than mea-
suring the rate of oxidation of V?*(aq) by
Fe’*(aq), for example. But I also recall
from informal discussions that it was felt
that driving force would affect the rate of
reaction, and thus there would be special
interest in determining the rates for reac-
tions for which AG® (except for the en-
tropic contributions to the driving force)
is zero.

The interest in the measurement of the
rates of self-exchange reactions which I
witnessed as a graduate student is not
reflected in the literature of the years
immediately following. Many of those
who might have had plans to do the
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experiments were engaged in war-related
activities. After the war, at least five
different studies on the rate of reaction 1,
all carried out in noncomplexing media,
were reported, with conflicting results,
some indicating a half-life for exchange
on the order of days at concentration
levels of 1072M. The discrepancies led to
considerable controversy, and in infor-
mal discussions, strong opinions were
expressed on just what the true rate of
self-exchange might be. The basis for
this kind of judgment, exercised in the
absence of any body of quantitative mea-
surements, is worth thinking about. I
believe it reflected an intuitive feeling
that there would be a relation between
the rates of self-exchange and of the
related cross-reactions, and of course
each of us had at least some qualitative
information on redox rates for the Fe>*/
Fe?* couples. The definitive measure-
ments on the rate of reaction 1 in non-
complexing media were made by Dodson
(6). These measurements were soon €x-
tended (7) to reveal the effect of [H"]
and of complexing anions on the rate and
yielded rate - functions such as
[Fe*TI[X 1[Fe?"] (because substitution
is rapid compared to electron transfer,
this is kinetically equivalent to
[FeX?"][Fe’*] and to [Fe’"][FeX*]), in
addition to [Fe3*][Fe?'], none specify-
ing a unique structure for an activated
complex. Particularly the terms involv-
ing the anions provided scope for specu-
lation about mechanism. The coefficient
for the simple second-order function was
found (7) to be 4M~! sec™! at 25°C,
p = 0.5, and those who had argued for
“fast’” exchange won out.

Another important experimental ad-
vance during the same period, important
for several reasons, was the measure-
ment (8) of the rate of self-exchange for
Coeny® ™" (k = 5.2 x 107°M ' sec™ ! at
25°C, w = 0.98). This is, I believe, the
first quantitative measurement of a rate
for a self-exchange reaction and it may
also be the first time that the oxidizing
capability of a cobalt(III) ammine com-
plex was deliberately exploited. In the
article of (8), the rate of the reaction of
Co(NH3)s*" with Coens?* is also report-
ed; this is, I believe, the first deliberate
measurement of the rate of an electron
transfer cross-reaction. In contrast to the
Fe**?" system, where both reactants are
labile to substitution, Coens>" is very
slow to undergo substitution and thus an
important feature of the structure of the
activated complex for the Coen;**?*
self-exchange appeared to be settled. In
considering the observations, the tacit
assumption was made that the coordina-

tion sphere of Coens*" does not open up
on the time scale of electron transfer, so
that it was concluded that the activated
complex for the reaction does not in-
volve interpenetration of the coordina-
tion spheres of the two reactants. We
were thus obliged to think about a mech-
anism for electron transfer through two
separate coordination spheres (descrip-
tor ‘‘outer-sphere’’ mechanism) (9).

In 1951, an important symposium on
electron transfer processes was held at
the University of Notre Dame, and the
proceedings are reported in the Journal
of Physical Chemistry, volume 56 (1952).
Though the meeting was organized main-
ly for the benefit of the chemists, the
organizers had the perspicacity to in-
clude physicists in the program. Thus,
the gamut of interests was covered, rang-
ing from electron transfer in the gas
phase in the simplest kind of systems, for
example Ne + Ne*, to the kind of sys-
tem that the chemist ordinarily deals
with. Much of the program was devoted
to experimental work, the chemistry seg-
ment of which included reports on the
rates of self-exchange reactions as well
as of reactions involving net chemical
change—but none on cross-reactions.
Two papers devoted to theory merit spe-
cial mention: that by Holstein (/0),
whose contributions to basic physics are
now being applied in the chemistry com-
munity, and the paper by Libby (//), in
which he stressed the relevance of the
Franck-Condon restriction (/2) to the
electron transfer process, and applied
the principle in a qualitative way to some
observations. It is clear from the discus-
sion which several of the papers evoked
that many of the participants had already
appreciated the point which Libby made
in his talk. Thus, in the course of the
discussion, the slowness of the self-ex-
change in the cobaltammines was attrib-
uted (/3) to the large change in the Co-N
distances with change in oxidation state,
then believed to be much larger than it
actually is. During the meeting, too, the
distinction between outer- and inner-
sphere activated complexes was drawn,
and the suggestion was made that the
role of Cl™ in affecting the rate of the
Fe3*/2* self-exchange might be that it
bridges the two metal centers (/4). But,
of course, because of the lability of the
high-spin Fe(II) and Fe(III) complexes,
no unique specification of the geometry
of the activated complex can be made on
the basis of the rate laws alone. During
the discussion of Libby’s paper, a third
kind of mechanism was proposed (/5),
involving ‘‘hydrogen atom’ transfer
from reductant to oxidant.
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Preparation

My own interest in basic aspects of
electron transfer between metal com-
plexes became active only after I came
to the University of Chicago in 1946.
During my time at Cornell University
(1941-1946), 1 had been engaged in the
study of oxidation-reduction reactions,
and I was attempting to develop criteria
to distinguish between le™ and 2e¢™ re-
dox changes and, as an outgrowth of this
interest, using le” reducing agents to
generate atomic halogen, X, and study-
ing the ensuing chain reactions of X,
with organic molecules. My eventual in-
volvement in research on electron trans-
fer between metal complexes owes much
to the fact that I knew many of the
protagonists personally (A. C. Wahl, C.
N. Rice, C. D. Coryell, C. S. Garner; the
first two were fellow graduate students
at Berkeley), and to the fact that I had
W. F. Libby, with whom I had many
provocative discussions, and J. Franck,
as well as F. H. Westheimer, as col-
leagues at the University of Chicago. By
the time of the meeting at the University
of Notre Dame (which I did not partici-
pate in), I appreciated in a general way
the special advantages which the Cr3*/2*
couple offered in the investigation of the
mechanism of electron transfer, and out-
lined my ideas to N. Davidson when he
visited me en route to the meeting, but
the experimental work which led to the
first two papers (/6, 17) was not done
until 1953. In the interim, I had failed to
interest any of my graduate students in
the work, because, of course, no one
foresaw what it might lead to, and be-
cause it seemed less exciting than other
work in progress in my laboratories,
much of it concerned with isotopic ef-
fects, tracer and kinetic. The bulk of the
work reported in the two papers just
cited was done by my own hands; I shall
now outline the background for those
early experiments.

My interest in coordination chemistry
did not develop until I elected it as a
topic for an advanced course given soon
after coming to the University of Chica-
go. Instead of using the standard text-
book material, I used as major source the
relevant volume of the reference series
by Gmelin in which the chemistry of the
cobaltammines is described. At this time
I already had a good background in the
literature devoted to substitution at car-
bon and understood the issues raised in
that context, and I soon became interest-
ed in raising the same issues for substitu-
tion at metal centers. Furthermore, it
was evident that the complexes based on
metal ions which undergo substitution
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slowly were readily amenable to experi-
mental study. I became curious as well
about the reasons underlying the enor-
mous differences in rates of substitution
for metal ions of the same charge and
(approximately) the same radii. The
ideas that resulted were presented in my
course the next time it was given, but the
extensive literature study that led to the
paper published in February 1952 (18)
was not done until 1949, when I was on
leave from the University of Chicago as
a Guggenheim fellow.

In this paper, a correlation with elec-
tronic structure was made of observa-
tions, mainly qualitative (‘‘labile’’ com-
plexes arbitrarily defined as those whose
reactions appear to be complete on mix-
ing and ‘‘inert”’ as those for which con-
tinuing reaction can be observed), for
complexes of coordination number 6. To
make the correlation, it was necessary to
break away from the practice which was
common in the United States of classify-
ing complexes as ‘‘ionic’” and ‘‘cova-
lent”” according to electronic structure.
Thus, for example, the comparison of
the affinities of Cr(IIl) and Fe(IIl) (the
latter high-spin and thus ‘‘ionic’’) con-
vinced me that in the Fe(IlI) complexes,
the bonds to the ligands might actually
be somewhat more covalent than in the
Cr(IIl) complexes. Furthermore, it ap-
peared to me that in earlier discussions
of relative rates of substitution, where
attempts were made to understand the
observations in terms of the existing
classification, there was a failure to dis-
tinguish between thermodynamic stabil-
ity and inertia, the latter being under-
stood as referring solely to rate. The
affinity of Cl~ for Cr’**(aq) is considera-
bly less than it is for Fe**(aq), yet the
aquation rate of CrCI?>*(aq) is much less
than it is for FeCl*'(aq). Rates, of
course, cannot be accounted for by con-
sidering ground-state properties alone,
but the stability of the activated complex
relative to the ground state must be
taken into account. When the effect of
electronic structure on the relative sta-
bilities is allowed for, a general correla-
tion of rates with electronic structure
emerges. [In the language of ligand field
theory, for complexes of coordination
number 6, substitution tends to be slow
when the metal ions have each of the wd
(nonbonding) orbitals, but none of the od
(antibonding) orbitals, occupied. The spe-
cific rates of exchange of water between
solvent and the hexaaquo ions of V3*
(md?), C** (wd?), and Fe*" (nd’cd?) are
1 X 10%,5 % 107% and ~ 1 x 10* sec™!,
respectively (/9).]

A shortcoming of this early effort is
that such rationalizations of the correla-

tion as were offered were given in the
language of the valence bond approach
to chemical binding because, at the time
I wrote the paper, I did not understand
the principles of ligand field theory even
in a qualitative way. The valence bond
approach provides no simple rationale of
the difference in rates of substitution for
labile complexes, and these have been
found to cover a very wide range, thanks
to a pioneering study by Bjerrum and
Poulsen (20), in which they used metha-
nol as a solvent to make possible mea-
surements at low temperature, and those
of Eigen (27), in which he introduced
relaxation methods to determine the
rates of complex formation for labile
systems.

Activated complexes have composi-
tions and structures, and it is necessary
to know what these are if rates are to be
understood. It is hardly likely that these
features can be established for the acti-
vated complexes if they are not even
known for the reactants, and in 1950 we
were not certain of the formula for any
aquo cations in water. It seemed to me
important, therefore, to try to determine
the hydration numbers for aquo cations.
Hydration number as I use it here does
not mean the average number of water
molecules affected by a metal ion as this
is manifested in some property such as
mobility but has a structural connota-
tion: how many water molecules occupy
the first sphere of coordination? Because
the rates of substitution for Cr**(aq)
were known to be slow (22), J. P. Hunt
and I undertook to determine the formu-
la for Cr**(aq) in water (23), with some
confidence that we would be successful
even with the slow method we applied,
isotopic dilution using '*O-enriched wa-
ter. That the formula turned out to be
Cr(H,0)¢*" was no great surprise—al-
though I must confess that at one point in
our studies, before we had taken proper
account of isotopic fractionation effects,
Cr(H,0)*" was indicated and, faced
with the apparent necessity, I was quite
prepared to give up my preconceived
notions. It was also no great surprise that
the exchange is slow (7, at 25°C, ~40
hours). Even so, the experiments were
worth doing. They were the first of their
kind, and they attracted the attention
also of physical chemists, many of whom
were astonished that aquo complexes
could be as Kkinetically stable as our
measurements indicated, and were im-
pressed by the enormous difference in
the residence time of a water molecule in
contact with a cation compared with
water molecules just outside. That we
dealt with hydration in terms of detailed
structure rather than in terms of aver-
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aged effects may have encouraged the
introduction into the field of other meth-
ods, such as NMR, to make the distinc-
tion between cation-bound and free wa-
ter (19). As I will now detail, it also led
directly to the experiments described in
the papers of (/6) and (/7).

The Inner-Sphere Activated Complex

R. A. Plane undertook to measure the
rate of self-exchange for Cr(H,0)¢*'-
Cr?*(aq) by using Cr?*(aq) as a catalyst
for the exchange of water between
Cr(H50)¢*" and solvent. The expected
catalysis was found, but owing to our
inexperience in handling the air-sensitive
catalyst, the data were too irreproduc-
ible to lead to a value for the self-ex-
change rate. Catalysis on electron trans-
fer was expected because the aquo com-
plex of Cr?*(aq) was known to be much
more labile than Cr(H,0)¢>*—the labili-
ty is now known (24) to decrease by a
factor of at least 10'* when Cr**(aq) is
oxidized to Cr**(aq) (note that Cr?", but
not Cr**, has an antibonding electron). It
occurred to me in the course of Plane’s
work that it would be worthwhile to test
the potential of the Cr(III)/Cr(II) couple
for diagnosis of mechanism with a non-
metal oxidant. Following up on the idea,
I did a simple test tube experiment,
adding solid I, to a solution of Cr’*(aq)
which Plane had prepared for his own
experiments. I observed that reaction
occurs on mixing, that the product solu-
tion is green, and that the green color
fades slowly, to produce a color charac-
teristic of Cr(H,0)s*". The fading is im-
portant becav<: it demonstrates that
(H,0)sCrI**, .ich is responsible for
the green color, is unstable with respect
to Cr(H,0)s>" + I, and thus we could
conclude that the chromium-iodine bond
is established before Cr(Il) is oxidized.

The principle having been demonstrat-
ed with a nonmetal oxidant, I turned to
the problem of finding a suitable metal
complex as oxidant. What was needed
was a reducible robust metal complex,
having as ligand a potential bridging
group, and the idea of using
(NH3)sCoCI?>" surfaced during a discus-
sion of possibilities with another of my
then graduate students, R. L. Rich. Be-
cause at that time virtually nothing was
known about the rates of reduction of
Co(IIT) ammines and because they were

not thought about as useful oxidants, I

was by no means sanguine about the
outcome of the first experiment, which
again was done in a test tube. I was
delighted by the outcome. Reaction was
observed to be rapid [the specific rate
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has since been measured (25) as 6 X 107
M~"sec™'at 25°C] and the green color of
the product solution indicated that
(H,0)sCrCI** is formed. Further work
(16, 17) showed that this species is
formed quantitatively, and that in being
formed it picks up almost no radioactiv-
ity when labeled CI™ is present in the
reaction solution, thus demonstrating
that transfer is direct, that is, Cl~ bridges
the two metal centers, and this occurs
before Cr** is oxidized.

(NH;)sCoCI?* + Cr(H,0)s2" =

(NH-)sCollCl . . . Cr''(H,0)s —
precursor complex

[(NH3)sCo . .. Cl...Cr(H,0)5]*" —
activated complex
(NH;)sCo™ . . . CICr''(H,0)s —
successor complex

Co(H,0)6>" + NH4" + (H,0)sCrCI**

These early results were presented at a
Gordon conference on inorganic chemis-
try, which was held only a short time
after they had been obtained, and they
were received with much interest. E. L.
King was present at the meeting, and
together we planned the experiment in
which self-exchange by an ‘‘atom”
transfer mechanism was first demon-
strated (26).

(H,0)s*CrCI** + Cr**(aq) =
*Cr?*(aq) + (H,0)sCrCI?* (2)

Note that in a process of this kind, the
bridging group will remain bound to a
Cr(III) center, but the auxiliary ligands
about the original Cr(III) center will be
exchanged or replaced because of the
high lability of Cr(II).

[Several years later, King and co-
workers (27) extended the self-exchange
work to include other halides as bridging
ligands, and still later (28) encountered
the first example of ‘‘double bridging.”’

cis-[(H,0)4*Cr(N3),] " + Cr?'(aq) =
*Cr?*(aq) + cis-[(H,0)4Cr(N3),]"

A good case can be made for this also
being the first demonstration of ‘‘remote
attack,”” that is, inner-sphere electron
transfer where more than one atom sepa-
rates the metal atoms in the activated
complex.]

There is a brief hiatus in my work after
the early experiments on inner-sphere
mechanisms, caused by my taking leave
from the University of Chicago in 1956.
But before leaving, I hurriedly did some
experiments (29) which, though semi-
quantitative at best, showed that not
only atoms but groups such as N3,
NCS™, and carboxylates transfer to
chromium when the corresponding pen-

taamminecobalt(III) complexes are re-
duced by Cr?*'(aq), and that there are
large differences in rate for different di-
carboxylate complexes (maleate much
more rapid than succinate). Moreover, it
was shown that Cr(Il) in being oxidized
can incorporate other ligands such as
H,P,0,*~ which are present in solution.
In this paper the possibility of electron
transfer through an extended bond sys-
tem of a bridging group was first raised,
but was by no means demonstrated by
the results. While I was away, Ogard (30)
began his studies on the rates of aquation
of (NH;)sCrX** (X = CI, Br, ) cata-
lyzed by Cr?*. By following the argu-
ments made in connection with reaction
2, it can be seen that if an inner-sphere
mechanism operates, (H,0)sCrX?* and
NH,4* (acid solution) will be products.
The contrast with uncatalyzed aquation
is worth noting, where (NH3)sCrH,O**
and X~ are the expected products.

General Progress

The hiatus referred to above provides
me with a suitable opportunity to outline
some of the advances that were being or
were soon to be made on other fronts.
An important one is that the rates of
numerous self-exchange reactions were
being measured. Here I want especially
to mention the contributions from the
laboratories of A. C. Wahl and C. S.
Garner. Some of the experiments by
Wabhl and co-workers made use of rapid
mixing techniques—see, for example,
the measurement (3/7) of the rate of self-
exchange for MnO,' ™27, An important
experimental contribution was made by
N. Sutin, who introduced the rapid flow
method (32) (and later other rapid reac-
tion techniques) into this field of study,
and who helped others, including myself,
to get started with the rapid flow tech-
nique. A spate of activity on the mea-
surements of the rates of cross-reactions
followed, motivated in large part by the
desire to test the validity of the cross-
reaction correlation (5).

At the quantitative theoretical level,
attempts were being made to account for
the barrier to reaction attending encoun-
ter and separation and that contributed
by charge trapping within the metal com-
plex and by the surrounding medium.
The papers which most influenced the
experimentalists, at least during the for-
mative period in question, are those by
Marcus (33) and Hush (34), dealing with
adiabatic (35) electron transfer. Other
theoretical approaches were being ad-
vanced during this period and, in some,
attempts were made to account for non-
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adiabaticity, and the various theories are
compared and evaluated in (33). [The
current state of theory can be gathered
from a recent article by Sutin (36).] Be-
cause this very important aspect of elec-
tron transfer reactions is not dealt with in
this paper, it is essential to mention that
the processes as they occur at electrodes
were not being overlooked.

The correlation of the rates of cross-
reactions with the rates of the compo-
nent self-exchange reactions (5) has been
widely applied, especially to outer-
sphere reactions. The limits of its valid-
ity were clearly set down by the author:
allowance must be made for the work of
bringing the reaction partners together
and separating the products, electron
delocalization must be great enough to
ensure adiabatic behavior, but not so
great as materially to reduce the activa-
tion energy. (The last condition, it
should be noted, does not necessarily
limit the applicability of the Marcus
equation to outer-sphere processes.)
Hush’s treatment (34) also leads to a
correlation of rates of self-exchange and
cross-reactions. It also takes into ac-
count the contribution by driving force,
and in fact the first calculation of the rate
of a cross-reaction, in this instance
Pu*'(aq) + PuO,*"(aq) =

Pu**(aq) + PuO,"(aq)
from those of the self-exchange process-
es and the equilibrium constant appears
in (34). '

Theory of another kind has profoundly
influenced the development of the field,
even though it is qualitative. It responds
to the question of how the choice of
mechanism, and relative rates, are to be
understood in terms of the electronic
structures of the reactants. As is true
also of rates of substitution, the observa-
tions are so sensitive to electronic struc-
ture that even qualitative ideas are useful
in correlating observations and in point-
ing the way to new experiments. Orgel
(37) early applied qualitative ligand field
theory in discussing the inner-sphere
mechanisms for the reduction of Cr(III)
and low-spin Co(III) complexes. When
electron transfer takes place through a
bridging group, it is important to distin-
guish a chemical or ‘‘hopping’’ mecha-
nism—here a low-lying orbital of the
ligand is populated by the reductant, or a
hole is generated by the oxidant in an
occupied orbital—from resonance trans-
fer—that is, electron tunneling through
the barrier separating the two metal cen-
ters. This distinction was drawn rather
early by George and Griffith (38), who
moreover proposed alternative mecha-
nisms for resonance transfer. Shortly
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thereafter, Halpern and Orgel (39) gave a
more formal treatment of resonance
transfer through bridging ligands. Con-
cerns about the relation between elec-
tronic structure and the observations on
electron transfer strongly influenced my
own work, but before tracing this theme
I want to report on the progress made,
mainly by others, in extending the de-
scriptive chemistry of electron transfer
reactions.

The unambiguous demonstration of an
inner-sphere mechanism in a sense com-
pleted a second dimension in the field of
electron transfer mechanisms. That in
certain systems reaction perforce took
place by an outer-sphere mechanism had
long been known, but until the experi-
ments of (/6) and (/7) were done the
inner-sphere mechanism was only con-
jecture and, as frequently happens in
research in chemistry, only after conjec-
ture, however reasonable, is upgraded
by proof is it accepted as a base for
further development. That the distinc-
tion between the two reaction classes is
meaningful, not only in terms of chemis-
try but also in rates, will be illustrated by
a single comparison: the specific rates of
reaction of Cr?*(aq) with (NH;)sCoCI>"
is ~10® greater than it is with
Co(NH;)¢*" (40) (the latter can react
only by an outer-sphere mechanism).
The classification of reaction paths as
inner sphere or outer sphere, on the
basis of rate comparisons, involving ef-
fects (such as those exerted by nonbridg-
ing ligands) established with reactions of
known mechanism, became the focus of
experiment and discussion when direct
proof based on product or intermediate
identification was lacking.

Early in the 1960’s, new metal centers
were added to the roster of those proved
to react by inner-sphere mechanisms.
For Co(CN)s*>~ as reducing agent (41),
the demonstration of an inner-sphere
path again depended on the characteriza-
tion of product complexes by orthodox
means. Sutin and co-workers have been
particularly resourceful in using flow
techniques to provide direct proof of
mechanism for oxidizing centers ordi-
narily considered as labile to substitu-
tion: thus note the proof of inner-sphere
mechanism for FeCl**(aq) + Cr’*(aq)
42), CoCl*"(aq) + Fe*"(aq) (43), even
the much studied Fe**"?* exchange (44).
It was early appreciated (/7) that atom or
group transfer is not a necessary con-
comitant of an inner-sphere process.
Whether the bridging group transfers to
reductant, remains with the oxidant, or
transfers from reductant to oxidant de-
pends on the substitution labilities of
reactants and products. Early qualitative

observations (/7) on the Cr**(aq) +
IrClg2~ system had apparently exposed
an example of reaction by an inner-
sphere mechanism, but leading to no net
transfer of the bridging atom. Here
(H,0)sCrClIrCls is formed as an inter-
mediate, but this then aquates to
Cr(H,0)¢*" + IrClg®~ [later work (45)
has shown the inner-sphere path to be
minor compared to the outer-sphere, and
that Cr(H,0)s*" is the lesser product of
the former path]. Experiments (46, 47)
with V(H,0)s>" as reducing agent pro-
vided numerous examples of systems in
which substitution on the reducing com-
plex is rate-determining for the net redox
process [note that V(H,0)s*" because of
its electronic structure is expected (/8)
to undergo substitution relatively slow-
ly]. Unstable forms of linkage isomers
were prepared by taking advantage of
the chemistry of the inner-sphere mecha-
nism: (H,0)sCrSCN?* (48) by the reac-
tion of Cr’*(aq) with FeNCS?" (49);
(H,0)sCrNC?* (50) by the reaction of
Cr?'(aq) with (NH3)sCoCN?". Oxygen
atom transfer was shown to be complete
(51) in the reaction of (NH;3)sCoOH,**
with Cr?*(aq). [The path involving direct
attack on the aquo complex was later
(52) shown to be unobservable compared
to attack on the hydroxo. Bridging by
H,O has to date not been demonstrated.]
The inner-sphere path was demonstrated
(53) also for net 2¢~ processes in an
elegant series of studies involving the
reactions of Pt(IV) complexes with those
of Pt(II). In an important departure,
Anet (54) showed that the ‘‘capture’
property of Cr’*(aq) in being oxidized
can be exploited to produce complexes
in which an organic radical is ligated to
Cr(III). An entire chapter of the volume
of (I) is devoted to the chemistry of
similar organochromium complexes (55).

Electronic Structure and Mechanism

A major theme in my own research, on
returning from leave, was to try to un-
derstand the large differences in rate,
noted qualitatively in my own early work
(29) and later made more quantitative,
for the reactions Cr?' (aq) with carboxyl-
ate complexes of (NH3)sCo(IIl). Many
of the ligands were dicarboxylic acids,
and to explain the observation that when
a conjugated bond system connects the
two carboxylates, reaction is usually
more rapid than it is for the saturated
analog, it seemed reasonable then to
assume that in the case of conjugated
ligands the reducing agent attacks the
exo carboxyl (remote attack), the conju-
gated bond system serving as a ‘‘con-
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duit’ for eleetron transfer. In adopting
this view the tacit assumption was made
that the reactions are nonadiabatic so
that the extent of electronic coupling
would be reflected in the rate. (In retro-
spect, this assumption is naive because
the effect of conjugation would be exert-
ed even if the reducing agent attacked at
the endo carboxyl.)

A false start was made in demonstrat-
ing remote attack defined as above. Acti-
vation effects accompanying electron
transfer were reported (56) which, if
true, would have constituted proof of
remote attack for these systems. These
effects could not be reproduced (57) in
later work (I had by now moved from
University of Chicago to Stanford Uni-
versity). Remote attack for the large
organic ligands was finally demonstrated
(58) in the reaction of

Q)
I
N

Ha

with Cr’(aq). This work, which also
yielded a measurement of the rate of
reaction of Cr?*(aq) with the analogous
Cr(IIl) species, provided the clue to un-
derstanding, at least in a qualitative way,
the rate differences observed for differ-
ent conjugated ligands. The astonishing
result was that the rate of reduction of
the Co(III) complex is only about ten-
fold greater than that of the Cr(III) com-
plex. When the bridging group is a non-
reducible species such as acetate, the
ratio is >10*. The insensitivity of rate to
the nature of the oxidant suggested that
the electron does not transfer directly
from Cr(II) to the oxidizing center but
that the mechanism rather involves the
le™ reduction (59) of the ligand by the
strong reducing agent Cr®*, followed by
reduction of the oxidizing center by the
organic radical—that is, a ‘‘hopping”’
mechanism obtains. This view provided
satisfactory rationalizations of most of
the observations of rates made with or-
ganic ligands. For example, the fact that
the rate is considerably greater for
HO,C-CH=CH-CO,~ (fumarate) than
for CH3CO,™ as ligand on Co(III) may
have little to do with the opportunity that
Cr(II) has to attack the remote carboxyl
in the former case, and only reflects the
fact that fumarate can be reduced by
Cr?**(aq). Moreover, the otherwise puz-
zling observation that the rate for the
fumarate complex is increased (60) by
H* is now easily understood; positive
charge ddded to the ligand makes it easi-
er to reduce. That many reactions of the
class under consideration proceed by a
stepwise mechanism has been convinc-
ingly demonstrated and amply illustrated
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Precursor complex

Crlll_cr ........
Fig. 1. Electronic structure
and ‘‘atom’ transfer in
the self-exchange reaction:

(H,0)sCrCI** + Cr(H,0)¢**.

o
0
o.

in subsequent work, most of it done by
Gould and co-workers (61).

The rationalization offered for the op-
eration of the stepwise mechanism in the
Co(III)-Cr(II) systems is that the carrier
orbital on the ligand has 7 symmetry,
while the donor and acceptor orbitals
have o symmetry. This renders as highly
improbable an event in which the four
conditions: Franck-Condon restrictions
at each center, and the symmetry restric-
tions at each center, are simultaneously
met. Whether or not this is the correct
explanation, it led me to search for an
oxidizing center of the ammine class in
which the acceptor orbital has 7w symme-
try.

When the important condition that the
complexes undergo substitution slowly
was added, only one couple within the
entire periodic table, Ru**?* (wd®/md®)
qualified (62). In principle, the Os3*/?*
couple is also a candidate, but unless
some strong w acid ligands are present,
the couple is too strongly reducing to be
useful. The ruthenium species had the
added advantage that much more in the
way of preparative work was known
(63), and further that the redox potentials
are close to those of the much studied
cobalt couples. Since the w orbital on
Ru(IIl) can overlap with the &* orbital
on the ligand, we expected that the
“‘hopping’’ mechanism would no longer
obtain. Reaction with Cr?>"(aq) is in fact
much more rapid (2 X 10 than it is in
the case of the Co(Ill) isonicotinamide
complex, and moreover, the rates are
now quite sensitive to changes in the
redox potential of the oxidizing center
(64). The chemistry also differs in an
interesting way from the Co(III)-Cr(II)
case. The bond between Ru and the
ligand is not severed when Ru(IIl) is
reduced to Ru(Il), and a kinetically sta-
ble binuclear intermediate is formed, as
is expected (/8), from the electronic
structures of the products —md® for
Ru(Il) and md® for Cr(III).

Though the main intent of this article
is to provide historical background rath-
er than to develop the subject itself in
detail, because the reaction properties
are so sensitive to electronic structure it
may be appropriate in concluding this

Activated complex  Successor complex

[Cr"“CI“"Cr]s’ Crlleens ci—-crl!
— e T — —
. —
Py s s Py s

section to illustrate the connection with a
few examples. Effects arising from dif-
ferences in electronic structure are mani-
fested in several different ways: by af-
fecting the rates of substitution, they can
affect the choice of mechanism and, for
an inner-sphere reaction path, can deter-
mine whether binuclear intermediates
are easily observable, and whether there
is net transfer of a group from one center
to another; even after the precursor com-
plex is assembled, orbital symmetry can
affect the mechanism itself, as in the
example offered in an earlier paragraph,
and can profoundly affect the rate of
conversion of the precursor to successor
complex.

The Cr(IID)/Cr(Il) (nd®*md’cd") and
Ru(IIl)/Ru(Il) (wd*/wd® couples  offer
perhaps the greatest contrasts in behav-
ior. It should be noted that the o electron
in Cr(II) is antibonding, thus accounting
for the tetragonal distortion in Cr(II)
complexes and their enormous lability
compared to those of Cr(III). By con-
trast, the complexes of both oxidation
states of ruthenium undergo substitution
slowly, with the useful exception of wa-
ter as a ligand, where the residence time
on Ru(Il) is a fraction of a second.

The reducing agent Cr(II) shows pref-
erence for an inner-sphere mechanism,
and this is especially marked if the ac-
ceptor orbital has ¢ symmetry. There is a
great economy of motion for electron
transfer by an inner-sphere path for the o
donor-o acceptor cases which arises
from the reciprocity at the two centers of
the events which are required in over-
coming the inner-sphere Franck-Condon
barrier. This point is illustrated for
the (H,0)s*CrCI>" + Cr(H,0)s2" self-
exchange reaction in Fig. 1, where the
electronic levels are shown for the pre-
cursor complex, for the activated com-
plex, and for the successor complex.
Motion of the bridging CI™ from Cr(III)
to Cr(II) lowers the energy of an accep-
tor orbital on Cr(III), and at the same
time raises that of the donor orbital on
Cr(II), and although other nuclear mo-
tions are also required, there is some
correlation of the events required for
activation to electron transfer, a correla-
tion which is absent in the casé of an
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outer-sphere mechanism. The high sub-
stitution lability of Cr(II) of course
means that the precursor complex can be
formed rapidly.

The comparison of the rates of self-
exchange for Cr(H,0)¢>"/Cr(H,0)¢%"
versus (NH;)sRuH,O® */(NH3)sRuH,0%*
and how these respond when the higher
oxidation state for each couple is con-
verted to the hydroxo complex is quite
instructive. The upper limit for the spe-
cific rate of self-exchange for the Cr(III)/
Cr(II) couple is 2 x 10°M ! sec™! (65,
66); although it has not been directly
measured for the ruthenium couple, the
specific rate can reasonably be taken to
be close to that (67) for RuNH;)¢® 2,
namely ~1 x 10°M~" sec™'. Because
the redox change for the ruthenium cou-
ple involves a 1 electron, it causes only a
small change in the dimensions of the
complex (68). Thus the Franck-Condon
barrier to electron transfer arising from
inner-sphere reorganization is small, and
facile transfer by an outer-sphere mecha-
nism is observed. By contrast, because
Cr(III) has no antibonding eléctrons and
the electron added on reduction is anti-
bonding, there is a large change in di-
mensions and shape attending the reduc-
tion, and the slowness of the self-ex-
change can be attributed in part at least
to the inner-sphere barrier (69). Why the
water molecule, which as a ligand on the
oxidizing agent still has available an elec-
tron pair for sharing with the reducing
agent, is such a poor bridging group
remains to be understood.

On deprotonation of a water molecule
in each oxidant the inner-sphere path
for the Cr(II)/Cr(Il) system opens up,
and a marked increase in rate is observed
(65) (k = 0.66M " sec™' at 25°C)—the
increase may be as large as a factor (66)
of 10°. The self-exchange rate for
(NH;)sRuOH?*" + (NH3)sRuOH,** has
not been measured, but it can be assert-
ed with confidence that the rate by either
an inner-sphere path or an orthodox out-
er-sphere path will be much less than it is
for the aquo couple. The rate by the
inner-sphere path will be limited by the
rate of bridge formation, and thus will be
no greater than 1 X 1072M ! sec™! [neu-
tral  ligands in  substituting on
(NH-)sRuOH,*" show specific rates (70)
of the order of 0.1M ! sec™']. The ortho-
dox outer-sphere path now has a compo-
sition barrier, as well as a Franck-Con-
don barrier to overcome [K.q for the
production of (NH;)sRuOH" and
(NH;)sRuOH,?*" from (NH;3)sRuOH>*
and (NH3)sRuOH,>" is ~10°]. Reac-
tion by ‘‘hydrogen atom’’ transfer (/5) is
a reasonable possibility, that is, electron
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transfer concomitant with proton trans-
fer from the Ru(Il) complex to the
Ru(III), and some evidence in support of
this kind of mechanism has been ad-
vanced to explain observations (71)
made in the oxidation by Fe®" and
FeOH?" of (NH;)sRuOH,*". Reaction
by such a path might be quite facile and a
specific rate in excess of 1M~ sec™!
would be strong evidence in its favor.

Applications of the Ru(III)/Ru(Il) Couple

Some unexpected benefits have ac-
crued from introducing Ru(III)/Ru(II)
ammine couples into this field of re-
search. Ruthenium(II) engages in back
bonding interactions to a degree unprec-
edented among the dipositive ions of the
first transition series. A discovery (72)
which forcefully brought this message
home is that (NH;)sRuN,** is formed in
aqueous solution by the direct reaction
of (NH3);RuOH,*" with N,. When the
heteroligand in (NH;)sRuL?" is pyridine
or a derivative, the complexes of both
oxidation states are slow to undergo sub-
stitution, and by changing the number of
7 acid ligands, a versatile series of outer-
sphere redox couples is made available,
spanning a range in redox potential of
over 1 volt. When derivatives of the
Os(II1)/Os(I1) ammines are included, the
useful range in aqueous solution is ex-
tended by approximately 0.5 volt. These
reagents are finding wide application in
research on redox processes.

Intramolecular electron transfer. It
has occurred to many that in trying to
arrive at a basic understanding of elec-
tron transfer processes, it would be a
great advantage if the reactions could be
studied in an intramolecular mode rather
than, as is commonly done, in the biomo-
lecular (or intermolecular) mode, partic-
ularly if the geometric relation between
the two metal centers were unambig-
uously defined. Such systems had been
encountered in studies of “‘induced”” elec-
tron transfer (73); when a powerful le~
oxidant acts on

(NHa)scoN@-—‘cl: =03+

H

for example, the resulting coordinated
organic radical can undergo intramolecu-
lar electron transfer, the oxidation of the
ligand to the carboxylic acid being com-
pleted by Co(III). In some cases, intra-
molecular electron transfer can be inter-
cepted by reaction of the radical with the
external oxidant, but, at best, only rela-
tive rates were obtained for these sys-

tems. In an elaboration of this kind of
approach, in which pulse radiolysis is
used to convert the organic ligand to a
radical-—usually by reduction—irntramo-
lecular transfer rates can be measured
(74). These results are important in their
own right, but they do not substitute for
experiments in which metal-to-metal
transfer is studied.

A strategy for dealing with the metal-
to-metal case was devised (75), which
depends on the special properties of the
Co(III)/Co(II) and Ru(III)/Ru(Il) cou-
ples. The principle is the following.
When a molecule (76) such as

(NH3)500'"N@—@NRU"'(NH3)5

which has both metal centers in the
oxidized state, is treated with an external
reducing agent, Ru(IIl) is reduced more
rapidly than Co(III). This is a direct
result of the differences in electronic
structure, wd® and wd> for Co(II) and
Ru(III), respectively, the former requir-
ing much more in the way of reorganiza-
tion energy because the incoming elec-
tron is antibonding. In a subsequent
step, Ru(II) reduces Co(III) by an intra-
molecular process, at least if the solution
of the binuclear complex is sufficiently
dilute.

The first method (75) devised to pro-
duce the [1II,III] molecule is rather inge-
nious, but it involves many steps, and it
has the disadvantage that SO,*~ rather
than NH;s is trans to the pyridine on
Ru(IIl). Schiffer (77) has greatly simpli-
fied the preparative procedure by taking
advantage of chemistry developed by
Sargeson and co-workers (78) and has
studied intramolecular electron transfer
for

(NH3)5Co"'Nc—©—CNRu"(NH3)5

and for the related molecules with the
ortho and meta isomers as the bridging
ligands. Quite independently of our
work, Gaswick and Haim (79) have done
experiments similar to those described,
but with Fe(CN)sH,03 as the reducing
agent. Substitution on Fe(CN)sH,0*~
takes place readily so that the simple
mixing procedure attempted by Roberts
(75a) often can be used with this particu-
lar kind of reducing agent.

A point of interest in all of these
studies is to learn how the rate of reac-
tion responds to changes in the structure
of the bridging group. In the bipyridine
case, the coupling between the pyridine
rings has been modified (76); since the
immediate environment about each met-
al is left unaltered, the driving force for
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the reaction is but little affected, and
changes in rate can then be attributed to
changes in electronic coupling. The re-
sults obtained in studies of this kind are
outlined in a recent review article by
Haim (80). Here I will only mention an
extension of this kind of strategy to a
system of biochemical interest. Gray and
co-workers (8/) and Isied ef al. (82) have
succeeded in placing (NH3)sRu on cyto-
chrome ¢ at a position remote from the
porphyrin [Ru(III)-Fe(III) separation, 15
A]. Different pulse methods were used
by the two groups to reduce Ru(IIl)
preferentially over Fe(III), and though
the results of the two studies differ some-
what (20 = 5 sec”! and 82 = 20 sec”’,
respectively), it is clear that the general
strategy is effective.

Robust mixed valence molecules. The
resurgence of interest (83) in the proper-
ties of mixed valence compounds can be
traced to review articles (84—86) which
appeared in 1967, and to the first deliber-
ate synthesis of a robust mixed valence
molecule, the species shown below,
which is commonly referred to as the
Creutz-Taube (87) ion.

[(NH)sRuN()NRUNH3)5)S* |

[Quite independently of our work,
Cowan and Kaufman (88) prepared a
molecule based on the ferricinium/ferro-
cene couple.] Peter Ford and I first pro-
duced the Creutz-Taube ion in 1967. In
undertaking its preparation, we were
motivated by simple curiosity rather
than by questions which might arise from
a deep understanding of the issues raised
by the properties of the mixed valence
compounds. The fully reduced ([ILII])
state is readily prepared by direct substi-
tution, using pyrazine and (NH;)sRuOH,>",
and in undertaking the project we were
taking advantage of our knowledge of
affinities and rates of substitution for
both oxidation states of ruthenium.
Complexes with Ru(Il) attached to het-
erocyclic nitrogen show very strong ab-
sorption in the visible region of the spec-
trum (w*<nd) (89) and on observing that
the quality of the color was not signifi-
cantly altered when the [IL,II] species
is half oxidized, we did not pursue
the matter further. Fortunately, Carol
Creutz took up the subject again. The
electrochemical results which she ob-
tained about June 1968 showed that the
mixed valence state is very stable rela-
tive to the isovalent, and this suggested
to us that electronic coupling in the
mixed valence species is strong. By now,
the review papers by Hush (85) and
Robin and Day (86) had appeared, and
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taking their content to heart we felt cer-
tain that an intervalence band must exist,
which Carol Creutz then located in the
near infrared region (Apax = 1570 nm)
where it does not affect the color (hereto-

fore this region of the spectrum had been

little investigated by chemists). Interva-
lence absorption corresponds to using
the energy of a photon to transfer an
electron from the reduced to the oxi-
dized metal center, subject to the
Franck-Condon restriction. Intervalence
absorption confers on Prussian blue its
characteristic blue color. The interva-
lence absorption is at a longer wave-
length for species I than for Prussian
blue because the two iron sites in the
latter are not substitutionally equivalent.
This leads to a ground-state energy dif-
ference which is then added to that asso-
ciated with the Franck-Condon barrier
when the process is induced by a quan-
tum of light.

One of my main interests in the field of
mixed valence molecules has been to
explore and to try to understand the
energetics of the systems. I will illustrate
by a single example the kind of conclu-
sion which we have reached in pursuing
these interests and where we have relied
on théory introduced into the field by
Hush (85), Mulliken (90), and, for the
correlation of extent of electron delocal-
ization with electronic structure, Mayoh
and Day (91), and choose for illustration
the localized mixed valence molecule
(92)

[(NH3)5RuN©-—©NRu(NH3)5]5’

The stability conferred on the ground
state of the molecule by charge delocal-
ization is only of the order of 50 cal, far
below the upper limit of 5 x 10? cal set
by the electrochemical results, which
measure the total stabilization of the
mixed valent compared to the isovalent
state. When the nuclear coordinates
about each center are adjusted so that
the Franck-Condon condition is met, the
energy separating the bonding and anti-
bonding states which arise from electron
delocalization is calculated as 2.2 kcal
(93). This is taken to be sufficient to
ensure adiabatic transfer (94), in agree-
ment with the conclusion reached in the
course of studying intramolecular elec-
tron transfer in Co(III)-Ru(Il) systems
with 4,4’-bipyridine and related mole-
cules as bridging ligands (76). If electron
transfer is assumed to be adiabatic, the
specific rate for intramolecular electron
transfer is calculated as 3 x 108sec™', in
reasonable agreement with an estimate
(1.6 x 10% sec™") reached from measure-

ments of intermolecular electron transfer
rates for pyrinedinepentaamineruthen-
ium species (95).

Mixed valence molecules have been
prepared (96) which are delocalized even
though the bridging group is so large that
direct metal-to-metal orbital overlap can-
not be responsible for the delocalization.
These have remarkably interesting prop-
erties in their own right and are the
subject of current studies (97).

Concluding Remarks

In this article I have focused rather
narrowly on electron transfer reactions
between metal complexes. The separa-
tion of this subclass from other possible
ones which can be assembled from the
reactant categories: metal complexes,
organic molecules (98), molecules de-
rived from other nonmetallic elements,
any of the above in excited states (99,
100), electrodes, is not totally arbitrary,
as it might be were it dictated solely by
limitations of space. Admittedly, all the
possible electron transfer processes are
governed by the same principles, at least
when these are stated in a general
enough way. But as these principles
manifest themselves in the different sub-
classes, the descriptive chemistry can be
quite different, and these differences are
the fabric of chemistry. The subclass
which has been treated has perhaps been
the most thoroughly studied, yet, as the
article by Sutin shows (36), our under-
standing at a basic level is far from
complete.

Even for the much studied Fe**/Fe?*
self-exchange reaction, which served to
introduce this subject, the important
question of whether the reaction is ad-
iabatic or not has not been settled
to everyone’s satisfaction. Still, a great
deal of progress has been made. The
descriptive matter has increased enor-
mously since 1940, and our understand-
ing of it, in both scope and depth, has
more than kept pace with observations.
A great deal of progress has also been
made in many of the other subclasses—
for example, in the study of electrode
processes and in ‘‘atom transfer’’ reac-
tions (as a specific case, the use of
transition metal species to carry the oxi-
dizing capacity.of O, to a substrate such
as an organic molecule). Both are of the
greatest importance in industrial applica-
tions, and the latter also in reaching an
understanding of the chemistry of living
cells. Because the subclasses are interre-
lated, progress in one speeds progress in
another.
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