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synthetic intermediate, 4, which is the subject of considerable
discussion and the object of extensive biochemical experi-
mentation, remains uncharacterized from natural or synthetic
sources.
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Differences in the Intrinsic Barriers between Ground- and
Excited-State Electron-Transfer Reactions from
Spectroscopic Franck-Condon Parameters!

Sir:

There has been a great deal of recent interest in the elec-
tron-transfer reactions of transition metal excited states.2-4
Much of this interest derives from the possibilities of utilizing
the large energy differences between ground- and excited-state
species in photovoltaic cells® or to decompose water.67 These
excited-state reactions are also becoming important in the
study of highly exergonic electron-transfer reactions in which
renewed interest has been stimulated by quantum corrections
to the earlier approaches.3-!! Both the practical and the the-
oretical interest in such systems depends on the magnitudes
of the intrinsic or reorganizational barriers to electron transfer.
An important point which seems to have escaped the notice of
investigators in this area is that difference between the intrinsic
barriers for ground-state and excited-state electron transfer
processes is closely related to simple spectroscopic parame-
ters.

The best example of these differences in excited-state and
ground-state properties is provided by the Cr(bpy);3+2+
couple. Ground-state electron-transfer reactions of Cr(bpy);2*
tend to be very rapid: e.g., the Cr(bpy);>* reduction of Fe3*
and Ru(bpy);3* have rate constants of 7.3 X 108 and 2.6 X 10°
M1 s~1 respectively, for reactions which have free energy
changes of AG® = —24 and —35 kcal mol~!.4 These observa-
tions have been used to estimate a “‘self-exchange” rate con-
stant of k| =~ 4 X 108 M~! s712 for the Cr(bpy);3+-2* couple
using the Marcus relation®

k12 = (K11k2aK12f12)'? (1)
log f12 = (log K12)?/[4 log (k11k22/Z%)]
Z =101 M1 571

In contrast the electron transfer quenching reactions of the 2E
excited state of Cr(bpy);3* have been found to be approxi-
mately an order of magnitude slower with comparable re-
agents. Thus, for ?E oxidations of Fe2*, Ru(bpy);2*, and
Ru(NH3)g2*. the rate constants are 2.8 X 107 M~1s~1 (in 0.05
M H,80y; a value of 4.1 X 107 M~ 15! has been found when
p=14,4%X108M 151 (4=02)*and 5.9 X 108 M~ 17!
{(in 0.05 M H,S80y), respectively; the respective free energy
changes are —16., —4, and —32 kcal mol~!. The value of k1,
=~ 4 X 10° M~15~1 for the Ru(bpy);3*-2* couple (estimated
by Sutin and co-workers),?t¢ and eq | implies a “self-ex-
change™ rate constant of about 3 X 10° M~1 s71 for the
(E)Cr(bpy)33+/Cr(bpy)s>* couple: the value of k1 ~ 1.6
X 10° M~1s~! reported recently by Meyer and co-workers3d
results in a slightly larger value for this rate constant.!?
That electron-transfer reactions are slower for excited-state
than ground-state species implies that a change in bond
lengths, angles, etc., occurs in the excited-state reactions (or
that these reactions differ in ““adiabaticity”).!? These differ-
ences in the ground-state and excited-state internuclear
coordinates (Franck-Condon parameters) are also manifested
in a Stokes shift of the 2E — 4A phosphorescence compared
to the *A — 2E absorption. The A — 2E absorption of
Cr(bpy)s3* is obscured by a relatively intense A — 4T band.
However, assignment of this transition to a shoulder at ~600
nm would correspond to a Stokes shift of ~0.15 um™!, a rea-
sonably typical value for chromium(II1) complexes.'? This
suggests an average difference of ~0.08 um=1 (~2.3 kcal
mol~!) between the (2E)Cr(bpy)s3*t excited state and the
(*A)Cr(bpy);3* ground-state Franck-Condon parameters.
Since the effective reorganizational barriers for the self-ex-
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change reaction correspond to the achievement of nuclear
configurations intermediate between those of chromium(III)
and chromium(IT), between half and all of the differences in
2E and “A Franck-Condon parameters would contribute to the
difference in reorganizational barriers of excited-state and
ground-state electron-transfer reactions.!“!> Thus the ex-
cited-state and ground-state self-exchange reactions are ex-
pected to differ by a factor of between 10 and 102 A factor of
~10? was inferred above from experimental observations.

Since there is always a Stokes shift between ground-state
absorption and excited-state emission, there should always be
a difference in the reorganizational barriers for the respective
electron-transfer reactions. Thus the frequent assumption3d
that the self-exchange rates of excited-state and ground-state
polypyridyl-ruthenium(IIT)-ruthenium(II) reactions are the
same cannot be correct unless these reactions are limited only
by diffusion. In fact, the Ru(bpy);2* system exhibits a very
large Stokes shift (~0.6 um™1),2b a part of which may be due
to the configurational differences of the initially populated
excited state and the emitting state.!6 The excited-state to
ground-state decay in this system has some of the features of
a unimolecular electron-transfer reaction with a 9 kcal mol™!
“activation barrier” (k = 2 X 106 s71).14 This corresponds to
a difference of ~0.3 um~! in excited-state and ground-state
Franck-Condon parameters and about a 103 difference in
excited-state and ground-state self-exchange rates. The ob-
servations of Sutin and co-workers? are consistent with slower
excited-state than ground-state self-exchange rates.

In systems for which there is a greater barrier to excited-
state than to ground-state electron transfer, as we find for
Cr(bpy);** and as probably is the case for Ru(bpy);?*, this
effect is another limitation on the utilization of these systems
in such applications as the construction of photovoltaic cells
since the degradative recombination reactions will tend to have
smaller barriers than the excited-state redox reactions which
produce the effect. On the other hand, there is no apparent
reason that there should not be systems in which the reactivity
order of ground and excited states is reversed from that found
here.

Excited-state electron-transfer reactions of (°E) Cr(bpy);3+
have been followed using standard flash photolysis techniques!’
and monitoring the 2E excited state absorbance at 445
nm. 4
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On Hydrogen Abstraction by the 7,7* Singlet Statel:2
Sir:

The efficient reduction of the carbonyl group in its 3(n,w*)
state by hydrocarbon hydrogen donors is well documented;?
that in the 1(n,7*) is less so, but recent work suggests* that the
expected intermolecular similarity’¢ with the triplet obtains,
as is probably the case intramolecularly also.” With the singlet
(n,7*) reaction the product formation is in competition with
return to ground state via a common hypersurface. The cor-
responding 3(m,7*) state is, on the other hand, poorly reduced
by hydrocarbon donors,”® and such capacity as it has may be
acquired by mixing with the n,7* state.”-?

Recently we have reported that the second excited state of
adamantanethione (1) is reduced by cyclohexane to give the
sulfide 2 and the thiol 3 accompanied by the inevitable 1,3-
dithietane dimer.19 We now wish to report that the hydrogen
abstraction is, at least in part, a radical process and that the
S, thione is among the most indiscriminate hydrogen ab-
stractors known.

The thione 1 (0.04 M) was irradiated at 254 nm to about 5%
conversion in a number of hydrocarbons (Table I) in admixture
with cyclohexane. The relative reactivities for both sulfide and
thiol formation are expressed (per C-H bond) with respect to
the formation of 2, The relative total insertion per C-H bond
with respect to cyclohexane as standard is also given. The
process is much more indiscriminate than that of benzophenone
triplet or tert-butoxy radical and surpasses the promiscuity
of chlorine. Only fluorine and methylene are comparable.!!
The lack of discrimination in the abstraction is related in re-
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