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Communications to the Editor

Lifetime of Chlorophyll 2 Radical Cation in
Water-Containing Acetonitrile
Sir:

Recently, in vitro properties of chlorophylls (Chl’s) have
drawn the attention of many workers in relation to modeling
of photosynthetic primary processes as well as to construction
of artificial solar conversion systems.'-¢ One of the most im-
portant, yet the least understood, processes in plant photo-
synthesis is the oxidation of water taking place within the
photosystem [I (PS II).7 Here the primary oxidant, capable
of initiating a chain of enzymic reactions leading finally to
water splitting, is generally supposed to be a photooxidized
reaction center (Pggo™+) consisting of Chl . Such an apparent
complexity of PS II processes suggests an inefficiency of a
reaction between monomeric Chl a*- and H,O without as-
sistance by an enzyme. However, to our knowledge, no ex-
perimental verification for this presumption has been reported
to date. In the present work we measured the lifetime of elec-
trochemically generated Chl a*- in water-containing aceto-
nitrile. The experimental results enabled an estimation of the
rate constant for a possible reaction Chl g+« + H,0.

Chl a was isolated from fresh spinach and purified chro-
matographically.® Acetonitrile (AN), which is sufficiently inert
to most organic radical cations, was used as the solvent after
dehydration and distillation treatments.® An optically trans-
parent thin-layer electrochemical cell of conventional de-
sign'®!! was fabricated by sandwiching a Pt grid working
electrode (80 mesh, 20 X 10 mm, 0.15 mm thick, optical
transmittance 55%) with a pair of Pyrex slide glasses (25 X 40
X 1 mm) using a Teflon spacer 0.16 mm thick. The potential
of the working electrode was controlled potentiostatically
against an Ag layer (~20 mm?) vacuum deposited onto the
inner face of a slide glass of the thin-layer cell. About 5 mL of
Chl a solution (1074-1073 M) was poured into a glass cup in
which a Pt wire counterelectrode was immersed. The meniscus
of the solution rose well above the Pt grid part when the thin-
layer cell was set vertically and its lower end was dipped into
the solution in the cup. The whole assembly was placed in the
sample compartment of a Shimadzu spectrophotometer Model
MPS-5000, and one could measure the spectral changes of the
Chl a solution during and after electrolysis. The Karl Fischer
titration was used to determine [H,O] in AN, and all the
measurements were conducted at room temperature (20 + 3
°C).
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Figure 1. Change of the absorption spectrum of Chl @ (original concen-
tration, 5 X 10™* M) in the course of electrochemical oxidation in AN,
The supporting electrolyte is 0.1 M NaClOy. The values of molar ab-
sorption coefficient (right ordinate) for Chl @ and Chl a*«in AN were
calculated referring to the value €g2 = 8.63 X 10* M~'cm~! for Chl a
in ether.!3 The electrooxidation of water does not proceed at potentials
below +1.0 V vs. Ag.

Figure 1 shows the spectral changes of a Chl a solution
during potential-controlled electrolysis ([H,O] = 0.04 M).
With rising anodic potential, the main peaks (432 and 663 nm)
tended to decrease, while the absorbance in the 445-580- and
>683-nm regions showed an increase, with isobestic points at
340-350, 445, 580-595, and 683 nm. This spectral change was
reversible with respect to the electrode potential. At potentials
higher than +0.50 V vs. Ag, the spectrum in the range of
650-730 nm became more and more flat against the wave-
length.!2 Thus we assumed a flat absorbance for the oxidized
Chl a in the above range and calculated the concentration ratio
of oxidized to unoxidized Chl a at each potential, based on the
peak absorbance (663 nm). The slope of the Nernstian plot'!
for this oxidation reaction was ~51-52 mV per decade change
in the concentration ratio, being close to the theoretical one-
electron value of 58 mV. This shows that the electrochemical
process involved is a one-electron oxidation leading hence to
the radical cation, Chl a*-. The broken curve in Figure I cor-
responds to the absorption spectrum of Chl a*- thus deter-
mined in this particular solvent.
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Figure 2. (A) Typical time courses of the absorbances at 470 and 665 nm
after the external circuit was opened. (B) Semilogarithmic profiles for the
decay of Chl a*+, derived from measurements as shown in A, at various
water concentrations. At the end of the decay, the absorption spectrum
of the solution was just the same as that before electrolysis (curve 1 in
Figure 1).

When the external circuit was turned off after electrolysis
at an appropriate anodic potential, the absorbances at ~470
and 665 nm showed a decrease and an increase with time, re-
spectively, with nearly the same time constant. An example
is shown in Figure 2A. At the end of this spectral change, the
absorption spectrum of the solution in the cell perfectly coin-
cided with that before electrolysis. Hence we ¢an regard this
spectral change as the decay of the electrogenerated Chl a*
resulting in the regeneration of Chl a. Figure 2B shows the
decay profiles of Chl a*. thus observed at different [H,O]’s.
As is seen this decay is approximately first order, with smaller
time constant at higher [H2O]. Based on this result one can
determine the lifetime, 7, of Chl a*-, at which {Chl a**] be-
comes 1 /e of the original concentration, for each [H,O].

Figure 3 shows the value of Chl a*. lifetime (7) thus de-
termined as a function of [H>O] in AN, in log-log scale. There
seems to exist a regular relationship obeying an experimental
formula

7 =1.0 X 102[H,0]7! (s) M

The value of 7 depended little on the initial Chl a concentra-
tion. These results make us suppose that the rate-determining
step for the regeneration of Chl a is an attack of H,O to Chl
a*.. This reaction system is obviously pseudo first order be-
cause water is in great excess, and hence one obtains from eq
1 avalue of 1072 M~1 s~/ as the bimolecular rate constant for
a possible reaction between Chl a*- and H,O. This value is
incomparably smaller than the diffusion-controlled rate con-
stant in AN at 20 °C (~10'0 M~! s~1),!¥ and by a factor of
~10% smaller than the reported rate constants for the reaction
of Chl a*- with several alcohols,? indicating that a possible
reaction between monomeric Chl ¥+ and H,O is an extremely
slow process at least in this particular solvent. There remains
a possibility that the regeneration of Chl a is occurring through
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Figure 3, Lifetime of Chl a*- as a function of water concentration in ace-
tonitrile.

electron exchange at the metal electrode surface. In that case,
the rate constant for a direct interaction between Chl a*-and
H>0 should be smaller than 1072M~!s~! Fora remarkable
enhancement of the reaction rate, a positive shift of the oxi-
dation redox potential (by, e.g., aggregate formation of Chl
a?) and/or a decrease in the activation energy (by an appro-
priate redox catalyst) will be required. This might be one of
the reasons why Nature had to invent a complicated system
(PS II), which has to be elucidated in future researches, for an
efficient oxidation of water.

Though a detailed reaction scheme remains to be clarified,
this is the first time where a rate constant for a reaction be-
tween Chl a*. and H,O has been experimentally deduced.
Similar studies, using this simple method, on the reaction of
water with the oxidized states of a variety of Chl a species
(dimers, “‘special pairs™,3-3 protein complexes,'> monolayers,®
etc.) in different solvents with and without enzymic additives
are expected to provide further information.
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Intramolecular Aryl-Assisted Photolytic Cleavage
of 2-Benzonorbornenyl Derivatives. A High
Excited-State Exo/Endo Reactivity Ratio and

a Novel Wagner-Meerwein Rearrangement!

Sir:

Though the enhanced ground-state solvolyses rates of exo-
2-substituted benzonorbornenyl derivatives are well docu-
mented,? the photochemical properties of these compounds
have not hitherto been studied. We have been examining such
compounds as part of our ongoing program in the photo-
chemistry of bichromopheric molecules,!:? and have observed
that (1) photolysis of 2-benzonorbornenyl chlorides and
mesylates (1-3) with 254-nm light results in cleavage of the

1 x=Q, vey
w 2 X=H, YaQ)
X 3 Xa0Ms, vaeH

Y

C-Clor C-0 bonds, (2) there is a remarkable sterecelectronic
preference for reaction at the exo position, and (3) one of the
reaction paths involves a novel 1,2 shift of the Cs bridge.
Although the So — S (By,) transition of 1is only slightly
perturbed by comparison with that of benzonorbornene (4),4
and the C-Cl bond is virtually transparent at 254 nm,’ pho-
tolysis of an argon-degassed 0.015 M cyclohexane solution of
1 at this wavelength results in the efficient loss of starting
material (eq 1).6 Under these photolytic conditions, exo-2-

Tdis 0.25 oapp 0.10 0.04 0.18

norbornyl chloride is photoinert, whether irradiated alone or
in the presence of toluene. More striking is the 20-fold reduc-
tion in reactivity for the endo isomer (2), with ¢4;s = 0.013!
(Compounds 4, 5, and HCl are again formed.)

The free-radical chemistry evident in eq 1 becomes admixed
with ionic chemistry when 1 is photolyzed in methanol (eq 2;

hy
] s
Y 254 am M %
MeOR
*qis O
CHH0H

OCH3 CH OH

£ 2 B
0.027 0.079 0.034
note that ¢gis increases markedly).” Compound 82 is the most
unusual of the products formed, being an apparent conse-
quence of a hitherto unobserved 1,2 migration of the Cg bridge
in the 2-benzonorbornenyl cation, 11 (eq 3).!19 Though bridge
migration does not occur in ground-state solvolyses, 212 we have
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no ’

independent synthesized 8 by photolyzing an alkaline alcoholic
solution of 2-benzonorbornenone tosylhydrazone, a reaction
known to produce carbenium ions!! (i.e., 11).13

The aryl-sensitized reactivity at the 2 position is not unique
to a chloro substituent, for photolysis of the mesylate (3) at 254
nm'4 likewise results in cleavage (eq 4). (In this case, facile

hy
K
A 254 am @j‘%] (4)
t-Buli 0tBu

H 0tBu
'I 13 [
dqis 0.15 @app 0.043 0.013 0.028

ground-state solvolysis in methanol requires that terz-butyl
alcohol be used for the photochemical experiment; ¢q;s for 1
in -BuOH is 0.38.) As with the chlorides, there is a large de-
crease in reactivity for the endo isomer of 3.

There are a number of observations in the literature which
are potentially related to this report. These include (1) the
aryl-assisted photosolvolysis of 2-(3,5-dimethoxyphenyl)ethyl
mesylate,!5 (2) the facile benzylic cleavage which occurs upon
photolysis of various ¢ CH2X species,!® including benzyl
chloride,!” and (3) the radical and ionic products which result
from the direct photolysis of alkyl bromides and iodides.!® The
most interesting mechanistic questions arising from these
studies involve the excited state(s) responsible for ion forma-
tion!® and the question of concomitant homolytic and hetero-
lytic cleavage?0 vs. a sequential mechanism (wherein electron
transfer occurs within an initially formed radical pair).!® Our
data which bear on these points and on the manner by which
energy is transmitted to the C2-X bond?' will be discussed in
the full paper.
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