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Photorearrangements of Bicyclo[3.2.1]oct-2-en-7-ones.
A Substituent Effect Study. Mechanistic Studies

in Photochemistry. 19!

Sir:

In a recent communication, Berson and coworkers? reported
a thermal [1,3] acyl shift for bicyclo[3.2.1]oct-2-en-7-one (1).
We report a parallel study on the photochemically activated
process and compare the effect of halogen substitution on the
photorearrangement. Furthermore, the study of the triplet-
sensitized reactions of this series of ketones has revealed that
the photosensitized [1,3] acyl shift occurs from a non-
quenchable state, whereas the more common oxadi-m-methane
(ODPM) rearrangement arises from a quenchable triplet state
in accord with an earlier analysis by Dalton.?

The photorearrangement of bicyclo[3.2.1]octenone (1) and
four halogen-substituted derivatives (2-5) were selected in
order (1) to test the effect of a heavy atom on the intersystem
crossing efficiency for 8,y-unsaturated ketones,* (2) to explore
the effect of substituents on the excited-state reactivity in the
[1,3] acyl and the oxadi-w-methane rearrangements, and (3)
to compare the relative efficiencies for these rearrangements
with different substituent positions (« and ).

The ketones chosen for study were synthesized and char-
acterized by standard methods.’ For the direct irradiation of
ketone (—)-1, a [1,3] acyl migration rearrangement gave the
enantiomeric ketone (+)-1. In order to observe this process,
the resolved ketone was synthesized by oxidation of resolved
7-hydroxy-3-bromobicyclo[3.2.1]oct-2-ene (from the brucine
salt of the phthalate half-ester).5? Direct irradiation racemized
the starting ketone as did sensitized irradiation (although more
slowly than the oxadi-m-methane rearrangement to tricyclic
ketone 6). Likewise, halogen-substituted ketones 2-5 were
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Scheme L Photochemistry of 1-and 3-Substituted Bicyclo[3.2.1]-
oct-2-en-7-ones 1 -5

hv (254 or 300 nm)

X

ether

O or X O
_ acetone (__)_1, X=H
(1, X-H 4,X=Cl
2,X=Cl ho 5 X =B
3, X =Br (254 nm) ’ f

acetone

X
6, X=H
7, X=Cl
8, X = Br

examined under direct and acetone-sensitized irradiation
conditions (Scheme I).

It is clear from these exploratory irradiations that the
chlorine and bromine substituents do not alter the nature of
the product on direct irradiation.® Apparently, intersystem
crossing (S' — T) is not competitive with the [1,3] acyl shift
(or other processes from the excited singlet state). Additional
evidence for the absence of intersystem crossing was the ab-
sence of detectable phosphorescence from 3 EPA in glasses (77
K).

Sensitized irradiations of 1-5 employing acetone gave the
expected oxadi-w-methane rearrangement products,’ the 1-
substituted tricyclo[3.2.1.02-7]octan-3-ones (6-8) and the same
[1.3] acyl shift products observed on direct irradiation.”-
Thus, the [1,3] acyl shift appears to be ubiquitous, occurring
by thermal, excited singlet, and triplet-sensitized activation.

A more quantitative assessment of the photochemistry of
this ketone series is given in Table 1. In order to determine the
[1,3] efficiency for the degenerate rearrangement of 1,/%1! the
time-dependent decrease in the optical rotation was followed.
The quantum efficiency was obtained from the following re-
lationship

®rac = (Ko/AD[' In (ap/ )]

where K is the moles of ketone present, A4, is total number of
einsteins absorbed by the ketone, ag and « are the initial and
final polarimetric rotations, and &, is the photoracemization
quantum efficiency. The photoracemization quantum effi-
ciency was assumed to be the efficiency for a concerted [1,3]
migration!© (corresponding to both the disappearance (®4;s)
and appearance (®,,p) efficiencies for the other ketones
studied).

As seen from Table I, the effect of substitution on the re-
versible [1,3] migration is substantial. The sum of the forward
and reverse efficiencies is lower by a factor of 3-5 when H is
replaced by halogen. Since neither intersystem crossing nor
new reaction processes are observed, the results indicate that
decay processes are enhanced with substitution. Radiationless
decay is likely since the fluorescence efficiencies of the first
three ketones decrease in the order ®;for 1 >> 2 > 3.

The sensitized rearrangement is seen to be much more
sensitive to the presence of a heavy atom. Both when the
halogen is attached to the v position or when it is located on
the « bridgehead carbon, a ten- to twentyfold decrease in
product formation efficiency is observed. To ensure that these
lower efficiencies were not an artifact of the energy transfer
step from the sensitizer, a selected series of these ketones was
employed as quenchers of acetone phosphorescence.!? Ketones
1,2, and 3 quenched the phosphorescence emission of acetone
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Table I. Quantum Efficiencies® for [1,3] Acyl Migration and Oxadi-r-methane (ODPM) Rearrangements

Direct (in ether)

ketone Pyis )3 3¢, ; (forward and reverse)?
1(-)¢ 0.42+0.04 0.429 +0.04 0.84(1(-)+1(+))
2 0.211 £ 0.02 0.14 £ 0.02 025(2+4)
3 0.16 £ 0.02 0.088 + 0.009 0.15(3+5)
4 0.16 £ 0.02 0.11 £ 0.01
5 0.095 £ 0.01 0.062 £ 0.007
Sensitized (in acetone)
ketone Pis $opPM P13
1 0.22 £ 0.02 0.080 + 0.008 0.048 £ 0.008
2 0.030 £ 0.004 0.0062 £ 0.001 0.0041 + 0.0005
3 0.015 + 0.004 0.0033 + 0.0003 0.0036 + 0.0005
4 0.046 £ 0.005 0.03 £ 0.003 0.009 £ 0.001
5 0.021 £ 0.002 0.007 £ 0.0009 0.0029 + 0.0004

@ Ketones were irradiated at 300 (direct) and 254 nm (sensitized). Solutions of ~10~2 M were degassed with purified N, and irradiated
in @ merry-go-round apparatus (Southern New England, RPR-100) and were run in duplicate. Analysis was by GLC employing an internal
standard. Actinometry was by potassium ferrioxylate.® A 10% error in light output was used to calculate the standard deviation. Values reported
were those extrapolated to zero conversion. & The sum of the forward and reverse appearance quantum efficiencies for the reversible [1,3]
migration. < Racemization of the active ketone 1 was followed polarimetrically at 578, 546, 436, and 365 nm. The mechanism for the racemization
was assumed to be a concerted [1,3] acyl migration.'® 4 The racemization quantum efficiency was assumed equal to ®qjs and &4, for 1a (see
text). GLC analysis showed no new products in low conversion runs (~2 half-lives).
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Figure 1. Quantum efficiency vs. halogen substituent for the sensitized
reactions of ketones 1, 2, and 3.

with relative efficiencies of 1.00, 0.64, and 1.48. The corrected
reactivity value for each of these ketones is graphically pre-
sented in Figure 1, further emphasizing the effect of a heavy
atom'3 on the sensitized reactions.

Further studies on the sensitized rearrangements showed
that the two reactions originated from separate excited states.
Employing sensitizers of successively lower n,7* triplet ener-
gies, e.g., acetone (E1 = 80 kcal/mol) and acetophenone (74),
the bromo ketones 3 and § showed a rapid decline in the ratio
of [1,3] to ODPM product. Benzophenone (E1 = 68 kcal /mol)
gave very little of these products and considerable side prod-
ucts. A more direct indication was the differential piperylene
quenching of the [1,3] and ODPM rearrangements of 3. The
acetophenone-sensitized ODPM reaction was quenched,
whereas the [1,3] migration was not affected (Figure 2). Thus,
a nonquenchable excited state, possibly a higher, n,7* state,
is responsible for the [1,3] acyl shift while a lower lying =, 7*
triplet is the ODPM precursor.32

Alternatively, the [1,3] migration of these bicyclic ketones
may be occurring on the ground-state surface in accord with
Berson’s report on the thermal rearrangement of 1.2 Our at-

10. 04 & oppyM

® [1,3]

-
0.005
[piperylene]

T
0.010 M

Figure 2. cis-Piperylene quenching of the acetophenone-sensitized rear-
rangements of 3,

tempts to intercept intermediates (either an excited triplet, a
singlet, or a ground-state diradical) with piperylene (up to 2
M in direct irradiation) were unsuccessful. If the excited-state
surfaces funneled the reactant molecules onto the ground-state
rearrangement surface, then the inability to quench the [1,3]
migration and to effect intersystem crossing from the singlet
excited state to the triplet would not be exceptional.!3

Finally, it has recently been suggested that the ODPM re-
arrangement may arise from an excited singlet state for a
substituted bicyclo[2.2.2]octenone.'# Our results would suggest
that such is not the case for the bicyclic ketones examined in
this study and for related analogues. Thus, the ODPM rear-
rangement remains a triplet-state process, while the [1,3]
migration has been shown to occur with direct or sensitized
irradiations.
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Anion Radicals of Pheophytin and Chlorophyll a:
Their Role in the Primary Charge Separations
of Plant Photosynthesis

Sir:

Photosynthesis in algae and green plants functions via two
chlorophyll-mediated systems which cooperatively oxidize
water (photosystem I1, PS I1) and reduce carbon dioxide (PS
I). PS 1 utilizes far-red photons (A <700 nm) to yield an oxi-
dized chlorophyll pair, P700*. (midpoint potential, £, ~ +0.4
t0 0.5 Vvs. NHE) and a strong reductant, a bqund ferrodoxin
with E,, ~ —0.54 to —0.59 V, which is capable of reducing the
nicotinamide adenine dinucleotide required to fix CO,. PS 11
operates in red light (A £680 nm) to generate a second chlo-
rophyll cation (P6807.) sufficiently electropositive to oxidize
water to oxygen (£, 2 0.8 V) and a weak reductant (E,, =0
to ~0.2 V) believed to be a plastoquinone anion radical (see
ref 1-8 for reviews).
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Table 1. Variation of ESR Line Width with Microwave Power

microwave AH,G*@
T,°C power, mW  Chla~- deut Chl—. Pheo™
25 0.01 10.5 10.3
0.1 10.8 10.5
1.0 11.5 11.6
10.0 15.0 15.0
—60% 0.01 11.3 11.3
0.1 11.6 11.2
1.0 13.2 13.0
10.0 17.6 17.2
—-140 0.01 12.1 4.8 12.2
0.1 12.8 5.2 12.5
1.0 13.5 5.0 13.1
10.0 13.0 5.3 12.6

a AH = peak to peak line width of the first derivative ESR signal.
b Near-freezing point.

However, recent redox, optical, and magnetic results®-17
indicate that additional electron acceptors mediate the transfer
of charge from P680 to plastoquinone and from P700 to the
iron-sulfur protein. Examination of the emf, ESR, and optical
parameters attributed to these short-lived acceptors of PS I and
II leads us to suggest that chlorophyll and its free base, pheo-
phytin, act as the primary electron acceptors of PS I and 11,
respectively. We provide here redox, optical, and paramagnetic
characteristics of the anion radicals of chlorophyll (Chl) and
pheophytin (Pheo) in vitro to test this hypothesis.

Evidence for anions of Chl and Pheo comes from electrolytic,
photolytic, and radiolytic experiments.!8-25 Nonetheless, un-
ambiguous spectral characterization of the radicals has been
complicated or prevented by the tendency of the anions to
add?%27 or lose!® protons in the presence of trace acids or bases.
We find that solutions of Pheo~- and Chl~- in dimethylform-
amide (DMF) which are stable for more than 2 months can
be obtained by controlled potential electrolysis if oxygen is
rigorously excluded and the solvent has been pretreated on
activated molecular sieves followed by contact of the electrolyte
and solvent with activated neutral alumina according to the
methods described by Bard,22 Borg,?! Fajer,28 Parker,2% and
co-workers. Electrolysis requires addition of 1 (£0.1) electron
per chlorin molecule to yield the optical spectra of Pheo™ and
Chl™- shown in Figure 1. The reactions are reversible: one-
electron oxidations of the radicals regenerate better than 90%
of the original chlorins. The spectra displayed in Figure 1 do
not exhibit any of the optical features associated with pro-
tonation of the radical, as in the Krasnovskii product,24.26.27
or with the deprotonation at the C-10 position known as the
phase test.!8

Electron spin resonance (ESR) and electron nuclear double
resonance (ENDOR) spectra of Pheo~- and Chl~ were ob-
tained by generating the radicals electrolytically in ampules
equipped with both ESR sampling tubes and optical cells in
order to monitor the electronic spectra immediately before and
after the magnetic measurements. Within experimental error,
no differences in ESR and ENDOR parameters are detected
in samples prepared in deuterated DMF (99.5% d) even after
prolonged standing, again indicating that no significant re-
actions occur with solvent protons at sites of high spin densi-
ties.

The featureless ESR signals obtained from Chl~. and
Pheo™ readily saturate with increasing microwave power
(Table 1) and yield the ENDOR spectra shown in Figure 2.
Peaks a; and a; display ENDOR features typical of methyl
groups in frozen matrices.?%3! Self-consistent field molecular
orbital calculations3? for free base and metallochlorin anions
indicate (Figure 3) that the 1- and 5-methyl groups should
exhibit substantial hyperfine splitting constants in a ratio of
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