phenyl. The yield of triplet p-terphenyl was estimated by
comparing the sensitized TBF fluorescence intensity at ex-
trapolated infinite TBF concentration from 1 and from
tetramethyldioxetane (TMD) under similar reaction condi-
tions. This analysis indicated that 35 £ 10% of the 1 that is
consumed becomes a p-terphenyl triplet.! Correction of the
total yield of excited states for the chemical yield of p-terphenyl
leads to the conclusion that ca. 60% of the p-terphenyl formed
in the reaction of 1 is produced in an electronically exicted
state. This system, therefore, represents one of the most effi-
cient chemielectronic reactions yet discovered.

The reasonable mechanisms for this chemiluminescent re-
action involve at least one intermediate. A reasonable candi-
date for the intermediate immediately preceding formation
of the excited state is the cyclic diacyl peroxide 4. Rear-
rangement of 4 to p-terphenyl and carbon dioxide is exother-
mic by ca. 85 kcal/mol.!” The lowest excited singlet state of
p-terphenyl is 90 kcal/mol above the ground state.!® Thus,
fragmentation of 4 almost certainly produces sufficient energy
to form the observed excited states.!” This fragmentation may
occur by either a stepwise mechanism through a biradical or
by a concerted bond cleavage. If concerted, the symmetry
“allowed” 25 + 2, + 2, path would generate an unlikely trans
bond in the central benzene ring of 2. Alternatively, the “for-

Ph O Ph O
H,0, OOH 0O
—_, —_— |
DIEA Cl 0
h O h O
4

bidden” 2 + 2, + 2, path would be sterically permitted. This
path is predicted to lead directly to an electronically excited
state of 2.2! In any event, the large exothermicity of this re-
arrangement may be the key factor in promoting the efficient
formation of electronically excited states. Further experimental
work is aimed at the conclusive identification of the reactive
intermediate and elucidation of the mechanism for this inter-
esting chemiluminescent reaction.
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The Role of Water on the Photoactivity of Chlorophyll a.
In Vitro Experimental Characterization of the PSI Light
Reaction in Photosynthesis!

Sir.
Recent experimental studies in this laboratory have been

concerned with the preparation® and characterization? of the
P700 chlorophyll a monohydrate dimer (Chl a-H»O); after the

0—CH,
H’,,o=c/
Mg----- O\<
1) NH,
\H \\\\ (2)
>O—-——Mg
H
=0
CH—0"
A

proposed model for the photosystem I reaction center in plant
photosynthesis.* It is believed* that a singlet-triplet upcon-
version interaction®-7 in (Chl a-H,0), brings about a tauto-
meric proton shift that results in the creation of a symmetrical
charge transfer state* (B). The observation®® of positive

/’H/
Mg—0_
AN §
H ©
0o Mg
a2
C=0"
-~
CH—0 _0—CH,
; H"’O=C
Mg“----0<
1) \\H\
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Figure 1. (A) Photogalvanic response action spectrum of a hydrated Chl
a film on Pt: (a) freshly prepared sample from an electrode-plating pro-
cedure developed by Tang and Albrecht;'! (b) sample in (a) heated under
vacuum at 80 °C for 24 h; (c) sample in (b) heated in an aqueous solution
at 80 °C for 12 h. (B) Computer deconvolution of the spectral response
of the vacuum-heated sample. The sequence of observations suggest that
the monohydrate complexes (673-nm band) are considerably less pho-
toactive than the dihydrate aggregate (740-nm band) and that the 673-nm
band photoactivity becomes enhanced after an acquisition of additional
water molecules. See text for detailed discussion.

photopotentials at Chl a electrodes has recently been attrib-
uted? to the photoactivation of B.

The question of the photoactivity of hydrated chlorophyll
has been the subject of numerous investigations in recent
decades.!0!! However, few of the earlier studies have been
focused on photochemical properties of specific relevance to
the primary light reaction in photosynthesis. In this commu-
nication, we report the findings of experiments designed to
explore into the origin of the photoactivity of Chl a-H,0 ag-
gregates, with special emphasis on the P700 dimer (Chl a.
H>0),. The results demonstrate the dramatic enhancement
of Chl a photoactivity by water. An important conclusion of
our present study is that A by itself is probably not photoactive
and that additional water molecules to the two involved in
bonding interactions in A are needed for the consummation
of the primary photoact.

We make use of the recently developed® Chl a photogalvanic
cell to determine the action spectrum of Chl a photoactivity
under various conditions. The experimental assembly consists
of two half cells, a Pt-Chl a electrode immersed ina 0.1 M
aqueous solution of LiClOy4 and a chlorophyll-free Pt electrode,
separated by a glass frit. The details of the cell preparation
parallel those described earlier® except for a number of re-
finements, one of which being the employment of a Kiethley
current amplifier instead of an IR drop for the photocurrent
measurement. The Chl a was plated on a Pt electrode from a
10~* M solution in undried 2,2,4-trimethylpentane by a pro-
cedure similar to that described by Tang and Albrecht.!!©

The photochemical action spectrum of the freshly prepared
Pt-Chl a electrode (Figure 1A,a) shows an approximately
equal distribution of the observed photocurrent in two bands
with maxima at 673 and 740 nm, respectively. The latter band
is readily attributable to the presence of the dihydrate polymer
(Chl a:2H,0),,.212.13 After the Pt-Chl a electrode has been
heated under vacuum for 80 °C for 24 h, a marked change
occurs in the photogalvanic spectral response (see Figure
1A,b). The disappearance of the 740-nm band indicates the
partial dehydration of (Chl a.2H,0),, to yield monohydrate

complexes.'* The resulting 670-nm band in Figure 1A,b is
closely similar to the optical absorption spectrum of a Chl a
monohydrate film (on a microscope slide) prepared by the
usual vacuum-heat procedure.!® Bearing in mind the fact that
Figure 1A,b has been obtained with the Pt-Chl a electrode in
direct contact with water, we deduce that, under ordinary room
conditions, the hydrophobic interactions due to the presence
of the phytyl chains in Chl a apparently provide an effective
nonpolar environment for the existence of an equilibrium
mixture of Chl a-H,0 and (Chl a-H,0), in which the integrity
of the bonding interactions in A has been kept intact. It has
been established that Chl a exists as the monohydrate in a
rigorously dried nonpolar medium. 21214

A computer deconvolution of the 670-nm band of the vac-
uum-heated Chl a action spectrum is given in Figure 1B. We
observe that approximately 35% of the observed photocurrent
has originated from the o and 8 exciton components? of the
P700 monohydrate dimer (Chl a-H;0),. Approximately 56%
of the area under the 670-nm band appears to be attributable
to a Gaussian envelope of inhomogeneously broadened mo-
nomeric chlorophyll complexes that possibly act as the light
collecting apparatus for the P700 aggregate in analogy to the
antenna chlorophylls found in in vivo photosynthesis.!> The
remaining 9% of the 670-nm band has been found to have
arisen from two relatively minor components at 683 and 738
nm that are possibly the dimer Chl a;'? and polymeric aggre-
gate (Chl a.2H»0),.212.13

The greatly reduced photoactivity of the vacuum-heated Chl
a film is noted by a comparison of Figures 1A,a and b. It is
evident that the slight increase in the 670-nm band in Figure
1A,b is not commensurate with the corresponding disappear-
ance of the 740-nm band. It appears that the presence of the
two H,O molecules in A cannot fully account for the pho-
toactivity of A. No signs of photoactivity in rigorously dried
nonpolar solutions of chlorophyll monohydrate have been de-
tected in contrast with the well-established light-induced ef-
fects'®:!! in the crystalline dihydrate polymer.%12:13

In order to demonstrate the validity of the above deduction,
we now immerse the entire photoelectrochemical cell assemply
(with the Pt-Chl a electrode submerged in the aqueous LiClO4
electrolyte) in a temperature bath maintained at 80 °C for 12
h. The elevated temperature makes possible a reequilibration
of the chlorophyll monohydrate film with the surrounding
aqueous environment. The resulting spectral response of the
photogalvanic cell is shown in Figure 1A,c. The great en-
hancement in the observed photocurrent output is accompanied
by the dramatic shift of the response function in favor of the
740-nm band. Of interest is the fact that the relatively minor
component of chlorophyll monohydrate that has remained
after the thermal reequillibration process actually yields more
than twice as much photocurrent as the entire output of the
vacuum-heated sample (compare Figures 1 A,b and c). These
observations may be summarized in terms of the hydration
equilibria
2mChl a-H,0 = m(Chl a-H;0),

+2mH,0
=——= (Chl a-2H;0),;n, == m(Chl a-H0),-2H,0 (1)

—2mH,0

80 °C
where the two major photoactive components are given on the
right side of the equilibria. We have embodied here the concept
of a photoactive form of A in assigning two additional H,O
molecules to A. This assignment may be rationalized in view
of the expected photoenolization of the cyclopentanone rings
in A during the photooxidation of B. The additional waters are
presumably needed as the nucleophilic agent that transfers the
C-10 hydrogen to the C-9 keto function in the proposed light
reaction!® (eq 2). In in vivo systems, the role played here by
the additional waters in the photoenolization of the ring V
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B-keto ester function may possibly be duplicated by an amide
or hydroxyl group of the reaction center lipoprotein com-
plex.

We have thus fully specified the role of the ring V 8-keto
ester group in the photosystem I primary light reaction. The
expected*® conformation change in B during reaction 2 may
provide the mechanism for the energization of the photosyn-
thetic membrane.!” Experiments are underway to confirm the
above interpretations by an NMR spectroscopic determination
of the proposed photoenolization process under conditions
comparable to those of the present study. We are aware of the
fact that our present conclusions appear to be generally con-
sistent with the recognized role of the cyclopentanone ring in
the epimerization of Chl a to Chl a’ involving the C-10 hy-
drogen in protic solvents.'® We have also begun a parallel series
of studies on pyrochlorophyll photoactivity in order to delineate
water enhancement effects other than the photoenolization
interpretation given above. In pyroChl the C10 carbomethoxy
group in Chl a has been replaced by a hydrogen atom, and no
photoenolization in ring V is possible.
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Synthesis and Thermal Reactivity of Some
2,3-Dioxabicyclo[2.2.1]heptane Models of
Prostaglandin Endoperoxides
Sir:

Prostaglandin (PG) endoperoxides! (e.g., 1), the immediate
biological precursors of prostaglandins (e.g., 2, 3, 4) and
thromboxanes? (e.g., 5), are generally considered to be deriv-

atives of the otherwise unknown 2,3-dioxabicyclo[2.2.1]hep-
tane (8) heterobicyclic ring system. Recently, solutions con-

Q HQ HQ
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taining PG endoperoxides, PGG; and PGH,, were prepared
enzymatically.3 However, studies of the chemical reactions of
these key biomolecules are beclouded by the instability* and
uncertain purity’® of samples obtained by bioconversion. We
now report: (1) the first nonenzymatic synthesis of bona fide,
fully characterized derivatives of the bicyclic ring system 8,
(2) thermal fragmentation of 10, a derivative of 8, to a 1,3-
dione and olefin, which is reminiscent of the in vitro frag-
mentation of PG endoperoxides, and (3) thermochemical data
for decomposition of this model endoperoxide which show
unexpectedly great thermal stability consistent with a homo-
lytic mechanism rather than a concerted electrocyclic frag-
mentation.

The unsaturated analogue of 8, 2,3-dioxabicyclo[2.2.1]-
heptene, and substituted derivatives thereof are readily
available, though thermally labile. Thus, the unsaturated
peroxide 9 is readily prepared by cycloaddition of singlet
oxygen’ with 1,4-diphenyl-1,3-cyclopentadiene (Scheme II).8
We now find that diimide® selectively reduces the C-C m-bond
of 9 to give 1,4-diphenyl-2,3-dioxabicyclo[2.2.1]heptane
(10).'° The upfield portion of the 'H NMR spectrum of 10
(Figure 1) in perdeuteriobenzene solution exhibits four mul-
tiplets centered at 6 1.90, 2.17, 2.40, and 2.64 which correspond
to Hy, Ha, Hy, and H, respectively. Geminal coupling J,, =
8 Hz, J.s = 10 Hz, and long range W-plan'! coupling J,s = 2.3
Hz support these assignments. Reduction of 9 with dideuter-
iodiimide occurs stereospecifically cis-exo to give 11 (Scheme

Scheme I
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