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Abstract-Near-UV irradiation of the photosynthetic electron transport quinone, plastoquinone-9, in 
the presence of methanol and water, gave rise to mixtures of diastereoisomers of the dihydrobenzofu- 
rans 2a and 2c, respectively, as the major products. In both cases minor amounts of the 
plastochromenol-8 4s and the benzoxepin 6a were isolated and characterized. 

Electron transport quinones, substituted 1 ,Cbenzo- 
and naphthoquinones, play a vital role in the re- 
spiratory and photosynthetic elements of biological 
systems.’ These quinones, acting as electron accep- 
tors, are reversibly reduced to hydroquinones’.’ or 
possibly semiquinones” when functioning in vivo. 
This function is linked to the formation of 
adenosine triphosphate that occurs during respira- 
tion’ and photosynthesis.6 

Electron transport quinones are photolabile to 
near-UV and visible light; hence, for cells normally 
living under sunlight exposure such as leaf cells, 
algae, and bacteria there must be cellular mechan- 
isms to protect these quinones and maintain their 
function. It is conceivable that a fraction of the 
quinones is converted to photoproducts either 
naturally or when one or more of the protective 
mechanisms malfunctions. 

Selective destruction of quinones in bacterial 
membranes has been carried out by taking advan- 
tage of their photolability to near-UV light? and 
such studies have proved valuable in pinpointing 
the role of quinones in respiration. 

Electron transport quinones have been impli- 
cated in ageing,9 heart disease,“’ muscular dys- 
trophy,” and cancer;‘* therefore, a systematic study 
of their photochemistry is a subject of biological re- 
levance. This paperI3 describes the characterization 
of in vitro photoproducts of plastoquinone-9, PQ-9 
la, the quinone found in thylakoid membranes of 
chloroplasts, (photosynthetic organelles of the 
plant), and in similar unencapsulated membranes 
embedded in some blue-green algal cells. 

REwLTs 

Irradiation of PQ-9 in mixtures of benzene and 
methanol. The near-UV (A = 365 nm) irradiation of 
solutions of PQ-9 dissolved in benzene-methanol 
mixtures gave rise to one major and many minor 
photoproducts. The major photoproduct. arising 
from the photo-addition of methanol to the quinone 
in 15 to 20% yield, was identified as a mixture of 
diastereoisomers of dihydrobenzofuran 2a. This as- 
signment of structure was based on the analysis of 
the diastereoisomers and their acetates by UV, IR, 
NMR, and mass spectrometry. The material Ze 
exhibited A z” at 300 nm, shifted to 318 nm on ad- 
dition of base. Acidification reversed the maximum 
to 300 nm. These spectral shifts were identical to 
those previously observednb for the dihydroben- 
zofuran 3a, a photo-adduct of methanol and 
plastoquinone-1 (PQ-1, lb). The NM 

‘I: 
spectrum of 

2a had signals at S 1*13s, 1-15s (CHI -O), 1.26s, 
1.34s (--CH&&O), 16Obs (broad singlet), 

I 
168bs [(C==C--Me)a], 19-2.2 m[6,7-Me and 
(-CHrh], 3G-3.3m (3-H), 3.26s. 3.29s (OMe), 
466 m (2-H), 512bs [(-CH=)s], and 6-48s (dH). 
These data are comparable to those observed for 3a 
except for the additional resonances attributable to 
the octapreayi side-chain of 2a. That 2s consisted of 
two diastareoisomers was inferred from the obser- 
vation of methoxyl group resonances at 6 3.26 and 
3.29. Methyl resonances at S 1.13 and 1.15 and 
methylene resonance at 8 l-26 and l-34 could also 
be attributed to the presence of twddiastereoisom- 
ers. Comparison of the areas of the two methoxyl 
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signals indicated that the diastereoisomers were 
present in a 1-O to l-4 ratio. 

gram 1. The NMR spectrum of 2bS consisted of 

Two diastereoisomeric acetates, 2bS and 2bF 
(Slower and Faster moving), were obtained by re- 
petitive TLC from acetylated 2a. The relative 
amount of the acetates, 1.5 to 1 .O, respectively, was 
almost identical to that found by NMR (aide 
supru). The IR and UV spectra of 2bS and 2bF 
were identical (Experimental Section). The UV 
spectra, At:” 289nm (c 3400), 284nm (4 3200), 
were comparable to the one reported for 3b,“b AEtH 
289 (Q 3100), 283nm (e 3000). Mass spectra pro- 
vided further confirmation of structure for 2bS and 
2bF; the molecular ion (M’) of both appeared at 
m/e 822, the value expected for acetate of a 
methanol addition product to PQ-9 (M’ at mle 
748). Another peak observed at m/e 217 was attri- 
buted to the fragmentation pattern shown in Dia- 

gives rise to a triplet at 6 4.73 (J = 9.0 Hz) in the 
spectrum of 2bF, the HX signal of an ABX system 
having JAx = hx. 

lowed from its ma&, UV, and NMR spectra. Thus, 

Taken together, these data provide unequivocal 
evidence that the major photoproduct produced 
following near-UV irradiation of PQ-9 in 
benzene-methanol mixtures was the dihydroben- 
zofuran 2a. From this same mixture two minor 
photoproducts were separated and isolated as ace- 
tates, plastochromenol-8, 4a, (3% yield”) and ben- 
zoxepin, &I, (5% yield). These assignments of struc- 
ture were made on the basis of the following data: 
The faster running photoproduct had properties 
(UV, IR, R,) identical with a synthetic sample of 
plastochromenol-8 acetate, 4b, prepared by acetyla- 
tion of the product isolated from the overnight cyc- 
lization of PQ-9 in pyridine. Confirmation of the 
structure of the synthetic chromenol acetate fol- 

::pR_$.Je+ 
M’. m/e 822 mle 217 

Me0 

Y 
CH,R 

. 
Me 

Me 
I 

R = (CKCH=CCH&H 
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signals at 8 1-15s (M&O{, 1-26s 

(-CH:--O), 16Obs, 168bs [(C=C--Me)& 
2*Olbs[6-Me and (-CHl-)r], 2.13s (7-Me), 2-28s 
(COMe), 3.12 d(J = 9*6Hz, 3-H). 3.29s (OMe), 
4.73t (J = 9.6 Hz, 2-H). 5.12bs [(-CH=)s, and 
666s (4aI-I). The spectrum of 2bF was identical ex- 
cept for three features: the two proton doublet at 6 
3.12 was replaced by an unresolved two proton 
multiplet between 3-O and 3.4; the methoxyl singlet 
at 3.29 was replaced by a similar signal at 3.25; and 
the one proton triplet at 4.73 (J = 9.6 Hz) was re- 
placed by a triplet with the same chemical shift but 
with J = 9-O Hz. The unexpected equivalence of the 
3-protons of 2bS has been noted before’3b.‘* for di- 
hydrobenzofurans with similar substituents at the 
2-position of the furan ring. This equivalence of the 
3-protons is an accidental effect rather than an in- 
herent feature of the NMR spectra of dihydroben- 
zofurans. Thus, the 2- and 3-protons of 2-methyl-2, 
3-dihydrobenzofuran exhibit” the predicted ABX 
splitting pattern. The 3-protons of 2bF are also non- 
equivalent since they give rise to an unresolved 
multiplet between S 3-O and 3.4, overlapping the 
singlet at 3.2 due to the methoxyl group. The con- 
formational differences that render the 3-protons 
equivalent in 2bs but non-equivalent in 2bF cannot 
be simply rationalized. The 2-proton, however, still 

in the mass spectrum the molecular ion, M’, was at 
m/e 790. Its UV spectrum (A:?” 228,236,268, and 
316 nm, sh 275 and 369) was similar to that of the 
chromenol acetate of PQ-9 prepared by Hemming 
et a1” by absorption and elution of PQ-9 on to and 
from aluminum oxide. In the NMR spectra bsor- 
bances were observed at S 1.36s (M eJ -0). 

I 
16Obs. 168bs [(C=C--Me)& 2aOlbs [(-CHr_)( 
and 8-Me], 2.12s (7-Me), 2.28s (-COMe), 
5*05-S.llm [(-CH=)& 5.52d (J = lOHz, 3-H), 
6.24d (J = 10 Hz, 4-H), and 6.49s (4-H). These 
data are similar to those”b observed for 
plastochromenol-0 acetate, 5, except for the addi- 
tional signals arising from the octa-prenyl side- 
chain. 

Assignment of structure to the minor photo- 
product isolated as the acetate with the lower R, 
was based on its mass spectral analysis, and follow- 
ing its reduction with lithium aluminum hydride, the 
similarity of the product to benzoxepin 7, a photo- 
product of PQ- 1 .lJb The molecular ion of the acetate 
was at mle 790, and other peaks were observed in 
the mass spectrum at m/e 721, 653, 585, 517,449, 
371,303 and 235, peaks consistent consecutive loss 
of eight isoprene units from the side chain. The re- 
duced substance exhibited AZ:” at 284 nm (P 2500). 
On addition of base A,, shifted to 300 nm (6 3200), 



Me 

Me I%- I I ’ nH 
Me 

n=9. la 
n=l; lb 

n=8. 2a: R,=H, Rl=Me 
2b: R, = COMe. R, = Me 
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n=O, 3a: R;=H, R2=Me 
3b: R, = COMe, R, = H 

Me 
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but this reverted to 284 nm after acidification. The 
spectrum and the shifts in A, were similar to those 
observed for 7.“b NMR analysis of the acetate re- 
vealed signals at S 1.54bs [C==C-Me)sl, 168s (ter- 
minal trans-Me of side-chain), 2eOlbs [(CH2--), and 
g-Me], 2.21s @-Me), 2-29s (COMe), 3*35bs (S-CH& 
4.42 (2-CHz), 5.12 [(C=C-I-i)& 556bs (4-H) and 
6-60s &Ii). The similarity of these signals with 
those observed for the PQ-1 photoproduct, I’% 
3.27bs (S-CH& 4.32 (2-CH?), 557bs (4-I-r). and 6.37 
(GH), supported the assignment 6a given to the sec- 
ond minor photoproduct. The OAc and OH groups 
cause a significant difference in the chemical shifts 
(O-23 ppm) of the 6-proton in 6h and 7. 

Irradiation of PQ-9 in Aqueous t-Bury1 Alcohol. 
The near-UV irradiation of PQ-9 in aqueous t-butyl 
alcohol gave rise to one major and many minor 
photoproducts. Two of the latter were converted 
to acetate derivatives and identified as 
plastochromenol-8, 4a, and the benzoxepin, 6a. 
They were isolated in yields of about 2 and 4%. 
respectively. The major photoproduct, isolated in 
only 7 to 10% yield,16 was identified as a diastereo- 
isomeric mixture of the dihydrobenzofurans 2c on 
the basis of the following observations: Its UV 
spectrum exhibited A z’” 300 nm which shifted to 
318 nm upon addition of base; the original spectrum 
was restored upon acidification. The photoproduct 
was converted to an acetate derivative by reacting 
it at room temperature for 24 h with dry pyridine 
and acetic anhydride. The spectral properties of the 

acetate were I\::” 280, 284 nm and v”,“, 1765 
(C=O), 3450 (OH) cm-‘. Lack of complete esterifi- 
cation pointed to a tertiary OH group. This was 
confirmed by conversion of the acetate by use of a 
diazomethane-fluoroboric acid mixture” at - 10”. to 
a mixture of two methyl ethers that were separable 
by TLC and that had R,‘s, UV, and IR spectra iden- 
tical to the stereoisomers 2hS and 2bF. These data 
left no doubt that the major photoproduct following 
irradiation of PQ-9 in aqueous t-butyl alcohol was a 
diastereoisomeric mixture of the dihydrobenzofu- 
rans 2c resulting from the addition of water to 
PQ-9. 

DlSCUSSlON 

The photochemical reactions of PQ-9 in 
methanol-benzene mixtures and aqueous t-butyl al- 
cohol were analogous to those of the model com- 
pound, PQ-1 previously studied.“* From the two 
respective reaction mixtures, the diastereoisomers 
2c and 2a were isolated as the major photoproducts 
accompanied in each case by minor ones, the ben- 
zoxepin and chromenol derivatives of PQ-9. Simi- 
larly, irradiation of PQ-1 under a variety of condi- 
tions almost always gave rise to the benzoxepin and 
the chromenol as photoproducts, while irradiation 
in methanol or aqueous acetonitrile gave in addition 
the methoxy or hydroxy dihydrobenzofuran deriva- 
tives of PQ-1, respectively. 

In the study with PQ-l”b formation of dihyd- 
robenzofurans was attributed to solvent addition to 
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the zwitterionic species 8. The latter, 8, could have 
arisen from the triplet diradical 9 following inter- 
system crossing, 9 having been first engendered by 
attack of the electron-deficient oxygen atom of the 
nr* triplet state of the quinone on the olefinic 
double bond of the side-chain (Diagram 3). An al- 

possible sites for hydrogen abstraction from the 
long side-chain of PQ-9 it seems unlikely that this 
product arises from intermolecular hydrogen ab- 
straction. However, examination of a molecular 
model of the quinone reveals that intramolecular 
hydrogen abstraction from the methyl group of the 

PQ-l(n, P*)’ - 

Me 

R = (CH,CH,CHCH,),H 
9 8 10 11 
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temative and perhaps more likely explanation 
stems from the work of Leary and Porter” who ob- 
served formation of the o-quinone methide 10 dur- 
ing flash photolysis of vitamin K,, 11. The addition 
of ROH (R = H or Me) to an analogous plasto- 
quinone methide could account for the formation of 
the dihydrobenzofurans 2a and 2c. This idea is sup- 
ported by recently reported work on the addition of 
methanol to photolytically generated o- 
benzoquinone methide” and the thermal ring clos- 
ure of o-quinone methides to chromenes.m 
Plastochromenol-8 4a, was isolated from both ir- 
radiation mixtures suggesting that an o-quinone 
methide indeed may be formed upon irradiation of 
PQ-9. 

The formation of the benzoxepin 6a most likely 
involves a hydrogen abstraction reaction of the 
photoexcited quinone. In view of the number of 

H-cH’ CHZR 
CQB jr”“ 

first isoprene unit oia an &membered transition 
state*’ is a possible first step in the formation of 6a 
(Diagram 4). 

So far only two photoproducts of PQ-9 have 
been reported in cells: plastohydroquinone’ and a 
partially characterized dime?’ isolated from horse- 
chestnut leaves. The dimer arose through the addi- 
tion of the quinone ring of one molecule to 
one of the nine double bonds of the second 
molecule. However, the authors noted that it could 
have been an artifact of the isolation procedure. 

In vitro photostudies with quinones have re- 
ceived considerable attention. The photoreduction 
of quinones by chlorophyll has been studied by 
numerous investigators*= and several alternate 
mechanisms postulated. In other studies quinones 
have been used as suitable electron acceptors in the 
Hill reaction, i.e. the oxidative cleavage of water by 

Me 

Me 

H 
Abstnchl CH,R 

PQ-9(n. r*)’ 

qCHzR ( $xH2R 

6s 

DIAGRAM 4. 
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illuminated chloroplasts. The isolation of 2c sug- 
gests the possibility of still another interaction be- 
tween PQ-9 and water within the cell: photoaddi- 
tion. 

The possible interaction of PQ-9 with other 
membrane substituents has been commented upon 
previously.“b 

EXPgRlMENTAL 
PQ-9 exhibited the expected spectroscopic features 

(W and NMR) and traveled as a single component by 
TLC in several solvent systems. Spectroscopic methanol 
was used without distillation, and other solvents were 
pm&d in the following ways: t-butyl alcohol was distil- 
led once; benzene was distilled twice, the second time 
over P,O,; pyridine was distilled and stored over KOH 
pellets; acetic anhydride was distilled before use. All sol- 
vents for preparative TLC were redistilled. The prepara- 
tion of silica gel plates has been described.“’ All the 
work was carried out in red light. Solutions of PQ-9 in 
Pyrex glassware were flushed with prepurified nitrogen 
(Matheson) for 20 min prior to and during the irradiation at 
room temperature. Thk solution was placed 3 cm from 5 
General Electric 15W FlS-T-BBLB “black lights” 
mounted in parallel. The NMR, IR, and UV instrumenta- 
tion was that used before.“b Spectroscopic data that ap- 
pear in the Results section are not reported in this section. 
NMR spectra were run in solutions of CDCI, unless other- 
wise. indicated and signals are 6 values. 

Irradiation of PQ-9in Benzene-Methanol Mixtures. In a 
typical experiment 50 mg of PQ-9 in a mixture of benzene 
(5 ml) and methanol (45 ml) was irradiated for 3 h. The sol- 
vent was evaporated at room temperature (water pump) 
and the residue chromatographed on six TLC plates with 
4% ether in benzene as solvent. Examination of the plates 
under UV light revealed many minor, fluorescent quench- 
ing bands in addition to a PQ-9 band (I?, 0.9.4 mg). Spray- 
ing the edge of the plates with dilute aqueous KMnO, re- 
vealed two major bands (R,‘s 0.55 and 0.3). Elution of 
these with ether and distillation of the ether left brown 
oils A (8 mg) and B (13 mg), respectively. A and B were 
obtained as colorless oils following rechromatography on 
four plates with benzene and five plates with 4% acetone 
in benzene, respectively. 

Acetyfation of Fractions A and B. Samples of A and B 
were dissolved separately in dry pyridine (1 ml), and ace- 
tic anhydride (0.5 ml) was added. The solutions were 
flushed with nitrogen, stoppered, and left in the dark over- 
night at room temperature. The pyridine and acetic anhyd- 
ride were then removed at <30” (oil pump); and the re- 
sidual oils, chromatographed. 

Isolation of 4b, 6b, 2bF and 2bS from Acetylnted A and 
B. Acetylated A (7 mg) was repetitively (4 X) chromatog- 
raphed on four plates with hexane containing 3% ether 
and 27% benzene. This procedure separated A into 3 
fractions: A, (- 1 mg), A, (2 ma). and A, (2 mn). all color- 
less oils. A, was ide&ified as piastochr&e&-8 acetate, 
2.7, &trimethvl-2-(4.8. 12. 16.20.24,28.32-octamethvl-3. 
7, 11. 15, i9, ij, .27; 3i-t&aconiaoctaenyl)-26-1_ 
benzopyran&yl acetate 4b by spectral and chromatog- 
raphic comparison with authentic material synthesized by 
the procedure described below. The identification of A, as 
the benzoxepin acetate, 2, S-dihydro-8,9-dimethyl,-3-(4.8, 
12, 16,20,24,2&32-octamethyl-3.7, 11. IS, 19,23,27,31- 
tritracontaoctaenyl)-1-benzoxepin-7-yl acetate, 6b, is de- 
scribed in the Results section. The small amount of mater- 

ial available precluded a structure determination for AI. 
Acetylated B (12 mg) was resolved into two colorless 

oils by repetitive chromatography (3 X) on six plates with 
hexane containing 3% ether and 47% benzene. These were 
identified as the two diastereoisomers of 2.3 - dihydro - 2 - 
(1 - methoxy - 1,5,9,13,17,21,25,29.33 - nonamethyl- 4, 
8, 12, 16, 20. 24, 28. 32 - tetratricontaoctaenyl) - 6, 7 - 
dimethyl - 5 - benzofuranyl acetate, 2bF (4mg) and 2bs 
(6 ml id!: 2920~s. 235Os;1765vs, 1665~. 16OOw. 1205~s. 
1086s cm-‘: AZ” 289 nm (E 3400). 284 nm (3200). 

Plastochro&knol-8 ace& 4b..PQ-9 (20-m) &as left 
overnight in dry pyridine (2 ml) in the dark under nitrogen 
at room temperature. The brown oil remaining following 
removal of the pyridine at C30” (oil pump) was 
chromatographed on two plates with 3% ether and 47% 
hexane in benzene as solvent. A strong fluorescent 
quenching band was observed together with many minor 
bands. 

Elution of the main band with ether and removal of the 
solvent afforded a yellow oil which was immediately 
acetylated. Plastochromenol-8 acetate, 4b (13 mg, corres- 
ponding to a 62% yield of plastochromenol-8 itself) was 
obtained as a colorless oil following chromatography (uide 
supra). 

Irradiation of PQ-9 in Aqueous t-Butyl Alcohol. In a 
typical experiment the quinone (48 mg) was irradiated for 
3 h in a mixture of t-butyl alcohol (85 ml) and water 
(60 ml). After the addition of 40 ml of water, the mixture 
was extracted 3 X with benzene (25 ml), and the benzene 
extract was dried over anhydrous Na,SO,. The brown oil 
remaining following evaporation of benzene at room 
temperature (water pump) was chromatographed on six 
plates with 4% ether in benzene. From the fraction with fZI 
0.55 (7 mg) there was obtained by acetylation and further 
chromatography (wide supra) plastochromenol-8 acetate 
4b (- 1 mg) and the benzoxepin acetate 6h (2 mg). The ma- 
terial barely moving from the starting line afforded a 
brown oil, 2c, which upon acetylation and rechromatog- 
raphy was isolated as the colorless oil 2d (5 mg). Methyla- 
tion of this acetate (uide infra) yielded 2hS and 2bF in the 
ratio 1.5 to 1.0. 

Methylation of 2d. A 1: 1 fluoroboric acid-water mix- 
ture (0.02 ml) in ether (1 ml) was added to a solution of 2d 
(9 mg) in ether (5 ml) at - 10”. To this mixture held below 
0” was added dropwise a cold (ethanol-free) ethereal solu- 
tion of diazomethane until the yellow color persisted for a 
few minutes. After the mixture warmed to room tempera- 
ture it was washed with dilute sodium bicarbonate (3 ml) 
and dried over NazSO.. The colorless oil remaining, fol- 
lowing removal of solvent (water pump), afforded 2d 
(2 mg), 2bS (3 mg), and 2bF (2 mg) after chromatography 
(vide supra). 
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