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for the observed spectra. The new Avl and FeMo-co data es-
sentially reproduce this earlier work, but under solvated rather
than lyophilized conditions. Thus, it appears that the molyb-
denum site is very similar if not identical in all three systems.
Further spectroscopic studies of nitrogenase and model com-
pounds at liquid nitrogen temperatures should help reduce
some of the current ambiguity about scatterer numbers, while
solution studies of the steady-state nitrogenase system in the
presence of substrates and inhibitors promise to yield infor-
mation about the role of molybdenum in the catalytic mech-
anism.
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Abstract: Irradiation of 2-vinylstilbene 19 results in the formation of exo-5-phenylbenzobicyclo[2.1.1]hex-2-ene (exo-21) as
the main product (70%). As contrasted with the results with o-divinylbenzene no benzobicyclo[3.1.0]hex-2-ene derivative (23)
is formed. lrradiation of 2-propenylstilbene (20) gives rise to both types of products. viz., 30% endo- 5-methyl-exo-6-phenyl-
benzobicyclo[2.1.1Thex-2-ene (27) and 10% exo-4-methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene (28). Irradiation of
2-vinylstilbenes substituted at one ortho position of the 3 ring gives a qualitatively similar result as the parent compound; the
main product is an exo-6-phenylbicyclo[2.1.1]hex-2-ene derivative. On introduction of an ortho substituent in the « ring a sim-
ilar product is obtained, but an endo-6-phenylbicyclo[3.1.0]hex-2-ene derivative is isolated as a second product. 2-Vinylstil-
benes having two ortho substituents in the 8 ring give neither of these photoproducts. The different behavior has been explained
by the supposition that the photoproducts mainly arise from the cis isomer of the starting compounds, and that distinct prod-
ucts originate from different conformations of the cis isomers. The supposition has been supported by stereachemical consider-
ations, calculation of Mulliken overlap populations, and NMR data. Most probably the photoreactions occur from the S,
states, The bicyclo[2.1.1]hexene derivatives are formed by a radical reaction whereas the bicyclo[3.1.0]hexenes may arise
from a concerted process. Only when the former reaction is not much faster than the latter are both types of products found.

Introduction

Some years ago Pomerantz? and Meinwald and Mazzocchi?
reported for the first time the photochemical behavior of o-
divinylbenzene (1), a hexatriene with one double bond of re-
duced bond order because of its inclusion in an aromatic ring.
They envisaged that the replacement of the central double bond
by a benzene ring should cause head-to-tail cycloaddition be-
tween the vinyl groups to give benzobicyclo[2.1.1]hexane (2).
as observed with 1,5-hexadienes.# However, the irradiation of
a dilute solution of 1in ether or pentane yielded neither 2 nor
the head-to-head cycloaddition product 3, but rather benzo-
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bicyclo[3.1.0]hexene (4) in 30% vield, a product analogous to
one of the photoproducts of 1,3,5-hexatriene.” Furthermore,
traces of tetralin (§), 1,2-dihydronaphthalene (6), and naph-
thalene (7) have been found.® The formation of 4 requires the
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participation of = electrons of the benzene ring. Using the
deuterated compound it was shown that no hydrogen atom
migration took place. Therefore, a carbon skeleton rear-
rangement was suggested. In a possibly concerted [, 45 + 2]
or [z4, + 2s] process 1 cyclizes to 8; which undergoes a vin-

.
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ylcyclopropane-cyclopentene rearrangement to give the bi-
cyclo product 4.

Further experiments with o-divinylbenzene derivatives,
bearing alkyl substituents on the olefinic carbon atoms, indi-
cated that similar isomerizations also occur in substituted
o-divinylbenzenes.”’-'0 Apparently, terminal alkyl substituents
do not greatly influence the direction of photocyclization of
divinylbenzenes.

Meinwald et al.!''2 found that irradiation of 1,2-divinyl-
naphthalene (9), which possesses a larger double bond char-
acter between the carbon atoms bearing the vinyl groups than
o-divinylbenzene, gave only 1,2-naphthobicyclo[3.1,0]hex-
2-ene (10). The preference to give 10 rather than 11 was as-
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cribed to the preference of 9 for that conformation which leads
to the observed product. 2,3-Divinylnaphthalene (12) reacts
analogously, but also gives a small amount of naphthobicy-
clo[2.1.1]hexene!! (14). The formation of the latter product
was explained by the fact that in the cycloaddition into 13
aromaticity of both rings is lost.

The photochemistry of o-phenylenediacrylate (15) contrasts
with that of the o-divinylbenzenes mentioned.'3 Upon irra-
diation of trans,trans-15 the predominating process appeared

o C00CHs COOC,Hg
©:Zcooc2>+5 cooc2H5
I5 16
to be trans-cis isomerization; no intramolecular cyclization
products related to benzobicyclo[3.1.0]hexene or indan were
found, Only a small amount of the dihydronaphthalene de-
rivative 16 was isolated.

In all the reactions described above divinylbenzenes with
aliphatic substituents were used. The photochemistry of o-
divinylbenzenes substituted with two phenyl groups, viz., 0-
distyrylbenzene (17), has also been described,!4 In this case,
the main reaction is a photodimerization, both under aerobic
and anaerobic conditions, As minor products, cis- and trans-
stilbene and phenanthrene are formed, probably via an inter-
mediate like 18, formed by a head-to-head cyclization,'4®
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This behavior of 17 is quite different from the usual photo-
reactivity .of stilbene derivatives. Other examples of similar
reactions in stilbene-like compounds were found in the pho-
tochemistry of 1,8-divinyl- and 1,8-distyrylnaphthalene, where
both head-to-head and head-to-tail cyclization products are
formed,!12 and in the case of 2,2’-distyrylbiphenyl,'> where
only a head-to-head photocyclization occurs from the excited
trans,trans isomer.'6:17
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In the light of these results, it could not be anticipated if
divinylbenzene, substituted with only one phenyl group, viz.,
2-vinylstilbene (19), should react as a stilbene or a divinyl-
benzene system. Formally, 19 might give rise to a series of
photoproducts via several modes of intramolecular reactions:
(1) an electrocyclic reaction forming a single ¢ bond between
the ends of the conjugated w-electron system comparable to
5, 6 and 7; (2) a stilbene-like dehydrocyclization; (3) a cy-
cloaddition in which two new single bonds are formed linking
the ends of two w-electron systems (comparable to 2, 3, and 4).
Therefore, we have investigated the photoreactivity of 2-
vinylstilbene and the homologous 2-propenylstilbene (20). In
order to get insight into some mechanistic details of the pho-
toreactions of these compounds, the photoreactivity of several
ring-substituted derivatives of 19 has also been studied.

The compounds 19 and 20 were synthesized by a sequence
of two Wittig reactions according to Scheme 1. Benzyltri-
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phenylphosphonium bromide reacted with o-methylbenzal-
dehyde to give 2-methylstilbene, which after monobromination
and conversion into a triphenylphosphonium salt gave by re-
action with formaldehyde or acetaldehyde the required prod-
ucts 19 and 20.

The UV spectrum of trans-2-vinylstilbene 19 possesses large
absorptions at 298 nm (e 24 000), 250 (20 400), and 220
(19 700). Comparison with unsubstituted zrans-stilbene [308
nm (e 28 500), 296 (29 000), 229 (16 400), 203 (24 000)] re-
veals that notwithstanding the larger conjugated system of 19
the extinction is decreased; moreover, the fine structure has
disappeared. This is due to steric interaction of the 2 substit-
uent with the stilbene moiety.'® Comparison with rrans-2-
methylstilbene [307 nm (e 28 000), 295 (29 500), 229
(16 800)] shows that the steric interaction of the vinyl group
is larger than that of a methyl group. The UV spectrum of
cis-2-vinylstilbene 19 [Apnax 248 nm (e 18 000)] indicates as
expected a great hypsochromic shift in comparison with cis-
stilbene [Amax 277 nm (e 10 400)].

The UV spectra of cis- and trans-propenyl-trans-stilbene
do not differ much from each other. The trans,trans isomer 20
possesses absorptions at 300 nm (e 24 800), 254 (20 600), 240
(sh, 14 900), and 223 (15 400); the cis,2-trans isomer at 299
nm (e 26 000), 245 (sh, 13 600), 232 (sh, 15 900), and 222
(17 400).

Irradiation of 2-Vinylstilbene under Anaerobic Conditions.
o-Vinylstilbene was irradiated at 300 and 350 nm in hexane,
benzene, and methanol. The same photoproducts resulted from
all these experiments, but the reaction rates differed largely.
The quantum yields for the main product were estimated to
be 0.024 in hexane, 0.01 in benzene, and 0.009 in methanol.
For preparative purposes ca. 1073 M solutions of 2-vinylstil-
bene in hexane, previously degassed with nitrogen or argon,
were irradiated at 300 nm for 6-8 h until no starting com-
pound, whose separation from the photoproduct is difficult,
remained. After the irradiation the mixture was eluted with
hexane-benzene from a silica gel column to remove polymeric
products and oxidation products. The resulting mixture was
then chromatographed over alumina. The main photoproduct,

Scheme 1
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Figure 1. The NMR spectra of exo- and endo-5-phenylbenzobicyclo[2.1.1Thexene (21) and of exo- and endo-6-phenylbenzobicyclo[3.1.0]hexene

(23).

isolated from the first fractions by elution with hexane, was
exo-5-phenylbenzobicyclo[2.1.1]hex-2-ene (exo-21, mp 32-33
°C), obtained in a 70% yield. The endo isomer (endo-21, yield
2%) was isolated from the fractions containing an exo-endo
isomer mixture by repeated thin layer chromatography on
alumina. 1-Vinylphenanthrene 22 was isolated from the col-
umn with hexane-benzene (20:1) as eluent in a 10-15% yield.
Two other photoproducts were detected by NMR spectroscopy
in fractions eluted with hexane but not isolated owing to their
minute quantities.

Structure of the Photoproducts

exo-5-Phenylbenzobicyclo[2.1.1]hex-2-ene (exo0-21). The
compound, obtained in a 70% yield, has in its mass spectrum
a parent peak at m/e 206 and fragmentation peaks at m/e 128,
115, and 91 indicating the loss of benzene and benzyl frag-
ments. The UV spectrum with absorptions at 274, 267, 260,

and 254 nm is characteristic for benzene derivatives without
substituents extending conjugation. The NMR spectrum (see
Figure la) consists of a nine-proton multiplet at § 6.8-7.26,
a doublet at 3.87 ppm (Hs, J = 7.5 Hz), a doublet at 3.31 ppm
(Hy, Hy, J = 2.5 Hz), a double triplet at 3.07 ppm (Hexo.6, /
= 6.25, 2.5 Hz), and a doublet of doublets at 2.32 ppm
(Hendo-s» / = 7.5, 6.25 Hz). The NMR spectrum does not
correspond with a benzobicyclo[3.1.0)hexene spectrum
(Figures lc,d) but is in accordance with exo-5-phenylbenzo-
bicyclo[2.1.1]hex-2-ene (exo-21). 1t possesses a large long-
range coupling between Hengo.s and Hengo5'9723 (J = 7.5 Hz)
but no coupling between H,xo.6 and Hengo.s. According to
molecular models the dihedral angle between either bridgehead
proton and endo-Hg or endo-Hz: is very close to 90°, so that no
coupling between them is observed. Heyo.6 is coupled, however,
with Hy and H4 (J = 2.5 Hz). The long-range coupling be-
tween H, and Hy4 cannot be seen because of the symmetry of
the molecule.
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Scheme 11
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Chemical support for the supposed structure was obtained
by catalytic reduction. The product of the treatment with hy-
drogen and Pd/C could be identified as 1-benzylindan by its
spectroscopic properties and comparison with an authentic
sample. From this result a structure like phenylbenzobicy-
clo[2.2.0]hexene is excluded. Moreover, the photoproduct
cannot be S-phenylbenzobicyclo[3.1.0]hexene-2 (23), whose
reduction product is 2-benzylindan.2

A final proof of the structure was given by thermolysis.
Heating exo-21 at 200 °C gave rise to 2-vinylstilbene (19) as
indicated by its UV spectrum and GLC analysis.

endo-5-Phenylbenzobicyclo[2.1.1]hex-2-ene (endo-21). This
structure was given to the small fraction present in the bulk of
the exo isomer. It showed an almost identical mass and UV
spectrum and a rather similar NMR spectrum (Figure 1b).
The only differences in the NMR spectrum were the absence
of the long-range coupling and the occurrence of the signal of
H, and H4 as a triplet because of coupling with both the exo-Hjs
and exo-Hg proton.

1-Vinylphenanthrene (22). The third product isolated was
identified by its phenanthrene-like UV spectrum with ab-
sorptions at 239 nm (e 23 600), 258 (39 000), and 300
(14 000), and the characteristic pattern of a vinyl group in the
NMR spectrum at 5.40 and 5.67 ppm. The structure was
confirmed by an independent synthesis (see Experimental
Section).

To be sure of the absence of endo- or exo-6-phenylbenzo-
bicyclo[3.1.0]hex-2-enes (23) in the irradiation mixture of 19
these compounds were synthesized according to Scheme III.

Scheme I11
O feMs Gt
o P o - oy — 7
COOH 272 c CH=Np
24 25 26 23
Comparison of the NMR spectra of endo- and exo-23
(Figures 1c and 1d) with those of the product fractions con-

taining the remaining two unidentified products excluded that
23 had been formed from 19.

Irradiation of 2-Propenylstilbene (20)

A mixture of ¢is- and trans-2-propenyl-trans-stilbene (20)
was irradiated under the same conditions as 2-vinylstilbene
(19), at 300 nm in hexane as a solvent. In comparison with
2-vinylstilbene, the formation of products is slow, Even after
irradiation for 25 h 20% of the starting compound 20 had only
been converted into a mixture of four geometric isomers. The
following new products were found; 30% endo-5-methyl-
exo-6-phenylbenzobicyclo[2.1.1]hex-2-ene (27), 10% exo-

Scheme IV
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4-methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene (28),
and 10% of a mixture of cis- and trans-1-propenylphenan-
threne (29). Furthermore the reaction mixture contained 5%
of a mixture of other photoproducts which could not be isolated
due to their small quantity, and about 25% of polymeric and
oxidation products.

Structure of the Photoproducts

The structures of the compounds obtained were determined
on the basis of their spectra.

Both bicyclic products. 27 and 28, possess in their mass
spectra the parent peak at the same mass as 2-propenylstilbene
(20) (m/e 220). the base peak of the bicyclic product (27) is
at m/e 205 and that of 28 at m/e 129 indicating the loss of
methyl and benzyl fragments, respectively.

The UV spectra with absorptions between 278 and 254 nm
resemble those of the bicyclic products 21.

The NMR spectrum of endo-5-methyl-exo-6-phenylben-
zobicyclo[2.1.1]hex-2-ene (27) shows a great similarity with
that of exo-21. At 3.82 ppm the benzylic proton H, appears
as a singlet, indicating its endo position. A doublet centered
at 6 3.28 can be attributed to the bridgehead protons coupled
with Hexo.s (J = 2.5 Hz). The quartet of triplets can be as-
signed to exo-Hs (Jexo-5.Me = 6.0 Hz): the methyl protons
appear as a doublet at § 0.55.

exo-4-Methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene
(28) has a more complex NMR spectrum. The methyl protons
occur at 6 1.27 (U Meexo-4 = 6.25 Hz). The doublet of doublets
at 6 1.96 is attributed to the homobenzylic proton on C-5
(Jsendo-d = 0.2, J1s = 6, Jsexo6 = Jienos = 8.5 Hz). The
triplet at 2.43 ppm must then be the cyclopropyl proton exo-6,
since J = 8,5 Hz corresponds to the characteristic cis-cyclo-
propane coupling constants.>® The multiplet at 2.88 ppm
corresponds to H,- and the endo-H, proton. Spin decoupling
techniques confirmed the above assignments.

The 1-propenylphenanthrenes (29). isolated by column
chromatography with hexane-benzene (20:1) as eluent in 10%
yield, were likewise identified from spectral data.

The Mechanism of the Cycloaddition

As already mentioned in the Iutroduction, there are several
possibilities of photocyclization in 2-vinylstilbenes. Experi-
mentally, however, [2 + 2] head-to-tail cycloaddition appears
to be the main route. If concerted, this intramolecular reaction
can be viewed either asa [,2 + ;2] ora [,2, + ;2,] reaction,
both of which are photochemically allowed according to the
Woodward-Hoffmann rules.2¢ 1t must then be characterized
by stereospecificity and a lack of solvent polarity effects.
However, irradiation of cis-19 as well as trans-19 gave rise
to nearly the same ratio of exo- and endo-21; in both cases the
sterically more favorable exo product (21) strongly predomi-
nated over the endo isomer. Unfortunately. it could not be
established from which isomer of 19 the predominating product
arose, since trans to cis isomerization is much more rapid than
the cycloaddition (¢i—c = 0.37; @cycioaadition = 0.024). Ac-
cording to the Woodward-Hoffmann rules, exo-21 should
arise only from trans-19.

In order to get more information about the multiplicity of
the cycloaddition several experiments with a triplet sensitizer
(benzophenone) and quenchers have been done.

Excitation of benzophenone in the preserc« of 19 did not
lead to formation of 21, which excluded the occurrence of a
triplet intermediate.

Irradiation of 19 in the presence or absence of trans-piper-
ylene gave equal yields of 21. Probably frans-piperylene cannot
act as a triplet quencher in this experiment because of its high
triplet energy (£, = 59.2 kcal/mol) in comparison with 19.
(For cis- and trans-stilbene £ < 57 kcal/mol). 1t is known,
however, that trans-piperylene also quenches the first excited
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singlet state of several aromatic compounds. This effect is not
observed in the photoconversion of 19, however; piperylene
added in various concentrations equally did not quench the
fluorescence of 19.

With azulene (E, = 40.6 kcal/mol?7) the yield of 21 was
decreased on irradiation of 19 at 360 nm. This effect could be
accounted for, however, by the competition in absorption be-
tween 19 and azulene.

On irradiation of 19 in the presence of 3,3,4,4-tetra-
methyl-1,2-diazetine 1,2-dioxide2® (“dinitroxide”, E, = 30.9
kcal/mol) the yield of 21 was also reduced. It is known that the
“dinitroxide” is also a radical scavenger. To check whether this
effect was observed, another scavenger of transient free radi-
cals,?? vis., di-tert-butyl nitroxide (DTBN),?® was used. In-
deed, again a decrease in the formation of 21 was observed,
whereas the amount of vinylphenanthrene 22 formed had in-
creased. The latter result can easily be ascribed to hydrogen
abstraction by DTBN from the 4a,4b-dihydrophenanthrene
derivative which is intermediate in the photocyclodehydro-
genation to 22 and is known to arise from the S state.3!

It is interesting to mention that Caldwell32:33 reported that
DTBN quenches the triplet state of stilbene with high effi-
ciency, whereas Singer34 showed that DTBN might be a useful
quencher of excited singlet states, long lived enough for bi-
molecular interaction with DTBN. Weliss?’ found that DTBN
quenches both singlet and triplet states. In our case a signifi-
cant quenching of the fluorescence of 19 by DTBN was ob-
served.

Although the results gave no conclusive evidence, the most
probable explanation is that the formation of 21 is a radical
reaction starting from the excited singlet state of 19, although
with ESR no radical intermediates could be demonstrated.

A radical pathway to form 21 from 19 and 27 from 20 is
given in Scheme V.

Scheme V
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In the photoreaction of 19 in the presence of iodine only
1-benzylidan was isolated. This suggests that only the radical
30 arises from 19, as the radical 31 should have led to 1-
methyl-2-phenylindan. This conclusion is consistent with the
higher stability of 30 because of the presence of two benzyl
radical parts.

The formation of 28 from 2-propenylstilbene (20) may occur
via two different mechanisms: by a radical reaction via 31 and
33 or by a concerted process leading directly to 33. To establish
by which way 28 is formed 20 was irradiated in the presence
of dinitroxide as described above. When 33 should arise via a
concerted process and 27 via a radical reaction it could be ex-
pected that the formation of 27 should be repressed whereas
the amount of 28 should remain unaffected. The experiments
gave no decisive answer, however, because the interaction with
the scavenger led now mainly to phenanthrene derivatives and
other, unidentified compounds.

Although no experimental evidence could be obtained, we
think that the formation of 33 via a concerted reaction is more
probable than via a radical intermediate 31. The thermody-
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namically less favored endo isomer of the final product 28 must
be formed from an isomer of 33 in which the cyclopropyl and
phenyl group are at the same side of the cyclopentene ring.
Formation of this configuration from a radical intermediate
is improbable. The lower selectivity in the photoreactivity of
20 in comparison with 19 may be ascribed to the low reaction
rate of the formation of 27 from 20, which becomes compa-
rable to that of the formation of 28. The conversion of 19 into
21 is much faster, so that formation of 28 (R = H) is not ob-
served.

The investigations with the compounds 19 and 20 could not
be used to answer the question whether the main product 21
and 27 arise from the cis or trans isomer (or both) of the parent
compounds. Moreover, the large difference in the reaction rates
of 19 and 20 remained unexplained. Therefore, we investigated
the influence of possible steric factors on the product formation
by the introduction of substituents in the parent compound
(19). This was done in three ways: (1) with a substituent at Cg
in the vinyl substituted ring, 6-methyl-2-vinylstilbene (35); (2)
with an ortho substituent at C,, in the unsubstituted ring, 2’-
chloro-2-vinylstilbene (36) and 2,2’-divinylstilbene (37); (3)
with two ortho substituents at C» and Cg in the unsubstituted
ring, 2’,6’-dichloro-2-vinylstilbene (38) and 2’,4’,6’-tri-
methyl-2-vinylstilbene (39).

Compound 35 was obtained from 2,6-dimethylstilbene (40)
by monobromination, conversion of the monobromide into a
triphenylphosphonium salt, and a Wittig reaction of the salt
with formaldehyde (Scheme VI). A similar procedure was used
Scheme VI

CH3 CH3 CH3
nNBS CHO
2 PCergly Tase
67573 HZP

in the preparation of 36, 37, and 38. The necessary 2-methyl-
stilbenes containing the desired substituents (41, 42, and 44)
were obtained as described in Scheme VII. In the synthesis of
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¥ R
TG LI GNP © @
CHzP(Ceh B 1JNBS
. 65 O ) O X
v X 2P(CeHs, P

3)CH,0

41 xscl 2 36 R=Cl
42 X=2CHy 37 Rz -CHaCHy

|
oo, O 200 g, O

C“zp Ce“5> 2)P(CgHs), X

L, et

Cl HTHO z O

43 44 38

39 o-methylbenzoic acid was used as the starting compound.

After monobromination and conversion into the corresponding

triphenylphosphonium salt, it was subjected to a Wittig reac-

tion with mesitaldehyde. In the resulting stilbene derivative

(45) the carboxyl residue was transformed into a vinyl group

by known methods (Scheme VIII). The UV spectra of the trans
I)NBS
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isomers thus obtained (Table I) show that the introduction of
only one ortho substituent in the 8 ring of 19 causes only a
slight decrease of the extinction coefficient of the longest
wavelength bond; the introduction of two ortho substituents
in the 8 ring or a second ortho substituent in the « ring leads
to a further reduction of ¢, and in addition to a hypsochromic
shift.
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Table I. UV Spectra of Substituted trans-2-Vinylstilbenes

Compd  Substituents Amax (€)
19 298 (24 000), 250 (20 400), 220
(19 700)
35  6-Methyl 286 (17 600), 252 (24 600)
36 2'-Chloro 298 (23 100), 250 (18 500)
243 (18 000), 234 (17 300)
37  2-Vinvl 300 (21 900), 245 (26 900), 218
(18 000)
38 2’.6’-Dichloro 285 (18 400), 241 (21 000), 225
(24 100)
39 27,4 ¢-Trimethyl 284 (18 000), 252 (18 500), 224
(21 500)

Irradiation Experiments

6-Methyl-2-vinylstilbene (35). The irradiation was performed
under anaerobic conditions at 300 nm in hexane as the solvent.
After 24 h the irradiation mixture consisted of 51% of 7-
methyl-exo- S-phenylbenzobicyclo[2.1.1]hex-2-ene (46) and
17% of 7-methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene
(47); 10% of the starting compound had remained; moreover,

CHy /O\ CHy ® CHy cong
v
oM Noea

35 46 47

about 10% of unidentified products and 10% of polymeric
products were present. The photoreaction is slower than with
2-vinylstilbene (19); the quantum yield of 46 appeared to be
0.007 (for 19 0.024 was found). The products could be iden-
tified by comparison of their spectral data with those of the
photoproducts 21, 27, and 28 from 19 and 20 described above.
Especially the UV spectra of 21, 27, and 46 and of 28 and 47
were very similar.

The NMR spectrum of the main product (46) consisted of
a multiplet of eight aromatic protons at § 6.70-7.44 ppm, a
doublet at 3.88 (Hs, J = 7 Hz), two double doublets at 3.42
and 3.36 (H, and Hy4, J = 2.5, 7 Hz), a double triplet at 3.12
(Hé-exor J = 2.5,5.75 Hz), and a signal at 2.22-2.46 of He.cnao
which was partly overlapped by the signal of the methyl group
at 2.30 ppm. As expected, the bridgehead protons H; and Hy
had slightly different chemical shifts, so that their long-range
coupling (J = 7 Hz), unlike that in 21, could be observed. The
spectrum is in full agreement with the structure of 7-methyl-
exo-5-phenylbenzobicyclo[2.1.1]hex-2-ene (46).

It appeared that 46 underwent thermolysis at considerably
lower temperature than 21. On heating on a boiling water bath
two compounds containing vinyl groups were found as was
shown by UV and NMR. One was identified as 35; the other
one seemed to be 3-methyl-2-vinylstilbene.

The NMR spectrum of the second product (47) differed
from that of endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene in
the aromatic region (8 protons, § 6.42-7.12 ppm) and by the
occurrence of a methyl signal at 2.30 ppm. The complex signal
between 2.10 and 3.24 ppm (5 protons) was very similar,
however, in both spectra. Together with the large similarity
of the UV spectra these data proved that the product is 7-
methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene (47).

2'-Chloro-2-vinylstilbene (36). A 1073 M solution of trans-36
was irradiated under similar conditions as used in the irra-
diation of 35. After 30 h the irradiation mixture contained 35%
exo-5-(2-chlorophenyl)benzobicyclo[2.1.1]hex-2-ene (48),
5% of the corresponding endo isomer, 20% 1-chloro-8-vinyl-
phenanthrene (49), and 40% of polymeric and oxidation

:—w»+a

15 48
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products. The main product, isolated by column chromatog-
raphy on alumina, possessed a parent peak in its mass spectrum
at m/e 240; 242; a peak at m/e 115 indicated the loss of a
chlorobenzy! fragment. Its UV spectrum showed absorption
maxima at 274, 266, 260, and 253 nm with low extinctions
(€max ca. 1200) and was nearly identical with that of 21. The
wide similarity of its NMR spectrum with that of 21 proved
the supposed structure 48: the spectrum consists of a multiplet
of eight aromatic protons at 6 6.84-7.60 ppm, a doublet at 3.92
of the Hs..ngo proton (J = 7 Hz), and a doublet at 3.46 of the
bridgehead protons H; and Hy (/ = 2.5 Hz); He.cxo appears
at 3.03 as a double triplet (J = 6, 2.5 Hz), Hg.cndo 2t 2.34 ppm
as a double doublet (J = 6, 7 Hz).

The endo isomer of 48 could not be isolated in a pure form.
Its NMR spectrum, almost identical with that of endo-21,
points, however, to a similar structure.

The structure of 49 was proven by the phenanthrene-like UV
spectrum and the NMR spectrum with the characteristic vinyl
pattern and the presence of the bay protons Hyand Hs at low
field.

2,2'-Divinylstilbene (37). Short irradiation (ca. 1 h) of
trans-37 led to a reaction mixture in which according to NMR
again an exo-5-phenylbenzobicyclo[2.1.1]hex-2-ene (50) was

Z @)
) = (O e @'@@

37 50 51

present as the main photoproduct. On longer irradiation this
compound disappeared, however, and after 24 h a photostable
end product could be isolated in 70% yield. It possessed the
same mass as 37 (my/e 232). Its UV spectrum showed the ab-
sence of a vinyl residue in conjugation with a benzene ring; in
the NMR spectrum no absorptions of vinyl protons were
present. The ratio of aromatic and aliphatic protons in the
NMR spectrum was 1, which was an indication that all three
olefinic bonds of 37 had been involved in the formation of the
product. The disappearance of the primary photoproduct (50)
suggested that the end product had been formed by some
light-induced interaction of the vinyl residue in S0 with the
bicyclohexene moiety. Four such modes of reaction leading to
the compounds §1-54, respectively, seemed possible.

The NMR spectrum of the compound isolated possessed,
besides the signal of eight aromatic protons at 6 6.98-7.35 ppm,
a triplet at 3.72 (1 H), a quintetat 3.14 (1 H), a symmetrical
multiplet at 2.82 (2 H), and a multiplet at 1.40-1.95 ppm (4
H). These data excluded the structures 52-54 because of their
symmetry properties: 52 has four groups of equivalent aliphatic
protons in the ratio 2:2:2:2; 54 has only three kinds in the ratio
4:2:2; in 53 all aliphatic protons are different. The remaining
structure, dibenzotricyclo[4.3.1.037]deca-4,8-diene (51), was,
however, in full accord with the NMR data as was convincingly
demonstrated by spin decoupling. The NMR signals were
assigned as follows: the triplet at 3.72 ppm belongs to Hs (Je.7
= J;5 = 4.5 Hz); the quintet at 3.14 corresponds to H; (J1 2
=J, »=Ji10=Ji 10 = 2.9 Hz); the symmetrical multiplet
at 2.82 arises from H; and Hg (Je7 = 4.5, J6,10 = 9, Je100 =
1.5 Hz); finally, the multiplet at 1.40-1.95 ppm corresponds
to the remaining protons H», Hy, Hig, and Hyy (220 = J 10,10/
= 12 Hz). On spectrum simulation of the protons H, Hz, Hy,
and H; by means of the LAOCOON3 program the part of the
simulated spectrum containing the protons H, and Hy was
identical with the experimental spectrum of Hs, Ha, Hig, and
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Table IL Irradiation Products from 2-Vinylstilbene Derivatives
Products, %
Irradiation Benzobicyclo[2.1.1]- Benzobicyclo[3.1.0]- Phenanthrene
Starting compd time, h hexene derivative hexene derivative derivative
2-Vinylstilbene (19) 6-8 70 10
2-Propenylstilbene (20) 25 30 10 (endo) 10
6-Methyl-2-vinylstilbene (35) 24 51 17 (endo)
2’-Chloro-2-vinylstilbene (36) 30 35 20
2,2’-Divinylstilbene (37) (24) 70 transiently
formed
2’,6’-Dichloro-2-vinylstilbene (38) 100
2’4 6’-Trimethyl-2-vinylstilbene (39) 100 Trace
Table IIE. NMR Data of Vinylic Protons in 2-Vinylstilbenes \ /Hl
Cc=C
AN
H/ H,
Cis Trans

Compd o0H, o0H> 5H| 6H> ASH, AéH>
2-Vinylstilbene (19) 5.54 5.11 5.55 5.26 0.01 0.15
6-Methyl-2-vinylstilbene (35) 5.50 5.08 5.57 5.17 0.07 0.09
2’-Chloro-2-vinylstilbene (36) 5.56 5.22 5.56 5.31 0.0 0.09
2,2-Divinylstilbene (37) 5.56 5.22 5.59 5.30 0.03 0.08
2/,6’-Dichloro-2-vinylstilbene (38) 5.61 5.30 5.61 5.34 0.0 0.04
2,4’ 6’ Trimethyl-2-vinylstilbene (39) 5.57 5.25 5.57 5.26 0.0 0.01

v = =81 aP=gP=C="
ep=0y3=03 ==

Figure 2.

H¢. The formation of 51 provides an additional argument for
the exo configuration of 50, and indirectly also of 21.

2',6'-Dichloro- and 2',4',6’-Trimethyl-2-vinylstilbene (38 and
39). On irradiation of solutions of trans- 38 and trans-39 under
similar conditions as used in the preceding experiments no
other photoreactions than trans-cis isomerization took place.
Only after very prolonged irradiation of 39 (100 h) could
formation of phenanthrene derivatives be detected by
NMR.

Discussion

The results of the photoreactions studied have been collected
in Table I1. Letting outside consideration the formation of the
phenanthrene derivatives which can be ascribed to the photo-
dehydrocyclization found with many stilbene-like compounds,
it appears that the introduction of methyl or chloro substituents
at the 6 position (« ring, in 35), the 2’ position (8 ring, in 36)
or the 8’ position (vinyl group, in 20) slows down the photo-
reaction, which leads in 19 to intramolecular [2 + 2] cy-
cloaddition. At the same time the yield of the normal photo-
product is lowered, and in two cases (20 and 35) a second
product is formed via a [4 + 2] cycloaddition followed by a
vinyleyclopropane-cyclopentene rearrangement.2? The second
product is not found on irradiation of 36 and 37 having one
ortho substituent in the 8 ring. Compounds having two ortho
substituents in the 8 ring (38 and 39) give neither [2 + 2] nor
[4 + 2] cycloaddition products.

As the substituents used (CHj, Cl) do not have strong
electronic effects the differences found must originate from
steric factors. It is known that the introduction of ortho sub-
stituents in frans-stilbene is of influence on the planarity of the
molecule. This effect is rather small, however, as long as no
more than one ortho substituent is present in one or both

Figure 3.

rings.'8 Thus, trans-19 and trans-36 will not show serious
conformational differences, as appears from their very similar
UV spectra (Table I).

Similar substitutions in cis-stilbene may have larger effects.
It has been supposed for a long time that cis-stilbene has a
propeller structure, as deduced from its UV spectrum?® and
from theoretical considerations.’” Recently, this structure has
been confirmed by nuclear magnetic relaxation measure-
ments.3® The aromatic rings in the molecule have been rotated
by ca. 30° out of the plane of the olefinic bond, leading to a
structure with C, symmetry. In the case of cis-2-vinylstilbene
four different conformations are possible (Figure 2), all of
which are fairly free of steric hindrance according to molecular
models in which the torsion angle of both phenyl rings is 30°.
Strong preference for one of them seems therefore unlikely,
although resonance effects may be of influence on the con-
formational equilibria.

Now it is clear that the introduction of further ortho sub-
stituents in general will have different effects in the distinct
conformations and will change the equilibria, much more than
in the corresponding trans isomer (Figure 3). As an example,
derivatives with one or two ortho substituents in the 3 ring,
which are very different in photochemical behavior (see
compounds 36-39), will show large differences in the ratio
between a + b and ¢ + d in the cis isomer, but much less be-
tween the conformers of the trans isomer.

Such influences on the conformation equilibria seem to be
reflected in the NMR data of the vinylic protons in 2-vinyl-
stilbenes (Table III). The position of the lower field signal
(6H,) is nearly equal in most of the isomer pairs and rather
independent of the presence of substituents, indicating that H,
is rather outside the influence of the 8 ring in all compounds
investigated. The position of Hj, at higher field, differs sig-
nificantly for cis- and trans- 19 which may be ascribed to larger
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shielding of this proton in the cis isomer when occurring in the
conformations a and b. In the other compounds ASH, becomes
smaller, approaching zero in 39. This points to shifts of the
conformation equilibria to those conformations (¢ and d) in
which the vinyl group is at larger distance from the 8 ring.

On the ground of these considerations we suppose that the
differences in photochemical behavior between the compounds
19, 20, and 35-39 must be explained by the supposition that
their photoproducts mainly arise from the cis isomers of these
compounds. This supposition is reasonable in view of the high
quantum yield for trans-cis isomerization (0.39 for 19) and
the high cis-trans ratio (4:1) in the resulting photostationary
states.

Among the four conformations represented in Figure 2,
conformation a, having a more or less helical form, seems to
be most apt for [2 + 2] cycloaddition; the olefinic bonds are
nearly perpendicular and at a small distance; b and ¢ seem to
be more useful for [4 + 2] cycloaddition, and the absence of
arelated product in the irradiation mixture of 19 should then
be caused by a lower reaction rate for the latter process. The
conformation d seems only apt for cyclization into a 4a,4b-
dihydrophenanthrene derivative.

Most of the results obtained can well be explained by these
conformational considerations. In 20 the conformation a of the
cis isomer is less suitable for [2 + 2] cycloaddition in com-
parison with 19 as the distance between the olefinic bonds will
be increased by the additional methyl group. The reaction rate
will be lower, and [4 + 2] cycloaddition will become more
competitive. In 35 the 6-methyl substituent will similarly cause
an increase of the distance between the olefinic bonds by en-
largement of the torsion angle of the a-phenyl ring.

The photochemistry of 36 and 37 should not be very dif-
ferent from that of 1 as the 2" substituents are mainly outside
the crowded region. Indeed, the compounds yield only [2 + 2]
cycloaddition products though with lower quantum yields.

Finally, in 38 and 39 both phenyl rings will be rotated out
of the plane of the central olefinic bond over a much larger
angle than in 19. The distance between the olefinic bonds will
be increased in all four conformations a-d, thus prohibiting
[2 + 2] as well as [4 + 2] cycloaddition.

It may be noted that the preference of o-divinylbenzene to
give the [4 + 2] cycloaddition product, benzobicyclo[3.1.0]-
hex-2-ene, instead of the [2 + 2] cycloaddition product, ben-
zobicyclo[2.1.1]hex-2-ene, may be ascribed in a similar way
to a larger population of the conformation j than of the steri-
cally less favorable conformation k (Figure 4).

The [2 + 2] Cycloaddition. The [2 + 2] cycloaddition of 19
has been described as a radical process because of the results
of several quenching experiments. To this, it may now be added
that the stereochemistry of the reaction, leading to exo-21 as
the main product, should be in conflict with the Woodward-
Hoffmann rules for pericyclic reactions when the photoproduct
was formed from the cis isomer of 19, as now is supposed.

In order to establish whether there is an indication for pos-
itive or negative overlap between the atoms involved in the
reaction, calculations of the Mulliken overlap populations??
in the first excited state were carried out for two cis-2-vinyl-
stilbenes, viz., 19 in the conformation in which all dihedral
angles are 30° and 2’,6’-dimethyl-2-vinylstilbene in a confor-
mation with torsion angles of 50° for the phenyl-ethylenic
bonds (the angles were found by calculations with the Warshel
conformation program4?). The calculated overlap populations
(Table 1V) show a positive sign for #, 3 in the former com-
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Table IV, Mulliken Overlap Populations (ng ;) for Atoms Involved
in the Photochemistry of c/s-2-Vinylstilbenes

R <I>| <I>2 <I>3 k,[ il
H 30° 30° 30° 23 0.0027
1,4 -0.0015
CH; 50° 30° 50° 2,3 -0.0049
1,4 -0.0012

pound, but a negative sign in the latter. The negative sign for
ni.4 may be an indication that no concerted reaction takes
place.

For a radical process a solvent dependence of the quantum
yield as mentioned previously for the [2 + 2] cycloaddition of
19 (0.024 in hexane, 0.01 in benzene, 0.009 in methanol)
should not be expected. The effect cannot well be ascribed to
viscosity effects as the solvents used have rather equal viscos-
ities, nor to differences in the quantum yields of the trans =
cis isomerization which precedes the cycloadditions, as these
have never been found for stilbene derivatives without polar
substituents.#' An explanation may be that the population of
the preferential conformation (a) for the cycloaddition is in-
fluenced by variation of the solvent used.

The [4 + 2] Cycloaddition. Several reaction mechanisms
have been proposed for the photoconversions of 1,3,5-hexa-
trienes into bicyclo[3.1.0]hexenes. Dauben et al.42 and Courtot
et al.43 proposed a [,4, + ;2,] cyclization, while Padwa et al.44
proposed a [,4, + ,2,] process. Seeley?> and Schmid46 gave
arguments for a nonconcerted reaction, and Salem?’ suggested
that the excited hexatriene has rotated over its central double
bond by ca. 90°.

In the case of 1,2-divinylbenzenes or 2-vinylstilbenes such
arotation over the ““central” double bond is rather improbable
because of the incorporation in a benzene ring. However, in
the case of 1,2-divinylbenzenes both radical and concerted
reactions ([,4;s + 2,4] or [»4, + »2,]) have equally well been
proposed for the formation of benzobicyclo[3.1.0]hexenes.

In our case (compounds 20 and 38) the formation of the final
product (28 or 47) proceeds with complete stereoselectivity and
leads exclusively to the thermodynamically less favored 6-
endo-phenyl isomer. As already mentioned formation in a
concerted step via a supposed intermediate 33 presupposes that
in 33 the cyclopropyl group and phenyl residue are at the same

R A H
2 Ry 2 CeMs
~
o). — —
R
) 7 CeMs |
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Ry Ay
20 Ry= CH3 Rp=H 33 28 Ry = CHy: Ry = &
35 Ry:=H Ry=CHj 47 Rl =H : R, = Cll
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side of the cyclopentane ring. Such an intermediate can be
expected from cis- 20 or cis- 35 when the reaction occurs in the
conformation b (Figure 2) via a concerted [,4, + 2] or [4s
+ ,2.] process. A choice between these modes cannot be made,
as it is unknown whether 20 reacts as a cis- or trans-propenyl
derivative.

Experimental Section

Spectrometer measurements were made with a Varian MAT SM2B
mass spectrometer, a Cary 15 or a Beckman DK2A UV spectropho-
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tometer, a Perkin-Elmer fluorescence spectrophotometer MPF-4, and
a Perkin-Elmer 257 IR spectrophotometer. Nuclear magnetic reso-
nance spectra (NMR) were obtained with either a Varian Model T-60
or HA-100 spectrometer with tetramethylsilane as an internal stan-
dard. The samples were ca. 5% solutions in carbon tetrachloride, ex-
cept where noted otherwise. Frequencies of the absorptions were de-
termined with the side band technique. Melting points were deter-
mined with a Leitz melting point microscope and are uncorrected.

Alumina (Woelm, activity 1, neutral) or silica gel (Merck, 0.05-0.2
mm) and preparative thin layer chromatography (TLC) were used
for the chromatographic separations. Irradiations were performed
in a Rayonet RPR-100 or RPR-208 reactor, fitted with 300- or
350-nm lamps.

2-Methylstilbene. A solution of sodium ethoxide (prepared by
dissolving 1.38 g of sodium in 60 mL of absolute methanol) was added
dropwise to a stirred solution of benzyltriphenylphosphonium bromide
(13 2.0.03 mol) and o-methylbenzaldehyde (3.6 g,0.03 mol) in ab-
solute ethanol (140 ml.). and the resulting solution was stirred at room
temperature overnight. After removal of the solvent under reduced
pressure, the residue was worked up by adding water and then ex-
tracting with benzene. The combined benzene extracts were dried
(MgS0,) and evaporated to dryness affording a semisolid residue
which was purified by column chromatography on silica gel. 2-
Methylstilbene was obtained in 80% yield*® as a mixture of cis and
trans isomers: NMR 6 2.16 (s, cis CH3), 2.28 (s, trans CH»).

2-Vinylstilbene (19). To a solution of 2-methylstilbene (3.88 g,0.02
mol) in 50 mL of CCly were added 5.34 g (0.03 mol) of freshly crys-
tallized V-bromosuccinimide (NBS) and a few milligrams of benzoyl
peroxide. The mixture was irradiated (Philips IR-1000W) and re-
fluxed until the NBS was consumed (usually 6-7 h). The reaction
mixture was cooled to room temperature, filtered to remove the suc-
cinimide, and concentrated under reduced pressure to give a yellow
oil of trans-2-bromomethylstilbene in a 70% yield by NMR. The oil
was dissolved in 120 mL of xylene and 5.24 g (0.02 mol) of triphen-
vlphosphine was added. The solution was stirred overnight. The pre-
cipitated phosphonium salt (7.1 g, 95%) was filtered and subjected
to a Wittig reaction with an alcoholic solution of formaldehyde*® (5
ml. ca. 15% solution) in a similar manner as described above for 2-
methylstilbene. After column chromatography on silica gel with
hexane as the eluent, a 65% yield of 1rans-2-vinylstilbene (19) was
obtained: mass spectrum my/e (rel intensity) 206 (M, 96.5), 91 (100):
UV Apax (CH3;0H) 200 nm (sh. log € 4.29), 250 (4.31), 298 (4.38);
NMR 6 6.7-7.5 (m, 12 H). 5.55and 5.26 (2d of d, =CH3, J rans =
17.5, Jeis = 11, Jgem = 1.5 Hz). By NMR integration the product was
shown to be contaminated with ca. 1% of 2-methylstilbene which was
removed by repeated chromatography over a silica gel column im-
pregnated with 5% silver nitrate.’0 cis-2-Vinylstilbene (cis-19) was
obtained by irradiation of the trans isomer in hexane (ca. 1073 M
solution) for 0.5 h at 300 nm, The first fractions from column chro-
matography over alumina (Woelm, activity 1, neutral) gave cis-19
with the following spectral data: UV Ay, (CH30H) 220 nm (sh, log
€ 4.34), 258 (4.26), 287 (sh, 3.93); NMR § 6.5-7.5 (m, 12 H), 5.54
and 5.11 (2d of d. ==CHj, Jyrans = 17.5. Jeis = 11.0, Jgem = 1.2 Hz).
Anal. Caled for CgH4: C, 93.16: H, 6.84. Found: C, 92.9; H, 7.1.

Benzylindene. Benzylindene was obtained by the addition of benzyl
bromide (34.2 g, 0.2 mol) to a solution of indenylsodium (0.2 mol) in
liquid ammonia (200 mL) according to the literature procedure,! bp
145-152°C (3 mm) (lit.3! bp 116 °C (5 mm); lit.52bp 114-115 °C
(0.3 mm)) in a 30% vield.

1-Benzylindan. A suspension of 1-benzylindene (1.10 g, 5.4 mmol)
and 5% Pd/C in 30 mL of ethanol was shaken at atmospheric pressure
in a hydrogen atmosphere at room temperature until hydrogen uptake
ceased (131 mL, 23 °C). The mixture was filtered and the solvent was
evaporated. |-Benzylindan®3 remained as a colorless oil: NMR &
7.72-6.96 (m, 9 aromatic protons), 3.52-2.48 (m, 5 H), 2.24-1.5 (m,
2 H).

1-Methylphenanthrene. A solution of 776 mg of 2-methylstilbene
and 10.2 mg (107* mol/L) of iodine in 4 L of hexane was irradiated
at 300 nm for 6 h.3* The solvent was removed in vacuo and the re-
sulting oil was chromatographed on a silica gel column. After re-
crystallization from methanol 388 mg (yield 50%) of 1-methylphen-
anthrene was obtained, mp 121-122 °C (lit.>* mp 118-119 °C).

1-Vinylphenanthrene (22). A suspension of 384 mg (2 mmol) of
I-methylphenanthrene in carbon tetrachloride was brominated under
the conditions described for 2-vinylstilbene. NBS had been consumed
after 5 min. To the isolated 1-bromomethylphenanthrene a solution

of triphenylphosphine (524 mg, 2 mmol) in 30 mL of xylene was
added. The yield of phosphonium salt was 55%. This phosphonium
salt (587.4 mg) was dissolved in 50 mL of absolute ethanol, and 2.5
mL (ca. 15% solution) of alcoholic formaldehyde® was added together
with sodium ethoxide. The usual workup gave l-vinylphenanthrene
(22)%6ina 90% yield, mp 105-107 °C. The spectral data follow: UV
Amax (CH3OH) 239 nm (log € 4.37), 258 (4.59), 300 (4.15); NMR
68.4-8.6 (m,2 H),7.28-8.07 (m,8 H),5.40and 5.67 (2d of d, 2 H,
methylene protons of vinyl group, Jyans = 17.2, Jeis = 11, Jgem = 1.5
Hz).

endo- and exo-6-Phenylbenzobicyclo[3.1.0]hex-2-en-4-ones (26).
The procedure described?* for the preparation of exo-6-phenylben-
zobicyclo[3.1.0]hex-2-en-4-one (26) was followed. A mixture of cis-
and trans-stilbene-2-carboxylic esters, obtained by a Wittig reaction
from the phosphonium salt of the ethyl ester of 2-bromomethylbenzoic
acid and benzaldehyde, was hydrolyzed to a mixture of cis- and
trans-stilbene-2-carboxylic acids (24), mp 120-124 °C (lit.57 145-146
°C cis, 158-160 °C trans isomer). The acids were heated with an
excess of thionyl chloride to give the acid chiorides.®” A solution of
the acid chlorides in ether was added to a stirred solution of diazo-
methane in ether at =5 °C to give cfs- and trans-stilbenyl-2-diazo-
methyl ketone (25). Decomposition of the isolated crude diazo ketones
in a dilute solution of boiling cyclohexane. in the presence of cuprous
chloride, afforded a mixture (1:1) of exo- and endo-6-phenylbenzo-
bicyclo[3.1.0]hex-2-en-4-one (26) in a 64% yield. The exo isomer was
crystallized from the mixture. Its spectral data correspond completely
with those reported for this compound in the literature.?* The con-
centrated filtrate was then chromatographed over alumina to give the
endo isomer, mp 54-65 °C, with the following spectral data: ni/e 220
(M+, 100%); UV Apay (CH3OH) 252 nm (log ¢ 4.01); NMR 6 6.5-7.5
(m, 9 H, aromatic), 3.04-3.36 (m, 2 H), 2.7 (q, ! H).

endo- and exo-6-Phenylbenzobicyclo[3.1.0]hex-2-enes (23). Both
endo- and exo-23 were obtained by the Wolff-Kishner reduction of
the ketones just described. A solution of a mixture of the ketones (26)
(1 mmol) in diethylene glycol (3.5 mL) to which 80% hydrazine hy-
drate (0.5 mL) and potassium hydroxide (276 mg) had been added
was heated for 4 h at 170-180 °C and then for 2 h at 210-220 °C. The
mixture was diluted with water and extracted with petroleum ether.
After working up in the usual way there was obtained 54% of a mixture
of endo- and exo-23 which were then separated.

exo-6-Phenylbenzobicyclo[3.1.0]hex-2-ene (23): mp 72-73 °C (lit.>*
73.5-74 °C); NMR 6 6.85-7.36 (m, 9 H. aromatic), 3.3 (d of d, Hexo.4,
Jexo-dendo-a = 17, Jexo-a,s = 6 Hz), 3.05 (d. Hendo-4- Jendo-a.s = 0 Hz),
2.58 (d of d. Hy, Jendo-é,l = Jendo-6.s = 3 Hz), 2.10 (tof d, Hs, .11‘5 =
6 Hz).

endo-6-Phenylbenzdbicyclo[3.1.0]hex-2-ene (23): m/e 206 (M*,
65), 91 (100);: NMR 6 6.58-7.40 (m, 9 H, aromatic), 2.1-3.2 (m, 5
H).

endo-6-Phenylbenzobicyclo[3.1.0]hex-2-ene (23) was also prepared
(vield 3%) by the reaction of benzal bromide with butyllithium in the
presence of indene, as described previously.’® The photolysis of
phenyldiazomethane in indene did not give the expected bicyclic
product.

Hydrogenation of exo-5-Phenylbenzobicyclo[2.1.1]hex-2-ene (21).
A solution of ex0-21 (0.15 mmol) in ethano! (3 ml.) was hydrogenated
as described (5% palladium on charcoal). The resulting product was
identified as I-benzylindan by comparison with an authentic sample
(see above).

2-Propenyistilbene (20). 2-Propenylstilbene (20) was prepared ac-
cording to Scheme . To a stirred solution of 5.35 g (0.01 mol) of the
appropriate phosphonium salt (see above) and 0.9 g (0.02 mol) of
acetaldehyde in 25 mL of methylene chloride at room temperature
was added dropwise 5 mL of a 50% sodium hydroxide solution. The
red-brown mixture was stirred for 15 min, The organic layer was
separated, the water layer was extracted with ether, and the ether
washings were combined with the methylene chloride layer, washed
with water, and dried (MgSQ4). Concentration afforded a dark oil
which was purified by chromatography on a silica gel column by
elution with hexane. The yield of a mixture of ¢is-2-propenyl-trans-
stilbene (20) and of trans-2-propenyl-trans-stilbene (20) was 1.1 g
(50%). By repeated separations on a silica gel column with hexane as
eluent it was possible to separate the cis-propenyl- and 1rans-prope-
nyl-trans-stilbenes.

cis-2-Propenyl-trans-stilbene (20): UV .« (CH3OH) 222 nm (log
€4.24), 232 (sh, 4.20), 245 (sh, 4.13). 299 (4.42); NMR 6 6.78-7.64
(m, 11 H, Hg, ethylenic 6.88 as d, Jy u = 16 Hz). 6.55 (d of q, Hy,
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JH|~H2 = 11.25, JHJ.CH; =1.75 Hz), 5.81 (d of q, H», JH;.CH3 =6.83
Hz),and 1.68 (d of d, 3 H, CH3).

trans-2-Propenyl- trans-stilbene (20): UV A\, (CH3OH) 223 nm
(log €4.19), 240 (sh, 4.17), 254 (4.31), 300 (4.39); NMR § 6.70-7.64
(m, 11 H, Hg ethylenic 6.83 asd, Jy u = 16.0 Hz), 6.00 (d of q, Ha,
JHHy = 1525, Ju,cHy = 6.5 Hz), 6.67 (d of q, Hy), and 1.93 (d of
d, 3 H, CHs). Anal. Caled for C;7H;6: C, 92.68; H, 7.32. Found: C,
91.1:H, 7.4

2,6-Dimethylstilbene. 2,6-Dimethylstilbene was synthesized by the
Wittig reaction of benzyltriphenylphosphonium bromide with 2,6-
dimethylbenzaldehyde in a 40% yield as described for 2-vinylstilbene.
The spectral data follow: trans isomer, m/e 208 (M*, 59%); UV Anax
(CH3;0OH) 215 nm (sh, log € 4.31), 276 nm (4.27); NMR § 6.37-7.47
(m, 10 H). 2.30 (s, CH3).

6-Methyl-2-vinylstilbene (35). 2,6-Dimethylstilbene (0.02 mol) was
brominated with NBS (0.02 mol) in the way described for 2-vinyl-
stilbene for ca. | h. The isolated, crude bromide, obtained in 80% yield
according to the NMR spectrum, was dissolved in xylene (ca. 100 mL)
and transformed into the phosphonium salt (60% yield) with tri-
phenylphosphine (0.02 mol). The phosphonium salt (6.6 g) was
subjected to a Wittig reaction with an alcoholic formaldehyde solution
(5 mL, ca. 15% solution, 100% excess). The product, 6-methyl-2-
vinylstilbene )47% yield), was contaminated with 2,6-dimethylstilbene
which was separated by column chromatography with hexane on silica
gel impregnated with 5% silver nitrate. The trans- 35 obtained from
the column with hexane-benzene was crystallized from methanol (mp
32-33 °C). The spectral data for trans-6-methyl-2-vinylstilbene
follow: m/e (rel intensity) 220 (M*, 16.4), 205 (14.3), 129 (50), 91
(100): UV Apux (CH30H) 252 nm (log € 4.39), 286 (4.25); NMR &
6.42-7.52 (m, 11 H), 5.57 and 5.17 (2d of d, =CH,;, Js = 10.25,
Jirans = 16.5, Jgem = 1.5 Hz), 2.31 (s, 3 H, CH3). Anal. Calcd for
Ci-Hy6: C, 92.68; H, 7.32. Found: C, 89.9; H, 7.6.

2'-Chloro-2-methylstilbene (41). To a methanolic solution of 20.3
g (0.045 mol) of triphenyl-o-xylylphosphonium bromide and 7 g (0.05
mot) of o-chlorobenzaldehyde, sodium methoxide (3.6 g,0.067 mol)
was added and the brown-red solution was stirred overnight at room
temperature. The solution was evaporated, extracted with benzene,
washed with water, dried (MgS0Q,), and concentrated in vacuo to
afford an oil which was chromatographed on a silica gel column. A
mixture of cis- and rrans-2’-chloro-2-methylstilbenes (41) was ob-
tained in 78% yield. irans-41 was crystallized from methanol: mp
57-59 °C; m/e 228, 230 (M*, 100%, 36.3%), UV Anax (CH;OH) 227
nm (log € 4.19), 294 (4.35); NMR 6 6.90-7.66 (m, 10 H), 2.34 (s, 3
H, CH;).

2'-Chloro-2-vinylstilbene (36). A solution of 8 g (0.035 mol) of 41
in CCly was brominated with 6.9 g (0.039 mol) of NBS overnight. The
bromide was not isolated but, after filtration from the formed suc-
cinimide and evaporation of the solvent, converted with triphenyl-
phosphine into the corresponding phosphonium salt as described for
2-vinylstilbene. The salt was dissolved in methanol and supplied with
an alcoholic solution of formaldehyde (ca. 15 mL of a 15% solution)
together with 2.1 g (0.039 mol) of sodium methoxide. After the re-
action mixture was worked up, as described above, trans-2’-chloro-
2-vinylstilbene (36) was obtained in a 34% yield: mp 41-43 °C (from
CH30H); my/e (rel intensity) 240, 242 (M™*, 19, 8), 127 (49), 125
(100), 115 (85); UV Amax (CH30H) 218 nm (log € 4.26), 234 (sh,
4.24), 243 (sh, 4.26), 250 (4.27), 298 (4.36); NMR 6 6.85-7.75 (m,
11 H),5.56 and 5.31 (2d of d. =CHa3, Jirapns = 16.5, Jcis = 10.5, Jgem
= 1.5 Hz). Anal. Caled for C;¢H,3ClL: C, 79.83; H, 5.44. Found: C,
77.8: H. 5.5.

2,2'-Dimethylstilbene (42). o-Xylylphosphonium bromide, obtaired
from the reaction between equimolar amounts of o-xylyl bromide and
triphenylphosphine (yield 85%), in xylene was subjected to a Wittig
reaction with o-tolualdehyde. After purification on a silica gel column,
40% of a mixture of cis- and trans-2,2’-dimethylstilbenes (42) was
obtained: mp of the mixture was 40-46 °C (lit.5% mp 56.4 °C (cis),
81.5-82.5 °C (trans)).

2,2'-Divinylstilbene (37). 2,2’-Dimethylstilbene (42) was brominated
with NBS as described for 2-vinylstilbene for 8 h. The isolated crude
2.2-bis(bromomethyl)stilbene was immediately converted into the
diphosphonium salt (50% yield) with triphenylphosphine in dimeth-
ylformamide as the solvent. The Wittig reaction with an alcoholic
formaldehvde solution in dimethylformamide gave 55% of trans-
2.2’-divinylstilbene (37), mp 53.5-54.5 °C. The spectral data follow:
mife (rel intensity), 232 (M*, 39), 217 (49), 117 (100), 115 (35); UV
Amax (CH3OH) 245 nm (log € 4.43), 300 nm (4.34); NMR 6 6.9-7.6
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(m, 12 H), 5.6 and 5.30 (2d of d,=CH, Jyans = 17.3, J¢is = 10.8,
Jgem = 1.5 Hz). Anal. Calcd for CygH ¢ C, 93.06; H, 6.94. Found:
C,92.7; H, 7.1.

2',6'-Dichloro-2-methyistilbene (44). To a xylene solution of tri-
phenylphosphine, an equimolar amount of 2,6-dichlorobenzyl chloride
was added and the mixture was stirred at room temperature. After
some hours the phosphonium salt (43) precipitated (69%). The salt
(15.9 g, 0.035 mol) was subjected to a Wittig reaction with 4.2 g
(0.035 mol) of o-tolualdehyde. After the usual workup and purifica-
tion by column chromatography over silica gel 50% of a mixture of
cis- and trans-2’,6’-dichloro-2-methylstilbene (44) was obtained. The
isomers were separated by chromatography. trans-44: mp 40-41 °C;
m/e (rel intensity) 262, 264 (M™, 15, 10), 192 (100), 115 (45): UV
Amax (CH3OH) 223 nm (sh, log € 4.28), 283 (4.21); NMR § 6.79-7.71
(m, 9 H), 2.38 (s, CH3). ¢is-44: mp 108-109 °C UV Apax (CH;0H)
224 nm (sh, log € 4.24), 258 (4.00); NMR 6 6.35-7.31 (m, 9 H), 2.31
(s, 3 H, CH,).

2',6'-Dichloro-2-vinylstilbene (38). Compound 44 (3.2 g, 0.012 mol)
was brominated with 2.3 g (0.013 mol) of NBS for about 2 h. The
isolated bromide was treated with 3.1 g (0.012 mol) of triphenyl-
phosphine in xylene. The resulting triphenyl phosphonium salt was
subjected to a Wittig reaction with 15 mL of an alcoholic formalde-
hyde solution (ca. 15%). After workup and purification on a column
packed with silica gel 42% of 1rans-2/,6'-dichloro-2-vinylstilbene was
obtained. rrans-38: mp 79-80 °C; m/e (rel intensity) 274,276 (M™,
13,7), 159 (36), 161 (25), 115 (100); UV Anax (CH3OH) 225 nm (log
€4.38), 241 (sh,4.32),285nm (4.26); NMR § 6.78-7.66 (m. 10 H),
5.61 and 5.34 (2d of d,=CHa, Jirans = 16.5, J s = 10.5. Jgem = 1.25
Hz). Anal. Caled for Cy¢H;Cly: C, 69.84; H, 4.40. Found: C, 69.7;
H, 4.5.

2-Carboxy-2',4'6'-trimethylistilbene (45). o0-Methylbenzoic acid
(40.8 g, 0.3 mol) was brominated with 58.7 g (0.33 mol) of NBS for
ca. 3 hand transformed into the 2-carboxybenzyltriphenylphospho-
nium salt (53% yield). The salt (35.5 g, 0.074 mol) was dissolved in
500 mL of dimethylformamide (DMF), the solution was supplied with
10 g (0.0675 mol) of mesitaldehyde, and then, while stirring, a solution
of 8 g (0.015 mol) of sodium methoxide was added. DMF was evap-
orated in vacuo, the residue was washed with ether, and aqueous hy-
drochloric acid (1:1) was added to the water layer to precipitate the
acid (45). This was extracted with ether (yield 95%). After recrys-
tallization from methanol 52% of trans-2-carboxy-2',4’,6'-tri-
methylstilbene (45) was isolated: mp 162-164 °C (lit.50 155-156 °C):
mfe 266 (M*, 100%); UV Apax (CH3OH) 283 nm (log € 4.21): IR veco
1690 cm~!; NMR 6 6.69-8.09 (m, 8 H), 2.29 (s, 6 H. 0-CH3), 2.24
(s, 3 H, p-CHj).

2-Hydroxymethyl-2',4',6'-trimethylstilbene, To a solution of 45 (10
g, 0.038 mol) in 300 mL of dry ether, a slurry of LiAIH4 (1.6 g, 0.04
mol) in 50 mL of ether was added dropwise. After 3 h of reflux the
reaction mixture was worked up in the usual way. After filtration and
washing with ether, the solvent was removed in vacuo to afford 98%
of the crystalline alcohol. The obtained trans product was crystallized
from methanol (yield 75%): mp 114-115 °C; m/e 252 (M*, 56%). UV
Amax (CH30H) 220 (sh, log € 4.25), 280 nm (4.25); IR vy 3260 em™
(in Nujol); NMR 6 6.74-7.64 (m, 8 H), 4.58 (s, 2 H. -CH>»-), 2.87
(s, 1 H,-OH), 2.28 (s. 6 H, 0-CH3), 2.24 (s, 3 H, p-CH,;).

2-Bromomethyl-2',4',6'-trimethylstilbene. A stream of HBr was
conducted at room temperature through a benzene solution of 4 g
(0.0159 mol) of the above alcohol, to which MgSOy had been added,
until the characteristic frequency of the alcohol (von 3260 cm™") had
disappeared (ca. 30 min). After evaporation, a brown-colored oil rc-
mained, which was purified by column chromatography on silica gel
followed by crystallization from hexane (73% yield), mp 84-85 °C.
The spectral data follow: my/e 314, 316 (M*, 44%, 42%): UV Anax
(CH30OH) 235 nm (sh, log €4.23), 290 (4.21); NMR 6 6.76-7.66 (m.
8 H), 4.46 (s, -CH,-), 2.34 (s, 6 H, 0-CH3), 2.24 (s, 3 H. p-CH3).

2',4',6'-Trimethyl-2-vinylstilbene (39). The above bromide was
transformed with triphenylphosphine, in xylene as solvent, into the
corresponding phosphonium salt (92% yield). To a solution of 3 g
(0.0052 mol) of this salt and formaldehyde (15% alcoholic solution,
ca. 15 mL) in ethanol, an excess of sodium methoxide in methanol was
added dropwise. After the usual workup and purification of the
product by column chromatography on silica gel followed by crys-
tallization from methanol trans-2’ 4’,6’-trimethyl-2-vinylstilbene (39)
was obtained in a 74% yield: mp 57-58 °C; my/e (rel intensity) 248 (M,
45),233(17), 133 (100); UV Apax (CH30H) 224 nm (log € 4.33), 252
(4.27), 284 (4.26); NMR 6 6.73-7.63 (m, 9 H), 5.57 and 5.26 (2 d of
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d,=CHys, Jirans = 16.25, Jeis = 10.25, Jgerm = 1,5 Hz), 2.30 (s, 6 H,
0-CHjy), 2.23 (s, 3 H, p-CH3). Anal. Caled for CioHyo: C,91.88; H,
8.12. Found: C,91.9 H, 8.3.

Irradiations of 2-Vinylstilbene in the Absence of Oxygen. A degassed
solution of 370.8 mg of 2-vinylstilbene in 1500 mL of hexane (1.2 X
1073 M) under nitrogen was irradiated for 6 h at 300 nm. The hexane
was removed in vacuo and the resulting yellow oil was chromato-
graphed on a column packed with alumina (Woelm, activity 1, neu-
tral) in hexane. Elution with hexane gave 70% of exo-5-phenylben-
zobicyclo[2.1.1]hex-2-ene (21): mp 32-33 °C; m/e (rel intensity) 206
(M™*,69), 128 (22.3), 115 (23.2),91 (100); UV Apmax (CH3OH) 254
nm (sh, log € 3.00), 260 (3.09), 267 (3.15), 274 (3.13); NMR &
6.8-7.26 (m, 9 H, aromatic), 3.87 (d, Hendo-5, Jendo-6.5 = 7.5, Jexo-6,5
=Jy,5=Ja5=0Hz),3.31 (d, Hy and Hy, Jexo-6,1 = Jexo-6,4 = 2.5, 1,5
= J4.5 = Jendo-6,1 = Jendo-6.4 = 0 Hz), 3.07 (d of t, Hexo-6, Jendo-6.ex0-6
= 6.25 Hz), 2.32 (d of d, Hendo-6)-

endo-5-Phenylbenzobicyclo[2.1.1]hex-2-ene (21) was isolated from
combined fractions of several irradiations in ca. 2% yield by column
and thin layer chromatography: mp 88-90 °C; m/e (rel intensity) 206
(M™*,54), 128 (29.6), 115 (22.7),91 (100); UV A (CH30H) 256
nm (sh, log € 2.77), 262 (2.90), 269 (2.98), 275 (2.94); NMR § 6.6-7.2
(m, 9 H,aromatic), 4.26 (t, Hexo-s, J1.5s = Ja,s = 2.5 Hz), 3.44 (t, H,
and Hy, Jl.exo-é = J4,endo-6 =125 HZ)- 2.66 (d of t, Hexo-s, Jexo«ﬁ,endo-é
= 5.5 Hz), 2.35 (d, Hendo-6)-

Finally, elution with 5-10% benzene in hexane gave l-vinylphen-
anthrene (22) in a 15% yield. The product was identical with that
obtained by an independent synthesis (see above).

Thermolysis of exo-21 for 60 min at 200 °C resulted in the for-
mation of cis- and trans-2-vinylstilbene (19) as detected by UV
spectroscopy and gas chromatography.

Irradiation in the Presence of Oxygen. 2-Vinylstilbene (29, 258.0
mg) was dissolved in 1500 mL of hexane (0.8 X 1073 M) and irradi-
ated for 6 h at 300 nm. After evaporation of the solvent the yellow
residue (insoluble in CCly, soluble in CHCl5 and benzene) was
chromatographed over alumina. Elution with hexane and with 10%
benzene in hexane gave 10% of a mixture of exo-5-phenylbenzobi-
cyclo[2.1.1]hex-2-ene (21) and l-vinylphenanthrene (22) (identified
by NMR spectra). The polymerization and oxidation products re-
mained on the column.

Irradiation in the Absence of Oxygen with [odine. A degassed hexane
solution of 309 mg (1.5 mmol/ 1500 mL) of 19 and 381 mg (1.5 mmol)
of iodine was irradiated for 6 h at 300 nm. The hexane was evaporated
and the resulting yellow oil was chromatographed over alumina. The
first fractions obtained by elution with hexane contained 15% of 1-
benzylindan (identified by comparison with an authentic sample).
Further elution with a solution of 5-10% benzene in hexane gave a
fraction consisting of 1-ethylphenanthrene (15% yield), identified with
a sample independently synthesized by hydrogenation of 22. About
70% of polar, probably polymeric products remained on the col-
umn.

Irradiation of 2-Propenylistilbene. A solution of 360 mg of 20 in
hexane (1.1 X 1073 M) was degassed and irradiated for 25 h at 300
nm. The solvent was removed and the yellow residue chromatographed
on alumina. The separation of the photoproducts was difficult owing
to the presence of 20% of unreacted starting material. The photo-
products appeared in the chromatographic fractions in the following
order: exo-6-phenyl-endo-5-methylbenzobicyclo[2.1.1]hex-2-ene (27,
30%), exo-4-methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene (28,
10%), and cis- and trans-1-propenylphenanthrenes (29, 10%). Besides
the mentioned products, the presence of other products of unknown
structure was observed in the NMR spectrum but these products could
not be isolated owing to their small quantity. On the alumina column
there remained about 25% of high molecular weight products. The
spectral data of the photoproducts follow.

exo0-6-Phenyl-endo-5-methylbenzobicyclof2.1.1]hex-2-ene (27):
myje (rel intensity) 220 (M*, 78.5), 205 (100), 129 (44); UV Amax
(CH3OH) 254 nm (log € 3.25), 261 (3.28), 267 (3.29), 274 (3.26);
NMR 6 6.88-7.48 (m, 9 H, aromatic), 3.82 (s, Hendo-s), 3.28 (d, H;
and Hy, Jendo-6,1 = Jendo-6iexo-5 = 0, S exo-5 = Jaexo-s = 2.25 Hz), 3.62
(q of t, Hexo-5, Jexo-5,cHy = 6.0 Hz), 0.55 (d, 3 H, CH;).

ex0-4-Methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene (28):
m/e (rel intensity) 220 (M*, 100), 205 (60.5), 129 (97.2), 91 (52);
UV Amax (CH30H) 259 nm (log € 3.04), 266 (3.08),271 (3.11),278
nm (3.05); NMR 6 6.64-7.38 (m, 9 H, aromatic), 2.88 (m, H, and
Hendo-a), 2.42 (t, Hexoo6, Jexo-6,1 = Jexo-6,5 = 8.0 Hz), 1.96 (d of d, H,
.11'5 = 6.0, Jendo-4,5 =0 HZ), 1.27 (d, CH;, Jendo-4,CH3 =6.25 HZ).
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Quenching and Sensitizing Experiments. These experiments were
carried out using quartz test tubes of 60-mL capacity in a “merry-
go-round” at 300 and 350 nm. The tubes were irradiated simulta-
neously under the same conditions with and without quenchers or
sensitizers. The benzene solution of 19 (ca. 40 mg) with benzophenone
(ca. | g) was prepared so that at 350 nm the sensitizer absorbed more
than 99% of the incident light. The irradiations with piperylene at 300
nm were performed with various concentrations of piperylene in
hexane. Azulene (51.8 mg, 0.4 mmol) was dissolved in a benzene so-
lution of 2-vinylstilbene (42.3 mg, 0.2 mmol) and irradiated at 350
nm. The irradiation of 19 in the presence of 3,3,4,4-tetramethyl-
1,2-diazetine 1,2-dioxide (5-10 molar excess was used) was carried
out in benzene at 300 nm. The experiment with DTBN (a twofold
molar excess was used) was performed in hexane at 300 nm. After the
irradiations the resulting solutions were evaporated and analyzed by
NMR spectroscopy.

Quantum Yields. Irradiations (Amax 300 nm) for the determination
of quantum yields of 2-vinylstilbene (19) were performed in a Rayonet
reactor RPR-100 equipped with a “merry-go-round” and quartz test
tubes of 60-mL capacity. The light intensity was determined by fer-
rioxalate actinometry in the modification described by Murov.?” The
quantum yield of exo-5-phenylbenzobicyclo[2.1.1]hex-2-ene (21)
formation was determined by NMR spectroscopy of the crude mix-
tures.

The quantum yield of trans-cis isomerization of 19 was determined
in a Black Box apparatus as described by Zimmerman.8' The light
intensity was determined by ferrioxalate actinometry. The filter so-
lutions employed for the irradiations were: cell 1 of a triple compart-
ment filter was filled with 1.7 M nickel sulfate in 10% sulfuric acid,
cell 2 with 1.0 M cobalt sulfate in 10% sulfuric acid, and cell 3 with
0.0133 M stannous dichloride in 40% hydrochloric acid. This filter
is opaque below 300 nm and above 350 nm; it shows a maximum
transmission of 18% at 325 nm.

Irradiation of 6-Methyl-2-vinylstilbene (35). A degassed solution
of 260 mg of 35in | L of hexane was irradiated at 300 nm for 24 h,
Evaporation under reduced pressure gave a slightly yellow oil wiich
was chromatographed on an alumina column.

The first fractions, eluted with hexane and 1% benzene in hexane,
consisted of 7-methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene (47):
yield 17%; m/e (rel intensity) 220 (M*, 100), 205 (19), 129 (42.9);
UV Anax (CH30H) 253 nm (log € 2.69), 259 (2.76), 266 (2.81), 271
(2.81), 274 (sh, 2.76), 279 (2.69); NMR 6 6.42-7.12 (m, 8 H, aro-
matic), 2.10-3.24 (m, 5 H), 2.30 (s, CH,).

The next fractions, eluted with 2-5% benzene in hexane, consisted
of 7-methyl-exo-5-phenylbenzobicyclo[2.1.1]hex-2-ene (46); yield 51%;
NMR 6 6.70-7.44 (m, 8 H, aromatic), 3.88 (d, Hs.J = 7 Hz), 3.42
and 3.36 (2d ofd, Hyand Hs, / = 2.5, 7Hz),3.12 (d of t, Hg,, J =
2.5,5.75 Hz), 2.22-2.46 (4 protons, He, and CH3).

The bicyclic product (46) was contaminated with unreacted 35
(10%) and 10% of unidentified products. Compound 46 was purified
by repeated TLC on alumina. It appeared, however, that 46 underwent
thermolysis at a rather low temperature. The presence of vinylic
protons could then be detected in the NMR spectra.

Irradiation of 2'-Chloro-2-vinylistilbene (36). 1rans-2’-Chloro-2-
vinylstilbene (36, 400 mg), dissolved in ca. 1500 mL of hexane, was
irradiated under anaerobic conditions at 300 nm for 30 h. After
evaporation of the solvent the remaining vellow oil was chromato-
graphed on an alumina column. Only the main product, exo-5-(2-
chlorophenyl)benzobicyclo[2.1.1]hex-2-cne (48). was isolated (35%
yield) and characterized spectroscopically: mp 82-84 °C; m/e (rel
intensity) 240, 242 (M*, 100, 37), 205 (58.3), 202 (34.5), 125 (66.5),
115(52.4); UV Apax (CH30H) 252 nm (log € 2.85). 260 (2.96), 266
(3.08), and 274 (3.08); NMR & 6.84-7.60 (m, 8 H. aromatic), 3.92
(d, Hs, Js.endo-6 = 7 Hz), 3.46 (d, Hy and Ha, Ji exo-6 = Jaexo6 =
2.5 Hz), 3.03 (d of t, Hexo-6, Jexo-6endo-6 = 6 Hz), 2.34 (d of d,
Hendo-é)-

Irradiation of 2,2'-Divinylstilbene (37). A degassed hexane solution
of 2,2’-divinylstilbene(37) was irradiated under the same conditions
as 2-vinylstilbene (19). The resulting mixture, obtained after irra-
diation for 24 h and evaporation of the solvent, was separated on a
chromatographic column packed with alumina. From the first frac-
tions, dibenzotricyclo[4.3.1.03-7]deca-4 8-diene (51), mp 157-158
°C, was obtained in a 70% yield by elution with hexane. The spectral
data follow: m/e 232 (M*, 100%); UV Apax (CH3OH) 239 nm (sh,
log € 2.75), 246 (sh, 3.0), 251 (3.19), 258 (3.30), 264 (3.19); NMR
6 6.98-7.35 (symmetrical m, 8 H, aromatic). 3.72 (t, Hs, Jo.7 = J3.7



3830

=45 HZ), 3.14 (ql, Hy, Jia= J|.2' = J|'|0 = .11‘10' =29 Hz), 2.82
(m, Hyand H¢, J23 = Jo 0= 1.5, 723 = Je, 100 = 9.0 Hz), 1.95-1.40
(m, Hy, Hyo, Hyor, /22 = J1010 = 12 Hz).

The next fractions (ca. 10%, as based on the NMR spectra) con-
sisted of the cycloadduct (50), exo-5-(2-vinylphenyl)-
benzobicyclo[2.1.1]hex-2-ene: NMR 6 6.54-7.58 (m, aromatic H),
3.97 (d, Hendo-s+ Jendo-s.endo-6 = 7.0, Jexo-5.4 = Jendo-s.t = 0 Hz),
3.36 (d. Hy and Hs, Jicxog = Jiexo-s = 2.5 Hz), 3.19 (d of ¢,
Hexo-6y Jexo-6.endo-6 = 6.5 Hz), 2.34 (d of d, Hepgou6), 5.6 and 5.24 (2
dofd,=CHy, Jirans = 17.25, Jois = 11, Jgem = 1.5 Hz).

Irradiation of 2',6'-Dichloro-2-vinylstilbene (38) and 2',4',6'-Tri-
methyl-2-vinylstilbene (39). Degassed hexane solutions of 38 as well
as of 39 were irradiated under anaerobic conditions analogously to
2-vinylstilbene (19) for 100 h. The NMR spectra of the products re-
vealed only substantial trans-cis isomerization of the parent compound
and an indication of the occurrence of traces of phenanthrene-like
compounds.
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