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1

INTRODUCTION

1

2

Some years ago Pomerantz and, Meinwald and Mazzocchi re
ported for the first time the photochemical behaviour of o-divinylbenzene (1), a hexatriene with one double bond of reduced
bond order because of its inclusion in an aromatic ring. As one
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possible photoreaction of a system in which the central double
bond is replaced by a benzene ring they expected a head-to-tail
cycloaddition, as observed with 1,5-hexadienes , between the two
vinyl groups to give benzobicyclo[2.1.l]hexene (2). In contrast,
the irradiation of a dilute solution of (1) in ether or pentane
yielded neither (2) nor its head-to-head cycloaddition isomer
(3), but rather benzobicyclo[3.1.0]hexene (4), a product analogous to one of the photoproducts of 1,3,5-hexatriene 4 '5 , besides
traces of tetralin (5), 1,2-dihydronaphthalene (6) and naphtha
lene (7). This photochemical rearrangement requires the partici
pation of two of the benzene π electrons. In order to elucidate
the mechanism of this transformation the authors investigated
the rearrangement of o-divinylbenzene-d. which contained the
deuterium atoms at the terminal methylene positions. Based on
the deuterated products it was shown that in the rearrangement
of (1) to (4) a hydrogen atom migration, as illustrated in eq.
1, did not take place. Therefore, a carbon skeleton rearrange
ment, as shown in eq. 2, was suggested. In a, possibly concerted
[
L

ï4^
ï S+u a2JJ or '[
-π 4a +
w

1
2s-1
process,
to (8), fol» «(1)
» cyclises
л

1

lowed by a vinylcyclopropane-cyclopentene rearrangement to give
the bicycloproduct (4).
Further experiments with o-divinylbenzene derivatives,
bearing substituents on the olefinic carbon atoms, indicated
that similar isomerizations also occurred in substituted o-divinylbenzenes.
Thus, o-(2-methylpropenyl)styrene (9) gave upon irradia
tion, (30 hours, 450 W high pressure mercury arc lamp, Vycor
filter) in ether solution under nitrogen, two major products
(10) and (11) in approximately equal amounts . Schmid and his
coworkers have obtained similar results by irradiation of obis(2-methylpropenyl)benzene as well as by irradiation of og
bis(propenyl)benzene . These results indicate that terminal

pS-^^a-i
(12)

*- many products
(9)

ι«)

alkyl substituents do not greatly influence the direction of
photocyclization of divinylbenzenes, and that benzobicyclo[3.1.0]hexenes themselves undergo further photolytic reac
tions.
2

Upon irradiation of bis(2-methylpropenyl)benzene
bicyclo[3.l.O]hexene derivative

(13) the

(14) was formed, together with

a product (16) found by a new mode of ring opening (a) of the

(13)

LQ
(16)

postulated non-aromatic intermediate, as well as the photolysis
7 9
product (15) of the benzobicyclo[3.l.O]hexene (14) ' .
By irradiation of aie-

or і^акв-і-ргорепуі-г-ізоргорепуі-

benzene (17), two different substituted benzobicyclo[3.1.0]hex2-enes, (20) and (21) can theoretically arise. The only prodo

ucts observed

were exo-

and endo-(20), probably due to the

fact, that the photochemical reaction from cis-(17b) is not
favoured because of steric reasons.
СНз

cis-(i7a)

(18)

СНз
eеіо-,еп()о-(20)
io-^endo-l

(19)

ei(o-.endo-(2i)

hv

C9

il·-

cis-(i7b)

Meinwald et

al.

\нз

'

, continuing their studies on the pho

tochemistry of 1,3,5-hexatriene and o-divinylbenzene, examined
the photochemical reactions of divinylnaphthalene derivatives.
They found that irradiation of 1,2-divinylnaphthalene, which

3

possesses a larger double bond character between the carbon
atoms bearing the vinyl groups than o-dlvinylbenzene, gave
only l,2-naphthobicyclo[3.1.0]hex-2-ene (23). The preference
of the cyclization to give (23) rather than (24) was explained
by the more favoured conformation of (22) which would be re-

f

тг^
(22 o ) ^

ішУ^
(12 b)

Í
L

Ch\

®у
в

J

И

IQLQ
(23)

сою
(24)

sponsible for the observed product. Conformation (22a), which
leads to (23) is less hindered than conformation (22b), which
suffers considerable non-bonded repulsion between a terminal
hydrogen of the C.-vinyl group and the CQ-hydrogen of the naphthalene ring. It is important to note that intermediates (B)
and (B') retain one aromatic ring intact.
2,3-Divinylnaphthalene (25) reacts analogously, but also
gives a small amount of a naphthobicyclo[2.1.l]hexene . The
explanation for the head-to-tail cyclization of the terminal
vinyl groups was given as follows. If the compound (25) were
to follow the same reaction pattern as (22) , it would have to
generate an intermediate (C) in which the aromaticity of both
rings is lost. Thus, the alternative of "criss-cross" cyclo
addition leading to the formation of 2,3-naphthobicyclo[2 .1.1]-

(27)

hex-2-ene (27) or 2,3-naphthobicyclo[2.2.Ojhex-2-ene, neither
of which would require loss of aromaticity, now appears as a
competing process for the first time. Pomerantz 12 notes that
the 2,3-naphthalenic bond is of a considerably reduced bond
order compared to the benzene bonds and thus it is not sur
prising that this molecule (25) resembles 1,5-hexadiene more
closely than o-divinylbenzene.
In contrast, the photochemistry of o-phenylenediacrylate
(28) differs significantly
from reported photochemistry of
o-divinylbenzenes ' '
. Upon irradiation of trans-trans-(28)

COOC2H5
COOCjHs

•„nnr/
HJCJOOC

(28)

©a:

(29)

COOC2H5
COOC2H5

C00C 2 H 5

(30)

COOC2H5

(31)

the predominating process was trans-ais
isomerization to (29)
and no intramolecular cyclization products related to the benzobicyclo[3.1.θ]hexene or indane systems, were found. Only a small
amount of the cyclization product (31) was isolated.
In all the reactions described above, divinylbenzenes with
aliphatic substituents were used. However, the photochemistry
of o-divinylbenzenes substituted with two phenyl groups e.g.
o-distyrylbenzene (32) is also described 14 . In this case, the
main reaction is the photodimerization, both under aerobic and
anaerobic conditions. As minor products, aie- and trans-stil-

(32)

(33)

(34)

benes and phenanthrene are formed, probably via an intermediate
like (33) , formed by a head-to-head cyclization of (32).
This behaviour of (32) is quite different from the usual
photoreactions of stilbene derivatives. Other examples of simi
lar reactions in stilbene-like compounds are 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 ' , and in the case of 2,2'-distyrylbiphenyl , where
only a head-to-head photocyclization occurs from the excited
trana-trane-isomeT 16,17
Therefore, it could not be known beforehand if divinylbenzene, substituted with one phenyl group e.g. 2-vinylstilbene,
would give products related to the stilbene or the divinylbenzene systems. Formally, 2-vinylstilbene (35) can give rise to
several modes of intramolecular reactions to give a series of

(35)

(36)

(37)

@y

'

(*0)

Ph

©y

^^Χ^ΊΊ»

(41)

(38)

(39)

Ph

^-^^-Ph

m

(42)

(43)

photoproducts: г) an electrocyclic reaction by forming a single
σ-bond by joining the ends of the conjugated π-electron system
(40-42); ii) a stilbene-like dehydrocyclization (43); iii) the
cycloaddition in which two new single bonds are formed by link
ing the ends of two (or four) conjugated π-electron systems (3639).
At the present time, there are several good approximations

6

via calculations based on the MO theory to predict the course of
18 19
a reaction ' . To have an approximate idea about the influence
of a phenyl group attached to a vinyl group in (1), some calcu
le 19
lations using the Mulliken overlap population '
have been
carried out*. The results are given in Table 1. From the data
Table 1

R

C

n

k,i

«

%

Ψ, 9,

0°

30°

30°

Η

1,4
2,3
1,3

0.018
0.007

H

1,4
2,3
1,3

0.019
0.006

6 5

0°

0.010
0.005

in this table no definitive prediction can be made for the cyclization reaction, but it appears that the cyclization for
2-vinylstilbene (35) should be similar to the one found for
o-divinylbenzene (1). However, upon performing the photoreaction no compounds analogous to (38) or (39) could be detected
by us. Instead the benzobicyclo[2.1.l]hexene (37) was found in
a high yield. Because of this unexpected course of the reaction,
which could be caused by a mesomeric or an inductive effect of

* The calculations reported in this thesis were carried out by
drs. R.J.F.M. van Arendonk. Use was made of the extended
Huckel method 20 for the calculations.
7

the extra phenyl ring, it was attempted to elucidate the mecha
nism of this photoreaction. To this aim, several derivatives of
2-vinylstilbene were prepared and their photoproducts examined.
Chapter 2 describes in a more extended way the photoreac
tion of 2-vinylstilbene, the multiplicity of the reaction and
the mechanism of the reaction.
Chapter 3 deals with 2-vinylstilbene substituted at the
terminal end of the vinyl group.
In Chapter 4 the photoreaction of (35) substituted at the
α-phenyl ring is described.
Photochemistry of the substituted ß-phenyl ring of (35) at
one or more positions is the subject of Chapter 5.
Photoreactions of derivatives of (35) with phenyl groups
at the a- or ß-position of the central double bond are described
in Chapters 6 and 7.
In Chapter 8 an attempt is made to give a general review of
the mechanism of the reactions and to give a conclusion based on
the results of this work.

The results of irradiation of 2-vinylstilbene (35) and
2,2'-divinylstilbene (80) have already been published in
short communications

8
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2

PHOTOCHEMISTRY OF 2-VINYLSTILBENE

2.1.

SYNTHESIS

AND SPECTRAL PROPERTIES

OF

2-VINYLSTILBENE

21
2-Vinylstilbene, previously obtained
by heating the
iodide of 2-(trimethylammonium-ethyl)stilbene with alcoholic
NaOH, was prepared by a sequence of two rather simple Wittig
22
reactions
(Scheme 2.1.). The obtained bromide (45), was not
Scheme

2.1.

oc;;; ^ F q-~® %> ^ -*5

N

І2Р*РЬ,Вг"
(46)

CH 5

Чн : вг

(44)

^

(45)

=
(35)

purified, but was used immediately in the next synthesis. It
may be noted, that the bromination of the mixture of ais- and
trane-o-methylstilbenes with N-bromosuccinimide (NBS), which
are usually rapid reactions, lasted 6 hours; cis-trans
isomerizations have also been observed in similar reaction sys23
terns . Thus, starting with сге- and trans-2-methylstilbenes
(44) only trans-o-vinylstilbene (35) was obtained in 65% yield.
traws-o-Vinylstilbene (35), purified by column chromatography
over silica gel, contained approximately 1% of methylstilbene,
which could be separated by repeated chromatography over a
silica gel column, impregnated with silver nitrate, ois-oVinylstilbene (35) was obtained by irradiation of the
transisomer.
9

The u.v. spectrum of trans-2-vinylstilbene
(35) possesses
a large absorption at 298 (ε 24000), 250 (20400) and 220 nm
24 г
(19700). Comparison with unsubstituted trans-stilbene
[308
(ε 28500), 296 (29000), 229 (16400), 203 nm (24000)] reveals
that notwithstanding the larger conjugated system of (35) the
extinction is decreased and the fine structure has disappeared.
This is due to the steric interaction of the 2-substituent.
Comparison with i:ranß-2-methylstilbene (44) [307 (e 28000) , 295
(29500), 229 nm (16800)] reveals that the steric interaction of
the vinyl group is larger.
The u.v. spectrum of c¿s-2-vinylstilbene (35) indicates,
as expected, a great hypsochromic shift λш а х 248 nm (ε 18000)
24
in comparison with eis-stilbene , λ
277 nm (e 10400).
max
The n.m.r. spectrum of trans-(35) indicates a characteris
tic signal of the terminal vinyl protons as two doublets of
doublets at δ 5.55 (І^) and 5.26 (H 2 ), while those of сг8-(35)
are at higher field at 5.54 (H.) and 5.11 ppm (H,)*.
2.2. IRRADIATION

OF 2-VINYLSTILBENE

UNDER ANAEROBIC

CONDITIONS

o-Vinylstilbene was irradiated at 300 and 350 nm in hexane,
benzene and methanol. The same photoproducts result from all of
these experiments, but as the reaction was the most rapid in
hexane this solvent was chosen for preparative purposes. The
quantum yields were estimated to be 0.024 in hexane; 0.01 in
benzene and 0.009 in methanol. For preparative purposes oa.
-3
10 M solutions of 2-vinylstilbene in hexane, previously de
gassed with nitrogen, were irradiated at 300 nm for 6-8 hours
until no starting compound, whose separation from the photoproduct is very difficult, remained. After irradiation, the
mixture was eluted with hexane-benzene over a silica gel col
umn to remove polymeric products and oxidation products. The

c=c

10

Scheine

2.2.

П О (
e»o -(37)

+ Col.oiiid prod)

endo-(37)

resulting isolated mixture was then chromatographed over alumina
and several fractions were isolated. The main photoproduct, iso
lated from the first fractions by elution with hexane, was exo5-phenylbenzobicyclo[2.1.l]hex-2-ene (ехо-ЪТ, m.p. 32-33 ) , ob
tained in a 70% yield. The endo-isomer (endo-37, yield 2%) was
isolated from enriched fractions of the exo-endo isomers by re
peated separations on alumina by preparative thin layer chroma
tography. 1-Vinylphenanthrene (43) was isolated from the column
with hexane-benzene (20:1) as eluent in a 10-15% yield. Its
structure, indicated by its u.v. spectrum was confirmed by an
independent synthesis. Two additional photoproducts were de
tected by n.m.r. spectroscopy of fractions eluted with hexane
but not isolated due to their minute quantity.

2.2.1. Structure
exo-S-Fhenylbenzobi

of

the

photoproducts

cyclo \_2. 1. l~\hex-2-ene

(exo-3 7 ) .

The structure of the compound, obtained in a 70% yield,
has in its mass spectrum a parent peak at the same mass as
2-vinylstilbene at 206 and fragmentation peaks at 128, 115
and 91 indicating the loss of benzene and benzyl fragments.
The u.v. spectrum with absorptions at 274,' 267, 260 and 254
nm is characteristic for benzene derivatives without conju
gated substituents. The n.m.r. spectrum (see Figure 1) con
sists of a 9 proton multiplet at 6 6.8-7.26, a doublet at 3.87
ppm (H5; J = 7.5 Hz) a doublet at 3.31 ppm (1^, H 4 ; J = 2.5 Hz),
11

Ph

ІОП

а

е,о-37

Phr

tSU-a

end0 37

·

Ê^Ph
*Іа Н 4Ь

II

Н

1

I

Н

ОГрЗ

5

«^ь

I

-°-38

Ph

CQ

endo-З

jUhJlK^
10
Fig.

1.

N.m.г.

spectra

2-ene;

b)

of:

a)

20

exo-5-phenyIbenzobicyclo

endo-5-phenyIbenzobicycl

о[2.1

[2.1.1]hex.l]hex-2-ene¡

exo-6-phenyIbenzobicyclo[з.1.θ]hex-2-ΘΠΘj

d)

с)

endo-6-phe-

.θ]hex-2-епе.

nylbenzobicyclo[3.1

a d o u b l e t r i p l e t a t 3.07

ОХ)

ω

(H

,. ; J = 6.25 Hz and J = 2.5 Hz)

exö~D

and a doublet of doublets at 2.32 (H , ,; J = 7.5 Hz and J =
endo-b
6.25 Hz). The n.m.r. spectrum of this compound does not correlate with a benzobicyclo[3.1.0] hexene spectrum but it is in accordance with the exo-5-phenylbenzobicyclo[2.1.l]hex-2-ene derivative (exo-37) which should possess a large long range coupl12

ing between Η , _, and Η ¿ с 25-29 protons and no coupling
between Ηехо-б, and Ηепао-Ь
, - rprotons. Moreover, Η exo-b. is coupled
with H. and H.. According to molecular models the dihedral angle
between one of the bridgehead protons and the endo-H, or endo-His very close to 90 and no coupling between them can be ob
served. The long range coupling between H 1 and H. cannot be seen
because of the symmetry of the molecule.
Chemical support for the bicyclo[2.1. ijhexene structure was
given by catalytic reduction. The product of the treatment of
exo-37 with Pd/C and hydrogen could be identified as l-benzylindan (47) (see Scheme 2.6.) by its spectroscopic properties and
in comparison with an authentic sample. From this result a struc
ture like phenylbenzobicyclo[2.2.0]hexene (36) could be excluded.
Moreover, it confirms that the isolated photoproduct does not
have the structure of (38), whose reduction product
is 2-benzylindan.
A final proof of the structure was given by a thermolysis
experiment. Heating exo-(37) at 200 gave rise to 2-vinylstilbene (35) as indicated by its u.v. spectrum and the results of
g.l.c. analysis.
endo- 5-Pheny Ibenzobi

ay alo \_2. 1. Í] hex-Z-ene

(endo-37 } :

This structure was given to the small fraction present in
the bulk of the exo-isomer by its almost identical mass and u.v.
spectrum and the similarity of its n.m.r. spectrum (Fig. lb).
In this spectrum no long range coupling is present, but the protons H. and H. form now a triplet because of coupling with both
the exo-H5 and exo-H¿ proton.
l-Vinylphenanthrene

(43):

This compound was identified by the presence of a phenanthrene-like u.v. spectrum, with absorptions at 239 (ε 23600),
258 (39000) and 300 run (14000) and the characteristic pattern
of a vinyl group in the n.m.r. spectrum at 5.40 and 5.67 ppm.
The structure was confirmed by an independent synthesis of this

13

Scheine 2.3.

M

(48)

(43)

compound a c c o r d i n g t o Scheme 2.3.
T o b e sure o f the a b s e n c e o f endoor exo-6-phenylbenzobic y c l o [ 3 . 1 . 0 ] h e x - 2 - e n e s (38) a s p h o t o p r o d u c t s o f (35) these com
p o u n d s w e r e synthesized according t o S c h e m e 2.4.
Scheme 2.4.
Ph

ЧООН

\

i^-CH,Ni
0

(49)

(50)

Ph

(51)

е ю - (38)
епі)О-(Зв)

T h e п . m . г . s p e c t r a are given in F i g u r e 1c a n d Id. It could
b e c o n f i r m e d b y this s y n t h e s i s that the two m i n o r unisolated
p r o d u c t s w e r e not i d e n t i c a l .

2.3.

IRRADIATION

IN THE PRESENCE OF OXYGEN

W h e n a 10 M solution o f 2-vinylstilbene (35) in h e x a n e is
i r r a d i a t e d i n the p r e s e n c e o f oxygen (the s o l u t i o n is not d e 
gassed) , 6 h o u r s o f i r r a d i a t i o n resulted in the formation o f 90%
of p o l y m e r i c and o x y g e n containing p r o d u c t s and o n l y 10% o f a m i x 
ture o f 5 - p h e n y l b e n z o b i c y c l o [ 2 . 1 . l ] h e x e n e ( 3 7 ) , 1 - v i n y l p h e n a n t h r e ne (43) and a compound o f unknown s t r u c t u r e . Such a low yield o f
the b i c y c l i c product can b e explained b y the fact that under
31 — 36
o x i d a t i v e c o n d i t i o n s the cyclization reaction
o f the агвisomer i n t o the 4 a / 4 b - d i h y d r o p h e n a n t h r e n e d e r i v a t i v e is now i r 14

reversible. Moreover, the obtained 1-vinylphenanthrene can un
dergo a polymerization or oxidation process. It cannot be exScheme 2.5.

Quid prod

polym prod

oxid prod

eluded that 2-vinylstilbene (35) also may react under the in
fluence of light and oxygen to oxidation and polymerization
products.
It was noted that the appearance of oxidation products (in
the i.r. spectrum of the photoproduct the characteristic absorp
tions of v c o at σα. 1700 cm - and of v 0 at aa. 3500 cm
have
been found) were increased by irradiation of dilute solutions,
while in more concentrated solutions more polymers were found.

2.4.

IRRADIATION

IN THE PRESENCE

OF

IODINE

2-Vinylstilbene (35) was irradiated in the absence of oxy
gen but in the presence of 10% iodine. In this case, besides a
large amount of polymeric products (70%), two photoproducts were
isolated: 1-benzylindan (47; 15%) and 1-ethylphenanthrene (52;
15%). The mechanism of the formation of 1-benzylindan (47) as
well as of 1-ethylphenanthrene (52) can be explained as fol
lows: 2-vinylstilbene (35) adds an iodine atom giving the ra
dical (56) which by cyclization gives rise to the radical (57).
On the other hand, 1-vinylphenanthrene (43), formed via the
primary cyclization product (53), reacts with iodine giving
radical (54). By hydrogen abstraction from the solvent and
photolysis of the iodides (58) and (55) the products (47) and
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Scheme 2.6.

(52) are formed.

2.5.

MULTIPLICITY

OF THE PHOTOREACTION

In order to determine the multiplicity of the photocyclization several experiments with 2-vinylstilbene were performed
in the presence of various triplet quenchers (piperylene, azulene, 3/3,4,4-tetramethyl-l,2-diazetin-l,2-dioxide ) and the
triplet sensitizer benzophenone.
Irradiation of benzophenone (as sensitizer) in the presence of 2-vinylstilbene (35) did not result in the formation
of the 5-phenylbenzobicyclo[2.1.l]hexene product (37).
Irradiation of 2-vinylstilbene in the presence or absence
of trans-piperylene gave the same amount of the 5-phenylbenzo-
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bicyclo[2.1.l]hexene product. Thus, the intramolecular cycloaddition reaction of (35) is not quenched. The fact that trana38
piperylene with a triplet energy (E ) of 59.2 kcal/mol
does
not quench 2-vinylstilbene (35) is not very surprising because
it may be assumed that (35) has a lower triplet energy
(trane-,
cis-stilbene, E T <57 kcal/mol). However, it is also known that
piperylene also quenches the singlet state of several aromatic
compounds. However, the non-quenching of the singlet state of
(35) could be confirmed by the absence of quenching of the fluorescence of (35) by piperylene in several concentrations.
38
When azulene (E = 40.6 kcal/mol ) was used as a quencher
at 360 nm the yield of (37) decreased. However, this decrease
could be accounted for by the competition of the azulene absorption.
By irradiation of (35) in the presence of 3,3,4,4-tetramethyl-l,2-diazetin-l,2-dioxide ("dinitroxide", E = 30.9 kcal/
mol 37) the formation of (37) was decreased. However, it is known
39
that the "dinitroxide" is also a radical scavenger . To verify
the latter possibility another radical scavenger of transient
40
41
free radicals
was used e.g. di-t-butylnitroxide (DTBN) . Indeed a decrease in the formation of (37) was found when DTBN was
present but the amount of vinylphenanthrene (4 3) was increased.
The latter fact is easily explained by the hydrogen abstraction
by DTBN from the 4a,4b-dihydrophenanthrene arising from a singlet state intermediate.
42 43
It is interesting to mention that Caldwell '
observed
that DTBN quenches the stilbene triplet state with high efficien44
cy. On the other hand. Singer
points out that DTBN might be
useful as a quencher for excited singlet states (long-lived
enough for bimolecular interaction with DTBN). In our case a
significant fluorescence quenching of (37) by the DTBN was observed.
It may be concluded from the above experiments that the
formation of the bicyclic product (37) is a radical reaction
occurring via the excited singlet state of (35).
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2.6.

THE MECHANISM OF THE CYCLOADDITION

As already mentioned in the introduction, theoretically
there are several possibilities in the photocyclization of
2-vinylstilbene. Experimentally only [2+2]head-to-tail cyclo
addition products were obtained. In principle, for a cyclo
addition reaction three types of reaction mechanisms come into
consideration: ionogenic, concerted or radical. An ionogenic
mechanism in an apolar medium is very improbable. If concerted,
this intramolecular photoreaction can be viewed either as a
Γ 2 + 2]ora[2
+ 2 ] reaction, both photochemically
L
J
1
J
Γ
w s
π s
-π a
π a
iallowed reactions according to the Woodward-Hoffmann rules
and experimentally characterized by stereospecificity and a
lack of solvent polarity effect. However, irradiation of cis(35) as well as of trans-(35) gave rise to nearly the same
product ratios of exo-endo
(37) and in both cases the sterically more favourable ело-product (37) strongly predominated
over the endo-isomer. Since trane- to ets-isomerization is
much more rapid than the cycloaddition (Φ
= 0.37; Φ,.
, =
0.024) , it cannot be ascertained with certainty from which
isomer the exo-(37) arises, although a reaction from the aisisomer seems more probable. According to the Woodward-Hoffmann rules 45 , βχο-(37) should arise only by cycloaddition of
trans-(35).
From the quenching experiments (2.5.) together with the
above considerations it seems most likely that a radical mech
anism is operating, although radicals could not be detected by
ESR*.
The different ways to form (37) from (35) are given in
Scheme 2.7. Two facts are important to note: i) only (59A)
seems to be formed, because in the photoreaction with iodine
only 1-benzylindan (47) (Scheme 2.6.) could be isolated and
no l-methyl-2-phenylindan, which should be found if (59B) is
also formed. The absence of (59B) may be explained by the
* We thank Mr. A.A.K. Klaassen for the performance of the
ESR measurement.
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Scheme

2.7.
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greater stability of (59A) as a biradical with two benzyl radi
cals compared to (59B) with only one benzylic radical; ii) rad
ical (59A) does not cyclize to (60A) because no (39) is found.
Formation of (60A) should be accompanied by a loss of resonance
energy in the benzene ring. From (59A) the thermodynamically
most stable compound exo-5-phenylbenzobicyclo[2.1.l]hex-2-ene
(ехо-З?) is formed as the major product.
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2.7.
2.7.1.

EXPERIMENTAL

SECTION

General

Mass spectra were determined with a Varian MAT SM2B mass
spectrometer.
Ultraviolet spectra (u.v.) were obtained with a Gary 15
or a Beekman DK2A u.v. spectrophotometer.
Fluorescence spectra were made with a Perkin-Elmer fluorescence spectrophotometer MPF-4.
Infrared spectra (i.r.) were obtained with a Perkin-Elmer
257 spectrophotometer.
Nuclear magnetic resonance spectra (n.m.r.) were obtained
with either a Varian Model T-60 or HA-100 spectrometer with
tetramethylsilane as an internal standard. The samples were oa.
5% solutions in carbon tetrachloride, except where noted otherwise. Frequencies of the absorptions were determined with the
side band technique.
Melting points (m.p.) were determined 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 (t.l.c.)
were used for the chromatographic separations.
Irradiations were performed in a Rayonet RPR-100 or RPR208 reactor, fitted with 300 or 350 nm lamps.
These general remarks are valid for all subsequent experimental sections.

2.7.2.

Syntheses

2-Me thyls till·ene
(44). A solution of sodium ethoxide (prepared
by dissolving 1.38 g of sodium in 60 ml absolute ethanol) was
added dropwise to a stirred solution of benzyltriphenylphosphonium bromide (13 g, 0.03 m) and o-methylbenzaldehyde (3.6 g,
0.03 m) in absolute ethanol (140 ml) and the resulting solution
was stirred at room temperature overnight. After removal of the
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solvent under reduced pressure, the residue was worked up by
adding water and then extracting with benzene. The combined ben
zene extracts were dried (MgSO.) and evaporated to dryness af
fording a semi-solid residue which was purified by column chro
matography on silica gel. 2-Methylstilbene (44) was obtained in
80% yield 46 as a mixture of ais- and trans-isomers: n.m.r. δ
2.16 (s, ais-CH ) , 2.28 (s, trane-CHO.
2-Vinylstilbene
(35). To a solution of (44) (3.88 g, 0.02 m) in
50 ml CCI. was added 5.34 g (0.03 m) of freshly crystallized Nbromosuccinimide (NBS) and a few mg of benzoyl peroxide. The
mixture was irradiated (Philips IR-1000W) and refluxed until
the NBS was consumed (usually 6-7 hours). The reaction mixture
was cooled to room temperature and filtered to remove the succinimide and concentrated under reduced pressure to give a yel
low oil of trans-2-bromomethylstilbene (45) in а 70% yield by
n.m.r. The oil was dissolved in 120 ml xylene and 5.24 g (0.02
m) of triphenylphosphine was added and the solution was stirred
overnight. The precipitated phosphonium salt (46) (7.1 g; 95%)
22
was filtered and subjected to a Wittig reaction
with an alcoholic solution of formaldehyde 47 (5 ml, aa. 15% solution) in a
similar manner as described above for 2-methylstilbene (44).
After column chromatography on silica gel with hexane as the
eluent, a 65% yield of i:ra?is-2-vinylstilbene (35) was obtained:
+
mass spectrum m/e 206 (M , 96.5%), 91 (100); u.v. λ,,,^ (CH^OH)
200 (sh, log ε 4.29), 250 (4.31), 298 nm (4.38); n.m.r. δ 6.77.5 (m, 12H) , 5.55 and 5.26 (2 d of d, =CH-; J.,,,,^ = 17.5 Hz,
J . = 1 1 Hz,J
= 1 . 5 Hz). The product was shown, by
obs

gem

/

e

-

J

n.m.r. integration, to be contaminated with oa. 1% of (44)
which was removed by repeated chromatography over a silica gel
column impregnated with 5% silver nitrate . c-¿8-2-Vinylstilbene
(cts-35) was obtained by irradiation of the trans-isomer (35) in
hexane (σα. 10 M solution) for 0.5 hour at 300 nm. The first
fractions, from column chromatography over alumina (Woelm, ac
tivity 1, neutral) gave the сгэ-(35) with the following spectral
data: u.v. λ
(CH,0H) 220 (sh, log ε 4.34), 248 (4.26), 287 nm
ГПЭ.Х

J
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(sh, 3.93); η.m.г. 6 6.5-7.5 (m, 12H), 5.54 and 5.11 (2 d of d,
=CH 0 ; J.
= 17.5 Hz, J . = 11.0 Hz, J
= 1.2 Hz).
—2
traue
' огв
' gem
Benzylindene
(61). Benzylindene was obtained by the addition of
benzyl bromide (34.2 g, 0.2 m) to a solution of indenyl sodium
(0.2 m) in liquid ammonia (200 ml) according to the literature
procedure 49 . The mixture was stirred overnight, the ammonia was
evaporated and the residue was taken up in water and extracted
with ether. After removal of the solvent the residue was dis
tilled under reduced pressure to give the product, b.p. 1450
49
0
50
O
152 /3 mm (lit. b.p. 116 /5 mm; lit. b.p. ll4-115 /0.3 mm)
in a 30% yield.
1-Benzylindan
(47). A suspension of 1-benzylindene (1.10 g, 5.4
mmol) and 5%-Pd/C in 30 ml ethanol was shaken at atmospheric
pressure in a hydrogen atmosphere at room temperature until
hydrogen uptake ceased (131 ml, 23 ). The mixture was filtered
and the solvent was evaporated. There remained a colourless oil
of l-benzylindan : n.m.r. δ 7.72-6.96 (m, 9 aromatic protons),
3.52-2.48 (m, 5H), 2.24-1.5 (m, 2H).
1-Methylphenanthrene
(48). A solution of 776 mg of 2-methyl-4
stilbene (44) and 10.2 mg (10
mol/1) iodine in 4 1 hexane was
irradiated at 300 nm for 6 hours. The hexane was removed in va
cuo and the resulting oil was chromatographed on a silica gel
column. After recrystallization from methanol 388 mg (yield 50%)
of 1-methylphenanthrene was obtained, m.p. 121-122 (lit.
m.p.
118-119°).
1-Vinylphenanthrene
(43). A suspension of 384 mg (2 mmol) of
1-methylphenanthrene (48) and 356 mg (2 mmol) of NBS was brominated under the conditions described for 2-vinylstilbene.
NBS was consumed after 5 minutes. To the isolated 1-bromomethylphenanthrene a solution of triphenylphosphine (524 mg,
2 mmol) in 50 ml xylene was added. The yield of phosphonium
salt was 55%. This phosphonium salt (587.4 mg) was dissolved
in 50 ml absolute ethanol and 2.5 ml (aa. 15% solution) of
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alcoholic formaldehyde 47 was added together with sodium ethoxide. The usual work-up gave 1-vinylphenanthrene (43)
in a 90%
yield, m.p. 105-107°. The spectral data were: u.V. λ
(CH,OH)
239 (log e 4.37), 258 (4.59), 300 nm (4.15); n.m.r. S 8.4-8.6
(m, 2H), 7.28-8.07 (m, 8Η), 5.40 and 5.67 (2 d of d, 2H, me
thylene protons of vinyl group; J
=17.2 H z , J . = 1 1 Hz,
J
= 1.5 Hz).
gem
1-Ethylphenanthrene
(62). 1-Vinylphenanthrene (43) (30 mg) was
dissolved in 3 ml ethanol and was hydrogenated as described for
1-benzylindan (47). The resulting 1-ethylphenanthrene (yield
о
54
100%) was recrystallized from methanol, m.p. 60-61 (lit.
63.5-64 ). The u.v. spectrum corresponded to the literature
data 5 5 ; n.m.r. δ 8.44-8.7 (m, 2H), 7.3-8.0 (m, 7Η), 3.1 (g,
-CH2-) , 1.35 (t, - О Ц ; J = 7.6 Hz).
endo- and exo-6-Ïhenylbenzobieyclo[з.1.0\
hex-2-ene-4-one8
(SI).
The procedure described
for the preparation of exo-6-phenylbenzobicyclo[3.1.0]hex-2-ene-4-one (51) was followed. A mixture
of огв- 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 hydrolysed
to a mixture of aia- and trans-stilbene-2-carboxylic acids (49),
m.p. 120-124° (lit.56 145-146° cis-,
158-160° trans-isomer). The
acids were heated with excess of thionyl chloride to give the
acid chlorides . A solution of the acid chlorides in ether was
added to a stirred solution of diazomethane in ether at -5° to
give ais- and tra>ie-stilbenyl-2-diazomethyl ketones (50) . De
composition of the isolated crude diazoketones in a dilute so
lution of boiling cyclohexane, in the presence of cuprous chlo
ride, afforded the mixture (1:1) of exo- and endo-ö-phenylbenzobicyclo[3.1.θ]hex-2-ene-4-ones (51) in a 64% yield. The exoisomer (51) was recrystallized from the mixture of isomers and
its spectral data correspond completely with those reported for
this compound in the literature . The concentrated filtrate
was then chromatographed over alumina to give the
endo-lsomer
(51), m.p. 64-65°, with the following spectral data: m/e 220
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(M+, 100%); u.V. λ

(ΟΗ-,ΟΗ) 252 (log e 4.01); η.m.г. δ 6.5-7.5

Itici X

J

(m, 9H aromatic), 3.04-3.36 (m, 2H), 2.7 (q, IH).
endo- and exo-6-Phenylbenzobiayclo

[з.1.θ]hex-2-enes (38). Both

endo- and exo-(38)
were obtained by the Wolff-Kishner reduc
tion of corresponding bicycloketones. A solution of a mixture
of the ketones (51) (1 mmol) in diethylene glycol (3.5 ml) to
which 80% hydrazine hydrate (0.5 ml) and potassium hydroxide
(276 mg) were added, was heated for 4 hours at 170-180 and then
for 2 hours at 210-220 . 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 еяо-(38)
which were then separated.
exo-6-phenylbenzobioyalo

[3.1.θ]hex-2-ene

(38):

m.p. 72-73

(lit. 30 , 73.5-74°); n.m.r. 6 6.85-7.36 (m, 9H aromatic), 3.3
(d of d, Hexo-4.; Jехо-Л,endo-A
.
, . = 17 Hz, Jexo-4,5 = 6 Hz), 3.05
(d

'

H

J

endo-4'

J

endo-6,5

endo-6-pheny

=0

endo-4,5

=

3 H Z )

'

2

·

1 0

Ibemobiayalo

)

'2 ·

( t0 f d

H

5 8

' 5

( d 0 f d

; J

' «l» Jendo-6,l

l f 5 =6

[s. 1. θ] hex-2-ene

H z )

'
(38):

=
+

m/e 206

(Μ ,

65), 91 (100); n.m.r. δ 6.58-7.40 (m, 9H aromatic), 2.1-3.2
(m, 5H).
еиао-6-Phenylbenzobicyclo [3.1.0]hex-2-ene (38) was also
prepared (yield 3%) by the reaction of benzalbromide with alkyllithium in the presence of indene, in a similar manner to that
described previously . The photolysis of phenyldiazomethane in
indene did not give the expected bicyclic product.
Hydrogénation

of exo-5-phenylbenzobicyclo\_2.1.1~\hex-2-ene

(37).

A solution of exo-(37) (0.15 mmol) in ethanol (3 ml) was hydrogenated as before (5% palladium on charcoal) leading to 1-benzylindan (47). The resulting product was identified by comparison with an authentic sample (see above).
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2.7.Ъ.

Irradiations

Irradiations

of

2-vinylstilbene

in the

absence

of

oxygen

A degassed solution of 370.8 mg of 2-vinylstilbene in 1500
ml of hexane (1.2.10 M) under nitrogen was irradiated for 6
hours at 300 nm. The hexane was removed in vacuo and the result
ing yellow oil was chromatographed on a column packed with alu
mina (Woelm, activity 1, neutral) in hexane. Elution with hex
ane gave in the first fractions 70% of
exo-S-pheny Ibenzobicyalo

[_2. 1. i] hex-2-ene

(37):

m.p. 32-33 ; m/e

+

206 (M , 69), 128 (22.3), 115 (23.2), 91 (100); u.v. λ^,, (CH-,ΟΗ)
254 (sh, log e 3.00), 260 (3.09), 267 (3.15), 274 nm (3.13);
n.m.r. S 6.8-7.26 (m, 9H aromatic), 3.87 (d, H , с» J j ^ с =
'

endo-5

'

endo-6,5

7.5 Hz, J
,. = J. ,. = J. c = 0) , 3.31 (d, H, and H.; J
, .
exo-6,5c
1,5
4,5
1
4
exo-6,1
= Jexo-6,4
, . = 2.5 Hz,
J,
_ = J.
, , . = J endo-6,A
j с л = 0) ,
c = J endo-6,I
'
1,5
4,5
3.07 (d of t, Η
,; J j г
, = 6.25 Hz), 2.32 (d of d,
exo-6

Н

endo-6,exo-6

);

епао-6
endo-Cìl)
was isolated from several combined irradiations in ea.
2% yield out of enriched fractions by means of column and thin
layer chromatography.
endo-5-Phenylbensobicyalo
206

(M + , 5 4 % ) , 128 ( 2 9 . 6 ) ,

[2. 1. l~\hex-2-ene
115 ( 2 2 . 7 ) ,

(37):

91 ( 1 0 0 ) ;

m.p. 88-90°; m/e
u.V. λ

(CH-,ΟΗ)

256 (sh, log ε 2.77), 262 (2.90), 269 (2.98), 275 nm (2.94);
n.m.r. 6 6.6-7.2 (m, 9H aromatic), 4.26 (t, Η
^ = J. ,.
c; J
exo—o

1,J

4,D

= 2.5 Hz), 3.44 (t, H 1 and Я^, J 1 ^ χ ο _ 6 = J 4 f e ; c o _ 6 = 2.5 Hz)
2.66 (d of t, H e x o _ 6 ; J e x o _ 6 / e n á o _ 6 = 5.5 Hz), 2.35 (d, H e n d o _ 6 ) .
Further elution of the original product after the isolation
of его-(37) and endo-(37) gave small quantities of unidentified
products (σα. 2%).
Finally, elution with 5-10% benzene in hexane gave
1-vinylphenanthrene
(43) in a 15% yield. The product was identical with
that obtained by an independent synthesis (see 2.7.2.).
The remainder of the material (yellow coloured) of ea. 10%
remained on the column.
Thermolysis of eio-(37) for 60 minutes at 200° resulted in
the formation of ois- and tr>ans-2-vinylstilbene (35) as detected
25

by u.v. spectroscopy and gas chromatography.
Irradiation

in the

presence

of

oxygen

2-Vinylstilbene (35) (258.0 mg) was dissolved in 1500 ml
hexane (0.8.10 M) and irradiated for б hours at 300 nm. After
evaporation of the solvent the yellow residue (unsoluble in
CCI., soluble in CHCl^ and benzene) was chromatographed on alu
mina. Elution with hexane and with 10% benzene in hexane gave
10% of a mixture of ej;o-5-phenylbenzobicyclo [2 .1. l]hex-2-ene
(37) and 1-vinylphenanthrene (43) (identified by n.m.r. spec
tra) . The polymerization and oxidation products remained on the
column.
Irradiation

in the

absence

of oxygen

with

iodine

A degassed hexane solution of 309 mg (1.5 iranol/1500 ml) of
(35) and 381 mg (1.5 mmol) of iodine was irradiated for 6 hours
at 30 0 nm. The hexane was evaporated and the resulting yellow
oil was chromatographed over alumina. The first fractions ob
tained by elution with hexane contained 15% of 1-benzylindan
(47) (identified by comparison with an authentic sample (see
2.7.2.). Further elution with a solution of 5-10% benzene in
hexane gave a fraction consisting of 1-ethylphenanthrene (52)
(15% yield), identified with an independently synthesized mate
rial (see 2.7.2.). About 70% of polar, probably polymeric prod
ucts, remained on the alumina.

2.7.4.

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 simultaneously under the same conditions
with and without quenchers or sensitizers. The benzene solu
tion of (35) (ca. 40 mg) with benzophenone (ca. 1 g) was pre
pared so that at 350 nm the sensitizer absorbed more than 99%
26

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
solution of 2-vinylstilbene (42.3 mg, 0.2 mmol) and irradiated
at 350 nm. The irradiation of (35) in the presence of 3,3,4,437
tetramethyl-l,2-diazetin-l,2-dioxide
(5-10 molar excess was
used) was carried out in benzene at 300 nm. The experiment with
DTBN (2 times molar excess was used) was performed in hexane at
300 nm. After the irradiations the resulting solutions were eva
porated and analysed by n.m.r. spectroscopy.
2.7.5. Quantum

yields

Quantum yield irradiations (λ
300 nm) of 2-vinylstilbene
max
(35) were performed in a Rayonet reactor RPR-100 equipped with
a "merry-go-round" and quartz test tubes of 60 ml capacity. Light
intensity was determined by ferrioxalate actinometry 58 in the mo38
dification described by Murov . The quantum yields of exo-5phenylbenzobicyclo[2.1.l]hex-2-ene (37) formation were determined
by n.m.r. spectroscopy of the crude mixtures. Several experiments
were performed and the data are listed as follows:
trans-(35)
(mmol)

1
2
3
4
5
6
7
8
9
10

0.121
0.121
0.121
0.121
0.164
0.170
0.161
0.190
0.169
0.176

(mE)

exo-(37)
(%, solvent)

quantum yield
Φ
bicyclo

0.51
0.77
1.02
1.28
1.28
1.91
1.28
1.91
1.28
1.91

9.9 hexane
13.8
21.3
24.2
18
26.5
7.2 benzene
10.9
6.8 CH 3 OH
9.9

0.024
0.022
0.025
0.023
0.023
0.024
0.009
0.011

light absorbed

0.009
0.009
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The quantum yield of trans-cis
isomerization of (35) was
determined in a Black Box apparatus as described by Zimmerman 59
The light intensity was determined by ferrioxalate actinome38
try . The filter solutions employed for the irradiations were:
cell 1 of a triple compartment filter was filled with 1.7M
nickel sulfate in 10% sulfuric acid, cell 2 with 1.0M cobalt
sulfate in 10% sulfuric acid and cell 3 with 0.0133M stannous
dichloride in 40% hydrochloric acid. This filter was opaque be
low 300 nm and above 350 nm; it showed a maximum transmission
of 18% at 325 nm. The data are listed as follows:

trans- (35)
(mmol)

light absorbed
(mE)

cis-(35)
(%, hexane)

quantum yield
Φets
.

1

0.177

0.092

18.4

0.36

2

0.174

0.153

35.3

0.40

3

0.163

0.214

50.1

0.38

4

0.200

0.397

69.9

0.35
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C H A P T E R

3

PHOTOCHEMISTRY OF 2-PROPENYLSTILBENE

3.1.

SYNTHESIS

AND SPECTRAL PROPERTIES

OF

2-PROPENYLSTILBENE

2-Propenylstilbene (62) was prepared analogously to 2-vinylstilbene by means of a Wittig reaction
from the aryltriphenylphosphonium bromide (46) and acetaldehyde. A mixture (1:1) of
c-¿8-2-propenyl-í:rans-stilbene and of trans-2-propenyl-trana stilbene (62) was obtained in a 50% yield. The isomers were separated by column chromatography (silica gel, hexane as eluent)
and characterized by spectroscopic methods. The configuration
of both isomers was based on differences of the coupling constants between the ethylenic protons of the propenyl group and
also on the differences of the chemical shifts of the methyl
groups. The isomer, which in the n.m.r. spectrum possesses a
signal of the methyl group at 6 1.93 and the coupling of the
ethylenic protons H and H» of the propenyl group* J H i H 2
equals 15.25 Hz (characteristic for tran s-ethylenic
protons)
was assigned to be the t2'ans-2-propenyl-trans-stilbene (62).
The c-£s-2-propenyl-trcms-stilbene (62) has a signal of the
methyl group at 1.68 ppm and the .Гц д. is 11.25 Hz (char
acteristic for cis-ethylenic protons). Both isomers have the
same coupling constant of the trans-ethylenic protons
of
the stilbene part (J = 16 Hz).
The u.V. spectra of both isomers do not differ signifi
cantly from each other. The trans-trans-isomer
(62) possesses
a large absorption at 300 (e 24800), 254 (20600), 240 (sh,
14900) and 223 nm (15400). The e¿s-2-propenyl-tra?2e-stilbene
(62) has the absorption at 299 (ε 26000), 245 (sh, 13600),
232 (sh, 15900) and 222 nm (17400).

* A r — C = C — C H3,
I I

н1 н 2
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3.2.

IRRADIATION

OF

2-PROPENYLSTILBENE

A mixture of the two isomers of 2-propenylstilbene (62)
was irradiated under the same conditions as 2-vinylstilbene
(35), e.g. at 300 nm in hexane as a solvent. In contrast to
2-vinylstilbene, this reaction is slow. After irradiation for
25 hours 20% of the starting compound (62) still had not reacted, but the unreacted (62) was now a mixture of 4 isomers.
Based on the n.m.r. spectra the reaction mixture contained,
besides (62) , 30% of endo-S-methyl-exo-e-phenylbenzobicyclo[2.1. l]hex-2-ene (63), 10% of ea;o-4-methyl-en£io-6-phenylbenzobicyclo [3.1.0]hex-2-ene (64), 10% of огв- and trane-1-propenylphenanthrenes (65), about 5% of a mixture of some photoproducts which could not be isolated due to their small quantity
and about 25% of polymeric and oxidation products.
Scheme 3.1.

hv
Ph

(64)

3.2.1.

Structure

of the

photoproduats

The structure of the compounds obtained, was determined on
the basis of their spectra.
Both bicyclic products, (63) and (64), possess in their
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СНз

Hg н 5 Η,Η^

ι

ι

ι

Ê-Ph

со:

63
СНз

Η

CH,

H

1 H 4 Hg
I I
I

Ц
7.0

50

iO

3ΰ

20

Ю

Fig. 2. N.m.r. spectra of: a] exo-6-pheny1-endo-S-methy
cyclo[2·1•1]hex-2-ene

0.0

Ibenzobi·

(63); b) exo-4-methy1-endo-6-phe-

nylb8nzQbicyclo[3.1.0]hex-2-епе

(64) .
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mass spectra the parent peak at the same mass as 2-propenylstilbene (62) , at m/e 220; the base peak of the bicyclic product
(63) is at 205 and that of (64) at m/e 129 indicating the loss
of methyl (for 63) and benzyl (for 64) fragments respectively.
The'u.v. spectra with absorptions between 278 and 254 nm
resemble those of the bicyclic products (37).
The definitive structure assignment for (63) and (64) was
based on their n.m.r. spectra and also by comparison with the
n.m.r. spectra of endo- and ехо-(ЪТ).
The n.m.r. spectrum of
endo-5-methyl-exo-6-phenylbenzobicyclo [2.1.l]hex-2-ene (63)
shows a great similarity with exo-(37) (see Figs, la and 2a).
At 3.82 ppm the benzylic proton H appears as a singlet, in
dicating its еиао-position. A doublet centered at δ 3.28 is
J
attributed to the bridgehead benzylic protons ( h r id ae head
__ = 2.5 Hz). A quartet of triplets is assigned to ехо-Я^
(J
,, = 6.0 Hz); the methyl protons appear as a doublet
c
Γ
Γ Γ
exo-5,Me
•'
at δ 0.55.
The ea:o-4-methyl-endo-6-phenylbenzobicyclo [3.1.0]hex-2ene (64) has a more complex n.m.r. spectrum. The methyl pro
tons occur at δ 1.27 (J„
, . = 6.25 Hz). The doublet of
V[&,endo-A
d o u b l e t s a t δ 1.96 i s a t t r i b u t e d t o the homobenzylic proton
on C-5 (J, . = O 2 ' 6 7 " 6 9 ; J, ,. = 6 Hz; J c
, = J,
,
b,endo-4
1,5
5,exo-6
l,exo-6
= 8.5 Hz). The triplet at 2.4 3 ppm must then be the cyclopropyl proton exo-6, since J = 8.5 Hz corresponds to the charac
teristic ai s-cyclopropane coupling constants . The multiplet
at 2.88 ppm corresponds to H - and the endo-ñ.
proton. Spin
decoupling techniques confirmed the above assignments.
1-Propenylphenanthrenes (65), isolated by column chromatography with hexane-benzene (20:1) as eluent in a 10% yield,
were identified on basis of their spectral data.
3. 3. THE MECHANISM OF THE CYC10ADDITION

The formation of the cycloaddition products was assumed
to occur analogously to 2-vinylstilbene (35). After irradiation of 2-propenylstilbene (62) two bicyclic products possessing different structures were isolated: a bicyclo[2.1.l]hexene
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(63) and a bicyclo [3.1.0]hexene (64) derivative. The formation
of these cycloaddition products can be explained as follows.
From two different conformations two possible cyclization modes
(a'-b and a-b') (Scheme 3.2.) are probable. Contrary to the com
parable cyclization modes in 2-vinylstilbene the intermediate
biradical (65) now possesses a secondary radical, which is more
stable then the primary one in (59B). This secondary radical can
form the thermodynamically stable molecule (63) or, because of
its lower stability compared with (66), the non-aromatic interScheme 3.2.

a

Of'
hv

О

-

>

ûc^

CH,

CH,

(64)

(67)

.CH-CHj

Ph

(65)

CO
CHj

,^-^^-Γ^Η,

hv

OC^

Ь чPh

(63)
CH]

.CH-Ph
Ph

(62)

(66)

Ph
(68)

mediate (67A). The latter intermediate can rearrange into (64)
1 2
in the same way as was found for divinyl benzene ' . The formation of product (64) is given as a radical process but a concerted process cannot be excluded. The discussion about the
preference for (64) with a endo-6-phenyl group to the exo-6isomer, which seems more stable but is not present in a detectable amount, will be postponed to Chapter 8. The bicyclic product (68) was not detected from the irradiation of (62); the
similar product (39) was also not found in the 2-vinylstilbene
irradiations. The expected product of the more stable radical
(66) is endo-5-methyl-exo-6-phenylbenzobicyclo[2.1.l]hex-2ene (63) .
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3.4.
3.4.1.

EXPERIMENTAL SECTION
Syntheses

2-Propenyl8tilbene
(62). 2-Propenylstilbene (62) was prepared
by means of a Wittig reaction
(two phase system). To a stirred
solution of 5.35 g (0.01 m) of the corresponding phosphonium
salt (46) and 0.9 g (0.02 m) of acetaldehyde in 25 ml of meth
ylene chloride at room temperature was added dropwise 5 ml of a
50% sodium hydroxide solution. The red-brown mixture was stirred
for 15 minutes. The organic layer was separated, the water layer
extracted with ether and the ether washings were combined with
the methylene chloride, washed with water, and dried (MgSO.).
Concentration in vacuo afforded a dark oil which was purified
by chromatography on a silica gel column by elution with hexane.
The yield of a mixture of e-£e-2-propenyl-trans-stllbene (62) and
of trane-2-propenyl-trane-stilbene (62) was 1.1 g (50%). By re
peated separations on a silica gel column with hexane as eluent
it was possible to separate the cts-propenyl- and trans-propenyltrane-stilbenes:
oie-2-Oropenyl-trans-stilbene

(62):

u.V. λ
(CHnOH) 222 (log ε
max
3

4.24), 232 (sh, 4.20), 245 (sh, 4.13), 299 nm (4.42); n.m.r. 6
6.78-7.64 (m, 11H; Η . ethylenic 6.88 as d; J u „ = 16 Hz), 6.55
St
=

Η fη

1 1

2 5H z

J

1

7 5Hz

(d of q, H^· J H 1 , H 2
·
' Hi,CH3 = ·
) ' 5 · 8 1 (d o f
q, H,; J H C H
= 6.83 Hz) and 1.68 (d of d, 3H, CH,).
trans-2-propenyl-trans-stilbene
(62): u»v. λ
(CH-OH), 223
(log e 4.19), 240 (sh, 4.17), 254 (4.31), 300 nm (4.39); n.m.r.
δ 6.70-7.64 (m, 11H; H . ethylenic 6.83 as d; J» „ = 16.0 Hz),
St

6.00 (d of q, H 2 ; J H ~ = 15.25 Hz, J H - C H T
of q, H 1 ) and 1.93 (d of d, 3H, CHj).
3.4.2.
Irradiation
of
2-propenyl3tilbene

H fH
=

6

·

5H z

>' 6 ·

6 7

(d

The photoreaction was carried out in a 1500 ml quartz ves
sel in the Rayonet photochemical reactor at 300 nm. A solution
of 360 mg of (62) in hexane (1.1.10~ M) was boiled for 10-15
minutes, whereafter nitrogen was bubbled through the solution
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for 0.5 hour. This degassed solution was irradiated for 25 hours.
The solvent was removed on a rotary evaporator and the yellow
residue was chromatographed on alumina. The separation of the
photoproducts was difficult due to the presence of 20% of unreacted starting material (62), which, based on the n.m.r. spec
tra, was a mixture of the 4 possible geometric isomers. The pho
toproducts appeared in the chromatographic fractions in the fol
lowing order: exo-6-phenyl-endo-5-methylbenzobicyclo[^2 .1. l]hex2-ene (63) (30%), exo-4-methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene (64) (10%), and aia- and trane-l-propenylphenanthrenes
(68) (10%). Besides the mentioned products, the presence of other
products of unknown structure was observed in the n.m.r. spectrum
but these products could not be isolated due to their small quan
tity. On the alumina column there remained about 25% of high mo
lecular weight products. The spectral data of the photoproducts
are:
exo-6-pheny l-endo-S-methylbenzobicyelo
[2. 1. l~}hex-2-ene
(63): m/e
220 (M+, 78.5%), 205 (100), 129 (44); u.V. λ =
(CH,OH) 254 (log
ε 3.25), 261 (3.28), 267 (3.29), 274 nm (3.26); n.m.r. S 6.887.48 (m, 9H aromatic), 3.82 (s, H , , ) , 3.28 (d, Η, and Η.;
endo-6,1
endo-6,4
endo-d,exo-S
' l,exo-5
4,exo-5
2.25 Hz), 3.62 (q of t, Η
,.; J
„„
=
6.0
Hz),
0.55
(d,
c
'
^
exo-S
еа;о-5,СНз
'
3H, CH3) ;
exo-4-mebhyl-endo-e-phenylbenzobioyoto[3.1.θ]
hex-2-ene
(64): m/e
+
220 (M , 100%), 205 (60.5), 129 (97.2), 91 (52); u.V. λ , (CH,OH)
259 (log ε 3.04), 266 (3.08), 271 (3.11), 278 nm (3.05); n.m.r. δ
6.64-7.38 (m, 9H aromatic), 2.88 (m, H and H , _ . ) , 2.43 (t,
β fi а о ^ ч

χ
3

*exo-b·· ¿ехо-Ь.І
= ехо-Ь,5
6
0 HZ
J
·
' e »d 0 -4,5 - 0 ) ' ^ 2

d
' ^
' H 5 ' J l,5 =
íd
' C H 3 ; J e nd 0 -4,CH3 = 6 · 2 5 H z ) ·

=

7

8

·

0Н 2 )

9 6

(d 0 f
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C H A P T E R

4

PHOTOCHEMISTRY OF 6-METHYL-2-VINYLSTILBENE

4.1.

SYNTHESIS
STILBENE

AND SPECTRAL PROPERTIES

OF

6-METHYL-2-VINYL-

6-Methyl-2-vinylstilbene (70) was synthesized starting
from 2,6-dimethylstilbene (69). This compound was monobrominated, converted into its triphenylphosphonium salt and then
22
subjected to a Wittig reaction
with formaldehyde.
Scheme 4 . 1 .

1)NBS
2) PhjP
3) CH¡0

d>^

(69)

(70)

The u.V. spectrum of trans-(70) shows an absorption at 286
(ε 17600) and 252 nm (24700). Compared with 2-vinylstilbene the
absorption is shifted to a lower wavelength and has a smaller
extinction coefficient. This can be ascribed to a greater de
gree of steric interaction in the stilbene moiety. However, in
comparison with 2,6-dimethylstilbene (69) the first absorption
of (70) is shifted to a larger wavelength of 10 nm due to addi
tional conjugation.
The n.m.r. spectrum of trans-(70) indicates the character
istic two doublets of doublets of the terminal vinyl protons at
5.57 and 5.17 ppm. The difference in conformation between trans(70) and trans-(35) can be seen from the difference in the chem-
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ical shifts of the terminal vinyl protons. The chemical shift
of the same protons of trans-(35) is 5.55 and 5.26 ppm, respectively.

4.2.

IRRADIATION

OF

6-METI1YL-2-VINYLSTILBENE

Irradiation of 6-methyl-2-vinylstilbene (70) was performed
under anaerobic conditions at 300 nm in hexane as solvent. Compared with 2-vinylstilbene (35) the reaction was slower. The
quantum yields were estimated as 0.007 in hexane, about three
times smaller as for (35).
After 24 hours of irradiation 10% of the starting compound
(70) remained unreacted. The mixture obtained after irradiation
consisted of 51% of 7-methyl-ea;o-5-phenylbenzobicyclo [2 .1.1] hexScheme 4.2.
CH,

¿G®

CHj

CHj

Ph

hv
171)

(72)

2-ene (71)* and of 17% of 7-methyl-endo-6-phenylbenzobicyclo[3.1.0]hex-2-ene (72)*. Moreover, about 10% of unidentified
products and 10% of polymers were present.

The same nomenclature is used as by (37) due to the better
comparison of their n.m.r. spectra although the IUPAC nomenclature must be: (71): 4-methyl-2-ea;o-phenyl-l, 3-methano-indan; (72): 2-methyl-l-eniio-phenyl-l,la,6,6a-tetrahydrocycloprop [a]indene.
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4.2.1.

Structure

of the

photoproducts

The structures of the cycloaddition products were determined by comparison of their spectral data with those of the
known bicyclic products, with [2.1.1] and [3.1.0] structures.
The u.V. spectra, with absorption maxima between 280 and
250 nm and low extinctions (ca. 1000), are in complete accordance with the structure of bicyclo[2.1.1]- and bicyclo [3.1.0] hexenes.
H

6b>CH3

1
H

5

H

I

1, H 4
I

H

£

5^Ph
exo-71

6a

I

M
CH3 Ph
72

h
7.0

Fig.

3.

SO

IM.m.r.

spectra

4.0

of:

[2.1.l]hex-2-ene

a)
(71);

c y c l o [ з . 1 . θ ] hBx-2-епе
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3J0
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7-methy1-exo-5-phenyIbenzobicyclob)

7-m9thy1-endo-6 -phenyIbenzob i -

[72).

The exact structure assignments were based on their n.m.r.
data (Fig. 3). At the first sight, the pattern of the product
(71) is in good accordance with that of exo-(37) while that of
product (72) compares best with endo-(38).
The n.m.r. spectrum of the main product (71) (see Fig. 3)
consists of an 8 proton multiplet at 6 6.70-7.44, a doublet at
3.88 (H5, J = 7 Hz), two double doublets at 3.42 and 3.36 (Hj^
and H.; J = 2.5 Hz, J = 7 Hz), a double triplet at 3.12 ppm
(Hc , J = 2.5 Hz, J = 5.75 Hz) and a signal at 2.22-2.46 ppm
of H,, which is in part overlapped by the singlet of the methyl
group at 2.30 ppm. As can be expected, the bridgehead protons
H and H. have different chemical shifts and now, contrary to
the spectrum of (37), the long range coupling between them can
be seen (J = 7 Hz), because of the asymmetry of the molecule.
The chemical shifts of the other protons as well as the coupl
ing between them are in full agreement with the structure of
7-methyl-ea;o-5-phenylbenzobicyclo [2.1.1] hex-2-ene (71) .
It appears that (71) is
the waterbath (<100o) into a
vinyl groups, as detected by
curs at a considerably lower

transformed at the temperature of
mixture of compounds containing
n.m.r. and u.v. spectra. This oc
temperature than for (37).

The n.m.r. spectrum of the second isolated product (72)
possesses an 8 proton multiplet at 6 6.42-7.12 and a complex
signal between 2.10 and 3.24 ppm. This spectrum (see Fig. 3b)
is very similar to that of endo-6-phenylbenzobicyclo[3.1.θ] hex2-ene (see Fig. Id). Together with the u.v. spectral informa
tion this compound should be 7-methyl-en(io-6-phenylbenzobicyclo[3.1.0]hex-2-ene (72). The endo-6-phenyl position has not
been verified by proton decoupling but comparison with other
compounds with the same configuration (endo-38,
64, endo-99)
leaves no doubt for this assignment.

4.3.

THE MECHANISM OF THE CYCLOADDITION

By irradiation of 6-methyl-2-vinylstilbene (70) two bicyclic products possessing different structures are isolated:
a bicyclo[2.1.1] hexene (71) and a bicyclo[3.1.0]hexene (72)
39

derivative. The proposed mechanism of the cycloaddition is
shown in Scheme 4.3. The formation of the bicyclic product
(71) can be explained in an analogous way as that of (37)
(see Scheme 2.7.) from the biradical (74). No 4-phenylbenzobicyclo[3.1.0]hexene derivative (73) could be detected, in
agreement with the absence of such a compound (39) from 2vinylstllbene. Contrary to 2-vinylstilbene, however, a second
product (72) is present in a relatively large amount. This
compound had to be formed from the intermediate (75A). This
intermediate can be formed via the biradical (75) or directly
Scheme 4.3.

by a concerted mechanism. The radical (75) has no extra stabi
lisation as was the case with the supposed intermediate of 2propenylstilbene (62) (Scheme 3.2.). The reason for this devi
ation in the reaction path is probably because of the steric
influence of the 6-methyl group in (70) . It can be imagined
that, due to the introduction of the methyl substituent in the
ortho position of the α-phenyl ring of 2-vinylstilbene (35),
the conformation of (70) is not as favourable as in (35) for
the formation of the bicyclo[2.1.l] hexene derivative. Because
of this less favourable conformation of (70) there arises the
40

possibility for a competing reaction to form the intermediates
(75) or (75A) which then can give rise to the bicyclo[3.1.0]hexene (72) derivative.
This steric influence on the course of the reaction was
examined further (Chapter 5) by introduction of ovtho substituents at the B-phenyl ring.
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4.4.
4.4.1.

EXPERIMENTAL

SECTION

Syntheses

236-Dimethyletilbene
(69). 2,6-Dimethylstilbene was synthesized by the Wittig reaction 22 of benzyltriphenylphosphonium
bromide with 2,6-dimethylbenzaldehyde in a 40% yield as de
scribed for 2-vinylstilbene (35) . The spectral data were: trans+
{69): m/e 20β (M , 59%); u.V. X m = ^ (CH,OH) 215 (sh, log e 4.31),
276 nm (4.27); n.m.r. S 6.37-7.47 (m, Ю Н ) , 2.30 (s, CH,) .
72
The 2,6-dimethylbenzaldehyde
required for this stilbene
was prepared from the diazonium salt of 2,6-dimethylaniline with
formaldoxime according to Beech 73 following the procedure for obromobenζaldehyde 74
6-Methyl-2-vinylatilbene
(70). 2,6-Dimethylstilbene (69) (0.02 m)
was brominated with NBS (0.02 m) in the way described for 2-vi
nylstilbene (35) for oa. 1 hour. The isolated crude bromide, ob
tained in 80% yield according to the n.m.r. spectrum, was dis
solved in xylene (ca. 100 ml) and was transformed into the phosphonium salt (60% yield) with triphenylphosphine (0.02 m ) . The
phosphonium salt (6.6 g) was subjected to a Wittig reaction 22
47
with an alcoholic formaldehyde solution
(5 ml, ca. 15% solu
tion; 100% excess). The product, 6-methyl-2-vinylstilbene, (47%
yield) was contaminated with 2,6-dimethylstilbene (69) which was
separated by column chromatography with hexane on silica gel im
pregnated with 5% silver nitrate. The trans-(70) obtained from
the column with hexane-benzene was crystallized from methanol
(m.p. 32-33 ). The spectral data for ti,ans-6-methyl-2-vinylstilbene were: m/e 220 (M+, 16.4%), 205 (14.3), 129 (50), 91 (100);
u.v. λ
(CH,OH) 252 (log e 4.39), 286 nm (4.25); n.m.r. 6
max
J
6.42-7.52 (m, 11H), 5.57 and 5.17 (2 d of d, =CH 2 ; J c i s =
10.25 Hz, Jtrang
= 16.5 Hz, J em = 1.5 Hz), 2.31 (s, 3H,

сн3).

42

4.4.2.

Irradiation

A degassed solution of 260 mg of (70) in 1 1 hexane was ir
radiated at 300 nm for 24 hours. Evaporation under reduced pres
sure gave a slightly yellow oil which was chromatographed on an
alumina column.
The first fractions, eluted with hexane and 1% benzene in
hexane, consisted of
7-methyl-endo-6-phenylbenzobicyelo
[ з . 1. 0~}hex-2-ene (72): y i e l d
+

17%; m/e 220 (M , 100%), 205 ( 1 9 ) , 129 ( 4 2 . 9 ) ; u.V. λ

(CH OH)
max
3
253 ( l o g ε 2 . 6 9 ) , 259 ( 2 . 7 6 ) , 266 ( 2 . 8 1 ) , 271 ( 2 . 8 1 ) , 274 ( s h ,
2 . 7 6 ) , 279 nm ( 2 . 6 9 ) ; n . m . r . 6 6 . 4 2 - 7 . 1 2 (m, 8H a r o m a t i c ) , 2 . 1 0 3 . 2 4 (m, 5 H ) , 2 . 3 0 ( s , CH 3 ) .
The next fractions, eluted with 2-5% benzene in hexane,
consisted of
7-methyl-exo-5-phenylbenzob-iayolo
[β. 1. ÏJ hex-2-ene
(71): yield
51%; n.m.r. & 6.70-7.44 (m, 8H aromatic), 3.88 (d, Η ; J = 7
Hz), 3.42 and 3.36 (2 d of d, П1 and H 4 ; J = 2.5 Hz, J = 7 Hz),
3.12 (d of t, H,
oa , J = 2.5 Hz, J = 5.75 Hz), 2.22-2.46 (4 protons, Hfi. and CH-.) .
The bicyclic product (71) was contaminated with unreacted
(70) (10%) and 10% of unidentified products. Compound (71) was
purified by repeated t.l.c. on alumina. It appeared, however,
that (71) underwent thermolysis at a rather low temperature.
The presence of vinylic protons could be detected in the n.m.r.
spectra.
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C H A P T E R

5

PHOTOCHEMISTRY OF 2-VINYLSTILBENE, SUBSTITUTED AT ONE
OR MORE POSITIONS OF THE β-PHENYL RING

This chapter deals with the photochemical behaviour of some
mono- and disubstituted derivatives of 2-vinylstilbene (35) at
the o-positions of the ß-phenyl ring: 2l-chloro-2-vinylstilbene
(78), 2,2,-divinylstilbene (80), 2',6,-dichloro-2-vinylstilbene
(90) and 2',4',6,-trimethyl-2-vinylstilbene (96). The experiments demonstrate that mono-o'-substitution does not have any
influence on the course of the cycloaddition reaction and the
formation of a bicyclo[2.1.l]hexene derivative. On the other
hand, the 2',6'-disubstituted derivatives of 2-vinylstilbene
did not give, even after prolonged irradiation (75-100 hours),
any cycloaddition products.

S.J. SYNTHESIS AND SPECTRAL PROPERTIES OF
STILBENE AND
2,2'-DIVINYLSTILBENE

2'-CHL0R0-2-VINYL-

2,-Chloro-2-vinylstilbene (78) and 2,2'-divinylstilbene
(80) were prepared analogously to the preparation of
Ьгап8-(25).
The synthesis of these compounds is formulated in the following
scheme: o-xylyltriphenylphosphonium bromide, obtained from oSсheme 5 . 1 .

.•есг-есг^есг0
сно

CHjP-PhjBr"/

(77)

31 см

(78)

СИ,
(76)

3

3] СНгО
(79)
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(80)

xylylbromide with triphenylphosphine, was subjected to a Wittig
reaction with o-chlorobenzaldehyde as well as with o-methylbenzaldehyde. The obtained 2'-chloro-2-methylstilbene (77) and 2,2'dimethylstilbene (79) were brominated, transformed into the
corresponding triphenylphosphonium salts and thereafter carried
over by a Wittig reaction with alcoholic formaldehyde into trana,
2 -chloro-2-vinylstilbene (78) and
trans-2,2'-divinylstilbene
(80), respectively.
The obtained trans-2'-chloro-2-vinylstilbene (78) shows in
its u.v. spectrum absorption maxima at 218 (ε 18000), 234 (sh,
17300), 243 (sh, 18000), 250 (18500) and 298 nm (23100). trana2,2'-Divinylstilbene (80) has in its u.v. spectrum large absorp
tions at 245 (ε 26900) and 300 nm (21900). Both spectra are very
similar to the u.v. spectrum of 2-vinylstilbene (35). Apparently,
the second ortho substituent does not affect the conformation of
the molecule to a large degree.
The n.m.r. spectra of trans-(78) and trans- (80) possess the
characteristic two doublets of doublets of the terminal vinylic
protons: for (78) at S 5.56 (H,, J,.
= 16.5 Hz, J
= 1.5 Hz)
1
trans
' gem
and 5.31 (H-, J . = 10.5 Hz) and for (80) at δ 5.59 (ΗΊ, J
2
ога
1
trans
=17.3 Hz, Jgem =1.5 Hz) and 5.30 (H_,
J оъв
. = 10.8 Hz). The
2
chemical shifts of the terminal vinylic protons of trans-(78) and
trans-(80) show light differences from the same vinylic protons
of unsubstituted trans-(35).
5.2. IRRADIATION

OF

2'-CHL0R0-2-VINYLSTILBENE

A 10 M hexane solution of trans-2'-chloro-2-vinylstilbene
(78) was irradiated as described for the irradiation of trans(35). Based on the n.m.r. spectrum the mixture, obtained after
irradiation for 30 hours, contained: 35% exo-5-(2-chlorophenyl)benzobicyclo[2.1.l]hex-2-ene (81), 5% endo-5-(2-chlorophenyl)benzobicyclo[2.1.l]hex-2-ene (81), 20% l-vinyl-8-chlorophenanthrene (82) and 40% of polymeric or oxidation products.
The main cyclization product exo-(81) was isolated by col
umn chromatography on alumina and characterized by spectroscopy.
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Scheine

(7β)

5.2.1.

Structure

5.2.

endo- (βι)

of

the

photoproduat

exo-(81)

The main cyclization product, present in the mixture after
irradiation, possesses in its mass spectrum a parent peak at the
same mass as the starting compound (78) at m/e 240, 242; m/e 115
indicates the loss of 2'-chlorobenzyl fragment.
The u.V. pattern of exo-(8l), with absorption maxima at 274,
266, 260 and 253 nm and with low extinctions (ε _ is 1200), is
max
nearly identical with that of exo-5-phenylbenzobicyclo[2.1.l]hex2-ene (37).
The n.m.r. spectrum of ею-(81) consists of (see Fig. 4a) an
8 proton multiplet at δ 6.84-7.60 of the aromatic protons, a dou
blet at 3.92 ppm of endo-H- proton (J = 7 Hz), a doublet at 3.46
ppm of the bridgehead Η and H. protons (J = 2.5 Hz); exo-ñ
appears at 3.03 ppm as a double triplet (J = 6 Hz, J = 2.5 Hz)
while endo-Hg at 2.34 appears as double doublet (J = 6 Hz, J =
7 Hz) .
From these spectral data, exo-(81) must have the same structure and stereochemistry as exo-(37), i.e.
exo-5-(2-chlorophenyl)benzobicyclo[2.1.l]hex-2-ene (81).
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Fig. 4. N.m.г. spectra of: a)
clo[2.1.l]hex-2-еп
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00

exo-5-(2-ch1orophsny1)benzobicy-

(81); b) exo- 5 -[2 -viny1pheny1)benzo-

bicyclo [?.1 .1Jhex-2-Gne
3

H2^,0H¿H10

l i

(Θ3); c] dibenzotгісус 1 о -

7

[4. 3.1 .О ' ] cleca-4, B-diene (85).

5.3. IRRADIATION

OF 2,2

At short irradiation

'-DIVINYLSTILBENE
[ea.

1 hour) of

stilbene (80) the [2+2] cycloadduct
ble with exo-{37)

trans-2,2'-divinyl-

(83) is produced, compara

from 2-vinylstilbene

(35). This bicyclic prod

uct (8 3) was not isolated, but its structure was determined by
comparison of its n.m.r. spectrum with that of

exo-(37).
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Scheme 5.3.

At longer irradiation times the amount of the bicyclic product (83) decreased in favour of a new compound, dibenzotricy3 7
clo[4.3.1.0 ' ]deca-4,8-diene (85) which was obtained in a 70%
yield.

S.Z.I.

Structure

of

the

photoproduat

The stable end product (m.p. 157-158 ) possesses the same
mass as 2,2'-divinylstilbene, m/e 232. Neither the u.v. spectrum nor the n.m.r. spectrum show the presence of an unsaturated
aliphatic group in the molecule. The ratio of aromatic to aliphatic protons in the latter spectrum was 1:1, which was an indication that all of the ethylenic bonds of divinylstilbene had
been used in the formation of a tricyclic compound. The dibenzotricyclic compound is apparently produced from the intermediate,
exo-5-(2-vinylphenyl)benzobicyclo[2.1.l]hex-2-ene (83), by an
intramolecular reaction of the 2-vinyl group of (83) with one
of the bicyclohexene bonds. Four paths for such a reaction seem
possible and so the formation of the four tricyclic compounds
(84-87) had to be taken into consideration (Scheme 5.4.).
The tricyclic compound isolated after irradiation possesses
in its n.m.r. spectrum the eight aromatic protons at 6 6.98-7.35,
a one proton triplet at 6 3.72, a one proton quintet at S 3.14,
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Scheine 5.4.

(85)

I84)

(87)

a two proton symmetrical multiplet at δ 2.82 and a four proton
multiplet at 6 1.40-1.95. This spectrum excludes the structures
(84) and (87) because of their symmetry. Compound (84) must
possess in its aliphatic part four different groups of protons
in the ratio of 2:2:2:2, whereas (87) must have three different
kinds of protons in the ratio of 4:2:2. It also excludes (86)
by its lack of symmetry (8 different protons). Structure (85)
remains and the spectrum is in full accord with this structure
as was also established by spin decoupling.
The above-mentioned n.m.r. signals can now be assigned
(see Fig. 4c): a symmetrical 8 aromatic multiplet at S 6.98-7.35;
a triplet for H 7 proton (Jfi _ = J., 7 = 4.5 Hz) at 3.72 ppm; a
quintet at 3.14 ppm corresponds to the proton H (J. _ = J. _, =
1

1 f Ζ

J. f ζ

J. 1 0 = J. .Q, = 2.9 Hz) while the symmetric multiplet at 2.82
ppm arises from H, and H, protons (Jg _ = 4.5 Hz, J 6 0 = 9 Hz,
J- .Q, = 1.5 Hz); the multiplet of 4 protons at 1.40-1.95 ppm
corresponds to the remaining protons H_, H_,, H - and H.«,
(J
2,2· = J 10,10' = 1 2 H Z ) ·
In order to confirm the structure of (85) an n.m.r. spec
trum simulation was performed of the protons H., H», H_, and H, by
means of the computer program LAOCO0N3. The part of the simulated
spectrum containing the protons H, and H 2 , was completely in ac
cordance with the experimental spectrum of Η,, H_ , , H.« and H.-.,
and so points undoubtedly to the spectrum of dibenzotricyclo[4.3.1.03'7]deca-4,8-diene (85).
The formation of the tricyclic compound (85) is a direct
argument for the exo-structure of compound (83) and therefore
of exo-(37) also.
49

5.4.

THE MECHANISM OF THE CYCLOADDITIONS

By irradiation of 2'-chloro-2-vinylstilbene (78) the bicyclic product (81) was formed. This product resembles the photoproduct (37) from (35). It is presumed that the proposed mech
anism for the formation of (37) is also valid in the present
case (see Scheme 2.7.).
The bicyclic product (83), produced by the irradiation of
(80) was also formed in analogy to the formation of (37). How
2
2
ever, it undergoes a further [π + σ ] cycloaddition via the
excited state of the styryl group giving dibenzotricyclo3

7

[4.3.1.0 ' ]deca-4,8-diene (85).

5.5. SYNTHESIS AND SPECTRAL PROPERTIES OF 2'36

'-DICHL0R0-2-

',в'-TRIMETHYL-2-VINYLSTILBENE

VINYLSTILBENE AND 2',4
,

2',6 -Dichloro-2-vinylstilbene (90) was synthesized by
means of a series of known reactions as shown in Scheme 5.5.:

Scheme 5.5.

Ct

О — CHO

Cl

U'VAs

\^N

ar""— c^it-ecr?
(88)

(89)

(90)

2,6-dichlorobenzyltriphenylphosphonium chloride (88) was carried
over by a Wittig reaction with o-tolualdehyde to 2',6'-dichloro2-methylstilbene (89). The stilbene derivative (89) was brominated and with triphenylphosphine transformed into the corre
sponding salt which by a Wittig reaction with formaldehyde gave
42% of 2',6,-dichloro-2-vinylstilbene (90). The product (90)
was contaminated with (89) and therefore it was purified by
column chromatography on silica gel impregnated with silver ni
trate. The obtained trans- (90) was crystallized from methanol,
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m.p. 79-80°.
2' ,4' je'-Trimethyl^-vinylstilbene (96) was prepared starting from the triphenylphosphonium salt (91) of o-bromómethy1benzolc acid as follows (see Scheme 5.6.): the salt (91) was
Scheme 5.6.

3) mesitaldehyde

L) CHjO
(92)

(96)

subjected to a Wittig reaction with mesitaldehyde; the obtained
г-сагЬоху-г',4'jö'-trimethylstilbene (92) (yield 52%) was
reduced with lithium aluminum hydride in ether to give 2-hydroxymethyl-2',4',6'-trimethylstilbene (93) (yield 75%); this
alcohol (93) was treated with HBr in dry benzene and 2-bromoте^уі-г',4',6'-trimethylstilbene (94) was obtained in a 73%
yield; the bromide (94) was converted with triphenylphosphine
into the corresponding phosphonium salt (95) (yield 93%) which
by a Wittig reaction with alcoholic formaldehyde gave, after
recrystallization, 2',4',6'-trimethyl-2-vinylstilbene (96) in
a 74% yield.
The u.v. spectral data of both substituted 2-vinylstilbenes
differ only slightly: trans-(90) possesses absorption maxima at
225 (e 24100), 241 (sh, 21000) and 285 nm (18400) while
trans(96) has maxima at 224 (e 21500), 252 (18500) and 284 nm
(18100). In comparison with unsubstituted trans-OS)
the ab
sorption maxima at the longest wavelength of (90) and (96) are
shifted to a lower wavelength for 13 and 14 nm and the extinc
tion is decreased about 20%. This is due to the decreased con
jugation by the steric interactions of the o-substituents.
,

ігаие-г',6 -Dichloro-2-vinylstilbene (90) shows in its
n.m.r. spectrum the characteristic terminal vinyl protons at
5.61 and 5.34 ppm. trans-2',4',6'-Trimethyl-2-vinylstilbene
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(96) has the same protons at 5.57 and 5.26 ppm. It is remarkable that the chemical shifts of the terminal vinyl protons of
the cte-isomers of (90) and (96) in comparison with those of
the corresponding trarcs-isomers do not differ.

5.6.

IRRADIATION

OF 2 't6 '-DICHLOR0-2-VINÏLSTILBENE

AND

2',4',6'-

TRIMETHXL-2-VINÏISTILBENE

By the irradiation of trans-(90) and trans-(96) no photoreaction took place except trans-eis
isomerization (Scheme 5.7.)
Scheme

5.7.

hv

(90) R, = CI, R, = H
(96) R, = й г = CH3

Only after prolonged irradiation of (96) , phenanthrene-like com
pounds could be detected by n.m.r.
It was very surprising to note that the 2',6'-disubstituted
vinylstilbenes, (90) and (96), did not yield any products re
lated to the bicyclo [2.1.l]- or the bicyclo [3.1.0]hexene sys
tems. The reason for this remarkable difference in photochemical
behaviour of (90) and (96), not only in comparison with 2-vinylstilbene (35) but also in comparison with the still more related
compounds (78), (80) and also (70) , cannot be found in an elec
tronic influence of the ortho substituents. Most probably, the
reasons for the apparent lack of reaction result from steric
origins since 2,6-disubstitution in benzene rings leads to se
vere crowding around the 1 position of the ring, resulting in
conformational changes in the molecules investigated. Apparent
ly, the mono-0-substitution in the 2-vinylstilbenes, (70) , (78),
(80), does not prevent the cycloaddition reaction, but these
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compounds are much less crowded and can attain the necessary
conformations for the photoreactions to occur. It should be
noted, however, that the rates of reaction and the yields from
the reaction for the mono-substituted vinylstilbene derivatives, (70) and (78), decrease when compared to the parent 2vinylstilbene (35). Although cycloadditions with (90) and (96)
were not observed a potential reaction might be expected to
occur from the trans-configuration since models showed that
the steric interactions in the ¿rane-isomers can be greatly
relieved by torsion of the g-phenyl ring. On the other hand,
models of the e-£s-isomers of (90) and (96) showed severe crowding which affects the 2-vinyl substituent to give apparently
unfavourable conformations for the reaction to occur. The distance of this vinyl group from the central double bond is also
always greater than that in (35); the cis-isomers are not expected to yield any product.
Therefore, the fact that no reactions occur from (90) and
(96) suggests that the other 2-vinylstilbenes, (35), (62), (70),
(78) and (80) mainly react from the aie-configuration with a
favourably oriented vinyl substituent.
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5.7. EXPERIMENTAL SECTION
S.7.1.

Syntheaia

of

2 '-Chloro-2-methyletilbene

the

starting

oompounde

(77). To a methanolic solution of

20.3 g (0.045 m) of triphenyl-o-xylylphosphonium bromide and
7 g (0.05 m) of o-chlorobenzaldehyde sodimn methoxide (3.6 g;
0.067 in) was added and the brown-red solution was stirred over
night at room temperature. The solution was evaporated, ex
tracted with benzene, washed with water, dried (MgSO.) and con
centrated in vacuo to afford an oil which was chromatographed
on a silica gel column. There was obtained 78% of a mixture of
ai-e- and tran8-2,-chloro-2-methylstilbenes (77); trans- (77)
was crystallized from methanol: m.p. 57-59°; m/e 228, 230 (M+,
100%; 36.3%); u.V. λ
(CH,OH) 227 (log e 4.19), 294 nm
(4.35); n.m.r. δ 6.90-7.66 (m, Ю Н ) , 2.34 (s, ЗН, CH 3 ) .
2'-Chloro-2-vinylstilbene

(78).

A solution of 8 g (0.035 m) of

(77) in CCI. was brominated with 6.9 g (0.039 m) of NBS over
night analogously to the bromination of (35). The bromide was
not isolated but, after filtration from the formed succinimide
and evaporation of the solvent, converted with triphenylphosphine into the corresponding salt as described for 2-vinylstilbene (35). The obtained phosphonium salt was dissolved in me
thanol, an alcoholic solution of formaldehyde was added (σα.
15 ml of a 15% solution) together with 2.1 g (0.039 m) of so
dium methoxide. After working up the reaction mixture, as de
scribed above, trans-2,-chloro-2-vinylstilbene
(78) was ob
tained in a 34% yield; m.p. 41-43° (from CH 3 0H); m/e 240, 242
(M+, 19%, 8%), 127 (49), 125 (100), 115 (85); u.V. A m = „ (CH..OH)
218 (log e 4.26), 234 (sh, 4.24), 243 (sh, 4.26), 250 (4.27),
298 nm (4.36); n.m.r. δ 6.85-7.75 (m, U H ) , 5.56 and 5.31 (2 d
of d,' = CH-;
J.
= 16.5 Hz,' J агв
. = 10.5 Hz, Jgem = 1.5 Hz).
—2
trans
232 '-Dimethylstilbene
(79). o-Xylylphosphonium bromide, obtained
from the reaction between equimolar amounts of o-xylylbromide
and triphenylphosphine (yield 85%) in xylene was subjected to a
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Wittig reaction with o-tolualdehyde. After -purification on a
silica gel column, 40% of a mixture of сгв- and
tran8-2,2'-dimethylstilbenes (79) was obtained; m.p. of the mixture was 4046 [lit.
m.p.' 56.4 {aia), m.p. 81.5-82.5 (trane)"] .
г^'-ОъугпуЪвЬИЪепе
(80). 2,2 '-Dimethylstilbene (79) was brominated with NBS as described for 2-vinylstilbene (see 2.7.2)
for 8 hours. The isolated crude bis(2-bromomethyl)stilbene was
immediately converted into the diphosphonium salt (50% yield)
with triphenylphosphine in dimethylformamide as the solvent.
22
The Wittig reaction
with an alcoholic formaldehyde solution
in dimethylformamide gave 55% of trans-l,2'-divinylstilbene
(80); m.p. 53.5-54.5°. The spectral data were: m/e 232 (Μ ,
39%), 217 (49), 117 (100), 115 (35); u.V. X m = v (CH,OH) 245 (log
ε 4.43), 300 nm (4.34); n.m.r. δ 6.9-7.6 (m, 12H), 5.6 and 5.30
(2 d of d, = CH 2 ; 3tTan8
= 17.3 Hz, 3 ^ = 10.8 Hz, J ^ = 1.5
Hz) .
2 ',6 '-Diohloro-2-methyl8tilbene
(89). To a xylene solution of
triphenylphosphine, an equimolar amount of 2,6-dichlorobenzylchloride was added and the mixture was stirred at room tempera
ture. After some hours the phosphonium salt (88) precipitated
(69%). This phosphonium salt (88) (15.9 g; 0.035 m) was sub
jected to a Wittig reaction with 4.2 g (0.035 m) of o-tolual
dehyde. After the usual work-up and purification by column
chromatography over silica gel 50% of a mixture of ais- and
tranen'
,6,-dichloro-2-methylstilbenes (89) was obtained. The
isomers were separated by chromatography.
trans-(89): m.p. 40-41°; m/e 262, 264 (M+, 15%, 10%), 192 (100),
115 (45); u.V. λ
(CH,OH) 223 (sh, log e 4.28), 283 nm (4.21);
max
J
n.m.r. δ 6.79-7.71 (m, 9H) , 2.38 (s, CH-j);
егв-(89): m.p. 108-109°; u.V. λ
(СН,ОН) 224 (sh, log ε 4.24),
m ci χ

j

258 nm (4.00); n.m.r. δ 6.35-7.31 (m, 9H), 2.31 (s, ЗН, С Н 3 ) .
2',6'-Dichlovo-2-vinyl8bilbene
(90). Compound (89) (3.2 g,
0.012 m) was brominated with 2.3 g (0.013 m) NBS for about 2
hours. The isolated bromide was treated with 3.1 g (0.012 m) of
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triphenylphosphine in xylene. The obtained corresponding triphenylphosphonium salt was subjected to a Wittig reaction 22
with 15 ml of an alcoholic formaldehyde solution (aa. 15%).
After work-up and purification on a column packed with silica
gel 42% of trana-2',6,-dichloro-2-vinylstilbene was obtained.
trane-OO): m.p. 79-80°; m/e 274, 276 (M+, 13%, 7%), 159 (36),
161 (25), 115 (100); u.V. λ
(CH,0H) 225 (log ε 4.38), 241
(sh, 4.32), 285 nm (4.26); n.m.r. δ 6.78-7.66 (m, Ю Н ) , 5.61
and 5.34 (2 d of d, =CH_; J.
= 16.5 Hz, J . = 10.5 Hz,
—2
trane
' ats
'
J
= 1.25 Hz).
gem
2-Carboxy-2 ',4 'jff'-trimethylstilbene
(92). o-Methylbenzoic acid
(40.8 g, 0.3 m) was brominated with 58.7 g (0.33 m) of NBS for
aa. 3 hours and transformed into the 2-carboxybenzyltriphenylphosphonium salt (91) (53% yield). The salt (91) (35.5 g; 0.074
m) was dissolved in 500 ml of dimethylformamide (DMF), 10 g
(0.0675 m) of mesitaldehyde was added and, while stirring, a
solution of 8 g (0.015 m) sodium methoxide was added. DMF was
evaporated in vaouo, the residue washed with ether and aqueous
hydrochloric acid (1:1) was added to the water layer to pre
cipitate the acid (92) . This was extracted with ether (yield
95%). After recrystallization from methanol 52% of
trans-lсагЬоху-г',4',6'-trimethylstilbene (92) was isolated: m.p. 16276
+
164° (lit. , 155-156°),· m/e 266 (M , 100%); u.V. λ
(CH-,ΟΗ)
_.
max
J
283 nm (log ε 4.21); i.r. v c o 1690 cm ; n.m.r. δ 6.69-8.09 (m,
8H), 2.29 (s, 6Η, о-СН 3 ), 2.24 (s, ЗН, р-СН 3 ).
2-Bydroxymethyl-2
',4 ',6 '-trimethylstilbene
(93). То a solution
of (92) (10 g, 0.038 m ) , in 300 ml of dry ether, a slurry of
LiAlH. (1.6 g, 0.04 m) in 50 ml of ether was added dropwise. Af
ter 3 hours 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
(93). The obtained trans-(93) was crystallized from methanol
(yield 75%, m.p. 114-115°). The spectral data were: m/e 252 (M+,
56%); u.V. λ
(CH^OH) 220 (sh, log ε 4.25), 280 nm (4.25); i.r.
max
J
-1
v 0 3260 c m
(in nujol); n.m.r. δ 6.74-7.64 (m, 8H), 4.58 (s,
56

2H, -СН,-), 2.87 (s, IH, -OH), 2.28 (s, бН, o-CH,), 2.24 (s,
ЗН , р-сн3)
2-Bromomethyl-2',4's6'-trimethyletílbene
(94). A stream of HBr
was conducted at room temperature through a benzene solution of
4 g (0.0159 m) of alcohol (93), to which MgSO. (dry) had been
added until the characteristic frequency of the alcohol (93)
(vnH 3260 cm ) had disappeared (aa. 30 minutes). After evaporation, a brown coloured oil remained, which was purified by
column chromatography on silica gel followed by crystallization
from hexane (73% yield), m.p. 84-85 . The spectral data of
trans-(94) were: m/e 314, 316 (M+, 44%, 42%); u.V. λ „ (CH-,ΟΗ)
235 (sh, log e 4.23), 290 nm (4.21); n.m.r. δ 6.76-7.66 (m, 8H),
4.46 (s, -CH -) , 2.34 (s, 6H, o-CH 3 ), 2.24 (s, ЗН, р-СН.,) .
2',4',6'-Trimethyl-2-vinylstilbene
(96). Compound (94) was trans
formed with triphenylphosphine, in xylene as solvent, into the
corresponding phosphonium salt (95) (92% yield). To a solution
of 3 g (0.0052 m) of (95) and formaldehyde (15% alcoholic solu
tion, aa. 15 ml) in ethanol, an excess of sodium methoxide in
methanol was added dropwise. After the usual work-up and puri
fication of the product (96) by column chromatography on silica
gel followed by crystallization from methanol trans-2' ,4 ' ,6'trimethyl-2-vinylstilbene (96) was obtained in a 74% yield:
+
m.p. 57-58°; m/e 248 (M , 45%), 233 (17), 133 (100); u.V. λ
ITlâX

(СН30Н) 224 (log e 4.33), 252 (4.27), 284 nm (4.26); n.m.r.
δ 6.73-7.63 (m, 9H), 5.57 and 5.26 (2 d of d, =CH n ; J^
—¿
trans
16.25 Hz, Jагв. = 10.25 Hz, Jqem = 1.5 Hz), 2.30 (s, 6H, o-CH,),
3
2.23 (s, 3H, p-CH 3 )
5.7.2.
Irradiation

Irradiations
of

2 '-chloro-2-vinylstilbene

(78)

trans-2 '-Chloro-2-vinylstilbene (78) (400 mg), dissolved in
ca. 1500 ml of hexane, was irradiated under anaerobic conditions
at 300 nm for 30 hours. After evaporation of the solvent the re-
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maining yellow oil was chromatographed on an alumina column. On
ly the main product, exo-5-(2-ohlorophenyl)benzobioyalo
[2.1. j]hex-2-ene
(81), was isolated (35% yield) and characterized spectroscopically: m.p. 82-84°; m/e 240, 242 (M+, 100%, 37%), 205
(58.3), 202 (34.5), 125 (66.5), 115 (52.4); u.V. λ^,, (CH-OH)
253 (log e 2.85), 260 (2.96), 266 (3.08) and 274 nm (3.08);
n.m.r. 6 6.84-7.60 (m, 8H aromatic), 3.92 (d, H c ; J_
, ,=
'
5
5,endo-6
7 Hz), 3.46 (d, H. and Η.; J.
, = 2.5 Hz), 3.03
c = J.
1
4
1,еяо-6
4,exo-6
(d of t, Η
,; J
,
, , = 6 Hz), 2.34 (d of d, Η , ,) .
exo-6
exo-6,endo-6
'
' endo-6
Irradiation

of 2,2 '-divinylstilbene

(60)

A degassed hexane solution of 2,2'-divinylstilbene (80) was
irradiated under the same conditions as 2-vinylstilbene (35).
The resulting mixture, obtained after irradiation for 24 hours
and evaporation of the solvent, was separated on a chromato
graphic column packed with alumina. From the first fractions, by
elution with hexane, dibenzotrieyclo[4.
3.1. 0 ' ~\deca-418-diene
(85), m.p. 157-158 , was obtained in a 70% yield. The spectral
data were: m/e 232 (M+, 100%); u.v. λ = „ (CHo0H) 239 (sh, log
e 2.75), 246 (sh, 3.0), 251 (3.19), 258( 3.30), 264 nm (3.19);
n.m.r. S 6.98-7.35 (symmetrical m, 8H aromatic), 3.72 (t, H_;
J

6,7 - J 3,7 - 4 · 5 H Z ) ' 3 · 1 4 «Иг "i'"J l,2 = J l,2· = Jl,10 =
J
l 10'= 2 · 9 H z ) ' 2 · 8 2 ( ш 'H 3 a n d H 6 ; J 2 3= J 6 10= 1 · 5H Z '
J
= J
, = 9
0H Z )
9 5 - 1
4 0
m
H
H
,;
2',3
6,10
·
' i·
·
( ' «2' 2 ' ' "lO' 1 0
J
J
1 2H Z )
2,2· - li,10· =
·
The next fractions, (σα. 10%), as based on the n.m.r. spec
tra consisted of the cycloadduct (83),
exo-S-(2-vinylphenyl)benzobieyelo[2.1.2]
hex-2-ene·.
n.m.r. δ 6.54-7.58 (m, aromatic
H ) ,' 3.97 (d,'H endo-5'
j _; J endo-S,endo-6
j ,. j , = 7.0 Hz, Jendo-5,A
, ,. . =
J j с , = 0) , 3.36 (d, H, and Η. ; J,
, = J,.
, = 2.5
endo-5,1
'
1
4
l,ea:o-6
4,exo-6
Hz),' 3.19 (d of t, Η exo-6
,·, J
,
, c = 6.5 Hz), 2.34 (d of
d, Ηendo-6
j , ) ,' 5.6 and 5.24 (2exo-6,endo-6
d of d, =CH-;
—2 J.
trans = 17.25 Hz,
J . = 1 1 Hz,J
= 1 . 5 Hz).
0Ь8
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'

gem

Irradiation

of 2 ',6 '-diahloro-2-vinylBtiIbene

trimethyl-2—oinylBtilbene

(90) and 2' ,4'

,6'-

(96)

Degassed hexane solutions of (90) as well as of (96) were
Irradiated under anaerobic conditions analogously to 2-vinylstilbene (35) for 100 hours. Only trans-aia
isomerization was
detected in the n.m.r. spectra of the products as well as indications of traces of phenanthrene-like compounds.
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PHOTOCHEMISTRY OF 1,2-DIPHENYL-l-(2-VINYLPHENYL)ETHYLENE
(o-PHENYL-o-VINYLSTILBENE)

6.1.

SYNTHESIS

AND SPECTRAL

VINYLPHENÏL)ETHYLENE

PROPERTIES

OF

1,2-DIPHENYL-l-(2-

(a-PHENYL-o-VINYLSTILBENE)

By a Friedel-Crafts reaction 77 with benzene o-methylbenzoylchloride gave o-methylbenzophenone, which subsequently was
converted into benzylphenyl-o-tolyl carbinol by means of a
Grignard reaction with benzylmagnesium bromide. Dehydration
of the carbinol with P^O gave д mixture of Z- and E-a-phenylo-methylstilbenes (97)78. On bromination of this mixture by
means of NBS, the corresponding bromomethyl derivatives were
obtained which, without further purification, were converted
into their triphenylphosphonium salts. A mixture of Z- and EScheme

6.1.

UHj 0
COCl

Bz

CHa

АІСІз

РгОі.

CO
СНз он

1)NBS
г)РЬзР *"
3)CH 2 0

a-phenyl-o-vinylstilbenes (98) was then obtained by a Wittig
reaction.
The Z- andff-isomerswere separated by repeated column
chromatography and characterized spectroscopically. Their con
figurations were assigned on the basis of a comparison of their
n.m.r. spectra with those of aie- and trane-2-vinylstilbenes
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(35). The signal of the terminal vinyl proton H- (see page 10
for designation) is at a higher field for eis-(35) than for
trans-(35),
viz.
6 5.11 and 5.26, respectively, whereas the
H proton has nearly the same 6 value in both isomers (5.54
and 5.55 ppm) . A similar situation was found for the isomers
of (98). Therefore, the Z-configuration, which corresponds
with the сгв-configuration of (35) was assigned to the iso
mer with the lower δ value for H» (IK 5.52; H- 4.98 ppm). The
other isomer (IK at 5.56, H» at 5.08 ppm) is then £-(98).
Both isomers of (98), in contrast to the isomers of (35),
have very similar u.V. spectra: Z-(98) possesses absorptions
at 227 (e 24600) and 295 nm (22200) while E-(98) absorbs at
229 (e 24800) and 294 nm (16900).

6.2.

IRRADIATION OF
l,2-DIPHENYL-l-(2-VINYLPHEÏÏYL)ETHYLENE
(a-PHENYL-o-VINYLSTILBENE)

A 10 M hexane solution of a-phenyl-o-vinylstilbene (98)
was irradiated under the same conditions as those for unsubstituted 2-vinylstilbene (anaerobic, under N , ) . After 7 hours
Scheme 6.2.
/

Ph

Ph
Ph

endo-(99)

Ph

hv

e«o-(99)

Ph

h

© У ®àr'
(100)

(101)

(98)
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of irradiation at 300 nm the starting compound was completely
converted and the reaction mixture consisted of several photoproducts which were separated by careful column chromatography
on alumina. It was most remarkable that no derivatives of benzobicyclo[2.1.l]hexene could be detected. Instead there were isolated endo- and exo-l,6-diphenylbenzobicyclo[3.1.0]hex-2-enes
(99) in a 50% yield, 2% of 1,2-diphenyl-3,4-dihydronaphthalene
(100), 15% of 1,2-diphenylnaphthalene (101), 10% of 5,6-dihydrobenzo[g]chrysene (102) and 12% of benzo[g]chrysene (103).

6.3.

STRUCTURE OF THE PIJOTOPRODUCTS

The bicyclic compounds possess, in their mass spectra, the
same parent peak at m/e 2 82 as (98) and also the same base peak
at m/e 191 indicating the loss of a benzyl fragment. The u.v.
spectra with absorptions between 255 and 2 85 nm are characteristic for benzene derivatives without conjugated substituents.
The structure of both bicyclic compounds (99) was determined from their n.m.r. spectra which showed a part from aromatic proton absorptions, only a complex multiplet of 4 protons between 2 and 4 ppm. This excluded a structure containing a diphenylmethine moiety (with an expected chemical shift above 4
ppm for the single proton) or a product with a methylene group
(CH,) as a part of a cyclopropane ring (expected chemical shift
at aa. 0 to 1.5 ppm). Analysis of the n.m.r. spectra together
with double resonance decoupling experiments strongly suggested
the structures to be exo- and endo-{99)
for the two isomers.
endo-l,6-Diphenylbenzobicyclo[3.1.0]hex-2-ene (99) has a doublet
at 2.77 ppm and a double doublet at 3.31 ppm with a large geminai coupling constant of 17 Hz, which corresponds to the methylene protons
at C. of the cyclopentene ring (see Fig. 5). The
doublet belongs to endo-H. because it is not coupled with H,.
(J , . ,. = 0) as has also been found for similar bicycloendo-4,5
8 79 80
L3.1.0Jhexene structures ' ' . In the exo-isomer (99) the
endo-H. proton is shifted to lower field (6 3.24) because in
57
this case it is not shielded by the exo-6-phenyl group . Proton
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Fig. 5. N.m.r. spectra of: a) endo -1,В - dip hепу1benzobiсу с 1о[з.1.θ]hex-2-ene ; b) exo-1,В-dipheny1benzobicyс

1o-

[з.1.θ]hex-2-ene.

Η. of the екс?о-(99) occurs at δ 3.05 and shows a c-is-cyclopro7081-83
pane coupling
'
, J
, ^ = 8,5 Hz, while the same proton
of exo- (99), due to the shielding effect of the benzene ring, is
considerably shifted to higher field (6 1.93) and shows a
trans84fi5
=
cyclopropane coupling
' , Jg>í¿C)_(r с
4 Hz. The H,. proton of
endo-(99) has a double doublet 8 6 at 2.35 while that of exo-(99)
appears at 2.61 ppm.
The structures of the other cyclization products were deter
mined from their spectral data and confirmed by comparison with
authentic samples.
1,2-Diphenyl-3,4-dihydronaphthalene

(100)

87

possesses, in

its mass spectrum, the parent peak at m/e 282. The n.m.r. spec-
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trum of (100) has a 14 proton signal at 6.6-8.04 ppm and a 4
proton multiplet at 3.0 ppm. After treatment of (100) with dicyanodichloroquinone (DDQ) the aliphatic multiplet disappeared
and the parent peak, in the mass spectrum was at m/e 280. The
spectral data of the oxidized (100) were in full agreement with
those of the compound (101) isolated from the reaction mixture
88
after irradiation and correspond with literature data
The next product isolated after irradiation of (98) appeared to be 5,6-dihydro[gJchrysene (102)
. It possesses in
the mass spectrum the parent peak at m/e 280. In the n.m.r. spectrum of (102) a multiplet of 4 protons at 3.02 ppm is present
which disappears when the compound is treated with DDQ. The mass
(m/e 278), n.m.r. and u.v. spectra of the compound resulting from
this dehydrogenation reaction correspond in every detail to benzo [g]chrysene (103)
and also to the product (103) isolated from
the above photoreaction. Moreover, (103) was also obtained by irradiation of 1,2-diphenylnaphthalene (101) in the presence of iodine.

6.4.

THE MECHANISM OF THE CYCLOADDITION AND CYCLIZATION OF

(98)

In the preceding Chapter it has been shown that certain conformations of the cÎs-isomer of 2-vinylstilbenes are more favourable for the formation of both bicyclo[2.1.l]hexene and of bicyclo[3.1.0]hexene derivatives. The absence of a photoproduct from
(98) with a bicyclo[2.1.l]hexene structure suggests that the conformation required for this type of cycloaddition is not very
likely for Z-(98). This might be caused by the steric relationships in the molecule since in the series (35) , (70) and (98) intramolecular steric interactions increase whereas the formation
rates and yields of the corresponding bicyclo[2.1.1]hexene derivatives decrease. The formation of bicyclo[3.1.0]hexene derivatives increases, however, in the given sequence. Therefore, it
seems that the conformations necessary for the formation of benzobicyclo[2.1.l]hexenes are affected to a greater degree by
steric factors than those for the formation of the benzobicyclo-
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Scheme 6.3.
r"Ph

Ph

Ph

(98)

Ь

(105)

(ЮЗА)

(106)

[3.1.θ]hexene derivatives. In Scheme 6.3., two extreme confor
mations of (98) are shown in which each conformation undergoes
a similar reaction scheme, as discussed in the preceding Chap
ters. The absence of (106) among the photoproducts from (98)
can be ascribed to the fact that a conformation like (b) is
g
very unfavourable (compare lit. ) , relative to (a). Photocon
version only occurs from conformations like (a) and (99) , but
not (107) , is obtained. This might be due to a strong prefer
ence of the common short-lived intermediate (104) to yield
(104A) rather than (107). Another explanation might be that
(104) is not an intermediate at all, but that (104A) arises
in a concerted process, viz. via а Г 4
+ 2~]огГ4
+ 2І
r
L
iT s
ir a-1
Чг a
π sJ
cycloaddition. A more extended discussion will be deferred to
Chapter 8 about the possible mechanisms for the formation of
benzobicyclo[3.1.0]hexenes from vinylstilbenes.
It is interesting to note that by irradiation, endo-(99)
isomerizes to exo-(99). This leads to the supposition that
exo-{99)
might arise during the photoreaction by irradiation
of the previously formed endo-(99). Indeed, on shorter irra
diation of (98) only endo-(99) was detected. In the photo91—96
chemistry of 4,4-diarylcyclohexenones
, it has also been
observed that the rearrangement to the encio-5,6-diarylbicyclo[3.1.0]hexan-2-ones is the kinetically preferred process. The
65

endo-exo-Lsomerizatíon
of (99) can occur via two potential pathways: by the external bond fission (C -Cfi or C^-C ) with group
rotation and reclosure or by the internal bond fission (C -C )
and reclosure with inversion. In the present case a preference
is given for cleavage of the C - C , bond, which is also in accordance with literature data for similar rearrangements
The formation of 1,2-diphenyl-3,4-dihydronaphthalene (100)
is easily explained (see Scheme 6.4. for this and following discussion) by a primary photoelectrocyclization from (98) to (108)
Scheme 6.4.

(112)
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(103)

followed by a thermally allowed 1,5-hydrogen shift. Compound
(100) also could have been obtained by photoreaction of the
already formed (99), i.e.
by internal bond cleavage and 1,2hydrogen shift, but this was not found experimentally.
The great amount of (101), (102) and (103) found in the
degassed reaction, which can only be formed by dehydrogenation
steps, must be explained by the presence of some oxygen in the
solvent as no hydrogenated products were found. This fact points
to the well-known difficulty to completely remove oxygen in
large scale experiments only by using nitrogen or argon gas
Apparently, cyclization reactions to initial intermediates
of the type of (108) and (110) compete effectively with the for
mation of benzobicyclo[3.1.θ] hexenes. The other expected dehydrogenated product (114) was not detected in the reaction mixture.
5,6-Dihydrobenzo[g]chrysene (102) may arise in two inde
pendent ways. Either by a stilbene-like photodehydrocyclization
reaction from (100) via (109) or by the same type of reaction
from E-(98) via (110), (111) and (112). The reaction of (111)
to (112) is analogous to the already known reaction of o-vinyl,
.,
,16,101,102
biphenyl
Benzochrysene (103) may in principle be formed by three
different routes: i) by oxidation of (112); ii) via (101-115);
Hi)
or from (102). Formation of (103) by photo-oxidation of
(102) is not very likely because of the stability of these
kinds of dihydro aromatics
. Irradiation of (101) , in an in
dependent experiment, did not form any benzochrysene (103).
Therefore, (103) is most probably formed from the intermedi
ate (112).
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6.S.
6.5.1.

EXPERIMENTAL SECTION
Synthesis

of

the

starting

compound

lt2-Diphenyl-l-(2-tolyl)ethylene
(97). From 100 g (0.65 m) of omethylbenzoylchloride and 80 g A1C1, in 315 ml of dry benzene
there was obtained, by a Friedel-Crafts reaction following lit
erature , o-methylbenzophenone
in a 80% yield.
To the Grignard reagent, prepared from 51.3 g (0.3 m) benzylbromide and 8 g magnesium in dry ether was added dropwise
47.1 g (0.24 m) of o-methylbenzophenone. After work-up as usual
ly, evaporation of the ether solution gave benzylphenyl-o-tolylcarbinol [n.m.r. (CDC1,) δ 6.55-7.48 (m, 14H aromatic), 3.58 (s,
2H, С Н 2 ) , 2.19 (s, IH, OH), 2.00 (s, IH, CH3)] which was not pu
rified but was directly subjected to dehydration with P,0^
(28.4 g) to give a mixture of Z- and E-l,2-diphenyl-l-(2-tolyl)78
ethylene (97)
in a 40% yield with the following n.m.r. data:
6 (CDC13) 6.52-7.40 (m, 15H), 1.93 and 2.06 (s, C H 3 ) .
lt2-Diphenyl-l-(2-vinylphenyl)ethylene
(98). Compound (97)
(27.1 g, 0.1 m) was brominated with 17.8 g (0.1 m) of NBS and
the obtained bromide (70% yield based on the n.m.r. spectrum)
was converted without further purification into the triphenylphosphonium salt (60%) with 26.2 g (0.1 m) of triphenylphosphine.
The salt (6.1 g, 0.01 m) was subjected to a Wittig reaction with
alcoholic formaldehyde (ea. 15 ml 15%; excess was used) and sodi
um methoxide (0.02 m) , yielding a mixture of Z- and £-(98). The
isomers were separated by column chromatography.
+

Z-l12-diphenyl-l-(2-vinylphenyl)ethylene
(98): m/e 282 (M , 46%),
191 (100); u.V. X m = „ (CH,OH) 227 (log e 4.39), 295 nm (4.35);
n.m.r. δ 6.79-7.69 (m, 16H), 5.52 and 4.98 (2 d of d, = CH 2 ;
J.
= 17.25 Hz, J . = 10.75 Hz, J
= 1.25 Hz), 6.65 (d of
trans
' ага
gem
d, -CH=);
E-l,2-diphenyl-l-(2-vinylphenyl)ethylene
(98): u.V. λ
(CH,OH)
max
Ó
229 (log ε 4.39), 225 (sh, 4.22), 294 nm (4.23); n.m.r. δ 6.747.70 (m, 15H), 6.51 (s, H ..,,
), 5.56 and 5.08 (2 d of d,
sti. Lbene
= CH.,; J^
= 17.25 Hz, J . = 10.75 Hz; J
= 1.5 Hz).
—2
trans
сгв
gem
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6.5.2.

Irradiation

Irradiations

of (98)

A 10 M hexane solution of (98) was irradiated under an
aerobic conditions. After 7 hours of irradiation at 300 nm no
starting material remained. The yellow oil was subjected, after
the evaporation of the solvent, to column chromatography on alu
mina.
From the first fractions, with hexane as the solvent, a
mixture (1:1) of endo- and exo-l,6-diphenylbenzobicyclo[3.l.O] hex-2-enes (99) was isolated in a 50% yield. The isomers were
then separated by repeated chromatography. The slightly more
apolar component was
endo-1,6-diphenylbenzobicyclo[з.1.θ]hex-2-ene
(99): m.p. 56-57 ;
+
m/e 282 (M , 34%), 191 (100); u.V. λ
(CH,0H) 253 (sh, log e
3.16), 258 (3.12), 265 (3.12), 271 (3.09), 279 nm (2.98); n.m.r.
δ 6.27-7.57 (m, 14H), 2.77 (d, endo-U., J
.
, . = 17 Hz,
4
exo-4,endo-4
J
endo-4,5
= 0 ) ' 3 · 3 1( d o f d ' e * 0 - H 4 , Jex£?_4,5 = 6-5 Hz), 2.35
(d of d, H 5 , Jexo_6
5 = 8.5 Hz), 3.05 (d, exo-Hg);
exo-l j e-diphenylbenzobiayalo
\_Z. 1. θ\ hex-2-епв
(99): n.m.r. δ
6.59-7.57 (m, 14H), 3.24 (d, endo-H., J , .
. = 17 Hz,
'
4
endo-4,exo-4
'
б H z )
2
6 1
J
0)
' 3 · 5 9 (d o f d ' e a : 0 - H 4 ' Jexo-4,5
=
' ·
e n¿ 0 -4,5 =
(d of d, H 5 , J5tend0_6
= 4 Hz), 1.93 (d, endo-H6).
From further fractions, eluted with 3% benzene in hexane,
15% of IjB-diphenylnaphthalene
(101) was isolated: m.p. 108+
109°; m/e 280 (M , 100%); n.m.r. δ 7.03-7.93. The spectral data
88
for (101) are in full agreement with literature data . The same
compound was obtained from (121) (see Scheme 7.4.).
In addition to (101) 2% of
lJ2-diphenyl-3j4-dihydronaphtha81
+
lene (WO)
was isolated: m/e 282 (M ); n.m.r. δ 6.6-8.04 (m,
14H), 3.0 (m, 4H). After treatment of (100) with DDQ, compound
(101) could be detected by n.m.r. spectra.
5J6-Dihydrobenzo[g]ahryeene
(102) was isolated by elution
with 5% benzene in hexane in a 10% yield: m.p. 129-130° (lit.
8 8 , 9 0
oil; lit. 8 9 136-137°); m/e 280 (M+, 100%); u.V. λ,,,,,,
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(ΟΗ,ΟΗ) 242 (log e 4.59), 254 (4.60), 262 (4.65), 268 (sh,
4.56), 278 (4.39), 305 (sh, 4.17), 318 (4.34), 331 (4.29), 363
nm (3.10); n.m.r. δ 7.0-7.8 (m, 12H), 3.02 (m, 4H).
Benzo[g]ohi>y8ene
(103) was isolated by repeated elution
after the isolation of (102), in a 12% yield: m.p. 114-115°
90
+
(lit. 115-116°); m/e 278 (M , 100%); n.m.r. S 7.5-9.1 (m).
The compound (103) was also obtained by treatment of (102) with
DDQ.

Irradiation

of l,2-diphenylnaphthalene

(101)

Irradiation of (101) under anaerobic conditions for 6 hours
did not give any reaction. However, irradiation of (101) in hexane in the presence of equimolar amounts of iodine gave benzo[g]chrysene (103), as shown by its n.m.r. spectrum.

Irradiation

of

(99)

A sample of endo-l,6-diphenylbenzobicyclo[3.1.0]hex-2-ene
(99) as well as a mixture of exo- and endo-(99) (7:3) was irra
diated simultaneously in a "merry-go-round" in hexane at 300 nm.
After 6 hours of irradiation the solvent was evaporated and the
residue examined spectroscopically. In the n.m.r. spectrum of
the irradiation of endo-(99) it could be established that (be
sides polymeric products) a mixture of endo- to exo-(99) (4:1)
was present. In the other sample of the mixture of isomers it
was detected that (besides formation of polymeric products) the
exo- to endo-(99)
ratio had been reduced to 3:2.
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C H A P T E R

7

PHOTOCHEMISTRY OF 1,l-DIPHENYL-2-(2-VINYLPHENYL)ETHYLENE
(ß-PHENYL-o-VINYLSTILBENE) AND 1,l-DIPHENYL-2-(2-PROPENYLPHENYL)ETHYLENE (β-PHENYL-o-PROPENYLSTILBENE)

Since the introduction of bulky groups at the ortho posi
tions of the ß-phenyl ring of cis-2-vinylstilbene had an inhibiting effect on the formation of benzobicyclo[2.1.ij- and benzobicyclo[3.l.O]hexene derivatives, as noted in Chapter 5, it
was expected that a bulky group at the B-position of the ethylenic stilbene bond would also have the same effect. In order to
investigate this proposition 6-phenyl-o-vinylstilbene (119) and
0-phenyl-o-propenylstilbene (120) were irradiated. It soon became clear that none of the normal products from primary theoretically possible reactions (routes А, В and С in Scheme 7.1.)
were formed. Compound (119) gave a single bicyclic product
Scheme

7.1.

Ph
Ph

CO

>жй
СОГ

Ph
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(route E) while (120) gave two of the 4 possible isomers with
the basic structure as shown in route E. These products are only
possible by a phenyl rearrangement during the course of the reaction. Both compounds, (119) and (120), also gave small amounts
of phenanthrene derivatives (route D ) .

7.1.

SYNTHESIS

OF &-PHENYL-0-VINYLSTILBENE

AND

&-PHENYL-O-PR0PE-

NYLSTILBENE

8-Phenyl-o-vinylstilbene (119) and ß-phenyl-o-propenylstilbene (120) were obtained via several reaction steps starting
from o-xylylbromide. o-Xylylbromide was converted by a Grignard
reaction into the carbinol (116) which was then dehydrated to
l,l-diphenyl-2-(o-tolyl)ethylene (117). After bromination, the
resulting product was converted into its triphenylphosphonium
salt. A Wittig reaction of (118) with either formaldehyde or
acetaldehyde then gave (119) and (120), respectively.
Scheme 7.2.

("8)

(119) R = H
(120)И=СНз

ß-Phenyl-o-vinylstilbene (119), m.p. 59-60 , was obtained
in a pure state by column chromatography in a 75% yield.
The u.v. absorption spectrum of (119) is very similar to
that of other triphenylethylenic compounds (98).
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In the n.m.r. spectrum of (119) the characteristic signals
of the terminal vinyl protons appear as a doublet of doublets at
δ 5.51 and 5.09. These chemical shifts are nearly the same as
those of ci8-2-vinylstilbene.
ß-Phenyl-o-propenylstilbene (120) was obtained in an 84%
yield as a mixture of the aia- and trans-isomers. It was separated by repeated column chromatography. The ois- and trans-configurations of (120) were assigned on the basis of their n.m.r.
spectra, notably on the coupling constants of the olefinic protons. The cis-isomer possesses a double doublet for the methyl
group at 6 1.72 (J . = 6.85; J 7, j = 1.75 Hz). The ethylenic
protons of the propenyl group appear at 6 5.70 as a double quartet (J . = 11.5 Hz; J . = 6.85 Hz) and as a double doublet at
ага
го
6.50 (J . = 11.5 Hz; J ,, 7 = 1.75 Hz). The t2'an8-(120) has
оъа

aiLyL

the methyl signal at 1.85 ppm (J . =6.5 Hz, J 7 7 7 = 1.5 Hz)
as a double doublet; a double quartet at 6.0 and a double dou
blet at 6.60 ppm (J
= 15.5 Hz) correspond to the ethylenic
protons of the propenyl group.
7.2. IRRADIATION

OF

Q-PHENYL-o-VINYLSTILBENE

A 10 M deoxygenated hexane solution of (119) was irradi
ated for 84 hours at 300 nm. After evaporation and separation
of the residual mixture on a column packed with alumina there
Scheme 7.3.

hv

(119)

aßhn*
(121)

(122)

were isolated: 50% of endo-A,5-diphenylbenzobicyclo [З.1.θ] hex2-ene (121) , 10% l-vinyl-9-phenylphenanthrene (122) , about 10%
of unidentified products and 30% of polymeric products.
73

The isolated en£Ìo-4,5-diphenylbenzobicyclo[3.1.0]hex-2-ene
(121) was irradiated under the same conditions at (119) to investigate if endo to exo photoisomerization of the phenyl group
at the 4 position is possible. After irradiation no exo-isomer
was found; besides the endo-isomer and some polymers no new photoproducts could be detected. This is in accordance with the reported data for 4-alkylsubstituted benzobicyclo[3.1.0]hexenes.
Irradiation of benzophenone in the presence of (119) did
not lead to sensitization of the reaction. Neither was the photoreaction quenched by irradiation in the presence of 3,3,4,437
tetramethyl-l/2-diazetin-l,2-dioxide . Thus, it can be concluded that the reaction occurs via the singlet state (and probably not via radicals) (see discussion in 2.5.).

7.2.2. Structure

of the

photoproduat

The main product (121) from the irradiation of (119) possesses in its mass spectrum the parent peak at m/e 282 and the
base peak at 191 indicating the loss of a benzyl fragment. The
u.V. spectrum of the compound, with absorptions between 260 and
280 run, points to a non-conjugated benzene derivative.
The exact structure of (121) was assigned on the basis of
its n.m.r. spectrum together with the conformational analysis,
based on n.m.r., of its hydrogénation product (123).
endo-4,5-Diphenylbenzobicyclo[3.1.0]hex-2-ene (121) shows
in its n.m.r. spectrum a singlet at 4.81 ppm which indicates
the existence of a diphenylmethine proton (H.); at 0.73 and
1.21 ppm cyclopropyl protons appear as a doublet of doublets;
the first of them corresponds to endo-H, while the second one
70
is of exo-H, (determined on the basis of coupling constants ;
b
Jendo-S,1
j , , = 3.5 Hz,
, , = 8.0 Hz);
at 5
' J.exo-6,l
·· rproton H,
j appears
c-r
ni

2.49 (compare lit. 1 0 5 ).
The position of the phenyl group at C. could not be determined with certainty from the n.m.r. spectrum since both
endo- and exo-H. protons could exist as singlets. Therefore,
(121) was hydrogenated and converted into 1,2-diphenyltetralin
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7.4.

(жч -=*- cai:и
^* coiai
•Ph
^^y^Ph
Ph "H
(121)

(123)

Ph
(101)

(123) (Scheme 7.4.). If the bicyclic compound (121) had the
e«do-4-phenyl configuration сгв-Х,2-diphenyltetralin ought to
be formed; the exo-4-phenyl (121) isomer must give trans-l,2diphenyltetralin. Experimentally, it was shown that after hy
drogénation of (121) eis-l,2-diphenyltetralin was formed which
indicated unambiguously the endo-4-phenyl configuration of
(121). The structure of <?i8-l,2-diphenyltetralin was demonstrated by its melting point and spectral data which were completely in accordance with those reported in literature
. The
H proton of (123) appears at 4.37 ppm as a doublet with a vicinal coupling (J . = 5 Hz) which remains unchanged at low as
well as at high temperatures (from -60 to +75 ) .
The obtained ais-l,2-diphenyltetralin was dehydrogenated
by means of dichlorodicyano quinone (DDQ) and thus converted
87
into the already known
1,2-diphenylnapthalene (101).

7.3. IRRADIATION

OF

b-PHENYL-o-PROPENYLSTILBENE

A dilute hexane solution of (120) , 10 M, was irradiated
under anaerobic conditions at 300 nm for 24 hours. The mixture
after irradation contained, besides the unreacted starting compounds cis- and t2'aMs-(120) (10%), exo-4,5-diphenyl-endo-6inethylbenzobicyclo[3.1.0]hex-2-ene (124) (25%) and endo-4,5-diphenyl-ea;o-6-methylbenzobicyclo[3.1.0]hex-2-ene (125) (5% yield).
Moreover, a mixture of eis- and £ran8-l-propenyl-9-phenylphenanthrenes (126) was isolated in a 10-20% yield, and furthermore several unidentified products (10%) and 30-40% of polymeric
products appeared to be present. The unidentified products could
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Scheme 7.5.

(125)

have contained some of the other isomers of (124) and (125) as
based on the diphenylmethine signals in the n.m.r. spectrum be
tween 4 and 5 ppm.

7.3.1.

Structure

of

the

photoproduots

The structures of the two isolated bicyclic compounds (124)
and (125) were determined on the basis of their spectral data
and were confirmed by chemical experiments.
The mass spectra of both compounds, with the parent peaks
at m/e 296, are nearly identical. The same is true for their
u.V. spectra. The mass spectra demonstrate that the compounds
(124) and (125) are isomers of the starting compound (120),
while the u.v. spectra indicate a structure of a benzene deriv
ative without conjugated substituents.
Contrary to the mass and u.v. spectra, the n.m.r. spectra
of these compounds show great differences (see Fig. 6 ) . They
are in full agreement with the benzobicyclo[3.1.0] structure:
at δ 4.33 a doublet (J = 1.5 Hz) and at δ 4.70 a singlet re
spectively in (124) and (125) appear which correspond to the
H. protons; proton Η occurs in (124) at 3.02 ppm as a double
doublet coupled with proton H. (J . = 1.5 Hz) and H, (J fi =
8.25 Hz), while the same proton Η in (125) gives a doublet at
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δ 2.35 only coupled with Η, (J, , = 3.25 Hz); the double quarb

1/b

tets arising at δ 1.57 (124) and 1.15 (125) must be assigned
to the protons H, of the cyclopropane rings. It is known
that
the coupling constants of cis-cyclopropane hydrogens are signi
ficantly larger than the corresponding trans couplings. From
the observed coupling constants of J, ,. = 8.25 Hz (124) and
ι ,b
J. c = 3.25 Hz (125) an ewdo-position of the methyl group on
1 /b

carbon Cfi must be assigned to the compound (124) and an exoposition to that of (125). Contrary to such an exactly deter
mined configuration of the methyl group on C-, the position of
the phenyl group on C. in (124) and (125) cannot be determined
unambiguously from the n.m.r. spectra. However, it must be noted
that the H. proton of the (125) isomer does not show a longrange coupling which is also zero in endo-4,5-diphenylbenzobicyclo[3.1.0]hex-2-ene (121), and that the position of H. in the
compounds (121) and (125) is similar.
An unequivocal determination of the exo-position of the
phenyl group on C. in (124) and the endo-position in (125) was
obtained by analysis of the n.m.r. spectra of their hydrogénation products (Scheme 7.6.).
Scheme 7 . 6 .
СНз

4

'••H
H" 'Ph

Ph

(124)

(127)

CHi]:

Ph '"

('25)

(128)

Ph

(129)
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It is known
that tetralin as well as its derivatives
exist in a conformational equilibrium of two pseudo-chair forms
(hydrogens or substituents on the alicyclic ring being equato78

rial (e) in one and axial (a) in the other form). Intercon
version of the two forms is rapid at room temperature but at
lower temperatures the interconversion is slower. In the case
of a trane-l,2-substituted tetralin the equilibrium is between
the aa and ее

conformations. In the case of a e¿e-l,2-substi-

tuted tetralin an equilibrium ae % ea

exists. The spin-spin

coupling constants for the different situations are different
(for cyclohexane
^
J

: υία

J

= 8 . 1 0 Hz;
a,a

га

J

= 3-5 Hz;

via

e,a

= 2-4 H z ) . Because of the temperature dependent equilibri

um the vicinal

coupling constants of the hydrogens at the 1 and

2 positions should be temperature dependent in the case of
tr'ane-l,2-substituted tetralin but not, or to a lesser degree,
for c£s-l,2-substituted tetralin.
The hydrogénation product (127) , obtained by reduction of
(124) , shows in its n.m.r. spectrum a doublet (Jjj. д- = 4 Hz) at
4.42 ppm of the diphenylmethine proton H . The vicinal
constant of this proton with H

coupling

is temperature dependent as shown

in the following Table;
Comp.

Solvent

Temp.

cs2

127

C

C

Because the vicinal
the H

2C14

6D6

coupling of H

3

И1,Н2
(Hz)

+ 22

4,0

- 44

3,25

- 65

2,5

+ 22

3,75

+ 75

4,25

+ 103

4,75

+ 22

4,0

depends on temperature,

and H- protons must be involved in an aa Î ее

mational equilibrium i . e .
brans

v i c

( c)

0

confor

the phenyl groups of (127) have a

-configuration and (124) must be the exo-4-phenyl iso

mer.
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The other bicyclic product (125) gave, on hydrogénation, a
compound (128) which possesses in its n.m.r. spectrum a doublet
at 4.11 ppm for H (in CS ? at room temperature) with JHΛ,HO =
5.25 Hz. This coupling constant is not temperature dependent
(measured to -56 C ) . The conclusion must be that the Η and Hprotons are in an ea Î ae conformational equilibrium, i.e.
the hydrogenated product (128) has the phenyl groups in a cisconfiguration. This can only arise from the reduction of the
еиао-4-рЬепу1 isomer (125).
It is interesting to mention that the vicinal
coupling con
stant J. _ in (127) decreases at lower temperatures which leads
to the conclusion that the bulky substituents probably occupy
a quasi-axial position (compare lit.
' ).
The compound (128) can be oxidized with DDQ to give 1,2diphenyl-3-methylnapthalene (129) while (127) does not react
under the same conditions. This might be ascribed to the re
duced possibility for DDQ to approach (127) because of interac
tion with the bulky axial phenyl groups.

7.4.

THE MECHANISM OF THE PHOTOREACTIONS

The required conformation for the reaction of the aie-configuration of 2-vinylstilbene (35) can be made so unfavourable
by steric hindrance, compounds (90) and (96), that no cycload
dition reaction is possible. Introduction of a substituent on
the ethylenic stilbene bond may also lead to comparable steric
effects on the reaction as in the previously described, substi
tuted 2-vinylstilbenes (Chapter 5).
If (119) would react in the same way as 2-vinylstilbene
(35) the formation of 5,5-diphenylbenzobicyclo[2.1.l]hex-2-ene
would be expected via the biradical (130) (Scheme 7.7.). This
intermediate, because of its diphenylmethyl radical character,
should be very stable; however, 5,5-diphenylbenzobicyclo[2.1.1]hex-2-ene is not formed. The absence of this product may be due
to the resistance of the presumed intermediate (130) to close
to the bicyclic [2.1.1] system (perhaps because of steric rea-
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sons), because of the presence of two phenyl groups in this in
termediate. Ring closure to this sytem would necessarily place
one of the phenyl groups in the endo position of the product.
Earlier we found only a slight amount of the S-endo substituted
benzobicyclo [2.1.l]hexene from (35). Since no trace of the bicyclic 5,5-diphenyl derivative or derivatives of the indan or
indene systems were detected suggests that (130) does not par
ticipate in the reaction. The lack of (130) as an intermediate
may also be a result of unfavourable conformational relationScheme 7 7 .
Ph

-v/Sh

—

-Ph

.CH

.CH
1
R

1

Й

(131)

(132)

Ph

eòe" — úbí

Ph

(133)

(121) R = H
(124) R:CH)
(125) R = CH3

(134)

ships in the starting compounds (119) and (120) to give the normal [2+2]-cycloaddition mode.
Also the normal [4+2]-cycloaddition products, 6,6-diphenyland 4/4-diphenylbenzobicyclo[3.l.O] hex-2-enes (see Scheme 7.1.,
route A ) , are not formed and therefore mechanisms have to be considered to explain the formation of the observed products from
(119) and (120).
The actual mechanism of the photoreactions described in
this Chapter are not at all clear. Several kinds of mechanisms
seem to come into consideration, all of which include a phenyl
migration step: mechanisms through the radical intermediates
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(Scheme 7.7.) or a type of a concerted mechanism (Scheme 7.8.).
It is difficult to make a choice between these mechanisms.
If the reaction goes via radical pathways (Scheme 7.7.)
either through the intermediates (131) and (132) or (133) and
(134) several of the possible bicyclic stereoisomers would be
expected to be found in the reaction product. This route does
not seem very probable for the reaction of (119) because only
one isomer (121) was isolated. Furthermore, it seems to be the
less thermodynamically stable product. In the case of (120) two
of the 4 possible bicyclic isomers were isolated. However, if
(133) is supposed to be formed as the primary reaction inter
mediate there arises the possibility for two distinct reaction
pathways for this biradical, either concerted or non-concerted.
The latter reaction, through the rearranged biradical (134)
would give the bicyclic [3.1.0] system.
Scheme 7.8.

(ll?j

(135)

(Π6]

(121)

When the phenyl shift in (133) and the cyclopropane ring
closure occur simultaneously i.e.
in a concerted manner as in
Scheme 7.8. the product formation would be expected to be ste
reoselective. Stereoselectivity in the rearrangement of 4,4diarylcyclohexenones was also observed by Zimmerman
'
The only bicyclic product from (119) is the one, (121),
which would be expected from a concerted reaction of this type.
Applying this same mechanism to propenyltriphenylethylene (120)
two different bicyclic products would be expected e.g.
endo-A,5diphenyl-endo-6-methyl- and endo-A,5-diphenyl-ea;o-6-methylbenzobicyclo[3.1.0]hex-2-ene. Experimentally, the two bicyclic prod
ucts, (124) and (125) , were isolated. Product (125) is identical
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to endo-4,5-diphenyl-ex0-6-methylbenzobicyclo[3.1.0] hex-2-ene
and suggests its origin by a mechanism of this type. The other
product (124) cannot be formed by this mechanism and because of
the more crowded molecule radical mechanisms, after the 1,2phenyl rearrangement, seem possible.
We can suppose that the pathway for the product formation
from (119) is most probable as pictured in Scheme 7.7. (route b ) .
This would involve a preliminary cyclization to (133) followed
by phenyl rearrangement and ring closure in a concerted manner
(Scheme 7.8.).
The reaction of (120) probably proceeds through the radical intermediates (131) and (132) since the additional methyl
group would be expected to offer steric hindrance to the necessary conformations for the cyclization to (133). An argument for
the different mechanisms can also be the large difference in the
required irradiation time.
The formation of 1-vinyl-(122) and l-propenyl-9-phenylphenanthrenes (126) results from already well-documented photochemical stilbene-like dehydrocyclizations
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7.5. EXPERIMENTAL SECTION
7.S.1.

Syntheeee

l3l-Diphenyl-2-(2-tolyl)ethylene
(117). To a Grignard solution,
obtained from 18.5 g (0.1 m) of o-xylylbromide, 2.7 g of magnesium and 150 ml of ether (dry) was added dropwise 14.6 g (0.08 m)
of benzophenone dissolved in 100 ml ether. After about half an
hour of stirring at room temperature the reaction mixture was
worked up as usually with ammonium chloride. After evaporation
of the dried ether layer the residue was chromatographed with
chloroform as the eluent. The obtained (2-methylbenzyl)diphenyl
carbinol (116) [n.m.r. δ 1.93 (s, C H O , 3.50 (s, -CH.-), 2.52 (s,
OH)] was contaminated with some unreacted benzophenone. Without
further purification, (116) was dissolved in benzene and 18 g of
Ρ 2 0 ς were added while stirring. After 16 hours the reaction mix
ture was worked up as usually. 1,l-Diphenyl-2-(2-tolyl)ethylene
(117) was purified by column chromatography on silica gel and was
obtained as an oil in a 50% yield: m/e 270 (Μ , 100%); u.v. λ
J
'
max
(CH3OH) 230 (log e 4.30), 293 nm (4.12); n.m.r. 6 6.68-7.36 (m,
15H), 2.27 (s, CH 3 ) (lit. 78 m.p. 55-57°).
13l-Dipheny1-2-(2-

гпуIphenyI)e

thy lone

(119).

1,l-Diphenyl-2-(2-

tolyl)ethylene (117) (12.4 g, 0.045 m) was brominated with 8.9 g
(0.05 m) of NBS in 75 ml of CCI. for about 2 hours. The isolated
bromide (the n.m.r. spectrum indicated 100% conversion) was con
verted with 14.9 g (0.055 m) of triphenylphosphine into the triphenylphosphonium salt (118) (84% yield). To a mixture of 6.1 g
(0.01 m) of (118), 5 ml of an alcoholic formaldehyde solution and
10 ml of dichloromethane 5 ml of a 50% sodium hydroxide solution
was added under vigorous stirring. After about 15 minutes the or
ganic layer was separated and worked up as usually. After evapo
ration of the solvent the dark residue was purified by column
chromatography on silica gel. 1,l-Diphenyl-2-(2-vinylphenyl)ethylene (119) was obtained in a 75% yield: m.p. 59-60°; m/e 282
+
(M , 31%), 167 (100); u.v. λ
(CH OH) 239 (log с 4.39), 298 nm
(4.12); n.m.r. δ 6.68-7.38 (m, 16H), 5.51 and 5.09 (2 d of d,
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=CH-); J,
—2
trans

= 17.25 Hz, J . = 10.5 Hz, J
= 1.5 Hz).
ога
дет

1,l-Diphenyl-2-(2-propenylphenyl)ethylene
(120).
1,1-Diphenyl2-(2-propenylphenyl)ethylene (120) was obtained from (118) by a
Wittig reaction
with acetaldehyde as described for (119). Af
ter purification by column chromatography a mixture of aie- and
i;ra«s-2-propenyl-B-phenylstilbenes (120) was obtained in an 84%
yield. The isomers were separated by repeated chromatography.
ois-2-propenyl-&-phenyl8tilbene
(120):
u.V. λ
(CH^OH) 236
IH ci л

J

(log ε 4.37), 299 nm (4.22); n.m.r. δ 6.71-7.47 (m, 15H), 1.72
(d of d, C H 3 ) , 5.70 (d of q) and 6.50 (d of d) (H2 and ^ of the
ethylenic bond; J, - = 11.5 Hz, J- „„ = 6.85 Hz, J, _„ =
1.75 Hz);
*
tran8-2-propenyl-&-phenyl8t-ilbene
(120):
m/s 296 (Μ , 95%), 167
(100); u.V. λ^,, (CH.,OH) 239 (log e 4.37), 258 (sh, 4.28), 299
Ilici X

J

nm (4.17); n.m.r. S 6.70-7.40 (m, 15H), 1.85 (d of d, CH,); 6.0
(d of q) and 6.60 (d of d) (H. and H 1 of the ethylenic bond;
J1 2 = 15.5 Hz, J 2 C H = 6.5 Hz, J 1 C H = 1.5 Hz).
Hydrogénation
(121)

of endo-4tS-diphenylbenzobioyalo[з.1.

θ]hex-2-ene

A solution of 40 mg of (121) in 10 ml benzene in the pres
ence of palladium on charcoal was stirred overnight in a hydro
gen atmosphere. After filtration and evaporation of the solvent
cie-l,2-diphenyltetralin (123) remained: m.p. 92-93 ; n.m.r. δ
4.37 (d, Η ; J 2 = 5 Hz) [lit. 1 0 7 ais-l,2-diphenyltetralin
(123): m.p. 96-97°; n.m.r. δ 4.37 (d, H^· J = 5 Hz)].
Dehydrogenation

of

ois-l,2-diphenyltetralin

(123)

A benzene solution of 30 mg (1.06 mmol) of (123) and 48 mg
(2.3 mmol) of DDQ was refluxed for 2 hours. After work-up as
usually the residue was crystallized from methanol. 1,2-Diphe_

fl

*7

nylnaphthalene (101) was obtained: m.p. 108-109 (lit.
109.5+
110°); m/e 280 (M , 100%); n.m.r. δ 7.03-7.93 (Η aromatic).
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Hydrogénation of
[З.І.О^кех-г-епе

exo-4,S-di.phenyl-endo-6-methylbenzobicyclo(124)

After hydrogénation of (124) as described for (123), the
product (127) was identified on the basis of its n.m.r. spectrum as trane-l,2-diphenyl-3-methyltetralin (in the n.m.r.
H, at δ 4.42; J
= 4 Hz). The oxidation of (127) with DDQ
did not succeed.
Hydrogénation of
[3.1.0]hex-2-ene

endo-4tS-diphenyl-exo-6-methylbenzobioyolo(12S)

The bicyclic product (125) was hydrogenated as described
for (121). The obtained product (12Θ) is according to its
n.m.r. spectrum cie-l,2-diphenyl-3-methyltetralin (128) (in
the n.m.r. H at 6 4.11; J _ = 5.25 Hz, which remains the
same by alteration of the temperature).
Dehydrogenation

of

(128)

The dehydrogenation procedure was performed as described
for the dehydrogenation of (123). After work-up as usually
l,2-diphenyl-3-methylnaphthalene was obtained: m.p. 151-152 ;
m/e 294 (M+, 100%); u.v. λ
(CH-OH) 228 (log ε 4.77), 280
nicLX

J

nm (4.03).
Pyrolyeie

of

(124)

The bicyclic compound (124) was refluxed in benzene for
68 hours. No formation of exo-6-methyl isomer could be de
tected in the n.m.r. spectrum after the reaction.

7.5.2.
Irradiation

Irradiatione
of B-phenyl-o-vinylstilbene

(119)

A solution of 423 mg of (119) of aa. 1500 ml hexane was
irradiated under anaerobic conditions for 84 hours at 300 nm.
After evaporation of the solvent in vacuo the yellow oil was
chromatographed.
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The first fractions, eluted with hexane, consisted of 10%
of unreacted starting material (119) together with the main
product e>ido-4,5-diphenylbenzobicyclo[3.1.0] hex-2-ene (121) in
a 50% yield. The bicyclic compound (121) was separated from
(119) by repeated column chromatography on alumina combined
with t.l.c. The spectral data of (121) still contaminated with
1.8% of (119) were: m/e 282 (M+, 77%), 191 (100); u.V. λ „
max
(CH3OH) 259 (log e 3.22), 261 (sh, 3.12), 265 (3.20), 269 (sh,
3.19), 272 (3.20), 280 (3.17) and 295 ran (sh, 2.50); n.m.r. δ
6.7-7.3 (m, 14H), 4.81 (s, exo-H.),
2.49 (d of d, H.; J.
,
= 8.0 Hz, J.
,
= 3.5 Hz), 1.21 (d of d, exo-H,·, 3
, c
'
l,endo-6 c
'
'
6
endo-b,
, = 4.25 Hz), 0.73 (d of d, endo-H,).
exo—b
b
Further elution with a benzene-hexane solution gave 1-vinyl-9-phenylphenanthrene (122) in a 10% yield: m.p. 117-118°;
m/e 280 (M+, 100%); u.V. λ = „ (ΟΗ,ΟΗ) 244 (sh, log ε 4.45),
262 (4.61), 306 nm (4.16); n.m.r. δ 8.83-8.53 (m, 2H), 7.877.31 (m, 12H), 5.72 and 5.42 (2 d of d, =CH-; J,
= 17.0 Hz,
—¿

τταηβ

J . = 11.0 Hz, J
= 1.75 Hz) .
aie
Ô'ew
About 10% of unidentified products were also obtained and
about 20% of polymeric products remained on the column.
Irradiation
of Q-phenyl-o-propenyletilbene
(120)
By irradiation of a 10 M hexane solution of (120) at 300
nm for 24 hours and separation of the reaction mixture by column chromatography products were isolated in the following
order.
The first fractions, eluted with hexane, contained about
10% of the starting material (120) as well as 25% of exo-4,5diphenyl-endo-e-methylbenzobicyclo [3.1.0]hex-2-ene (124) which
was separated from (120) and obtained in a pure form by repeated chromatography. It possessed as physical data: m.p. 7576°; m/e 296 (M+, 100%), 281 (60), 205 (50); u.V. λ„ = „ (CH,0H)
263 (log e 3.07), 267 (3.07), 271 (3.12), 279 nm (3.09); n.m.r.
δ 6.76-7.6 (m, 14H), 4.33 (d, endo-H.; J , . , = 1.5 Hz), 3.02
4
endo—4,1
(d of d, H.; J. „„„_,- = 8.25 Hz), 1.57 (d of q, ело-Н,; J
ι

_„

± fßxo

Ό

ь

exo—о/

= 6.5 Hz), 0.87 (d, endo-CH,).
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The n e x t b i c y c l i c p r o d u c t i s o l a t e d w a s : e n i i o - 4 , 5 - d i p h e n y l exo-6-inethylbenzobicyclo[3.1.0]hex-2-ene
(125) a s an o i l i n a
5% y i e l d ; m/e 296 (M+, 100%), 281 ( 5 6 ) , 205 ( 5 6 ) ; n . m . r . 6 6 . 7 1 7.45 (m, 14H), 4.70 ( s , exo-H.),
2.35 ( d , H . ; J ,
, , = 3.25
1

4

1 f βΥΐαΟ—

b

H z ) , 1.15 (d of q, endo-H-; J
, - _„ = 6 H z ) , 0.82 (d, exoCH3).
The remaining fractions, after the separation of (124) and
(125) , contained oa. 5% of unidentified products. Their n.m.r.
spectra showed signals between 4 and 5 ppm.
Finally, elution with 5% benzene in hexane gave a mixture
(25%) of aie- and trane-l-propenyl-S-phenylphenanthrenes (126) .
By repeated separation cts-l-propenyl-9-phenylphenanthrene (126)
was isolated with the following spectral data: m/e 294 (Μ ,
100%); u.V. λ„ = „ (CH,OH) 215 (sh, log e 4.5), 260 (4.59), 305
run (4.08); n.m.r. δ 8.57 (m, 2H) , 6.98-7.94 (m, U H ) , 5.92 (d
of q) and 6.89 (d of d) (H2 and Н 1 of the ethylenic H; J 2 =
11.25 Hz, J, _„ = 6.8 Hz, J, _„ = 1.75 Hz), 1.73 (d of d,
Ζ ,ІЛі.)

1 , Crio

J

сн3).

J

About 30% of the irradiation mixture remained on the col
umn.
Irradiation

of

endo-4, S-diphenylbenzobicyalo

[3. 1. 0~\hex-2-ene

(121)
The bicyclic compound (121) was irradiated under the same
conditions as (119) for 5 hours. Besides some formation of
polymeric products no reaction could be detected by n.m.r.
spectroscopy.
Irradiation

of

{г.І.О^Нех-г-епе

exo-4,S-diphenyl-endo-6-methylbenzobiayalo(124)

A solution of 30 mg of (124) in 60 ml hexane was irra
diated under anearobic conditions for 6 hours. Based on the
n.m.r. spectrum, no isomerization had taken place.
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Quenching and sensitizing

experiments

The procedure of irradiation was the same as described for
2-vinylstilbene (35) in 2.7.4. After irradiation of benzophenone in the presence of 0-phenyl-o-vinylstilbene (119) or 0phenyl-o-propenylstilbene (120) neither of them gave the bicyclic products (121) or (124) and (125). The same results were
38
obtained by irradiation with Michler's ketone as a sensitizer
Irradiation of (119) in the presence or absence of the
triplet quencher, 3,3,4,4-tetramethyl-l,2-diazetin-l,2-dioxide
led to identical results; quenching could not be observed.
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C H A P T E R

θ

GENERAL DISCUSSION

In Table 1 we have collected the main results concerning
the product formation in photoreactions with a series of 2-vinylstilbenes. The Table reveals that the introduction of substituents in the parent compound (35) changes the course of the
photoreaction in several instances. The introduction of a single
ortho substituent in the 0-phenyl ring, as in (78) and (80),
does not influence the reaction qualitatively; however, the
quantum yield of the formation of the regular [2+2] cycloaddi
tion product from (78) appears to be strongly lowered.
Substitution of a methyl group at the second ortho position
of the α-phenyl ring (C,), as in (70), or at the 6-vinyl carbon
atom, as in (62), leads to the formation of a [4+2] cycloaddi
tion product besides the normal [2+2] cycloaddition product. In
both cases the product ratio is 1:3. On the other hand, two or
tho substituents (C 21 and Cg,) in the ß-phenyl ring, (90) and
(96), prevent the formation of either the [2+2] or the [4+2]
products.
T A B L E

1
[2+2] [4+2] other Фгеі

irradiated compounds
2-vinylstilbene
2-propenylstilbene
6-methyl-2-vinylstilbene
2,-chloro-2-vinylstilbene
2,2'-divinylstilbene
2',6'-dichloro-2-vinylstilbene
2·,4',6'-trimethyl-2-vinylstilbene
a-phenyl-o-vinylstilbene
ß-phenyl-o-vinylstilbene
ß-phenyl-o-propenylstilbene

90

( 35)
( 62)
( 70)
( 78)
( 80)
( 90)
( 96)
( 98)
(119)
(120)

+
+
+
+
+
-

1.0
+
+

+

0.29
0.23
+
+
+

Phenyl substituents at the olefinic carbons of the stilbene
moiety of (35) give somewhat different results. The α-phenyl sub
stituted compound, (98), yields a [4+2] but not a [2+2] cycload
dition product, moreover, it gives rise to a third type of prod
uct which can be ascribed to an electrocyclic reaction (see
Chapter 6). The e-phenyl substituted compounds, (119) and (120),
react quite differently and their photoreactions are accompanied
by phenyl rearrangements. As discussed in Chapter 7, the forma
tion of the products, at least of (121), can best be described
by an initial electrocyclic reaction.
Since none of the substituents which were introduced into
the basic 2-vinylstilbene had a perciptible, direct, electronic
influence on the reaction, the differences between the reactions
of the individual compounds had to be ascribed to steric factors.
An explanation of the main results, based on steric factors, is
possible if it is accepted that both types of cycloadditions,
[2+2] and [4+2], which have been observed, occur from the ais
configurations of the vinylstilbenes. This hypothesis seems reas
onable in view of the high quantum yield for trans-aie
isomerization in stilbenes and the high ais-tvans
ratio, 4:1, in the
photostationary states. Further support for this supposition is
the fact that the yields of the products (and also the quantum
yields) decrease upon higher substitution in the starting mate
rials. Furthermore, we propose that variations in the groundstate conformations of the compounds investigated are responsi
ble for their varied photochemical behaviour. In the
trans-lsomers of the various o-vinylstilbenes, (35) , (70), (78), (90) and
(96), the various conformations (Fig. 7) are quite similar and

trans-a

trans-b

trans-c

trans-d

Fig. 7. Main conformations of trans-(35).
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the conformational equilibria in the trarcs-2-vinylstilbenes
should not be very sensitive to the introduction of ortho substituents in the phenyl rings (see also Chapter 5 ) . This situa
tion stands in sharp contrast to the influence of ortho substituents on the various conformations of the c£s-2-vinylstilbenes.
It has been supposed for a long time that ets-stilbene pos
sesses a kind of a propeller structure, as deduced from the u.v.
114,115
, ..
,..,·,
.J
4.·
115-118 „
spectrum
and theoretical considerations
. Very re
cently this structure has been confirmed by nuclear magnetic relaxation measurements 119 . In this conformation the aromatic rings
have been rotated by aa. 30 from the plane of the olefinic bond
to give a structure with C 7 symmetry. In the case of c-£s-2-vinylstilbene four different extreme conformations can be given (Fig.
8). Molecular models show that all of them can be relatively free

Co

o)
cls-a

ca

o>
cis-b

cis-c

cis-d

Fig, Θ. Main conformations of сгв-(35].
of steric hindrance with a 30 torsional angle of the aromatic
rings. Therefore, because of steric reasons, no strong prefer
ence for one or some of these conformations is likely, although
resonance effects may influence the conformational equilibrium.
To see if substituents have an influence on the conforma
tional equilibria with respect to 2-vinylstilbene (35) the n.m.r.
spectra of the terminal vinylic protons are compared (Table 2 ) .
From the data in Table 2 it can be seen that the H proton of
both isomers appears downfield compared to proton H 9 by about
0.3-0.4 ppm
~
. However, it should be noted that an upfield
shift of the proton H- in the ais-isomer related tο δΗ- in the
trans-isomer decreases (see Дбц
in Table 2 ) . This trend of deH
2
creasing Дбн» suggests that the "cia-a" and "cis-b" conformations
become less favoured in the more highly substituted stilbenes.
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T A B L E

2

N.M.R. DATA OF THE VINYLIC GROUPS OF 2-VINYLSTILBENES

1

H

Ж"
3

H

δΗ 1

δΗ2

( 35)

5.54

5.11

( 70)

5.50

( 78)
( 80)

2

2-vinylstilbene
6-methyl-2-vinylstilbene
2'-chloro-2-vinylstilbene
г^-сіі іпуІзЪіІЬепе
2,,6,-dichloro-2vinylstilbene
2',4',6'-trimethy1-2vinylstilbene
a-phenyl-o-vinylstilbene
B-phenyl-o-vinylstilbene

trana-

OÎ8-

2

ΔδΗ1

ΔδΗ

5.55

5.26

0.01

0.15

5.08

5.57

5.17

0.07

0.09

5.56

5.22

5.56
5.59

5.31
5.30

0.0
0.03

0.09
0.08

5.56

5.22
5.61

5.34

0.0

0.04

5.61

5.30
5.57

5.26

0.0

0.01

5.57

5.25
5.56

5.08

0.04

0.10

5.52

4.98

5.51

5.09

( 90)
( 96)
( 98)

δΗ

1

δΗ

(119)

In the "cis-a" conformation the ir-system has a more or less
helical form. The olefinic bonds are nearly perpendicular with
respect to each other and are at a small distance. This conforma
tion is the one which is the most effective for a [2+2] cycload
dition because of the favourable overlap between the two double
bonds; "сге-Ь", and possibly also "ois-c", is more apt for a
[4+2] cycloaddition. The absence of a [4+2] cycloaddition prod
uct and of products derived by electrocyclization in the case of
(35) may be caused by much lowered reactions rates for the latter
processes. Finally, "ois-á"
should be photochemically inert.
In 2-propenylstilbene (62) , the "cis-a" conformation (which
is assumed to give [2+2] cycloaddition) becomes less favourable
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as a consequence of the additional methyl group at the в-vinyl
carbon. The distance between the olefinic bonds will be en
larged and conformational equilibrium between "ais-a"
and "еъз-Ъ"
conformations will be changed. Therefore, the ^4+2] cycloaddition
from the "cie-b" form becomes competitive with the [2+2] cycload
dition and both reactions are observed. This explanation seems
better to that given in Chapter 3, where the formation of a [4+2]cycloaddition product from (62) was ascribed to the higher sta
bility of a radical intermediate in this reaction in comparison
with a similar reaction of (35).
Most of the results with other substituted vinylstilbenes
can also be explained well by conformational considerations. In
the "сгв-а"
conformation of 6-methyl-2-vinylstilbene (70) inter
action between the 6-methyl substituent and the α-H atom will
slightly increase the torsional angle of the α-phenyl ring and
consequently the distance between the olefinic bonds. Again in
this case [4+2] cycloaddition is observed together with [2+2]
cycloaddition products (1:3). A similar, but much larger, con
formational alteration in a-phenyl-o-vinylstilbene (9Θ) causes
the "огв-а"
conformation to become unsuited for [2+2] cycload
dition. The regular [2+2]-cycloaddition product is no longer
formed from this compound, instead, an electrocyclization reac
tion is found. This reaction may occur from a conformation like
"сгв-а", but with a larger distance between the double bonds
than is necessary for a [2+2] cycloaddition. The reaction also
yields a similar amount of [4 + 2]-cycloaddition products. Thus,
gradual increase of steric interaction in the series (35), (70)
and (98) leads ultimately to a complex change of the nature of
the main product.
In the cases of 2,-chloro-2-vinylstilbene (78) and 2,2'divinylstilbene (80) only [2+2]-cycloaddition products were ob
tained. Because of free rotation the ortho substituent on the
ß-phenyl ring can attain the less hindered conformation in
which the ortho substituent will be away from the 2-vinyl group.
This situation would be similar to (35). The conformation in
which the ortho substituent is on the same side as the 2-vinyl
group would lead to severe steric interactions. As a consequence,
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the former conformation is strongly preferred and the compounds
(78) and (80) show similar behaviour to (35). However, the quantum yield is reduced.
When, however, both ortho positions of the B-phenyl group
are substituted, as in (90) and (96) , one of the substituents
must be present on the same side as the 2-vinyl group. The aromatic rings will be rotated from the plane of the central olefinic bond over a much larger angle than in (35) and the distance between the olefinic bonds will be greatly increased in
all possible conformations. Apparently, this factor prohibits
any reaction including electrocyclization and no products were
found from the irradiation of (90) and (96).
Introduction of a ß-phenyl group seems to have a less inhibiting effect. If indeed the reaction mechanism by electrocyclization for (119) is correct the effect of the e-phenyl
group is only an enlargement of the distance between the double
bonds, which inhibits the [2+2] cycloaddition but allows the cyclization. A conformation "сгв-b" in this case may be unfavour
able by the mutual steric influence of the ß-phenyl group and
therefore no [4+2] cycloaddition is found.
In connection with the previous conformational discussion
some further general aspects of the various reaction modes may
be considered.
[2+2] CYCLOADDITION

The conclusion that the [2+2] cycloaddition reacts via a
сге-configuration and that the isolated 5-phenylbenzobicyclo[2.1.l]hexene derivatives possess, in all cases, an exo-configuration is not in agreement with the Woodward and Hoffmann rules
for pericyclic reactions 45 . According to these rules an endo-Ъphenylbenzobicyclo[2.1.l]hex-2-ene should arise from егв-г- іпуіstilbene. This suggests a non-concerted reaction path, which is
in agreement with a radical mechanism also suggested by quench
ing experiments (see Chapter 2.6.).
In Chapter 2 the solvent dependence on the quantum yield of
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(35) is mentioned. It appears that the [2+2] cycloaddition of
(35), apparently a radical reaction, is more rapid in hexane
(Φ = 0.024) than in benzene (4 = 0.01) and methanol (Φ = 0.009).
A radical reaction should not depend on the polarity of the sol
vent. A viscosity effect may be excluded because these three
solvents have about the same viscosity values. A possible expla
nation might be the difference in the quantum yields of trans 't
ais isomerization in these solvents. It is, however, known that
there is no influence of solvents upon this quantum yields for
stilbene derivatives without polar substituents '
. An expla
nation might be that the population of the required conformation
of the cis-isomer differs in these solvents.
In Chapter 1 the results of calculations of the Mulliken
overlap populations of trans-2-vinylstilbene were carried out.
Similar calculations were performed for the σιs-isomers (see
Table 3). The calculations were made for two compounds: 2-vinyl
stilbene (35) in the formation with all dihedral angles of 30
and 2',6,-dimethyl-2-vinylstilbene in a conformation with angles

T A B L E

3

Щ Ψ, Ψ, Ψ, Ψ, Ψ,
Vi
H

СНз
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30'

30'

2,3

0.0027

1,4

-0.0015

30*

50'

30'

50'

2,3

-0.0049

1,4

-0.0012

of 50

for the phenylethylenic bond. These values are found by
12 6—12 S
using the Warshel conformation computer program
. From the
calculations it follows that the primary overlap in 2-vinylstilbene takes place (positive value) while in the other compound
there is no overlap (negative values). It may be of interest
that the overlap between positions 1 and 4 has a negative value
which may be an indication that no concerted reaction takes
place. The results of these calculations are in full agreement
with experimental data.
[4+2]

CYCLOADDITION

The reactions of the 2-vinylstilbenes (62) , (70) and (98),
which also led to the formation of [4+2]-cycloaddition products
were not examined by quenching and sensitizing experiments.
Therefore, the mechanism of the [4+2]-cycloaddition reaction can
not be known with certainty. However, sensitizing experiments
with 2-vinylstilbene (35) which gave no [4+2] cycloaddition (also
no [2+2] cycloaddition was observed) suggest that the [4+2] cy
cloadditions do not proceed via a triplet state.
Both radical and concerted reaction mechanisms have been
considered in the case of the formation of benzobicyclo[3.l.o]hexenes from 1,2-divinylbenzenes 1 '2 '7 . A concerted mechanism via
аГ4 + 2ІогГ4
+ 2 І would give an intermediate like (8)
L
J
L
1
u s
π a
w a
π s^
7
which then would rearrange to the final product .
Several reaction mechanisms have also been proposed for the
photoreaction of the somewhat analogous 1,3,5-hexatrienes to bicyclo[3.1.θ]hexenes. Dauben et al.
and Courtot et al.
have
proposed a [ 4 + 2 ] cyclization mode while Padwa et
al.
TT 3

TT 3

has deduced a [ 4
τ Τ •'1

T i ö

1 Τ ι

+

2 ] cyclization mode. Seeley
Tl

and

С»

Schmid
on the other hand have favoured a non-concerted pro
cess. Salem
has suggested that, in the formation of bicyclo[З.1.0]hexene from hexatriene, the hexatriene has rotated in its
excited state over its central double bond about 90° and that
the cyclization takes place from this conformation.
In the case of the presently studied 2-vinylstilbenes, the
molecules possess a benzo group at the central bond of the hexa97

trienio system and the rotation over 90° in this case either in
the ground or in the excited state seems very improbable.
The [4+2] photoreactions of (62) to give the product (64)
and of (70) to give (72) are stereoselective and are probably
formed from cts-configuration, while (98) gives two [4+2]-cyclo
addition products, both endo-(99)
and exo-(99), in approximately
equal amounts. This latter result does not necessarily mean that
the reaction is not stereoselective since it was observed that
endo- (99) rearranged to exo-(99) upon irradiation. This a-phenyl2-vinylstilbene (98) may also be a special case which cannot be
compared to the other stilbenes as the [4+2]-cycloaddition prod
ucts may arise from both the E- and Z-isomers which have roughly
similar strain energies.
The high stereoselectivity found for the [4+2] cycloaddi
tions might suggest that the thermodynamically less favoured
benzobicyclo[3.1.0]hexenes arise from an intermediate like (67A)
(Chapter 3 ) , analogous to (8) and that this intermediate is
formed in a concerted process. If this reaction is indeed con
certed the endo-6-phenyl position in (64) and (72) suggests
that the intermediates (67A) and (75A) should possess a confi
guration with the cyclopropyl and phenyl group at the same side
of the cyclopentene ring. This situation can be reached if the
2-vinylstilbene derivatives react from the "ois-b"
conformation.
This concerted [4+2] cycloaddition can be described by a [ 4 +
TT

2 І о г а Г 4
+ 2]
L
¥ sJ
¥ a
π aJ

Si

r e a c t i o n . No d e f i n i t e c h o i c e can be made

between these two reaction modes because in (70) no substituent
is present at the vinyl group whereas in (62) it is not possi
ble to determine if the reaction occurs from the cis-propenylcie-stilbene or from the trans-ргорепуі-сгs-stilbene molecule.
However, a radical mechanism cannot be completely excluded in
which the same intermediate, with the same geometry is formed
as in the concerted r e a c t i o n 1 0 0 ' 1 3 4 ' 1 3 5 .
ELECTROCYCLIZATION

As already mentioned previously an electrocyclization reac
tion can be expected from conformers like "егв-а" in which the
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distances between the ethylenic bonds are too large to give a
[2+2] cycloaddition. That no electrocyclization product has
been found from 2-vinylstilbene, (35), may be due to the less
rapid reaction for the electrocyclization compound to a [2+2]
reaction. Only in the cases where no [2+2] cycloaddition is
found, a cyclization may be possible. Thus, this type of reaction is found only in (98) and (119), where the steric interactions are larger than in (35) , (62) and (70). When a
greater steric hindrance is introduced, as in (90) and (96),
the distance between the ethylenic bonds increases to such an
extent that no reaction can take place, even the electrocyclization.
At the end of this general reflection on our results attention has to be given to the different photochemical behaviour between o-vinylstilbene (35) and o-divinylbenzene (1).
The latter compound gives mainly a [4+2] cycloaddition product and small amounts of electrocyclic reaction products, but
not benzobicyclo[2.1. l] cyclohexene (Chapter 1). In the light
of the discussion given before, it is possible to derive an
explanation from conformational considerations. We stated, a
priori,
that for the compound (35) no strong preference can be
given for one of the four possible conformations due to the
propeller-like structure of c-£s-stilbene. In divinylbenzene
(1) there are three possible conformations (see Fig. 9). The
conformation "a" which is preferred for [2+2] cycloaddition
will deviate more from a planar structure than "b" and "c".
Its resonance energy will be lower, and consequently the pop-

OC =-oç a

b

c

Tig. 9. The main conformations of (1).
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ulation in this conformation will be small. This might explain
that no [2+2] cycloaddition occurs. Both of the other conformations ("b"

and "c"; Fig. 9) would be expected to be favoured

and should have approximately equal conformation populations.
The conformation "c" of o-divinylbenzene should be unreactive
for the [2+2] and the [4+2] photocyclization. Therefore, the
observed benzobicyclo[3.l.O]hex-2-ene from o-divinylbenzene is
formed by a [4+2] cycloaddition from conformation "b" (Fig. 8)
of (3'£s-2-vinylstilbene. Apparently, in our case, this conformation was responsible for the [4+2] cycloaddition products
from the substituted 2-vinylstilbenes.
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S A M E N V A T T I N G

In dit proefschrift wordt het fotochemisch gedrag van arylgesubstitueerde o-divinylbenzenen, d.w.z. o-vinylstilbenen behandeld.
In het eerste hoofdstuk wordt een literatuuroverzicht van
de fotochemie van o-divinylbenzeen en zijn alkylderivaten gegeven. Hieruit blijkt, dat benzobicyclo[3.1.0]hexeenderivaten, via
een [4+2]cycloadditiereactie als voornaamste producten gevormd
worden naast sporen van producten ontstaan door electrocycliseringsreacties.
De 2-vinylstilbenen zijn gesynthetiseerd met behulp van
Wittig-reacties. Omdat 2-vinylstilbenen in de literatuur nog
niet beschreven zijn, worden in elk hoofdstuk behalve de synthese van deze verbindingen ook in het kort hun spectroscopische
eigenschappen vermeld.
In tegenstelling tot o-divinylbenzeen (1) ontstaat door bestraling van 2-vinylstilbeen (35) onder anaerobe condities als
hoofdproduct (70% opbrengst) een [2+2]cycloadditieproduct, het
thermodynéunisch stabiele 5-exo-fenylbenzobicyclo[2.1.1] hex-2een. De afwezigheid van [4+2]cycloadditieproducten kan eenduidig
vastgesteld worden, mede door de onafhankelijke synthese van deze producten.
Op grond van "quenching" en "sensitizing" experimenten werd
vastgesteld, dat de reactie via een aangeslagen singlet-toestand
verloopt en hoogstwaarschijnlijk via een radicaalmechanisme.
Onder dezelfde reactie-omstandigheden geven 2-propenylstilbeen (Hoofdstuk 3) en 6-methyl-2-vinylstilbeen (Hoofdstuk 4) als
hoofdproduct eveneens [2+2]cycloadditieproducten, daarnaast ontstaan echter stereoselectief derivaten van 6-endo-fenylbenzobicyclo[3.1.O] hex-2-een via een [4+2]cycloadditiereactie.
Door de bestraling van derivaten van 2-vinylstilbeen met
ëën ortTzo-substituent aan de ß-fenylring (Hoofdstuk 5) worden
weer slechts [2+2]cycloadditieproducten verkregen, echter met
een aanmerkelijk lagere quantumopbrengst vergeleken met 2-vinylstilbeen zelf.
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Interessant is, dat het primaire fotoproduct van 2,2'-divinylbenzeen nog een fotocyclisering ondergaat tot dibenzo[4.3.1.O3'7] deca-4,8-dieen.
Door bestraling van 2-vinylstilbeen met substituenten op
beide ortho-pla.atsen
van de ß-fenylring treedt geen enkele fotocycloadditiereactie op.
Wordt o-fenyl-2-vinylstilbeen bestraald (Hoofdstuk 6) dan
ontstaan geen [2+2]cycloadditieproducten, maar wel in ongeveer
gelijke hoeveelheden [4+2]cycloadducten en electrocycliseringsproducten, zoals l,2-difenyl-3,4-dihydronaftaleen en hiervan afgeleide verbindingen.
In Hoofdstuk 7 wordt de structuuropheldering van de fotoproducten, ontstaan uit ß-fenyl-2-vinylstilbeen en B-fenyl-2propenylstilbeen, uitvoerig beschreven. Het enige product uit
de eerste verbinding, enifo-4,5-difenylbenzobicyclo [3.1.0]hex-2een wordt gevormd via een fenylverhuizing, waarschijnlijk in het
primair gevormde electrocycliseringsproduct. De producten uit
het g-fenyl-o-propenylstilbeen zijn eveneens ontstaan via fenylverhuizingen. Het mechanisme kon echter niet met zekerheid worden vastgesteld.
Op grond van de verkregen resultaten zijn de verschillende
fotochemische gedragingen van de 2-vinylstilbeenderivaten slechts
te verklaren als de fotoreacties verlopen via de cie-isomeren.
Niet in te zien is namelijk, dat substituenten in de trane-isomeer een dergelijk grote invloed op het verloop van de reacties
zouden kunnen hebben. Een verloop via de eis-isomeren wordt gesteund door de snelle trans-aie-isomerisatie
van deze verbindingen (Φ,
= 0.37) en de cis-trans-verhouding in de fotostationaire toestanden (4:1).
Uit de c-£s-2-vinylstilbenen, die geen grote groepen op de
ort/zo-posities hebben, ontstaat als hoofdproduct een [2+2]cycloadditieproduct. Bij toename van de sterische hindering treedt
een verschil op in de richting van cycloadditiereacties. De mo
gelijkheid tot een [2+2]cycloadditie vermindert en maakt plaats
voor de mogelijkheid tot [4+2]cycloadditie en tot electrocyclisatie. Indien de sterische hinderingen te groot zijn, vindt er
geen fotocyclisatie plaats.
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De waargenomen verschillen in de typen van reactieproduc
ten worden nu toegeschreven aan fotoreacties vanuit verschil
lende conformaties van de e-£8-2-vinylstilbenen. Steun voor deze
hypothese kan wellicht gevonden worden in de n.m.r.-spectra van
de vinylgroepen van de 2-vinylstilbenen. Een ander argument
hiervoor kan de structuur van ais-stilbenen zijn, die, zoals
bekend, een soort propellerstructuur bezit, waarbij de aromati
sche ringen ongeveer 30 gedraaid zijn t.o.v. het vlak door de
olefinische band. In het geval van et β-2-vinylstilbenen kan in
de beschreven propellerstructuur de vinylgroep zo over de fenylvinylband gedraaid zijn, dat een regelmatige spiraalvormige conformatie aanwezig is. In deze conformatie ligt de vinylgroep
bijna loodrecht over de dubbele band van het stilbeenmolecuul;
de overlapping is optimaal voor een [2+2]cycloadditie. Bij de
introductie van substituenten wordt de afstand tussen de reage
rende centra steeds groter en de mogelijkheid tot overlapping
in de richting van [2+2] cycloadditie steeds kleiner. De vorming
van de [4+2]cycloadditieproducten vindt dan plaats vanuit een
conformatie, die dan meer voorkomt en waarbij de vinylgroep pa
rallel ligt met de f5-fenylring. Omdat deze conformatie ook in
2-vinylstilbeen aanwezig is, wordt aangenomen dat de [4+2]cyclo
additie veel langzamer verloopt dan de [2+2]cycloadditiereactie.
Door een [ 4
L

ir a

+

2 1- of Γ 4
1

π s-

*-п а.

+

2 1-reactie, gevolgd door een
τ

а-*

'

'
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sigmatrope omlegging, wordt dan stereoselectief het bicyclo[3.1.0] hexeen gevormd.
Slechts bij de trifenyletheenderivaten (a-fenyl- en ß-fenyl-2-vinylstilbeen) worden ook producten verkregen, ontstaan
door een electrocyclisering. Ook hierbij kunnen voorkeursconformaties in de grondtoestand bepalend zijn, hoewel bij het afenylderivaat een reactie vanuit de trans-configuratie niet
uit te sluiten is.
Het kenmerkende verschil tussen de fotoreacties van o-divinylbenzeen en 2-vinylstilbeen wordt veroorzaakt door het
voorkomen van een conformatie bij o-vinylstilbenen, die bij odivinylbenzenen ongunstig is.
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C U R R I C U L U M

V I T A E

Na het Gymnasium werd door de auteur van dit proefschrift in i960 een begin gemaakt met de studie aan de
Technologische Faculteit te Zagreb (Joegoslavië). In 1964
werd deze studie afgesloten met een onderzoek betreffende
de chemie van sydnonen, waarbij het ingenieursdiploma (Ir.)
behaald werd.
In 1965 werd de functie aanvaard van wetenschappelijk
medewerkster aan de Technologische Faculteit te Zagreb/ met
als onderzoekthema de chemie van seleenamiden. In deze periode werd in 1970 aan de Faculteit der Wiskunde en Natuurwetenschappen te Zagreb haar chemiestudie afgerond (richting Organische Chemie) met het diploma "Master of Sciences".
Van de Katholieke Universiteit te Nijmegen ontving zij
in 1973 een fellowship voor 1 jaar. Tijdens dit jaar werd onderzoek verricht op het gebied van fotochemie. Haar verblijf
in Nijmegen werd verlengd en zo kon zij als wetenschappelijk
medewerkster aan het Laboratorium voor Organische Chemie het
onderzoek, beschreven in dit proefschrift, voltooien, onder
leiding van Dr. W.H. Laarhoven.
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S T E L L I N G E N

I
Het kritisch beoordelen van argumenten moet het vinden van
de waarheid als uitgangspunt hebben.

II
Het grote aantal chemische publicaties in de vorm van pa
tenten vertraagt het overdragen van kennis.

III
De toekenning van de configuratie van 2-methyl-3-phenylcyclohexylideenmalononitril gebaseerd alleen op de koppelingsconstante van de vicinale protonen is onvoldoende gefundeerd.
M. Sharma, J. Am. Chem. Soa., 9J_, 1153 (1976).

IV
Het argument waarop de structuurtoewi^zing van ( + )- (S)- [ (S)a-methylsulfmyl]methyl-p-tolylsulfoxide berust is niet over
tuigend.
N. Kuneida, J. Nokami en M. Kinoshita, Buil.
Chem. Soa. Jap. ,
49, 256 (1976).

V
De door Kishi waargenomen epimensatie van dimercaptodiketopiperazines kan zeer wel verlopen via een thiocarbonylintermediair, dit in tegenstelling tot de aanname van de auteur.
У. Kishi, Pure

Appi.

Chem.,

3-4, 423 (1975).

VI
Wanneer men een manier vindt om de op zee drijvende olie te
nutte te maken, kan de dreigende energiecrisis enigszins worden uitgesteld.

VII
Het valt te betreuren, dat op aarde menselijke levens vernietigd worden, terwijl de hele "beschaafde" mensheid uitkijkt naar aanwijzingen van leven, hoe primitief dan ook,
op Mars.

VIII
De productie van ëên product neemt steeds meer toe: afval.

IX
De huur van de flats genaamd "Hippe Hoogbouw" op Lankforst
in Nijmegen is te hoog.

M. Sindler-Kulyk

Nijmegen, 14 oktober 1976

