
3196 J.C.S. Perkin I 

The Stereochemistry of 1,2-Photocycloaddition of Vinylic Compounds to 
Benzene t 
By Richard J. Atk ins and Gordon 1. Fray,' School of Chemistry, The University, Bristol BS8 l T S  

Andrew Gilbert," M. Wahid bin Samsudin, Andrew J. K. Steward, and Grahame N. Taylor, Depart- 
ment of Chemistry, The University, Reading RG6 2AD 

The stereochemistry of the 1,2-photocycloaddition of benzene to acrylonitrile, methyl acrylate, methyl methacrylate, 
methyl vinyl ketone, ethyl vinyl ether, butyl vinyl ether, 2,3-dihydropyran, and 2,3-dihydro-l,4-dioxin has been 
investigated. The evidence indicates that exo-l,2-adducts are formed exclusively from all  these vinylic compounds 
except the acrylates and methyl vinyl ketone, which gave mixtures of exo- and endo-stereoisomers. 

IRRADIATION of benzene at 254 nm in the presence of 
olefinic compounds can give rise to 1,2-, 1,3-, and less 
commonly 1,4-~ycloadducts, having structures (1), (2), 
and (3) respectively. The relative quantum efficiencies 
of  the 1,2- and 1,3-cycloaddition processes depend on 
the nature of the substitueiit groups attached to the 
e t h ylenic bond. 2v Exclusive 1,2-ph ot ocycloaddi t ion to 

( 3 )  

benzene is shown by maleic anhydride and maleimide, 
which moreover undergo the cycloaddition process in a 
stereospecific maliner to form, initially, the exo-products 

cc13 

( S I X  = 0 (9 )  

( 7 ) X  = NH 

(4) 4 9 5  arid (5) respectively; subsequent thermal cyclo- 
addition of these reactive dienophiles results in final 
products wliicli are 1 : 2 adducts of benzene, (6) and (7), 
respectively. In  other cases the dienophilic reactivity 
of the olefinic components may be insufficient for the 
production (at ambient temperature) of such 1 : 2 
adducts, but treatment of the 1 : 1 photoadducts with 
e.g. maleic anhydride or (better) N-phenylmaleimide 
provides a ready and quantitative method for their 
separation from other photoproducts, and at the same 
time converts them into stable crystalline derivatives. 
The Diels-Alder addition of dienophiles such as maleic 
anhydride to bic yclo [4.2.0] oct a-2,4-dienes invariably 
occurs on the unhindered face of the diene system, and 
in the endo-mode (see ref. 7) .  

In the present paper, the stereochemistry of the 1,2- 
photocycloaddition of several ethylenic compounds to 
benzene is defined and the results are discussed in the 
context of previous findings that the pliotoprocess is 
stereospecific, that  ethylenes with electron-donor pro- 
perties appear to undergo endo-cycloaddition whereas 
those with acceptor properties yield exo-product~,~ and 
that the preferred relative orientation of the addends in 
the ground-state may be an important factor in deter- 
mining the stereochemistry of the 1,2-~ycloadduct.~ 

RESULTS 

We have examined the stereochemistry of the 1,2-photo- 
cycloacldition to  benzene of acrylonitrile, iiietliyl acrylate, 

t For preliminary reports, see ref. 1. 
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methyl methacrylate, methyl vinyl ketone, ethyl vinyl 
ether, butyl vinyl ether, 2,3-dihydropyran, and 2,3-dihydro- 
1,4-dioxin. The 1 : 1 adducts of benzene with acrylonitrile, 
methyl acrylate, methyl vinyl ketone, and 2,3-dihydro- 1,4- 
dioxin resulted exclusively from 1,2-~ycloaddition, whereas 
with methyl methacrylate minor quantities of unidentified 
adducts were also formed, and the remaining vinylic ethers 
yielded various amounts of both 1,2- and 1,3-cycloadducts. 
The 1,2-photocycloaddition was found to be stereospecific 
for all the ethylenes examined except the acrylates and 
(contrary to our initial inference I*) methyl vinyl ketone. 

The known benzene-acrylonitrile photoadduct was 
shown to possess the exo-structure (8) as follows.ln Com- 
pound (9), of proved stereochemistry,lO results from the 
free radical addition of carbon tetrachloride to the cyclo- 
octatetraene-maleic anhydride adduct, and may be con- 
verted into the chloro-tricarboxylic acid (10) by the action 

R' 
1 

CO2R 

(10) R ' = C 0 2 H ,  R 2 = H  

(12)  R' = C02Me,R2 = Me 

(13) R = M e  

( 1 1 )  R1=CC13,  R 2 = M e  ( 1 4 ) R  = H 

R '  

( 1 5 )  R ' = C N ,  ~ 2 =  H, x = o  
(18) R ' = C 0 2 M e ,  R 2 =  H ,  X = N P h  

(19)  R ' =  H ,  R 2 =  COzMe,X = N P h  

(20)  R ' = C 0 2 H , R 2 = H , X  = N P h  

( 2 4  1 R' = COzMe, R2 = M e ,  X = N P h  

( 2 5 )  R '=  M e ,  R 2 =  C 0 2 M e , X  = N P h  

(26 )  R ' = C O M e , R 2 = H , X  = N P h  

( 2 7 )  R ' = H , R 2 = C O M e , X  = N P h  

(32) R'= C N ,  R2= H , X = NPh 

(33)  R'= OEt,R2= H ,  X = N P h  

(39) R'= OBu",R2= H , X  = N P h  

of concentrated sulphuric acid, followed by treatment with 
water.1° The transformation of (9) into (10) involves no 
change of stereochemistry, as shown by comparison of the 
'H n.m.r. spectra of the derived esters (11) and (12).lU 
Dechlorination of the trimethyl ester (12) with tri-n- 
butyltin hydride gave a product (13) which was identical 

with a sample obtained by esterification of the tricarboxylic 
acid (14), produced from the benzene-acrylonitrile photo- 
adduct by addition of maleic anhydride and subsequent 
hydrolysis of the resulting nitrile-anhydride (15) .9 I t  may 
be noted here that the vinylic proton resonance in the 
n.1n.r. spectrum of the Diels-Alder adduct (15) took the 
form of an apparent triplet (2 H)  ; this already indicated an 
exo-configuration for the cyano-group ll. l2 (an endo-sub- 
stituent in the 3-position would be expected to perturb the 
resonance of one of the vinyl protons, giving rise to a more 
complex set of signals in the vinylic region ll). 

Unexpectedly, the major benzene-methyl acrylate photo- 
product (isolated by preparative g.l.c.), which was acconi- 
panied by varying amounts (dependent upon the reactant 
concentrations) of cyclobutanes formed by photodimeris- 
ation of the unsaturated ester, was shown by its lH n.1ii.r. 
spectrum, and that of its Diels-Alder adduct with N-phenyl- 
maleimide, to be a ca. 2 :  1 misture of the exo- and endo- 
1,2-cycloadduct stereoisomers (16) and (1 7) ,  respectively. 
Thus the n.1n.r. spectrum of the main product was con- 
sistent with the general 1,2-cycloadduct structure but the 
signal due to the methoxycarbonyl protons was split, the 
two peak heights being in a ratio of ca. 2 : 1 with increasing 
field. Further, addition of portions of a europium shift 
reagent to the solution caused a more pronounced shift of 
the major ester proton resonance than of the minor, 
indicating a less hindered approach of the shift reagent in 
the former than in the latter case, and hence suggesting 
exo- and endo-geometries respectively. Reaction of the 
1,2-photocycloadduct mixture with N-phenylnialeimide 
gave a mixture of two products as deduced from the n.1n.r. 
spectrum, the significant features of which were the vinyl 
proton resonance, which consisted of an apparent triplet 
centred at 6 ca. 6.5 and a multiplet at 6.3 in a ratio of 
ca. 2 : 1, and the methoxycarbonyl signal, which was again 
split in the ratio of 2 : 1 with increasing field. These results 
were interpreted in terms of a 2 : 1 mixture of the exo-endo 
and endo-endo adducts (18) and (19) respectively, authentic 
samples of which were then synthesised independently as 
follows. The em-ester (18) was obtained from the carb- 
oxylic acid (20), produced from the tricarboxylic acid (14) 
by treatment of its cyclic anhydride with aniline. The 
route to the endo-ester (19) started from methoxycarbonyl- 
cyclo-octatetraene, prepared by the photoaddition of 
methyl propiolate to benzene.13 The cyclo-octatetraene 
was converted into the maleic anhydride adduct (2l),14 
hydrogenation of which (in the presence of Adam's catalyst) 
proceeded in a site-selective and stereoselective manner to 
afford, after reaction with aniline, the required endo-ester 
(19). The lH n.m.r. spectrum of a synthetic 2 : 1 mixture of 
the stereoisomers (18) and (19) was virtually identical with 
that of the original mixture prepared from the benzene- 
methyl acrylate 1,2-photocycloadduct by reaction with 
N-phenylmaleimide. 

Irradiation of benzene solutions of methyl methacrylate 
yielded three 1 : 1 adducts, of which one constituted >85% 
of the mixture and furnished a second example of non- 
stereospecific 1,2-photocycloaddition to benzene. That this 
major 1 : 1 adduct was a 2 : 1 mixture of the exo- and endo- 
stereoisomers (22) and (23) was indicated by comparison of 
its lH n.m.r. spectrum with that of the methyl acrylate- 
benzene adduct mixture. This assignment was sub- 
stantiated, as with the methyl acrylate product, by the lH 
n.m.r. spectrum of its Diels-Alder adduct with N-phenyl- 
maleimide. As expected, the vinyl protons resonated as a 
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complex multiplet, .and the two methyl resonances were 
split in the ratios 2 : 1 (CO,CH,) and 1 : 2 (CH,) with in- 
creasing field. From this spectral evidence i t  could be 
deduced that the major isomer contains an endo-CH, group, 
which niust lie in the shielding region of the ethylenic bond 
whereas the exo-CH, of the minor isomer should be com- 
paratively unaffected by this structural moiety. The 
converse of course applies to the niethoxycarbonyl groups 
in the two isomers, and structures (24) and ( 2 5 )  respectively 

Me 02C, 

OH 

C02Me 

(31) (35) 

may therefore be assigned to the major and minor com- 
ponents of tlie Diels-Alder product. Thus for both methyl 
acrylate and methyl methacrylate the predominant 1,2- 
cycloadduct results from an initial photoacldition in the 
em-mode with respect to the ester group. Since both exo- 
and endo-stereoisomers were formed, however, i t  was of 
interest to ascertain if the non-stereospecificity of the 
photoprocess was also followed by the related system methyl 
crotonate-benzene. Irradiation of the E-isomer in benzene 
produced essentially one product as judged by g.1.c. analysis, 
and although the 'H n.ni.r. spectrum indicated the basic 
1,2-cycloadduct structure ( Z ) ,  both the methyl and tlie 
methoxycarbonyl proton resonances were split, again 
indicating the presence of stereoisomers. Unfoi-tunately, 
under the esperimental conditions methyl crotonate rapidly 
undergoes E Z isomerism. The absence of data on the 

relative efficiencies of cycloaddition of the two geometrical 
isomers to benzene, coupled with the present inability to  
resolve the adduct mixture by chromatography, precludes 
meaningful structural assignments and the product may 
indeed be a mixture of all four possible isomers. 

Initial experiments with methyl vinyl ketone indicated 
the formation of a single 1,2-photocycloadduct, showing an 
unsplit n.m.r. signal for the COCH, protons. The N- 
phenylmaleimide adduct, however, was clearly a ca. 1 : 1 
mixture of the exo-endo and endo-endo structures (26) and 
(27) respectively from the appearance of the n.m.r. spectrum, 
in which the methyl signal was split and the vinyl protons 
gave rise to a ' triplet ' and a multiplet [cf. the mixture of 
( 18) and (1 U)]. Moreover, examination of the initial photo- 
adduct by means of g.c.-m.s. provided some confirmatory 
evidence for the presence of a mixture; thus multiple 
scanning by 1ii.s. of the material eluted (as a single peak) 
from a g . ~ .  coluinn showed systematic changes in the ratios 
of the fragnient ions, wliicli did not vary with the sample 
size. We conclude that methyl vinyl ketone, like methyl 
acrylate, undergoes 1,2-pl-iotocycloaddition to benzene in a 
non-stereospecific manner, and that the product is a ca. 1 : 1 
mixture of the stereoisomers (28) and (29). From one ex- 
periment, carried out a t  42 "C instead of room temperature, 
there was isolated a 2 :  1 methyl vinyl ketone-benzene 
adduct, formulated with endo-endo stereochemistry, (30) 
and/or (31), on the basis of its 'H n.1n.r. spectrum (2 H 
multiplet signal in the vinyl proton region); the same re- 
action also yielded a 1 : 1 adduct which reacted with 
N-phenylmaleiniide to give the exo-endo system (26) (the 
vinylic proton resonance appeared as a 2 H ' triplet '). 

In view of the results obtained with methyl acrylate and 
methyl vinyl ketone, the acrylonitrile-benzene system was 
carefully re-examined, but in this case exo- 1,2-photocyclo- 
addition seems to be exclusive. Investigation of the 
pliotoadduct by g.c.-m.s., or lH n.m.r. spectroscopy in the 
presence of a shift reagent wliicli separated the signal due to 
>CH(CN), gave no indication of the presence of a mixture. 
The lH n.ni.r. spectrum of the N-phenylmaleimide adduct 
unexpectedly showed two 1 H ' triplet ' signals in the vinylic 
region, but double irradiation experiments (in the presence 
of a shift reagent) revealed that the protons giving rise to 
these signals were spin-spin coupled and therefore contained 
in the same molecule. That the N-phenylmaleimide adduct 
possessed the exo-endo structure (32) was confirmed by its 
identity with the product obtained by treatment of the 
anhydride (15) with aniline. 

Ethyl vinyl ether and benzene have previously been 
reported to yield a mixture of 1,2- and 1,3-cycloadducts, 
but no stereochemical assignments were made., Only one 
1,2-cycloadduct was formed in the present work, as evi- 
denced by chromatographic and spectroscopic analysis of 
separated material. This adduct was conveniently isolated 
from the crude reaction mixture as its N-phenylmaleiniide 
adduct, the spectroscopic and analytical data for whicli were 
consistent with its formulation as (33). exo-Stereo- 
chemistry for the ethoxy-group in (33), and hence in the 
initial adduct (34), was evident from the n.m.r. spectrum, 
in which the 2 H vinyl proton signal appeared as a ' triplet '; 
a more complex set of signals in the vinylic region is found 
for the corresponding Diels-Alder adduct of the 1 ,%photo- 
cycloadduct from 1,l-dimethoxyethylene and benzene,l5 in 
accord with the presence of an endo-methoxy-group. This 
assignment was conclusively established by the un- 
ambiguous synthesis of (33), and comparison of the two 
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specimens. The synthesis involved liydroxymercuriation- 
demercuriation of the esterified cyclo-octatetraene-maleic 
anhydride adduct to give the hydroxy-diester (35) ,12 
followed by 0-ethylation using ethyl iodide-silver oxide, 
hydrolysis of the ester groups with aqueous trifluoroacetic 
acid, thermal conversion of the resulting dicarboxylic acid 
to the cyclic anhydride, and finally reaction of this with 
aniline. 

The residua! oil remaining after removal of the exo-1,2- 
cycloadduct as its derivative (33) from the crude reaction 
mixture was found to comprise three further 1 : 1 adducts 
of ethyl vinyl ether and benzene, in the ratio 2.2 : 1.8 : 1 in 
order of increasing retention time on Carbowax 20M. 
These adducts were separated by preparative g.1.c. and 
shown to be the three I,3-cycloadducts (36), (37), and (38) 
(order of decreasing abundance) by their spectroscopic 
properties and comparison with those of adducts of known 
structure. 

Irradiation of n-butyl vinyl ether and benzene mixture 
gave broadly similar results t o  those described above for 
the ethyl vinyl ether system. In particular, the 1,2-cyclo- 
adduct was again shown to have em-stereochemistry by the 
1H n.m.r. spectrum of its N-phenylmaleimide Diels-Alder 
adduct (39). 

In contrast with the acyclic vinyl ethers, 2,3-dihydropyran 
and 2,3-dihydro- l,4-dioxin both showed high selectivity in 
their mode of photocycloaddition to benzene. Thus irradi- 
ation of 2,3-dihydropyra.n in benzene gave the 1 ,Z-cyclo- 
adduct in a quantum yield ratio of >15 relative to other 
products, and the 1,Z-mode of addition was essentially ex- 
clusive for the 2,3-dihydro- 1 ,4-dioxin-benzene system. The 
former photoadduct could be formulated as the em-coin- 
pound (40) from the lH n.m.r. spectrum of its N-phenyl- 
maleimide derivative (41). The endo-structure (42) origin- 
ally assigned l6 was based on the differing chemical shifts 
shown by the geminal protons in the methylene groups in 
positions a and p relative to the oxygen atom in the 1 : 1 
photoadduct; the non-equivalence of these protons is now 
considered to be a result of the conformation of the hetero- 
cyclic ring rather than a shielding effect of the dienex-system. 

The general appearance of the vinyl proton signals in the 
Diels-Alder adducts cannot, of course, help in determining 
the stereochemistry of 1,2-photocycloadducts derived from 
2- 1,2-symmetrically substituted ethylenes such as 2,3- 
dihydro- 1,4-dioxin. In this case the exo-stereochemistry of 
the product (43) was proved by X-ray crystallographic 
analysis of the N-p-broniophenylnialeimide adduct (44), the 
details of which have been published elsewhere.lc 

DISCUSSION 

I t  has been demonstrated that the dienopliilic 
ethylencs maleic anhydride and maleimide form ground- 
state complexes with benzene which exhibit charge- 
transfer absorption,l' and i t  has been deduced from 
n.m.r. spectroscopic solvent-shift studies that in these 
complexes the components are oriented in the exo- 
fashion.ls Subsequent investigations have revealed 
that a wide variety of ethylenic compounds form weak 
' dark '  complexes with benzene, and i t  has been pro- 
posed that the preferred orientation of the molecules is 
determined by the electron-donating or -accepting 
character of the ethylene relative to benzene, as deter- 
mined by ionisation potential. Thus ethylenes having 

ionisation potentials lower than that of benzene (9.24 eV) 
(i.e. electron-donor ethylenes) appear to adopt endo- 
orientations relative to benzene, whereas exo-stereo- 
chemistry is preferred by electron-deficient ethylenes. 

In  previous work the stereochemistry of the benzene 
1,Z-cycloadducts from (Z)-but-2-ene,lg (Z)-cyclo-octene,20 
maleic a n h ~ d r i d e , ~ . ~  and maleimide has been elucidated, 
and i t  has been noted that the endo-geometry found in 
the first two cases and the exo-geometry of the last two 
specifically reflects the preferred orientation in the 
ground state.3 The stereochemical assignment for the 
1,Z-cycloadduct of benzene with the electron-acceptor 
acrylonitrile is consistent with the proposal that the 
orientation of the addends in the weak ground-state 
complexes is important in determining the stereo- 
chemistry of the addition reaction; the results obtained 
with the vinyl ethers, however, are not in accord with 
this suggestion. Thus although the loose ground-state 
complexes of benzene with both acyclic and cyclic vtnyl 
ethers appear to prefer an endo-arrangement of the 
components, the stereochemistry of the 1,Z-photocyclo- 
adducts is specifically exo in all cases. This result is all 
the more surprising in view of the recent observation 
that the exo-stereochemistry found 21 for the 1,2-cyclo- 
adduct of Z,Z-dimethyl-1,3-dioxole and benzene parallels 
the preferred orientation of the addends in the ground- 
state as inferred from n.m.r. spectroscopy.* The reason 
for the change in stereochemistry, in the particular case 
of vinyl ethers, in going from a weak ground-state 
complex through an excited-state to the 1,Z-cycloadduct 
is not obvious, but this feature may well reflect a 
difference in preferred orientation between a ground- 
and an excited-state complex, the intermediacy of which 
in alkene-arene photocycloadditions has previously been 
postulated and d i s ~ u s s e d . ~ ~ * ~ ~ 9 ~ 3  A preferred orientation 
of tlie addends in an exciplex has been proposed to 
explain the exclusive cndo-2,6-cycloaddition of a number 
of alkenes to toluene and anisole,% but other workers 
have reported exceptions to this ~pec i f ic i ty .~~ 

In general 1,3-~ycloaddition of ethylenes to benzene 
yields a mixture of exo- and cndo-isomers, in which the 
latter frequently predominates and is on occasion the 
exclusive product . 2 9 2 4  Non-stereospecific 1 ,Z-cyclo- 
addition has been observed in the present work with 
acrylic esters, which yielded mixtures of stereoisomers in 
which those with the electron-withdrawing group ex0 
to the cyclohexa-1,3-diene moiety were formed in the 
greater yield, as might have been expected from the 
results with maleic anhydride, maleimide, and acrylo- 
nitrile. Methyl vinyl ketone behaved similarly, except 
that the exo- and endo-stereoisomers were formed in al- 
most equal amounts. This lack of stereospecificity may 
result from non-concerted cycloaddition and the involve- 
ment of triplet rather than, or as well as, singlet inter- 
mediates, as is observed in the photoaddition of dimethyl 

* We are grateful to Professor H.-D. Scharf for providing us 
with appropriate 'H n.m.r. spectra of 2,2-dimethyl-1,3-dioxole, 
from which an exo-orientation of the ground-state molecules could 
be deduced. 



fumarate to phenanthrene ; 26 alternatively, it may reflect a 
non-specific orientation of the addends in the ground- 
state and/or in a possible exciplex of the reactants. The 
latter alternative is more open to speculation than proof. 
Weak ground-state complexes between benzene and 
steroidal carbonyl compounds have previously been 
observed by lH n.m.r. spec t ro~copy.~~ In these cases 
the dominant factor is the interaction of the ring X -  

electrons with the partial positive charge on the carbonyl 
carbon atom, such that the x-electrons are as far as 
possible from the partial negative charge on the oxygen. 
For the acrylates and methyl vinyl ketone, however, the 
n.m.r. spectroscopic solvent-induced shifts are difficult 
to interpret in terms of preferred exo- or endo-arrange- 
ments of the addends. Thus all the proton resonances 
in methyl acrylate and in methyl vinyl ketone are shifted 
to higher field in benzene, and of those in methyl meth- 
acrylate, only the lowest-field vinylic proton suffers a 
downfield shift. 

Preliminary attempts to implicate triplet inter- 
mediates as the source of the non-specific reactions have 
not been conclusive, but with methyl acrylate and 
methyl vinyl ketone the ratio of the 1,Z-cycloadducts to 
the ethylene dimers increased with the concentration of 
benzene, which is the reverse of the situation found with 
norbornene,2s c y c l ~ h e x e n e , ~ ~  and cyclohexa- 1 ,4-diene.30 
Since the yield of T, benzene increases with benzene 
concentration,3l the present preliminary results may 
indicate that the 1,Z-photocycloaddition of acrylates and 
methyl vinyl ketone to benzene is a triplet process and 
that T ,  benzene does not sensitise the ethylene dimer 
formation. 

To summarise, we have determined the stereochemistry 
of several 1,Z-photocycloadducts of vinylic compounds 
and benzene with the general objective of investigating 
the stereospecificity of this photoprocess. A further 
example of an electron-deficient ethylene, acrylonitrile, 
has been found to yield a specifically em-adduct. In the 
case of vinyl ethers, at least, the preferred orientation of 
the addends in their weak ground-state complexes is un- 
important in determining the stereochemistry of the 1,2- 
cycloaddition to benzene, since these also gave exclu- 
sively exo-products. Contrasting with these and all 
previously reported 1,2-photocycloadditions, non-stereo- 
specific cycloaddition occurred with acrylic esters and 
methyl vinyl ketone. 

EXPEKIMENTAL 

Unless stated otherwise, 'H n.ii1.r. spectra were measured 
a t  100 MHz using CDCl, solutions, i.r. spectra were deter- 
mined for liquid films, and cyclohexane was used as the 
solvent for U.V. spectral measurements. 

Preparation of the Benzene-Olefin 1,2-l'hotocycloadducts.- 
An equivolume mixture of the olefinic compound and 
benzene, contained in a quartz tube under air a t  20 "C, was 
irradiated with a Hanovia low-pressure mercury arc (rated 
15 W). The only exception to this general procedure was 
with 2,3-dihydro-1,4-dioxin; in this case the 10% ethereal 
solution obtained by the published preparative met hod 32 
was mixed with an equal volume of benzene. Adduct for- 
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illation was monitored by g.1.c. using Carbowax 20M as the 
liquid phase, except for the alkyl vinyl ether adducts when 
Apiezon L was employed ; the liquid phase used in following 
the E+Z photoisomerisation of methyl crotonate was 
clinonyl phthalate 

The starting materials were removed from the irradiated 
solution at water-pump pressure using a rotary evaporator, 
and where appropriate were recycled. The photoadduct 
was then distilled from the oily yellow-orange residue under 
oil-pump vacuum. The resulting 1,2-cycloadducts from 
methyl crotonste, 2,3-dihydropyran, and 2,3-dihydro- 1,4- 
dioxin were sufficiently pure for spectroscopic identification ; 
in other cases separation from impurities was achieved either 
by further (fractional) distillation, or by preparative g.1.c. 
using the liquid phases specified above. The impurities 
encountered in various amounts in the different systems 
included 2 : 1 olefin-benzene adducts (acrylonitrile and 
methyl vinyl ketone), ethylene dimers (methyl acrylate) , 
and other 1 : 1 benzene adducts (methyl methacrylate and 
the alkyl vinyl ethers). All the 1,2-cycloadducts gave mass 
spectra (parent ions and fragmentations) wholly consistent 
with their structural assignments. 

Reactions of the 1,2-Cycloadducts with DienophiLes.-The 
1,2-cycloadducts, either purified as described above or in 
admixture with other photoproducts after simple distillation, 
reacted quantitatively (as judged by g.1.c.) with maleic 
anhydride or N-phenylnialeiniide. The general reaction 
conditions involved heating a ca. 10% w/v solution of the 
1,2-~ycloadduct in refluxing diethyl ether with excess of the 
dienophile for 6 h, and then allowing the mixture to stand 
overnight a t  8 "C. The resulting 1 : 1 : 1 adducts (mole- 
cular weights confirmed by mass spectra) were filtered off 
and recrystallised from ethanol (unless stated otherwise). 

Data permitting the identification of the 1,Z-cycloadducts 
are recorded below. 

7-exo-CyanobicycLo[4.2.0]octa-2,4-diene (8 )  had 8 (60 MHz) 
6.0-5.3 (4 H), 3.6-3.0 (3 H),  and 3.0-1.7 (2 H) (for i.r. 
and U.V. spectra, see ref. 9). Maleic anhydride adduct (15) 
had m.p. 249-250 "C (lit.,s 248-248.5 "C) (from acetone) ; 
S (60 MHz; CF,CO,H) 6.9-6.4 (2 H, apparent t), 3.7- 

and 2.3-1.9 (2 H) (for i.r. spectrum, see ref. 9). N-Phenyl- 
maleimide adduct (32) had m.p. 245-248 "C (Found: C, 
74.7; H,  5.55; N, 9.0. C,,H,,N,O, requires C, 75.0; H,  
5.3; N, 0.2%); vmax. (Nujol) 1 775 and 1 705 cn1-l; 6 7.6- 
7.1 (5 H), 6.85-6.6 (1 H ,  apparent t), 6.55-6.3 (1 H, 
apparent t), 3.6-3.1 (4 H), 3.0-2.35 (3 H), and 2.2-1.8 

7-Methoxycarbonylbicyclo[4.2.0]octa-2,4-diene [mixture 
of stereoisomers (16) and (17)] had v,,,,. 1 740 cm-l; 
280 nm ( E  2 950); S (60 MHz) 6.0-5.2 (4 H) ,  3.65 (3 I-I, 
split s), and 3.4-2.1 (5 H) .  N-Phenylmaleimide adduct 
[mixture of (18) and (IS)] had m.p. 188-190 "C; 6 7.55- 
7.1 (5 H), 6.55-6.1 (2 H, apparent t together with m), 3.7 
(3 H, splits), 3.65-3.2 (2 H),  2.95-2.8 (2 H),  and 2.8-1.6 

7-Methoxycarbonyl- 7-met hylbicyclo [4.2.0] octa- 2,4-diene 
[mixture of stereoisomers (22) and (23)] had v,,,,. 1 740 cm-l; 
A,,tL,. 278 nm ( E  2 960); S (60 MHz, CCl,) 6.0-5.2 (4 H) ,  
3.67 (3 H,  ill-defined split s ) ,  3.5-1.7 (4 H), and 1.4 (3 H, 
split s ) .  N-Phenylmaleimide adduct [mixture of (24) and 
(25)] had m.p. 196-198 "C; 6 (60 MHz) 7.6-7.0 ( 5  H),  
6.5-6.1 (2 H) ,  3.7 (3 H,  split s), 3.6-3.1 (2 H), 3.0-2.7 
(2  H), 2.6-1.65 (4 H) ,  and 1.45-1.2 (3 H, splits). 
7-Methoxycarbonyl-8-methylbicyclo [4.2.0] octa-2,4-diene 

3.4 (2  H), 3.4-3.1 (2 H) ,  3.1-2.7 (2 H), 2.7-2.3 (2 H), 

(2 H).  

( 5  HI- 
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(mixture of stereoisomers) had v,,,,~. 1 740 ern-'; Am,. 278 
nm (E 3 050);  6 (GO MHz; CCl,) 6.0-5.3 (4 H), 3.6 (3 H,  
split s ) ,  3.4-2.4 (4 H),  and 1.4-1.0 (3 H, split s). 

7-Ace t ylbic y clo [4.2.0] oc ta- 2,4-diene [mixture of stereo- 
isomers (28)  ancl (29)] had v,,,. 1 710 ciii-l; A,,,, 275 nni 
(E 2 800); 6 (60 MHz) 6.0-5.5 (4 H), 4.4-1.9 ( 2  H),  and 2.0 
(3 H, s). N-Phenylmaleimide adduct [mixture of (26) and 
(27)] had m.p. 160-165 "C; 6 7.5-7.1 (5 H),  6.55-6.4 (ca. 
1 H, apparent t),  6.35-6.15 (ca. 1 H, m), and 3.7-1.6 (9 H, 
together with a well defined 3 H split s a t  2.1). 

On one occasion when the irradiation was carried out a t  
42 "C, distillation of the crude product gave two fractions. 
The first, b.p. 80-110 "C a t  0.05 nimHg, was essentially 
the 1 : 1 photoadduct (28 ) .  N-Phenylmaleiniide adduct 
had n1.p. 174-176 "C; v,,,,. 1 770 and 1 705 cni-l; 6 7.5- 
7.1 (5 H), 6.55-6.4 ( 2  H, apparent t), 3.45-3.15 ( 2  H) ,  and 
2.95-1.6 (7 H, together with an unsplit 3 H s at 2.1). 

The second distillation fraction, b.p. 120-140 "C a t  
0.05 mmHg, partially crystallised on storage at -10 "C. 
Treatment with pentane-ether ( 2  : 1) then afforded the 2 : 1 
adduct (30) and/or (31), m.p. 100-102 O C  (Found: M ,  
218.1306. C1,H,,02 requires M ,  218.1338) ; v,,,,. 1 700 
cm-l; 6 6.55-6.15 ( 2  H, m) and 3.05-1.35 (10 H, with t-o 
superimposed 3 H s resonances a t  2.15 and 2.04). 

7-WO-E thox ybicyclo r4.2.01 octa-2,4-diene (34) had A,,,,. 
(n-hexane) 274 nm ( E  3 100); 6 5.9-5.3 (4 H), 3.30 (2 H,  

and 1.1 (3 H, t, J 7 Hz). N-I'lienylmaleiriiide adduct (33) 
liad m.p. 106-167 "C (Found: C, 74.0; H, 6.8; N, 4.2. 
C2,H,1N0, requires C, 74.3; H, 6.55; N, 4.3%); vrll*Lx. 
(Nujol) 1 775 and 1 700 cm-l; 6 7.5-7.05 (5 H), 6.45- 
0.25 ( 2  H, apparent t), 3.6-3.15 (5 H) ,  2.9-2.85 (2 H),  
2.65-2.45 ( 2  H), 2.15-1.7 ( 2  H), and 1.18 (3 H, t ,  J 7 Hz). 

7-exo-n-ButoxybicycZo[4.2.0]octa-2,4-diene. N-Phenyl- 
nialeiinide adduct (39) had n1.p. 128.5-130 "C (from 
hexanc) (Found: C, 75.3; H, 7.5; N, 3.8. C,,H,,NO, 
requires C, 75.2; H, 7.2; N, 4.00/,); v,,,:,,, (Nujol) 1775 
and 1 710 cni-l; 6 7.55-7.05 (5 H), 6.5-6.3 (2 13, apparent 

1.7 (2  €I ) ,  1.7-1.1 (4 H) ,  and 0.9 (3 H, t, J 7 Hz) .  

'1, J7H~),3.05-2.7(lH),2.6-2.2(2H),l.c35--1.65(1H), 

t ) ,  3.6--3.1 ( 5 H ) ,  2.85 (2H, d,  J ~ H z ) ,  2.7-2.5 ( 2  €I), 2.1- 

nnti-9-Oxatricyclo[G. 4. 0 . 0 2 p  7]dodeca-3, 5-diene (40) Iixl 
275 nni ( E  2 960); 6 (220 M H z ;  C6D6) 6.85-5.5 (4 H),  

(1 H), 2.9-2 7 (1 H) ,  2.7-2.5 (1 H), 1.6-1.3 (3 H) ,  and 
1.3-1 .O  (1 € 1 ) .  N-l'lienylmaleiiiiide adduct (41) liad m.p. 
178-180 "C (Found: C, 74.9; H, 6.6; N, 4.2. CalHalN03 
requires C, 75.2; 13, 6.3; N, 4.2%); v ~ ~ , ~ , ~ ,  (Nujol) 1775 
and 1 710 ciii l ;  6 (60 MHz) 7.5-7.1 (5 H),  6.4-6.2 (2 H, 
apparent t), 3.6-3.15 (4 H), 2.86-2.75 (2  €I), 2.6-2.3 
(2  H), and 2.0-1.3 (6 H) .  

an t i -0 ,12 -Dioxa t r i c~d~) [~ i .4 .0 .~~~  7]tlotleca-3,5-tlie~ie (43) 
liad AlllRX 275 nm (E 3 400); 6 (60  M H z ;  Cbl),J 5.8-5.6 
(4 H) ,  4.4-4 3 (2 H), 3.5-3.3 (4 H), ancl 3.25-3.15 (2  H) .  
N-  p -  B ron 1 opl I en y 1 ni  ale i inid c adduct (44) had in . p . 2 7 5- 
276 "C (Found: C, 58.05; H ,  4 0;  Br, 19.0; N,  3.3. 
C,,)HI8BrNO, requiresc, 57.7; H, 4.4; Rr, 19.2; N, 3.4y0); 
v,,,,, 1 770 and 1 710 cm-'; S[(CU,),CO] 7.75-7.55 (2 H, d,  
J 8 Hz) ,  7 . 1 - 4  9 (2  H, cl, J 8 Hz), 6.65-6.45 (2  H, apparent 
t ) ,  4.3-3.7 (6 H),  3.7-3.5 (2  H), 3.35-3.2 ( 2  H), and 

The ChZoro-trimethyl Ester (1 2) .-The chloro-tricarbosylic 
acid j 1 0 ) l o  was converted into the trinzetliyl ester (12) using 
metlianolic sillphuric acid in the usual way, n1.p. 104--106 
"C (from methanol) (Found: C, 55.8;  H, 5.65; C1, 10.7. 
C16H&106 requires C, 56.1; H, 5.6; C1, 20.3%); v,,,. 

4.45-4.25 (1 H), 3.75-3.5 (1 H) ,  3.3-3.1 (1 H),  3.1-2.9 

3.15-3.0 (2  H)  

(Nujol) 1 737 and 1725 cni-;; 6 6.7-6.3 ( 2  H), 4.85-4.6 
(1 H), 3.70 (3 H,  s), 3.63 (6 H, 5), and 3.25-2.55 (7 H). 

The Trimethyl Ester (13).-(a) A mixture of the chloro- 
trimethyl ester (12) (0.90 g), tri-n-butyltin hydride 33 (3 ml), 
azobisisobutyronitrile (10 nig), and dry toluene (40 nil) was 
heated under reflux in an atmosphere of nitrogen overnight. 
Removal of the solvent followed by crystallisation of the 
oily residue from light petroleuni (b.p. 60-80 "C) gave the 
trinzethyl ester (13) (0.50 g) (70%), n1.p. 86-87 "C (Found: 
C, 62.1; H,  6.45. C16H200, requires C, 62.3; H, 6.5%); 
v , , ~ ~ .  (Nujol) 1745sh and 1730 c1ii-l; 6 6.6-6.4 (2 H, 
apparent t) ,  3.66 (3 H,  s), 3.60 (6 H, s), 3.15-2.05 (8 H) ,  and 

(b)  Estei-ification (methanolic sulphuric acid) of the 
tricarboxylic acid ( 14), prepared from the benzene-acrylo- 
nitrile pliotoadduct as described by Job and Littleliailes,Q 
gave a product identical with the previous specimen. 

The N-Phenylimido-exo-carboxylic A cid (20) .-The tri- 
carboxylic acid (14) (0.24 g) was kept at 150-160 "C 
(bath) and 0.1 mmHg for 2 11, and the resulting cyclic 
anhydride (vllgLx. 1 848, 1 780, and 1 706 cm-l) was then 
heated with aniline under reflux for 7 min. Addition of 
dilute liydrocliloric acid afforded a crystalline precipitate, 
which was filtered off, washed with water, and dried to give 
the N-phenylzmido-carboxyzic acid (20) (0.25 g, 860/,), n1.p. 
259-260 "C (cleconip.) (from acetone) (Found: C, 70.5; 
H, 5.6; N, 4.1. Cl,HliNO, requires C, 70.6; H, 5.3; N, 
4.3%); v,,,,,. (Nujol) 1 772, 1 707, and 1 688 cn1-l; 
6[(CI>,),SO] 8.04br (1 H,  s), 7.55-0.8 (5 H), 6.45-6.15 (2 H, 
apparent t), 3.4-2.0 (8 H), ancl 1.8-1.4 (1 H). 

Esterification with diazoniethaiie in ether-methanol gave 
the nzethyl ester (18), ni.p. 204-205 "C (from acetone- 
ether) (Found: C, 70.7; H, 5 .8 ;  N, 4.1. C,,H,,NO, 
requires C, 71.2; H, 5.7; N, 4.16%); v,,,..~. (Nujol) 1775, 
1729, and 1707 cni-l; 6 7.35-7.10 (5 H), 6.5-0.4 ( 2  H, 
apparent t), 3.70 (3 H, s), 3.5-3.2 ( 2  H), and 3.05-1.0 

The N-Plienylimitlo-enclo-nletl~yl Ester ( 19) .--Tlic nietli- 
oxycarbonylcyclo-octatetraene-inaleic anhydride atlduct 
(21) l4 (0.21 g), ill glacial acetic acid (15 nil) was liyclrogen- 
atecl in tlie presence of pre-reduced Adam's catalyst a t  
room temperature and atmospheric pressure. After 30 
inin cn. 1 equiv. of hydrogen liacl been absorbed, ancl tlie 
catalyst was rciiiovecl by filtration. Evaporation of the 
filtrate gave an oily residue ( v ~ , ~ ~ ~ , ~  1 860, 1 838, 1 777, and 
1 727 cn-l) ,  wliich was heated under reflux with aniline 
(3  nil) for 5 miii. The solution was acidified with dilute 
hyrlrodiloric acid, and the product was collected by 
filtration, washed with water, aiid tlrietl to aftoi-tl tlic N- 
~l~enyZin?ido-eiido-lnet~~yZ ester (19) (0.23 g, 84.57{)), 1ii.p. 
187-188 "C (from acetone) (Found: C, 71.4; H, 5.8; N,  
4.3. C,,H,,,NO4 requires C, 71.2; H,  5.7; N, 4 150/,); 
vIIIdY. (Nujol) 1 775, 1 734, and 1 708 c11i-l; 6 7.55-7.05 
(5  H), 6.45--0.05 (2  H),  3.68 ( 3  H, s ) ,  and 3.7-2.00 (9 H).  

The cso-Ethoxy-N-plzenylimide (33) .-Crude exo-hydroxy- 
diiiietliyl ester (35) (0.51 g), obtained cssentislly as described 
by Melita and 1'andey,l2 was dissolved in ethyl iodide (3 nil) 
and the solution was stirred under reflux with freshly 
prepared, activated silver oxide (0.6 g) for 20 11. Filtration, 
followed by removal of ethyl iodide from the filtrate, 
afforded tlie exo-ethoxy-dimethyl ester, which was hydro- 
lysed by heating in refluxing 20% aqueous trifluoroacetic 
acid (5 nil) for 1.5 h .  Evaporation of the solution under 
reduced pressure yielded tlie exo-etlioxy-dicarboxylic acid, 
which was kept a t  160 "C (bath) and 0.5 mmHg for 5 h. 

1.85-1.55 (1 H). 

(7 HI. 
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The resulting cyclic anhydride [v,,,. (Nujol) 1 855 and 1 780 
cm-l] was then heated in refluxing aniline (2 ml) for 10 min. 
Addition of dilute hydrochloric acid gave a crystalline 
precipitate, which was collected, washed with water, dried, 
and finally recrystallised from acetone-ether to afford the 
exo-ethoxy-N-phenylimide (33) (0.20 g) ,  identical with the 
previously described specimen. 
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