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AMruGThe phototeactiom of knzene. tducne. anisok. and knzonitrik with acrylonilrik. merhacry- 
bnitrik. sod vinyl acetak. and of 104ucnc and o- ad p-xylm with makic anhydride are dcscrikd. Tk 
acrybniuiks do DoI react with knzoniwik but ykhf mixtures of ortho photocycbaddwts with the other arenes. 
Cootnry to previous &I& holb cxo and cndo s~ereoisomers of tk orrho cycbadducts of knzcm and 
acrybr&ik are formed: I& reaction is sekctivc towards tk cxo komtr hut tht stereoisomers from mcthacry- 
bnifrik ad knzene are formed with approximately equal efficiencies. Compkx mixtures of rcgio- ad skrco- 
isomers of the o&o cycbadducts are formed klwecn tolucnc and tk acrybnitriks bum tkir addition 10 anisok is 
more sekctivc and in acetoait& cssentiy only I&attack of tk ctbykne on Ibe arely is observed. The 2: I 
photoadducts of makic anhydride with tohrene and o- rod p-xykne refkct formation of two regio orrho 
photocycbxlducts in each case. The variation in the ratios of &se isomers with temperature and light intensity is 
interpreted io terms of the d&k photolabilitks of tbc I : I adducts and tkir reactivilics towards cbt thermal 
ddbioa of the & q okcuk of makic arthybride. Vinyl acelate undergoes 13cydoadditioa to knr.onitrik buf 
with tbc otkr arenes. metu cycbadduc~~ are favourtd. lkse latter addirious are specifially 2.6 with respect (0 
tobew and an&k but there is littk ngbsekdvity with respect (0 th e&ykne atOut& tk Lendo acetate of Ibe 
mtfa cycbddwr with knxeoe dm coostirute 60% of tk reaction mixture. 

Since the first reports which described the orrho and 
m&a pholocycbadditions of clhyknes 10 benzene and 
its simple derivatives IO give bicycb[4.2.0] o&-2,4- 
dicncs (1) and tricycb[3.3.0.0”)oct-3cms (2) respec- 
tively,‘A there have appeared many accounts which have 
discussed a variety of features of &se intriguing pro- 
cesses’ and attempts have been made 10 elucidate the 
factors which influence the reaction efficiencies and 
sekctivities.c” For many systems the two reaction 
modes compete but the orlho cycbaddition reaction is 
greatly favoured in cases where the addends form an 
obvious ekctron donor-acceptor pair.’ Thus it has been 
suggeskd that for benzene, the quantum yield of the 
o&o cycbaddicion is greater than that of the mtta 
process for ethyknes which have ion&ion potentials 
greater than 9.6eV and less than 8.6SeV.” Allbough 
tbere is a notable exception to lhis “rule”,” from ion- 
isation potential differences of the addends, it has been 
possiMe 10 predict successfully for many systems the 
preferred mode of ethylene-beruer~ photocycload- 
diGon.‘.” P&&shed data concerning regio- and sterco- 
sckctivities of these reactions are, however. sparse par- 
ticularly for the o&o cycloaddition, and yet such fun- 
damental information is essential in meaningful 
mechanistic discussion, and if the processes are lo he 
exploited as synthetic routes 10 systems of types 1 and 2. 

for some systems the reaction is apparently skreos- 
pecitkally UO. in o&r examples both stereoisomers are 
formed with little selectivity.” The regio- and stereo- 
sekctivities of or& cycbaddition of ethylenes to ben- 
zene derivatives has received very limited attention. It 
would appear from the s~n~turcs of the 2: I adducts (3) 
from irradiation of solutions of malcic anhydride in 
alkylhenzencs that the intermediate ortho pbotocyclo- 
adduct results from 2.3- and/or 3&cthylene attack: the 
proportions are reported 10 he temperature dependent.” 
In contrast orrho cycbadditbn of ethylenes 10 the kn- 
zonitrile nuckus occurs spcc&c.ally at the 12-positions 
IO give derivatives of 4“*” although reaction at tbt 
nitrik function 10 form azetines (5) and azabutadienes (6) 
is the dominant process with ethylenes ha- 
pronounced electron donor properties:“-‘9 these resulta 
are interpreted in terms of preferred orientations within 
intermediate exciplcxes.” Similar specific l&attack of 
acrylonitriks 10 anisoks has been reported but no struc- 
tural proof was presented and seemin& other orko- 
tations of reaction were not consdad. 

3-4 0 

(1) (2) 

We have recently determined Ihe stercochemislry of 
several orfho cycloadducts of both electron donor and 
electron acceptor ethyknes with benzene and although 
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The regiosclectivity of the mda cycloaddition of 
symmetrically substituted ethykncs to benzene dcriva- 
tives has received some detailed investigation. The mcfa 

cyctoadducts of several ethylenes with methoxy and 
methyl bcrucnes rclkct spccitic attack at the areoc 2,6- 
positions and endo stereochemistry is preferred.‘.’ The 
observations are rationahscd in terms of the involvement 
in the reaction pathway of an endo sandwich exciplex 
(7). There are, however, notable exceptions to this 
spccifkity of reaction and in other cases, the orientation 
of substituents in the mela cycloadduct is best explained 
in terms of substituent stabihsation of an intermediate 
polarised diradical (8) which is formed by photorear- 
rangcment of the arene and which subsequently under- 
goes concerted ethylene addition to yield the mda 

cycloadducts (2).‘= The regiosekctivity of the mcta 

cycbaddition with respect to an unsymmetrically sub 
stitulcd ethykne (i.e. whether the 6 or 7-substituted 
isomer of 2 is formed preferentially) has only been 
determined for a relatively few systems and the results 
are somewhat conflicting. For examDIe whereas the ad- 
dition of propenc is deduced to be specific giving the 
uo aad rndo ‘I-methyl derivatives of 2,2’ isobutene and 
methyknc cycbbutan? give approximately I: I mix- 
tures of the 6- and 7-substituted isomers. Determination 
of cthykne regiosclectivity is important as this could 
assist in assessing the contribution of the differing 
mechanistic pathways. 

Thus although the preferred modes (i.e. orrho or mera) 
of photocycloaddition of ethylenes to benzene and its 

simple derivatives are largely predictable, only for a 
relatively few systems have the sekctivitics of the pro- 
cesses been determined but even in such cases the 
results, particularly for the orrho cycloadditions, may 
not be too meaningful as the differential photolabilitics of 
the isomers, which we rmw know can be most marked,” 
have not been given sufficient consideration. We now 
report on the photoaddition reactions of a variety of 
arenccthykrtc systems and thereby present a better 
perspective than previously available of the regb- and 
stereo-sekctivitics of the o~ho and mcra photocyclo- 
addition reactions. In particular we have sought to 
determine if, as published data suggests and appears to 
be the case for the mrla process, there is an underlying 
pattern of orientation and stereochemistry of the orrho 
cycloaddition of ethylenes to benzenes. 

The systems studied in detail involved bcnzcnc, 
~oluenc, an&k. and bcnzonitrile with acrybnitrile. 
methacrylonitrik and vinyl acetate, and maleic anhydride 
with toluene and o- and p-xylene. The results are com- 
pared with those we recently reported for the pbotoad- 
dition of ethenyl ethers to the above arenes.“.” 

All irradiations were carried out in quartz apparatus 
using low pressure mercury-arc lamps. The effect of air 
or nitrogen on product formation was negligible under 
our reaction conditions. Undiluted equimolar solutions of 
the addends were used in preparative experiments but in 
some systems amounts and ratios of adducts were mar- 
kedly dependent upon the dilucnt and period of irradia- 
tion. T?ws, in general, o&o cycbaddition was favoured 
in polar solvents and all o&o cycbadducts were to 
some extent both thermally and photochemically labile. 
The irradiated solutions were analysed by open tubular 
glc (Carbowax 2OM, OVIOI. and Squalane SCOT 
columns) but where thermal degradation of the orlho 
cycloadducts was suspected, these results were sup- 
ported by hplc analysis (Partisil PXIO/ZO). By such 
means it was observed that most of the substituted 
bcnxcnes gave mixtures of varying complexity of I: I 
adducts (MS/gk). Because of the lack of isomer resolu- 
tion by preparative chromatographic melMs and since 
in some cases isomerisation and/or decomposition of the 
photo-products by these techniques was suspected, it 
proved impractical to obtain pure samples of individual 
isomers from all systems but the orrho cycloadducts 
were conveniently isolated by their quantitative reaction 
with N-phcnylmalcimide to give I : I : I adducts (9) which 
could be separated by gash chromatography and/or frac- 
tional crystallisation. The spectroscopic features of o&o 
and mtta cycbadducls of bcnzcooid compounds and 
ethylenes and the former adducts’ dienophik derivatives 
which allow their ready identification, have been dcr- 
cribed in detail in several reports” and hence only the 
more noteworthy aspects will be presented here. 

R 

(9) R and/or R1-cthgl,,nc Yubstltuent Rroups 

(14) R-R2=R3-H, RI-CN 

(15) R-CS. R1.R2.R21” 

(16) R or R1-R oi- CS, R2 or R3 - Ye 
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atmost 80% in acetonitrik. II is significant tha1 for both 
acrylonitriles the regiosekctivity of the photoaddition is 
greater for anisok than toluene and only with the former 
arene is this increased further by a polar solvent. The 
observations may indicare that as the difference in ekc- 
tron donor-acceptor properties of the arene and ethylene 
increases, the greater resultant interaction of the addends 
causes the degree of orientat~Ml selectivity in any in- 
termediate ground or excited state complex to increase. 
Thus it is to be expecled that the larger the difference in 
donor-accept properlies of the addends, the more likely 
the favoured orientation will be “held” and this will be 
refkcled in 1hc degree of rcgioselectivity of the onho 
cycloaddition: the favoured orientation would appear IO 
be 1,2- with respect to ihe arene. This proposal is sup- 
ported by our recent studies with electron donor ethy 
knes in which it was observed that the ottha cycioad- 
dition of ethyl vinyl ether to benzonitrik was regios- 
pecifically 1,2- but with toluent as the arene, 1: 1 adducts 
from both 2.3. and l3-attack were observed. To in- 
vestigate this further the pho1oreaclions of vinyl acetate 
with benzonitrile were re-examined. 

Vinyl acelate-benz5nitrile 

Consistent with predictions based on iooisation poten- 
tial differences of the addends this system has been 
reported to yield the 12-, 1’2’cycloadduct 29 (no stereo- 
chemical assignment) as the major producl (61%) with 
regio and stereoisomers of this same gross structure 
making up “a large proportion of the remainder of the 
mixture”:” our results essentially substantiate these 
findings. Thus irradiation of mixtures of the addends 
gave five 1: I adducts (M’ I89 m.u.1 in a ratio of 
60:30:5:2:3. All adducts reacted with dknophiles and 
fragmented to starting materials in the mass spec- 
trometer and hence were deduced to arise from orr/ro 
cycloaddition. The ‘H NMR spectrum of the mixture 
indicated Iwo major isomers (ratio 2: I of -O-CO-CH, 
proton resonances al 2. I5 and 2.0 ppm respectively) and 
the overall integration shows that both major products 
had resulted from 1.2-addition on to the arene. The 
adduct mixlure was labile in air at room temperature but 
reacted q~nti~tively with N-phenylmaleimide to give a 
mixture of 1: 1: I adducts. Isolation of the major 1: 1: 1 
adducts 04’ 362 m.u.1 was achieved by fractional crys- 
tallisation from ethanol and from their ‘H NMR spectra 
and their comparison with those of the N-phenyl- 
maleimide producis of the orrho cyckadducts of ben- 
zonitrile and ethyl vinyl ether and of benzene and vinyl 
acetate. it was concluded that the major I: I ben- 
zonitrile-vinyl acetate adduct was formed by 1,2-, I’?‘- 
attack with e.ro sterochemistry and that the adduct for- 
med in 30% abundance was its endo stereoisomer. The 
amounts of the minor products prevented their isolation 
but since no ‘H resonance was observed in the mixture 
at co. 6 7.3, it is concluded (hat phenyl aretines and their 
derived products are absent.” and hence no reaction at 
the nitrile function had occurred. 

Ma&c anhydride-mrthylbenze~es 
The differing pho1oIabilities of the isomers of oftho 

cycloadducts and their variable rates of reaction with 
dienophiles which have been observed from some of the 
present systems. are directly relevant to the inter- 
pretation of the results of photoadditions of maleic anhy 
dride IO alkylbenzenes.“~” In these systems the I: I 
ortho photocyckadduct is never isolated but the orien- 

tation of the addition is deduced from the structure of 
the 2: 1 adduct and with methyl benzencs has been 
shown to vary with the temperature of the reaction,” 
This feature could be a reflection of the differing rcac- 
tivities of the ortho cycloadduct rcgioisomers with the 
second molecule of dienophile or a result of temperature 
effects on addend orientations in intermediate com- 
plexes. In order to assess if differing photo and thermal 
Iabilities are also important features of these systems, 
the benzophenone sensitised photoaddition of maleic 
anhydride 10 toluene and o- and p-xykne has been 
examined using IWO light intensities and at HP and 100“. 
The 2: I adduct structures (3) were established by analy- 
lical and spectroscopic da1a. The regioisomers were 
separated by fractional crystallisation from acetone but 
their ratios were estimated by ‘H NMR spectroscopy on 
the crude p~toproduct. The results of irradiation (A > 
29Onm) of these systems previously outlined were 
essentially reproduced.” For example at 20” the pho- 
tosensitised addition of makic anhydride to p-xylene 
gave a 20: I mixture of 38 and 31 respectively whereas at 
1ooP this ratio changed lo approximately I : IO and thus it 
would seem that at (he lower temperature 2.3-attack to 
give 32 is favoured but the 1.2~product 33 dominates the 
mixture a1 the higher tem~~ture. However, reduction 
of the light intensity by 50% (Ex~rimen~l) had a pro- 
found effect on the isomer distribution parriculariy in the 
case of the xyknes. Thus the two p-xylene isomers 30 
and 31 were formed in a ratio of I: IO a1 20’ and a1 loo” 
this was changed to 3: I respectively. &se data can be 
rationalised by a combinalion of the differing photo and 
thermal Iabilities of the precursor 1,2- and 2.3.ortho 
cycloadducts 33 and 32 respectively and their 
rates of thermal reaction with maleic anhydride. 
That is to say that it would appear that 32 adds 
maleic anhydride more readily than 33, but is more 
thermally labile than 33 whereas 33 is phorochemically 
more labile than 32. Which of these features or their 
combinations has the greatest effect is not possible to 
determine but these data emphasise the importance of 
taking such aspects inlo consideration in the interpretation 
of the results from these systems.“- 

(32 ) R-R’ de, R2-RX-H 

( 33 ) R2xR3 eye., R.R1 nil 

meta-Phofocycloaddirion 
The mete photocycloaddition of ethyknes to arcnes 

has been more systematically studied lhan the cor- 
responding ortho process. Regioselectivities of the ad- 
dition with respect to the arene have been interpreted in 
terms of both meta addition of the ethylene to the S, 
arene cia an exciplex followed by formation of the 
ethenyl cyclopropane system? and prior rearrangement 
of the arene to a “prefulvene” species which undergoes 
concerted ethykne addition,*.” The orientations of the 
substituents on the mcto cycbadducts from some sys- 
tems re uire 

P 
that both mechanism operate in com- 

petition.’ Determination of the regioselectivity of the 
addition with respect to an unsymmetrically substitulcd 
ethylene (i.e. 6 or 7.substituted 2) would assist in 
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assessing the contribution from each of the above 
mechanisms in the overall pathway since the addition 
product 34 from the exciplex 7 may be expected to yield 
either regioisomers whereas dependent on the nature 
the ethylene substituent. one or other isomer would be 
favoured from such a species as 8. The mrfu photo- 
cycloaddit~ns of ethyl vinyl ether” and of vinyl 
aceta@ to benzene have recently been described IO be 
60% regioselective towards the 7-endo isomers, Because 
of poor resolution of the isomers on preparative 
chromatography. the conclusion in the latter case was 
based largely on pyrolysis studiesW It is now reported 
that a more reproducible method of assessing the 6 and 
%regioselectivities of the m&r adducts from vinyl 
acetate and arenes is the use of an acid catalysed eli- 
minalion rea~angement reaction in the presence of al- 
cohols to give ?-alkoxy bicyclo[3.3.0Jocta-3.7dienes (3Sl. 
Refluxing the mefo adduct mixture from benzene and 
vinyl acetate in acidified ethanol removed all isomers 
from the chromatogram and gave a 60% yield of the exe 
and do stereoisomers of 36. This process may arise by 
either acetate elimination to give semibullvaleoe which is 
known under such conditions IO yield 36,” or riu an 
ethenyl cyclopropane assisted elimina~n from only the 
?-regio isomers to the species 37 which then yields J1). 
The low yields of 36 are in agreement with the latter 

03 

(35) R - alkyl 

(36) Ii - C2H5 

(37) H = CzF; . 

mechanism and suggest that the 64somers either 
decompose under these conditions or react by another 
route.’ Support for a pathway not involving semibull- 
vakne came from the observation that the product 35 
from treatment of the acetate mixture with MeODlDCl 
contained no deuterium: such an observation is con- 
sistent with the second mechanism. The reaction of 
22,Urifluoroethanol with the photoproduct in the ab- 
sence of added acid substantiated the fo~at~n of 35 by 
the latter mechanism since the disappearance of the 
‘I-isomers, monitored by capillary glc. was accompanied 
by concomitant formation of 3ll and the 6-regioisomcrs 
and the endo orrho cycloadduct were recovered un- 
changed. By this reaction, the mefo photocycload- 
dition of vinyl acetate to benzene is assessed to be 70% 
regioselective towards the 74somer and this suggests the 
involvement to some extent in the reaction pathway of a 
polar species such as 8. Approximately 9046 of the 

7-regioisomers were stable under conditions for the 
thm~rl I,S&matropic shift rearrangement,“’ and hence 
it is deduced that the ‘I-mdo acetate isomer of 2 ac- 
counts for some 63% of the total product: the 6 
regioisomers were formed in equal amounts. Rates of 
formation of the mefu cycloadducts were unaffected by 
solvent polarity but that of the o&to process was in- 
creased and it is also noteworthy that all vinyl acetate- 
benzene photoadducts were decomposed on benzene 
sensitised irradiation. 

irradiation of vinyl acetate with toluene produced a 
mixture of mefu cycloadducts (M* = I78 m.u. MS/glc) 
and a very minor amount (cu. 5%) of a I: 1 adduct 
which had properties consistent with those of an orfho 
cycloadduct. 2.6.Regiospecific addition of the ethylene to 
toluene was confirmed (i.e. the Me group was specifically 
located on the l-position of 2) by ‘H NMR spectra of the 
adducts which thus suggests a route involving mefu 
ethylene addition to the are& rather than one of prior 
arene rearrangement.zz Consistent with this inter- 
pretation, reaction of the mefu adduct mixture with 
trifluoroethanol and pyrolysis studies as outlined above 
indicated little or no seiectivity of the addition with 
respect to the ethylene. 

The irradiation of vinyl acetate and anisole gave very 
similar results IO those described above for toluene and 
this ethylene. Thus attack at the 2.6positions of the 
arena accounted for approximately 90% of the total 
reaction mixture and the ‘I-regioisomers constituted some 
50% of the mefu cycloaddition. 

These results and others with ethyl vinyl ether,” iso- 
butene? and methylene cyclobutane,” show that in the 
mefu cycloaddit~n of ethylenes to benzene there is only 
limited regioselectivity and then only for ethylenes bear- 
ing a polar substituent: in this context the regiospecihc 
mefa addition of propene IO benzene” is even more 
remarkable. The specificity for the formation of the 
7-regio methyl isomers of 2 was deduced from the ‘H Me 
resonance positions of the two inseparable mefu cyclo- 
adducts and their comparison with those of the M-2- 
ene-benzene adducts.“’ However. values in the literature 
for such resonances may span the range ~0.7~l.IOppm 
for the 64somers and 60.78-1.15 ppm for the 74somers 
and are very dependent on stertochemistry.‘~*~” The 
isobutenebenzene mere addition shows little regioselec- 
tivity as the ratio of 7.7 IO 6.6-dimethyl adducts was 
1.25: I9 but the reactant proportions in the two studies 
were quite different. In particular the latter system was 
studied as a 5% vfv solution of the ethylene in benzene 
and under such conditions the triplet yield of benzene 
would be high.” As noted above. mefu cycloadducts are 
susceptible to benzene sensitised decomposition and thus 
the differing Iabilities of the adducts could account for the 
low regiosekctivity in the isobutene addition. The ben- 
zene-isobutenc system has been studied in isopentane 
solution at concentrations of the ethylene and arene 
comparable to those used earlier for the propene-ben- 
zene system. Under such conditions indeed the 
regioselectivity did increase but only to 1.6: 1 for the 7- 
and 6regioisomers respectively and the factors operating 
in the propene case which dictate the specific ‘I-addition 
remain obscure. 

Preferred modes of cycloaddition of ethyknes IO 
benzene and its substituted derivatives are largely pre- 
dictable from electron donor-acceptor properties of the 
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(3H. m) and 6.70-6.9s ppm, (IH. m). N-Phcnyfmakimide deriva- 
tive, m.p. 216218’C. ~,,(Nujol) 223S, 1745. I’IIJcm-‘, 6 
(CDCI,). I.94-2.12 (IH. m). 2.16 (3H, I). 2.38-2.58 (IH. m). 
2.80-2.94 (IH, m), 2.%3.10 OH. m), 3.343.x) (2H ovcrtappino 
m’s). 3.72-3.84 (IH. m), 4.52-4.68 (IH, dd). 6.liM.60 (2H. m). 
7.10-7.30 (ZH, m). and 7.3&7.S5 ppm (3H. m). 

I : I Minor adduct. r, (liquid sincar) 2220 and 173Jcm-‘. 6 
(CDCI,) 1.80-3.60 (4H. ovcrfapping m’s). 2.00 (3H. ~1, 5.35-s.@ 
(3H. 3 br lines). and 6.55-6.7Opprn (IH. br d). 

Essential features of rbe IR ad ‘H NMR spectra of the 
adducts mixtures from vinyl acetate with benzene. t0luent. and 
anisole are given in reference 29. 

isobtiaw-benrent 
A s& d bcn7.cnc {IO ml), isobulenc (2Og) in iropaatanc (4O ml) 

was irradiated at 5' for 8 hr using a 6 watt bw pressure mcrcwy 
arc immersion lamp. The starting materials were removed under 
reduced pressure ad the adduct mixture was analysed and 
separated as described in Ref. 9. 
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