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Abstract In view of certain recent and seemingly incongruent

reports concerning the photoaddition of ethylenic compourds *o

the benzene ring, the present state of knowledge about the

factors influencing the additior mode, stereoselectivity, and

regioselectivity of these complex processes is discussed, with

particular reference to crbital symmetry and polarity consid-

erations, the types of intermediates believed to be involved,

and trhe effects of substituents.
The current wide-spread interest in the photocyciocadditicn reactions of aromatic
systems with ethylenes‘_3 has its origin in the observation, repcorted almost
three decades ago, that ultraviolet irradiation of solutions of benzcni<trile and
alkeres resulted in 1,2-photoadditions.u In 1959, Angus ard Bryce-Smith reported
the photcaddition of maleic anhydride to benzene via a presumed initial ortho
cycloaddition,® znd a 8,10-photoadduct of maleic anhydride and phenarthrene was
described shortly after‘wards.8 Independently, Schenck7 and Grovenstein8 have
reported similar results and several groups have since described a variety of
aspects of this reaction. ) >

In 1866, two groups independently reported that certain alkenes also urndergo

9,10 The factors that de*termine

meta photocycloaddition to the benzene ring.
whether a given combination of alkene plus aromatic compound undergoes orthe or
meta cycloadditior, or both, were subsequently surveyed by an orbital symmetry
analysis11 frem which it was concluded that whereas *he meta cycloaddition of an
S0 alkene tc S1 benzene was allowed as a fully or partly concerted process, the
ccrresponding orthc additicn was forbidden, contrary to the Woodward-Hoffmanr
rules (which had been derived for aliphatic systems). The same analysis suggested
that ortho cyclcadditions would tend tc be favoured by charge transfer either to
or from the aromatic ring, or by reaction of SO bigzene with S1 alkem;é £xamples
of the latter process have recently been reported and moreover Houk has under-
taker a theoretical appraisal of ortho and meta cycloadditions which somewhat
differs from the original approach.11
The first evidence for the involvement of polar factors in ortho cycloaddit-
ions was provided by the observation that the photoaddition of maleic anhydride
tc benzene involved photoexcited charge transfer between the reactants.1u In
1874, more detailed evidence was presented that the ortho cycloadditions do
indeed tend to occur most readily with ethylenes having marked donor or acceptor

properties relevant to benzene,15 and it was reported that in the cases studied
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up to that time, ¢ > ¢ when 8.6 < I.P. (ethylene) < 8.65 eV. Moreover,

ortho meta

the stereoselectivities of ortho cycloadditions depend on the donor/acceptor
properties according to this proposal.15 Subsequent report52 have shown that the
ionization limits in the original versicn of the relationship 'are too restrict-
ive'. Although increase in AI.P., was shown to be validly associated with an
increase in ortho/meta ratios within a series of ethylenes2 and arenes16 there
are some exceptions concerning both the moces of cycloaddition and the stereo-

selectivities.17

What could be the reason for these exceptions of the otherwise beautifully
simple AI.P. relationship? Ionizaticn potentials relate to properties of the
ground state of the reactants rather than of the excited state. Although differ-
ent mechanisms have been proposed at least for the meta cycloaddition? that one
involving an excited state intermediate (exciplex) provides a rationalization
which currently fits the experimental evidence most sufficiently (equat. 1).
Arene + Alkene ——(Arene ... Alkene) —3) meta Cyclisation— Products (1)
Intermediates of this type have been propo;gg—earlier by Morrison18 and by
Srinivasan.19 Their existence and their role as reactive intermediates were

20,21 and meanwhile numerous inves:tigations supporting this mechanism

2,3,13,22-28  pcording to Weller?’ and

proven later
have been reported by various groups.
Mataga28 bonding in exciplexes of acceptor (A) and donor (D) molecules is determ-
ined by the coupling between local excited states and the charge transfer state

(equat. 2), : * Tt
a . (A"D) e (AD) «— (A'D ) )
The energy cf (A'D') is related to the free enthalpy of electron transfer (AG)

which can easily be calculated according *c Weller.29 Equat., 3 shows a simplified
version of the so-called Weller-eguation with E??Z (D)/E???(A)=1€dcx;xmentﬂﬂs of

D/A, AE = excitation energy of the electronically excited species, and

excit
AEcoul = Coulomb interaction energy in a given sclvent.
_ Ox _ rRed _ ar
AG = E1/2 (D) E1/2 (-9 ALexcit + AEcoul (3)

AG-values of various arene/olefin sys*ems have been correlated with the modes of
reaction and clearly show that the meta/ortho ratio increases if AG increases as
well.17 Moreover, this rationalisation also incluces substitution reactions of
arenes and olefins which are preferred in systems of exergonic electron transfer
(AG < 0)17 and even stereochemical effects of cycloadditions appear somewhat
clearev.17’25’30 Therefore, the reason tha* in a given series most examples fit
the AG correlations may be put down to the fact that here the charge transfer
within excited state intermediates is considered.

In addition to primarily formed exciplexes, intermediates such as a
biradical (I) have been proposed.11 These are not necessarily electronically
symmetrical, especially when strong perturbing groups are present. As previously

23,31

proposed, the intermediate species may be represented as a resonance

hybrid, as follows.

O~ O~ OL, O

(1a) (1) (1b) (11)
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The spirn~paired canonical forms (Ia) and (Ib) might be thought more
consistent with a singlet intermediate, but Reedich and Sheridan have recently
generated hydrcecarbon intermediates of this type from azo-precurscrs by direct
and sensitized procedures expected to give singlet and triplet biradical species
respectively, and report that they show closely similar behaviour which is
virtually identical with that of the intermediates postulated to be formed
directly in meta cycloadditions.32

The Reading group also noted that the orientaticn observed in the meta photc-
addition of cyclopentene to toluene was consistent with an intermediate polar-

31. Earlier, it had

ized as in (Ib) rather than one of prefulvene (II) type.
been shown that z meta cycloaddition (ethyl vinyl ether to anisole) could be
susceptible tc the effect of polar solvents:33 and though this appears to be
exceptional, other workers have also subsequently sought to raticnalize
orientation effects in additions to benzene bearing strongly perturbing

2L -25,30

substituents in terms of type (Ib) intermediates. The regioselectivities

of photocycloadditions of olefins to decnor- and acceptor-substituted arenes are
described in detail elsewhere.3u
We now consider the mechanistic issues concerning meta cycloadditions that
ore of us has recently raised,17 In ¢rder tc ccrrect any possible misunder-
standings, we wish to make it clear that although the Reading group considered
a mechanism via a prefulvene intermediate (II) in their origiral 1366 report of
meta cycloaddition,g arnd have mentioned it subsequently in reviews and original
papers, their further research necessitated an alternative mechanism involving

1-3,16,35 which was first shown In

direct additicen of the alkene to §1 benzene,

a 1969 orbital symmetry analysisl‘ to be equally well allowed as a concerted

process. To some extent this mechanism is similar to the 'exciplex mecharism’

{see above). The Reading group noted that this could satisfactorily rationalize

all the existing findings.22
In summary, all the mechanistic and preparative studies so far repcrted

are consistent with the operation of mechanisms irvolving singlet excited

state intermediates. Although some details still await clarification, orbital

symmetry considerations and the degree of charge transfer between the evthylenic

and aromatic addends, and within the benzene moiety of the intermediates,

determine the relative tendencies for ortho and meta modes of addition, and

for endo and exc s<erecselectivity. Regioselectivities in the meta cycloaddition

tc benzenes depend on partially polarised 'biradical' intermediates of which

(Ib) may represent a preferred canonical form when substituents are present that

can stabilise one or both charged centres by electron delocalization.

REFERENCES

1. D.Bryce-Smith, A.Gilbert, Tetrahedron, 33 (1977) 2459.

2. A.Gilbert, Pure Appl.Chem., 52 (1980) 2669,

3. A.Gilbert in 'Photochemistry', ed. D.Bryce-Smith {Specialist Pericdical
Report}, The Chemical Scciety, London, Vol. 1-17 (1970-1988).

4. D.E.Ayer, G.B.B%chi, U.S.Patent 2,805,242 (13857); Chem,Abstr., 52 (1958)
2904a.,

5. H.J.T.Angus, D.Bryce~Smith, Proc.Chem,Soc., 1959, 326;
J.Chem, Scc., 1860, 791,

6. D.Bryce-Smith, B.Vickery, Chem. and Ind,, 1961, u249,

7. G.0.Schenck, R.Steinmetz, Tetrahedron Lett., 1960, 1.

8. E.Grovenstein, D.V.Rao, J.W.Tayler, J.Am,Chem.Soc., 83 (1981) 1705,

9. D.Bryce-Smith, A.Gilbert, B.H.Orger, Chem,Comm., 1966, 512,



14,
15.
16.
17.
18.
19.
20.

21,

23.

24,

25.

26.

27,

28.

28,

30.

32,

33,

35.

D. BRYCE-SMITH e? al.

K.E.Wilzbach, L.Kaplan, J.Am.Chem.Soc., 88 (1966) 2066.
D.Bryce-Smith, Chem.Comm., 1969, 806.

A.Gilbert, P.Yianni, Tetrahedron Lett., 1982, 4611,

K.N.Houk, Pure Appl.Chem., 54 (1982) 1633.

D.Bryce-smith, J.E.Lodge, J.Chem.Soc., 1962, 2675,
D.Bryce-Smith, A.Gilber*t, B.H.Orger, H.M.Tyrrell, Chem.Comm., 1974, 334,

A.Gilbert, G.N.Taylcr, A.Collins, J.Chem.Soc.Perkin Trans.I, 1880, 1218.

J.Mattay, Tetrahedron, L1 (1985) 23¢3 and 2uiC5, anc references therein.
W.Ferree, G.B.Grutzner, E.Morrison, J.Am.Chem.Soc., 93 €971) 5502.
R.Srinivasan, J.A.Ors, Chem.Phys.Lett., 42 (1976) $06, and earlier reports.
J.Mattay, H.Leismann, H-D.Scharf, Mol.Photochem., 3 (1979) 119.

H.Leisman, J.Matzay, H-D.Scharf, J.Am.Chem.Soc.,1C08 (1984) 3985,

D.Bryce-Smi+th, G.A.Fenton, A.Gilbert, Tetrahedron Le*t., 1982, 26¢7.

J.Mattay, J.Runsink, H.Leismann, H-D.Scharf, Tetrahedron lLett., 1982, 4319,

A.W.H.Jans, B.van Arkel, J.J.van Dijk-Knepper, H.Mioch, J.Cornelisse,
Tetrahedron, 40 (198t) 5071.

J.Mattay, J.Runsink, T.Rumbach, C.Ly, J.Gersdorf, J.Am,Chem,Soc.,
107 (1985) 2557; Helv.Chim.Ac*a, 68 (1986) LL2,

D.Bryce-Smith, M.G.B.Drew, G.A.Fentonr, A.Gilbert, J.Chem.Scc.Chen.Comnm.,
1985, €07.

A.Weller in 'The Exciplex', eds. M.Gordon, W.R.Ware, Academic Press,
New York, 1975, p. 23.

N.Mataga, T.Kubota, 'Molecular Interac*ticns and Electronic Spectra',
M.Dekker, New York, 1¢70.

A.Weller, Z.Phys.Chem.NF 133 (1982) 33.

J.Mattay, J.Runsink, J.Picirilli, A.W.H.Jans, J.Ccrnelisse,
J.Chem.Soc.Perkin Trarns.I, in press,

D.Bryce-Smith, B.Foulger, J.Forrester, A.Gilbert, B.H.Orger, H.M.Tyrrell,
J.Chem, Soc.Perkin Trans.I, 1883, 55.

D.E.Reedich ard R.S.Sheridan, J.Amer.Chem.Soc., 1C7,(1385), 3362.

A.Gilbert, G.N.Taylor, J.Chem.Soc.Chem.Comm., 1677, 2u4Z.

J.Mattay, submitted for publication.

M.Dadscn, A.Gilbert, P.Heath, J.Chem,Soc.Perkin Trars.I, 1980, 131u.




