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Summary

The regioselectivities and stereoselectivities of photoreactions of
arenes to olefins are discussed on the basis of the exciplex mechanism. As
shown earlier for the mode of reaction, these selectivities are also influenced
by the photoinduced charge transfer. In addition to the exciplex, dipolar
intermediates are considered in order to explain the high regioselectivities
of photocycloadditions with donor- and acceptor-substituted arenes.

1. General remarks

The photoreactions of olefins to arenes have been investigated for a
long time [1] starting from the early discoveries of the ortho [2 - 5] and the
meta cycloadditions [6, 7] (Fig. 1). Different mechanisms have been pro-
posed, especially for the meta cycloaddition [8], but only the one involving
an excited state intermediate (exciplex) provides a rationalization which is
sufficiently in accord with the experimental evidence (eqn. (1)):

'Ar* + Ol == !(Ar-:-Ol)* — products (1)

where Ar denotes arene and Ol denotes olefin.

Intermediates of this type have been proposed earlier by Ferree et al.
[9] and by Srinivasan and Ors [10]. Their existence and their role as reactive
intermediates were proven later in this laboratory [11, 12]. Meanwhile,
numerous investigations supporting this mechanism have been reported by
various groups [13 - 24] and just recently we have presented an empirical
correlation between the free enthalpies of electron transfer and the modes of
reaction (substitution, ortho and meta cycloaddition) of arene—olefin
systems [23, 24] (Fig. 1). This rationalization is based on the exciplex
mechanism and the Weller equation [25]. A simplified version is given as
follows:

AG = F[E?;‘2(D) _E!ie/%(A)] - AEexcit + AE"o:'.oul (2)
where F is the Faraday constant, E£9%(D) is the oxidation potential of the

donor, E¥2 is the reduction potential of the acceptor, both in acetonitrile

(simply measurable, e.g. by means of cyclic voltammetry), AE . ;; is the
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Fig. 1. Mode of reaction and photoinduced electron transfer.
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Fig. 2. Correlation of modes of reactions (substitution, ortho and meta cycloadditions)
with free enthalpies of electron transfer (for more detailed versions, see refs. 23 and 24).
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excitation energy of the electronically excited species, and AE,,,; is the
coulombic interaction energy in a given solvent. AE,,,, is derived from the
Born equation as shown by Weller [25] and is easy to calculate using the
dielectric constant € of the solvent (for applications of eqn. (2) see, for
example, refs. 22 - 24).

This rationalization not only refers to the ortho cycloaddition—meta
cycloaddition relationship [24] and therefore appears to be an extension of
the AIP (ionization potential) correlation of Bryce-Smith and coworkers
[26, 27], but it also includes the substitution reactions between photo-
excited arenes and olefins [23] (Fig. 2). Moreover, even stereochemical
effects of cycloadditions appear somewhat clearer [22 - 24, 28 - 31]. The
reason that in a given series most examples fit the AG correlation may be
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attributed to the fact that here the charge transfer within excited state
intermediates is considered and, furthermore, the direction of charge transfer
(CT) in the exciplex state can now be determined [23, 24}. This means that,
besides a qualitative categorization into exciplexes of weak or strong charge
transfer character which corresponds to the influence of the CT state of the
exciplex according to eqn. (3) [32 - 34], we can also find out which of the
reactants, the arene or the olefin, acts as acceptor or donor (see formula A of
Fig. 3).

(A*D) «—> (AD*) «— (A"D") (3)

where A is an electron acceptor and D is an electron donor.

In addition to the exciplex A, dipolar intermediates B and C have been
proposed in order to explain the high regioselectivities of meta and ortho
photocycloadditions with donor and acceptor substituted benzenes [14, 17,
18, 20, 22, 27 - 31, 35 - 39]. (It should be noted that these singlet species
are not necessarily electronically symmetrical, especially when strong per-
turbing groups are present.)

Both the exciplex and the dipolar intermediate are formed consecu-
tively from the starting compounds on irradiation. Whereas the first step, i.e.
the quenching of the excited singlet state of the arene under formation of an
exciplex A is an adiabatic process [12, 40], the second intermediate with
either two newly formed o-bonds (B) (leading to meta cycloadducts) or with
one o-bond (C) (leading to ortho cycloadducts) is already at a minimum on
the energy surface of the ground state of the product [16, 41]. From
these considerations, the formation of B or C is a diabatic photoreaction.
Although the exact shapes of the energy surfaces, including their minima, are
not yet known from spectroscopic results or even from calculations [42],
investigations on the stereochemistry of photoadditions of 2-methyl-1,3-
dioxole to benzene and to anisole [28], and on deuterium isotope effects in
the corresponding cycloadditions of toluene and anisole to cyclopentene
[42] indicate, at least for the meta cycloaddition, some polarization within
the arene moiety even before the two new o-bonds of B are completely

formed (Fig. 4).
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Fig. 3. Charge separation on polar intermediates.
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Fig. 4. Polarization of the arene in the process A = B.

Moreover, the CT character of the exciplex seems to influence the
charge separation within the arene part of the medium structure (Fig. 4) or
even of B itself as shown for the photoreactions of a,a,a-trifluorotoluene
with olefins [22]. There is no doubt that similar polarizations are effective
in the ortho cycloaddition process.

The mode selectivities of photoreactions between arenes and olefins
have already been discussed in detail elsewhere [23, 24] and therefore will
not be presented here (Fig. 2). Only one point need be stressed: correlations
between free enthalpies of electron transfer and the mode of the reactions
(selectivities) are empirical and therefore may be restricted to one series of
molecules owing to similar structural features of the intermediates, i.e. abso-
lute values of AG may change in some series. However, we could show the more
general character of these correlations, at least for the photoreactions of
arenes with olefins (e.g. see photoreactions of benzene and of benzonitrile)
[23, 24].

Cycloaddition products of the para type are only formed in some
special examples such as in Yang’s “allowed” 4=, + 4w, cycloadditions
of benzenoid aromatic hydrocarbons to dienes [43, 44], in additions of
benzene to furans [45, 46], and in reactions with allenes [47] and with
fluoroarenes [48]. Simple olefins occasionally form para cycloadducts with
benzene and its substituted derivatives but our investigations of reactions
with 1,3-dioxoles [11] and dichlorovinylene carbonate [49] clearly revealed
that this mode of cycloaddition occurs from the secondary photochemical
event. Therefore the following discussion of the regioselectivities and stereo-
selectivities of cycloadditions of olefins to arenes is only concerned with the
primary meta and ortho modes. We will summarize the features of these
cycloadditions in terms of the exciplex ‘‘zwitterion” mechanism. (We have
occasionally termed the polar intermediates which are involved in photo-
cycloadditions of arenes to olefins as ‘‘zwitterions’’ (see, for example, refs.
22,29 - 31) always considering that the dipolar character depends on the
substitution and the charge transfer of the exciplex.) The need for such a
rationalization dealing mainly with donor- and acceptor-substituted arenes
arises not only from mechanistic reasoning but also from recent successes
in sophisticated organic syntheses of natural [50] and other important
products [51].
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2. Regioselectivity

Most of the studies of the regioselectivity in cycloadditions of substi-
tuted benzenes deal with the meta cycloaddition. We shall therefore discuss
this topic in more detail before considering aspects of the ortho cyclo-
additions.

2.1. Meta cycloadditions

Recent studies of meta cycloadditions of olefins to substituted ben-
zenes have been reported for anisole and its derivatives [10, 15, 18, 37 - 39,
52 - 58], toluene and its derivatives [13, 15, 20, 21, 37, 59 - 61], benzo-
nitrile [39, 53, 55 - 57, 61 - 63], methyl benzoate [54, 62], trifluorotoluene
[19, 22,61, 63] and fluorobenzene [20, 52, 61, 64]. For earlier reports see
refs. 1, 8 and 41.

On inspection of all the meta cycloadditions of olefins to these substl-
tuted benzenes, the following trends can be observed.

(1) Donor (D) substituents are always placed in position 1 of the meta
adduct; in particular, alkoxy has priority over alkyl.

(2) Acceptor (A) substituents are generally located in position 2 or 4 of
the product.

The origin of these features can be understood on the basis of a dipolar
intermediate (4 in Fig. 5). The assumption of such an intermediate is in
accordance with the exciplex mechanism, since we could show from our
kinetic studies that an exciplex 3 is a necessary but not a direct precursor of
the products [12].

Although “‘zwitterions” of this type have not been directly observed,
the following results imply their existence.

(1) A biradical which is structured in the same way as the ‘“‘zwitterion”
cannot account for the regioselectivities observed with donor-substituted
benzenes, e.g. methylanisoles should yield mixtures of 1l-methoxy- and
1-methyl-regioisomers (for radical stabilization, see for example Viehe et al.
[65]). However, in species of cationic character (carboxonium ion) methoxy
has a stronger stabilizing effect.

(2) Analogous arguments hold for acceptor-substituted benzenes.

(3) Studies of the influence of solvent polarity on product formation
suggest the involvement of polar intermediates [22, 53, 58].

(4) Last but not least, the mechanism via a prefulvene intermediate
cannot rationalize the selectivities at all, as shown recently by Sheridan [15].
The same holds for a concerted mechanism.

An intermediate of the prefulvene type resulting from o-bond forma-
tion in the excited arene as the initial step has been proposed in an early
report [6] and has been discussed on various occasions later [8, 41]. How-
ever, see also refs. 13 and 27. Meanwhile, further research necessitated the
alternative exciplex mechanism (see below).

A fully concerted process between S, benzene and S, alkene, i.e. one
in which all three bonds of the meta adduct are formed synchronously, has
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Fig. 5. Regioselectivity in meta photocycloadditions of olefins to substituted benzenes:
A, electron-acceptor substituent; D, electron-donor substituent. All structures discussed
are racemic.

been proposed on the basis of an orbital symmetry analysis [41, 66, 67].
However, such a mechanism has been shown to be unlikely both from
experimental results [13, 37] and from theoretical considerations [16].

Some examples may clarify these arguments (for references see Fig. 6).

All the olefins which have been employed so far yield 1-substituted
meta adducts with anisole (7 - 10, 12 - 15). The photoreactions with phenyl
trimethylsilyl ether result in similar products (20 - 22). Compound 11 is the
only product of the photoreaction of 3,5-dimethylanisole with cyclopentene.
Alkyl benzenes also form 1-alkylsubstituted meta adducts (16 - 18); further
substitution by fluorine does not alter the regiochemistry (19). The same
holds for photoreactions with 3-fluoroanisole (27, 28) and 3-methoxybenzo-
nitrile (34, 35); the meta adducts 23 - 26 (from «,«,a-trifluorotoluene and
cyclopentene or 1,3-dioxole) demonstrate the influence of acceptor substit-
uents. Analogous regioselectivities have been observed in the photoreactions
of benzonitrile with olefins (29 - 33).
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Fig. 6. Main products of meta cycloadditions of olefins to donor- and acceptor-substi-
tuted benzenes. Regioselectivities are determined by the donor substituents (7 - 22), the
acceptor substituents (23 - 26, 29 - 33) or both (27, 28, 34 - 38). Competing effects are

observed in 19, 36 - 38.
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The electronic stabilizations of both donor and acceptor substituents do
complement one another in the meta benzenes (e.g. see products 27, 28, 34,
35). However, as shown by Cornelisse, only one type of substituent cperates
in photoreactions of the corresponding para isomers. Three regioisomeric
meta adducts are formed with 4-methoxybenzonitrile and cyclopentene in a
ratio of [36]:[37]:[38] = 45:20:15 [56, 58]. Either methoxy is placed in
position 1 (and consequently cyano in position 3 in 36) or cyano is placed in
position 4 or 2 (and consequently methoxy in position 8 in 26 or 5 in 38).
The 4-cyano-8-methoxy meta adduct should also be fermed according to the
above-mentioned rules, and indeed it has recently been detected [58].

The degree and the direction of charge transfer in the exciplex inter-
mediate may also influence the regioselectivity as we have shown for the
photocycloaddition of vinylene carbonate to «,c,c-trifluorotoluene [22]:
here four regicisomeric meta adducts are formed with a small preference for
the 2- and 4-substituted products as expected from the above-mentioned
rules. The charge separation is relatively weak and, moreover, it is reversed
compared with the photoreactions with alkenes and donor olefins as can be
simply deduced from Weller’s theory of electron transfer [22 - 24]. In this
case, CF; as the stabilizing acceptor substituent does not have the same
strong influence as, for example, in corresponding systems with 1,3-dioxole
or cyclopentene [22, 63] which show stronger charge separations [22 - 24].
This means that by the time the orientation is determined (see 3 in Fig. 5),
the dipolar character of the six-membered ring (see 4 in Fig. 5) is already
developed. As a consequence the charge separation in the exciplex 3 in-
fluences the dipolar character of the intermediate 4 in a proportional manner
(see Tig. 4). For a more detailed discussion of the photoreactions with
trifluorotoluene see ref. 22. It should be specifically noted that the stereo-
selectivity of meta cycloadditions is also influenced by similar effects {28]
(see below).

Starting from the above discussion, we may consider intermediates of
the structure 4 in arene-olefin systems which exhibit extremely weak
CT character as biradicals rather than ‘‘zwitterions’”’. For example, the
charge separation in alkyl benzene—alkene systems is very small according to
AG > 2 eV of electron transfer, which can be estimated from the Weller
equation [23, 24]. (Exact values of AG cannot be calculated since the reduc-
tion potentials of alkyl benzenes are not measurable. The current limit has
been reached with benzene (see ref. 23).) Therefore, the meta-bonded inter-
mediates involved in photoreactions of xylenes and cyclopentene have
biradical rather than zwitterionic character. This rationalization corresponds
to the results of Sheridan on the ‘‘independent generation of arene meta
photoaddition biradicals” [71].

2.2, Ortho cyciloadditions

Despite the generally lower regioselectivities of the ortho cycloadditions
in comparison with the meta mode the following trend is observed. The
selectivities between 1,2-, 2,3- and 3,4-attack of the olefin on the arene
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the charge transfer (see text)); A, acceptor substituent; D, donor substituent.
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depend on the CT character of the intermediates, i.e. the regioselectivity is
high (low) if AG of electron transfer is relatively low (high) (see refs. 23 and
24 for application of the Weller equation). Figure 7 demonstrates that in the
former case, 1-substituted ortho adducts 40 are preferentially formed
(especially if a substituent R in 39 stabilizes charges 6(+) in position 1),
whereas in the latter case, mixtures of regioisomers 40 and 41 are obtained.
The formation of 40 may be rationalized analogously to that of the
meta adducts 5 or 6 simply by assuming stepwise bond formation as shown
in the case of the photoaddition of 1,3-dioxole to anisole [29] (Fig. 8). Here
an exciplex with a polarization as shown in 43 [23, 24, 29] may be the
precursor of the meta adduct 12 and the ortho adduct 45. The methoxy
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Fig. 8. Stepwise formation of the exo ortho adduct from anisole and 1,3-dioxole via
polar intermediates.

—— 12
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substituent is located at position 1 of the intermediate. The rotation around
the C1—C2' bond in 44 plays a minor role since the endo isomer is formed
in only small amounts. These effects have been discussed in detail elsewhere
[29].

A series of benzonitrile—olefin systems was investigated by Cantrell
[72] and the results support our considerations. Further examples are
presented in Fig. 9. Toluene and anisole preferentially form 47 on reaction
with acrylonitrile [38, 60, 73]. The formation of 51 and 52 from trifluoro-
toluene and 1,3-dioxole may best be rationalized by assuming dipolar
intermediates (49 and 50 respectively [22]). The same arguments account
for 53 [563]. All these systems have in common that AG generally does not
range above about 0.5 eV, indicating a relatively high degree of charge
transfer in the exciplex intermediate [22]. This is in accordance with in-
creasing regioselectivity of the ortho cycloaddition in highly polar solvents
{38, 58, 60].

53

Fig. 9. Regioselectivity and stereoselectivity in ortho cycloaddition of olefins to substi-
tuted benzenes.
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It should be noted that dipolar intermediates of type 39 have already
been discussed earlier, e.g. in the photoaddition of maleic anhydride to
benzene which has been extensively studied by Bryce-Smith, Gilbert and
coworkers [8,17,41,74]. Only a few ortho cycloadditions have been
reported which exhibit high AG values near the transition area between the
ortho and the meta modes [23, 24]. These known examples clearly support
the second part of our proposal shown in Fig. 7, e.g. benzonitrile and acrylo-
nitriles or methyl acrylates yield mixtures of regioisomers on photolysis
[75]. More systematic studies have to be done before any explanation can be
given about the fact that the regioisomer 42 has not yet been found in these
systems [60, 75].

3. Stereoselectivity

Most of the studies of the stereoselectivity (endo:exo ratio) in photo-
reactions of arenes deal with the meta cycloadditions, since in these the
selectivities are more clearly defined. This may be due to the limited degrees
of freedom in intermediates which are involved in this type of cycloaddition.

3.1. Meta cycloadditions

The endo stereoselectivity observed in most meta cycloadditions has
been rationalized by Houk [16] on the basis of secondary orbital inter-
actions in the exciplex state. However, these selectivities are only observed
in systems of extremely weak CT character such as benzene—alkenes. Turn-
ing to enol ethers, the stereoselectivity is weakened, e.g. ethyl vinyl ether
adds to benzene only 60% stereoselectively towards the endo isomers [60]
and the endo:exo ratio of meta adducts from anisole and 2,3-dihydrofuran
or ethyl vinyl ether are nearly unity [18]. Moreover, the selectivity is re-
versed in cycloadditions of enediol ethers to arenes [14, 22, 28, 29, 31].
One example which has been investigated more recently [29] is shown in
Fig. 8. These striking effects may be due to a destabilization of the endo
configuration by the repulsion between the oxygen atoms and the partly
negatively charged arene favouring 43 and “4’’ (Fig. 8). This destabilization
is also reflected in the anomalous high repulsion energy, E..p, = 147 kd mol ™},
which we have determined for the benzene—trimethyl-1,3-dioxole system,
compared with that of 59 kJ mol~! for the ‘“normal’’ benzene-triethylamine
exciplex system [76]. Analogous naphthalene systems show similar results
[77]. Again, the direction of charge transfer has to be considered: vinylene
carbonate as an acceptor olefin induces a reversed charge transfer resulting
in a partly positively charged arene which will then stabilize the endo con-
figuration. Indeed, this olefin preferentially adds endo to benzene [78],
trifluorotoluene [22], anisole [31, 55], and trimethylsiloxybenzene [31].

Some special features may be emphasized. The stereoselectivity of meta
cycloadditions of cyclic enediol ethers and esters to anisole and trimethyl-
siloxybenzene changes in favour of the exo isomer with the silyl ether
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Fig. 10. Stereoselectivities in meta cycloadditions of anisole and trimethylsilyl phenyl
ether to 1,3-dioxole derivatives.

despite more steric hindrance [31] (Fig. 10). This finding indicates sec-
ondary bonding interactions in polar intermediates which even overcome
geometric restrictions due to the capability of silicon to expand its coordina-
tion by p = d bonding.

However, under certain molecular conditions the stereoselectivity may
be altered as shown for meta cycloadditions of m-bis(trifluoromethyl)-
benzene to cyclopentene [30] (Fig. 11).

This reversal of the ‘““normal” endo stereoselectivity in favour of the
exo mode is only observed when both CF; groups are located in positions 1’

56
CFS 20
FAVOURED
hv
CF3 D
. 57
S

Fig. 11. Steric hindrance during the endo meta cycloaddition of m-bis(trifluoromethyl)-
benzene to cyclopentene.
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and 3’ of the arene, which corresponds to a 4',6-attack of the olefin onto
the arene (see Fig. 11). Steric hindrance now overcomes the secondary
bonding interactions which normally determine the endo stereoselectivity
{16, 30]. It should be noted that contrary to the stereoselectivity the
regioselectivity remains unaffected. (CF; as acceptor substituent is located
in position 2 and 4 of the meta cycloadduct as expected from the above-
mentioned rules.) The corresponding cycloaddition with cyclohexene
yvields similar results [30]}. Bryce-Smith et al. have reported on the meta
cycloadditions of alkenes to alkylbenzenes [21]. They found that, contrary
to the above-mentioned systems, the regioselectivity changes progressively
from 2,6- to 3,5-attack with increasing size of the alkyl groups while retain-
ing endo stereoselectivity. The researchers have rationalized this finding in
terms of a weak but orienting intermolecular bonding interaction between
S; benzene and the a-hydrogens on the alkene which can predominate over
steric effects of bulky alkyl groups. This ‘‘intermolecular hyperconjugation®’
is somewhat similar to Houk’s secondary bonding interaction [16].

3.2. Ortho cycloadditions

Here the stereoselectivities are similarly determined as discussed previ-
ously for the meta cycloadditions. In particular, this holds for photoreac-
tions of benzene and its donor-substituted derivatives, e.g. both the meta and
the ortho adducts from the additions of 1,3-dioxocles to benzene and anisole
respectively, exhibit the exo configuration as outlined in Fig. 6 [14, 18, 28,
291; alkenes such as cis-cyclo-octene and 2-butene add predominantly
endo to benzene in both reaction modes [8]. However, the differentiation
between endo- and exo-attack is smaller for acceptor-substituted benzenes
and acceptor olefins: e.g. despite their pronounced CT character, trifluoro-
toluene-1,3-dioxole systems show no preference for any stereoisomer in the
orthocycloaddition mode [22]; further examples are the photoreactions of
benzene with acrylates and methyl vinyl ketone [8]. These examples demon-
strate that various aspects have to be considered in rationalizing the stereo-
selectivities in ortho cycloadditions such as the CT character of the starting
molecules, the stabilization effects of substituents, and last but not least,
the solvent polarity {79]. Furthermore, in some special cases ground-state
complexes may determine the stereochemistry as in the benzene maleic
anhydride system, which exclusively forms products in the exo configuration
[8,17, 41, 74]. Cycloadditions via electronically excited olefins may not
necessarily be understood on the basis of this rationalization, e.g. both
maleimide [17] and thiochromone-1,1-dioxide [80] form exo ortho adducts
via S; (olefin).

Conclusions

In summary, the selectivities of the photoreactions of benzene and its
substituted derivatives with olefins can be rationalized on the basis of the
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exciplex mechanism. Charge transfer within the exciplex intermediates
strongly influences not only the modes of reaction but also the regioselec-
tivities and stereoselectivities. An empirical correlation between these
selectivities and the charge transfer, which can be estimated by means of
the Rehm—Weller equation, has been presented [23, 24]. According to this
equation the free enthalpy AG of electron transfer can be easily calculated
from the redox potentials of the starting molecules and from the excitation
energy of the electronically excited species.

Besides the exciplex and its CT character, dipolar intermediates have to
be considered in cycloaddition reactions of substituted benzenes:

(1) In meta cycloadditions donor (acceptor) substituents are generally
located in position 1 (2 and 4) of the products, and this corresponds to a
2',6'- (2',4'-) attack of the olefin onto the arene.

(2) The regioselectivities of ortho cycloadditions are smaller owing to
more degrees of freedom in their intermediates of type 34. However, the
1’,2-attack is preferred if AG is relatively small, i.e. if the CT character of
the exciplex is high.

(3) Factors such as the extent and the direction of charge transfer and
the charge stabilization by substituents also influence the stereoselectivity.

(a) Secondary orbital interactions determine the stereochemistry of the
products at least for the meta mode, e.g. the “normal’’ endo selectivity is
reversed in enediol ether systems owing to the repulsion between the oxygens
and the partly negatively charged arene.

(b) The stereoselectivities, which are observed in ortho cycloadditions
of benzene and its donor-substituted derivatives, are subject to conditions
similar to those outlined for the meta mode. However, this does not account
for the reactions of acceptor-substituted benzenes and olefins.

Here we have discussed only the selectivities of intermolecular photo-
cycloadditions. If geometrical restrictions are not too strong, the intra-
molecular cycloadditions show similar regioselectivities as has been shown
earlier by Ferree et al. [9] and later by Gilbert and Taylor [81] and Ellis-
Davis and Cornelisse [20], and in elegant synthetic applications by Wender
and Singh [50] and by Keese and coworkers {51, 82]. However, intra-
molecular restrictions caused by the geometry and the substitution of the
bichromophoric compounds may alter the regiochemical and stereochemical
course of these photocycloadditions [8, 9, 51, 81 - 84].
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