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Abnormal Regioselectivity in the Photochemical
Cycloaddition of Singlet trans-Stilbene with
Conjugated Dienes

Sir:

The regioselectivity of 1,2-cycloaddition to conjugated
dienes has been investigated for a number of electrophilic
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species. Such diverse reactions as radical,' ionic,'® concert-
ed [+2¢ + »2a],2 1,3-dipolar,? and carbene’®* additions dis-
play similar regioselectivities. Addition to cis- or trans-
1,3-pentadiene occurs selectively at the monosubstituted
double bond (>90%), whereas addition to 2-methyl-1,3-
pentadiene occurs selectively at the disubstituted double
bond (70-80%).5 The observed regioselectivities have been
attributed to one or more of the following: (a) formation of
the more stable bifunctional intermediate, (b) preferential
addition to the sterically less hindered terminus, and (c) ad-
dition to the terminus of highest electron density. In spite of
the fact that concerted photochemical [,2s + 2] cycload-
dition is a symmetry-allowed reaction, there are few exam-
ples of concerted 1,2-cycloaddition to conjugated dienes.®?
We wish to report that 2 + 2 cycloaddition of the singlet ex-
cited state of trans-stilbene to conjugated dienes occurs
preferentially at the more substituted double bond. Appli-
cation of frontier orbital theory!® for a concerted 2 + 2 cy-
cloaddition correctly predicts the observed regioselectivities.

Irradiation of trans-stilbene in the presence of dienes re-
sults in the efficient formation of mixtures of 2 + 2 cycload-
ducts.!! Direct irradiation of cis-stilbene or triplet sensi-
tized irradiation of either cis- or trans-stilbene in the pres-
ence of dienes results in stilbene cis-trans isomerization,
but no cycloaddition. Addition of singlet trans-stilbene to
the disubstituted double bond of the isomeric 1,3-penta-
dienes occurs with complete retention of diene and stilbene
stereochemistry (eq 1), as is the case for addition of trans-

Ph
N
| cH
Ph Pyrex
Ph Ph Ph
— + + ()
Ph #Z  Ph | Ph

stilbene to the isomeric 2-butenes.'?>!3 The regioselectivity
of cycloaddition of trans-stilbene with several conjugated
dienes is given in Table 1. Addition to the more substituted
double bond predominates in all cases and attains a maxi-
mum value of 80% for cis-1,3-pentadiene. Since the quan-
tum vyields for cycloaddition are high,'' the regioselectivi-
ties reflect relative rates of addition rather than selective
partitioning of a 1,4-biradical intermediate. A biradical
mechanism!#® appears unlikely in view of the high stereo-
specificity and abnormal regioselectivity of cycloaddition. It
is possible that the stereochemical outcome of the cycload-
dition process is determined by the formation of an excited
state w-donor-acceptor complex (exciplex) prior to bond
formation. The rate of addition of singlet trans-stilbene to
alkenes displays a negative temperature dependence,'?® in-

Table I. Regioselectivity of Cycloaddition and Diene Frontier Orbital Coefficients
Regioselectivity Orbital coefficients
Diene 1,2% 3,4% C, C, C, C,
4-Methyl-1,3-pentadiene 34 66 HO 0.495 0.294 0.510 0.492
LU 0.501 0.351 0.441 0.554
trans-1,3-Pentadiene 46 54 HO 0.525 0.337 0.469 0.521
LU 0.528 0.382 0.437 0.562
cis-1,3-Pentadiene 20 80 HO 0.522 0.339 0.473 0.526
LU 0.528 0.384 0.437 0.564
2-Methyl-1,3-pentadiene 70 30 HO 0.621 0.429 0.337 0.500
LU 0.566 0.428 0.407 0.544
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Figure 1, Orbital interaction diagram for excited srans-stilbene with
butadiene. Relative energies are estimated from ionization potentials
and singlet energies.'”®

dicative of reversible exciplex formation.'® We observe nei-
ther an inverse temperature dependence of the rate constant
for quenching trans-stilbene fluorescence by dienes nor ex-
ciplex emission; however, irreversible exciplex formation
cannot be excluded.

Frontier orbital theory!? has proven useful in predicting
the preferred regioisomers and relative reactivities in the
Diels—Alder and other cycloaddition reactions.'” Concerted
photochemical 2 + 2 cycloaddition of trans-stilbene(s) with
a conjugated diene (d) involves the interaction of both the
highest occupied (HO-HO) and lowest unoccupied (LU-
LU) molecular orbitals (Figure 1). Second-order perturba-
tion theory provides eq 2 for the stabilization energy upon

AE — CrostCroat + CrontCroa)”” |
Enos = Enoa

(CrLustCruat *+ CrLyssCrua)y* 2)
ELUs - ELUd

m-orbital interaction; where Chogd) is the coefficient of the
diene C-1 HO orbital, + is the resonance integral between
interacting orbitals, and Enos — Enod is the energy separa-
tion between interacting orbitals (Figure 1). The preferred
regioisomers will be determined by the magnitude of the
diene HO and LU coefficients. Results of CNDO/2 calcu-
lations are given in Table I for several dienes. The HO coef-
ficients for 1,3-pentadiene and 2-methyl-1,3-butadiene are
similar to those recently reported for INDO calculations.'”*
Consideration of either the HO or LU coefficients leads to
the prediction of preferred addition to the more substituted
double bond, in agreement with the experimental results.

There remains the intriguing problem of explaining the
preference for addition to the less substituted double bond
observed in most diene 1,2-cycloadditions.!-* Stepwise (rad-
ical or ionic) reactions can be rationalized on the basis of
formation of the more stable bifunctional intermediate.!
The transition states for 1,3-dipolar and ketene additions
are most likely asymmetric with substantial polar charac-
ter.!® Steric effects may also mitigate against addition to
the more substituted double bond. Ketene [,2, + 12.] cy-
cloaddition reactions are subject to severe steric demand.!?
The lower regioselectivity of singlet diphenylvinylene car-
bonate® vs. trans-stilbene could also be steric in origin.
Thus preferred cycloaddition to the more substituted diene
double bond may only be observed for concerted reactions
with minimal steric demand. Electrophilic singlet carbenes
or nitrenes may fulfill these requirements; however, the
available evidence is inconclusive.’~7
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Nuclear Magnetic Resonance of Photoexcited
Triplet States. I. The Measurement of the Rate of
Degenerate Singlet-Triplet Exchange for
Anthracene in Solution?

Sir:

The NMR spectroscopy of molecules undergoing rapid
exchange between diamagnetic and paramagnetic environ-
ments is well understood and is exemplified in studies of
fast electron transfer between an organic radical ion and its
diamagnetic precursor.? An entirely equivalent process can
be envisioned when molecules undergo photoexcitation, in-
tersystem cross to a triplet state, and decay to the ground
state. Indeed, in a little noticed paper, Cocivera reported
line broadening in the '"H NMR spectrum of pyrene when
the sample was irradiated with ultraviolet light.> On the
basis of limited experimental data he proposed what is prov-
en here to be an essentially correct mechanism for the line
broadening.

In the theory of spin exchange processes it is convenient
to distinguish between strong and weak pulse limits depend-
ing on the degree of dephasing the rf induced x-y nuclear
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