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Some time ago Zimmerman and Epling reported that 
sensitized irradiation of the 5,5-diphenyl-1,3-cyclohexa- 
diene results in formations of the stereoisomeric truns- 
(A) and cis-5,6-diphenylbicyclo[3,l,0lhex-2-ene (B) and 
truns-4,5-diphenylcyclo[3,1,Olhex-2-ene (C) as shown in 
Scheme 1. This reaction is remarkably stereoselective, 
yielding the transd,8bicyclic (A) olefin in preference to 
the cis-5,6-bicyclic olefin (B) in the ratio of 91:9, with the 
truns-4,5-bicyclic olefin (C) as the minor product. One 
important feature of such a photorearrangement is that 
the triplet excited state (3n7c*) is exclusively responsible 
for the variety of previous mentioned photoproducts.l 
Thus, in the case of a triplet reaction, a spin inversion 
process is required for decay to either the ground singlet 
state reactants m products in a radiationless way. To 
our knowledge, there is no theoretical model or calcula- 
tion which has explained such a crucial photorearrange- 
ment. Therefore, in this note we report our investigation 
of the photochemical behavior of 5,5-diphenyl-l,3-cyclo- 
hexadiene and delineate the significant role played by 
spin-orbit (SO) coupling and symmetry in controlling the 
mode of phenyl migration as well as cyclocontraction. 

The theory can be traced back to previous papers by 
Lin, Salem, and Rowland as well as Epiotis and Shaik3 
and has been extensively applied in this work. The 
efficiency of spin inversion is proportional to the SO 
coupling matrix element (TI IfisolSo), and inversely pro- 
portional to the energy gap separating the singlet (SO) 
and triplet (TI) states.2 Moreover, efficient spin inversion 
can be enhanced by motions, Q k ,  which maximize the SO 
coupling matrix element and minimized the TI-SO 
separation" We then use group theory to search for 
potentially efficient spin inversion motions (Qk),3 thus 

r(Qd = r(Tlv) x r(k) x us,,) (k = x ,  y ,  2) (1) 
where r(Tly) and r(So) are the representations of the 
spatial part ( Y )  of TlY and SO, respectively, and the r(Rk) 
are the representations of the spin wave functions which 
transform as the rotation vectors Rk (k = x ,  y ,  z )  in the 
point group of the triplet complex.2 

Firstly, we will investigate the 1,2-phenyl migration 
mechanism producing trans- (A) and cisd,6-bicyclic olefin 
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(B), which is called case-(A) as given in Chart 1. In this 
case there is one molecular plane (xy)  which bisects the 
pn orbitals of these C-1-C-5 atoms of cyclohexadiene (the 
nodal plane). Hence, the orbital (spatial) part of the 3~Jlr 
state is symmetric (A') with respect to this molecular 
plane. Using eq 1, we thus obtain the symmetries of the 
Qk's in the C, group as follows, r(QJ = r(QJ = A x A 
x A = A  andr(Q,) = A  x A x A =A'. Hence, in order 
to maximize the x component of a two-center SO coupling 
interaction, a y, z perpendicular atomic orbital relation- 
ship is needed.2,4 Further, a motion which meets the 
above requirement is shown in Chart 2 which consists 
of a disrotation of the C-3, C-4 p n  orbitals as well as a 
disrotation of the C-4, C-5p orbitals, both rotations being 
based on the symmetry requirement and chemical intu- 
ition. Furthermore, the molecular orbitals (MOs) of the 
complex after rotation by a, ,8, y in the direction shown 
in Chart 2 can be expressed as  follow^,^ 
HOMO = abl2 - pZ2 - p3z cos y + p3y  sin y + 

p4z cos /3 + p4y sin /3) + b(p,, cos a - p5y sin a) (2) 

LUMO = b(plz + pzz - p32 cos y + p3y sin y - 
p42 cos /3 - p4y sin /3) + abs2 cos a - p5y sin a) (3) 

Similarly, we may also examine the case-(B), which can 
lead to the truns-4,5-bicyclic olefin (C) photoproduct. 
Since the model of case-(B) is quite similar to that of case- 
(A), the symmetry requirements for the latter also apply 
to the former. Thus, the MOs of the complex, after a 
rotation by p as well as disrotation by a and p in the 
direction shown in Chart 3, may be written as 
HOMO = a(p12 cos p - plx sin p - p Z Z  - p32 + 

p4z cos /3 + p4y sin /3) + b(p5z cos a - p5y sin a) (4) 

LTJMO = b(pl, cos p - p l x  sin p + p Z Z  - p3z - 
p42 cos /3 - pe sin 8) + absz cos a - p5y sin a) ( 5 )  

The relative SO coupling efficiency of the mechanisms 
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may be estimated by evaluating the MO angular mo- 
mentum ( 2 k )  matrix elements:3,6 

(&so)k = C ( H O M O ~ ~ ~ L U M 0 )  

where HOMO and LUMO are the highest occupied and 
lowest unoccupied delocalized MOs of the molecular 
~ y s t e m . ~  Substituting eqs 2-5 in eq 6, the x components 
of the SO coupling matrix elements for case-(A) and case- 
(B) are given by 

case-(B): (k,,), = - -ih2C[(a2 - b2)(V5 + 
4d5 

q5)sin a cos p + (a2 + b 2 ) ( c 5  + q5)sin(a + B> + 
2ab(V4 + q4)sin /3 cos p3 (8) 

For convenience, we use Vu and V" to describe a- and 
z-interactions, respectivelp-e That is, 

where m and n are atomic centers position. Additionally, 
Vu and V" behave similarly to the corresponding atomic 
overlap integral such that, in general, IV'I > V" > 0 and 

For case-(A) the third term in eq 7 is therefore additive 
and may reach an extreme when the following conditions 
apply: (i) a = p = 0", y = go", (ii) a = ,8 = y = 45", and 
(iii) j3 = y = 45", a = -45". For path i, where the olefinic 

v u  < 0.3d 

(4) This view is also applicable to the y component situation, but 
we will not discuss it here since the y component path is unable to 
lead to the experimentally-existing molecular conformations. 

( 5 )  Both HOMO and LUMO can be expressed as a function of the 
rotation and bending angles, see ref 3c-e. 

(6) For instance, consider a SO matrix element connecting a singlet 
state SO with a triplet state TI, where SO is derived from a configuration 
[ la2 and where TI is derived from a configuration [ lalbl. The brackets 
denote filled MOs and a and b are valence MOs. In this case, one can 
obtain (Sol&lT~) = N(@lhsolba) where hso is the one-electron SO 
operator and N is a constant. a and /3 stand for spin-up and spin-down, 
respectively. From this simple result, one can see that SO and TI 
configurations must differ in the occupancy number of not more than 
one molecular orbital. 

(7) 2; stands for the effective nuclear charge of nucleus N. The r a  
stands for the distance between electron i and nucleus N .  The 20)  and 
Hi) are the orbital and spin angular momentum operators for electron 
i ,  respectively. 

v 
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1 

1 

(cis; minor) 

moiety has a perpendicular conformation, the system 
thus inverts a spin and relaxes to a ground-state reac- 
tant. The 3-dimensional diagrams of the mechanisms 
during the phenyl migration from C-5 to C-4 for path ii 
and path iii, which may lead to a trans or a cis isomer, 
are shown in Scheme 2. For path ii, it can be seen that 
the trans-product is generated by disrotations of C-3 and 
C-4 as well as C-4 and (3-5, which in turn undergoes a 
disrotatory ring cleavage to a diradical complex contain- 
ing two a orbitals each on C-4 and C-5 center, simulta- 
neously followed by bond-recoupling as shown by the 
dotted lines in path ii, indicating the bonds which are to 
be formed. Alternatively, the cis-product would be ac- 
cessible by a conrotatory motion at C-4 and C-5 as well 
as a disrotatory motion at C-3 and C-4 in a concerted 
process, producing a cyclization of the three-membered 
ring by concomitant phenyl migration. It should be noted 
that the stereochemistry given in trans- and cis-products 
obviously involves use of both u and p lobes at C-5 and 
thus leads to inversion of configuration at (2-5. Therefore, 
the preference for path ii may derive from better initial 
overlaps between the u orbital lobes and the p lobes on 
interacting carbons and/or the requirement for less 
motion of the two a-p coupling orbitals on the path to 
the transition state leading to full bonding. 

Conversely, for case-(B), eq 8 reaches a maximum at 
a = p = 45", p = 0", when the 1,a-phenyl migration 
occurs. Then the system either returns to a ground-state 
reactant after a spin-inversion or forms a allyl-benzyl 
diradical intermediate and subsequently leads to a sin- 
glet product (C) via a ring closure.* This complex 
corresponding to the angular characteristics is illustrated 
in Scheme 3. Further, repeating the procedure for (&& 
and (&& for both case-(A) and case-(B) leads to much 
smaller SO coupling expressions. Accordingly, spin 
inversion will occur faster merely in x sublevel. 

Moreover, since the case-(A) mechanism competes with 
the case-(B) one, we may reexamine their SO coupling 
matrix expressions and show that 

(8) This common allylic diradical may then decay to those three 
observed products with different rates. Nevertheless, as discussed in 
this work, the path ii (trans-isomer) will occur preferentially than the 
case-(B) (allyl-benzyl diradical). 
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Symmetry, 2nd. ed.; Cambridge University Press: Cambridge, 1979; 
pp 242-265. (b) Gill, G. B.; Willis, M. R. Pericyclic Reactions; Chapman 
and Hall: London, 1974; pp 178-181. 
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path ii (a = /3 = y = 45"): 

path iii (/? = y = -a = 45"): 

case-(B) (a = /3 = 45", p = 0"): 

(a2 + b 2 X q 5  + + 1.41ab(lq4 + V4)l (11) 
It is apparent that I(eq 9)21 z I(eq 11)21 > [(eq 10)21 since 
2c4 > (q5 + > (q4 + lQ,3b Consequently, we 
conclude that the trans-5,6-bicyclrc olefin (A) is expected, 
in general, to be kinetically more favored than other 
competing 1,2 phenyl-migrated bicyclic olefins (B, C) as 
a result of the larger SO coupling expression as well as 
the better initial orbital overlaps (owing to the less 
geometric motion). This is exactly what is observed 
experimenta1ly.l 

Several intriguing points are noteworthy. Firstly, as 
seen in Scheme 2, the 1,a-migration of phenyl group is 
favorable because the migrating center can utilize both 
its sp2-a orbital as well as an orthogonal p-n orbital to 
obtain better overlaps with orbital lobes of C-4 and C-5 
which facilitate the transfer. Hence, in addition to 
aromatic groups (e.g., phenyl, naphthyl, etc.), the migra- 
tion nature and rationale behind it may be readily 
extended to any substituent which has an sp2-a orbital 
as well as an orthogonal p-n orbital. For example, the 
valence orbitals of vinyl and acyl groups play the same 
role and are topologically analogous to the phenyl sp2-o 
and p-n orbitals. It is therefore expected that the vinyl 
and acyl substituents at C-5 should easily migrate to the 
C-4 center and the trans-5,6-bicyclic olefin would be a 
predominant photoproduct. Secondly, this l,a-shift, by 
way of a six-electron three-center transition state, can 
also be viewed as an [,2 + ,2 + ,21 rea~t ion.~ Hence, it 
was suggested that an antra-supra-supra interaction is 
required for electronic stability, and geometry requires 
that the inversion occurs at the migrating group rather 
than at the migration terminus as shown in Scheme 4. 
This is, clearly, impossible for the migration of hydrogen 
as well as alkyl groups since either the poor orbital 
overlap or extreme crowding in the transition state make 
the shift exceedingly ~nl ike ly .~  Accordingly, it is pre- 
dicted that only aryl, vinyl, and acyl groups at C-5 are 
capable of undergoing the 1,2-migration rather than the 
proton as well as the alkyl groups.'O Thirdly, it has been 
proved that the 1,2-phenyl migration through the four- 

(10) Su, M.-D. Chem. Phys. Lett. 1995,237, 317-322. 

(trans) 

45'\ 

electron three-center transition state may show the 
following order of tendency to transfer: electron-with- 
drawing phenyl substituents > phenyl electron-releas- 
ingphenyl substituents, which is probably due to the more 
effective delocalization of extra electron densities.ll This 
prediction is based on the substrate, solvent system, and 
other reaction conditions being the same or nearly the 
same for the cases studied. Fourthly, considering the 
case where a sz b (and thus 2ab sz a2 + b2),3d which 
corresponds to the interacting MOs in eqs 2 and 3 and 
eqs 4 and 5 being electronically similar, one can see that 
only eq 9 still reaches the maximum. This implies that 
path ii  (i.e., the trans-5,6-bicyclic olefin (A)) is preferred 
in a nonpolar solvent. On the other hand, if the MOs 
become polarized with a > b, then (a2 + b2) becomes 
larger than 2ab. In the extreme case, the MO polariza- 
tion makes 2ab - 0 while (a2 + b2) approaches unity. 
Hence, the SO coupling expression in eqs 10 and 11 will 
lead to an extreme when a > b (but not a >> b).  It is 
therefore anticipated that the formation of cis-5,6-bicyclic 
olefin (B) and trans-4,5-bicyclic olefin (C) will take place 
preferentially in a polar (but not highly polar) solvent. 
Fifthly, it is well-known that introduction of the heavy 
atom increases the radiationless decay rate for the triplet 
statea2J2 In other words, the system, via the agency of 
the heavy atom, can provide the needed orthogonal 
atomic orbitals' interactions without any need of distor- 
tions. It is therefore predicted that the efficiencies of 
photorearrangements of the sensitized cyclohexadienes 
will reflect the same trend for heavy-atom substitution (for 
instance, H, Cl, Br, etc.). Unfortunately, there is insuf- 
ficient stereochemical data for 5,5-disubstituted-l,3- 
cyclohexadiene to prove or disprove our above predictions. 

In summary, this work represents an attempt to apply 
group theory to search for the motions which lead to spin 
inversion and then evaluate their relative efficiency using 
delocalized MOs as the semiquantitative tool. A mecha- 
nistic interpretation for such photorearrangements in 
terms of a concerted process via diradicals is satisfactorily 
reconciled with the stereochemical results13 and allows 
a number of predictions to be made. It is hoped that our 
study will simulate further research into the subject. 
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