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Crystal lattice photochemistry quite often leads to photoprod-
ucts which differ from those obtained in solution and thus adds
another dimension to organic photochemistry. In our past research
we have developed quantitative methods for predicting and
understanding the reaction course of a molecule entrapped in a
crystal lattice.3,4 These calculations have consisted of the
following steps: (a) computationally building a “minicrystal
lattice” consisting of about 20-25 molecules and just enough to
have the central molecule surrounded on all sides; (b) then
extracting that central molecule which is defined as the one
reacting and replacing it with alternative reaction intermediates
leading to alternative photoproducts, these intermediates being
generated by quantum or molecular mechanics; and (c) then
evaluating the energies of these alternative reacting species by
molecular mechanics and the van der Waals overlap with the
neighboring lattice. Both methods have been in rather good
agreement with experiment. However, the weakness of such
computations is the neglect of delocalization and electronic effects
of the imbedded reacting species. Due to the size of even the
minicrystal lattices, quantum mechanical optimization of a reacting
species within a lattice has been impractical.

We have now devised an approach permitting ab initio com-
putations on a molecule reacting in the minicrystal lattice. Our
programming determines which atoms in the surrounding lattice
are within a given critical distance of atoms in the reacting species
and then computationally annihilates all of those lattice atoms
beyond the selected distance. This stratagem, however, leaves
valences “dangling” from these nearest atoms due to the severed
bonds. Thus, we next replace these nearest atoms by heliums
which simulate the nearest atoms that are mainly hydrogens and
also which require minimal computation time. With a van der
Waals radius of 1.24 Å, He provides a good approximation for
hydrogen at 1.06 Å.5 Geometry optimization of the reacting guest
is carried out keeping the helium shell fixed. We also have
developed the programming to replace any carbon, oxygen, and
nitrogen atoms with neons. Helium replacements are most simple,
but our programming permits replacement of atoms other than
hydrogens by neon as well as expansion of the shell to correct
for differences in van der Waals radii. However, no advantage

results from these embellishments. Finally, we provide a solution
to an intriguing enigma (vide infra).

In this paper, we report three examples of this method. We
have selected cases where the crystal lattice photochemistry differs
dramatically from that in solution. The first reaction studied is
the “type B bicyclic rearrangement”6,7 of 6,6-diphenylbicyclo-
[3.1.0]hexen-2-one (1a, R ) H) which, on photolysis, is known6,7

to afford zwitterion2So. This intermediate leads onward to two
phenolic photoproducts with 2,3-diphenylphenol (3) and 3,4-
diphenylphenol (4) (Scheme 1). In the crystal the isomers are
formed in equal quantity while in solution that 2,3-phenol3 is
predominant.

The enigma of whether it is the endo or the exo phenyl group
which migrates subsequently in the zwitterion (i.e.,2So) to
carbon-2 and carbon-4 has not been satisfactorily answered
although with ap-cyano or ap-bromo substituent on one phenyl
group, the endo aryl group has been shown to migrate selectively.3a

While in principle, this question for reactant1 could be answered
by isotopic labeling, we have addressed the problem more simply
computationally using the helium shell approach. Thus each of
four zwitterionic species was evaluated imbedded in the crystal
lattice. Scheme 1 shows the alternatives. One notes that
zwitterion2So has a plane of symmetry, and one’s first inclination
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Table 1. Ab Initio Energies before and after Geometry
Optimizationa,b

before optimization with geometry optimization

a A 3-21G basis was employed. Energies in Hartrees (627.5 kcal/
mol per Hartree).b Note each intermediate has different close shell
atoms and thus the shells differ in energy.c Experimental ratio 60:40
2,3-phenol:3,4-phenol.d 3,4-phenol, sole product. *With C and O
replaced by neons.
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is to presume that the phenyl groups originally endo and exo have
equal probability of migration. This is correct for solution
photochemistry but not for crystal lattice photochemistry. In this
case, the cavity left by the reactant 6,6-diphenylbicyclo[3.1.0]-
hexene-2-one (1) is chiral and tends to be shaped in a way which
prejudices the stereochemical course of the reactant. The upper
and lower faces of the zwitterion2So are therefore non-equivalent.
However, which phenyl group will migrate is, a priori, difficult
to predict.8 One can anticipate that deformation of different parts
of the reacting molecule will affect delocalization and the
electronic energy to differing extents. Ab initio geometry
optimization takes this into account.

Four zwitterionic species are of interest, namely, 2,3-Endo, 3,4-
Endo, 2,3-Exo, and 3,4-Exo (see Scheme 1). Ab initio computa-
tions of each of these four species imbedded in their respective
helium shells show an interesting preference for the endo
phenonium zwitterions. Table 1 lists the ab initio energies that
were obtained.

The advantage of ab initio computations is the ability to
completely include electronic effects and to take into account the
excited state versus ground state nature of the intermediate
involved. For excited states in general (e.g., triplets), molecular
mechanics does not differentiate between these species and the
corresponding ground state despite the fact that excited-state
species often differ in geometry.

Similarly, computations were carried out on the substituted
bicyclic 1b (R ) Me) depicted in Scheme 1. Again, the ab initio
energies are given in Table 1 for the alternative reaction
intermediates and predict correctly.

Additionally, computations were carried out on the type B
enone rearrangement9 (Scheme 2). The ab initio energies are

included in Table 1. Here is seen that the “Trans-Exo” phenyl-
bridged intermediate is preferred in agreement with experiment
(i.e., sole product).

Inspection of the ab initio energies before and after geometry
optimization reveals a large relaxation energy. This clearly is
more than the intermediate species reorienting itself in the helium
shell. Rather, groups which have been aligned to minimize van
der Waals effects now conformationally twist in order to include
electronic delocalization.

Finally, it needs to be noted that in the study of crystal behavior
there has been emphasis on the role of stress10 of the crystal lattice
on an included molecule while our approach emphasizes alterna-
tive geometries which will fit into a rigid lattice. While both
factors are, no doubt, important, our view is that the very large
different shapes of competitive transition structures outweigh the
role of lattice resiliency.
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Scheme 1.The Type-B Rearrangement via2T and Singlet Zwitterion Intermediate2So Followed by Competitive Endo and Exo
Phenyl Migrations

Scheme 2.Preferred Stereochemical Path for the Crystal
Lattice Type B Enone Rearrangement of 5-Substituted
Cyclohexenones (R) Et)
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