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In the course of investigating asymmetric induction via
photochemical reactions in the crystalline state, we have had
occasion to synthesize and obtain crystal structures of numerous
organic salts.1 For the most part, these consist of an optically
pure ammonium ion and a photoreactive, prochiral carboxylate
anion. This approach to asymmetric synthesis employs ionic chiral
auxiliaries, and exploits the fact that, owing to the presence of
an optically pure ion, the resulting salt is required to crystallize
in a chiral space group. Consequently, the ion that was achiral in
solution adopts a chiral conformation in the solid state. It is the
combination of this conformational chirality, coupled with the
anisotropy of the crystal lattice, that gives rise to the asymmetric
induction observed upon photolysis in the solid state.

We have frequently been able to obtain crystal structures of
salts that afford high photoproduct enantiomeric excesses, and
to correlate this structural data with the substrate’s observed
reactivity.1 Crystals suitable for X-ray analysis have been difficult
to obtain for salts that give rise to low ee’s. Nevertheless, we
have been able to acquire enough data to identify two structural
motifs operating in these instances. The first mechanism arises
from disorder in the crystals in which two or more conformations
of the reactive ion are distributed randomly throughout the crystal
(static disorder)2 or are thermally interconverting (dynamic
disorder).3,4 The second motif, which is the subject of this work,
involves the presence of equal amounts of two crystallographically
independent ion pairs in the asymmetric unit. Remarkably, the
two independent photolabile carboxylate anions are found to exist
as near-perfect conformational enantiomers, reaction of which
gives rise to opposite product enantiomers, thus accounting for
the low ee’s observed.5

One of the most striking examples of this phenomenon involves
salt 1, which can exist as two crystal modifications, needles or
plates.6 The needle dimorph contains one independent ion pair
and yields cyclobutanol photoproduct2 in 97% optical purity after
photolysis to low conversion and diazomethane workup (Scheme
1). In this Yang photocyclization reaction,7 the carbonyl moiety
is conformationally poised to react with only one of two

enantiotopicγ-hydrogen atoms, thus leading to the high observed
stereoselectivity. In the plate dimorph, two independent am-
monium-carboxylate ion pairs are present in the asymmetric unit.
Figure 1a represents the superposition of the two conformational
enantiomers of the reactive anion, one as found in the crystal,
and the other as its mirror-image, in order that their relative
geometries may be compared. The figure clearly shows the anions
to be near-perfect enantiomers. This fact is reflected in a root-
mean-square error (RMSE) of 0.12 Å calculated8 for the overlap
of the two species, and is manifested on photolysis, where an ee
of 12% is observed at low conversion. A comparison of the
reactive conformations in the needle and plate dimorphs reveals
their conformational similarity (RMSE) 0.32 Å, Figure 1b), the
most noticeable deviation occurring in the carboxyl substituent,
which is distant from the site of reactivity. To put these numbers
in perspective, the RMSE for the overlap of the anion’s two
independent conformations in the plate dimorph is 1.60 Å.

In the above example, the presence of a single conformational
enantiomer (needles) leads to high ee, and when this conformer
and its enantiomer are present in equal proportions (plates), low
ee’s are observed. All other factors being equal, irradiation of
crystals containing equal amounts of two conformational enan-
tiomers would be expected to lead to racemic photoproducts, and
the question thus arises as to the source of the 12% ee observed
at low conversions in the case of the plate dimorph of salt1. We
suggest that this stems from a difference in the relative rates of
closure of the enantiomeric 1,4-hydroxybiradical intermediates
in the chiral crystalline environment. Each of the two conforma-
tional enantiomers resides in its own unique crystal lattice reaction
cavity that governs its rate of closure relative to reverse hydrogen
transfer.9 To use a lock and key analogy, the crystal contains two
lock/key (cavity/conformer) sets, one of which functions more
smoothly (i.e., forms cyclobutanol more efficiently) than the other.
Thus, ee observed in the reaction of crystals composed of
conformational enantiomers is a direct measure of the environ-
mental influence of the chiral crystalline environment and is
independent of the reactant’s own conformational asymmetry.10

A more dramatic illustration of this lattice control is observed
with the benzocyclohexadienone salt3,11 which, on irradiation,
undergoes a formal oxadi-π-methane rearrangement to furnish
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Scheme 1.Photochemistry of the Crystalline Salts
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ketoester4 (Scheme 1).12 The photolabile anions are rigid; hence,
conformationally induced stereocontrol was expected to be limited
in salts containing this moiety. Indeed, overlap of the two
independent anions (Figure 1c, RMSE) 0.47 Å) reveals that
the ring systems are nearly coplanar. The pendant carboxyl groups,
however, are related to the ring system with torsional angles of
opposite sign (36.0° and -36.9°). Stereochemical inversion of
one anion with subsequent superposition onto the other results
in a striking picture (Figure 1d). With the near perfect overlap
reflected in the negligible RMSE of 0.03 Å, one would expect,
as in the case of the needle dimorph of1, that the existence of
enantiomeric anions in equal proportion should result in racemic
4. The observed ee at 7% conversion is an astonishing 55%, which
underlines the dramatic influence that the reaction cavity can have
on the selectivity of reactions carried out in organized media,
independent of reactant geometry.

In a third example, an intermediate enantiomeric excess of 30%
is observed in the solid-state Yang photocyclization of salt513 to
cyclobutanol6.14 Here again, the RSME in the overlap of the
carboxylate anions drops from 1.39 Å in the native state, to 0.08
Å once the chirality of the anions is matched (Figure 1e). In total,
we have encountered seven salts15 that crystallize in this fashion,
providing enantiomeric excesses from 0 to 55%. In each case

the two conformers of the prochiral ions exist as near perfect
conformational enantiomers.16,17

Crystallographically, a pseudo-inversion center relating the two
conformers has been identified in each case except one. This motif
is reminiscent of the majority of racemate crystals, in which pairs
of enantiomers that are related by a center of inversion form a
repeating unit.18 Packing of this type tends to reduce the amount
of void space in the crystal and may allow the counterions to
approach each other more closely, thereby reducing electrostatic
potential and facilitating the formation of more elaborate hydrogen-
bonding networks.

In summary, we have identified a recurring and previously
undocumented mode of crystal organization. Not only does this
unique packing arrangement provide further depth to our studies
of asymmetric induction in the solid state, but it also allows the
influence of crystal packing on chemical behavior to be measured
directly in the absence of conformational bias.
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Figure 1. RMS overlays of anions. (a) Plate dimorph of1 (chirality-matched). (b) Plate (red atoms) and needle (blue atoms) dimorphs of1. (c) Native
conformations in3. (d) Chirality-matched conformations in3. (e) Chirality-matched conformations in5.
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