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ABSTRACT 3a,12a-Dihydroxy-5b-cholan-24-oic acid (deoxycholic acid DCA) is able
to discriminate between the R- and S-enantiomers of camphorquinone and endo-(1)-3-
bromocamphor and select only the S-enantiomers from a racemic mixture. DCA forms
novel well ordered 1:1 adducts with (1S)-(1)-camphorquinone and (1S)-endo-(-)-3-bromo-
camphor, both of which have been characterized by single crystal X-ray diffraction
(SXRD). When DCA is cocrystallized with (RS)-camphorquinone and (RS)-endo-3-bromo-
camphor, 1:1 adducts of the S-enantiomers are produced together with crystals of the
free racemic guest. In contrast, in the absence of (1S)-(1)-camphorquinone, DCA forms
a 2:1 adduct with (1R)-(2)-camphorquinone. In this 2:1 adduct the guest is disordered
at ambient temperature and undergoes a phase change in the region 160–130 K similar
to that observed for the ferrocene adduct, but with only partial ordering of the guest.
The SXRD structure of the low temperature form and the variable temperature 13C CP/
MAS NMR are reported. Cocrystallizing DCA with (1R)-endo-(1)-3-bromocamphor gives
the free guest and a glassy solid. Chirality 20:863–870, 2008. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

For chiral molecules, about 10% of racemic mixtures
crystallize as conglomerates1 analogous to Pasteur’s so-
dium ammonium tartrate in which the crystal class
requires that individual crystals contain a single enan-
tiomer. This gives spontaneous chiral discrimination and
(occasionally) enables enantiomeric separation by hand
picking. However, the vast majority of crystals grown from
solutions of RS-mixtures lead to the formation of struc-
tures with pairs of enantiomers related by improper sym-
metry operators (e.g., centers of symmetry, mirror planes,
glide planes etc). Very rarely, randomized solid solutions
of one enantiomer in the other are formed. In neither case
is there any chiral discrimination.

Diastereomers (obtained when an enantiomerically pure
reagent combines with a racemic mixture to form two iso-
mers unrelated by mirror symmetry), are used to discrimi-
nate between enantiomers and to effect chiral resolution.
According to Craig2 ‘‘chiral discrimination’’ occurs, where
the pair-interaction energy of two molecules or ions is dif-
ferent for the two enantiomers of the one, acting on the
same enantiomer of the other. Thus, diastereomers are
usually immiscible in the solid state and form two distinct
solids separable by fractional crystallization, to effect chiral
resolution. Rarely, a 50–50 mixture of two diastereomers
will form a distinct compound as observed in the l-men-
thyl-dl-mandelate3 system and various organometallic com-
pounds or a solid solution.4 In these cases chiral resolu-
tion cannot be achieved.

Just as diastereomers may be used to discriminate
between enantiomers, so chiral hydrogen-bonding envi-
ronments and chiral crystal cavities may lead to the forma-
tion of inclusion compounds that discriminate between chi-
ral guests. These inclusion compounds are ideal candi-
dates for the investigation of the structure and dynamics
of intermolecular interactions in chiral environments. In
1952, Powell proposed that if a host substance (tri-o-thymo-
tide, TOT) with chiral cavities is crystallized from a solvent
which itself is a dl-mixture and forms a molecular com-
pound with the solvent, then the cavities of any one crystal
will enclose preferentially the d0- or l0- forms of the solvent.
Using this method he then partially resolved 2-bromobu-
tane.5 Subsequently, from SXRD and polarimetry it was
shown that TOT forms two different classes of complex.
These are channel-type complexes, which give a low
degree of chiral separation, and cage-like complexes
which give a much higher degree of discrimination and a
variable but potentially large excess of the preferred enan-
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tiomer (up to 80%).6 Fortuitously, Powell’s 2-bromobutane
complex is of the latter type. Using solid-state 2H and 13C
NMR, Ripmeester demonstrated that the conversion of cis-
2,3-epoxybutane to but-3-en-2-ol in the TOT:cis-2,3-epoxy-
butane complex takes place within the chiral cavities of
the adduct and is stereoselective. Thus, the chirality of a
cavity can dictate the preferred stereochemical pathway.7

Further, he found two optically-distinct diastereomorphs
for TOT:2-bromobutane.8 These diastereomorphs were
also characterized by their distinct dynamic behavior. We
regard the level of discrimination shown by Ripmeester’s
diastereomorphs8 as ‘‘chemical discrimination’’ and is anal-
ogous to diastereomers A and B being immiscible.

Enantioselective enclathration in bile acid complexes
where there is host-guest or guest-guest hydrogen bond-
ing, has been extensively reviewed recently.9–12 Like TOT,
the bile acids form clathrate complexes with a wide range
of organic and organometallic compounds without host-
guest hydrogen bonding. However, in contrast to TOT
(which is a racemate and is only resolved on crystalliza-
tion) the bile acids are themselves optically pure. There-
fore, in the crystals, there are only two host-guest combi-
nations for a racemic guest. This is in contrast to the four
possible host-guest combinations for TOT complexes, thus
eliminating one degree of complexity from the system.

Previously, it has been shown that the DCA (3a,12a-
dihydroxy-5b-cholan-24-oic acid [deoxycholic acid]) (Fig.
1a) complexes of 1(1R)camphor13 and 2(1S)camphor14 at
ambient temperature have a 2:1 stoichiometry and are iso-
morphous with each other and with the high temperature
form of DCA2:ferrocene.

15 There is the implication that
the DCA does not discriminate between the camphor
enantiomers. In this work we present the DCA complexes
of R- and S-camphorquinone, (R-1, S-1, 1,7,7-trimethylbicy-
clo[2.2.1]heptan-2,3-dione) (Fig. 1b), and R- and S-endo-3-
bromocamphor (R-2, S-2) (3-bromo-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one) (Fig. 1c). These provide an opportu-
nity to investigate the effects of increased polarity and
size, and changes in pseudo-symmetry, on the chiral selec-
tivity and solid state properties in this series of complexes.
Camphorquinone is a conformationally-rigid, fused ring,
chiral, cisoid, a-diketone, which is similar to camphor, but
differs from camphor by the presence of an additional car-
bonyl (which replaces a methylene group at C2). Although
this substitution has little effect on the molecular volume,
it greatly increases the polarity of the molecule and
changes the pseudo-symmetry so that there is a pseudo-
mirror plane in both the shape and electrostatic potential
surface, which is at right angles to that in camphor. In
endo-3-bromocamphor, one of the hydrogen atoms of the
methylene C2 group is replaced with bromine. This
increases the molecular volume of the guest, while main-
taining the increase in polarity and ensures that neither
the shape nor the electrostatic surface potential have any
pseudosymmetry. Enantiomerically pure endo-3-bromo-
camphor16 also has a well-ordered crystal structure at am-
bient temperature. In the Cambridge Crystallographic
Database17 there are no examples of camphorquinone or
endo-3-bromocamphor as a guest in DCA or any other host
systems.

MATERIALS AND METHODS
Preparation and Characterization

R-, S- and RS-camphorquinone and R- and S-endo-3-bro-
mocamphor were purchased from Sigma-Aldrich and were
used without further purification. DCA free from any
included guest was made using the method previously
described.15 The inclusion compounds were formed by
recrystallisation of the purified DCA with the specific
enantiomeric guest molecule from a solution containing
methanol and ethanol 3:1 (v/v).

For DCA with (1R)-(2)-camphorquinone (R-camphor-
quinone), various different ratios of the host and guest
were tried in the crystallization procedure, but always
resulted in the same product. Elemental analysis after
recrystallization: Found C 72.53, H 9.67; the 2:1 complex,
C48H80O8.2C10H14O2, requires C 73.08, H 9.74, O 17.18.
Determination of the unit cell parameters and space group
by SXRD showed this was the 2:1 inclusion compound of
DCA2:R-camphorquinone. When DCA and (1S)-(1)-cam-
phorquinone (S-camphorquinone) were recrystallized
from an alcoholic solution, different ratios of the host and
guest gave a crystalline product. From SXRD the crystals
were monoclinic with unit cell parameters, a 5 7.2234(4),
b 5 13.6511(9), c 5 16.5199(7) Å, b 5 99.556(4)8 and
space group P21. Subsequently, a full structure analysis
showed the compound to be the 1:1 complex of DCA:S-
camphorquinone. Elemental analysis after recrystallization
did not distinguish the 1:1 and 2:1 products: Found C
72.63, H 9.73; for a 1:1 complex, C24H40O4.C10H14O2,
requires C 73.22, H 9.96, O 16.82. Crystallization of DCA
with RS-camphorquinone produced crystals of two differ-
ent morphologies: intense yellow plates and yellow nee-

Fig. 1. Structures of (a) deoxycholic acid, (b) S-Camphorquinone and
(c) S-endo-3-bromocamphor.
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dles. The needle crystals had the same unit cell parame-
ters as DCA:S-camphorquinone whereas those of the
plate-like crystals resembled neither DCA2:R-camphorqui-
none nor DCA:S-camphorquinone. The plate-like crystals
were shown to be RS-camphorquinone by SXRD at 100 K
(a 5 6.13(1) Å, b 5 11.503(1) Å, c 5 11.995(3) Å and b 5
91.450(18)8 space group P21/n, cf. Bright et al.

18).
Attempts to prepare R- and S-endo-3-bromocamphor

DCA complexes followed the procedures described ear-
lier. Large crystals were obtained when DCA and S-endo-3-
bromocamphor were present in the molecular ratio 2:1
and were shown by SXRD to be the 1:1 inclusion com-
pound. However, no inclusion compounds of DCA with R-
endo-3-bromocamphor were formed; the products of the
crystallisation were the free guest and a glassy solid.

Single crystal X-ray Diffraction

CCDC holds the crystallographic data for this article;
649762, DCA2:R-camphorquinone at 100 K; 649764,

DCA:S-camphorquinone at 295 K; 649765, RS-camphorqui-
none at 100 K; 649763, DCA:S-endo-3-bromocamphor at
295 K. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Solid State 13C CP/MAS NMR

The variable temperature 13C CP/MAS NMR spectra
were obtained on a Varian/Chemagnetics Infinity spec-
trometer at 50.32 MHz using 7.5 mm O.D. rotors contain-
ing 300 mg of sample and a MAS rate of 4 kHz, utilizing
dry nitrogen for all gas requirements. For variable temper-
ature measurements, the heater gas was passed through a
heat exchanger immersed in liquid nitrogen prior to pass-
ing over a heater element and finally the sample rotor.
The sample was allowed to equilibrate for 20 min once the
required temperature had been reached. The actual sam-
ple temperature was calculated from the indicated temper-
ature by observing certain distinct phase changes in

Fig. 2. The variation with temperature of (a) the a-sub-lattice unit cell dimension for DCA2:R-camphorquinone and (b) the dimensions and volume of
the sub-lattice unit cell referred to unity values at 300 K DCA2:ferrocene (c) the mean values of I/s(I) for the sub-lattice and super-lattice reflections
DCA2:R-camphorquinone (d) the mean values of I/r(I) for the sub-lattice and super-lattice reflections DCA2:ferrocene.
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known compounds (camphor, DABCO)19 and using a
chemical shift thermometer (PbNO3)

20 to interpolate
between these temperatures. A cross-polarization se-
quence with a variable X-amplitude spin-lock pulse21 and
phase modulated proton decoupling was used. Typically
800 transients were acquired using a contact time of 2.5
ms, an acquisition time of 125 ms (2500 data points zero
filled to 16 K) and a recycle delay of 5 s. All 13C spectra
were referenced to adamantane (the up field methine reso-
nance was taken to be at d 5 29.5 ppm22 on a scale where
d(TMS) 5 0) as a secondary reference. 13C dipolar
dephasing spectra23 were run using a sequence similar to
that for CP/MAS with the addition of a delay (set to 40 ls)
between the end of the spin-lock pulse and the start of the
13C acquisition/proton decoupling.

RESULTS

At ambient temperature the crystals of the DCA2:R-cam-
phorquinone inclusion compound were orthorhombic,
space group P22121 with a 5 7.234(1), b 5 13.894(1), c 5
27.319(1) Å. At 100 K super-lattice reflections correspond-
ing to a doubling of the a-axis appear and the space group
changes to P212121. This phase change is very similar to
that observed for DCA2:ferrocene

15 at 325 K. By analogy
with a similar plot for DCA2:ferrocene (Fig. 2b), a plot of
the a-sub-cell axis against temperature (Fig. 2a), suggests
that the phase change takes place between 160 and 130 K.
This corresponds to the onset and development of the
super-lattice reflections (Fig. 2c). However, below 130 K
(after the phase change may be complete) the unit cell pa-
rameters still fluctuate and, most probably, have not
reached a stable value at 100 K (the low temperature limit
of our Cryostream). At 100 K the reflections are less sharp
than at ambient temperature and have unsymmetrical
peak profiles. In contrast to DCA2:ferrocene (Fig. 2d), the
intensities of the super-lattice reflections decrease with
temperature as the intensities of the sub-lattice increase.
On warming, the change in cell parameters was reversed
through the phase change with no significant hysteresis.
However, the profile of many peaks remained irregular
and examination of the crystal showed it to be slightly
cracked and the sub-and super-lattice intensities did not
fully recover. Repetition of the experiment with other crys-
tals led to similar crystal damage.

The best model for the structure of DCA2:R-camphorqui-
none at 100 K had the R-camphorquinone molecule disor-
dered over two locations related by the pseudo-symmetry
operator x, 0.5 2 y, 2z, with site occupancies 0.681(5) and
0.319(5). This residual disorder together with the apparent
instability of the unit cell parameters below 130 K, may
indicate that the phase change was not complete at 100 K.
The packing diagrams of the DCA2:R-camphorquinone
modeled with two guests are shown in Figure 3. Attempts
to obtain a full solution of the DCA2:R-camphorquinone
structure at 295 K were unsuccessful, but indicated that
the structure was very similar to those of the high temper-
ature forms of DCA2:ferrocene

15 and DCA2:camphor.13,14

For DCA:S-camphorquinone and DCA:S-endo-3-bromo-
camphor complexes (Figs. 3 and 4), the DCA bilayers are

still present as in the 2:1 complexes, and are virtually
indistinguishable from those found in the high tempera-
ture forms of the ferrocene,15 and camphor13,14 complexes.
Of those DCA inclusion compounds that have been
reported in the Cambridge structural database,17 only
DCA:salicyclic acid24 (a hydrogen bonded adduct that
does not have the bilayer structure), and DCA:acetic
acid25 have a 1:1 stoichiometry. In DCA:acetic acid the
neighboring bilayers slide a/2 with respect to each other
to create two smaller cavities to every two DCA molecules
rather than one larger one.25 The two small acetic acid

Fig. 3. Crystal packing at 100 K for DCA2:R-camphorquinone projected
along the a-axis (top) and b-axis (bottom). Channels on the right and left
are represented with only one of the two guest molecule orientations.
Hydrogens bonds are represented by dotted lines. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]
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molecules then fit into these cavities. In contrast, DCA:S-
camphorquinone has a unit cell which is very different
from either of these two and appears to be a new type of
packing arrangement, while retaining the bilayer motif. In
the group of complexes typified by DCA2:R-ferrocene, ad-
jacent layers are related by a twofold axis along a and are
anti-parallel, whereas in the DCA:S-camphorquinone the
layers are related by a simple translation along c and are
parallel (see Fig. 4). The 16.5 Å separation between the
bilayers in this complex (i.e., the c-axis dimension), is sub-
stantially greater than the range of values, found in the
DCA2:R-ferrocene and other 2:1 complexes (typically 12.5–
13.5 Å). This greater separation allows the accommodation
of twice the number of guest molecules between the
layers. The relative positions of the bilayers along the a-
axis is intermediate between that found for 2:1 complexes
with a 7 Å a-axis and space group P22121, and those with a
similar a-axis dimension and space group P212121.

The separation between the bilayers is increased to
accommodate the extra guest molecules present. The
guest molecules are well ordered and there is no evidence
for any order/disorder phase change. The DCA:S-endo-3-
bromocamphor complex (see Fig. 5) adopts a similar pack-
ing arrangement to DCA:S-camphorquinone. However the
orientations of the S-endo-3-bromocamphor and S-camphor-
quinone molecules in the channels of their respective com-
plexes are different. The S-camphorquinone molecules
have the methyl groups (C80 and C90) pointing away from
the groove created by the formation of the bilayers,
whereas those of the S-endo-3-bromocamphor point
towards it. When the two structures are superimposed on
each other the two chiral molecules are related by a rota-
tion of �1808 around an axis parallel to the c-axis.

The ambient temperature 13C CP/MAS NMR spectra of
crystalline DCA2:R-camphorquinone and DCA:S-camphor-
quinone inclusion compounds are shown in Figures 6a
and 6b. Assignments of the DCA carbon peaks were made

Fig. 5. Crystal packing at 295 K in the DCA:S-3-bromocamphor pro-
jected along the a-axis (top) and b-axis (bottom) with hydrogen bonds rep-
resented as dotted lines. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Fig. 4. Crystal packing at 295 K in the DCA:S-camphorquinone inclu-
sion compound projected along the a-axis (top) and b-axis (bottom) with
hydrogen bonds represented as dotted lines. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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by comparison with the DCA2:ferrocene complex15 and
those of the camphorquinone molecules were assigned by
comparison with the solution 13C NMR spectra previously
reported.26,27 The assignment is consistent with the ambi-
ent temperature SXRD studies.

For the DCA2:R-camphorquinone the peaks due to all
the carbon nuclei of the camphorquinone survive in the
dipolar dephased spectrum (NQS) and were assigned as
in Figure 7. This implies that the whole camphorquinone
molecule is undergoing relatively rapid (k > 106 s21) reor-
ientation, in addition to any independent methyl group dy-
namics.23 As the chemical shifts of the resonances C40,
C19, C80, and C21, C90 are very close, there is some ambi-
guity over the assignments for these peaks. However, the
line-widths of the peaks show that three of the dipolar
dephased peaks (in the region 8–24ppm), have signifi-
cantly greater line-widths (Dt1/2 � 12 Hz) than the other

four (Dt1/2 � 7 Hz) suggesting that the narrower peaks23

are those of the camphorquinone molecule (i.e., in the fast
motional regime), whereas the broader peaks are those of
the DCA methyl carbons. Assignment of the peaks at 13.8
ppm (C18), 18.8 ppm (C21) and 22.8 ppm (C19) to the
DCA methyl carbons is therefore reasonably secure.

A variable temperature 13C CP/MAS NMR experiment
was performed only on DCA2:R-camphorquinone. The
methyl regions of a selection of 13C CP/MAS NMR spec-
tra of DCA2:R-camphorquinone acquired between 293 and
133 K are shown in Figure 8. In the temperature range
studied, the DCA (and camphorquinone) peaks are
observed to broaden very slowly as the temperature was
decreased, but they do not split.

CONCLUSIONS
Chiral Selection and Discrimination

On recrystallization of DCA with racemic camphorqui-
none, the S-camphorquinone molecules are selected from
the mixture to form the 1:1 DCA:S-camphorquinone com-
plex. SXRD studies show that RS-camphorquinone also
crystallizes from the same solution. In the experiments
performed there was no evidence to suggest that either
the DCA2:RS-camphorquinone or the DCA:RS-camphor-
quinone adducts could be obtained for any guest enantio-
meric composition. Attempts to obtain an RS adduct
always produced crystals of DCA:S-camphorquinone. This
also suggests that the DCA:S-camphorquinone complex is
much more stable (much less soluble) at ambient temper-
ature than DCA2:R-camphorquinone. This is an example of
what we define as ‘‘chemical discrimination,’’ where sepa-
ration of the enantiomers is readily achieved. However it
appears that such complete enantiomeric selection by
inclusion in bile acid clathrates is exceedingly rare.28,29

DCA:S-endo-3-bromocamphor is a similar case, except that
so far it has not been possible to isolate any R-endo-3-bro-
mocamphor complex. These examples contrast with DCA
inclusion compounds of camphor that form complexes of

Fig. 7. Dipolar dephased NMR (dephasing period of 60 ls) spectrum
of DCA2:R-camphorquinone at 295 K showing assignments of all the reso-
nances of the R-camphorquinone molecule.

Fig. 6. RT 13C CP/MAS NMR spectra of (a) DCA2:R-camphorquinone
and (b) DCA:S-camphorquinone inclusion compounds showing partial
assignments of the resonances. Asterisks denote spinning sidebands.
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the same stoichiometry independent of the enantiomeric
guest composition.13,14

Motion and Order/Disorder Phase Changes

For the ferrocene complex, the 13C CP/MAS NMR spec-
tra show clear ‘‘splitting’’ of the DCA methyl carbon reso-
nances C18, C19, and C21 on cooling through the phase
change from the high to the low temperature form. For
DCA2:R-camphorquinone, the variable temperature 13C
CP/MAS NMR does not show this splitting. The presence
in the ambient temperature 13C dipolar dephased spectra
of all the carbon resonances of R-camphorquinone and
their intensities relative to those of the host, show qualita-
tively that the guest molecules in DCA2:R-camphorqui-
none are highly mobile compared with the ferrocene guest
in DCA2:ferrocene. However, the onset temperature, at
which the transition occurs, is lower in the DCA2:R-cam-
phorquinone complex than in the isomorphous high tem-
perature phase of DCA2:R-ferrocene. This also suggests
that the R-camphorquinone molecules have enhanced
dynamic behavior at any given temperature. The broaden-
ing of the 13C CP/MAS NMR resonances on cooling with-
out the splitting of the C18 C19 and C21 resonances of the
DCA, may reflect a slowing down of the camphorquinone

molecular re-orientational motion to a rate comparable
with the decoupling frequency. This is consistent with the
proposal that cooling through the region of the SXRD
observed phase transition represents a repositioning of the
DCA molecules. If this repositioning were to take place
without an ordering of the guest molecules, it would
explain the failure to find an ordered guest structure by
SXRD. This is further supported by the failure to model
the ambient temperature guest structure as a twofold dis-
order. The electron density where the guest should reside
in DCA2:R-camphorquinone complex was too diffuse to fit
a simple twofold disorder and strongly suggestive of more
extensive dynamic disorder which NMR supports.
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