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Effect of Organic Cosolvents on Enantio-Enrichments
via Cyclodextrin-Based Precipitations: An Examination
of Production Efficiency

EVE Y. ZHOU, GARY L. BERTRAND,
and DANIEL W. ARMSTRONG*
DEPARTMENT OF CHEMISTRY

UNIVERSITY OF MISSOURI-ROLLA

ROLLA, MISSOURI 65401

ABSTRACT

Crystallization or precipitation of cyclodextrins in the presence of racemates has
proven to be a useful method to enrich enantiomers. The technique is commonly
performed in neat aqueous solutions which limits its utility in resolving many
hydrophobic compounds with poor water solubility. In this work we demonstrate
that 1t is possible to enhance the enantiomeric enrichment of {=)-3-dimethyl-
aminopropiophenone using organic cosolvents via B-cyclodextrin precipitation.
In addition, an equation that allows the calculation of the production efficiency
of an enantiomeric enrichment is proposed and utilized. Water plus various organic
solvents, including methanol, ethanol, isopropanol, 1-propanol, zert-butanol, and
acetonitrile, are studied as cosolvents. Several factors are investigated in terms
of their effect on the enantiomeric enrichment including a) molar ratio of 8-cyclo-
dextrin to analyte, b) solubility of the analyte, ¢) solubility of B-cyclodextrin, d)
solution pH, and e) amount of analyte coprecipitated with B-cyclodextrin. The
production efficiency of enantioselective crystallization in cosolvents is evaluated.
The use of appropriate organic cosolvents appear to increase the usefulness of
cyclodextrin coprecipitations for the production of enantiomerically enriched com-
pounds.

INTRODUCTION

Although a large number of enantiomers can be resolved at the analyti-
cal level, preparative and process-scale chiral separations remain chal-
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lenging and often difficult. When a high-performance liquid chromatogra-
phy (HPLC) enantiomeric separation is scaled up from the analytical level,
it often suffers from drawbacks such as insufficient efficiency, tedious
operation, poor capacity, and high cost of chiral stationary phases. Inves-
tigation and development of new effective and efficient methods for large-
scale enantiomeric separations are of interest in many areas (1).

Cyclodextrins are naturally occurring optically active molecules. They
can interact with many racemic compounds when dissolved in aqueous
solution, thereby forming diastereomeric inclusion complexes of different
stabilities. Cyclodextrins and their derivatives have proven to be very
useful as chiral stationary phases for the separation of enantiomers by
HPLC (2-6), GC (6-16), and TLC (17, 19); or as chiral mobile phase
additives in HPLC (2, 6, 18), TLC (2, 6, 19-21), and CE (22-29). Cyclo-
dextrins also have been used to enrich enantiomers in conjunction with
other separation techniques including membrane methods (30), foam flota-
tion (31), solid-liquid phase adsorption (32), and crystallization (33, 34).
There are several advantages in using cyclodextrin-based crystallization
procedures to resolve bulk racemates over the more classical crystalliza-
tion approaches (33, 34). For example, cyclodextrins complex with neutral
as well as ionizable molecules. The classic method of making diastereo-
meric salts requires that the racemic molecule have an acid or base func-
tionality. Otherwise, derivatization is necessary. The use of cyclodextrin
as the chiral selector eliminates the need for derivatization or charged
functional groups. Naturally occurring alkaloids are commonly used as
chiral selectors in classic crystallization-based separation methods. These
and other resolving agents often are highly toxic. They also tend to have
strong absorbance in the UV spectral region and often fluoresce as well.
Cyclodextrins, on the other hand, are nontoxic, non-UV-absorbing, easily
recyclable, and biodegradable.

It is well known that B-cyclodextrin has low solubility (1.85 g/100 mL)
(35) in water at ambient temperatures. Various methods have been used
to increase the solubility, including the addition of urea (19-21, 35), metal
salts (36, 37), and small amounts of common organic solvents, such as
ethanol, isopropanol, acetonitrile, tetrahydrofuran, and dimethylsulfoxide
(35, 38, 39). Enantioselective crystallization with cyclodextrins is most
commonly carried out in neat aqueous solutions (33, 34). This limits its
usefulness in resolving a large number of hydrophobic compounds which
have poor solubility in aqueous solutions. Addition of organic solvents to
the aqueous medium is often essential for increasing the solubility of a
compound, but it is often considered as deleterious in precipitation or
crystallization-based enantioseparations due to the fact that organic sol-
vents can possibly alter or perturb the cyclodextrin inclusion complex-
ation process (6, 35). Solution studies have shown that the addition of
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miscible organic modifiers to water can affect a number of properties
associated with cyclodextrin inclusion complex formation (e.g., chro-
matographic selectivity and retention, fluorescence intensity, binding con-
stants, stoichiometry, etc.). For example, both the retention and selectiv-
ity in reversed-phase HPLC and TLC on bonded cyclodextrin stationary
phases are influenced by addition of methanol and acetonitrile as mobile
phase additives (2, 3, 18, 40). The selectivity in reversed-phase HPLC
with B-cyclodextrin as the chiral mobile phase additive is also affected
by organic modifier (38, 41). The fluorescence intensities of aqueous
cyclodextrin: guest complexes can be enhanced by introducing organic
cosolvents into the aqueous medium (42—45). In these cases, organic addi-
tives are thought to either modify the cyclodextrin cavity to give guests
““a tighter fit”’ [e.g., acting as a space regulator (43)] or participate in the
inclusion complex with the guest to form ternary complexes which are
more stable than the binary complexes (35). The binding constants of most
compounds to cyclodextrins, as well as their stoichiometry, can be altered
by cosolvents (46).

The structures of cyclodextrin inclusion complexes can differ signifi-
cantly in the crystalline state from the solution state. In solution, the
organic guest molecules reside largely in the cavity but are in dynamic
equilibrium with the bulk solution as well as with other cyclodextrin mole-
cules. In the crystalline state, the guest molecules can be accommodated
not only in the cyclodextrins’ cavity but also in the intermolecular cavities
formed by the crystal lattice or sandwiched between cyclodextrin mole-
cules (35). A number of diastereomeric crystallizations have been accom-
plished in neat aqueous solutions (33, 34). However, the effect of organic
cosolvents on enantiomeric enrichment via cyclodextrin precipitation has
not been examined to our knowledge.

The goal of this study is to develop a viable large-scale chiral separation
method for a hydrophobic compound, 3-dimethylaminopropiophenone (3-
DAP), which is the precursor of an analgesic drug Oxyphene (N-dimethyl-
2-methyl-3-hydroxyl-3,4-diphenylbutylamine). Another objective is to use
this hydrophobic racemate as a model compound to evaluate the various
effects of organic cosolvents on enantiomeric enrichment via crystalliza-
tion with B-cyclodextrin. Finally, equations describing the production effi-
ciency of the enriched product are proposed and evaluated.

EXPERIMENTAL

Materials

Both bulk B-cyclodextrin and the 25 cm (4.6 cm i.d.) B-cyclodextrin-
bonded phase column (Cyclobond I) were obtained from Advanced Sepa-
ration Technologies, Inc. (Whippany, New Jersey). All solvents were pur-
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chased from Fisher Scientific (Pittsburgh, Pennsylvania). (= )-3-Dimethyl-
aminopropiophenone was provided by Mallinckrodt Inc. (St. Louis,
Missouri). Disposable syringe filters (0.45 p) were purchased from Alltech
Associates, Inc. (Deerfield, Illinois).

Apparatus

A HPLC unit consisting of a Shimadzu model LLC-6A solvent delivery
module, a SPD-6A UV detector, and a CR2AX Chromatopac recorder
was used for all data analysis. The wavelength was set at 254 nm, and
the mobile phase flow rate was 1 mL/min. The mobile phase was 1%
triethylammonium acetate buffer (pH 4.1). Up to 20 pL of sample was
injected, and the HPLC column containing $-cyclodextrin stationary
phase was operated at ambient temperature,

Procedure

For all experiments, 113 mg B-cyclodextrin was placed in a vial contain-
ing 1 mL distilled water. This produces a heterogeneous solution at room
temperature. However the excess cyclodextrin will dissolve at elevated
temperature, producing a ~0.1 M solution. Sufficient racemic analyte,
(% )-3-dimethylaminopropiophenone, was weighed so that the desired
molar ratio of analyte to B-cyclodextrin was obtained. The vial was heated
on a hot plate until cyclodextrin was completely dissolved. The organic
cosolvent was added at this point when applicable. The vial was then
capped and allowed to cool to room temperature before being stored at
4°C for 15-30 hours. The mother liquid was withdrawn by a syringe and
filtered through a disposable syringe filter prior to examination for enantio-
meric purity.

The dissolution test of (#)-3-dimethylaminopropiophenone was done
by titration. The desired organic solvent was slowly added drop by drop
with continuous agitation till a clear solution was formed.

RESULTS AND DISCUSSION
Factors Affecting Enantio-Enrichments

Many parameters are known to affect enantioselective precipitations or
crystallizations with cyclodextrins in aqueous solution, including the size
of the cyclodextrin cavity, pH, the molar ratio of host to guest, etc. (33).
The optical enrichment of 3-dimethylaminopropiophenone was affected
by these experimental conditions in ways very similar to the previously
reported enrichments of dansyl amino acids (33). In particular, enrichment
can only be achieved in the presence of B-cyclodextrin. No enantioselec-
tivity was observed with either a- or y-cyclodextrin. The solution pH also
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affected enantioselectivity. A maximum enantiomeric enrichment was ob-
served at pH 8 as shown in Table 1. The fact that the enantioselectivity
for many ionizable racemates is pH dependent is not surprising and has
been documented previously (3, 4, 33). The free base, (*)-3-dimethyl-
aminopropiophenone, is hydrophobic and cannot be readily dissolved in
water. However, it becomes increasingly soluble with the addition of mis-
cible organic modifiers. As can be seen from Table 2, 0.3% (w/v) of added
analyte forms homogeneous hydro-organic solutions as long as least
20-30% (by volume) of a miscible organic modifier is present. As noted
in other investigations, the formation of a cyclodextrin:analyte complex
may be an important requirement in a crystallization-based separation
technique (6, 35). Complexation, however, does not necessary result in an
enantiomeric enrichment unless it also is enantioselective. Furthermore,
it might be possible that some stereospecific adsorption outside of the
cyclodextrin cavities or on the crystal surface contributes to an enantio-
meric enrichment. While it is clear that added organic solvents increase
the solubility of the analyte (thereby making it more available to the cyclo-
dextrin), they also compete with the analyte for the cyclodextrin cavity
(i.e., inclusion complex formation). Therefore it is not clear a priori
whether the presence of organic cosolvents will help or hurt an enantio-
selective precipitation process.

Figure 1(A) shows an optimum 42% enantiomeric excess for 3-DAP
(equivalent to a enantiomeric ratio of 71:29) in the mother liquid with a

TABLE 1
Effect of pH on Enantiomeric Excess®

pH % Enantiomeric excess”

12.2
15.6
34.4
24.4

6.4

[Nl

—

¢ A 2:1 molar ratio of B-CD:3-DAP
was used for all experiments. The pH
was adjusted using acetic acid or triethyl-
amine.

b Enantiomeric excess (Ee) is defined
as follows: Ee = [(C; — C)I(Cy + C2)]
x 100%, where C, is the enantiomer
present in higher concentration and C; is
the enantiomer present in lower concen-
tration.
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TABLE 2
Comparison Studies of Dissolution of 3-Dimethylaminopropiophenone (3-DAP)
in Cosolvents®

Cosolvent % (v/v) Methanol Ethanol 1-Propanol 2-Propanol -Butanol Acetonitrile

2.98 mg of 10 - - - - - Colloid
3-DAPin 20 + + + + - Colloid
1.0 mL =30 + + + + + +
H:0

2.98 mg of 10 - -~ - - - -
3-DAP in 20 - -~ - - - Colloid
1.0 mL 30 - - - Colloid - Colloid
H,O0 40 - - + + + +

50 Colloid Colloid + + + +
=60 + + + + + +

2 The (—) symbol refers to a mixture (heterogeneous solution) in which 3-DAP is not
dissolved. The (+) symbol means that there is a clear homogeneous solution (i.e., the 3-
DAP is completely dissolved). All experiments were performed at ambient temperatures.
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FIG. 1 HPLC chromatograms of 3-dimethylaminopropiophenone showing the enantio-
meric enrichment in the mother liquid after crystallization in (A) 0.1 M B-cyclodextrin neat
aqueous solution with a 2:1 molar ratio of cyclodextrin:analyte, 22 hours of crystallization
at 4°C; (B) 50% (v/v) isopropanol cosolvent, and the rest of the conditions are identical to
(A); (C) 50% (v/v) isopropanol cosolvent with a molar ratio of 8:1, and the rest of the
conditions are the same as for (A); and (D) recrystallization by mixing { mL of the mother
liquid from (B) with 1 mL of 0.1 M B-cyclodextrin aqueous solution plus 0.5 mL of isopropa-
nol for 20 hours. The HPLC conditions are indicated in the Experimental Section.
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single step crystallization from aqueous solution. Figure 1(B) shows a 62%
enantiomeric excess (enantiomeric ratio of 81:19) in the mother liquid
when a cosolvent of 50% (by volume) isopropanol was used, but where
all other experimental conditions were identical to those of Fig. 1(A). As
can be seen, the enantiomeric excess was enhanced in the presence of
the organic cosolvent. Hence it would be beneficial to examine and better
understand the effects of miscible organic solvents on the enantiomeric
excesses produced upon precipitation of cyclodextrin in the presence of
a racemate. Interestingly, the molar ratio of cyclodextrin to analyte that
produced the maximum enrichment was found to be different in aqueous
solutions versus hydro-organic solutions, as shown in Figs. 2 and 1(C).
Enantiomeric enrichments were obtained at molar ratios between 1:1 to
8:1 (cyclodextrin: 3-DAP). In aqueous solution, enrichment was most pro-
nounced at a ratio of two cyclodextrins to one 3-DAP (Fig. 2, Curve A).
However, unlike the results in neat aqueous solution, enrichment was

100

50 |

Enantiomeric Excess (%)

Molar Ratio of CD/3-DAP

—8— e.e.(water)

—o— c.e.(W/lPA)

FIG. 2 Plots showing the enantiomeric excess as a function of molar ratio of B-cyclodex-

trin:analyte in (A) neat aqueous solution and (B) 50% (v/v) isopropanol cosolvent. The

concentration of B-cyclodextrin solution was kept at 0.1 M, crystallization time was 22
hours, and the temperature was 4°C.
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found to increase with the increasing molar ratio in the presence of organic
cosolvents (Fig. 2, Curve B). As a result, the enantiomeric enrichment
of (+)-3-dimethylaminopropiophenone can be significantly improved by
simply using a higher molar ratio of B-cyclodextrin to analyte in hydro-
organic solvents. As shown in Fig. 1{(C), an even greater enantiomeric
excess (87%) can be obtained with a single step precipitation with a cyclo-
dextrin: analyte ratio of 8:1, and using 50% isopropanol as a cosolvent.

In order to obtain a better understanding of B-cyclodextrin-mediated
enantioselective precipitations in the presence of organic modifiers, a vari-
ety of organic solvents were investigated including methanol, ethanol, 1-
propanol, tert-butanol, and acetonitrile. The first thing that should be
considered is the effect of these organic modifiers on the solubility of -
cyclodextrin. The solubility behavior of B-cyclodextrin in hydro-organic
solvents has been studied by several groups previously (38, 39). The most
thorough investigation was done by Chatjigakis and coworkers, in which
the solubility of B-cyclodextrin in hydro-organic solvent mixtures was
measured at a variety of volume ratios from neat water to high concentra-
tions of the organic modifier. According to their results, the solubility of
B-cyclodextrin increased with the increasing volume percentage of organic
solvent, reaching a maximum at around 20-30% of the organic solvent.
The solubility then decreased and eventually dropped to zero at high per-
centages of organic solvents such as acetonitrile and all alcohols studied,
except methanol. Addition of methanol to the agueous solution depressed
the solubility of B-cyclodextrin regardless of the amount introduced (39).

We examined the effects of organic modifiers on the enantiomeric en-
richment in cyclodextrin-based crystallizations or precipitations. Figures
3 through 6 show both the solubility of B-cyclodextrin (Curve A) and
the enantiomeric excesses of (= )-3-dimethylaminopropiophenone in the
mother liquor (Curve B) as a function of the volume percentage of various
organic solvents. It is interesting that the shapes of the curves for enantio-
meric enrichments appear to be similar to the B-cyclodextrin solubility
curves (Figs. 3-6). For instance, with acetonitrile cosolvents (Fig. 3), both
the solubility of B-cyclodextrin and the enantiomeric enrichment increased
to amaximum value at ~20% (by volume) organic additive, then decreased
thereafter. Similar trends were observed with ethanol (Fig. 4) and isopro-
panol (Fig. 5) cosolvents. When using methanol as a cosolvent (Fig. 6),
the enantiomeric excess decreased over the entire range of concentration
as did the solubility of B-cyclodextrin. Although the solubility data were
measured at ambient temperatures which differs from the actual tempera-
tures of the crystallization or precipitation process (4°C), this temperature
difference does not alter the shapes of the solubility curves significantly,
according to the experimental measurements done by Chatjigakis et al.
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4 60

Solubility of Cyclodextrin
Enantiomeric Excess (%)

% (v/v) Acetonitrile

—a—  Solubility{g/mL}
—e— EE.(%)

FIG. 3 Plots showing (A) solubility of B-cyclodextrin and (B) enantiomeric excess of 3-

DAP as a function of volume percentage of isopropanol in aqueous solution at a molar ratio

of 4:1, crystallization time of 16 hours, and a temperature of 4°C. The solubility data are
from Ref. 39.

(39), Jozwiakowski and Connors (47), and discussed by Szejtli (35). The
correlation between the enantiomeric enrichment and B-cyclodextrin solu-
bility suggests that the enrichments in the presence of organic cosolvents
are a function of the amount of B-cyclodextrin in solution. The increased
solubility of B-cyclodextrin improves the enrichment while decreased sol-
ubility reduces the enrichment. It is possible that the effectiveness of an
enantioselective crystallization may be predicted, in part, via a B-cyclo-
dextrin solubility factor. In addition, both 1-propanol and ters-butanol
cosolvents were studied, although no previous solubility data were avail-
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FIG. 4 Plots showing (A) solubility of B-cyclodextrin and (B) enantiomeric excess of 3-

DAP as a function of volume percentage of ethanol in aqueous solution at a molar ratio of

4:1, a crystallization time of 15 hours, and a temperature of 4°C. The solubility data are
from Ref. 39.
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FIG. 5 Plots showing (A) solubility of B-cyclodextrin and (B) enantiomeric excess of 3-

DAP as a function of volume percentage of acetonitrile in aqueous solution at a molar ratio

of 4:1, a crystallization time of 20 hours, and a temperature of 4°C. The solubility data are
from Ref. 39.

able in these cases (Figs. 7 and 8). Their enantiomeric enrichment curves
suggest that these two alcohols resemble ethanol or isopropanol, but not
methanol, in their behavior as cosolvents.

Evaluation of Production Efficiency

The efficiency of crystallization or precipitation with hydro-organic sol-
vents was considered. The yield of purified enantiomers is an important
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40

Solubility of Cyclodextrin
Enantiomeric Excess (%)

% (v/v) Methanol

——@——  Solubility(g/mL)

——  EE(%)

FIG. 6 Plots showing (A) solubility of B-cyclodextrin and (B) enantiomeric excess of 3-

DAP as a function of volume percentage of methanol in aqueous solution at a molar ratio

of 4:1, a crystallization time of 20 hours, and a temperature of 4°C. The solubility data are
from Ref. 39.

issue for large-scale separations. The production efficiency measures the
enantiomeric enrichment per unit of chiral separation agent. If a quantity
of separation agent (N, moles) is added to a solution containing the race-
mate at an initial amount of N; (the initial moles of enantiomer Ny =
Nis = 0.5N;), then after precipitation the solution contains the remaining
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FIG.7 Plot showing the enantiomeric excess of 3-DAP as a function of volume percentage

of 1-propanol in agueous solution at a molar ratio of 4:1, a crystallization time of 27 hours,
and a temperature of 4°C.
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0 20 40 60 80 100
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FIG.8 Plot showing the enantiomeric excess of 3-DAP as a function of volume percentage
of tert-butanol in aqueous solution at a molar ratio of 4: 1, a crystallization time of 25 hours,
and a temperature of 4°C.
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dissolved enantiomers at concentrations of Ng and Ns (assume for the
purpose of this discussion that Ng > Ns). Further purification of either
the solution phase or the precipitate phase is likely to be limited to one
pure component and the racemate. The maximum efficiency is then related
to the excess moles of either component in a phase divided by the number
of moles of agent required to effect this separation. We suggest that the
production efficiency (€} can be calculated with the following equation:

€ = (NR - NS)solution/Nz = (NS - NR)precipitate/Nz- (1)
In the mother liquid, the enantiomeric excess (Ee) can be expressed as:
(Ee)solution = [(NR - NS)solution/Nsolution] x 100% (2)

or since Nsolution = Ni - Nprecipitate9
(Ee)solution = [(NR - NS)solution/(Ni - Nprecipitatc)] X ]00% (3)

As can be seen from Eq. (3), the enantiomeric excess in the mother liquid
is determined by the excess moles of enantiomer in the mother liquid and
the total moles of analyte in the precipitate phase. It is possible to increase
the enantiomeric excess in the mother liquid by increasing the amount of
analyte in the precipitate phase without changing the enantioselectivity
(which is indicated by the difference: Ng — Ns).

Figure 9 shows both the production efficiency profile (Curve A) and the
total moles of analyte (Curve B) in the precipitate phase with an ethanol
cosolvent (at different volume percentages). Two things should be noted
here: 1) the production efficiency (Fig. 9, Curve A) and the enantiomeric
enrichment (Fig. 4, Curve B) are affected very differently by added organic
solvents as their curves are roughly opposite to one another, and 2) the
production efficiency curve is also roughly opposite to the moles of analyte
curve (Fig. 9). The only logical explanation for this is that the enhanced
enrichments at certain organic modifier concentrations must result from
a greater removal of analyte from the mother liquid (a larger Nprecipitate
value in Eq. 3) and not from any improvement in the enantioselectivity
(reflected by the difference between Ni and Ns in Egs. 1 and 3). If im-
proved enantioselectivity was the cause of the enhanced enrichment, the
efficiency would be seen to increase as well (from Eq. 1). As can be
seen from Fig. 9, the production efficiency decreased when the amount
of analyte in the precipitate phase increased. In fact, it appears that the
enantioselectivity was somewhat depressed with added cosolvent. This
is because, as indicated in Eq. (1), (Ng — Ns) must become smaller if
the efficiency decreases with increasing Nprecipitate - Similar efficiency pro-
files and moles of analyte curves were observed with all cosolvents
studied.
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——  Efficiency(%)

——o—— Moles of 3-DAP

FIG. 9 Plots showing (A) the production efficiency and (B) the total concentration of 3-
DAP (mg/mL) in mother liquid as a function of the volume percentage of ethanol additive
in aqueous solution.

Figure 10 shows the efficiency (Curve A) and the enantiomeric excess
(Curve B) as a function of molar ratio of B-cyclodextrin to analyte in
50% (v/v) isopropanol cosolvent (using a constant $-cyclodextrin solution
concentration of 113 mg/mL and different amounts of racemate). The pro-
duction efficiency reached a peak value at the molar ratio of 2 and de-
creased dramatically thereafter (Fig. 10). In this case the enantiomeric
enrichment increases with the increasing molar ratio, which contributes
positively to the production efficiency, but the increasing amount of cyclo-
dextrin (relative to analyte) reduces the production efficiency. Obviously
there is a trade-off between production efficiency and the degree of enrich-
ment in this precipitation system.

Besides their efficacy in enhancing enantiomeric enrichments, there is
another less obvious advantage to using hydro-organic solvents. Mixed
solvent systems will be needed if recrystallization or reprecipitation is
necessary for further purification. Since enantiomeric enrichment in neat
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FIG. 10 Plots showing (A) the production efficiency and (B) the enantiomeric excess as a
function of molar ratio of B-cyclodextrin:3-DAP in isopropanol cosolvent. The experimental
conditions are described in Fig. 1(B).

water is most pronounced at molar ratios near 2: 1 cyclodextrin to analyte
(Fig. 2, Curve A), the exact concentration of both the analyte and cyclo-
dextrin must be known before fresh chiral separation agent can be added
to maintain the efficient separation. This becomes much less a problem
in hydro-organic solvent mixtures since any molar ratio of cyclodextrin
to analyte greater than 2:1 gives a high degree of enrichment (Fig. 2,
Curve B; Figs. 1, Curves B, C, and D). For example, more than 99% of
one enantiomer (an enantiomeric ratio of 99.3:0.7) was obtained after a
second precipitation in an isopropanol cosolvent (Fig. 1, Curve D).
Every racemate will have certain characteristics (e.g., different pK,s,
hydrophobicities, functional groups, etc.) that must be accounted for by
varying the experimental conditions. In some cases cyclodextrins may
not be the best chiral precipitating agents. However, regardless of the
precipitating agent used, the mathematical and experimental approach
described herein should be useful in understanding and optimizing the
separation process. The equations for production efficiency and enantio-
meric excess are highly useful in understanding and optimizing the com-
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peting factors that affect and control the production of enriched enantio-
mers in a precipitation-based separation.
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