CHEM|STRY§ Y. Mastai et al.

A EURCPEAN JOURNAL

Chiral Resolution of Racemic Crysta]g

Racemic Cali tartrate

ee(%) =0 ] s polymer ee(%) =39 S
For more

ee(%) =17 S information
see the
following
pages.
ee(%) =27 S

Pure Enantiomeric
Calcium tartrate

Chem. Eur. J. 2002,8,No. 11 ~ © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002  0947-6539/02/0811-2429 $ 20.00+.50/0 2429



FULL PAPER

The Separation of Racemic Crystals into Enantiomers
by Chiral Block Copolymers

Yitzhak Mastai,*?! Milo§ Sedlak,”! Helmut Colfen,'*! and Markus Antonietti'®!

Abstract: A series of chiral double
hydrophilic block copolymers (DHBCs)
was synthesized and employed as addi-
tives in the crystallization of calcium
tartrate tetrahydrate (CaT). We found

aration by crystallization occurs even
when racemic crystals can be formed. In
addition, the presence of DHBC:s results
in major modifications of crystal mor-
phology, creating unusual morphologies

of higher complexity. Our study demon-
strates the potential application of chiral
DHBCs in the control of chirality
throughout crystallization, in particular
for racemic crystal systems, and also

that appropriate polymers can slow
down the formation of the thermody-
namically most stable racemic crystals as
well as the formation of one of the pure
enantiomeric crystals so that chiral sep-

Introduction

The discovery of the importance of stereochemistry in
biochemical environments dates back to 1860 when Pasteur
reported the different rates of destruction of dextro and levo
ammonium tartrate by the mold Penicillium glaucum.! Since
then resolution of racemic compounds has been of funda-
mental importance both for pure science and for applications.
Among those, the resolution of racemic drugs is extremely
important in view of the fact that optical isomers of drugs can
exhibit different pharmacological profiles in living systems.?!
The significance of optically pure drugs is reflected in the new
FDAP! and European community™ regulations for the
approval of new chiral drugs, which demand pharmacological
and toxicological tests of all drug enantiomers.

Resolution of isomers can be achieved by various processes
based on physical, chemical, and biological techniques.
Among them, chemical methods have a long history. For
instance preferential crystallization and diastereomeric salt
formation! have been in use for more than 100 years. In
recent decades there has been a remarkable advance in the
separation of enantiomers. New chromatographic techni-
quesl® based on the strategy of linking chiral compounds to
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shows that enantiomeric excess of one
enantiomer can be maximized by the
kinetic control of crystallization.

a solid substrate and using the resultant material to selectively
bind one enantiomer were developed. Not only chiral organic
compounds, but also biologically derived materials such as
enzymes, amino acids, sugars, and antibodies can be coupled
to a solid substrate and used as the stationary phase in chiral
chromatography. Although these techniques show high chiral
discrimination, none of them is yet applicable for the
resolution of enantiomers on a large scale; therefore large-
scale separation technology is still based on the classical
crystallization methods.

In recent years, new approaches to the optical resolution
and purification of organic enantiomers based on chiral
recognition have been employed. For instance Lahav and co-
workersl'!I developed a new general methodology, termed
“tailor-made additives”, for the kinetic resolution of con-
glomerates (mixtures of independent crystals of both enan-
tiomers) and racemic mixtures that is in principle suitable for
large-scale applications. This separation method is based on
the addition of enantiospecific chiral inhibitors that prevent
or delay the growth of one of the enantiomorphs. For example
in the crystallization of (R,S)-threonine a resolving additive
with stereochemical similarity to the (R)-threonine is em-
ployed (e.g., (R)-glutamic acid), and a chiral discrimination of
94.8 % of (S)-threonine is achieved. This process underlies the
so-called “rule of reversal”,/®l where an R additive is absorbed
selectively on the growing R enantiomorph crystal or crystal
nucleus and as a result delays the growth of the R crystal;
consequently the enantiomorph of the opposite chirality
precipitates in excess. It should be pointed out that the “tailor-
made additives” method is applicable for the resolution of
conglomerates and racemic systems, for instance the resolu-
tion of racemic histidine.l) The resolution process is ration-
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alized in terms of molecular recognition, specifically the
stereoselective adsorption of the additive at the surface of
crystals. In further studies, Zbaida and Lahav et al.l'> "
extended this work to soluble chiral polymers.

Although the low molecular weight additives lead to high
chiral discrimination, they are still limited with respect to the
molecules to be separated. Most of those methods are only
applicable if the racemic compound crystallizes as a conglom-
erate, that is, both enantiomers form independent crystals, and
a mixture of those crystals is obtained. This is, however, a rare
case: as a matter of fact there are only 240 compounds known
to crystallize as conglomerates.[’) All other chiral compounds
crystallize as racemic crystals as the thermodynamically most
stable modification, where both enantiomers are found in
equal proportions in each unit cell. Here, the classical point of
view holds that chiral separation by crystallization processes
cannot be employed at all.

In a series of papers it was recently demonstrated that
double hydrophilic block copolymers (DHBCs) with appro-
priate chemical functionality could selectively interact with
specific crystal surfaces and influence the morphology,
crystalline structure and defined superstructure formation of
inorganic crystals such as calcium carbonate,['¥ hydroxyapa-
tite,l'”) and barium sulfate.'®! Those block copolymers were
also used in the synthesis of stable noble metal and semi-
conductor nanocolloids.'? 81 DHBCs consist of one block
with a functionality pattern designed to interact with the
crystal surface, and another hydrophilic block that, in
contrast, does not interact and only provides dissolution in
the solvent water.

In this paper DHBCs are employed for the resolution of
racemic solutions by crystallization. For this purpose, optically
active groups that are assumed to selectively interact and
stabilize one crystal enantiomer are attached as a side group
to a polymer backbone with a distinct number and pattern of
functionalities. The overall approach is in line with the general
concept of molecular recognition at crystal interfaces, yet we
expect additional advantages from the use of DHBCs. In
general, DHBCs as “molecular tools” not only affect crystal
surfaces by the action of the functional block, but also offer
stabilization during crystal nucleation and growth and do not
precipitate or agglomerate the bound crystals.'”] From a
technical point of view, block copolymers as high molecular
weight species can easily be separated from the crystallizing
substrate, thus allowing recovery of both the polymer and the
enantiomers.

The chiral block copolymers are synthesized on the base of
a poly(ethylene glycol)-block-branched poly(ethyleneimine)
(PEO-b-PEI) copolymer where a variety of optically active
functional groups are bound to the PEI. The potential of these
block copolymers to control crystal chirality is illustrated in
the crystallization of one racemic and one conglomerate
model crystal system, namely the classical examples of the two
Pasteur tartrate salts. It will be shown that the chiral block
copolymers can even be employed for the resolution of the
racemic crystals (though still with low chiral purity). Beside
chiral discrimination, major morphology changes with unique
crystal shapes are obtained during crystallization with the
chiral block copolymers.

Chem. Eur. J. 2002, 8, No. 11
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Results and Discussion

A set of optically active DHBCs was synthesized based on one
polymer backbone of PEG-b-PEI blocks (PEG = poly(ethy-
lene glycol), M =5000 gmol~!, PEI =branched poly(ethyle-
neimine), M =700 gmol~!). Table 1 presents the different
optically active groups of the block copolymers that were
employed in this study, all of them quite common natural
components such as (§)-ascorbate (vitamin C), (S)-proline, or
(R)-gluconate. In general all polymers contained 2-3 opti-
cally active side groups in the PEI polymer chain, as is
evidenced by 'H NMR and light rotation.

Table 1. Chiral copolymers used in the crystallization of racemic CaT and
conglomerate NaNH,T. N = number of optically active units.?

OH R(H) R(H)

\<O/\>o\)\E/N\4;[N/\/NJJy
H

" k/N\R(H)

Optically active groups R

PEG-b-PEI-R

Block copolymer

PEG-b-PEI - ((S)-proline); M
N=3 N~ H
H
HaN
PEG-b-PEI - ((S)-histidine), N
N=3 ] 3
4“.‘
H
Ho,H
PEG-b-PEI - ((S)-ascorbic acid)s A O~ -0
N=3 _
HO OH
OH
H

PEG-b-PEI - (quinine),

N=2
Os_OH
H——H
PEG-b-PEI - ((R)-gluconate), HO——H
N=3 H——OH
H——OH

[a] PEG: polyethyleneglycol My, =35000 gmol~'; PEI: polyethyleneimine
My, =700 gmol .

In order to demonstrate chiral discrimination by the block
copolymers in the crystallization process we chose—following
the very first experiments of Pasteur—sodium ammonium
tartrate (NaNH,T) as a model for conglomerate crystalliza-
tion and calcium tartrate tetrahydrate (CaT) as a character-
istic case of crystallization into a stable racemate crystal. The
crystal structure of racemic CaT is not reported in the
literature (although Addadi et al.? have studied and solved
it), but the crystal structure of enantiomeric (R,R)- or (S§,S)-
CaT is well documented.?'-2
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In Figure 1 the typical morphologies, as seen by scanning
electron microscopy (SEM), of the “default” crystals (that is
those without polymeric additives) are shown. The enantio-
meric CaT (R,R or §,S) crystallizes as prismatic crystals (space
group P2,2,2,, orthorhombic unit cell), delimited by two
different faces, {011} and {101} (Figure 1a). The racemate CaT
crystallizes in needles with a typical length of ~40 um
(Figure 1b) and finally the NaNH, T conglomerate crystallizes
in an orthorhombic structure.

Figure 1. Scanning electron microscopy images of: a) enantiomeric (R,R)-
calcium tartrate tetrahydrate (CaT); b) racemic CaT; c) conglomerate of
sodium ammonium tartrate (NaNH,T).

The presence of block copolymers as additives in the
crystallization of CaT and NaNH,T results in various effects
on the crystallization kinetics, crystal morphology, and chiral
discrimination, which will be discussed separately. On the
basis of the effects, we will differentiate between a low
concentration region of 1-10 mg polymermL~! and a semi-
dilute region with typical polymer concentrations of 10—
30 mg polymer mL~L.

2432
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Effects on crystallization kinetics: The crystallization of the
NaNH,T conglomerate is relatively slow: half of the material
has crystallized after 8-12 days. For each of the CaT
enantiomers full crystallization is completed in two days,
whereas crystallization of the racemate CaT is relatively rapid
and is accomplished within a few minutes (ca. 5 min). This
underlines the key problem of obtaining enantioselectivity by
chiral crystallization of potential racemate crystals: one either
has to slow down the formation of racemic crystals or to
stimulate the formation of the pure enantiomers, and the
change of kinetics has to be by more than two orders of
magnitude.

In order to investigate the influence of our copolymers on
the crystallization kinetics of racemate CaT, we used a
calcium-ion-selective electrode, as reported in the literature
for aqueous solutions and wines.””> The calcium-ion-selective
electrode measuring system has been shown to be indepen-
dent of any pH effect above pH 3, and the signal output
voltage is converted to calcium concentration by means of a
calibration curve recorded with calcium standards. The results
of the kinetic measurements in the pH region of ~6.0 are
shown in Figure 2.

In the presence of block copolymers the crystallization
kinetics of racemate CaT is generally inhibited. For example,
in a solution of 7 mgmL~' PEG-b-PEI-(S)-proline, crystal-
lization with ~80 % crystal yield, as calculated from the drop
in free Ca concentration, is observed after about 6 min, while
without copolymers the same crystal yield is obtained in
3 min. In general, the inhibitory effect of the copolymers on
the crystallization kinetics is increased as the concentration of
copolymers is increased; see, for example, Figure 2D for the
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Figure 2. The kinetics of crystallization of racemic CaT in the presence of
chiral copolymers. Experiments were carried out at 25°C, pH ~6.0,
[Ca**] =[sodium hydrogentartrate] =0.025M. A) Pure CaT without co-
polymer additives. B) CaT with 5 mgmL~' PEG-b-PEI-(R)-gluconate.
C) CaT with 7 mgmL~! PEG-b-PEI - (S)-proline. D) CaT with 25 mgmL~!
PEG-b-PEI - (S)-ascorbate.

case of 25 mgmL~! PEG-b-PEI - (S)-ascorbate. The strongest
inhibitor in this series, the PEG-b-PEI - quinine copolymer at
high copolymer concentration (17 mgmL~' and higher)
retards crystallization to an overall time of 2-3 days, which
is already of the right order to be considered for chiral
crystallization.
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For the evaluation of the kinetic effect of block copolymers
on crystallization, it is meaningful to divide the kinetic data
into two different regions. The first one is the crystallization
induction time, which is characterized by only a small
decrease in calcium concentration (d[Ca**]/dt =~1 x
103 mols™!); the second region is one of crystal growth,
characterized by a rapid decrease in Ca concentration. It is
seen that an appropriate block copolymer strongly influences
the crystallization induction period, in other words, suppress-
es nucleation, but influences crystal growth less distinctly. For
example, the induction period of pure CaT is extremely short
(10-15s) whereas the induction period in solution of
25 mgmL~!' PEG-b-PEI - (§)-ascorbate is =80 s.

It has to be pointed out that the optically active copolymers
employed show practically no effect on the crystallization
kinetics of each of the CaT enantiomers. The strong retarda-
tion of the racemate is in good agreement with a previous
report®! that addition of polygalacturonic acid to a model
wine inhibits spontaneous precipitation of calcium tartrate. In
addition, the chiral copolymers were added to standard Ca?*
solutions (100 mm CaCl,) in order to test the potential binding
of free Ca** ions. From the decrease in the calcium-selective-
electrode potential, it was calculated that ~7 % of the calcium
was bound by the copolymers. Therefore, the effect of ion
binding to the polymers can practically be neglected. The
influence on the crystallization kinetics of the NaNH,T
conglomerate was not examined due to the extremely slow
overall kinetics (ca. 10—12 days), which limits the use of the
calcium-selective electrode.

Effects on crystal morphology: The influence of different
copolymers on the morphology of racemic CaT and NaNH,T
conglomerate crystals is shown in Figure 3. In the case of
NaNH,T conglomerate crystals, all chiral copolymers have a
similar influence on the crystal morphology, as is shown in
Figure 3a. Generally addition of copolymer reduces the
crystal size. For example, the average crystal size of NaNH,T
precipitated from a solution of 4 mgmL~! PEG-b-PEI - (S)-
ascorbate is ~20 pm, compared with ~35 pm for the polymer-
free default case. Yet the overall crystal morphology is not
affected and the crystals preserve their typical shape. This
suggests a nonselective influence of the chiral polymers on the
conglomerate.

On the other hand, various modifications of the crystal
morphology were found for the racemic CaT. Figure 3b, ¢
depicts typical morphology modifications for low copolymer
concentrations. In this concentration range, the dominant
crystal morphology is rhombohedral, as compared to the
typical needle-like morphology of the ordinary CaT (see
Figure 1b). The degree of this transformation can be charac-
terized by the crystal aspect ratio (a/b), which shifts from ~40
for the ordinary CaT to ~7 for PEG-b-PEI - (R)-gluconate-
modified crystals. At semidilute copolymer concentrations,
unusual crystal morphologies with higher complexity are
obtained (Figure 3d, e). For example, “star”-like CaT crystals
precipitated from the copolymer solution of 19 mgmL~!
PEG-b-PEI - (S)-ascorbate, whereas “flower”-like structures
were found in 15 mgmL~! PEG-b-PEI-(S)-proline. The
unusual crystal shapes are not due to drying or aggregation

Chem. Eur. J. 2002, 8, No. 11
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Figure 3. Crystal morphology of: a) conglomerate NaNH,T formed in the
presence of 4 mgmL~! PEG-b-PEI - (S)-ascorbate; b) racemic CaT formed
in the presence of 7 mgmL~' PEG-b-PEI - (R)-gluconate; c) racemic CaT
formed in the presence of 10 mgmL~! PEG-b-PEI-(S)-histidine; d) rac-
emic CaT formed in the presence of 19 mgmL~' PEG-b-PEI-(S)-
ascorbate; e) racemic CaT formed in the presence of 15 mgmL~! PEG-b-
PEI-(S)-proline.

effects, since they are also observed with light microscopy.
Furthermore, high-resolution SEM of the crystals (Figure 3d
inset) shows the deeply rooted growth of the crystals.

In a control experiment, both CaT and NaNH,T were
precipitated in a solution of the parent PEG-b-PEI copolymer
without chiral functionalities, and only a slight decrease in the
crystal size (typically 10%) without any morphology mod-
ification was noticed. Hence, the chiral copolymers have a
strong effect on the crystal morphology of the CaT racemic
crystals, while for the NaNH,T conglomerate crystals only the
size is decreased. To shed light onto the role of the polymers
on the crystal morphology, which is usually explained by
specific interactions of the polymers with crystal surfaces, we
also examined the interaction of the different chiral copoly-
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mers with the two enantiomerically pure (R, R)- and (S,S)-CaT
crystals.

Figure 4 displays the crystal morphology of (R,R)- and
(8,5)-CaT crystals precipitated from copolymer solutions of
10 mgmL~! PEG-b-PEI -(S)-ascorbate. It can be seen that
the morphology of (R,R)-CaT remains nearly as for the
ordinary CaT while the (S,5)-CaT crystals show a strong
orientation along the (011) plane. These results support the
“rule of reversal”,®l that is the (S)-ascorbate interacts with the
(S,5)-CaT; to be exact, the chiral copolymer additive interacts
with enantiomorph crystals of the same chirality. The fact that
the polymer modifies the growth of both the S,§ derivative
and the racemic CaT while it does not influence the growth of
the R,R derivative is the final prerequisite of a polymer-
induced racemic discrimination.

Figure 4. Crystal morphology of (R,R)- and (S,S)-CaT formed in the
presence of Co-labeled 10 mgmL~! PEG-b-PEI - (S)-ascorbic acid; crystal
planes are marked. a) (R,R)-CaT; b) (S,S)-CaT.

Furthermore, in EDX analysis of polymer-modified §,$
crystals produced with Co-labeled PEG-b-PEI - (S)-ascorbate
(cobalt ions can complex with the amino sites of the remaining
nitrogen on the polymer backbone), there is a strong Co signal
(corresponding to ca. 12% Co) at the (011) plane and a
relatively low Co signal (ca. 2.1%) for the plane of crystal
growth (101). These results demonstrate the mode of action
by a high stereochemical selectivity of copolymer adsorption
at specific crystal surfaces. The (011) plane becomes exposed
due to the decreased growth caused by the high polymer
absorption, whereas the (101) plane has a higher surface

2434
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energy, since only a small amount of polymer is adsorbed, so
that it becomes the growth face.

Chiral discrimination: Before we describe the results on chiral
discrimination, we should point out that CaT can crystallized
only in two crystal forms, the racemic and the pure enantio-
meric forms. In view of that, the chiral discrimination
observed in our experiments can be interrelated to the
enrichment of the pure enantiomeric crystals. The enantio-
purity, namely the chiral discrimination of the DHBCs, is
reported in terms of “enantiomeric excess” (ee %). It is
speculated that the chiral discrimination exerted on the CaT
racemate system is mainly due to copolymer blocking of the
racemic nuclei and those of one enantiomer (with different
rates) during crystallization. To confirm this assumption, we
conducted time-dependent circular dichroism (CD) experi-
ments throughout the crystallization runs.

Figure 5 shows one of these experiments. From our study of
the kinetics we collected crystals at different crystallization
time and from the CD peak maximum we calculated the ee.
Analyses of the CD spectra verify high chiral discrimination in
the early stages of crystallization; an ee of about 40% is
recorded within the first few minutes of crystallization, but
drops rapidly with time to the final value of ~20%. Similar
experiments in which the optical activity of the mother
solution instead of the crystals was measured reveal compa-
rable results.

[0]x10° ——
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Figure 5. Time-resolved circular dichroism (CD) spectra of racemic CaT
crystallization in the presence of 19 mgmL~! PEG-b-PEI - (S)-ascorbate,
as a function of crystallization time. A) 1.5 min, ee 39 % S. B) 3 min, ee 25 %
S. C) 8 min, ee 23% S. D) 25 min, ee 19% S (and constant for longer
experimental times, up to 3 h).

Further evidence for the generation of the metastable pure
enantiomeric crystals at the expense of the thermodynami-
cally more stable racemic crystals can be obtained from
differential scanning calorimetry (DSC). The DSC curves of
crystals collected at very early stages of crystallization are
shown in Figure 6. Pure racemic CaT has a melting peak at
201°C, while the DSC scan of CaT crystal collected from a
polymer solution of 15 mgmL~' PEG-b-PEI - (S)-ascorbate
shows an additional melting peak at 178 °C, indicative for the
presence of pure enantiomeric CaT crystals. DSC cannot
differentiate between the presence of R,R and S, S crystals and
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Figure 6. DSC investigations of pure racemic CaT crystals (A) and CaT
crystals (B) collected from the first crystallization steps (3 min) in the
polymer solution of 15 mgmL~! PEG-b-PEI - (S)-ascorbate.

is therefore just taken as a measure for the suppression of the
racemic crystal form.

It should be noted that similar results on chiral discrim-
ination were obtained with the other chiral copolymers at
early crystallization stages of racemic CaT; for instance, an ee
of ~30% is observed in a solution of 17 mgmL~! of PEG-b-
PEI - (S)-histidine at the early stages of crystallization, which
drops to a low final ee value (12 % ). Furthermore we have to
point out that the final chiral discrimination reflected in the ee
values can fluctuate slightly upon repetition of the experi-
ments. This relatively low fluctuation is not yet completely
clear to us but appears to depend on the experimental
apparatus such as glassware, dust exclusion and so on,
implying possible perturbations by heterogeneous nucleation.

From these experiments it is seen that the chiral discrim-
ination is still relatively low and accords with the kinetic
behavior: the highest ee for CaT is found for the strongest
retarder, namely PEG-b-PEI - (S§)-ascorbate. In addition, the
chirality of the copolymers determined the kind of enantiom-
er crystallized first: S copolymers resulted in an enantiomeric
excess of § crystals and vice versa. Moreover, in all the cases
that we examined, the chiral discrimination for the conglom-
erate-forming NaNH,T is by far lower than that for the
racemic CaT; typical ee values for the conglomerate NaNH, T
are 4—5%. This is in agreement with the findings reported on
the effects on crystal morphology (see Figure 3), that is, that in
the case of NaNH,T the polymer influences the crystal size
only.

Even in spite of the rather low ee values, these results were
significant since they demonstrated the capability of chiral
block copolymers to break up the thermodynamically most
stable species, the racemic crystal, and to create the meta-
stable polymorphs, the pure enantiomer crystals, where in
addition one of the two chiral versions crystallizes faster. This
is an advance on the majority of previously described
crystallization aids and techniques, as mainly applicable to
separation of conglomerate crystals by bulk crystallization.

All these data indicate that chiral discrimination and
separation is indeed a transient effect: the formation of the
racemic crystal is suppressed and occurs more slowly, while
first one of the enantiomers, then the other, crystallizes. This

Chem. Eur. J. 2002, 8, No. 11
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scenario points towards some possibilities for optimization:
either the kinetic discrimination has to be improved (for
instance by increasing the molecular weight of the binding
block), or the two different effects (blocking the racemic
crystal and selection of one of the enantiomers) have to be
achieved by simultaneous application of two different poly-
mers, one optimized for each task.

Beside molecular weight, the type of additive and its
complementary fit to the substrate is also of key importance
and was not optimized here: for example, Black et al.?”] have
shown that the growth rate of {101} faces of (S)-asparagine
monohydrate crystals is reduced to zero, that is to say
completely blocked, at relatively low concentrations (5 x
10~*m) of glutamine as an additive. The fact that application
of the presented polymers also changes the shape of the
crystals indicates that control of more than one crystal growth
plane might also be worth considering, since the required
dynamic discrimination by more than two orders of magni-
tude also increases the importance of less quickly growing
faces of the enantiomeric crystals.

Conclusion

In the present paper, the use of double hydrophilic block
copolymers with appropriate molecular functions as interac-
tive templates in crystallization was extended to chiral
copolymers and surface interactions with enantiomeric crys-
tals. It has been shown for two model systems, CaT and
NaNH,T, that chiral double hydrophilic block copolymers are
indeed active in chiral discrimination during crystallization of
racemic crystals and conglomerates. The racemate of CaT,
which usually does not form the pure enantiomorphs, was
persuaded to generate 40 wt % of both enantiopure modifi-
cations and 60 wt % of the racemic crystals, as evidenced by
DSC. Measurements of the optical rotation did indeed show
that the enantiopure crystals were mainly composed of the §
species, that is, the polymer suppressed not only the racemic
crystal but also the R species. It has to be pointed out that
these are two different tasks or operations needed to generate
high chiral discrimination. Although the resulting enantio-
meric excess is not yet very high, the basic principles of chiral
discrimination by block copolymer could be demonstrated, so
that future studies with optimized polymer architectures and
chiral functions might result in significant improvements of
the ee. The simultaneous employment of more than one
polymer with separate functions (optimized and selected by
the kinetic experiments) seems to be especially promising.

Time-dependent investigations of chiral discrimination
showed high chiral discrimination at the early stages of
nucleation, which dropped rapidly with crystal yield. Addi-
tionally, the presence of the DHBCs affected the crystal
shape, with appearance of various unusual morphologies. This
result speaks for polymer adsorption that is selective for
specific crystal surfaces. The finding was also quantified by
addition of cobalt salts that acted as selective contrast agents
for the binding blocks of the copolymers, and differences of
polymer density of up to a factor of 6 were found.
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Although experiments on chirality go back to the middle of
the last century, knowledge in this field is still rather limited.
We believe that the approach presented here using designed
copolymers may provide further insight into the discrimina-
tion process. The possibility of creating block copolymers with
a variety of sizes, architectures, and chemical functionalities
opens new experimental opportunities for probing the pattern
recognition between polymers and crystal surfaces at the
molecular level.

Experimental Section

1. Synthesis of block copolymers: The optically active DHBCs used in this
work were prepared by modification of PEG-b-PEI (PEG = poly(ethylene
glycol), M =5000 gmol~!, PEI=branched poly(ethyleneimine), M=
700 gmol~'). The synthesis of the PEG-b-PEI is descried in our earlier
work.?® 2l The block copolymer PEG-b-PEI was modified by nucleophilic
reaction of amino groups with 6-bromo-6-dideoxy-(S)-ascorbic acid, 2,6-
dideoxy-(R)-arabinohexonic acid, and epoxidated quinine. In the case of
connection of the (S)-histidine and (S)-proline we used methods of peptide
chemistry®™! to couple the amino groups of PEG-b-PEI to the activated
carboxy group of methanesulfonic salts of the amino acids.

1.1 PEG-b-PEI-((S)-ascorbic acid); (modification of PEG-b-PEI by
6-bromo-6-deoxy-(S)-ascorbic acid): A solution of 6-bromo-6-deoxy-(S)-
ascorbic acidP®! (3.85 g, 0.016 mol) in dimethoxyethane (30 mL) was added
to a solution of the poly(ethylene glycol)-block-poly(ethyleneimine) (10 g,
M =5700 gmol™') in dimethoxyethane (50 mL). This mixture was stirred
for two days at room temperature and then the solvent was evaporated and
the crude modified copolymer was purified by ultrafiltration through an
AMICON membrane with MWCO (molar weight cut-off) 3000 gmol~.
After lyophilization, the product was obtained as a fine brown powder
83g, 77%). [a]f=+16.4° (A=230nm, ¢=0.8¢g in 100 mL H,0);
'"H NMR (400 MHz, 25°C, CDCly): 6 =1.27 (s, 11H; NH), 2.25 (m, 64H;
CH,CH,N), 3.66 (m, 440H; CH,CH,0), 4.65 (m, 3H, CH—-OH); elemental
analysis caled (%) for: C 53.16, H 8.72, N 3.30; found: C 52.75, H 8.58, N
3.27; My, calcd for: 6890 gmol='.

1.2 PEG-b-PEI-((S)-histidine); (modification of PEG-b-PEI by (S)-
histidine): A suspension of (S)-histidine (2.78 g, 0.018 mol), methanesul-
fonic acid (3.44g, 0.036 mol), and 1-hydroxybenzotriazole (2.42 g,
0.018 mol) in dimethylformamide (50 mL) was cooled to —15°C. A
solution of dicyclohexylcarbodiimide (3.69 g, 0.018 mol) in dimethylforma-
mide (20 mL) was then added, and stirred at — 15 °C for 30 min. A solution
of  poly(ethylene  glycol)-block-poly(ethyleneimine) (10g, M=
5700 gmol™') in dimethylformamide (40 mL) was then added and mixed
at room temperature for 3 h. The mixture was then diluted with water
(80 mL), stirred for 2 h, and filtered. The filtrate was dialysed by the
method described above. After final lyophilization the product was
obtained as a fine white powder (8.5 g, 75%). [a]¥ =+23.1° (A =230 nm,
¢=1.0 g in 100 mL H,0); 'H NMR (400 MHz, 25°C, CDCl;): d =1.25 (s,
4H; NH), 2.03 (s, 11H; NH), 2.65 (m, 64H; CH,CH,N), 3.64 (m, 440H;
CH,CH,0), 7.05 (m, 3H; CONH), 7.33 (s, 3H; CH-imidazole), 7.54 (s, 3H;
CH-imidazole); elemental analysis calcd (%) for: C 48.53, H 9.06, N 4.47;
found: C 49.01, H 9.11, N 4.21; My, calcd for: 6062 gmol 1.

1.3 PEG-b-PEI-((R)-gluconate); (PEG-b-PEI-(2,6-dideoxy-(R)-arabi-
nohexonic acid); by modification of PEG-b-PEI by 6-bromo-2,6-dideoxy-
D-arabinohexono-1,4-lactone): A solution of 6-bromo-2,6-dideoxy-p-arabi-
nohexono-1,4-lactonel? (5 g, 0.022 mol) in dichloromethane (30 mL) was
added to a solution of poly(ethylene glycol)-block-poly(ethyleneimine)
(10 g, M =5700 gmol~') and triethylamine (22 g, 0.22 mol) in dichloro-
methane (50 mL). After refluxing overnight, the mixture was evaporated to
dryness and mixed with water (50 mL). The solution of the crude modified
copolymer was further purified by exhaustive dialysis against distilled
water using a Spectra Pore membrane with MWCO of 1000 gmol~'. After
final lyophilization, the product was obtained as a fine yellowish powder
628, 57%). [a]y =-15° (A=240nm, ¢=0.175g in 100 mL H,0),
[a]y =1.1° (A =275 nm, ¢=0.175 g in 100 mL H,0); 'H NMR (400 MHz,
25°C, CDCl;): 6=1.26 (s, 11H; NH), 2.65 (m, 64H; CH,CH,N), 3.66 (m,
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440H; CH,CH,0), 3.91 (t, 3H; CH-OH), 4.58 (m, 3H; CH—OH), 4.62 (m,
3H, CH-OH); elemental analysis calcd (%) for: C 52.80, H 9.25, N 3.16;
found: C 52.56, H 9.05, N 2.72; My calcd for: 6190 gmol-.

1.4 PEG-b-PEI-(quinine), (modification of PEG-b-PEI by epoxyqui-
nine): A mixture of quinine (5.68 g, 0.0175 mol), urea hydrogen peroxide
(19.8 g, 0.21 mol), NaHCO; (1.47 g, 0.035 mol), and dicyclohexylcarbodi-
imide (7.22 g, 0.035mol) in methanol (90 mL) was stirred at room
temperature for 7 h.?3 Water (180 mL) was then added. After stirring for
4 h the reaction mixture was extracted by dichloromethane (4 x 80 mL).
The combined organic layers were dried with Na,SO, and the volume was
reduced by distillation to 50 mL. The solution of poly(ethylene glycol)-
block-poly(ethyleneimine) (10 g, M =5700 gmol~') as well as BF;-Et,0
(2.0 g, 0.017 mol) in dichloromethane (50 mL) was added to a prepared
solution of epoxyquinine, and the mixture was refluxed overnight. After
evaporation of the solvent, the crude modified polymer was dissolved in
water (200 mL) and purified by ultrafiltration through an AMICON
membrane with MWCO 3000 gmol~!. After lyophilization, the product was
obtained as fine yellow powder (8.4 g,75%). [a]} = —2.1° (A =240 nm, c =
0.30 g in 100 mL H,0); [a]y =+0.5° (A=275nm, ¢=0.30g in 100 mL
H,0); [a]y =-0.6° (A=325nm, ¢=0.30g in 100 mL H,0); 'H NMR
(400 MHz, 25°C, CDCl3): 6 =1.23 (s, 11H; NH), 1.59 (m, 4H, CH,-CH,N),
175 (m, 2H, CH-CH,N), 2.55 (m, 70H, CH,CH,N), 3.62 (m, 440H;
CH,CH,0), 6.14 (d, 2H; CH-OH), 7.22 (d, 2H, CH-arom), 7.29 (d, 2H,
CH-arom), 7.93 (d, 2H, CH-arom), 8.61 (d, 2H, CH=N-arom); elemental
analysis caled (%) for: C 53.42, H 9.15, N 3.82; found: C 52.24, H 9.08, N
3.19; My, calcd for: 6350 gmol L.

1.5 PEG-b-PEI-((S)-proline); (modification of PEG-b-PEI by (S)-pro-
line): A solution of (S)-proline (1.64 g, 0.014 mol), methanesulfonic acid
(1.34 g, 0.014 mol), and 1-hydroxybenzotriazole (1.90g, 0.014 mol) in
dimethylformamide (30 mL) was cooled to —15°C. A solution of dicyclo-
hexylcarbodiimide (2.88 g, 0.014 mol) in dimethylformamide (20 mL) was
then added, and the mixture was stirred at — 15 °C for 30 min; a solution of
poly(ethylene glycol)-block-poly(ethyleneimine) (10 g, M =5700 gmol~')
in dimethylformamide (40 mL) was then added and mixed in at room
temperature for 3 h. The mixture was then diluted with water (80 mL),
stirred for 2 h, and filtered. The filtrate obtained was dialysed by the
method described above. After final lyophilization the product was
obtained as a fine white powder (5.8 g, 55%). [a]y =—3.3° (A =230 nm,
¢=0.15 g in 100 mL H,0); [a]y =+2.1° (A =300 nm, ¢ =0.15 g in 100 mL
H,0); '"H NMR (400 MHz, 25°C, CDCl;): 6 =1.25 (s, 1H, NH), 2.03 (s,
11H, NH), 2.65 (m, 64H; CH,CH,N), 3.64 (m, 440H, CH,CH,0), 7.63 (t,
3H, CONH); elemental analysis calcd (%) for: C 52.11, H 8.63, N 4.04;
found: C 51.47, H 8.47, N 3.85; My calcd for: 5995 gmol .

2. Crystallization experiments: All crystallization experiments were car-
ried out at room temperature, unless noted otherwise elsewhere. The water
used was purified by a MilliQ water system.

2.1 Crystallization of calcium tartrate tetrahydrate: The enantiomeric
(R,R)- or (S,5)-CaT is crystallized as follows: sodium hydrogentartrate
solution (50mM, 50 mL) was mixed with CaCl,-2H,0 (90mm, 50 mL) at
pH 6.5 and room temperature. Typically crystals of ca. 200—-450 um were
formed within 1-2 days. For the crystallization of racemic CaT, identical
calcium and tartrate stock solutions of 0.025 M were used. Crystallization in
the presence of block copolymers was carried out as follows: first the
polymers were mixed with the calcium chloride solution, then the tartrate
solution was added (the final pH of the solutions was & 6.0).

2.2 Crystallization of sodium ammonium tartrate: Crystals were grown at
room temperature, in each case; aqueous ammonia was added to a solution
of sodium hydrogentartrate (0.25mwm in 100 mL) with the different block
copolymers, until a pH of ~8.5 was attained. Precautions were taken in
cleaning the glassware, excluding dust and so on. Crystals formed within 8 —
12 days; the crystals were then filtered and collected.

3. Experimental techniques: Chiral discrimination experiments were
performed as follows: copolymers were added to the crystallization
solutions; after complete crystallization the crystals were filtered off.
Finally the specific light rotation was measured with a polarimeter
(Rudolph Analytical, 589 nm, +0.05° accuracy) by dissolving the crystals
(5-10 mg) in 0.1m HCL A Phillips PW-1130 diffractometer was used for
powder X-ray diffraction analysis. In all cases Cug, radiation was used.
Differential thermal calorimetry analysis was carried out by means of a
Netzsch TG 209 unit (Netzsch, Selb, Germany) by heating samples at a rate
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of 10 Kmin~! up to 350 °C under argon. For the NMR experiments, a Varian
Model Unity 400 operating at 400 MHz was used. Circular dichroism
measurements were carried out with a JASCO CD spectrometer (Model
J-715) using a cylindrical quartz cell (0.1 mL) at room temperature.
Measurements of the kinetics of crystal growth of CaT were made under
the same conditions as described for the crystallization experiments. A
calcium-selective electrode (CSE-Orion 93) was used and an Ag/AgCl
electrode served as reference. The millivolt output of the CSE is converted
to calcium concentration by means of standard calibration solutions.
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