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Based on the nature of the intermolecular interactions in the
crystals of racemic and enantiomeric N-(3,5-dinitrobenzoyl)aspar-
agine, spontaneous racemic resolution was achieved by changing
the ability of the compound for supramolecular synthon propa-
gation under the control of the solvent dielectric constant.

It seems to be a paradox of life that the most important
biomolecules, like proteins or DNA, are built up of homochiral
units, while only a small number of racemic compounds undergo
spontaneous separation resulting from conglomerate crystalliza-
tion. Spontaneous separation occurs more frequently in 2D solids
than in 3D crystals." Favorable crystallization of racemates has
been explained by various factors, like a dense packing efficiency
or the greater stability of a racemate (compared to a conglomer-
ate).”> However, following Brock et al, the difference in the
behavior of racemic/chiral pairs in a group of resolvable
enantiomers can be attributed to statistical bias resulting from
the fact that this group contains pairs in which the racemic crystal
is markedly more stable than the chiral one, but no pairs in which
the racemic crystal is markedly less stable.> They showed that a
kinetic factor can be important during crystallization from a
racemic solution or melt. One enantiomer might inhibit the
formation of the nuclei of the (chiral) crystals of the opposite
enantiomer and acts as a tailor-made impurity on the subsequent
growth phase of the chiral crystals. It is usually accepted that
about 90% of compounds that can crystallize in either racemic or
chiral space groups prefer the former.” Nevertheless, there are
known cases in which spontaneous separation occurs without any
special treatment.* One of the most common cases is ammonium
sodium tartrate tetrahydrate.” Asparagine is also one of the
compounds which undergoes spontaneous separation.® It was
shown that the symmetry breaking of Dr-asparagine induces
enantioselective crystallization of other amino acids.” The use of
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both chiral additives and crystal interfaces for spontaneous
resolution are well documented.®

An important consequence of the homochirality of living
systems is the ability to distinguish opposite enantiomers of a
given compound during molecular recognition leading, for
example, to various smell and taste sensations as well as various
pharmacological effects.” According to the great cognitive and
industrial importance of chiral components, various techniques
which allow us to obtain enantiopure compounds have been
developed. Some of them use asymmetric synthesis, while a
significant majority are based on racemic mixture separations.”
Among the latter, fractional crystallization of diastereomeric salts
belongs to the most popular and most frequently applied
techniques. Similarly, like it is observed in a living system, this
technique is based on the ability of enantiopure (resolving agent)
compounds to distinguish opposite enantiomers during molecular
recognition, which is manifested in the different physical proper-
ties of the resulting diastereomeric salts.

The knowledge of molecular recognition during racemic
resolution can be supportive in the design of conditions for a
given and other racemic resolutions, which are still performed by
trial and error. For this reason, we have examined the mechanisms
of molecular recognition during racemic resolution accomplished
by the fractional crystallization of diastereomeric salts of two
stereochemically related resolving agents (brucine and strychnine)
with various amino acid derivatives. In most cases, the stereo-
related resolving agents form common brucinium or strychninium
corrugated layers.'® In most cases, brucine or strychnine play the
role of a host. However, anions linked to each other by a set of
hydrogen bonds defined by a supramolecular synthon can reverse
the host-guest functionalities of the resolving agent and resolved
compound."” Propagation of a supramolecular synthon that leads
to the heterochiral self-assembly of a resolved compound can take
effect in a double salt formation."” In some cases, the synthon
propagation leads to the homochiral self-assembly of a resolved
compound and the resulting self-assembly plays the role of a host
in the molecular recognition. This implies that the racemic
resolution depends upon the propagation of the supramolecular
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Fig. 1 Helical chains of the hydrogen bonded N-(3,5-dinitrobenzoyl)asparaginate anions mediated by the SS-N1 supramolecular synthon (scheme) and their
orientation to a surface of a) the strychninium and b) brucinium self-assemblies in a) strychninium N-(3,5-dinitrobenzoyl)-L-asparaginate pentahydrate and b)
brucinium N-(3,5-dinitrobenzoyl)-p-asparaginate ethanol solvate hydrate (O - red, N — blue, C - silver, H — white; the side chain of the asparagine derivative is marked

by green)."®

synthon between the molecules of the resolved compound and
furthermore, on the chirality of a resolving agent.

In the racemic resolution of N-(4-nitrobenzoyl)asparagine by
applying brucine, the N-(4-nitrobenzoyl)-L-asparaginate anions
play the role of hosts in the recognition, being self-assembled
into helical ribbons."" The helical ribbons are stabilized by a set of
hydrogen bonds defined by the supramolecular synthon SS-N1
(see the scheme in Fig. 1). The racemic resolution of N-(3,5-
dinitrobenzoyl)asparagine'® using brucine or strychnine as a
resolving agent was performed in a similar way: 100 mg of the
resolving agent and an equimolar amount of the asparagine
derivative were dissolved in 10 mL of solvent (ethanol or
methanol) and the samples were left to crystallize by solvent
evaporation at room temperature. During the racemic resolution
of N-(3,5-dinitrobenzoyl)asparagine by applying strychnine, the
propagation of the same supramolecular synthon (SS-N1) is
observed for the N-(3,5-dinitrobenzoyl)-L-asparaginate anions in
the later fractions (Fig. 1a, S3 and S4 and Table S1 in the ESIf)."*™"”
When brucine is applied, the N~(3,5-dinitrobenzoyl)-D-asparaginate
anions which are observed in the first crystalline fraction of the
suitable racemic resolution (see Table S1 in the ESIf) are linked to
each other by a set of hydrogen bonds, mediated, again, by the
same (SS-N1) supramolecular synthon (see Fig. 1b, S3 and S4 in
the ESIf).**"¢'8

Statistical analysis reveals that the supramolecular synthon SS-
N1 is not particularly favored for compounds containing the
asparagine fragment. Have the brucine or strychnine moieties
induced the supramolecular synthon propagation or is the
supramolecular synthon characteristic of the few following
asparagine derivatives: N-(4-nitrobenzoyl),"" (S)-N2-((4-methoxyphe-
nyl)sulfonyl),*® (S)-N-(4-tolylsulfonyl)** and N-(3,5-dinitrobenzoy-
l)asparagine derivatives (Table S1 in the ESIf) regardless of the
presence of a chiral agent? The presence of the chiral agent could
preliminarily induce the separation of the racemic asparagine
derivative and the formation of the self-assemblies defined by a
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supramolecular synthon. It is also likely that the self-assembled
asparagine derivative formation is unrelated to the presence of the
chiral agent.

To find out what role the resolving agent plays (brucine or
strychnine) in the formation of the anionic self-assemblies defined
by a supramolecular synthon, crystallizations from aqueous
solutions containing racemic or optically pure N-(3,5-dinitroben-
zoyl)asparagine were performed at room temperature by the slow
evaporation of the solvent. In the experiment in which the racemic
asparagine derivative was used, crystals belonging to the mono-
clinic space group P2,/c precipitated (DNBN-rac)i'*™"® while
crystals belonging to the orthorhombic space group P2:2,2;
precipitated when using the enantiomeric asparagine derivative
(DNBN-e).}"* "

DNBN-e reveals that the asparagine derivative molecules are
linked to each other by a set of hydrogen bonds mediated by the
supramolecular synthon SS-N1, resulting in the helical self-
assembly formation (see Fig. 2a and Table S2 in the ESIf).
Consecutive helical ribbons are connected by other hydrogen
bonds, resulting in a bilayer structure formation. The 3,5-
dinitrobenzoyl group is directed outward of the bilayer and is
engaged in N*-+O interactions with the 3,5-dinitrobenzoyl group of
neighboring bilayers.

Contrary to the case of DNBN-e, no separation of the
hydrophobic from the hydrophilic parts is observed in DNBN-
rac. Moreover, in DNBN-rac, the carbonyl O atom of the carboxylic
group is involved in C-H-+*O hydrogen bonds only and the N atom
of the f-amide group forms two hydrogen bonds: one (with the
a-amide O atom) is very angular and the acceptor of the other is
the nitro O atom (Fig. 2b and Table S2 in the ESIt). Taking into
account that in DNBN-e, each potential donor of a strong
hydrogen bond is involved in a suitable hydrogen bond, the
above mentioned interactions in DNBN-rac would be rather
surprising. However, the calculated density of DNBN-rac is greater
than the calculated density of DNBN-e. This shows that the main
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Fig. 2 Packing of a) enantiomeric and b) racemic N-(3,5-dinitrobenzoyl)aspar-
agine (C - grey, H — white, N — blue, O — red).

force driving the racemate crystallization is achieving the most
dense packing. It is worth adding that DNBN-rac and DNBN-e
reveal similar thermal behavior (Fig. S5, S6 and S12 in the ESIf).
The melting point of DNBN-rac is only 1 K higher than the melting
point of DNBN-e (467 K).

The above results suggest that the presence of brucine or
strychnine induces the formation of the self-assemblies of the N-
(3,5-dinitrobenzoyl}p- or N-(3,5-dinitrobenzoyl)-L-asparaginate
anions stabilized by a set of hydrogen bonds. This is accomplished
by hydrophobic (not necessarily chiral) interactions with the 3,5-
dinitrobenzoyl group. It seems that introducing a factor which
could increase the ability of the N-(3,5-dinitrobenzoyl)asparagine
molecules for self-recognition by strong hydrogen bond formation
may lead to the precipitation of a crystalline form similar to the
enantiomeric one. In this case, molecules of the same enantiomer
would be linked to each other by a set of hydrogen bonds
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mediated by the supramolecular synthon SS-N1. If the neighbor-
ing layers were homochiral, then the crystalline sample would be a
conglomerate and generally, a result of spontaneous separation. If
the neighboring layers were heterochiral, then the crystals would
be polar. Both cases are rare and worth examination.

Introducing a factor which could increase the ability of the N-
(3,5-dinitrobenzoyl)asparagine molecules for self-recognition by
strong hydrogen bond formation can be realized, for example, by
decreasing the solvent-solute interaction strength. In further
experiments, alcohols of different carbon chain lengths were used
as solvents. Afterwards, the experiments were extended on solvents
of different dielectric constants. Similar to the crystallizations of N-
(3,5-dinitrobenzoyl)asparagine from aqueous solution, the crystal-
lizations of N-(3,5-dinitrobenzoyl)asparagine from the alcohols
and other above mentioned solvents were performed at room
temperature by solvent evaporation (more details in the ESIY).
Crystals precipitating from a 2-methylpropan-1-ol solution con-
taining racemic N-(3,5-dinitrobenzoyl)asparagine belong to the
orthorhombic space group P2,2,2; and contain one enantiomer of
the asparagine derivative in the asymmetric unit, which implies a
spontaneous racemic resolution of N-(3,5-dinitrobenzoyl)aspara-
gine (DNBN-srr).i'*'® Similar results were achieved when ethyl
acetate, propan-1-ol or butan-1-ol were used as solvents (generally
from solvents of a low dielectric constant). When methanol or
nitromethane were applied (solvents of a high dielectric constant),
DNBN-rac precipitated. Crystallization from acetone or ethanol
solutions afforded a mixture of both DNBN-rac and DNBN-srr
(Fig. 3).

DNBN-sit is, in general, almost identical to DNBN-e. However,
there are some small differences in their cell dimensions and
consequently, in their densities and also in the geometry of the
hydrogen bonds observed in both crystalline products. It is worth
mentioning that the density of DNBN-srt is lower than the density
of DNBN-e. The differences between the orthorhombic crystals
obtained from a solution containing racemic or enantiomeric N-
(3,5-dinitrobenzoyl)asparagine likely result from racemic twinning
of the crystals obtained from the racemate. The racemic twinning
is also manifested by the thermal behavior of the compound. The
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Fig. 3 Comparison of the experimental and calculated PXRD patterns for N-(3,5-
dinitrobenzoyl)asparagine precipitating from a given solvent containing a
racemic (except for one enantiomeric, marked as DNBN-e) asparagine
derivative.
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melting point of DNBN-sir obtained from butan-1-ol is 7 K lower
than the melting point of DNBN-e and 8 K lower than the melting
point of DNBN-rac (Fig. S5, S6, S7 and S12 in the ESI{). Since the
racemic twinning results in the density and melting point lowering
of the conglomerate, we wondered whether the conglomerate
recrystallization deepens these effects or leads to a crystalline
compound whose density and stability is more similar to the
enantiomeric one. Preliminary results display that recrystallization
from butan-1-ol causes a further lowering of the melting point of
about 1.43 K (Fig. S5 and S8 in the ESIf). Other preliminary
experiments show that as the dielectric constant is higher, the
melting point of the resulting conglomerate is higher too and thus
more similar to the crystals of the enantiomeric compound. Since
the solvents dielectric constant depends on the temperature, it is
likely that a suitable selection of crystallization temperatures can
be another factor which allows for the crystallization of the
racemate or conglomerate and also allows for tuning of the
melting point of the conglomerate.

The above results unambiguously show that, depending on the
dielectric constant of the solvent used for crystallization, racemic
N-(3,5-dinitrobenzoyl)asparagine undergoes spontaneous separa-
tion. In turn, the different densities and the different thermal
behavior of the conglomerate and of the pure enantiomer indicate
racemic twinning in the conglomerate. Taking into account the
layered structure of the conglomerate and the fact that consecutive
layers are linked to each other by N---O interactions between the
nitro groups, it is possible that the neighboring layers are
heterochiral, which can justify the racemic twinning. On the other
hand, the possibility of the presence of heterochiral layers
generates another question, whether it is possible to obtain
crystals in which each layer is bonded to a layer of the opposite
enantiomer. Such crystals would likely belong to the mm2 point
group and would be polar. The lower melting point of the
conglomerate in comparison to the crystals of the pure
enantiomer indirectly shows that each heterochiral connection
in the enantiomorphous crystals succeeds in lowering the stability.
Thus, if each layer were linked to layers of the opposite
enantiomer, it could significantly influence the stability of the
resulting crystals.

Precipitation of the conglomerate depending on the dielectric
constant also gives an insight into the mechanism of racemic
resolution by applying a hydrophobic resolving agent, such as
brucine or strychnine. Similar to the effect of a solvent of a lower
dielectric constant, the presence of brucine or strychnine increases
the ability of the asparagine derivative for self-recognition by
hydrogen bond formation.

It is worth mentioning that the lattice energy is the main
criterion in techniques of crystal structure prediction to predict
whether a chiral compound should resolve spontaneously.>* It
seems that the conglomerate under investigation should not
crystallize because of its lower melting point and lower density
than the melting point and density of the racemic crystals.
However, the conglomerate precipitated because of the attractive
interactions formed thanks to the suitable solvent properties. It
shows the remarkably important role that the solution properties
can play (the dielectric constant of the solvent, ionic strength,
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presence of additives etc.), leading to a change in the nature of the
molecular recognition. In turn, the change in the nature of the
molecular recognition can have serious consequences for living as
well as artificial systems. Information on intermolecular interac-
tions can allow us to resolve spontaneously “unresolved” chiral
compounds and can facilitate the synthesis of suitable poly-
morphs predicted in techniques of crystal structure prediction.
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