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Abstract: This perspective is focused on the main parameters determining the results of crystallization
of enantiomers or enantiomeric mixtures. It was shown that the ratio of supramolecular and helical
associations depends on the eutectic composition of the corresponding enantiomeric mixture. The M
and P ratios together with the self-disproportionation (SDE) of enantiomers define the reaction of the
racemic compound with the resolving agent. Eventually, each chiral molecule reacts with at least
two conformers with different degrees of M and P helicity. The combined effect of the configuration,
charge distribution, constituent atoms, bonds, flexibility, and asymmetry of the molecules influencing
their behavior was also summarized.

Keywords: chiral molecules; enantiomeric separation; self-disproportionation of enantiomers;
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1. Introduction

The preparation of asymmetric (chiral) compounds (enantiomers) is one of the main goals of
research, industry and medicine. The preparation of a given enantiomer is possible in several ways,
for example by selective synthesis, which requires the separation of the chiral catalyst or the enantiomers
of the racemic compound, and in which case a resolving agent (like a chiral catalyst) may be required.
In this case, we are confronted with the non-linear behavior [1] as well as the self-organization [2] of
chiral compounds and their M and P helicity [3].

In our work [4,5] we proved that the result of non-linear processes of enantiomers, enantiomeric
mixtures, and mixtures of diastereomers, taking into account the solvent and the crystallization time,
depends on the eutectic ratio of the enantiomeric mixtures of the participating chiral compounds.
By this eutectic composition, the enantiomeric ratio (eeg,) corresponding to the eutectic points of the
“binary melting point phase diagrams” of the enantiomeric mixtures (Figure 1) is meant.
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Figure 1. Melting point phase diagrams of a racemate forming (A) and of a conglomerate forming
enantiomeric mixture (B).

Binary melting point phase diagrams were described by Roseboom [6] based on the behavior
of enantiomeric mixtures. Important evidence was that the distribution of enantiomeric mixtures
between two (solid, liquid) phases is non-linear. The racemate forming enantiomeric mixtures [7] are
estimated to be about 80% of enantiomeric mixtures. Besides eep,,, the melting point values of the
single enantiomers and of the racemic composition are of prominent importance.

In general, these preferred values also appear on the solubility ternary phase diagrams when
crystallizing from solutions of mixtures of chiral compounds. For practical reasons, the result of
crystallization (ee) from a solution of a given concentration of enantiomeric mixture is plotted against
the starting enantiomeric mixture composition (eeg) (Figure 2).
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Figure 2. The eey-ee separation diagrams of a racemate (A) and of a conglomerate (B) enantiomeric
mixture of a given concentration.

2. Separation of Non-Racemic Enantiomeric Mixtures—Eutectic Composition

The eeg-ee diagrams also show the eep, (at the intersection of the 45° line). From the eeq
precipitates the portion close to the racemic ratio of the enantiomeric mixture below eeg,,, while above
it the enantiomeric excess of the mixture. In essence, the latter is also the case for conglomerate forming
mixtures. Thus, a single enantiomer can only be obtained from a mixture of enantiomeric purity
greater than eeg,, e.g., by crystallization. However, if the eutectic point of the enantiomeric mixture is
high, a lower eeg,, can be achieved with its derivative formed with an achiral compound. For example,
in the case of ibuprofen, with a mixture of sodium salts with the same ratio, the single enantiomeric
separation [8] can start from a lower eeg,, composition (Figure 3).
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Figure 3. Phase diagram (eeg-ee) of the enantiomeric mixture of ibuprofen and ibuprofen-Na salt.

In the first separation of enantiomers, Pasteur used the fractional crystallization of the conglomerate
forming sodium ammonium salt of tartaric acid (racemic tartaric acid) [9] instead of the direct separation
of the racemate forming tartaric acid enantiomers.

Klussmann et al. showed that in case of amino acid enantiomeric mixtures, besides the application
of additives, e.g., crystallizing from a solvent using dicarboxylic acids, a eutectic different from the
eutectic composition on the binary melting point phase diagram appears on the eey-ee diagram [10].

Girad found that starting from prochiral compounds, the enantiomeric composition of the resulting
compounds varies depending on the composition of the chiral catalyst enantiomers [1].

Klussmann et al. demonstrated that in the case of an aldol reaction there is a relationship between
the eutectic composition of the amino acid used as a catalyst and the composition of the product [11].
For example, in the presence of proline (~50% eutectic composition), the aldol reaction results in 50%
enantiomeric purity, the same result was obtained also in the presence of less than 50% pure, or even
purer proline enantiomeric mixtures. Thus, the eeg, composition of the chiral catalyst can determine
the enantiomeric purity of the product (Figure 4).

. €€Ey chiral cat.
prochiral compound €€EuProduct

chemical reaction

€€k chiral cat. ~ €CEuProduct

Figure 4. The effect of the chiral catalyst on the enantiomeric purity of the product.

Substantially after the completion of the reaction, the reaction mixture contains the two non-racemic
mixtures of the enantiomers in the same proportion as the eutectic composition of the catalyst, and the
chiral catalyst.

However, the distribution of non-racemic enantiomeric mixtures [12] between two phases is also
determined by their own eutectic composition.

3. The Effect of the Eutectic Composition of the Racemic Compound on the
Diastereomeric Separation

When a racemic (or non-racemic) enantiomeric mixture is reacted with a single enantiomer of
related molecular structure but of opposite character (as a resolving agent), the composition of the
enantiomeric mixture that can be separated from the precipitating diastereomeric salt (which can be
filtered from the solution) is the same as its own eutectic composition (eepj,-€egyrac) [4]-

For example, after dissolving racemic fluor-acetyl-phenylglicine (FAPhG) and (R)-methyl-
phenylglicine ((R)-MPhG) in water, the (S,R)-diastereomer could be separated by crystallization
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(Figure 5), where the eep;, was circa 86.3%, which is in good agreement with the eutectic composition
of the racemic compound (eegyrac ~88%).

NHCOCH; NH,
COOH COOCH;  H,0
* (S)-FAPhG *(R)-MPhG
F
(R,S)-FAPhG (R)-MPhG eepia ~86,3%

€€EyRac ~88%

Figure 5. Diastereomic salt formation of (R,S)-FAPhG with (R)-MPhG resolving agent—similar eutectic
composition of racemic and diastereomeric compound.

When related structured resolving agents were used, the mean of the eutectic compositions of the
examined racemic compounds (85.3%) was in good agreement with the mean of the compositions of
the enantiomeric mixtures isolated from the corresponding diastereomeric salt (85.9%) [4].

Even if there is no molecular structural relationship between the racemic compound and the
resolving agent, the eutectic composition of the racemic compound may still be decisive for the
composition of the diastereomer.

For example, the eutectic composition of the Flumequine intermediate (FTHQ) for the racemic
base corresponds well with the composition of the enantiomeric mixture isolated from the diastereomer
obtained with the (R,R)-DPTA resolving agent (Figure 6) [13].
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HOOC COOH

R* eepig= 48%
(R.S)}-FTHQ 0.5 eq. (R.R)-DPTA
€€EuRac = 40% €eguRes = 90%

Figure 6. Diastereomeric salt formation of (R,S)-FTHQ with half equivalent (R,R)-DPTA.

If the eutectic compositions of the racemic compound were averaged during the 45 resolutions
developed by our group (eegyaverage ~73%), and the enantiomeric compositions separated from the
crystalline diastereomeric salt were also averaged (eepiaaverage ~78%), a good agreement could be
obtained, so eepj; ~ €eguresag [14]-

4. The Effect of the Resolving Agent (Enantiomeric Mixture) on the Diastereomeric Separation

Since the eutectic composition of the enantiomeric mixtures of the racemic resolving agent can also
determine the eep;, value when separated with the appropriate unrelated molecular structured resolving
agent, the average of the resolving agents (eeguresag) used in previous resolutions was determined
(e€EuResAgaverage ~787%) that also showed good accordance (eepjaaverage ~80%). Thus, the enantiomeric
composition of the crystalline precipitating diastereomeric salts can also be determined by the eutectic
composition of the enantiomeric mixtures of the single enantiomeric resolving agent, i.e., eepj, ~ €eRac
OT ~ €€EuResAg-

Eepja ~ eegr,c is understandable, since both enantiomers are present during crystallization, thus the
effect of the eutectic composition prevails.
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The chiral (enantiomeric mixture) catalyst may also enforce (eegykat) its effect, e.g., in aldol
reactions [11]. How can a single enantiomeric resolving agent (eeguresag) enforce its effect?

Single enantiomers are present under different conditions as two conformers. For example,
two conformers of enantiomers of benzothiazepine derivatives participate in the crystal structure,
imitating the conformers of the more stable racemic crystalline structure ((S,5)-HMB and (S,R)-HMB)
(Figure 7) [15,16].

OCH, OCH,

S @ S @
@[ +1OH @[ Q—OH
N o
H

(S,S)-HMB (S,R)-HMB
Figure 7. Imitative benzothiazepine derivates.

One of the enantiomers ((R)-TOF) of a benzodiazepine derivative (Tofizopam TOF) in chloroform
at room temperature including 100% of the major conformer converts into a mixture of 77.9% major
and 21.8% minor conformer in 48 h. However, racemic Tofisopam immediately forms two conformers
upon dissolution (Figure 8) [17].

H,CO  OCHj;

N ® -
HsCO O { H3CO Me
Me CHCI
E NG
N

HiCO  OCHs Et
(R)-TOF major (R)-TOF minor
77.9% 21.8%

Figure 8. The conversion of the conformers of (R)-TOF.

It can be interpreted that the two conformers of the single enantiomer are formed immediately in
the presence of another chiral molecule.

The single enantiomeric resolving agent is also involved in the crystalline structure of the
diastereomeric salt—formed with the enantiomer of the racemic compound—with its two conformers
(in a ratio of 41/59), e.g., when reacting (1-hydroxy-2-cyclopentenyl)acetic acid (PGL) with racemic
phenylethylamine (PhEA) (Figure 9) [18].

Thus, under the conditions of the crystallization of the diastereomeric salt, eep;, depends on
either the eutectic composition of the racemic compound (eegyrac) or the eutectic composition of the
enantiomeric mixtures of the single enantiomeric resolving agent (eeguresag) reacting with its two
conformers. However, this means that the ratio of the conformers depends on the eutectic composition.

Koshima described that the enantiomers of sodium ammonium tartrate from Pasteur’s
enantiomeric separation (1848) are formed by crystallization of M and P helical double-helix
associations (mirror-image crystals containing pure enantiomers) from the conglomerate forming
racemic solution [19,20].
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Figure 9. Diastereomeric salt formation with both conformers.

5. Solvent and Time Dependence of Diastereomeric Mixture Separation by the Effect of the
Eutectic Composition

The following are examples of the effect of the eutectic of the racemic compound and the resolving
agent in different solvents with different crystallization times [5,12,21-23]. The diastereomers were
separated in each case based on their distribution between the two phases.

5.1. Role of the Solvent—The Effect of the Eutectic Composition

Beside the effect of the eutectic composition, the role of the applied solvent can also be
observed. For example, in case of the resolution of the intermediate of Flumequin (FTHQ) with
di-p-toluyl-(R,R)-tartaric acid (DPTA), the composition of the precipitated diastereomer could be
influenced by the modification of the solvent. At the same time, in both presented solvents the
enantiomeric ratio of the FTHQ enantiomer, separated from its DPTA-salt, corresponded well to the
eutectic composition of the FTHQ enantiomeric mixture (eeg,rrHQ ~ €epia) (Figure 10) [24].

EtOAC F ee: 48%

— Y: 91%

R>S
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H

HOOC COOH
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RS R* MeOH F
racemic FTHQ 0.5 eq. (R,R)-DPTA ee: 59%
. Y, Y: 70%
€€EyRac = 40% eepures = 90% H ’
S>R

Figure 10. The composition of the diasteromer can be influenced and predetermined by the variation
of the solvent.

5.2. Role of the Crystallization Time—The Effect of Kinetic and Thermodynamic Control on the
Eutectic Composition

In case of the presented resolution, the effect of time could also be observed. Although,
by prolonging the crystallization time, the composition of the precipitated diastereomer changed.
In both cases of kinetic and thermodynamic control, the eutectic composition of the racemic compound
(eepuRrac) is determinant in the formation of the stoichiometry of the diastereomer (Figure 11) [13]. Thus,
the eutectic composition of the racemic compound participates in the formation of the diastereomeric

salt (eeEuRac ~ eeDia)~
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Figure 11. The enantiomeric mixture, taking part in the formation of the diastereomer present in the
crystalline phase, alters in the function of the crystallization time.

5.3. When the eegyresag ~ eepig/Determinant Role of the Kinetic Control

In the followings, two resolutions confirming the memory of the resolving agent are presented.
In the first one, the resolving agent determines the kinetic control (Figure 12) [25].

0.25h
OH (R)-MA.(R)-PREG
eepia 80%
COOH w2 Ho0, 0.25eq. Na,CO3 Dia E7
+ -
COOH filtration, separation
\_168 h
rac. MA 0.5 eq. (R)-PREG (R)'MA-(R)'PREG
€€epjg 62%
€€gyrac 38% €eEyRres 80%

Figure 12. The kinetic control is determined by the resolving agent.

5.4. When the eegyresag ~ €epig/Thermodynamic Control is Decisive

In the second case, the thermodynamic control (Figure 13) is vindicated by the eutectic composition
of the enantiomeric mixtures of the racemic compound [25].

0.25h
OAc

(R)-AcMA (R)-FA
. 0,
COOH COOH 1 0, dioxane (1:1) / eepia 56%
+
NH, N i
filtration, separation
rac. AcMA (R)-FA \_168h (R)-AcMA (R)-FA

€€pjy 88%

€egurac 30% €egyRres /8%
Figure 13. The thermodynamic control is determined by the racemic compound.

6. Conclusions

Based on others [19,20,26] and our own experiments [27,28], during the crystallization of molecules,
the formation of mirror crystals from solutions of achiral and chiral molecules should be interpreted as
behaving as coded robots. In each case, they form supramolecular and helical associations in their
solutions. In the case of achiral molecules, the associates with M and P helicity are formed in the same
amount (M~P). However, for chiral molecules, the M and P helicity associates are a function of the
eutectic composition of the corresponding enantiomeric mixture, where M # P.

These M and P ratios, in addition to the self-disproportionation of enantiomers (SDE) [29-33],
validate their effect when the racemic compound is reacted with the resolving agent, and this is why



Chemistry 2020, 2 794

the eutectic composition of the racemic compound or the resolving agent occurs in the crystalline
diastereomeric salt, depending on which eutectic composition is predominant under the given
circumstances. Thus, each chiral molecule reacts with at least two conformers with different degrees of
M and P helicity.

The code of behavior of molecules validates the combined effect of their configuration, charge
distribution, constituent atoms, bonds, flexibility, and asymmetry.
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