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In optical resolutions via diastereomeric salt formation a racemic acid or base is reacted with an
enantiopure resolving agent that has an opposite acid-base character. Two diastereomeric entities (ion
pairs, associates, crystal nuclei and crystals) are formed in the mother liquor. In an effective resolution the
solubilities of the diastereomers (which are in close relation with their stability in the solid phase)
significantly differ. The chiral molecules that have similar constitutions but different steric structures
build up crystalline phases which have different stability. The stability difference is the base of the
separability. (It should be noted that in most cases, the stability difference is small and the diastereomers
cannot be separated.) The origin of the stability difference can be elucidated by the analysis of the crystal
structures of the diastereomers.
The publications that deal with the molecular background of the stability relation of
diastereomeric pairs are based on single crystal X-ray diffraction and/or on computational chemistry.
Both methods have their own difficulties. The application of computational methods in the case of
diastereomeric salts is limited by the large number of atoms in the case of the ion pairs, the decisive role
of weak second order interactions and the several possible crystal modifications. For the application of
the single crystal X-ray diffraction method good quality single crystals are needed. In the case of an
efficient resolution, the diastereomers have a large stability difference, thus good quality single crystals of
the more soluble salt are difficult to obtain or cannot be prepared at all. There are few publications which
present the crystal structures of both diastereomers. Therefore, the knowledge concerning the stability
relation of diastereomers is so far limited, its enlargement can give a useful aid in the design of optical
resolutions. The study on the molecular level of the diastereomeric crystalline phases does not give an
exact description of the chiral discimination that occurs in situ during the optical resolution. However,
this approach can give the deepest insight in the mechanism of the chiral recognition.
In some rare cases, kinetic factors also must be taken into consideration in the description of
optical resolutions. Optical resolutions via diastereomeric salt formation are usually characterised by the
solubility equilibrium of the components. It occurs however, that the equilibrium is established slowly
and the system does not reach the equilibrium state during the completion of the resolution. In such cases,
the result of the resolution depends on the time left for the crystallization. The enantiomeric excess of the
product may change significantly with time, the optical rotation of the product can even turn over. Taking
into consideration the time-dependence, the efficiency of the resolution can be significantly improved.
Presumably, the occurence of such systems is not exceptional, but the chemists usually do not study how
the resolution efficiency changes with time. Therefore, there are only a few publicatons which describe
time-dependent resolution results.
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A few papers can be found where favourable effects of achiral compounds in optical resolutions
are described. The physico-chemical properties of the diastereomeric molecule-associates (then crystals)
that are formed in optical resolutions via diastereomeric salt formation are different, therefore they can be
distinguished in achiral environment. Therefore, the ratio of the diastereomers in the precipitate can be
changed by the interaction with achiral compounds. Nevertheless, the application of achiral agents in
optical resolutions is rare. An extensive study of the interactions of diastereomers with achiral molecules
may give a free scope for this promising method.

Introduction
During my Ph.D. work I studied the mechanism of three different optical resolution processes on
the basis of the crystal structures of the diastereomeric salts. I have determined the crystal strucures by
single crystal X-ray diffraction method. The studied systems were the following:
1)

1-(1-naphthyl)ethylamine racemate (R)-N-[1-(1-naphthyl)ethyl]oxalamic acid resolving agent

2)

1-Phenylethylamine racemate

(R)-N-(1-phenylethyl)glutaramic acid resolving agent

3)

N-Formylphenylalanine racemate

(S)-1-Phenylethylamine resolving agent

I have determined the crystal structures of four diastereomers, namely the structures of both
diastereomers of the 1st resolution and the structures of the more stable salts of the 2nd and the 3rd
resolutions. I sought answers to the questions below:
I)

Which are the differences that cause the stability difference of the pairs of diastereomers?

II)

Which are the interactions that stabilize the crystals of the more stable diastereomers?
I have made a comparison of 9 pairs of diastereomers found in the Cambridge Structural Database

(CSD) in order to investigate question I in more detail. All of the 9 compounds contained 1phenylethylamine base.
In the cases of the studied resolutions, unusual kinetic effects also played an important role. The
efficiency of the 2nd resolution could be increased by the use of achiral additives (the additives could have
both thermodynamic and kinetic effects) and that of the 3rd resolution was time-dependent. I used thermal
analysis, X-ray powder diffraction and optical microscopy in the investigation of these effects.
All of the studied diastereomeric salts contained 1-phenylethylamine base or its derivative. The
samples were chosen in the way that they could be compared with each other and with the literature.
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Methods
Differential Scanning Calorimetry measurements were performed with TA Instruments DSC
2920 from 20 °C to the melting temperature of the samples with 5 °C min-1 heating rate. The 3,500 4,000 mg samples were placed in a hermetically sealed pan, the measuring cell was purged with
60 ml min-1 nitrogen gas.
Optical microscopic investigations were carried out with a Leica MZ6 polarizing microscope.
The crystallization processes were recorded with a JVC GCX3 digital camera.
X-ray powder diffractograms were taken on a Freiburger Prazisionsmechanik (Carl Zeiss)
HZG4 X-ray diffractometer. The measurements were carried out in the 2Θ = 2°- 44° range at the CuKα
line at room temperature. The accelerator voltage was 30 kV and the current 25 mA.
Single crystal X-ray diffraction measurements were carried out in the Institute of Structural
Chemistry of the Hungarian Academy of Sciences. Intensity data were collected on an Enraf-Nonius
CAD4 diffractometer (graphite monochromator; CuKα radiation, λ = 1.54180 Å) using ω/2θ scans, and on
a Rigaku R-AXIS RAPID image plate diffractometer (graphite monochromator; CuKα radiation,
λ = 1.54180 Å).

Results and discussion*
I.

I studied the relation between the stability difference of the studied diastereomeric pairs

and the difference in their crystal structures. I have determined and compared the single crystal structures
of the diastereomeric pair of the 1st resolution. Furthermore, I have made the comparison of the single
crystal structures of 9 diastereomeric pairs found in the Cambridge Structural Database (CSD).

1.

The

resolution

of

racemic

1-(1-naphthyl)ethylamine

using

(R)-N-[1-(1-

naphthyl)ethyl]oxalamic acid resolving agent is a member of a series of optical resolutions. I chose this
resolution for the analysis of the differences of diastereomeric crystal structures, because this was the
most efficient resolution among the homologues and beacause I had good quality single crystals of both
diastereomers. Furthermore, I could make a comparison with the known structures of the analogous
diastereomeric pair that contained phenyl groups instead of the large naphthyl groups. I have determined
the

crystal

structures

of

the

(R)-

and

(S)-1-(1-naphthyl)ethylammonium

(R)-N-[1-(1-

naphthyl)ethyl]oxalamates diastereomeric salt pair by single crystal X-ray diffraction method4,6,10,11,12.
*

The roman numerals in the “Results and discussion” part refer to the two questions put in the “Introduction”. The results come
after in the same order as the theses.
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The diastereomers crystallize in similar crystal lattices, monoclinic system, P21 space group (Figure 1).
The ladder-shaped hydrogen bond structures formed by the ionic groups go along the the b
crystallographic axis. The anions and the cations are settled around the hydrogen-bond structure
according to a two-fold screw symmetry. The hydrogen bonds are similar in the diastereomers except that
in the less stable diastereomer one hydrogen bond is missing. Interestingly, in the more stable
diastereomer the analogous hydrogen bonds are longer (presumably weaker). In the studied structures few
weak secondary interactions are formed, these are similar in the two diastereomers. The stability
difference of the diastereomeric crystalline phases cannot be explained on the basis of the differences of
the secondary interections in the case of the studied diastereomeric pair.

Figure

1

Unit

cells

of

the

(R)-

and

(S)-1-(1-naphthyl)ethylammonium

(R)-N-[1-(1-

naphthyl)ethyl]oxalamates diastereomeric pair (cation: blue, anion: red)
The positions of the base molecules in the crystal lattices of the two isomers are similar (Figure 1)
notwithstanding their different chirality. However, the molecules of the acid are turned by about 180°.
Therefore, the mutual position of the naphthyl rings in the diastereomers is different. In the less stable
crystal, the naphthyl groups are unfavourably arranged and the molecules are loosely packed. The crystal
contains 5 % void volume which reduce its density (≈ 1.15 g cm-3). The molecules of the more stable
diastereomer are close packed, the calculated density of the crystal is high (≈ 1.23 g cm-3), so the density
difference of the diastereomers is large. The melting point difference of the diastereomers is also large
(≈ 57 °C).
Compared to the crystal structures of the analogous diastereomeric pair containing phenyl groups
instead of the naphthyl groups, the enlarged aromatic ring does not change the crystal symmetry, the
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arrangement of the molecules and the hydrogen bond structure. However, the stability differences of the
diastereomeric pairs are based on other structural differences in the case of the analogous compounds.
-

naphthyl: the mutual position of the naphthyl rings in the diastereomers is different, that results in
different crystal packings

-

phenyl: in the more stable diastereomer n additional weak C-H...O hydrogen bond is formed,
which is responsible for the different conformations of the anions

2.

To the best of my knowledge, the communications that deal with the stability difference of

diastereomeric pairs, do not make general statements on the basis of the comparison of several different
diastereomeric structures. During my research work, I searched for general characteristics which aid the
understanding of the relationship between the structural differences and the stability difference of the
diastereomers.
I compared the crystal structures of 9 diastereomeric pairs found in the Cambridge Structural
Database (CSD). The results of the optical resolutions were also known in the case of the chosen
diastereomers. All of the 9 compounds contained 1-phenylethylamine base. I chose 1-phenylethylamine,
because my Ph.D work also deals with 1-phenylethylamine derivatives. 1-phenylethyalmine is the most
widely used basic resolving agent and the database contains the structure of a relatively large number of
1-phenylethylammonium salts. The molecular structures of the acids are varied.
I grouped the 9 optical resolutions in 3 groups on the basis of the characteristic stability
differences of the diastereomers that influenced their resolvability. In the 3 groups 3 structural differences
were characteristic that are
1)

the hydrogen bonding structure

2)

the angle formed by the phenyl rings of the acid and base

3)

the conformation of the acid
I did not find correlation between the density difference of the diastereomeric pairs and the

resolvability. Notwithstanding, the melting point difference of the diastereomers was proportional to the
resoution efficiency.

II.

In the cases of the 2nd and the 3rd resolutions I studied the crystal structures of the more

stable diastereomers because good quality single crystals of the less stable salts could not be prepared. In
both cases, the results of the resolutions with the homologues of the acids are also known. In both
resolutions, kinetic effects also were observable. I studied also these kinetic effects.
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3.

The optical resolution of 1-phenylethylamine with (R)-N-(1-phenylethyl)glutaramic acid

resolving agent is the succeeding member of a series of resolutions. The resolvability of the homologues
increases with the lenghtening of the carbon chain, but in the case of the glutaric acid derivative the
resolvabiliy diminishes.
I determined the single crystal structure of the (S)-phenylethylammonium (R)-N-(1phenylethyl)glutaramate salt5,10,11,12. The symmetry of the crystal lattice (monoclinic system, P21 space
group) is similar to that of the shorther homologues. A 2 dimensional hydrogen bonding network is built
up in the plain of the a and b crystallographic axes (Figure 2). Therefore, the crystal has a layered
sturcture, the surface of the layers is apolar, there is not significant second order interaction between
them. The 2-dimensional hydrogen bond network that is substantially different from the 1-dimensional
hydrogen bond structure of the homologues may explain that the resolution efficiency lags behind that of
the homologues.

Figure 2 Two dimensional hydrogen bond network in the crystal of (S)-phenylethylammonium (R)-N-(1phenylethyl)glutaramate (C: black, O: red, N: blue, hydrogen bond: dashed line)
Inside the layers, the apolar groups are fixed by weak C-H...O and C-H...π hydrogen bonds.
Among them, the two C-H...π bonds that fix the long carbon chain of the acid in an ion pair form a
special conformation (Figure 3).
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Figure 3 Weak C-H...π hydrogen bonds in one ion pair in the crystal of (S)-phenylethylammonium (R)N-(1-phenylethyl)glutaramate

4.

(R)-N-(1-phenylethyl)glutaramic acid resolves racemic 1-phenylethylamine with lower

efficiency than its homologues. 100 % enantiomeric excess cannot be reached with (R)-N-(1phenylethyl)glutaramic acid. However, in the presence of achiral urea derivatives, pure (S)-1phenylethylamine can be produced under the same conditions1.
During my Ph.D. work I also studied the effect of the achiral additives on the chiral recognition in
this resolution. I used X-ray powder diffraction, and DSC methods for the investigation of the precipitates
that were formed during the resolutions in the presence of the additives. On the basis of the
measurements, the additives (except urea) were present in the samples only in trace amounts. The X-ray
diffractograms of the precipitates formed in the presence of the urea derivatives were identical to that of
the pure (S)-phenylethylammonium (R)-N-(1-phenylethyl)glutaramate that crystallized from pure starting
materials. The additives did not change significantly the structure of the less soluble salt. The amount of
the urea additive in the precipitate was detectable by X-ray powder diffraction and DSC methods, it did
not decrease even after several recrystallizations. The urea formed a physical mixture with the
precipitated diastereomer, and – like the other additives – did not change its structure. I observed by
optical microscope that urea promoted the crystal nucleation of the less soluble diastereomer (Figure 4).
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Figure 4 Needle-like urea crystals promote the crystal nucleation of (S)-phenylethylammonium (R)-N-(1phenylethyl)glutaramate (the second photo was taken some minutes later, the length of the white bar is
0,5 mm)

5.

N-Formylphenylalanine enantiomers can be efficiently separated by 1-phenylethylamine

resolving agent, however its homologues cannot be resolved with the same agent2.
A part of my Ph.D work dealt with the anomalous behaviour of N-formylphenylalanine. I plotted
the solid-melt phase diagram of the diastereomers on the basis of DSC measurements. I used the eutectic
composition (xeu) of the diagram to estimate the efficiency of the resolution (F = (2xeu - 1) / xeu). I got for
the efficiency a low value (0.15), which was similar to that of the homologues. By further investigations,
I established that the enantiomeric excess (ee) of the product decreased (in one week from 0.92 to 0.62)
and the yield (Y) increased. On the whole, the resolution efficiency (F = ee x Y) slowly decreased in time
(in one week from 0.41 to 0.38). Presumably, the resolution efficiency in time reaches the equilibrium
state indicated by the solid-melt phase diagram.
On the basis of the results, I concluded that some kind of kinetic effect caused the initially high
resolvability3,7,8,9. By optical microscopic investigations I found that both diastereomers grew as needlelike crystals, however a large difference was observable in the crystal growth rates of the diastereomers in
perpendicular directions to the longitudinal direction of the crystals. While the less soluble salt
crystallized as large single crystals, the more soluble diastereomer formed thin thread-like crystals, the
crystal growth of the latter being strongly inhibited in transversal directions (Figure 5).
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Figure 5 A single crystal of the less soluble diastereomer and a sheaf of crystals of the more soluble
diastereomer

6.

Using single crystal X-ray diffraction, I searched for the effect that promoted the

transversal crystal growth of the more stable diastereomer ((S)-1-phenylethylammonium (S)-Nformylphenylalaninate)3,7,8,9. The investigated salt crystallizes in orthorombic system, P212121 space
group. The crystal lattice is built up by hydrogen bonded molecular columns which are perpendicular to
the a crystallographic axis. The columns are connected by C-H...O hydrogen bonds formed by the formyl
group of the acid. This oxygen atom is located far from the hydrogen bonded ladders which determine the
crystal structure, it does not take part in strong N-H...O hydrogen bonding. Nevertheless, it forms three CH...O hydrogen bonds. Two of the three connect the formyl group of the anion with the neighbouring
cation, the third one increases the cohesion between the molecular columns (Figure 6). Presumably, the
third C-H...O bond promotes the tranversal growth of the crystal. The relatively strong C-H...O bonding
makes the fast formation of the thick crystals possible.

Figure 6 C-H...O hydrogen bonds in the crystal of ((S)-1-phenylethylammonium (S)-Nformylphenylalaninate between the ions and in one unit cell
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Theses
1.

I analyzed the relationship between the resolvability and the structural differences of the

(R)- and (S)-1-(1-naphthyl)ethylammonium (R)-N-[1-(1-naphthyl)ethyl]oxalamates diastereomeric salt
pair. I determined the crystal structures of the diastereomers by single crystal X-ray diffraction method.
The structures, the symmetry and the secondary interactions of the diastereomeric crystal lattices are
similar, their difference does not explain the stability difference of the crystals. The most important
difference from that point of view is a ca. 180° rotation in the position of the acid molecule. This
difference changes the mutual position of the naphthyl rings of the base and the acid in the two structures.
By virtue of this difference, the crystal lattice of the more stable diastereomer becomes a close packed,
high density structure, and that of the less stable diastereomer a lower density structure. I found that the
phenyl → naphthyl change significantly altered the factors that caused the stability difference of the
diastereomers.

2.

By the analysis of the Cambridge Structural Database (CSD), I compared the structural

properties and the resolvability of 9 diastereomeric pairs. All investigated salts contained 1phenylethylamine base. On the basis of the opinion of the authors and the comparative study of the crystal
structures of the diastereomeric pairs, I divided the 9 resolutions found in the literature into three groups.
The following three structural differences were determining in the three groups:
1)

the hydrogen bonding structure

2)

the angle formed by the phenyl rings of the acid and base

3)

the conformation of the acid
On the basis of my results, the structural differences of the diastereomeric pairs can be categorized

in a few distinct groups.

3.

I determined the crystal structure of the more stable isomer of a diastereomeric salt pair,

(S)-phenylethylammonium (R)-N-(1-phenylethyl)glutaramate. I found that the investigated diastereomer
had a 2 dimensional hydrogen bond network, that was basically different form the 1 dimensional
hydrogen bond structure of the known homologues and derivatives. I concluded that this structural
difference might explain why the resolution efficiency of the glutaric acid derivative did not match the
homologue series.
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4.

I

investigated

the

optical

resolution

of

1-phenylethylamine

by

(R)-N-(1-

phenylethyl)glutaramic acid resolving agent in the presence of achiral urea derivatives (urea, Nmethylurea, N,N'-dimethylurea and thiourea). I attempted to explain how the achiral additives increased
the resolution efficiency. I investigated by X-ray powder diffraction and DSC methods the precipitates
that were formed during the resolutions in the presence of the additives. I found that the additived were
not incorporated in the crystal lattice of the more stable diastereomer and did not change significantly its
structure. The additives were present in the precipitates only in trace amounts (except the urea). The urea
was present in the precipitate in significant quantity and it formed a physical mixture with the precipitated
diastereomer. I established that the urea crystals promoted the crystal nucleation of the less soluble salt.

5.

I established that during the separation of N-formylphenylalanine enantiomers by 1-

phenylethylamine resolving agent, the enantiomeric excess of the product decreased and the yield
increased. I established that the time-dependence of the resolution was the result of a kinetic effect, that
was caused by the crystal growth rate difference of the diatsreomeric salts. I concluded that this effect
was responsible for the higher resolution efficiency as compared to the homologues.

6.
crystal

I used single crystal X-ray diffraction in finding the effect that promoted the transversal
growth

of

the

more

stable

diastereomer

((S)-1-phenylethylammonium

(S)-N-

formylphenylalaninate). I established that the C-H...O hydrogen bonds that were formed by the formyl
group of the acid promoted the crystal growth of the salt.

Possible applications
Weak hydrogen bonding (C-H...O and C-H...π) was found to have an important role in
determining the stability relation of the investigated diastereomeric crystal structures. When the racemate
is structurally related to the investigated compounds, a similar approach can be used. An oxo group in the
molecule of the resolving agent, far from the ionic functional groups can potentially form weak C-H...O
bonds.
In the case of 1-phenylethylamine and its derivatives, my classification of the structural
differences of diastereomeric pairs can be taken into consideration.
Kinetic effects or phase equilibria with extra phases may be the cause that thermoanalytical and
preparative results are not in agreement. Thermoanalytical studies can attract one's attention to these
factors. Then the information can be used during the method opimization.
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