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Foreword

After the end of the 20th century, the science of crystallization reached a truly
exciting stage where new opportunities emerged in both theory and experi-
ment. Various physical methods are capable of resolving the surface as well as
the inside structure of crystals at the atomic level while new high- performance
computing resources afford the capability of modeling the complex large-scale
alignments necessary to simulate crystallization in real systems. As a result, the
science of crystallization has shifted gradually from static to dynamic science
and considerable progress now underlies the complex but beautiful crystal-
lization process. I believe that if a definitive history of 21st century science is
ever written, one of the highlights will be the science of crystallization.

This science has the following characteristics: infinite advances in sophis-
tication, unlimited opportunities not only for intellectual excitement but also
for industrial merit, strong collaboration with biology and material science, as
well as with all areas of chemistry. The vast potential of crystallization as an im-
portant field of science is far beyond the simple technology of pharmaceutical
industries during the 20th century.

Optical resolution was one small area of chemistry in the last century. This
was more a technology than a science, largely because trial and error was the
only method to obtain good results. However, the situation is now changing.
There are so many appealing, hidden findings in the process of crystallization.
Historically, crystallization began in an old laboratory in academia and then
gradually shifted to industry. Now, it is making its comeback in academia due
to several new research branches trying to discover what is going on during the
crystallization process. I believe this field of science is now growing as a result
of the wonderful coupling between industry and academia.

I read a prepublication draft of Novel Optical Resolution Technologies, and
found that each one of these general characteristics of science had a reality and
sharpness that I had not expected. While it was a sheer delight to revisit each
of these triumphs guided by the wise insights and analyses found throughout
the book. There is a good balance between the underlying historical material
and the design and execution aspects of each topic.

I would like to congratulate Dr. Sakai on this fine edition. I wish him well in
his further work as a scientist and as an author.

The University of Chicago Hisashi Yamamoto



Preface

The prototype of two important optical resolution methods via crystallization,
preferential crystallization and the diastereomeric salt formation method, was
discovered by Louis Pasteur et al. in the middle of the 19th century. After
gradual progress, in the latter half of the 20th century, these methods grew as
one of the most important technologies in the chemical industry for obtaining
various enantiopure chemical compounds useful to humankind, especially in
the fields of the pharmaceuticals and other functional materials. Despite such
remarkable progress, however, the molecular mechanism of the resolution
phenomena was not sufficiently elucidated until recently. For the last decade,
in accord with the substantial development of analytical tools, particularly in
crystal structure solution, resolution chemistry has been revisited by many
scientists and the situation has dramatically changed.

With this situation in mind, this volume is devoted to current topics con-
cerning novel optical resolution technologies and is composed of four sections:
(1) a theoretical approach to preferential crystallization, (2) the mechanism
of preferential enrichment, (3) the practical use of preferential crystalliza-
tion and various applications of the diastereomeric salt formation method,
and (4) a statistical overview of the synthetic method of chiral compounds in
pharmaceutical industry. In the first two sections, you will find an in-depth
interpretation of preferential crystallization and the mechanism of a newly
found resolution phenomenon called preferential enrichment. In the third
section, you will see practical examples of the preferential crystallization and
the diastereomeric salt formation method, which help one understand these
mechanisms. In the final section, you will find the current situation of the
resolution method in the pharmaceutical industry. Due to the limited space,
optical resolution using the inclusion complexation method was excluded.

The editors would be delighted if this volume helps you better understand
contemporary resolution chemistry and can be used to reinforce your chem-
istry methodology.

The editors would like to thank all authors in this volume and are obliged
to Professor Hisashi Yamamoto of The University of Chicago for his encour-
agement to complete this volume.

Toray Fine Chemicals Co. Ltd., Nagoya, September 2006 Kenichi Sakai
Tokai University School of Medicine, Isehara Noriaki Hirayama
Kyoto University, Kyoto Rui Tamura
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Abstract This contribution focuses primarily on chiral discrimination in the solid state,
i.e. the formation of conglomerates, how to detect them and the various benefits that can
be retrieved from chiral recognition in crystal lattices.

The core of the work is devoted to phase diagrams (mainly binary and ternary). The
stable and metastable heterogeneous equilibria are depicted and used to understand differ-
ent variants of preferential crystallization and how the entrainment effect proceeds. Seeded
and auto-seeded processes are analyzed minutely. The seeding procedure has a significant
impact on the control of stereoselective secondary nucleation and crystal growth.

The review ends with a systematic analysis of the reasons that can put, sometimes,
severe limitations on the entrainment effect.

Keywords Conglomerate · Entrainment · Phase diagrams · Seeding

Abbreviations
PC preferential crystallization
P pressure
T temperature
TB highest temperature of the AS3PC process (a suspension is obtained)
TF lowest temperature of the preferential crystallization process
TL temperature of dissolution of the racemic fraction of a mixture

of enantiomers
Tc critical temperature
Thomo temperature of homogenization of the system
Te, Tπ , Tε temperatures of the binary eutectic, peritectoid

and eutectoid, respectively
〈S〉;〈R〉 crystallized enantiomers S and R, respectively
〈RS〉 crystallized racemic compound RS
V achiral solvent
a and b acid and base, respectively
Ra and Sa couple of enantiomers with an acidic character
Rb and Sb couple of enantiomers with a basic character
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(R)solv. and (S)solv. solvated R and solvated S molecules, respectively
e composition of the binary eutectic liquid between enantiomers

(e.e. = 0)
ε ternary eutectic point
TfR = TfR melting temperature of the enantiomers
SHG second harmonic generation
e.e. enantiomeric excess = (R–S)/(R+S)
XF final composition at the end of the entrainment
SIPC seeded isothermal preferential crystallization
S3PC seeded polythermic programmed preferential crystallization
AS3PC auto-seeded polythermic programmed preferential crystallization
L point on the phase diagram corresponding to the complete fusion (bi-

nary system) or dissolution (ternary system) of the racemic mixture
only (i.e. the whole enantiomeric excess remains as a solid phase)

Z d(Thomo)/d(e.e.) at (+ / –) = constant: parameter quantifying the
temperature versus solubility variation of the enantiomer in excess for
a constant concentration in racemic solute

e.e.Bmax the maximum attainable enantiomeric excess in the mother liquor at
the beginning of the entrainment fulfilling the condition of cyclicity

e.e.Fmax the maximum attainable enantiomeric excess in the mother liquor at
the end of the entrainment. e.e.Fmax > e.e.Bmax

H (and H′) composition of the solution at Thomo
B (and B′) composition of the solution at TB
U (TL – TF)/(Thomo – TL) parameter revealing both: how steep is the sol-

ubility curve and the supersaturation of the medium attainable at the
end of the entrainment respecting the condition of cyclicity

αmol molar solubility of the racemic mixture/molar solubility of the enan-
tiomer = S(±)/S(+) = S(±)/S(–)

Um.eq (TL – TFm.eq)/(Thomo – TL) ideal thermodynamic parameter which
accounts for the ideal cooling along metastable equilibria and the con-
dition of cyclicity of the operations

MTotal total mass of the system
C (and C′) point representative of the overall synthetic mixture at the end of the

entrainment
SMB simulated moving bed
Fm.eq metastable solubility of an enantiomer that allows the condition of

cyclicity to be fulfilled for an ideal entrainment

1
Foreword

1.1
Historical Background

In 1866, Gernez [1], one of Pasteur’s students, was the first to detect the
entrainment effect. This discovery did not arouse much attention before A.
Werner (Nobel Price 1913) carried out his famous work on chiral metal
complexes. Duchinsky (1936) and later (in the 1950s) Amiard and Velluz
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revitalized interest in the resolution by preferential crystallization and its ap-
plication for large-scale production (several thousands of tons per year). The
first rational approach to the preferential crystallization process has to be
credited to Secor [2]. Later, Nohira’s group introduced new ideas on partial
salt formation which provide clear benefits in terms of productivity and ro-
bustness of the process. Jacques and his co-workers issued in 1981 the first
edition of the famous book “Enantiomers, Racemates, and Resolution” [3]
which helped once again to renew interest in resolution by entrainment. In
1994, the research group led by G. Coquerel in Rouen performed a thor-
ough analysis of preferential crystallization by using polythermic stable and
metastable heterogeneous equilibria. On the basis of this analysis the so-
called “auto-seeding” was proposed. In the author’s opinion, the story is not
finished here; several improvements will probably be made in the future mak-
ing preferential crystallization even more attractive at the laboratory as well
as the industrial scale ...

1.2
Structure of this Contribution

Before discussing preferential crystallization (PC) in detail, various pre-
requisites are examined.

The nature of the binary heterogeneous systems in which the PC takes
place are outlined.

In sequence, the definition, detection methods and benefits of the
paramount concept of conglomerate will be examined.

The PC is then presented in three different variants; firstly in its simplest
context, i.e., in an ideal binary system. Necessary fundamentals in ternary
heterogeneous equilibria are also presented; then three ideal PC applications
in solution are detailed by using the three variants. Comparisons between the
variants and the rationale behind PC limitations end the overview on this
preparative resolution process.

Note that chirality resulting from assemblage of nonasymmetric chemical
entities such as metal–organic complexes (e.g. Werner’s complexes) are not
considered throughout this contribution but the majority of paragraphs also
apply to this class of compounds.

2
Nature of the System

In addition to nonchiral solvents, it is supposed hereafter that the system is
composed of mirror image components which, in the domain investigated can-
not inter-convert. In other words, a left-handed (right-handed) molecule will
remain left-handed (right-handed) in the P, T, solvent(s) domain investigated.
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It will also be postulated that the systems investigated contain every couple
of chiral molecule. The composition spaces are then symmetrical with refer-
ence to the racemic composition [4, 5]. For instance, we can differentiate the
following systems:

N◦ 1 R–S binary system of enantiomers.
N◦ 2 R–S–V ternary system composed of the couple of enantiomers and an

achiral solvent V.
N◦ 3 Rab–Sab–V ternary system composed of: an achiral solvent V and the

couple of salts formed by the acidic chiral molecules and an achiral base.
N◦ 4 Rba–Sba–V ternary system composed of: an achiral solvent V and the

couple of salts formed by the basic chiral molecules and an achiral acid.
N◦ 5 Ra–Sa–b–V quaternary system composed of: an achiral solvent V and

the couple of enantiomers (acidic chiral molecules) and an achiral base.
N◦ 6 Rb–Sb–a–V quaternary system composed of: an achiral solvent V and

the couple of enantiomers (basic chiral molecules) and an achiral acid.
N◦ 7 RaSaRbSb reciprocal ternary system composed of two couples of enan-

tiomers (one with an acidic character, the other with a basic character).
N◦ 8 RaSaRbSb–V reciprocal quaternary system composed of two couples of

enantiomers (one with an acidic character the other with a basic char-
acter) and an achiral solvent V.

It is worth noting that the number of solvents can be increased, adding up in
the order of the heterogeneous system; a great variety of heterosolvates can
therefore be contemplated. Furthermore, extra achiral components can par-
ticipate in the system so that co-crystals of chiral species can be obtained [6].
As the couple of enantiomers can also be added there is no conceptual limit
in the order of the system! ...

Obviously, system N◦ 1 is a sub-set of all the other systems (N◦ 2–8). It is
worth noting that system N◦ 5 differs from system N◦ 3 by the possibility of
departure from stoichiometry; indeed, in system N◦ 5 any base/acid ratio can
be considered. This is an important difference since abnormal salt [7] or non-
congruent salt (solvated or not) can be obtained as crystallized phases [8]. In
a similar way, system N◦ 6 enlarges the possibilities encompassed in system
N◦ 4, i.e. system N◦ 4 is a particular section of system N◦ 6.

3
Definition and Detection of a Conglomerate

3.1
Definition

In binary systems a conglomerate is simply a eutectic mixture. This definition
remains correct for some systems of higher degrees, but this definition can-
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not hold when considering solvates, adducts, noncongruent solubility com-
pounds, etc. A more general definition is therefore needed:

A conglomerate is a mixture of mirror-image crystallized phases exhibit-
ing symmetrical enantiomeric excesses.

Figures 1a–m illustrate examples or counter examples of this definition.
Figures 1a–h correspond to system N◦ 1. Figure 1a represents a stable con-

glomerate and refers to a eutectic mixture. The two pure enantiomers co-exist
as separated crystallized phases for any temperature below Te. Figure 1b,c
shows that the competition between the free enthalpy of the racemic com-
pound and that of the mixture of enantiomers is temperature dependent. As
illustrated in Fig. 1b, above Tπ (temperature of the peritectoid invariant) the
conglomerate is stable. Below Tπ the racemic compound is stable, the conglom-
erate is therefore metastable. By contrast, in Fig. 1c the conglomerate is stable
below Tε (temperature of the eutectoid invariant) and the racemic compound
is stable above Tε. These invariants, corresponding to reversible heterogeneous
reactions, should not be confused with polymorphism since three phases are in
equilibrium at Tπ and Tε instead of two only for polymorphism.

The crystallization of a conglomerate without solid solution represents
a nice (and up to now unpredictable) phenomenon of complete chiral dis-
crimination during a self-assembling process. There are some cases in which
the chiral discrimination is less selective: in Fig. 1d,e various cases of con-
glomerates associated with different domains of partial solid solutions are
illustrated. The solid state chiral discrimination is poorer than in case 1a;
these data have been used to quantify the chiral character of an asymmetric
molecule [9]. When a complete solid solution exists there is no longer any
conglomerate since a single phase only exists between the two chiral compo-
nents. Nevertheless, at low temperature a chiral discrimination can appear.
This phenomenon results from a solid–solid miscibility gap as illustrated on
Fig. 1f. At a temperature above Tc there is no conglomerate since a complete
solid solution spans over the complete range of composition between the pure
enantiomers. Below Tc, there is a stable conglomerate since two mirror-image
solid solutions co-exist. Their symmetrical compositions are temperature de-
pendent and read on the solvus curve. This case should not be confused
with Fig. 1g and Fig. 1h where a racemic compound exists inside the misci-
bility gap at the solid state (Fig. 1g) or as an ordered superstructure of the
complete solid solution (Fig. 1h).

Figure 1i–m illustrate situations which are encountered in systems N◦ 2, 3,
and 4. Figure 1i represents a classical stable conglomerate of asolvated pure
components whatever the temperature below the binary eutectic. Figure 1k
illustrates a ternary system corresponding to the binary system represented
in Fig. 1d at temperature T2. Figure 1j shows a stable nonsolvated racemic
compound whatever the temperature. Nevertheless, in solvent V and below
the temperature of the reversible decomposition of the mirror image solvates,
a conglomerate is stable. It is worth noting that these solvates might only be
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Fig. 1 a Stable conglomerate whatever the temperature. b Stable conglomerate for T > Tπ.
c Stable conglomerate for T < Tε. d,e Stable conglomerate with partial miscibility at the
solid state. f Complete solid solution at Tc < T < T melting and a conglomerate with par-
tial solid solution at T < Tc. g Complete solid solution at Tc < T < T melting and a racemic
compound inside the miscibility gap for T < Tk h Complete solid solution at Tc < T < T
melting. For x = 0.5 and T < Tk a superstructure exists

stable in equilibrium with their saturated solutions. Indeed, they can undergo
a swift desolvation when isolated from their mother liquor [10].

Figure 1l depicts a system of type N◦ 5 in which a couple of enantiomers
R and S of weak acidic character can be converted into solvated salts only if
an excess of strong base is introduced in the medium. Note that for the sake
of clarity of this isothermal quaternary system, components b (the strong
base) and V (the solvent) have been expanded to form two parallel segments.
The corresponding inserts show the geometrical transformation applied to
the original tetrahedron; the two symmetrical Sa-b-V and Ra-b-V ternary
systems are thus well separated. At this temperature, CR and CS are two enan-
tiomerically pure solvate salts which form a stable conglomerate in this basic
medium.
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Fig. 1 i Fig. 1a in a ternary system. j A specific solvent V might lead to the formation
of a conglomerate of solvates whereas the binary system corresponds to a stable racemic
compound whatever the temperature. k Fig. 1d in a ternary system at T = T2

These phases are called noncongruent solubility compounds [8], because
CR and CS placed in the pure solvent V undergo a partial decomposition if
a small amount of V is added, or a complete solvolysis if a great deal of sol-
vent is added. In terms of phase diagrams, this means that the segment VCR
joining V (representative point of the nonchiral solvent) to the representative
point of the solvated chiral phase CR does not intersect the stable solubility
curve r1–r2 of the compound RabV but instead, it crosses the stable solubility
curve of the R enantiomer.

Figure 1m represents a reciprocal quaternary system (system of type N◦ 8)
composed of two enantiomers of a chiral acid, two enantiomers of a chiral
base and an achiral solvent V. If, no solid solution nor solvate are postulated
here, the system leads to five different possible solids: 〈RaRb〉, 〈SaSb〉, 〈RaSb〉,
〈SaRb〉 and the racemic compound 〈RaRbSaSb〉. This list corresponds to two
couples of diastereomers and the double salt. If a couple of enantiomers, for
example 〈RaRb〉, 〈SaSb〉 are thermally more stable than 〈RaSb〉, 〈SaRb〉 then
the mixture of the four species can lead to the crystallization of a conglom-
erate of diastereomeric salts [11].

By changing the temperature, the other couple of enantiomers can become
more stable (i.e. crux reversible decomposition [8]). By varying the nature of
the solvent V′, another couple of enantiomers can become less soluble and
therefore give another conglomerate 〈RaSb–V′

n〉, 〈SaRb–V′
n〉.

The list of systems depicted here is by no means limitative, for instance one
can enlarge the conglomerate screening domain by investigating the possible
formation of co-crystals. An amine hydrochloride can form various (1–1), (1–
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Fig. 1 l Presence of a stable conglomerate of noncongruent soluble compounds. VCR and
VCS segments do not intersect the corresponding solubility curves (r1r2) of CR and CS
(r′

1r′
2) resulting in the noncongruence of the compounds. The geometric transformation

detailed by the successive arrows, is designed to facilitate the visualization of the pair of
noncongruent salts

2), ... crystallized adducts or co-crystals with simple carboxylic acids such as
benzoic acid, succinic acid, fumaric acid, etc. [6]

3.2
How to Detect a Conglomerate?

According to the definition of a conglomerate the two mirror-image phases
should have the same intensive scalar properties (temperature of fusion, en-
thalpy of fusion, density, lattice parameters, solubility in a nonchiral solvent,
in the case of solvate the same vapor pressure of decomposition, etc.) and
when considering vectorial properties the same modulus but of opposite di-
rection. Among organic compounds, some of these characteristics may not be
accessible or difficult to measure. For instance, chemical decomposition can
happen prior to melting, a solvate might only be stable in its mother liquor
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Fig. 1 m Isothermal reciprocal quaternary system (solvent V is rejected to the infinity)
RaRbSaSbV. At this temperature the racemic mixture crystallizes as a RaRb–SaSb stable
conglomerate.

(efflorescence), a salt can decompose under normal conditions of storage
(CO2 and/or H2O sensitive). In practice, racemic compounds, conglomerates,
and complete solid solutions are, by far, the most populated instances. Other
alternatives such as “exotic” stoichiometries (2–1) (1–2) [12, 13] and partial
solid solutions [14, 15] are rare. Here are listed various methods applicable to
conglomerate detection:

(1) Because of hemihedrism [16, 17], shape recognition (Fig. 2) is a subtle
way to detect conglomerates that need a minute amount of racemic mix-
ture. Pasteur spotted the first conglomerate by using shape recognition of the
tetrahydrated sodium ammonium tartrate—a significant proportion of par-
ticles exhibit the {111} hemihedral faces (space group P21212) which makes
single crystals of opposite chirality macroscopically differentiable. (±) Thre-
itol (1,2,3,4-butanetetrol) obtained in ethanol under weak supersaturation is
another chiral component that displays hemihedrism allowing a hand sorting
of the enantiomers (G. Coquerel, unpublished results).

(2) Investigations on the binary phase diagrams of enantiomers allow us
to spot conglomerates close to their melting point only. In the case of dia-
gram 1b if Tε is too far from the temperature of the molten state the poor
diffusion rate at the solid state is likely to hinder the conglomerate ↔ racemic
compound transition. Moreover, this method is basically restricted to systems
whose components can stand fusion without chemical decomposition.

(3) Investigations in a ternary system (R and S enantiomers plus sol-
vent) are of special interest since: (i) there is less restriction on the type of
systems submitted to investigation (types N◦ 2, 3 and 4 see Sect. 2 above),
(ii) the system is maintained in (or close to) thermodynamic equilibrium,
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Fig. 2 Morphologies of Pasteur salts obtained at 15 ◦C in a slightly supersaturated aqueous
solution with an excess of ammonia

(iii) it corresponds to data readily applicable for enantio-purification and
PC. This method offers robust data yet it is time consuming for a prelimi-
nary conglomerate screening. When one enantiomer and the racemic mixture
are available in sufficient quantities simple tests based on dissolution of the
enantiomer deliver a fast answer on the nature of the solid(s). Indeed, a con-
glomerate of nonsolvated species without any partial solid solution implies
that no dissolution nor any evolution in composition of the crystals occurs
when particles of pure enantiomer are added to a saturated racemic solution.
Obviously, only systems in which the pure enantiomer is less soluble than
the 50 – 50 composition have to be considered. Figure 3a,c clearly show that
starting from a stable racemic saturated solution, addition of a suspension of
crystals of enantiomer in equilibrium with their saturated solution does not
lead to any dissolution in the case of a conglomerate. By contrast, on Fig. 3b,
the same experiment leads to a dissolution (total or partial depending on the
quantity added) of the crystals of the pure enantiomer.

(4) It is possible to identify a conglomerate by dissolving a single particle
isolated from the racemic mixture in a nematic phase [3]. When the particle
contains an enantiomeric excess, the local composition leads to the forma-
tion of a cholesteric phase. This mesophase induces several optical effects
(colors, striations, etc.) rendering the method very sensitive. Nevertheless,
this technique needs some degree of training and is of interest for covalent
compounds soluble in the nematic phase.

(5) Chromatographic (chiral GC or HPLC) or polarimetric measurements
on single particles isolated from the racemic mixture can deliver evidence of
formation of conglomerates. The former method being in general more sen-
sitive than the latter. One problem is to make sure a single particle only is
extracted and not a bundle of fibers which might be of random chirality.

(6) As a conglomerate is a physical mixture of single crystals, spectroscopic
features of the solid particles are of prime importance in establishing the na-
ture of the crystallized racemic mixture. In the case of a conglomerate and in
the absence of partial solid solution, the IR, XRPD, ss NMR, raman patterns
of the pure enantiomer and the racemic mixture should be superimposable.
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Fig. 3 Detection of a conglomerate by using the dissolution test. Addition of a suspension
of 〈S〉 and 〈S–Vn〉 enantiomer to a saturated racemic solution leads to no dissolution in
a and c. By contrast, in case b a partial or total dissolution of the crystal occurs

X-ray diffraction (Fig. 4a,b) is, among others, a method that can be recom-
mended:

• It allows one to check that the phases are crystallized;
• It is very sensitive to even minor modifications of the crystal lattice such

as those observed with partial solid solutions. These minor differences are
significant if an internal standard is mixed with the solid phases to be
compared;

• Temperature-resolved XRPD allows one to check if any peritectoid in-
variant (Fig. 1b) or eutectoid invariant (Fig. 1c) or desolvation occurs on
heating and if the phenomena are reversible on cooling. These phenom-
ena limit the stability domain of the conglomerate and the application of
the preferential crystallization;

• XRPD analysis (as well as single crystal analysis-see below) can be car-
ried out in the exact environment of the existing phases: closed chamber
with a saturated vapor pressure in the solvent with “humid” solids (solid +
its saturated solution for efflorescent solvate, CO2 and H2O sensitive salts,
etc.).

(7) When a single crystal of sufficient size and quality for X-ray diffraction
studies can lead to the resolution of the structure and when the representa-
tiveness of the single crystal from the bulk is checked (by comparing calcu-
lated and experimental XRPD patterns), a nonequivocal identification of the
conglomerate is performed.

The crystallized phases which form conglomerates cannot possess symme-
try operators of the second kind. That is to say: no center of symmetry, mirror
or glide mirror and inverted axis (e.g. – 3; – 4; – 6) can exist in the crystal
lattice. Only 65 out of 230 space groups are thus possible. Among them 11
pairs have mirror-related screw axes (e.g. P41 and P43 or P6122 and P6522); if
for instance, one enantiomer crystallizes in the space group P41, its antipode
crystallizes in the space group P43. The occurrence of the 65 space groups is
by far not evenly distributed: the famous P212121 represents ca. 58% of the
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Fig. 4 a Superimposable XRPD patterns of the racemic mixture and the enantiomer
means that the racemic mixture is a conglomerate. See [27] b Nonsuperimposable XRPD
patterns of the racemic mixture and the enantiomer means that there is no conglomerate
(see text for possible difficulties)
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observed space groups for “small” asymmetric organic molecules (labeled by
Zorky as the“whale” [18]). P21 ranks number two and accounts for almost
30%. If C2 and P1 space groups are added a 90 to 95% chance to encounter
one of these four space groups is observed. The usual trend of low symme-
try space groups among organic molecules is thus observed in the sub class
of asymmetric molecules [19].

By contrast, a very small fraction of racemic compounds crystallizes in
a chiral space group. A survey in the CCSD [20] shows the clear trend of
centrosymmetric pairs of molecules at the solid state.

(8) The conglomerate being a physical mixture of crystals corresponding
to a chiral space group makes possible the screening of solid-state discrim-
ination by using Second Harmonic Generation (SHG). We will, first, briefly
recall the principle of the technique. Under irradiation with a light beam
of wavelength λ, materials with noncentrosymmetric crystal space groups
generate a beam of wavelength λ/2· whose intensity depends on the χ(2)

tensor [21–24].
The main interest of the technique lies in the fact that in centrosymmetric

structures all the elements of the χ(2) tensor are zero. This is the case for the
overwhelming majority of racemic compounds which are thus expected to be
nonSHG materials. Conversely, crystallized samples exhibiting SHG must be
composed of noncentrosymmetric crystals. Therefore, crystallized derivatives
of a racemic mixture exhibiting a SHG positive effect are likely to crystallize
as a conglomerate.

Diagnosis of the nature of a racemic mixture, conglomerate or not by using
SHG, requires a small quantity only of the racemic mixture (a few mg typ-
ically) and there is a priori no need for comparison between results of SHG
tests on the racemic mixture and the pure enantiomer. Therefore, the con-
glomerate screening can be undertaken even when the pure enantiomer is
not available and particles are too small for direct tests (single crystal, chro-
matography, dissolution in nematic crystals). The search can thus be carried
out at an early stage of the development of the molecule. The answer delivered
is instantaneous and the method is nondestructive if the intensity of the laser
beam is maintained within reasonable limits.

Besides the interest of the SHG method (including its compatibility for
a high throughput screening), its reliability has appeared somewhat ques-
tionable. Two drawbacks affect the SHG detection of conglomerates. These
are mainly related to the properties of the χ(2) tensor: (i) nondetected SHG
positive racemic mixtures and (ii) false-positive.
(i) Nondetected SHG positive materials can be attributed to:

• A χ(2) parameter that is too small (i.e. a low hyperpolarizability of the
molecule);

• An absorption at the wavelength of irradiation (e.g. 1064 nm) or at the
wavelength of the re-emitted radiation (e.g. 532 nm);
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• A nonactive SHG space group. Indeed, some chiral space groups are SHG
inactive (those related to point groups 422, 622 and 432 [25]. However,
these highly symmetrical groups are poorly represented among organic
materials.

(ii) False-positive response can occur:

• For racemic compounds crystallizing in a noncentrosymmetric space
group, e.g. Pca21 (not frequent);

• For racemic compounds crystallizing in a chiral space group, e.g. P21
(rare);

• If the sample is composed of too fine particles.

3.3
Competition Between Stable, Metastable and Unstable States,
Impact of Polymorphism and Formation of Solvates

Any extensive detection of conglomerates should proceed by a systematic
search. A simple comparison of spectroscopic data of the solids isolated from
their mother liquors resulting from crystallizations without precaution can
lead to an erroneous answer, i.e. missing a good opportunity. For instance:

• A racemic compound can be less stable than the corresponding conglom-
erate but according to the Oswald law of stages [26] it might appear first.
A seeding by the enantiomer of the racemic mixture can reveal the stable
chiral discrimination at the solid state;

• Polymorphism of the enantiomer can lead to the crystallization of one
form when pure and to another form when mixed with its antipode;

• Efflorescence of solvates can jeopardize the detection of conglomerates
with interesting properties.

In conclusion, despite numerous attempts, it must be stressed that prediction
of the conglomerate is beyond the current possibilities. The physico-chemist
must then rely on trial and error methods just as for polymorph screening.

3.4
Statistics About Conglomerate Formation

It is usually accepted that between 5 to 10% of the racemic mixtures crystal-
lize as a conglomerate [3]. It is important to note that:

• This figure corresponds to stable conglomerates which are, most of the
time, stable under ambient conditions. Only a few works deal with re-
search of solvates at low temperature which could increase the number
of conglomerates [27]. Even less investigations are published in systems
described in Figs. 1i or 1j. Probable additional opportunities are then un-
fortunately missed ...
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• These statistics show noticeable heterogeneities. For some components, an
extensive screening is necessary to find a derivative crystallizing without
solid solution nor racemic compound. Conversely, Collet [28] has pointed
out that mandelic acid derivatives have a propensity to form conglom-
erates. The research group in Rouen [29] has also pointed out a series
of 5-alkyl-5-aryl hydantoin derivatives which form eutectic mixtures with
a high frequency.

Even if some racemic compounds appear much more thermally stable than
the corresponding enantiomers (anti-conglomerate [9]), the difference in en-
ergy between the racemic compound and the enantiomers is usually small.
The structural similarities between the crystal lattices of the racemic com-
pounds and the corresponding enantiomers have long ago be recognized [30]
and account, at least partially, for the close competition in terms of energy.
Some controversies concerning Wallach’s rule [31] have shown that the den-
sities of the crystal lattices are not solely responsible for the overwhelming
proportion of racemic compounds.

For a given chiral amine (or acid) dozens of salts can be tested, each of
them in different solvents or mixture of solvents (the latter aimed at crystal-
lizing heterosolvates) and at different temperatures. These multi-parameter
screenings often result in one or several detections of stable conglomerates.
Covalent chiral components with no possibility of salt formation in extreme
media offer less chance (systems type N◦ 6 and N◦ 7). These components
neither possess a sufficient acid or basic character nor undergo a chemical
decomposition in extreme pH media. Nevertheless, a screening for co-crystals
and solvates can also result in the detection of stable conglomerates.

4
Benefits of Conglomerates

Beside the fundamental scientific interest in understanding the reason(s)
for spontaneous resolution, and application of the PC (also called entrain-
ment), Sects. 4.1 to 4.4 are devoted to the additional practical interests of
conglomerates.

4.1
Optimal Enantiomeric Purification

Inasmuch as no partial solid solution exists between the enantiomers in equi-
librium, any mixture containing an enantiomeric excess can be quantitatively
enantio-purified by selective crystallization. For conglomerates obtained in
systems N◦ 2 to 8 listed in Section 2, the choice of an appropriate solvent
and a careful management of the crystallization usually lead to an e.e. greater
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Fig. 5 The best enantiopurification of the mixture of composition Xinit by recrystalliza-
tion in the solvent V at temperature T1 consists of adding the exact amount of solvent V
so that the overall synthetic mixture composition corresponds to point K. Along KL seg-
ment any solid-liquid mixture in equilibrium is composed of a saturated solution plus 〈S〉
crystals

than 99% or even above 99.5% with a quantitative yield. This is achievable
at laboratory scale as well as at industrial scale without difficulties because
the method relies on stable thermodynamic equilibria. Figure 5 illustrates the
best conditions for purification purposes. The solvent is chosen so that the
slurry is not too viscous and a “good” filterability is ensured (in practice
the solvent is chosen according to the following rule: the higher the purity
of the starting mixture to be purified, the poorer the solubility of the so-
lute). The management of the crystallization is also a key step when there is
a need to reach a high e.e. Seeding and an appropriate cooling rate are the
usual general recommendations which apply. But more sophisticated means
are sometime necessary (interfacial crystallization with two nonmiscible sol-
vents, specific filtration procedure, etc.) when problems of crystallinity or re-
tention of mother liquor in the filtration cake arise. Conglomerates obtained
in systems N◦ 5 or 6 can provide more difficulties in tuning the enantiop-
urification step. Nevertheless, time spent on finding the optimal conditions
(both thermodynamics and kinetics need adjustment) is also rewarded by
a quantitative and easy-to-scale-up process.

4.2
Resolution by Shape Recognition

As mentioned above, Louis Pasteur performed in 1848 the first ever reso-
lution by hand sorting of the tetrahydrated sodium ammonium tartaric
salt at a temperature below 27 ◦C based on the shape recognition of hemi-
hedrism [32].

Whereas it is possible to identify a conglomerate by shape recognition of
hemihedral morphology, it might also help in some absolute configuration
assignments in a series of similar components having isomorphous crys-
tal structures [16]. Preparative resolution by shape recognition has not yet
been exploited at the large scale; this method remains more one of historical
interest than being actually useful in practice. Nevertheless, appropriate con-
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ditions of nucleation and crystal growth (including the nature of the solvent
and tailor-made impurities to obtain large single crystals exhibiting hemi-
hedrism) associated with a robot programmed for shape recognition and
sorting could lead to a revival of this method.

4.3
Preferential Nucleation

When a racemic mixture crystallizes as a conglomerate, a chiral molecule that
possesses extensive similarities with the (±) mixture can interfere, even when
added in small amounts (� 1%), with the nucleation rate of the two sym-
metrical chiral solutes. The method is schematized on Fig. 6. The “Rule of
reversal” [33] states that the solute with the same absolute configuration as
that of the additive undergoes the strongest disrupting effect on its nucleation
rate.

Fig. 6 Principle of the preferential nucleation. a Without chiral tailor-made additive, R
and S nucleation rate and crystal growth rate are equal. b After addition of a chiral tailor-
made additive such as R′, the crystallization of R is more strongly inhibited than that of
〈S〉

This method, based on kinetic effects, is of general applicability [34]. The
first hundred milligrams of an enantiomer can easily be obtained by using
this method when it crystallizes as a conglomerate and a similar derivative is
available as a pure chiral co-solute.

Though it is not clear what exactly is a “similar molecule”, the rule of
reversal is an additional tool for absolute configuration assignment. “Simi-
lar molecules” often means species which are able to participate in the same
strong bond network in the crystal lattice (ionic bonds if they exist, H-bonds)
but differ by organic substituents involved in the so-called van der Waals in-
teractions.

4.4
Resolution by Using Replacing Crystallization

Optical resolution by using replacing crystallization is another procedure de-
signed to obtain a single enantiomer from a racemic mixture crystallizing as
a conglomerate. This process is based on interactions between each of the
enantiomers and an optically active co-solute whose structure is “similar” to
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that of the racemic mixture to resolve [35]. Moreover, the additive should be
in similar concentration to that of the solute and be more soluble than the
racemic mixture [36]. For instance DL-threonine crystallizing as a conglomer-
ate in water shows stereoselective interactions in the presence of a significant
amount of L-proline (approximately the same amount as that of threonine) so
that D-threonine and L-threonine solubilities differ. In addition to the break
in symmetry of the heterogeneous equilibria (the solubilities in that case) it
seems that some agonist effects exist in the nucleation kinetics of the two
enantiomers forming the conglomerate. This is consistent with the results ob-
tained by preferential nucleation (Sect. 4.3) and justifies the efficiency of this
method in the series of natural amino-acids.

5
Preferential Crystallization (PC)

5.1
PC in Binary Systems

So far, only a very few examples have been published concerning PC with-
out solvent [37]. Two reasons explain this scarce applicability: (i) most of the
organic materials have a poor stability, if any, at the molten state, (ii) the vis-
cosity of the liquid phase makes the separation of the solid from the slurry
difficult [38].

Notwithstanding the almost anecdotic character of PC as a stereoselective
melt crystallization, we will start describing the stereoselective crystalliza-
tion in the S-R binary systems. This preliminary analysis will be extended to
ternary systems, quaternary systems, etc.

Figure 7 shows a binary system between two enantiomers which crystallize
as a stable conglomerate without any partial solid solution. Starting from an

Fig. 7 System in thermodynamic equilibrium. Behavior on cooling for a 20% e.e. mixture
in a binary system which always remains in equilibrium. 1: liquid, 2: 〈S〉 + liquid, 3: 〈R〉
+ liquid, 4: 〈S〉 + 〈R〉
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overall composition XA at TA (point A with a 25% enantiomeric excess of R —
i.e. 65% R and 35% S corresponding to M mass units of <R> as enantiomeric
excess), the system will be submitted to a slow cooling. From TA to Thomo the
system remains monophasic: only the liquid phase exists. If we suppose that
the system remains in equilibrium, at Thomo the first crystal of 〈R〉 appears.
From Thomo to Te the solid phase 〈R〉 nucleates and grows; simultaneously
the liquid phase composition evolves from 25% e.e. (point H) to the eutectic
point (e) whose composition is 50% S—50% R (i.e. 0% e.e.). The tempera-
ture of the eutectic (e) corresponds to the lowest temperature for the liquid
phase—when the system remains in equilibrium. At this constant tempera-
ture Te, 〈S〉 and 〈R〉 crystallize simultaneously in equal proportion leading
to a complete solidification of the medium. When the eutectic liquid is ex-
hausted, i.e. transformed into a eutectic mixture of 〈S〉 and 〈R〉, the system
resumes its cooling.

Figure 8a shows the same starting situation. Now the cooling is supposed
to be swift so that the system skips the spontaneous crystallization of 〈R〉
from Thomo to Te; the system is therefore out of equilibrium as soon as:
T < Thomo. TF is defined so that in the actual conditions of the experiment no
crystallization takes place during the cooling step from Te to TF. Moreover, we
suppose that for a given period of time (e.g. 2 hours) no spontaneous crystal-
lization occurs. At TF (point C), if the system is seeded by a small amount of
pure crystals of 〈R〉, (the more supersaturated phase) it will induce the stereo-
selective secondary nucleation and crystal growth of 〈R〉. The composition of
the liquid phase evolves from XA (point C) to 0.5 and continues towards XF
(point F) as the stereoselective crystallization proceeds. The ideal final com-
position XF is nothing else than the composition of the metastable liquidus of
the R enantiomer at TF. At point F, the mother liquor and the solid phase <R>

Fig. 8 Ideal Seeded and Isothermal Preferential Crystallization (out of equilibrium pro-
cess). a Crystallization of 〈R〉. From A to C: fast cooling without spontaneous nucleation.
At C: inoculation of the seeds. From C to F: stereoselective crystallization of the R enan-
tiomer. At point F, the 〈R〉 crystals are separated from their liquid phase. b Crystallization
of 〈S〉. Idem. S substitutes for R, A′ for A, C′ for C, F′ for F
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are separated. The liquid is re-heated up to TA and then added with the same
mass of racemic mixture as that harvested after this first entrainment, i.e. 2 M
mass units. This ideal process leads to point A′ symmetrical to point A with
reference to the vertical line X = 0.5. Figure 8b is symmetrical to Fig. 8a; start-
ing from point A′ with an excess of M mass units of S enantiomer the rapid
cooling down to TF and the inoculation of very pure 〈S〉 seeds induce a spe-
cific isothermal crystallization of 〈S〉 which ideally yields 2 M mass units of
the pure enantiomer S. Another addition of 2 M mass units of racemic mix-
ture puts the system back to square one. The following operations just consist
of repeating the cycle described above and is schematized in Fig. 8a,b. This
cyclic process leads also to:
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A continuous recycling of the liquid phase and the addition of 2 M mass units
of racemic mixture after every crystallization allow us to resolve any quan-
tity of racemic mixture without the aid of any resolving agent or the use of
solvent. The ideal yield will depend on the supercooled state attainable for
a sufficient period of time and the shape of the liquidus curves (stable and
metastable). Usually, the composition versus temperature relation can fairly
well be estimated by using the Schröder–Van Laar equation [39, 40]. In prac-
tice, the crystal growth rate decreases steadily from point C (respectively C′)
to point F (respectively F′) where it reaches zero, so that waiting for the very
maximum can be nonproductive and even dangerous because the counter
enantiomer can start crystallizing fast at any time.

The purification of the crude crops can be carried out by the sweating
method [38]; zone refining [41] can even be used to access a very high e.e.

Figure 9 illustrates a first variant of the so-called SIPC method (Seeded
Isothermal Preferential Crystallization) detailed above. The S3PC process
(Seeded Polythermic Programmed Preferential Crystallization) differs from

Fig. 9 Ideal Seeded Polythermic Programmed Preferential Crystallization (S3PC). Same
procedures as those described in Fig. 8a,b except that the seeding is performed at Thomo
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SIPC by the seeding temperature at Thomo rather than TF. The inoculation is
performed at the highest possible temperature where the crystals of the pure
enantiomer (〈S〉 or 〈R〉) can be in equilibrium with the saturated liquid. The
crystallization spans over the Thomo – TF interval in temperature; the cool-
ing rate is adapted to the crystal growth rate so that a smooth enlargement
of crystals is favored at the expense of a noncontrolled high secondary nucle-
ation rate.

Figure 10 illustrates a second variant of the SIPC method: the Auto-Seeded
Polythermic Programmed Preferential Crystallization (AS3PC [14, 42, 43]).
The main difference is that the highest temperature TB is lower than Thomo
but above Te. The cyclic process will be explained by starting from point F′
that is to say the liquid phase obtained at the end of the previous run. The li-
quid phase is heated to TB so that: TL < TB < Thomo and added with the same
amount of racemic mixture as the mass of solid harvested after the previous
crystallization. As the point representative of the overall synthetic mixture
(EB) is situated in the biphasic domain 〈R〉 + saturated liquid, this implies
that a preferential fusion takes place up to a complete melting of 〈S〉 when the
system reaches equilibrium. Note that at the beginning of the AS3PC process
the overall compositions of the system XEB and XEB′ and the corresponding
compositions of the liquid phase XB and XB′ are different and thus there is no
need for seeding. By using an accurate temperature control, TB is preferably
adjusted so that a maximum of 〈R〉 crystals remains present with the molten
phase i.e. TB is adjusted as close as possible to Te. During the entrainment, the
cooling rate, stirring rate and stirring mode are adjusted to favor mainly the
crystal growth of the pure 〈R〉. The mass transfer between the liquid and the
enantiomerically pure solid phase is ensured by an efficient agitation which
renews the molten liquid phase around the crystals with less possible damag-

Fig. 10 Ideal Auto Seeded and Polythermic Programmed Preferential Crystallization
(AS3PC). The highest temperature (TB) of the process, corresponds to the selective melt-
ing of the enantiomer in default. The cooling is adapted so that a quasi ideal composition
of the liquid phase is maintained throughout the process, down to TF. B (B′ respectively)
is the point representative of the liquid phase at the beginning of the entrainment which
delivers R (S respectively)
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ing effects on the growing faces. Indeed, any creation of high energy surfaces
on the solid particles is likely to promote the heteronucleation of the counter
enantiomer.

Everything that can add to a smooth process should be favored. AS3PC
starts with a thermodynamic equilibrium (hence very reproducible) and the
entrainment can thus be conducted according to optimized kinetic param-
eters.

Like SIPC and S3PC processes, AS3PC is presented here as an ideal pro-
cess which could be operated up to the extreme metastable limits regardless
of kinetic and other practical limitations. Figure 11 schematizes the PC cycle
of operations as well as the inputs and outputs before and after each oper-
ation, without a temperature versus time profile. It has been demonstrated
that a single run of preferential crystallization is an asymmetric process dur-
ing which: one enantiomer remains supersaturated, i.e. out of equilibrium,
while the other enantiomer crystallizes towards its metastable equilibrium. In
the three variants detailed above the differences lie in the way the irreversible
process (from a thermodynamic point of view) of crystallization is conducted.
From SIPC via S3PC to AS3PC the evolution of the system is conducted in
a smoother way; the benefits of this will be detailed below.

The next section will treat the PC in its usual context: with at least one
solvent.

Fig. 11 Temperatureless scheme which illustrates the successive operations which deliver
alternately S enantiomer (every odd operation) and R enantiomer (every even operation)
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5.2
Heterogenous Stable and Metastable Equilibria
which Govern the Entrainment Effect in a Ternary System R–S–A
(A = Solvent or Homogeneous Mixture of Solvents)

Before going into detail on PC operated within a ternary system, the pre-
liminary part of this section will shed light on the background of hetero-
geneous stable and metastable equilibria which is necessary to understand
the physico-chemistry behind the entrainment effect. This “return” to funda-
mentals is also necessary to understand some of the difficulties that can be
encountered while trying to apply this elegant resolving method.

It is important to note that the (S0.5R0.5)–V–T is a plane of symmetry in
every R–S–V ternary system. In order to simplify the representations the fol-
lowing assumptions will be made: (i) there is no solid solution (complete
or partial) between the enantiomers which therefore crystallize as pure sub-
stances; (ii) there is no stable or metastable solvate in this system; (iii) there
is no unstable or metastable racemic compound. Figure 12 gives, in accor-
dance with these three hypotheses, a schematic representation of the stable
and metastable equilibria of an isothermal section. The phase diagram is di-
vided into four regions:

Region 1: a monophasic domain constituted by an undersaturated solu-
tion;

Regions 2 and 3: two symmetrical biphasic domains: 〈S〉 + saturated solu-
tion in S; 〈R〉 + saturated solution in R;

Region 4: a triphasic domain: 〈S〉 + 〈R〉 + doubly saturated solution with
respect to S and R (represented by point I) and limited by lines SI and RI
called tie-lines. Because of the symmetry between the chiral components S
and R, this solution is perfectly racemic (e.e. = 0). In this triphasic domain,
the dashed lines represent the metastable solubility of S and R. They pro-

Fig. 12 Isothermal section of a ternary system R-S-V, R and S crystallizing as a stable con-
glomerate. 1: Undersaturated solution. 2: 〈S〉 + saturated solution in S. 3: 〈R〉 + saturated
solution in R. 4: 〈S〉 + 〈R〉 + doubly saturated solution I. Dashed lines stand for metastable
solubilities
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long the stable solubility curves which limit the biphasic domains and the
monophasic domain. These lines, representing metastable equilibria, are of
great importance in the PC procedure and will be treated in detail in the
paragraph on the performance of the PC.

Starting from the collection of ternary isotherms represented on Fig. 13
one can easily deduce the polythermic representation displayed on Fig. 14.
Three surfaces delineate the boundaries in the composition—temperature
space between the undersaturated solution and the polyphasic domains; two
symmetrical surfaces for the two enantiomers plus their saturated solutions
and one surface, at low temperature, for the solvent plus the saturated solu-
tion. The three surfaces intersect two by two forming three eutectic curves

Fig. 13 Three different isotherms in the polythermic ternary system R–S–V (for clarity,
metastable equilibria are omitted)

Fig. 14 Symmetrical surfaces of solubility (and crystallization) of the R–S–V ternary sys-
tem (metastable solubilities omitted for clarity)
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(also called monovariant lines) gathering at the ternary eutectic point ε. The
monovariant line eε is also of great importance in PC procedure; it corres-
ponds to the solubility curve of the racemic mixture versus temperature. The
S and R solubility surfaces (i.e. the crystallization surfaces) interpenetrate to
account for the metastable solubility of each enantiomer (not represented for
the sake of clarity).

The three-dimensional representation on Fig. 15 defines the so-called
conoids. These surfaces are the locus of the tie-lines separating the three
phase domains from the two contiguous biphasic domains. Two out of six
conoids are represented; the four conoids at low temperature are omitted.

On Fig. 16a,b the vertical R–Y–T plane is an isoplethal section (the S/V
ratio is constant throughout this section) which is uppermost in the under-

Fig. 15 Representation of the conoids related to the two enantiomers. The segment in bold
illustrates the tie line brought to light in Fig. 16a,b

Fig. 16 a T–R–Y isoplethal section. Points included in this section correspond to a fixed
ratio S/V. b Nature of the different domains in the T–R–Y isoplethal section: 1 〈R〉 + 〈S〉
+ 〈V〉, 2 〈R〉 + 〈S〉 + doubly saturated solution, 3 〈R〉 + saturated solution, 4 〈S〉 + 〈V〉 +
saturated solution, 5 〈S〉 + saturated solution, 6 undersaturated solution
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standing of the diversity of crystallization behaviors in the S–R–V system.
A fundamental property of this section is that during a crystallization in
a medium of overall composition situated in this vertical plane, as long as the
solution point remains in the RYT section, only 〈R〉 crystallizes. The R–Y–T
section has been extracted to clearly label the different domains. One of the
important features in this section is the tie-line LJ which is the boundary
between the biphasic domain: 〈R〉 + saturated solution and the triphasic do-
main 〈R〉 + 〈S〉 + doubly saturated solution. The metastable solubility of the
R enantiomer prolongs the stable solubility curve TFR–L into the three phase
domain (in this case, but we will see that the metastable solubility curve of 〈R〉
can also enter in the 〈S〉 + saturated solution domain).

Figure 17 shows the behavior of a system on cooling when it constantly
remains in thermodynamic equilibrium.

Starting from an undersaturated solution containing a slight enantiomeric
excess in R and represented in A (the solution exhibits the YV/SY fixed ratio),
the following steps should be observed on cooling:

• From TA to Thomo, the system consists of a single phase which remains an
undersaturated solution.

• From Thomo to TL, the crystallization of pure 〈R〉 takes place. Simultan-
eously, the liquid phase evolves from point H to point L in the isoplethal
section.

• At TL the mother liquor exhibits no enantiomeric excess, the second enan-
tiomer 〈S〉 starts crystallizing in equal quantity per time unit as 〈R〉 does.

• From TL to Tε, the trajectory of the liquid phase has made a sharp turn
at TL, evolving now along the eutectic valley(S0.5R0.5)–V–T down to the
ternary eutectic point ε. The liquid phase which is doubly saturated in S
and in R remains perfectly racemic (i.e. no enantiomeric excess).

Fig. 17 Trajectory of the solution point when the system initially homogenized (A) is slowly
cooled down from TA to Tε. Points A, H, and L belong to the T–R–Y isoplethal section. The
system is supposed to remain in thermodynamic equilibrium throughout the process
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• At Tε, the three components of the system S, R, and V crystallize simultan-
eously until no liquid remains.

• Below Tε, the three solid phases 〈S〉, 〈R〉, and 〈V〉 co-exist as pure compo-
nents.

5.3
Entrainment Effect in Solution

The polythermic heterogeneous equilibria detailed above will now be used to
give a complete description of the entrainment effect carried out with three
different modes SIPC, S3PC, and AS3PC. In every case the starting situation
will consist of a mixture A slightly deviated from the racemic composition
(e.g. containing 10% enantiomeric excess of R enantiomer). These descrip-
tions are idealized for reasons of simplification.

5.3.1
Ideal Seeded Isothermal Preferential Crystallization (SIPC)

Figure 18 shows an out of equilibrium evolution of the system correspond-
ing to an isothermal entrainment effect. Starting from the same point A at
TA as that used in the previous section (thermodynamic equilibrium) the
system is maintained at TA long enough to ensure a complete dissolution of
every particle of the chiral solute. When this preliminary step is completed,
a fast cooling of the system is applied down to TF so that no spontaneous
nucleation of any solid occurs even if, in that domain, both enantiomers
should crystallize simultaneously. At TF, seeds of very pure 〈R〉 are added,
initiating a stereoselective crystallization of 〈R〉. As the crystallization pro-

Fig. 18 Ideal Seeded Isothermal Preferential Crystallization (SIPC). The system is homog-
enized at TA and swiftly cooled from TA to TF, seeded at TF by very pure and fine 〈R〉
crystals. As the isothermal preferential crystallization proceeds, the representation point
of the solution moves from C to F (F is the metastable solubility of R at TF)
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gresses, the points representative of the solution and the overall composition
of the system are no longer merged. Neglecting the exothermic effect of the
crystallization, the solution point evolves horizontally from C to F. F is the
metastable solubility of R at TF. If the phase diagram is expressed in mass
fraction, the lever rule can be applied and thus the amount m of pure enan-
tiomer R harvested at the end of this run is:

m = 2M = MT ·FC/FTF (MT equal to the total mass of the system) . (3)

5.3.2
Ideal Seeded Polythermic Preferential Crystallization (S3PC)

Figure 19 illustrates the pathway of the mother liquor during the S3PC pro-
cess.

From TA (point A) to Thomo (point H) the solution remains clear of any
solid particle.

At Thomo the solution is saturated and seeded with very pure 〈R〉 crystals.
A slow cooling program is applied to the system so that the thermodynamic
equilibrium is assumed and the point representative of the liquid phase runs
along the stable solubility curve from H to L. When in L (at TL) there is no
longer any enantiomeric excess in the mother liquor.

The adapted cooling program keeps on being applied to the system from TL
to TF. The point representative of the liquid phase moves along the curve LF
inside the isoplethal section R–Y–T; thus only the R enantiomer crystallizes.

S3PC is run in thermodynamic equilibrium from TA to TL, and in accor-
dance to a dual status, from TL to TF, out of equilibrium for the S enantiomer
and in metastable equilibrium for the R enantiomer.

Fig. 19 Ideal Seeding Polythermic Programmed Preferential Crystallization (S3PC). Same
process as SIPC (Fig. 18) except that the seeding is performed at Thomo and the cooling
rate is smooth. During the entrainment, the solution point moves along the HLF curve
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5.3.3
Ideal Auto-Seeded Polythermic Programmed Preferential Crystallization (AS3PC)

Figure 20 shows the framework in which the AS3PC process is operated. The
temperature of the system is initially set at TB so that the point representa-
tive of the system is located in the biphasic domain: 〈R〉 + saturated solution.
The starting point EB of the AS3PC process corresponds to a suspension (and
not a solution) in thermodynamic equilibrium. A specific temperature ramp
is then applied to the system so that the system can be considered to be con-
ducted along stable equilibrium down to TL; the point representative of the
mother liquor moves on the solubility curve of the R enantiomer from B
down to point L. In perfect continuity with this first part of the cooling, the
point representative of the mother liquor moves along the metastable solubil-
ity curve of the R enantiomer down to temperature TF. During the cooling,
the solution point remains in the isoplethal section R–Y–T indicating that
only pure 〈R〉 crystallizes. The solid phase 〈R〉 already present at TB acts as
seeds hence the adjective: “auto-seeded” associated to this particular stereo-
selective crystallization.

Fig. 20 Ideal Auto Seeded Polythermic Programmed Preferential Crystallization (AS3PC).
At TB the biphasic system is in thermodynamic equilibrium and composed of a saturated
solution (B point) plus a Mtotal x (BEB/BTB) mass of 〈R〉 crystals. The auto-seeded sus-
pension is smoothly cooled from TB to TF. The point representative of the solution point
moves from B to L and to F; a filtration will yield a Mtotal x (FC/FTF) mass of 〈R〉 crystals

5.4
Cyclicity of the Operations

As each crystallization results in a fairly low mass of chiral product, it is (at
least economically) necessary to recycle the mother liquor and to implement
another PC and so on. By using these successive recyclings it is thus theoretic-
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ally possible (see next section: limitations of the PC) to resolve any amount of
racemic mixture from fractions of milligrams to thousands of tons or more.

At the end of the entrainment, the mother liquor (supposedly separated
from the solid by a fast and efficient separation procedure), contains an ex-
cess of the counter enantiomer (namely S in the three above ideal examples).
After addition of an equal mass of racemic mixture as that collected by fil-
tration, a similar procedure as the one used for the first crystallization is
applied. The only difference concerns the nature of the seeds for SIPC and
S3PC processes which are now 〈S〉. Figures 21–23, detail the projections and
perspective views of the successive operations. These illustrations show that
for every odd crystallization, 2 M mass units of pure 〈R〉 are harvested and
every even crystallization, an equal mass of 2 M mass units of pure 〈S〉 is
collected.

Whatever the amount of the first investment the system will gradually
evolve batch after batch towards two steady states in which A and A′ ini-

Fig. 21 Cyclicity of the operation with the SIPC process. a Projection along the tempera-
ture axis. b and c differ only by the temperature at which the 2 M mass units of racemic
mixture are added to the previous mother liquors. The sequence of operations is: seeding
at TF by 〈R〉, entrainment of R along CF, addition of (±) along FC′ (or JA′), seeding at TF
by 〈S〉, entrainment of S along C′F′, addition of (±) along F′C (or J′A) and so on
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Fig. 22 Cyclicity of the operation with the S3PC process. a Projection along the tempera-
ture axis. b and c differ only by the temperature at which the 2 M mass units of racemic
mixture are added to the previous mother liquors. The sequence of operations is: seeding
at Thomo by 〈R〉, entrainment of R along HLF, addition of (±) along FC′ (or JA′), seeding
at Thomo by 〈S〉, entrainment of S along H′L′F′, addition of (±) along F′C (or J′A)

tial compositions are simply symmetrical with regards to the racemic section
(S0.5R0.5)–A–T (i.e. they have the same absolute value of the initial enan-
tiomer excess). This also means that if a technical failure affects a given run,
whether the operation can be started again or progressively, batch after batch,
the system will evolves back to its initial performances.

5.5
Preferential Crystallization of Solvates in a Ternary System

In principle, there is no fundamental difference between the entrainment
effect of a solvate and a nonsolvate. Nevertheless, the possible efflorescent
character of the solvate, if it exists, must be addressed. In SIPC and S3PC pro-
cesses, it might be necessary to store the seeds under specific conditions to
avoid partial or total desolvation of the phase which is supposed to give the
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Fig. 23 Cyclicity of the operation with the AS3PC process. a Projection along the tempera-
ture axis b at TB suspension of 〈R〉 crystals in equilibrium with their saturated solution,
entrainment of R along BF from TB to TF, addition of (±) along FC′ at TB; suspension of
〈S〉 crystals in equilibrium with their saturated solution, entrainment of S along B′F′ from
TB to TF, addition of (±) along F′C

stereoselective nucleation and crystal growth. In the AS3PC process, the whole
racemic mixture needs to be composed of the right solvate unless it is pos-
sible to reload the reactor by the nonsolvated racemic mixture (whatever its
nature: racemic compound, solid solution, or another conglomerate) and the
right solvated phase is allowed to crystallize swiftly and reproducibly at TB.

5.6
Preferential Crystallization in a Reciprocal Ternary System
or System of Order Greater Than 3

The number of constitutive components of the conglomerate does not bring
about more limitations in the principle and the application of the PC (e.g. for
a couple of diastereomers forming heterosolvates, four different species con-
stitute the building blocks of the crystal lattice). Some difficulties come when
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noncongruent solubility phases have to be handled; here the seeds cannot be
separated from their mother liquor (SIPC and S3PC mode). In AS3PC mode it
is often more convenient to crystallize in situ the conglomerate, e.g. the weak
chiral organic acid to be resolved is added together with the stoichiometric
quantity of base in the filtrate (containing already an excess of base) of the
previous batch.

5.7
Comparison Between the Different Processes (SIPC, S3PC, and AS3PC)
Under Real Operative Conditions

All the variants of PC presented so far were performed in an ideal way; the
entrainment effect could be obtained without time limit, no spontaneous nu-
cleation of the counter enantiomer was occurring, the seeds were 100% pure,
the mother liquor could evolve up to the metastable solubility (SIPC) or could
continuously evolve along the stable and the metastable solubility equilibria
(S3PC and AS3PC), the filtrations were ideal. In practice almost all these sim-
plifications do not hold. In laboratories as well as in industry, crystallizations
are operated under a certain supersaturation which, in other words, means
that the equilibrium is the remote state towards which the system evolves. The
closer to the metastable solubility of the crystallizing enantiomer the lower
the crystal growth rate. Moreover, PC has a dual character: crystallization to-
wards a metastable equilibrium for one solute and simultaneously maintaining
an out of equilibrium state (no crystallization of the antipode). Time is thus
a twofold inescapable parameter which puts stringent limits on the process.

5.8
The Seeding Problems

SIPC and S3PC differ by the temperature of seed inoculations. SIPC implies
a seeding in the three-phase domain thus there is no enantio-purifying effect
on the solid particle introduced, S3PC allows a slight enantio-purification of
the seeds because the solid phase is introduced in the biphasic domain. This
effect will depend on the cooling program: the resident time between Thomo
and TL.

Beside the enantio-purity of the seeds, the homogeneous dispersion of the
seeds can also be problematic. Typically, 1% of the future crops is introduced
into the medium. These crystals must be small and rapidly dispersed in the
mother liquor. It may occur that the fine particles at the top of the stirred so-
lution flock together into large aggregates dropping the secondary nucleation
rate and introducing lack of reproducibility in the successive batches. In the
case of solvate, the operator has to make sure that the solid introduced really
corresponds to the solvated phase (especially in the case of the efflorescent
character of the phase). With a noncongruent solubility phase, inoculation of
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solid only is impossible. In these two latter cases particularly but preferably
for all the others, small crystals of the pure enantiomer should be dispersed in
their saturated solution (of the same medium) prior to seeding in the reactor.

The AS3PC process skips the major part of the seeding problem; usually
between 25 to 45% of the future crop exists as a pure solid in equilibrium with
the liquid phase. This proportion is adjusted by the temperature TB; the closer
to TL the better. Factor Z defined by Eq. 4 is a useful parameter in this fine
temperature adjustment.

Z = d(Thomo)/d(e.e.) at [+ / –] = constant (4)

Z is thus the slope of the solubility curve of the pure enantiomer from point L
(e.e. = 0) to the melting point in the isoplethal section R–Y–T or S–Y′–T. In
the context of application of AS3PC we are just interested in the part of the
solubility curve close to point L from e.e. = 0% to e.e.Bmax (usually < 20%).
e.e.Bmax stands for the maximum initial enantiomeric excess in the mother
liquor at the beginning of the entrainment, so that the condition of cyclicity
is fulfilled. For most instances, it is a good approximation to take Z constant
in the interval: e.e. = 0% to e.e.Bmax < 12%. When considering a concentra-
tion close to point L, Z is commonly in the range: 0.3 ◦C/e.e.% – 1.2 ◦C/e.e.%.
As a rough rule of thumb, the lower values are for ionic derivatives in a polar
medium and conversely the upper values are for covalent components. Tak-
ing into account the hypothesis of linearity of the law Z = f (e.e.)(±)=constant in
the 0 to 12%e.e. region a simple relation can be derived:

Thomo – TL ≈ Z · e.e.Bmax . (5)

This relation establishes how easy it is to adjust the temperature of the system
at TB so that it is in the biphasic domain.

When TB = (Thomo + TL)/2, ca. 25% of the solid which will be collected by
filtration is already present in the initial suspension (Z being kept constant in
the range 0–e.e.Bmax). If for example e.e.Bmax = 6%, Eq. 5 shows that for Z =
0.5 ◦C/e.e.%, about 3 ◦C separate Thomo from TL. Twice this value is obtained,
if Z = 1 ◦C/e.e.%, that is 6 ◦C. In the former case TB must be adjusted 1.5 ◦C
above TL in the latter case 3 ◦C.

These simple simulations show that the greater e.e.Bmax, and higher Z, the
wider the Thomo –– TL interval and the easier it is to regulate the temperature
of the system in the biphasic domain.

Under favorable conditions (e.g. e.e.Bmax ≈ 10% and Z ≈ 1 ◦C/e.e.%) TB is
set closer to TL; the percentage of pure solid already present at TB can be in-
creased up to 45% with a sufficient margin of security (100% being the mass
of the crop after the optimal entrainment). That is to say, TB – TL remains
large enough in comparison to the temperature regulation capability of the
system. Obviously 50% of the future crop as initial solid remains the limit.
In comparison to the SIPC and S3PC processes where 1% only of the future
crop is present at the beginning of the process, AS3PC appears in essence
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more as a stereo-selective crystal growth than the usual crystallization with
an important secondary nucleation step.

Therefore, in the AS3PC process, the “annealing” at TB corresponds to a se-
lective dissolution of the enantiomer in default. The selective dissolution step
brings about a shift in the crystal size distribution of the particle of the enan-
tiomer in excess. An in situ grinding can restore a fine population of particles
leading to a high surface ready for crystal growth as soon as the temperature
is decreased.

5.9
Cooling Program

SIPC: from TB to TF the faster the better; at laboratory scale this is easily
achieved but on up-scaling technical difficulties arise. When TF is reached
the system remains isothermal; there is no control of the nucleation and the
crystal growth. The nucleation rate is often high after seeding [44]. The crys-
tal size distribution shifts towards bigger particles in the second half of the
entrainment.

S3PC: from Thomo to TL, the temperature ramp has little influence on
the results. Some enantio-purifying effect can be expected and some in situ
grinding can be operated. From TL to TF, the temperature program must be
adjusted on a case-by-case basis [45]. As far as possible one should try to
promote soft secondary nucleation and crystal growth.

AS3PC: the temperature vs. time law also includes the heating and duration
of the preliminary step at TB (Thomo > TB > TL). The preferential dissolu-
tion step at TB needs to last long enough to ensure a complete dissolution
of the crystal of the enantiomer in default. A simple polarimetric monitor-
ing of the mother liquor is usually sufficient to make sure that the system at
TB is indeed situated in the biphasic domain (〈R〉 + saturated solution or 〈S〉
+ saturated solution). It also helps in adjusting TB as close as possible from
TL. Usually less than 30 minutes are sufficient to complete this step when the
crystal size distribution of the racemic mixture is purposely fine. Concomi-
tant ultra-sound pulses or in situ smashing can also be beneficial: (i) to speed
up this dissolution, (ii) to yield a fine population of crystals offering a large
surface, (iii) to standardize the crystal size distribution at TB when using dif-
ferent batches of racemic mixtures, and (iv) to lead to particles with fresh
surfaces when possible treatment of the racemic mixture might have poisoned
or coated by impurities the surface of the particles (see Sect. 6.5). In order
to optimize every parameter a short relaxation period should follow these
harsh conditions so that damaged surfaces are healed and less chance is left
for hetero-nucleation of the counter enantiomer on high energy surfaces as
soon as the temperature of the system drops below TL.

From TB to TL, for a well-tuned process, the gap is narrow.



Preferential Crystallization 37

From TL to TF the program is adapted to the specificity of each system.
As the number of particles is great the aim is to allow the large number of
crystals to grow under smooth conditions. Starting from the thermodynamic
equilibrium at TB the cooling program must be conceived as a major way of
keeping the system under control. It is worth noting that after a certain num-
ber of crystallizations some impurities contained in the racemic mixture can
accumulate in the mother liquor. These additional components can introduce
a shift in the temperatures (usually a lowering of the temperatures): Thomo,
TB, TL, TF are then adjusted accordingly.

In the case of low dT/d (solubility), i.e. a large variation of solubility versus
temperature, filtration must also be thermostated at TF. High vapor pressure
of the organic solvent(s); large and well-shaped crystals ease the filtration.
This decisive step must be conducted as fast as possible without initiating the
nucleation of the opposite enantiomer.

5.10
Stirring Mode and Stirring Rate

Two parameters are important and balance between opposite effects have to
be found.

• The higher the stirring rate the better the renewal of the mother liquor
around the crystals, allowing faster crystal growth and elimination of
a concentration gradient around the growing particles [3, 11, 16].

• The higher the stirring rate the more likely the crystals will be broken and
scratched favoring the secondary nucleation of the crystallizing antipode.

• The higher the stirring rate the more likely the crystals will be damaged
creating high-energy surfaces which possibly prompt a hetero-nucleation
of the counter enantiomer.

In order to speed up the selective dissolution step, high-stirring speed can
be applied for T inside the interval TB – TL. As the entrainment proceeds,
the viscosity of the suspension increases (this effect is more pronounced for
SIPC, intermediate with S3PC, and less pronounced for AS3PC) therefore, it
is sometime necessary to increase the stirring rate when approaching the end
of the entrainment.

5.11
Metastable Zones (for the Crystallizing Enantiomer
and the Noncrystallizing Enantiomer)

Application of any PC procedure depends on the width of the metastable
zones and the corresponding crystallization rates inside these domains. That
is to say this paragraph deals with kinetics. It is well known that every set up
will lead to different operative zones and that every batch of racemic mixture
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will contain a different impurity profile. Nevertheless, the discussion here will
focus on the general aspect of the supersaturation zones and their compar-
isons according to variations of process, solvent, temperature etc.

In 1897 W. Ostwald [26] defined the first concept of the metastable zone.
Let us suppose a binary system (Fig. 24), there is a ribbon roughly parallel
(when a small ∆T is considered) limited on the one side by the solubility
curve and on the other side by the limit of the metastable zone below which
a spontaneous crystallization takes place. If a solution of pure solute is pro-
gressively evaporated (pathway N◦ 1 on Fig. 24), the solution is in sequence:
undersaturated, saturated, supersaturated without spontaneous nucleation,
then beyond the supersaturated zone a spontaneous nucleation is very likely
to occur. The Ostwald limit is, in fact, the limit of primary nucleation. The
location of this limit depends on the rate of evaporation (how fast the super-
saturation is created), the stirring mode and the stirring rate, the nature of
the inner wall, etc. When the supersaturation is created by cooling the same
concept applies (pathway n◦ 2 on Fig. 24). When an antisolvent is added the
system becomes a ternary system but the concept is also applicable.

From experimental studies [46], it has been demonstrated that a subdivi-
sion of the metastable zone can be defined. The additional frontier displayed
on Fig. 25 corresponds to a change in the crystal growth regimes. Below a cer-
tain supersaturation the crystal growth rate is poor, beyond the limit a rapid
crystal growth is observed as well as a significant secondary nucleation.

As PC in solution is usually operated in at least a ternary system, it is ne-
cessary to investigate how the presence of another component modifies the
metastable zones. We will assume hereafter that the domain investigated is
not too close to the binary system; i.e. the temperature of interest for PC is
significantly lower than the temperature of fusion of the racemic mixture. Fig-
ures 12 and 20 show the typical situations which can be encountered with

Fig. 24 1: undersaturated solution, 2: Solubility curve vs. T, 3: zone of concentration with-
out spontaneous nucleation (metastable zone), 4: zone of concentration with spontaneous
nucleation (labile zone)
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Fig. 25 1: undersaturated solution, 2: Solubility curve vs. T, 3: zone of concentration without
spontaneous nucleation (metastable zone) and slow growing rate, 3′, zone of concentration
without spontaneous primary nucleation but with a high secondary nucleation and crystal
growth rate, 4: zone of concentration with spontaneous nucleation (labile zone)

covalent chiral components; the metastable solubility of the R enantiomer en-
ters in the three-phase domain: 〈S〉 + 〈R〉 + doubly saturated solution. Ideally,
Meyerhoffer’s rule is observed: αmol = S(±)/S(+) = S(±)/S(–) = 2 [47]. The
solubility of each enantiomer is not affected by the presence of its counter-
part, it is also somewhat likely that the metastable zone is not affected too
much.

By contrast, Fig. 26a,b illustrate a case where the metastable solubility of
the R enantiomer enters in the biphasic domain: 〈S〉 + saturated solution.
This behavior comes from the effect of a common ion between S and R.
Ideally when (1–1) stoichiometric salts are considered αmol = S(±)/S(+) =
S(±)/S(-) =

√
2, the solubility of one enantiomer decreases upon addition of

the other. For systems such as N◦ 5 and N◦ 6, where large excesses of achiral
counter ion are introduced, the alpha ratio decreases further [48]. The loca-
tion of the metastable solubility curve of the crystallizing enantiomer results
from the interactions between the enantiomers in solution.

Whatever the PC considered, the conditions of cyclicity cause the entrain-
ment effect to persist down to a precise temperature TFm.eq corresponding
to a metastable solubility of the crystallizing enantiomer so that after fil-
tration addition of the same mass of racemic mixture as the mass of 〈R〉
collected, the e.e. of the next initial state is identical to the e.e. of the cor-
responding initial state of the previous entrainment (this initial e.e. should
be preferably close, if not equal, to eeBmax). Because of the curvatures of the
stable and metastable solubility curves, the ideal thermodynamic parameter
Um.eq = (TL – TFm.eq)/(Thomo – TL) needs to be greater than 1. In practice
and keeping in mind the condition of cyclicity, U = (TL – TF)/(Thomo – TL) >
Um.eq is usually situated in the interval (1.5 – 3), which implies that the ex-
perimenter has to increase the driving force (i.e; the supersaturation) for
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Fig. 26 a Stable and metastable equilibria applicable to enantiomer showing a common
achiral counter ion (this counter ion can be in excess in the medium) or submitted to
a dissociative solvent. b Isotherm at TF

a successful PC with optimum: yield, duration, and robustness of the process.
Two interconnected reasons can justify the difference between Um.eq and U.

1) It is necessary to keep in mind that PC is a stereoselective crystallization
where ca. half of the solvated chiral molecules act as impurities (i.e. the
antipode of the crystallizing enantiomer). At the end of the entrainment
even more than half of the chiral species in solution are considered to be
impurities in the crystal growth process. Therefore, the growth inhibiting
effect of the counter enantiomer, already strong at the beginning of the
process, becomes even stronger as the entrainment proceeds. Thus, there
is a need to adjust TF (sometimes quite far) below the strict application of
the metastable equilibrium: TFm.eq. U can be twice or more Um.eq.

2) Even without considering the antipode effect, in order to speed up the
crystal growth (and the secondary nucleation) of the crystallizing enan-
tiomer, there is a need to enter in the second sub domain of the metastable
zone. Figure 27a–c depict the trajectories of the solution points inside
the isoplethal section R–Y–T. Of course these trajectories depend on the
cooling program applied and to a lesser extent on the stirring mode and
stirring rate.

For αmol + S(±) < 2 the metastable solubility curve of 〈R〉 enters in the bipha-
sic domain: 〈S〉 + saturated solution. One may wonder if the stereoselective
crystallization (of 〈R〉) can persist in a domain where the same crystals should
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Fig. 27 Preferential crystallization under practical conditions. The practical final tempera-
ture TF has to be adjusted below TFm-eq if the condition of cyclicity (within these given
initial conditions) has to be fulfilled. a SIPC, b S3PC, c AS3PC

in fact dissolve—i.e. can the PC still continue along the F1F segment (see
Fig. 26b). As such, the question appears confusing, in fact metastable and sta-
ble equilibria cannot be mixed as they are equilibria of different stabilities
which cannot co-exist. When considering the exclusive crystallization of R,
only the metastable solubility of R should be taken into account. This implies
that there is no crystal of 〈S〉 in the medium. When an evolution towards equi-
librium is considered (for instance after the spontaneous nucleation of 〈S〉),
a partial dissolution of 〈R〉 should occur and the system should end its evo-
lution when the mother liquor is perfectly racemic in equilibrium with 〈S〉
and 〈R〉. A conclusive experimental demonstration has recently been given by
using two consecutive AS3PC processes without adding racemic mixture after
the first crystallization [49].

On the basis of the shape of the metastable solubility curve only, the ideal
PC of salt derivatives should be more productive than that of the covalent
species [50–53]. Nevertheless, experiments show that productivity is a multi-
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sided question which does not depend on extension of metastable equilibria
exclusively.

Hongo, Yamada, and Chibata [54] have quantitatively defined two adja-
cent zones in a concentration–time diagram which could be correlated with
the sub metastable zones of Ting and McCabe. The metastable region of the
unseeded enantiomer could be divided into two regions in a concentration
versus time diagram. In the first metastable region (the less supersaturated)
no spontaneous crystallization was observed for the counter enantiomers for
more than a given time limit (e.g. 4 hours). In the second metastable region
no spontaneous crystallization takes place until the integrated area of super-
saturation degree (C–Csat.) as a function of the cooling time reaches a fixed
value.

6
Yield and Practical Limitations of PC (“Internal” and “External” Parameters)

A successful application of PC requires an optimization of: (i) the yield of
each batch, i.e. the productivity, (ii) the duration of each batch, (iii) the ro-
bustness of the whole process.

Figures 21–23, expressed in mass fraction show that the yield is just the
application of the lever rule.

Y = MTotal ·FC/FR = MTotal ·F′C′/F′S . (6)

The duration of each batch includes the dissolution of the racemic mixture
(complete dissolution for SIPC and S3PC, partial and stereoselective disso-
lution for AS3PC), cooling bringing about the entrainment, filtration, and
addition of the racemic mixture. This sequence of operations lasts typically
ca. 2 hours. The robustness of the process usually includes a limitation of the
entrainment effect as a security margin.

Because of a far better control and the benefit of the auto-seeding with
a large initial population of crystals, the AS3PC process gives better results
than S3PC and SIPC. The benefits are even enhanced on up-scaling be-
cause the initial step of the crystallization starts from the thermodynamic
equilibrium, the supersaturation can be adapted to the necessary driving
force required by the PC. When well-conducted, the crystals are bigger with
smooth surfaces; the filtration step is thus facilitated. In good cases [42, 43],
the mother liquor can reach ca. 15–20% e.e. at the end of the entrainment, so
that about 1/3 of the total mass of racemic mixture dissolved in the solution
can be retrieved as pure enantiomer per run. It is worth noting that the bet-
ter the entrainment effect the easier the application of the AS3PC variant and
the more beneficial in terms of yield, cost, and robustness.

Nevertheless, despite intense efforts to find the optimum conditions (sol-
vent, temperature domain, different impurity profiles of the racemic mixture,
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tests of the three PC variants, etc.) the results of the preferential crystalliza-
tion remain sometimes poor. The next paragraph will detail the rationale
behind these observations.

6.1
PC in a System with a Detectable Metastable Racemic Compound

The dilemma: conglomerate–racemic compound is not as clear cut as it seems
at first sight. In the binary system S–R (considered without any solid solution,
this possibility will be envisaged later), G(〈S〉) + G(〈R〉) is in competition with
G(〈RS〉) and the difference:

∆G = G
(〈RS〉) –

(
G

(〈S〉) + G
(〈R〉)

)
(7)

is a function of temperature (pressure will not be considered here [55]). On
Fig. 1b, ∆G is successively negative for T < Tπ ; naught for T = Tπ and posi-
tive for Tf (〈RS〉) > T > Tπ . The reverse situation is depicted on Fig. 1c where
∆G is successively negative for T > Tε; naught for T = Tε and positive for
T < Tε. Even if a conglomerate appears to be stable whatever the tempera-
ture, various metastable or unstable racemic compounds can be considered.
Molecular modeling tools [56–58] can be used to generate such crystallized
racemic compounds. As a matter of simplification, we will consider here only
the one with the lowest free enthalpy, supposedly the same whatever the
temperature. Figure 28a–c shows, for a given conglomerate, various relative
thermal stabilities of the metastable racemic compound. Figure 28a corres-

Fig. 28 Various metastable racemic compounds and their metastable solubility curves in
the ternary systems. At T1, from a to c ∆G = G(〈RS〉) – [G(〈S〉) + G(〈R〉)] increases, i.e. the
relative stability of the racemic compound versus the conglomerate diminishes. A good
correlation is found between the PC performances and the ∆G obtained by Eq. 7. One
can foresee better PC results for c than b and b than a
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ponds to a racemic compound with a ∆G Eq. 7 slightly positive only. It is
likely that a quench of the molten state will deliver, for a given period of
time, the transient 〈RS〉 phase. Indeed, this metastable racemic compound
has both: its nucleation and its rapid growth favored by kinetic factors [59].
The free migration paths of S and R chiral molecules to dock on the 〈RS〉
surface are several orders of magnitude lower than that on the physical mix-
ture of 〈S〉 and 〈R〉. Indeed for the latter, every molecule (e.g. R) needs
to dock on the surface of the right particle (e.g. 〈R〉) whereas for the for-
mer both enantiomers can be incorporated on the surface of the racemic
compound. If the molten state is not accessible, in a ternary system it is
sometimes possible to reach this metastable phase by imposing a swift su-
persaturation. From the reasoning above and in accordance with the Ostwald
law of stages, a single crystal of the metastable racemic can be obtained.
Consequently, the crystal structure can be known [59, 60]. Figure 28b shows
a metastable racemic compound which is much less stable than the corres-
ponding conglomerate. On Fig. 28c, the metastable intermediate compound
(1 – 1) is even more metastable and it will be difficult to isolate because of
the poor stability of this phase and the drastic conditions of crystallization
which can be beyond any possibility of nucleation and growth (i.e. formation
of a glass).

In order to apply any PC process, the necessity of the stability of the
conglomerate has already been emphasized [61] but what is the impact of
a detection of a metastable phase 〈RS〉?

There is a good correlation between poor performances of an optimized
PC and the detection of a metastable racemic compound [59, 62]. Usually
e.e.Fmax does not exceed 5–6% when a metastable racemic compound is de-
tected. This does not mean that a racemic compound crystallizes during the
entrainment; the detection of this phase simply shows that the conglomerate
is just a little bit more stable than the corresponding intermediate com-
pound 〈RS〉. In other words, some heterochiral interactions at given (hkl)
solid–solution interfaces are very competitive in terms of energy compared
to the homochiral interactions at the same interfaces. At the beginning of
a PC the level of enantiomeric impurity is already as great as ≈ 45%; but
at the end of the entrainment the counter enantiomer outnumbers the crys-
tallizing component; it can peak at 55–58% of the whole solute. Therefore,
statistically the frequency of wrong docking increases as the PC proceeds
and can deeply hinder the homochiral self-assembling process. The two-way
correlation has been put forward to estimate the relative stabilities of the
metastable racemic compound and the conglomerate. Some examples have
shown that e.e.Fmax can be as low as 1% in case of an easy isolable 〈RS〉
compound [62]. This good reliability has led us to propose some routine
tests at the early stage of development of a PC to spot a possible lack of
productivity [59, 60].
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6.2
R–S Epitaxy

This phenomenon has been wrongly described as twinning. Indeed, this ap-
pellation is confusing because twinning supposes that a given component has
specific crystallographic relations with itself. Moreover, this is not a priori an
anathema for the success of the PC. By contrast, epitaxy is a phenomenon
which binds according to a specific orientation of the mirror-imaged crystal
lattices of the two components (here the two opposite enantiomers). When
a R–S epitaxy occurs the PC will usually lead to poor results. This happens
when on a single (hkl) interface the heterochiral interactions are competitive
with the homochiral interactions. A two-dimensional racemic compound is
then formed but this R–S association cannot expand in the third dimension
due to a too high cost in energy.

In terms of crystal growth in a quasi-racemic medium, when a single par-
ticle of a given chirality grows, the mother liquor in the vicinity of the solid–
liquid interface is depleted of the crystallizing enantiomer and along the way
enriched in the counter enantiomer. It might happen that the threshold of
hetero-secondary nucleation is overcome leading to the spontaneous crys-
tallization of the opposite enantiomer [63–67]. Moreover, the phenomenon
can be repeated several times leading to some sort of oscillatory crystal-
lization. The final particle is thus a stack of parallel homochiral layers that
alternate in chirality along crystallographically equivalent orientations. Some
dedicated experiments [65] have shown that a vigorous stirring helps in di-
minishing the number of heterogeneous domains. This is consistent with the
idea that by increasing the turbulences around the crystal, it is possible to
drop the gradient of counter enantiomer concentration at the solid–liquid in-
terface. When considering the agitation at its best, the concentrations of R
and S enantiomers around the growing particles will tend to equal those in
the bulk.

6.3
Irreversible Adsorption on a Given (hkl) Orientation

R–S interactions along a specific direction can be so strong that the crystal
growth is almost inhibited under a reasonable supersaturation. This strong
poisoning effect has been pointed out on a salt derivative [68] starting from
large single crystals obtained in a solution of the pure enantiomers. The sin-
gle particles immersed in a racemic solution show no crystal growth on the
face with the largest morphological index. The crystal ends its growth when
it reaches the shape of a lens. No metastable racemic compound has been
detected in this case.
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6.4
Solid Solution Between Enantiomers

Up to now we have considered that the solid phases are pure 〈S〉, 〈R〉, and
〈RS〉. In some instances, conglomerates with partial solid solutions have been
pointed out [69]. The solid solutions considered here are not those obtained
under harsh conditions of precipitation [70] but correspond to phases in ther-
modynamic equilibrium.

The best composition of the solid obtained under ideal conditions of PC
will be equal to the metastable limit of the solid solution. As exemplified in
Fig. 1k, the tie-lines connecting the metastable solubility to the composition
of the solid phase will determine the best possible composition of the crystal-
lized material retrieved from a PC. An efficient entrainment in terms of mass
of the crops would be limited by the e.e. of the solid phase. The orientations
of the tie-lines in the three-phase domain have therefore an important role in
limiting the purity of the solid phases isolable by means of PC.

6.5
Surfaces of the Seeds

Figure 29a,b illustrates different shapes of the same chemical [71]. When
using seeds depicted in Fig. 29a the performance of the entrainment is half
that obtained by using the seeds represented on Fig. 29b. The overall puri-
ties of the two samples are the same (even slightly better for the seeds shown
in Fig. 29a); the poor entrainment effect results from some sort of coating
by impurities at some hundredth ppm levels resulting from excessive heating
during drying.

Among the four types of limitation described above, heterochiral inter-
actions competitive with homochiral interactions revealed by a metastable
racemic compound and epitaxy are the more populated. They account for the
large majority of the “difficult” cases which render, in practice, the PC not so
attractive if e.e.Fmax < ca. 5%.

6.6
PC and Polymorphism

A study [44] has shown the impact of polymorphism on the optical resolution
by means of PC. Two very similar conglomerates of the same solute have been
characterized and used in PC. In contrast to their structural and energetic
analogies, the difference in the entrainments increased as the supersatura-
tion increased. Under smooth conditions (AS3PC variant) both varieties lead
to stereoselective secondary nucleation and crystal growth with comparable
results. With SIPC mode when the entrainment was performed under high
initial supersaturation, the metastable form led to an uncontrolled offspring
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Fig. 29 Although both populations of particles exhibit the same overall chemical purities,
the solid displayed in a — due to overheating—leads to significantly poorer performances
during PC than that displayed in b (G. Coquerel, unpublished results)

of small crystals and a nonfilterable solid phase even at two-liter scale (no
industrial application can therefore be contemplated); the stable form does
not accommodate this high supersaturation and coats itself with nuclei of the
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metastable form. In this latter case, the solid is filterable but is constituted
by 99% of the metastable form (the initial 1% of seeds have almost remained
unchanged).

7
Simultaneous Crystallization with a Controlled Crystal Size
(Preferential in CSD)

The literature reveals some possibilities of concomitant resolution of both
enantiomers by a fine management of the crystal size distribution [72]. For
example, large crystals of 〈S〉 are inoculated with small crystals of 〈R〉 under
smooth conditions of crystal growth. A combined sieving and filtration pro-
cedure could be used to isolate the components. The efficiency of the process
depends on the ability to avoid the secondary nucleation of the large crystals
and to limit the entrainment to crystal growth only.

8
Preferential Crystallization and In Situ Racemization

Compared to asymmetric synthesis, any resolution method suffers from the
50% limitation in each enantiomer. When only a single chiral component
is desired (the eutomer) the second enantiomer (the distomer) can undergo
a racemization process under which it is transformed into a racemic mixture
and re-injected in the PC loop. A combined PC and racemization procedure
can ultimately yield 100% of pure enantiomer. Some very elegant processes
have been discovered which allow in one pot the crystallization of the eu-
tomer and the in situ racemization [73].

9
Continuous Process

For laboratory and industrial medium size production, PC operated by
batch is efficient and easy to handle. When large-scale productions are ne-
cessary the duration of the filtration becomes a critical parameter. This
duration must be kept within strict limits before the spontaneous nucle-
ation of the counter enantiomers starts and jeopardizes the whole reso-
lution. In conventional crystallization reactors of several hundred liters,
there is then a need to start the filtration well before reaching the opti-
mum e.e.Fmax value attainable with pilot reactors. In order to cure the prob-
lem, a swap to semi-continuous or even continuous processes have been
proposed [74, 75].
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10
Conclusion and Perspectives

lthough the applicability of PC suffers from two kinds of limitation:

• The necessary presence of a stable conglomerate with a limited domain of
solid solution between the enantiomer if any;

• The homochiral interactions are stronger than heterochiral interactions at
the interface crystal–mother liquor.

It is a simple, robust, and cost-effective resolution method which deserves
careful consideration every time a chiral resolution is at stake. It is very likely
that nice and productive opportunities have been (are still) missed because
chemists have simply not enlarged enough the conglomerate screening or
have been (are still!) reluctant to use a process based on metastable equilib-
ria. This review shows that a conglomerate screening can be vast. This is why
emerging high-throughput techniques are a great help with this issue. After
simple tests assessing the relative hetero versus homochiral interactions, the
favorable cases can be spotted rather early in the development.

Beside its applications at the laboratory and industrial scales, the chi-
ral discrimination at the solid state is an interesting scientific area where:
chemists, crystallographers, solid-state physico-chemists etc. flock together.
The answers to queries on the structural, energetic, and dynamic aspects of
the stereoselective self-assembling process could help in the understanding of
spontaneous break in symmetry phenomena.

Fundamental and applied researches will probably continue to be active.
During the last few years the combination: PC + SMB (Simulated Moving Bed)
has emerged as an efficient dual technique [76]. The large-scale chromato-
graphic facilities are used at their best in terms of productivity, the second
step being the selective crystallization of the enriched mixture. The second
step can be more productive when the PC can be used.

Without being exhaustive several areas need to be investigated or re-
investigated: (i) a continuous process in order to gain access to a high pro-
ductivity, (ii) molecular modeling and prediction (or at least insights on the
first “orientations” of the screening) of conglomerates, (iii) the role of the
impurities and the design of tailor-made additives which could enhance the
entrainment performances.
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Abstract The mechanism of “preferential enrichment”, an unusually symmetry-breaking
enantiomeric resolution phenomenon that is observed upon simple recrystallization of
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a certain kind of organic racemic crystal from the usual organic solvents without any
external chiral element, has been rationalized in terms of a complexity system involving
multistage processes that affect each other. These processes comprise: (1) preferential ho-
mochiral molecular association to give one-dimensional (1D) R and S chains in solution;
(2) formation of γ-form prenucleation aggregates consisting of the same homochiral 1D
chains; (3) nucleation and crystal growth of the metastable γ-form crystal composed of
irregular alignment of the homochiral 1D R and S chains; (4) the solvent-assisted solid-to-
solid type of polymorphic transition of the incipient γ-form crystal into the more stable
polymorphic form, such as the α-, δ-, or ε-form; and (5) partial crystal disintegration in
the transformed crystal to release excess R or S molecules into solution. Based on this
mechanism, both induction and inhibition of preferential enrichment have been achieved
by controlling the mode of polymorphic transition during crystallization with appropriate
seed crystals. We call this forced polymorphic transition on the surface of a seed crystal
“epitaxial transition”.

Keywords Enantiomeric resolution · Epitaxial transition · Polymorphic transition ·
Preferential enrichment · Symmetry-breaking complexity system

1
Introduction

1.1
Origin of Symmetry Breaking to Biomolecular Homochirality

Since Pasteur’s discovery of dissymmetric (chiral) crystals [1], scientists have
been fascinated with trying to rationalize the origin of biomolecular ho-
mochirality on Earth [2–7]. Thus far, there have been two potent explanations
for the source of symmetry breaking in cosmic chirality: (1) the parity-
violating energy difference (in the order of 10–14 J mol–1 ≈ 10–15% ee) be-
tween more stable l-amino acids and less stable d-amino acids, based on
parity violation in the weak interactions observed upon the radioactive de-
cay of polarized 60Co nuclei [2–9]; and (2) the predominant degradation
of one enantiomer caused by chiral cosmic forces such as circularly polar-
ized light (CPL), resulting in enrichment (0.1% ee) of the l-amino acids over
the d-amino acids [2–7, 10]. To prove these hypotheses, however, a reliable
and reproducible, significant enantiomeric amplification mechanism has to
be demonstrated.

Apart from the cosmic origin, it seems much more realistic to ascribe such
symmetry breaking to an event of a “complexity” system. For the last two
decades, a concept of complexity has been extensively developed and recog-
nized as a universal nonlinear theory that governs various dynamic behaviors
observed in natural science, computer science, economics, social science, phi-
losophy, and so on [11–13]. It is noteworthy that with increasing complexity,
symmetry is locally and globally broken by phase transitions of chaos in dy-
namical systems to generate a variety of new order or chaos.
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1.2
Crystallization as an Event of a Complexity System

Crystallization can be regarded as an event of a complexity system in terms
of the kinetic behavior, far from thermal equilibrium, involving formation
of metastable prenucleation molecular aggregates, nucleation and crystal
growth, and polymorphic transition. Furthermore, these processes affect
each other in feedback and feed-forward manners. Accordingly, crystalliza-
tion is strongly affected by the surrounding conditions such as additives (seed
crystals and impurities), solvent, temperature, concentration, and so on.

Therefore, crystallization of the racemates of chiral compounds is expected
to afford a chance of observing a symmetry breaking in chirality [14]. How-
ever, until our discovery of preferential enrichment, an unusually symmetry-
breaking enantiomeric resolution phenomenon observed upon recrystalliza-
tion of organic racemic crystals [15, 16], this fascinating subject was not
realized.

1.3
Enantiomeric Resolution by Crystallization

The methods for enantiomeric resolution of racemates comprising non-
racemizable enantiomers by crystallization are classified into two cate-
gories [17]: one is an indirect method using an external chiral element, such
as diastereomeric salt formation followed by fractional crystallization [18–
25] or a diastereoselective host–guest inclusion complexation [26, 27]; the
other is a straightforward method for separating enantiomers by crystalliza-
tion in the absence of an external chiral element. As a typical example of
this latter category, the “preferential crystallization” method is well known
to resolve a racemic conglomerate composed of a mixture of homochiral R
and S crystals in which, by repeated crystallization from the supersaturated
solution with the aid of its enantiopure seed crystals, the enantiomeri-
cally enriched crystals are efficiently deposited in the alternating chirality
sense [28–31]. However, the racemates existing as a racemic conglomerate
only occupy less than 10% of the characterized crystalline racemates, and
more than 90% of them are supposed to belong to racemic crystals [32],
which are further classified into either a racemic compound consisting of
a regular packing of a pair of R and S enantiomers or a racemic mixed crystal
(in other words, a pseudoracemate or a solid solution) composed of a random
alignment of the two enantiomers in the defined positions (Fig. 1) [17]. It has
been believed for over a century that there is no way for the resolution of these
racemic crystals by simple crystallization in the absence of an external chiral
element. Accordingly, if one could find a spontaneous enantiomeric reso-
lution phenomenon for these racemic crystals, it would have a great impact
on industrial and academic communities.
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Fig. 1 General packing modes of two enantiomers in a racemic mixed crystal with Z = 2
and a plausible binary melting-point phase diagram of a disordered type, b fairly dis-
ordered type that resembles a racemic compound, c fairly disordered type that resembles
a conglomerate, and d ordered type

Contrary to this common recognition, we have found the first instance
where such an ideal enantiomeric resolution by simple recrystallization of
a series of racemic crystals is feasible.

1.4
Discovery of Preferential Enrichment

In 1996, we reported an unprecedented, symmetry-breaking, spontaneous
enantiomeric resolution phenomenon that can be applied to racemic crys-
tals [15, 16]. This phenomenon is completely opposed to preferential crystal-
lization; in preferential enrichment, it is in the mother liquor that substantial
enantiomeric enrichment occurs by recrystallization, and at the same time
slight enrichment of the opposite enantiomer always occurs in the deposited
crystals (Fig. 2). In 1998, this phenomenon was referred to as preferential
enrichment [33]. In 2002, we proposed the mechanism of preferential enrich-
ment in terms of a unique polymorphic transition during crystallization [34].
Quite recently, on the basis of the mechanism of this polymorphic transition,
we have successfully induced and inhibited the occurrence of preferential
enrichment by controlling the mode of the polymorphic transition with ap-
propriate seed crystals [35]. These results strongly support our proposed
mechanism of preferential enrichment.

Consequently, we have recognized that preferential enrichment is ascribed
to an event of a complexity system that can allow symmetry breaking.
Namely, dissipative self-organization, emergence of new order and chaos,
phase transition between chaos and/or order, and increasing returns in
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Fig. 2 Preferential enrichment of NNMe3. Conditions: a EtOH (32 mL) at 25 ◦C for 4 days;
b EtOH (32 mL) at 25 ◦C for 2 days; c removal of the solvent by evaporation. (Reprinted
with permission from [34]. Copyright 2006 American Chemical Society)

a complexity system correspond to molecular aggregation, formation of
metastable phases, polymorphic transition, and substantial enrichment of
one enantiomer in preferential enrichment.

In this chapter we describe (1) the features of preferential enrichment as
a spontaneous enantiomeric resolution phenomenon, (2) the mechanism of
polymorphic transition causing preferential enrichment, (3) the relationship
between molecular and crystal structures and preferential enrichment, (4) the
origin of this unusual phenomenon, and (5) the induction and inhibition of
preferential enrichment.
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2
Features of Preferential Enrichment

Figure 2 shows a typical example of preferential enrichment for nearly
racemic NNMe3 (Fig. 3), which is a linear asymmetric secondary alcohol

Fig. 3 Relationship between molecular structures and preferential enrichment. Abbrevi-
ations of typical compounds are as follows. For ST, S stands for sulfonium ion and T
represents the p-toluenesulfonate group. For NNMe3, the first N stands for ammonium
ion, the second N represents the p-nitrobenzenesulfonate group, and the Me3 indicates
the trimethyl-substituted ammonium structure. For NNMe3 – OPr, OPr indicates the
presence of a terminal propoxy group in place of a terminal ethoxy group in NNMe3. For
NNMe3C, the last C shows the presence of a terminal propyl group in place of a terminal
ethoxy group in NNMe3
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containing a glycerol moiety, an amide group, and a trimethylammonium p-
nitrobenzenesulfonate structure [34]. This compound was synthesized from
racemic epichlorohydrin. However, the crystalline sample obtained after the
final synthetic procedure was no longer racemic but contained either enan-
tiomer in small excess. Thus, preferential enrichment already occurred dur-
ing the final synthetic procedure. By recrystallization of the obtained S-rich
crystals of 2.5% ee from ethanol under highly supersaturated conditions, sub-
stantial enrichment of the same S enantiomer occurs in the mother liquor. At
the same time, slight enrichment of the opposite R enantiomer occurs in the
deposited crystals. Accordingly, by repeating recrystallization and filtration,
alternating enrichment of the two enantiomers occurs largely in the mother
liquors and slightly in the deposited crystals. These are the most important
and fully reproducible features of preferential enrichment. Thus, by collect-
ing the enantiomerically enriched mother liquors with the same handedness,
very efficient separation of the two enantiomers (> 96% ee) has been easily
achieved.

In addition, we could visually observe the occurrence of the polymor-
phic transition, which we discuss in Sect. 3. Namely, as can be seen in the
photograph in Fig. 4, a lot of convective streams were evolved from the crys-

Fig. 4 Visual observation of polymorphic transition followed by redissolution of one
enantiomer from the once-formed crystals during crystallization from the supersaturated
solution of nearly racemic NNMe3 (0.1 mol L–1) in EtOH; a 15 min and b 60 min after
crystallization began. (Reprinted with permission from [34]. Copyright 2006 American
Chemical Society)
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tal surface for 90 min at the beginning of crystallization of nearly racemic
NNMe3 at 25 ◦C [34]. These streams were found to be enriched by one enan-
tiomer which dissolved from the just-made crystals into solution, resulting in
enrichment of the same enantiomer in the mother liquor.

Accordingly, the technical and phenomenal features of preferential enrich-
ment are summarized as follows (Fig. 2) [15, 16, 33–49]:

1. Usual standard recrystallization conditions are applied to the preferential
enrichment experiment, except that approximately 4- to 25-fold super-
saturated solutions are employed because the supersolubility (a solubility
obtained by dissolving the sample in a solvent on heating followed by
cooling) of the racemates showing preferential enrichment is considerably
higher than that of the solubility at 25 ◦C.

2. Racemates or nonracemates of less than 10% ee are more suitable sam-
ples for the preferential enrichment experiment than those with higher
ee values to achieve a very efficient resolution.

3. Recrystallization of the nonracemic sample of less than 10% ee from the
supersaturated solution leads to a remarkable enrichment of the excess
enantiomer up to 100% ee in the mother liquors (a considerable enrich-
ment of the excess enantiomer in the mother liquor). At the same time, the
resulting deposited crystals always display the opposite chirality at around
5% ee (a slight enrichment of the opposite enantiomer in the deposited crys-
tals). These phenomena are fully reproducible.

4. A wide supersaturated concentration range exists for each compound to
allow overdissolution of the excess enantiomer from the just-made crys-
tals into solution until a slight enrichment of the opposite enantiomer in
the deposited crystals occurs. At the lower supersaturated concentrations
than the range, this essential phenomenon for preferential enrichment
does not occur.

5. When the original supersaturated solution is strictly racemic, the proba-
bility for either the R or S enantiomer to be enriched in the mother liquor
after crystallization was 50%. In the resulting deposited crystals, the oppo-
site enantiomer is enriched at around 5% ee.

6. Only the racemic or nonracemic samples have to be crystalline to imple-
ment the preferential enrichment experiment efficiently. It does not mat-
ter whether the enantiomerically enriched materials with high ee values
exist as solids or oils, in sharp contrast to preferential crystallization of
a racemic conglomerate.

7. Seed crystals are not necessary at all. Addition of seed crystals may accel-
erate or inhibit the occurrence of preferential enrichment, depending on
the kind of added seed crystals (Sect. 6).

8. To know whether preferential enrichment occurs or not for a given com-
pound, one only has to repeat recrystallization of the racemic or non-
racemic sample of less than 10% ee several times at 25, 0, or – 20 ◦C at



Mechanism and Scope of Preferential Enrichment 61

several different supersaturated concentrations, and measure the ee value
in the supernatant solution by HPLC analysis etc. after each crystalliza-
tion.

3
Mechanism of Polymorphic Transition Causing Preferential Enrichment

In general, a polymorphic transition frequently occurs during crystalliza-
tion from the supersaturated solutions of organic compounds, particularly
when the packing mode in the first-formed crystal is unstable as the crys-
tal structure [50–54]. Although much less is known about the mechanism of
the polymorphic transition during crystallization from solution, it has been
believed that the phase transition should proceed through either a solvent-
mediated dissolution–recrystallization mechanism according to “Ostwald’s
law of stages” [55] or a solid-to-solid transformation mechanism with free en-
ergy change [56], and that the rate of the polymorphic transition primarily
depends on the free energy difference between the two crystalline phases [50–
54].

Thus far, we have found three types of solvent-assisted solid-to-solid trans-
formations of a kinetically formed metastable γ-form crystalline phase into
a thermodynamically more stable one (α-, δ-, or ε-form) [15, 16, 33–49],
which are relevant to the occurrence of preferential enrichment, in a process
of crystal growth.

3.1
Assembly Mode of Enantiomers in Solution

To confirm the occurrence of the polymorphic transition and to elucidate the
mechanism, it is primarily necessary to clarify the enantiomeric assembly
mode in the first-formed metastable crystal prior to the polymorphic transi-
tion, and to compare it with the stable crystal structure after the polymorphic
transition with respect to the racemic samples showing preferential enrich-
ment. Since it is very possible that the stable molecular assembly structure
in solution would be retained in the crystalline phase which is first formed
by crystallization from the same solvent [57–59], we investigated the enan-
tiomeric association mode in solutions of the racemates showing preferential
enrichment. Consequently, in our study, the variable-temperature 1H NMR
technique proved to be inapplicable to deciding which molecular association
mode is more stable in solution, homochiral or heterochiral [60–64]. Instead,
the combined use of solubility and supersolubility measurements under vari-
ous conditions and number-averaged molecular weight measurement by va-
por pressure osmometry turned out to be a potent tool for this objective.
Thus, it was concluded that a homochiral molecular assembly is essentially
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in preference to a heterochiral one in solution with respect to the racemic
samples showing preferential enrichment, and that the homochiral supramo-
lecular structure must be a 1D chain. These results are consistent with those
obtained by molecular dynamics simulation of the oligomer models of ST and
NNMe3 (Fig. 3) [34].

3.2
Crystal Structure

3.2.1
General Crystalline Nature of a Racemic Mixed Crystal
Showing Preferential Enrichment

The crystalline nature and physicochemical properties of the crystals belong-
ing to a racemic conglomerate or a racemic compound have been thoroughly
investigated [17, 28–32]. In contrast, other types of enantiomerically mixed
crystals except these two are generally categorized as a racemic mixed crys-
tal, namely, a pseudoracemate or a solid solution (Fig. 1) [17, 32]. Accordingly,
a racemic mixed crystal refers to the crystal with an irregular alignment of the
two enantiomers in defined positions to give both racemic and nonracemic
crystals with a variety of ee values flexibly, depending on the molecular struc-
ture. Due to the diversity of its enantiomeric arrangement, the crystalline
nature and physicochemical properties of this third class of crystals have not
been sufficiently understood.

Whether a given racemic crystal is classified as a racemic mixed crystal
or not is verified by (1) constructing the binary melting-point phase dia-
gram and (2) comparing the X-ray diffraction pattern and the solid-state IR
spectrum of its racemic sample with those of the nearly enantiopure one; al-
most identical patterns and spectra are obtained for a racemic mixed crystal.
Ultimately, it is necessary to observe a molecular structure with the orien-
tational disorder at the position of a substituent on the asymmetric center
by the X-ray crystallographic analysis of the racemic and nonracemic single
crystals. Depending on the degree of disorder of the enantiomeric arrange-
ment, a racemic mixed crystal is further categorized into three types; (1) dis-
ordered, (2) fairly disordered (short-range ordered), and (3) ordered (long-
range ordered), of which the ordered type can hardly be distinguished from
a racemic compound solely by X-ray crystallographic analysis (Fig. 1) [17]. As
described in the following section, the crystalline nature of the compounds
showing preferential enrichment falls into a fairly disordered racemic mixed
crystal that resembles a racemic compound (Fig. 1b).
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3.2.2
Metastable γ-Form

We have searched for a compound that shows preferential enrichment and
possesses a homochiral 1D chain structure in the metastable polymorphic
form, because the homochiral molecular assembly structure in solution is
supposed to be retained in the crystal which is first formed by crystalliza-
tion from the same solvent [57–59]. As a result, the single crystal of racemic

Table 1 Relationship between racemic crystal structures and space groups, and preferen-
tial enrichment

Compound Crystal structure a Space group, Preferential
Z enrichment b

ST [42] Stable α-form, ordered P1̄, Z = 4 Yes
ST [45] Metastable δ-form, ordered P1̄, Z = 2 Yes
SB [44] Stable δ-form, disordered (73 : 27) P1̄, Z = 2 Yes
SC [42] Stable δ-form, ordered P1̄, Z = 2 Yes
NNMe2 [38, 39] Disordered δ-form, ordered P1̄, Z = 2 Yes
NNMe3 [34] Stable δ-form, ordered P1̄, Z = 2 Yes
NNMe3-OMe [35] Stable δ-form, disordered (72 : 28) P1̄, Z = 2 Yes
NCMe2 Stable δ-form, disordered (74 : 26) P1̄, Z = 2 Yes
NCMe3 [41] Stable δ-form, disordered (77 : 23) P1̄, Z = 2 Yes
NBMe3 [43] Stable δ-form, disordered (67 : 33) P1̄, Z = 2 Yes
NIMe3 [48] stable δ-form, disordered (71 : 29) P1̄, Z = 2 Yes
NPMe3 [46] Stable ε-form, ordered P1̄, Z = 2 Yes

NPMe3 [46] Metastable γ-form, ordered P1̄, Z = 2 No
SI [47] Nn, ordered P1̄, Z = 2 No
SP [40] Nn, disordered (59 : 41) P21/c, Z = 4 No
SCC [42] Stable α-form, ordered P1̄, Z = 2 No
NNMe3-OPr[34] Stable γ-form, ordered P1̄, Z = 2 No
NNMe3-C [34] Stable α-form, ordered P1̄, Z = 2 No
NCMe3-OMe [41] Stable δ1-form, ordered P1̄, Z = 2 No
NBMe3-OMe [35] Stable κ-form, ordered P21/c, Z = 4 No
NBMe3-OMe [35] Metastable γ-form, ordered P1̄, Z = 2 No
NBMe3-OPr Stable γ-form, disordered (67 : 33) P1̄, Z = 2 No
NIMe3-OMe [48] Stable κ-form, ordered P21/c, Z = 4 No
NIMe3-OPr [48] Stable γ-form, disordered (64 : 36) P1̄, Z = 2 No
NTMe2 [38, 39] Nn, disordered (65 : 35) P21/c, Z = 4 No

a Each crystal structure form and the degree of disorder at the position of the hydroxy
group on an asymmetric carbon atom; the constrained occupancy factors are indicated
in parentheses. Nn means no name for the crystal structure form
b Indication of the occurrence of preferential enrichment upon the deposition of each
crystal form from the supersaturated solution
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NPMe3 (Fig. 3) was found to possess the desired γ-form crystal structure that
is classified as an ordered racemic mixed crystal and is composed of alternat-
ing alignment of homochiral 1D R and S chains in an antiparallel direction
with space group P1̄ (Z = 2) with the second lowest symmetry. Each homochi-
ral chain comprises an alternating alignment of the long-chain ammonium
ion and the sulfonate ion by two hydrogen bonds (1) between one oxygen
atom of the sulfonate ion and the hydroxy group and (2) between the same
sulfonate oxygen atom and the amide NH (Table 1 and Fig. 5) [34, 46]. There is
no interchain interaction. This γ-form crystal structure is also seen in several
other racemic samples such as NNMe3 – OPr, NBMe3 – OPr, NIMe3 – OPr,
and NBMe3 – OMe (Table 1 and Fig. 3) which failed to show preferential en-

Fig. 5 a Intermolecular interactions in the γ-form crystals and b schematic representa-
tion of the homochiral 1D chain. The ellipsoid and circle indicate the long-chain cation
and sulfonate ion, respectively. The dashed lines show the intermolecular hydrogen bonds.
(Reprinted with permission from [46]. Copyright 2006 American Chemical Society)
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richment [34, 35, 48], indicating that the subsequent polymorphic transition
into the more stable α-, δ-, or ε-form is indispensable for preferential enrich-
ment to occur. Actually, in the case of NPMe3, the successive polymorphic
transition of the γ-form into the ε-form occurred slowly to induce preferential
enrichment [34, 46].

3.2.3
Stable δ-Form

Thus far, three different types of stable crystal structures, α-, δ-, and ε-forms,
which are classified as an ordered or fairly disordered racemic mixed crystal,
have been obtained for the racemic or nearly racemic samples of the com-
pounds showing preferential enrichment. Among them, the δ-form crystal
is most commonly found for the compounds showing preferential enrich-
ment [33–44], while only one case is observed for each of the α- and ε-forms
(Table 1) [15, 16, 34, 42, 46]. It has been indicated that the formation of the
stable α-form crystal of ST is not essential to the occurrence of preferential
enrichment and is caused by further polymorphic transition of the once-
formed δ-form polymorph [45]. In this section, the crystal structure of the
δ-form is described in detail, because this crystal structure provides crucial
information on the mechanism of the polymorphic transition causing prefer-
ential enrichment.

For example, the ordered or fairly disordered crystal structure was ob-
served in the δ-form single crystals of racemic NNMe3 or NBMe3 (Fig. 3),
respectively, which were produced at much lower concentrations than the
usual preferential enrichment conditions [34, 43, 49]. Furthermore, the crys-
tal structure of the nonracemic (20% ee) NBMe3 was found to be virtually
isomorphous with that of the racemate and very similar to that of the pure
enantiomer [34, 43, 49].

The crystal structure of nearly racemic NNMe3 is characterized by two
types of centrosymmetric cyclic dimers, types A and B. The head-to-head
cyclic dimer of type A is formed by the hydrogen bonds between the hy-
droxy groups and the ethoxy oxygen atoms in a pair of R and S molecules,
and another head-to-head cyclic dimer of type B is formed by (1) the hydro-
gen bond between one oxygen atom of a sulfonate ion and the amide NH and
(2) the electrostatic interaction between another oxygen atom of the same sul-
fonate ion and the ammonium nitrogen atom in the neighboring long-chain
cation (Fig. 6). By virtue of these intermolecular interactions, a heterochiral
1D chain is formed. Furthermore, each 1D chain interacts with two adjacent
chains by another weak electrostatic interaction between the third oxygen
atom of the same sulfonate ion and the ammonium nitrogen atom in the ad-
jacent chains, eventually forming a weak 2D sheet structure [34]. This fragile
2D sheet structure is essential for crystal disintegration resulting in preferen-
tial enrichment, as discussed in Sect. 3.3.



66 R. Tamura et al.

Fig. 6 a Intermolecular interactions in the δ-form crystal of racemic NNMe3 and b sche-
matic representation of the heterochiral 2D sheet structure. The ellipsoid and circle
indicate the long-chain ammonium ion and sulfonate ion, respectively. The dashed lines
show the intermolecular hydrogen bonds and electrostatic interactions. (Reprinted with
permission from [34]. Copyright 2006 American Chemical Society)

In the crystals of racemic and nonracemic (20% ee) NBMe3, the ori-
entational disorder was observed at the position of the hydroxy group on
an asymmetric carbon atom (Fig. 7). The degree of disorder per asymmet-
ric unit (one salt) was estimated to be 65 : 35 and 75 : 25 (R vs S, or S
vs R), respectively, by calculating the constrained occupancy factors of the
hydroxy group, corresponding to a fairly disordered racemic mixed crys-
tal [34, 43]. In other respects, the crystal structure is identical to that of
the δ-form crystal of nearly racemic NNMe3. Therefore, it is easily conceiv-
able that such a nonracemic crystal with a low ee value, which is classified
as a fairly disordered racemic mixed crystal and can accommodate excess
enantiomers flexibly in the crystal lattice, is also produced by the prefer-
ential enrichment experiment in other cases. Namely, an ordered racemic
mixed crystal such as NNMe3 can also have fair disorder under the pref-
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Fig. 7 a Intermolecular interactions in the δ-form crystal of S-rich NBMe3 (20% ee) and
b schematic representation of the heterochiral cyclic dimer and the homochiral non-
cyclic ones in the crystal. The ellipsoid and circle indicate the long-chain ammonium
ion and sulfonate ion, respectively. The dashed lines show the intermolecular hydrogen
bonds and electrostatic interactions. The hydroxy group on the asymmetric carbon atom
is disordered over two positions in a. The R and S enantiomers in the sites with higher oc-
cupancy factor (0.75) are designated R and S, and those in the sites with lower occupancy
factors (0.25) are r and s. The contents of three dimer structures were estimated from
the occupancy factors of the orientationally disordered hydroxy groups and the ee value
(20%) of the crystal. (Reprinted with permission from [34]. Copyright 2006 American
Chemical Society)

erential enrichment experimental conditions using a highly supersaturated
solution.

3.3
Mode of Polymorphic Transition

Before discussing the overall mode of the polymorphic transition, let us con-
sider the association mode of the homochiral 1D R and S chains in the
metastable γ-form crystal formed kinetically from the highly supersaturated
solution (Fig. 8). Supposing that the R enantiomer is slightly in excess in the
supersaturated solution, then the resulting metastable γ-form crystal must
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Fig. 8 Mechanism of preferential enrichment. a Association mode of homochiral 1D R and
S chains in the metastable γ-form crystal formed kinetically from the highly supersatu-
rated solution of slightly R-rich sample. b Modes of polymorphic transition of the γ-form
into the δ-form in the regular and irregular alignment areas of the R and S chains in the
crystal
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become R-rich, too. This slightly R-rich crystal exists as a fairly disordered
racemic mixed crystal which consists of three types of alignment modes of
the homochiral R and S chains; the major regular alignment of the R and
S chains, along with two minor irregular alignments in which an odd number
of R chains and an even number of R chains are respectively surrounded by
two S chains (Fig. 8a).

Now let us consider the mode of the polymorphic transition of the
metastable γ-form into the δ-form. By comparing the crystal structures be-
tween the metastable γ-form composed of the homochiral 1D R and S chains
and the stable δ-form comprised of the heterochiral 2D sheet, the mode of this
single phase transition can be proposed (Fig. 8b).

Polymorphic transition in the regular alignment area of the R and S chains
is initiated by rearrangement of the hydrogen bonds inside the crystal lattice.
It is very possible for the nearest R and S molecules in the two adjacent chains
in the γ-form to form new hydrogen bonds between the ethoxy oxygen atoms
and the hydroxy groups by slight movement of the two molecules in the crys-
tal. This rearrangement of hydrogen bonds, accompanied by slight movement
of the sulfonate ions so as to form cyclic dimers of types A and B, occurs one
after another in the crystal lattice and leads to the heterochiral 1D chains and
then the weak 2D sheet structure.

The fashion of alignment of the homochiral R and S chains in the
metastable γ-form crystal must define the type of the local δ-form crystal
structure after the phase transition:

Fig. 9 Polymorphic transition in the case where equal numbers of homochiral R and
S chains are alternately aligned in the γ-form crystal, leading to the ordered δ-form
crystal
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1. At the sites where equal numbers of homochiral R and S chains are al-
ternately aligned in an antiparallel direction along one axis, an ordered
δ-form crystal structure will be formed locally after the polymorphic tran-
sition (Figs. 8b and 9).

Fig. 10 Polymorphic transition in the case where an odd number of homochiral R chains
are surrounded by two S chains in the γ-form crystal, leading to the fairly disordered δ-
form crystal without crystal disintegration

Fig. 11 Polymorphic transition in the case where an even number of homochiral R chains
are surrounded by two S chains in the γ-form crystal, leading to local crystal disintegra-
tion in the δ-form crystal that occurs between the sites a and b
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2. At the sites where an odd number of homochiral R chains are aligned
between two S chains, after the polymorphic transition, the disordered
δ-form crystal structure will be formed locally without disintegration of
the crystal (Figs. 8b and 10).

3. At the sites where an even number of homochiral R chains are aligned
between two S chains, after the polymorphic transition, partial disintegra-
tion occurs in the resulting δ-form crystal to release the R-rich area into
solution, because the R-rich area was surrounded by the sites where the
OH · · · OEt interaction cannot be formed as well as the sites with weak
electrostatic interactions (Figs. 8b and 11).

This third case corresponds to the visually observed redissolution of the ex-
cess enantiomer from the just-made crystals into solution (Fig. 4) and must
be responsible for the phenomenon characteristic of preferential enrichment,
a considerable enrichment of the excess enantiomer in the mother liquor.

4
Relationship Between Molecular Structures and Preferential Enrichment

Typical compounds that have been found to show preferential enrichment
are summarized in Fig. 3, together with the compounds failing to show this
phenomenon. These are analogous linear asymmetric secondary alcohols
containing a glycerol moiety, an amide group, and a sulfonium sulfonate
or ammonium sulfonate structure. Their molecular weights are about 500.
Figure 12 summarizes the structural requirements for the occurrence of pref-
erential enrichment [34, 49]:

1. The amide, hydroxy, and terminal alkoxy groups are all indispensable for
the formation of hydrogen bonds.

2. The terminal alkoxy group must be methoxy or ethoxy; longer or bulky
alkoxy groups fail to show preferential enrichment due to the steric effect.

3. The onium sulfonate salt structure is advantageous for the occurrence of
the polymorphic transition owing to the mobility of the anion in the crys-
tal lattice.

Fig. 12 Structural requirements for the occurrence of preferential enrichment
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4. The selection of the sulfonate ion is crucial. Sulfonate ions with low ba-
sicity, which can form weak hydrogen bonds to allow the subsequent
rearrangement of hydrogen bonds in the crystal lattice, i.e., polymorphic
transition, are appropriate, whereas highly basic sulfonate ions, which can
form strong hydrogen bonds, fail to induce preferential enrichment.

5
Origin of Preferential Enrichment

The origin of preferential enrichment can be interpreted in terms of an in-
terplay of: (1) the polymorphic transition of the metastable γ-form into the
stable α-, δ-, or ε-form; (2) the substantially higher solubility of the sample
with high ee compared with that of low ee to allow a considerable enrich-
ment of the excess enantiomer in the mother liquor; and (3) the presence of
a wide supersaturated concentration range to allow the overdissolution of the
excess enantiomer from the just-made crystals until a slight enrichment of the
opposite enantiomer in the deposited crystals occurs.

The proposed overall mechanism of preferential enrichment illustrated in
Fig. 8 is the case where a considerable enrichment of the R enantiomer oc-
curs in the mother liquor by crystallization from the slightly R-rich (around
5% ee) supersaturated solution. In solution, homochiral 1D R and S chains are
formed preferentially and aggregate to form a γ-form supramolecular cluster,
which undergoes a phase transition to give the incipient metastable γ-form
crystals with fair disorder. Since the R enantiomer is slightly in excess in so-
lution, the resulting metastable γ-form crystals become slightly R-rich, too.
These slightly R-rich crystals consist of three types of alignment modes of
the homochiral R and S chains: the major regular alignment of the R and
S chains, along with two minor irregular alignments in which an odd num-
ber of R chains and an even number of R chains are respectively surrounded
by two S chains. The next step is the polymorphic transition initiated by
the rearrangement of the hydrogen bonds in the crystal lattice, as discussed
in Sect. 3.3. After the polymorphic transition, partial disintegration in the
resulting δ-form crystals occurs at the sites where an even number of ho-
mochiral R chains are aligned between two S chains, releasing the R-rich area
into solution. In contrast, at the sites where an even number of homochi-
ral S chains are aligned between two R chains, the dissolution of the S-rich
area into solution seemingly does not proceed. As soon as the dissolved 1D
S chains meet with excess R chains in solution, crystallization of the R-rich
γ-form crystals occurs, followed by redissolution of the excess R enantiomer
into solution to result in the deposition of slightly S-rich δ-form crystals.
Thus, the enantiomeric purity of the R enantiomer in the mother liquor is
gradually raised until the crystallization ceases. More importantly, within the
wide supersaturated concentration range, the substantially higher solubility
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of the materials with high ee values than those with low ee values allows the
R enantiomer to be enriched in the mother liquor gradually until the opposite
S enantiomer becomes in excess in the deposited crystals.

It should be stressed again that when the original supersaturated solu-
tion was strictly racemic (0.0% ee), the probability for either the R or the
S enantiomer to be enriched in solution after crystallization was 50%. This is
because initial capricious formation of the very first nonracemic metastable
crystal nucleus should decide which enantiomer is enriched in the mother
liquor, i.e., this is a typical feature in an event of a complexity system.

6
Induction and Inhibition of Preferential Enrichment

As shown in Sect. 4, it was found that a slight change in the molecular
structures of a series of racemic substances showing preferential enrichment
largely affects the mode of polymorphic transition during crystallization
from solution, resulting in the formation of stable crystals with different crys-
tal structures and thereby no occurrence of preferential enrichment. In this
section, we describe two examples in which the racemic sample, which can-
not show preferential enrichment by itself, comes to show this enantiomeric
resolution phenomenon with the aid of appropriate seed crystals [35].

6.1
Significant Influence of Minor Molecular Modification
on the Mode of Polymorphic Transition

Here we focus on the terminal methoxy derivatives [(±)-NNMe3 – OMe (1a),
NCMe3 – OMe (1b), and NBMe3 – OMe (1c)] of the prototype ammonium sul-
fonates (±)-NNMe3 (2a), NCMe3 (2b), and NBMe3 (2c) which showed prefer-
ential enrichment [34, 41, 43]. Whether (±)-1a, 1b, and 1c exhibit preferential
enrichment or not depends only on the kind of electron-withdrawing group
situated at the para position of the benzenesulfonate group. Namely, the p-
nitro derivative (±)-1a successfully exhibited preferential enrichment [35],
whereas the p-chloro and p-bromo derivatives [(±)-1b and 1c] failed to do
so. It was concluded that all of (±)-1a–1c and (±)-2a–2c predominantly
adopt a γ-form supramolecular structure in their supramolecular solutions
in EtOH, by in situ ATR-FTIR spectroscopy and on the basis of our previous
studies [34, 35, 49]. We compared the crystal structures of the stable forms of
(±)-1a, 1b, and 1c with those of (±)-2a, 2b, and 2c, because it is possible to
predict each mode of polymorphic transition during crystallization for these
three racemates which cannot show preferential enrichment.

Similarly to the case of (±)-2b and 2c, the crystal structure of (±)-1a is
a fairly disordered δ-form which has the orientational disorder at the position
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of the hydroxy group on an asymmetric carbon atom with occupancy factors
of 0.72 and 0.28 [35].

The stable crystal structure of (±)-1b was found to be partly similar to
a δ-form which consists of a 1D chain composed of type A and type B het-
erochiral cyclic dimers by X-ray crystallographic analysis [41]. We call this
new crystal structure a δ1-form. The decisive difference in crystal struc-
ture between the δ- and δ1-forms is the mode of interchain interactions
between the analogous heterochiral 1D chains (Fig. 13). In the δ1-form of
(±)-1b, there are two interchain interactions: one is the relatively strong
slipped-parallel π–π stacking between the benzene rings of the nearest two p-
chlorobenzenesulfonate groups, and the other is weak C(sp2)H – Cl contacts
between the chlorine atom of the p-chlorobenzenesulfonate group and two
vicinal hydrogen atoms on the benzene ring of the neighboring long-chain
cation. These fairly strong interchain interactions must be responsible for
no occurrence of preferential enrichment of 1b, because the subsequent par-
tial crystal disintegration which is necessary to cause preferential enrichment
does not occur.

With respect to (±)-1c, a metastable γ-form was crystallized from 2-PrOH,
while a new, stable κ-form was obtained as a monophasic powder sample
from EtOH [35]. The crystal structure of the κ-form, which was solved from
its powder X-ray diffraction data by the direct-space approach using the
Monte Carlo method with subsequent Rietveld refinement [65], consists of
a fairly strong heterochiral 2D sheet structure particularly characterized by
the Coulombic donor–acceptor attraction between the methoxy oxygen atom
and the nearest bromine atom (Fig. 14). It is most likely that this O · · · Br in-

Fig. 13 a Intermolecular interactions in the δ1-form crystal of (±)-1b and b schematic
representation of the heterochiral 2D sheet structure. The ellipsoid and circle indicate
the long-chain ammonium ion and sulfonate ion, respectively. The dashed lines show the
intermolecular hydrogen bonds, electrostatic interactions, and π–π stackings. (Reprinted
with permission from [35]. Copyright 2006 Wiley)
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Fig. 14 a Intermolecular interactions in the κ-form crystal of (±)-1c and b schematic rep-
resentation of the heterochiral 2D sheet structure. The ellipsoid and circle indicate the
long-chain ammonium ion and sulfonate ion, respectively. The dashed lines show the
intermolecular hydrogen bonds and electrostatic interactions. (Reprinted with permis-
sion from [35]. Copyright 2006 Wiley)

Table 2 Induction or inhibition of preferential enrichment by mutual seeding a

Seed crystal c

Compound Solubility Without (±)-1a (±)-1b (±)-1c
in EtOH seeding b δ-form δ1-form κ-form
(mg/mL)

(±)-1a 12.9 Yes d Acceleration e Inhibition f No effect
(γ to δ) g (γ to δ) g (γ to δ1) g

(±)-1b 59.1 No h Induction i,j – No effect
(γ to δ1) g (γ to δ, then δ1) g

(±)-1c 19.9 No h No effect Induction i –
(γ to κ) g (γ to δ, then δ1) g

a Ten-, three-, and fivefold supersaturated EtOH solutions were used for recrystallization
of (±)-1a, (±)-1b, and (±)-1c, respectively

b Recrystallization was carried out without seed crystals
c 5 wt % of seed crystals was added
d Preferential enrichment occurred
e Preferential enrichment was accelerated
f Preferential enrichment was completely inhibited by seeding
g Mode of polymorphic transition
h Preferential enrichment did not occur
i Preferential enrichment was induced by seeding
j See Fig. 16 (Reprinted with permission from [35]. Copyright 2006 Wiley)



76 R. Tamura et al.

teraction makes a significant contribution to building up the κ-form crystal
structure, and therefore the polymorphic transition of the metastable γ-form
into the δ-form causing preferential enrichment cannot occur.

Thus, it is quite plausible that the incipient formation of the individual
metastable γ-form polymorphs and the subsequent polymorphic transition
into the stable δ-form, δ1-form, or κ-form should have occurred during crys-
tallization of (±)-1a, (±)-1b, or (±)-1c from EtOH, respectively (Table 2).

6.2
Induction and Inhibition of Preferential Enrichment
by Controlling the Mode of Polymorphic Transition with Seed Crystals

It is noteworthy that the δ-form of (±)-1a, the δ1-form of (±)-1b, and the γ-
form of (±)-1c have a similar columnar structure along one axis (Fig. 15a–c).
This fact suggests the possibility of forced adsorption of the γ-form prenucle-
ation aggregates of (±)-1b or (±)-1c on the columnar surface of the δ-form
of (±)-1a, and the subsequent polymorphic transition of the incipient γ-form
crystalline phase into the desired δ-form on the same crystalline surface of
(±)-1a. If this assumption is correct, preferential enrichment must be in-
duced or inhibited by the alteration of the mode of polymorphic transition by
seeding with each other. Such was indeed the case [35].

By seeding the supersaturated solution of (±)-1b in EtOH with more than
3 wt % of the δ-form crystals of (±)-1a, crystallization of 1b began quickly
and preferential enrichment was distinctly induced (Fig. 16 and Table 2). The
crystal structure of the deposited crystals was found to be a fairly disordered
(at the position of the hydroxy group on an asymmetric carbon atom with oc-
cupancy factors of 0.7 : 0.3) δ1-form by using the direct-space approach with
the Monte Carlo method (Fig. 15e). It is quite plausible that the successive
polymorphic transitions of the metastable fairly disordered γ-form of (±)-
1b into the fairly disordered δ-form and then the fairly disordered δ1-form
should occur on the columnar surface of the δ-form seed crystal of (±)-1a.

In contrast, by seeding the supersaturated solution of (±)-1c in EtOH with
the δ-form crystals of (±)-1a, neither the acceleration of crystallization nor
the formation of another polymorphic form was observed, nor was the in-
duction of preferential enrichment noted. Instead, more interestingly, seeding

Fig. 15 �Similar columnar crystal structures of a the δ-form of (±)-1a viewed down the
b axis, b the δ1-form of (±)-1b, crystallized without seed crystals, viewed down the a axis,
c the γ-form of (±)-1c viewed down the a axis, d the δ1-form of (±)-1a viewed down the
a axis, e the δ1-form of (±)-1b, crystallized with seed crystals (5 wt %) of the δ-form of
(±)-1a, viewed down the a axis, and f the δ1-form of (±)-1c viewed down the a axis. The
C, O, N, S, Cl, and Br atoms are represented by gray, red, blue, yellow, green, and purple
sticks, respectively. All H atoms in c are omitted. (Reprinted with permission from [35].
Copyright 2006 Wiley)
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Fig. 16 Preferential enrichment of (±)-1b induced by seeding with the δ-form crystal of
(±)-1a (5 wt %) in EtOH. Conditions: a in EtOH (2.5 mL) with 0.025 g of (±)-1a at – 16 ◦C
for 7 days; b in EtOH (2.4 mL) with 0.024 g of (±)-1a at – 16 ◦C for 7 days; c removal of the
solvent by evaporation; d in EtOH (2.20 mL) with 0.021 g of (±)-1a at – 16 ◦C for 7 days;
e in EtOH (2.0 mL) with 0.020 g of (±)-1a at – 16 ◦C for 7 days. (Reprinted with permis-
sion from [35]. Copyright 2006 Wiley)

with the δ1-form crystal (5 wt %) of (±)-1b in EtOH induced prompt crystal-
lization to provide a fairly disordered (at the position of the hydroxy group
on an asymmetric carbon atom with occupancy factors of 0.7 : 0.3) δ1-form
of 1c (Fig. 15f) and distinctly induced preferential enrichment for (±)-1c
(Table 2). Therefore, it is again likely that successive polymorphic transi-
tions of the fairly disordered γ-form of (±)-1c into the fairly disordered
δ-form and then the fairly disordered δ1-form should occur on the colum-
nar surface of the δ1-form seed crystal of (±)-1b. This is a quite interesting
example of the successful induction of preferential enrichment by using the
seed crystals of another compound that cannot show preferential enrichment
by itself.

Conversely, the occurrence of preferential enrichment of (±)-1a in EtOH
was completely inhibited by seeding with the δ1-form crystals (more than
3 wt %) of (±)-1b (Table 2). In this case, it was shown that a single phase tran-
sition of the γ-form into the δ1-form of (±)-1a should occur on the columnar
surfaces of the δ1-form seed crystal of (±)-1b.

With respect to the compounds showing preferential enrichment by them-
selves, such as (±)-1a and (±)-2a–(±)-2c, addition of the individual seed
crystals to their own supersaturated solutions in EtOH was found to in-
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Fig. 17 Schematic representation of “epitaxial transition” of the metastable γ-form poly-
morph into the δ-form, causing preferential enrichment on the surface of a δ- or δ1-form
seed crystal. (Reprinted with permission from [35]. Copyright 2006 Wiley)

duce prompt crystallization and thereby accelerate the rate of preferential
enrichment (Table 2). This acceleration effect can be accounted for by an
“epitaxial transition” phenomenon that involves (1) the adsorption of the
γ-form prenucleation aggregates, (2) the heterogeneous nucleation and crys-
tal growth of the incipient metastable γ-form polymorph, and (3) the subse-
quent polymorphic transition into the more stable δ-form; these multistage
processes occur on the same surface of the δ-form seed crystal (Fig. 17).
Likewise, in the mechanism of preferential enrichment induced by seeding
the supersaturated solution of (±)-1b or (±)-1c in EtOH with the δ-form
of (±)-1a or the δ1-form of (±)-1b, respectively, a similar epitaxial tran-
sition phenomenon must operate (Fig. 17). These results strongly support
our proposed mechanism of preferential enrichment including polymorphic
transition.

7
Conclusions and Scope

The mechanism of preferential enrichment has been interpreted in terms
of a symmetry-breaking complexity system including three major elements:
(1) the polymorphic transition of an incipient metastable crystalline form
into the more stable form, (2) the substantial higher solubility of the sam-
ple with high ee than that of low ee to allow a considerable enrichment of the
excess enantiomer in the mother liquor, and (3) the presence of a wide su-
persaturated concentration range to allow the overdissolution of the excess
enantiomer from the just-made crystals into solution until a slight enrichment
of the opposite enantiomer in the deposited crystals occurs. Therefore, prefer-
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ential enrichment is not only an excellent chiral separation method but also
a good research model for a complexity system.

Successful induction and inhibition of preferential enrichment, based on
a new concept of epitaxial transition, strongly support the proposed mech-
anism of preferential enrichment. If the crystal lattices and crystal structures
of the two compounds are partly similar, it is possible to control the mode
of polymorphic transition mutually by seeding with each other. Accordingly,
once one finds a leading racemic sample that can show preferential enrich-
ment, it is possible to induce preferential enrichment for analogous com-
pounds that cannot show preferential enrichment by themselves, on the basis
of this epitaxial transition protocol.

It is quite conceivable that preferential enrichment should be applicable to
other chiral organic substances that exist as a fairly disordered racemic mixed
crystal, if the above requirements are satisfied. Furthermore, by carefully
choosing the kinetic crystallization conditions or seeding with appropriate
crystals, preferential enrichment might be applicable to even certain racemic
compounds that satisfy the structural requirements for supramolecular asso-
ciation in solution and in the crystalline state.
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Abstract Tanabe Seiyaku has been investigating an efficient optical resolution method for
the production of optically active amino acids since the 1950s. As one of the practical ap-
plications of the resolution methods, we focused on crystallization-induced asymmetric
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transformation, with which it is possible to obtain more than 50% of one enantiomer of
a racemate. In order to achieve the asymmetric transformation, an elegant method for
racemization of optically active amino acids and their salts was developed. This successful
racemization procedure led to efficient and economical preparation paths for various op-
tically active amino acids by the two crystallization-induced asymmetric transformations,
one of which is a combination of enantiomeric resolution and simultaneous racem-
ization and the other is a combination of diastereomeric resolution and simultaneous
epimerization. Here, many examples of our studies and recent reports of pharmaceutical
intermediates are presented.

Keywords Optical resolution · Asymmetric transformation · Racemization ·
Chiral compound · Amino acid

Abbreviations
HPG p-hydroxyphenylglycine
PES 1-phenylethanesulfonic acid
Asp(OMe) aspartic acid β-methyl ester

1
Introduction

Optical resolution via crystallization, although seen as a classical method,
has been used for over 150 years since the first discovery by Pasteur [1, 2]
and is recognized now as one of the convenient procedures available for sep-
arating enantiomers at both laboratory and industrial scales [3, 4]. Recent
important developments in chiral pharmaceuticals include optical resolution
of synthesized racemic substrates (synthesis-resolution), which is of great im-
portance for developing single enantiomers because it is often used in the first
stage of chiral drugs development [5–7, 10]. However, the present synthesis-
resolution process, especially when industrial applications are contemplated,
has an unavoidable disadvantage. That is, the wanted isomer (denoted as e.g.
S) is ordinarily only one enantiomer of the corresponding racemate (RS),
and the maximum theoretical yield by this resolution is 50% (half of the RS-
isomer). Accordingly, if the unwanted isomer (e.g. R) can be racemized into
the RS-isomer it should be reused in the next resolution process, but the
recycled RS-isomer is also theoretically only of half use. Thus, it is tedious
and difficult to perfectly use a racemate. Such an alternative recycling pro-
cess is not only complicated but also ineffective, expensive and impractical
compared with other simple chiral-technologies [8–14], such as asymmetric
synthesis and fermentation procedures.

In order to overcome the disadvantages of the synthesis-resolution pro-
cess, we have been studying asymmetric transformation via crystalliza-
tion, especially for industrial applications of α-amino acids, since the early
1980s [15–25]. The present work is part of the results of our investigations. It
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describes examples of our experiments with asymmetric transformation and
views future problems and prospects.

2
Racemization and Asymmetric Transformation

Until quite recently, asymmetric transformation via crystallization has been
used with a very limited range of substrates, i.e. optically labile com-
pounds. Since about 1980, asymmetric transformation via crystallization
began to be used aggressively, especially with the rise in demand for op-
tically active compounds. The technique had traditionally been known as
“second-order asymmetric transformation” (or “asymmetric transformation
of the second kind”) [26–28], “optical activation” [29] and “isomerization–
crystallization” [30], but now is often referred to as “crystallization-induced
asymmetric transformation” [3, 28]. The principle of this technique, as shown
in Fig. 1a (the left side), is that when optical resolution of a racemate (RS)
takes place continuously under conditions of simultaneous racemization of
the undesired isomer (e.g. S) in solution, the system greatly shifts to crys-
tallization of the desired isomer (e.g. R) as a whole. This process, classified
as a type of one-pot asymmetric reaction with crystallization, is expected
to be highly practical because all (100%) of the racemate will theoretically
be transformed into the desired isomer through a simple process. If ele-
gant reaction conditions can be designed, this technique should be as highly
practical as asymmetric synthesis or fermentation procedures. Therefore,
crystallization-induced asymmetric transformation is on its way to becoming
distinguished from the traditional second-order asymmetric transformation.
Alternatively, although dynamic kinetic resolution [31–36], which is char-
acterized by a difference in the rate of chemical reaction between the two
isomers (Fig. 1b), is said to be similar to crystallization-induced asymmetric

Fig. 1 Crystallization-induced asymmetric transformation (CIAT) (a) and dynamic ki-
netic resolution (b)
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transformation, a marked difference between these two methods exists in the
crystallization step. However, both methods are considered economically very
attractive.

There are two types of crystallization-induced asymmetric transformation
(Fig. 1a). One is a combination of enantiomeric resolution and simultan-
eous racemization (Sect. 3), and the other is a combination of diastereomeric
resolution and simultaneous epimerization (Sect. 4). Details of the princi-
pals of each type are given in the respective sections. For these asymmetric
transformations, since racemization (or epimerization) and crystallization
are continuously repeated in a system, the reaction rate is controlled by
both the rate of racemization (or epimerization) and the rate of crystalliza-
tion. Therefore, racemization (or epimerization) is an extremely important
process in the development of practical crystallization-induced asymmet-
ric transformation. However, in many cases the conditions of racemization
(or epimerization) are poorly set, leading to decomposition. Accordingly, it
is generally recognized that the racemization reaction is difficult, especially
under simple and mild conditions.

We have developed a rational and economic procedure for the racemiza-
tion of optically active amino acids by combining various existing methods.

2.1
Racemization of Free Amino Acids

In general, it is recognized that racemizations of free amino acids are not eas-
ier than those of N-acyl amino acids and amino acid ester derivatives [37].
For example, optically active free amino acids can be racemized:
(i) By heating with water in the presence of a strong base or strong acid [38].
(ii) By heating with water in the absence of a strong base or strong acid in

a sealed vessel at 150–250 ◦C [39].
(iii) By heating with water in the presence of an aldehyde and a metal ion

under neutral or weakly alkaline conditions [40].
(iv) By heating with water in the presence of pyridoxal or its analogues, in-

cluding the so-called resin catalyst, and a metal ion [41, 42].
(v) By heating with a lower aliphatic acid such as acetic acid [43, 44].
On economic grounds, however, these methods are still unsatisfactory since
some decomposition of the amino acids often occurs at high temperature
and/or the rate of racemization frequently is not practical.

On the other hand, we paid attention to both effects of an aldehyde and
a lower aliphatic acid in the above examples. As a result, these combinations
allowed the successful development of a convenient method for the racem-
ization of free amino acids and their salts by heating in a lower aliphatic
acid with catalytic amounts of an aldehyde. Later, because of this finding we
started the study of asymmetric transformation with crystallization.
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2.1.1
Racemization of Various Free Amino Acids

Racemization of a wide variety of optically active α-amino acids, including
neutral amino acids, acidic amino acids, basic amino acids, and imino acids,
was found to be greatly accelerated in acetic acid solution in the presence of
catalytic amounts of aldehyde [18]. For example, when various amino acids
were heated in a medium of acetic acid at 80–100 ◦C for 1 h with or without
catalytic amounts of salicylaldehyde, their racemizations accelerated slightly
in the acetic acid but dramatically after the addition of 0.2 molar equivalent
of salicylaldehyde (Table 1). Except for some discoloration in the case of ser-
ine and tryptophan, no significant decomposition was observed. As L-aspartic
acid, L-glutamic acid, and L-tyrosine were hardly soluble even in acetic acid
solution containing 20% or 5% water, the reaction was carried out under

Table 1 Racemization of various amino acids in acetic acid a

Racemization degree %
without with
salicylaldehyde salicylaldehyde

L-alanine 13 100
L-arginine 9 100
L-arginine hydrochloride 11 100
L-aspartic acid b 4 6
L-glutamic acid b 14 (51) c 36 (81) c

L-histidine hydrochloride 11 100
L-isoleucine d 4 93
L-leucine 23 100
L-lysine 9 100
L-lysine hydrochloride b 9 67
L-methionine 24 100
L-phenylalanine 35 100
L-proline e 3 91
L-serine f 1 81
L-tryptophan f 0 6
L-tyrosine b 0 39
L-valine 4 87

a A mixture of L-amino acid (1.5 mmol), salicylaldehyde (0.3 mmol), and acetic acid
(6 ml) was heated in a sealed tube in both at 100 ◦C for 1 h

b Aqueous 95%(v/v) acetic acid
c Aqueous 80%(v/v) acetic acid, for 2 h
d A mixture of L-isoleucine and D-alloisoleucine was obtained
e Acetic acid (0.6 ml)
f Aqueous 95%(v/v) acetic acid, at 80 ◦C. Some decomposition took place
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heterogeneous conditions. However, the degree of racemization was lower
than that of the other amino acids. This phenomenon seems to suggest that
racemization occurred only in the liquid phase because the insoluble part of
the L-isomer in the reaction mixture could not dissolve continuously in the
reaction mixture saturated with the DL-form. This result is supported exper-
imentally by the following facts: (i) the precipitates separated from the final
reaction mixture were almost optically pure L-isomer; (ii) under the condi-
tions of racemization, DL-aspartic acid and DL-glutamic acid crystallized as
a racemic mixture (or conglomerate) but not as a racemic compound, and
their optically active isomers were insoluble in a saturated solution of their
racemic mixture [3].

2.1.2
Effect of Various Aldehydes and Low Aliphatic Acids

The effect of varying the aldehyde on the racemization is shown in Table 2.
This shows that various aliphatic or aromatic aldehydes can serve as catalysts

Table 2 Effect of kinds of aldehyde in racemization reactions a

Aldehyde Reaction Racemization degree %
Temp, ◦C L-Ala L-Met L-Phe L-Pro

None 80 7 0 35 0
100 13 24 35 3

Formaldehyde 100 83 95 100 63
Acetaldehyde 100 97 100 100 98
Propionaldehyde 100 78 100 100 b 87
n-butyraldehyde 80 97 95 b 100 b 99
n-heptylaldehyde 80 100 100 c 100 c 100
Acrolein 100 76 100 100 c 100
Benzaldehyde 100 72 100 100 72
Salicylaldehyde 80 100 100 100 91
p-hydroxybenzaldehyde 100 75 100 100 48
p-anisaldehyde 80 80 100 100 56
o-nitrobenzaldehyde 80 100 b 100 b 100 34
5-nitrosalicylaldehyde 80 100 100 100 91
Furfural 100 100 c 100 c 100 c 100 c

a A mixture of L-amino acid (1.5 mmol), aldehyde (0.3 mmol), and acetic acid (6 ml) was
heated in a sealed tube in a oil bath at 100 ◦C for 1 h

b A ninhydrin-positive spot of degradation products was slightly observed on TLC of the
reaction mixture

c Considerable decomposition was detected by thin-layer chromatography of the reaction
mixture
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Table 3 Effect of molar ratio of salicylaldehyde to L-amino acids on their racemization a

Molar ratio of Racemization degree %
salicylaldehyde L-Ala L-Met

0 13 24
0.001 46 44
0.005 87 78
0.01 100 95
0.05 100 100
0.1 100 100

a The reaction was carried out at 100 ◦C for 1 h

Fig. 2 Effect of temperature on racemization of L-amino acids. •,◦: L-alanine; �,	:
L-methionine; �,�: L-lysine. Black mark: with salicylaldehyde. White mark: without sal-
icylaldehyde. A mixture of L-amino acid (0.1 g), salicylaldehyde (0.2 molar equiv), and
acetic acid (3 ml) was heated in a sealed tube in both at 100 ◦C for 1 h

in the place of salicylaldehyde. Table 3 shows the effect of varying the amount
of aldehyde. To complete the racemization of L-alanine in acetic acid within
1 h at 100 ◦C, it is sufficient to use only 0.01 mol of salicylaldehyde/mol of
the amino acid. The racemization reaction was also markedly accelerated by
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Table 4 Comparison of kinds of solvent in the racemization reaction

Racemization degree a %
Aliphatic acid L-Ala L-Lys L-Met L-Phe

Formic acid 81 43 b 49 100
(53) (19) b (18) (95)

Propionic acid 9 c 99 b 96 b 100 b

(2) c (15) b (19) b (100) b

Acetic acid 100 100 100 100
(13) (9) (24) (35)

a Numbers in parentheses indicate the results when the racemization was carried out
without salicylaldehyde

b A ninhydrin-positive spot of degradation products was slightly observed on TLC of the
reaction mixture

c Because of low solubility, the reaction was carried out under heterogeneous conditions

increasing the reaction temperature (Fig. 2). L-Lysine and L-methionine were
completely racemized even at 60 ◦C for 1 h without substantial decompos-
ition. Racemization also proceeded when formic or propionic acid was used
instead of acetic acid as shown in Table 4, although racemization in acetic acid
was most rapid. In addition, other organic acids, organic solvents and their
mixtures will be substantially able to be used as a medium.

2.1.3
Racemization Mechanism of Free Amino Acids

As can be seen from Scheme 1, the mechanism of the present racemization
is suggested to progress by way of initial protonation of the imine (Schiff
base), followed by proton abstraction from the α-carbon atom by acetate an-
ion [18, 45]. The rate of racemization seems to be dependent on the overall
reaction rate of the two steps. From the dissociation constants of the aliphatic
acids, the order of protonation should be formic acid > acetic acid > propi-
onic acid while the order of proton abstraction is propionic acid > acetic acid
> formic acid. Thus, the overall reaction rate may be largest in acetic acid.
When L-phenylalanine was racemized in the presence of salicylaldehyde, the
extent of racemization decreased sharply with an increase in the water con-
tent of acetic acid (Fig. 3). The imine formation from amino acids and an
aldehyde, the first step in Scheme 1, might be inhibited by the presence of
water.

Traditional racemization procedures using an aldehyde also employed
a metal ion which forms a chelate compound with the initially formed
Schiff base, and the reaction was carried out under neutral or weakly alka-
line conditions. In the method developed by us, racemization of α-amino
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Scheme 1 Racemization mechanism of amino acids

Fig. 3 Effect of water content of acetic acid on racemization of L-phenylalanine. A mix-
ture of L-Phe (0.1 g), salicylaldehyde (0.2 molar equiv), and aqueous acetic acid (3 ml)
was heated in a sealed tube in both at 100 ◦C for 1 h. •: with salicylaldehyde; ◦: without
salicylaldehyde

acids, including that of proline, is carried out under acidic conditions with-
out metal ions. There is also no restriction on the type of aldehyde which
can be used. Roughly speaking, there is no great difference in their cata-
lytic ability to induce racemization. Thus, aldehydes are not restricted to
pyridoxal analogues or ortho-substituted benzaldehyde derivatives. Conse-
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Table 5 Racemization of amino acids under various conditions

Media Catalyst a Temp Racemization degree %
◦C L-Ala L-Lys b L-Met L-Phe L-Pro

AcOH none 60 0 0 0 25 0
SA 60 55 100 97 86 3
SA, Cu2+ 60 38 68 39 42 0

AcOH mone 80 0 0 0 35 0(3) c

SA 80 72 100 100 100 21(91) c

SA, Cu2+ 80 98 97 100 100 0

H2O buffered mone 100 0 0 0 0 0
at pH 4 d SA 100 0 0 0 0 0

SA, Cu2+ 100 0 0 0 0 0

H2O buffered mone 100 0 0 0 0 0
at pH 10 e SA 100 4 0 0 0 0

SA, Cu2+ 100 31 58 37 27 0

a Salicylaldehyde (SA; 0.2 molar equiv) and 0.1 molar equiv of CuCl2 (Cu2+) were used
b L-Lysine base was used in an acetic acid solution, and L-lysine hydrochloride was used

in a buffered aqueous solution
c Numbers in parentheses indicate the results when the racemization was carried out at

100 ◦C by using 0.6 mL of acetic acid
d 1 M CH3COONa/HCl
e 0.2 M Na2CO3/NaHCO3

quently, the mode of action of the aldehyde must be different from that of
the previous methods. Moreover, as shown in Table 5, the racemization ef-
ficiency of the present method was superior to the previous methods or
other known methods that used acetic acid without a catalyst. As a prac-
tical example, L-alanine, L-lysine, L-methionine, L-phenylalanine, L-proline,
L-phenylglycine, L-p-hydroxyphenylglycine, and L-serine were racemized by
the present method and the respective racemic amino acids were separated
and analyzed. The results are shown in Table 6. The racemized DL-amino
acids were obtained in high yield (85–96%) and in such high purity that
no byproduct was detected by thin-layer chromatography. Isolation of these
racemic modifications could be easily achieved by simple filtration.

2.1.4
Racemization of Racemic Mixtures and Racemic Compounds

As can also be seen from Table 6, phenylglycine, p-hydroxyphenylglycine, and
serine were completely racemized even in systems in which large amounts of
the amino acids were insoluble. These results were contrasted with the case of
insoluble aspartic acid or glutamic acid shown in Table 1. This phenomenon
may be explained by the fact that aspartic acid or glutamic acid crystallized
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Table 6 Preparation of DL-amino acids by racemization

Amino acid Compositioni Reaction Separated crystals b

AcOH SA a Temp Time Yield Yield Optical
mL mL ◦C h g % [α]25

D purity c %

Alanine 180 0.35 100 1 5.74 96 0 d 0
Lysine 180 0.22 100 1 6.64 e 89 e 0 d 0
Methionine 180 0.21 100 1 5.62 94 0 d 0
Phenylalanine 180 0.19 100 1 5.62 94 0 f 0
Proline 36 0.28 100 1 5.10 85 – 8.5 f 9.9
Phenylglycine 20 g 0.20 100 2 5.36 89 + 1.6 h 1.0
p-hydroxyphenylglycine 20 g 0.20 100 2 5.58 93 + 3.3 h 2.1
Serine 20 g 0.10 80 5 5.14 86 0 i 0

a Salicylaldehyde
b The byproduct was not detected by thin-layer chromatography
c Based on the values in the literature
d c 2 in 5 N HCl
e Lysine monohydrochloride
f c 1 in H2O
g AcOH/H2O, 95/5(v/v)
h c 1 in 1 N HCl
i A 6 g amount of the L form of the compound was used throughout

as a racemic mixture, whereas DL-phenylglycine, DL-p-hydroxyphenylglycine,
and DL-serine crystallized as a racemic compound under the racemization
conditions. That is to say, since optically active isomers of these amino acids
could be dissolved into a saturated solution of the respective racemic com-
pounds, their racemizations were accomplished even in a heterogeneous sys-
tem by repeating the following (a) → (b) → (c) processes: (a) dissolution of
the optically active isomer into a saturated solution of the racemized amino
acids, (b) racemization of the dissolved optically active isomer, and (c) depo-
sition of the racemized amino acids from the saturated solution.

2.2
Racemization of Amino Acid Salts

In general, optical resolution is carried out in the form of salts of racemic
modification, because the resolved isomer salt can be readily separated to
the free isomer by treatment with neutralization or anionic exchange resin.
For instance, physico-chemical resolutions of many amino acids have been
achieved through the formation of enantiomeric salts [46–55] and diastereo-
meric salts [56–62]. In these cases, the undesired enantiomers are also ob-
tained in the form of the same salts. If the racemization of the undesired
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enantiomers can be easily accomplished in the form of the salts, the racem-
ized salts themselves can be advantageously reused as the starting material
for the next resolution. Consequently, the racemization of amino acid salts
is economically of great importance, especially from the viewpoint of indus-
trial reuse. It is, however, known that the racemization of salts of amino acids
is generally more difficult than that of free amino acids, although only a few
salts of optically active amino acids could be racemized by heating in water at
a much higher temperature under high pressure [49, 55].

We have developed a new practical method for racemization of various
amino acid salts by application of the above racemization of free amino
acids [19].

2.2.1
Racemization of Various Amino Acid Salts

In a manner similar to the racemization of free amino acid, a wide variety
of salts of optically active α-amino acids, including neutral amino acids, ba-
sic amino acids and imino acids with sulfonic acids or mineral acids were

Table 7 Racemization of various amino acid salts a

Amino acid salt b Racemization degree c %
in the presence of
︷ ︸︸ ︷
None SA d SA d and

DL-amino acid

L-alanine·HCl 3 55 100
L-alanine·BS 0 13 88
L-leucine·BS 0 7 64
L-lysine·ABS e 0 59 59
L-methionine·HCl 0 41 100
L-phenylalanine·HCl e 14 59 100
L-phenylalanine·pXS 0 19 100
L-proline·BZ 15 28 32
L-serine·mXS f 0 5 65
L-valine·HCl 0 0 20

a The reactions were carried out in acetic acid at 100 ◦C for 1 h.
The amounts of salicylaldehyde and DL-amino acid used were 0.1 molar equivalents

b BS, benzenesulfonate; ABS, p-aminobenzenesulfonate; pXS, p-xylene-2-sulfonate;
BZ, benzoate; mXS, m-xylene-4-sulfonate

c The degrees were calculated from the difference between initial and final optical rotation
d SA, salicylaldehyde
e The reactions were carried out in a solid–liquid heterogeneous state
f The reaction was carried out at 80 ◦C
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heated in a medium of acetic acid at 80–100 ◦C for 1 h in the presence of cata-
lytic amounts of an aldehyde. These racemizations were also accelerated by
the addition of 0.1 molar equivalent of salicylaldehyde, but the rate of racem-
ization was smaller than that in the case of free amino acids. To improve
this lower rate, 0.1 molar equivalent of free DL-amino acid corresponding to
the L-amino acid moiety of salt was added to the reaction system together
with salicylaldehyde. As a result (shown in Table 7) the racemization of the
amino acid salts was greatly accelerated, and in the reaction mixtures the con-
tent of amino acid was almost 100% without signification decomposition. The
racemization mechanism of amino acid salts seems to be essentially the same
as that of free amino acids. Namely, a part of the amino acid moiety of opti-
cally active amino acid salt leads to the free state by adding free DL-amino acid
and the free optically active amino acid is racemized by an imine formation
from the amino acid and aldehyde.

Interestingly, in the case of L-lysine p-aminobenzenesulfonate, the racem-
ization was accelerated by only the addition of salicylaldehyde, and the add-
ition of free DL-amino acid was not effective. This seems to be because the
α-amino group in lysine p-aminobenzenesulfonate exists already in the free
state (uncharged form) predominantly without the addition of free amino
acid.

2.2.2
Effect of Various Aldehydes and Free Amino Acids

The effect of the kind of aldehyde on the racemization of L-alanine ben-
zenesulfonate and L-methionine hydrochloride was examined at 100 ◦C for
1 h in glacial acetic acid. As a result, various aldehydes, such as aliphatic
or aromatic aldehyde, accelerated efficiently the racemization of amino acid
salts under the coexistence of free DL-amino acid (Table 8). Also, the effect
of the amount of salicylaldehyde on the racemization of L-alanine benzene-
sulfonate and L-methionine hydrochloride was examined at 100 ◦C for 1 h
under the coexistence of 0.2 molar equivalent of DL-alanine or DL-methionine
in glacial acetic acid. In addition, the effect of the amount of free DL-leucine
on the racemization of L-leucine benzenesulfonate was examined at 100 ◦C
for 30 min or 3 h in the presence of 0.1 molar equivalent of salicylaldehyde
in glacial acetic acid. The results are shown in Tables 9 and 10. Salicyl-
aldehyde and free DL-leucine exerted their effects in the use of 0.001 molar
equivalent and gave a sufficient racemization degree in the use of 0.05 molar
equivalent.

As a practical example, L-alanine benzenesulfonate, L-alanine p-toluene-
sulfonate, L-lysine benzenesulfonate, L-methionine p-chlorobenzenesulfonate
and L-p-hydroxyphenylglycine o-toluenesulfonate were racemized by the
present method, and the respective racemic amino acid salts were directly
separated from the reaction mixtures and analyzed. The results are shown
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Table 8 Effect of kinds of aldehyde in racemization reactions a

Aldehyde Racemization degree %
L-alanine·BS L-methionine·HCl
with with aldehyde with with aldehyde
aldehyde and DL-alanine aldehyde and DL-methionine

None 0 0 0 5
Formaldehyde 14 46 b 20 c 46 b,c

Propionaldehyde 0 40 b 12 44 b

n-butyraldehyde 0 45 12 49
n-heptylaldehyde 0 79 b 27 73 b

Acrylaldehyde 0 48 16 38 b

Benzaldehyde 0 48 10 49
Salicylaldehyde 13 88 41 100
p-hydroxybenzaldehyde 4 35 9 44
o-nitrobenzaldehyde 0 39 17 54
5-nitrosalicylaldehyde 14 76 c 42 86 e

Furfural 23 91 b 74 100 b,c

a The reaction were carried out at 100 ◦C for 1 h in acetic acid.
The amounts of aldehyde and DL-amino acid used were 0.1 molar equivalents

b A 0.2 molar equivalent of DL-amino acid was used
c A ninhydrin positive spot of degradation product was detected by TLC of the reaction

mixture

Table 9 Effect of molar ratio of salicylaldehyde a

Molar ratio of Racemization %
salicylaldehyde L-Ala·BS L-Met·HCl

0 0 9
0.001 13 15
0.005 48 53
0.01 70 71
0.05 100 100
0.1 100 100

a The reactions were carried out in the presence of 0.2 molar ratio of DL-amino acid at
100 ◦C for 1 h

in Fig. 4. The racemized DL-amino acid salts were obtained in high yield
(89–92%) and in such high purity that no byproduct was detected by thin-
layer chromatography.
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Table 10 Effect of amount of DL-leucine on the racemization of L-leucine·BS a

Molar ratio of Racemization degree %
DL–leucine 30 min 3 h

0 2 27
0.001 4 34
0.005 6 43
0.01 8 47
0.05 24 85
0.1 40 100
0.2 61 100

a The reactions were carried out in the presence of 0.1 molar ratio of salicylaldehyde at
100 ◦C

Fig. 4 Racemization of amino acid salts. BS: Benzenesulfonate, pTS: p-Toluenesulfonate,
pCBS: p-Chlorobenzenesulfonate

2.3
Conclusions

The racemization demonstrated in this section is a simple and convenient
method since various optically active α-amino acids including imino acid
could be easily racemized by heating in a medium of a low fatty acid at
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80–100% ◦C for 1–2 h in the presence of catalytic amounts of aldehyde. Fur-
thermore, although racemization of salts of these amino acids is ordinary
very difficult, they could be achieved by the use of both catalytic amounts of
aldehyde and free DL-amino acid. As aldehyde catalysts, both various aliphatic
and aromatic aldehydes can be used, and their catalytic amounts are suffi-
cient with 1–10% of substrate. As mediums, various low fatty acids (especially
acetic acid) can be efficiently used.

As an interesting finding, when amino acid (or its salt) is a racemic com-
pound (not as a racemic mixture), the optically active isomer can be racem-
ized without dissolving completely. This fact has an advantage since many
free amino acids and their salts are racemic compounds, although their enan-
tiomeric resolutions by preferential crystallization are not possible.

Since the racemization presented here is a simple and practical method, it is
promising for both laboratory and industrial applications, and today it is often
used in crystallization-induced asymmetric transformation (see next Section).

3
Asymmetric Transformation of Enantiomers

The preferential crystallization procedure [63–65] is a useful resolution path
for industrial purposes since it enables the desired optically active isomer to
crystallize preferentially from a supersaturated solution of the racemate by
the simple inoculation of the same isomer. On the contrary, the asymmetric
transformation of enantiomer by a combination of preferential crystallization
and simultaneous racemization is unique and rare, and practical examples
have not been reported except for the case of the α-amino-ε-caprolactam
complex [66]. The present method, therefore, has been generally of more
limited use than asymmetric transformation of diastereomers (Sect. 4).

We have developed the unique manufacturing methods for enantiomer
asymmetric transformation of acyl-amino acids [15–17] and amino acid
salts [19–25].

3.1
Enantiomeric Resolution and Its Asymmetric Transformation

A comparison of principles of enantiomeric resolution and its asymmetric
transformation is illustrated in Fig. 5.

Figure 5a shows the principle of the ordinary enantiomeric resolution by
a preferential crystallization procedure: When seed crystals of the desired
isomer (e.g. D) are inoculated in a supersaturated solution of racemate (DL),
crystallization of D-isomer arise slowly and then the precipitated D-isomer
is separated before spontaneous nucleation of the opposite L-isomer. In add-
ition, the same operation (seed → crystallization → separation cycles) is
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Fig. 5 Enantiomeric resolution (a) and its asymmetric transformation (b)

repeated to give reciprocally L- and D-isomer, adding the racemate to each
of the separated mother solutions. This procedure is known to be a useful
method for industrial purposes, because it has features suitable for easy au-
tomation and continuous production, and an optically active source is not
needed (e.g. resolving agent or chiral catalyst) although little seed crystals are
necessary. Conversely, the drawback of the ordinary preferential crystalliza-
tion is that the resolution yield is limited by the density and stability of the
supersaturated solution and is usually low (5–15% yield based in DL) because
a supersaturated solution is relatively unstable.

On the other hand, Fig. 5b shows the principle of the preferential crystal-
lization with asymmetric transformation: When seed crystals of the desired
D-isomer are inoculated in a supersaturated solution of the DL-isomer under
the racemization condition, preferential crystallization of D-isomer and sim-
ultaneous racemization of L-isomer take place continuously in a system. As
a consequence, almost all of the DL-isomer in a supersaturated part in solu-
tion can be transformed into D-isomer.

The differences between the above procedures are clear. In the ordinary
preferential crystallization, unseeded L-isomer remains in the liquid phase as
an unstable supersaturated state (L-rich state). Consequently, the resolution
process is not finished until the crystallized D-isomer is separated from the
mother liquor containing the enriched L-isomer. To the contrary, the reaction
system in the asymmetric transformation is greatly shifted to the crystallized
D-isomer as a whole before separating it and then the supersaturated state
is cancelled. Here, if during the reaction the solvent is gradually removed,
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Fig. 6 Comparison of producing processes

almost all of the racemate will be theoretically converted to the crystalline
D-isomer. In this case, the yield obtained by the operation can be rapidly
improved over that of the ordinary preferential crystallization. The present
method is a simple and reasonable one-pot resolution process since both op-
eration of alternative separation and treatment of the undesired isomer are
not needed (Fig. 6).

3.2
Asymmetric Transformation of Acyl-DL-Amino Acids

It is well known that some N-acylamino-acids crystallize as a true racemic
mixture suitable for the preferential crystallization procedure and are actu-
ally resolvable by this procedure. Firstly, we have chosen such N-acylamino
acids as a test compound for asymmetric transformation. As a result of exten-
sive studies, n-butyrylproline (N-nBu-Pro) [52], N-acetylleucine (N-Ac-Leu),
and N-benzoylphenyglycine were found to be greatly racemized in acetic acid
solution by heating in the presence of catalytic amounts of acetic anhydride,
and preferential crystallization of desired isomer could take place under the
racemization conditions. In all cases, the yield of the asymmetric transform-
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ation was rapidly increased compared to that of the ordinary preferential
crystallization [16].

In the case of N-Ac-Leu [17], when a supersaturated solution of N-Ac-DL-
Leu (150 g) in acetic acid containing catalytic amounts of acetic anhydride
was seeded with the crystals of N-Ac-L-Leu and cooled at a rate of 10 ◦C/h
from 100 ◦C to 40 ◦C, almost optically pure N-Ac-L-Leu (112 g) was obtained
in a yield of 70% (Fig. 7).

Interestingly, the asymmetric transformation of N-nBu-DL-Pro could be
achieved by melting it with acetic anhydride without solvent, although in
63% yield and 61.4%ee. This result without solvent suggests the first type
of asymmetric transformation, referred to as zonemelted asymmetric trans-
formation, occurs by means of a combination of preferential crystallization
from the super-cooled melt and in situ racemization by the melt.

Fig. 7 Enantiomer asymmetric transformation of Ac–DL–Leu
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3.3
Asymmetric Transformation of DL-Amino Acid Salts

In general, the optical resolution of DL-amino acids is carried out in the
form of their salts and the undesired enantiomers are also obtained in the
form of salts. For instance, enantiomeric resolution by the preferential crys-
tallization procedure can be applied to many amino acids by converting
them to suitable salts such as DL-alanine p-chlorobenzenesulfonate [46], DL-
serine m-xylene-4-sulfonate [53, 54], DL-tryptophan p-phenolsulfonate [50],
DL-chlorotryptophan methanesulfonate [50], and DL-p-hydroxyphenylglycine
o-toluenesulfonate (DL-HPG·oTS) [55], etc. Among these amino acids, we fo-
cused on HPG, since its D-isomer is very important and useful worldwide as
a side chain of semisynthetic penicillins or cephalosporins.

3.3.1
Asymmetric Transformation of DL-HPG·oTS

Using the racemization method for amino acid salts as described in the pre-
vious Sect. 2, we determined the most essential requirements and conditions
for the asymmetric transformation by a combination of the optical resolution
of DL-HPG·oTS and simultaneous racemization of the undesired isomer salt,
as follows:
(i) DL-HPG·oTS, existing as a racemic mixture, was easily resolved to the

corresponding enantiomer pure salts by preferential crystallization in
acetic acid or water (Table 11).

(ii) The undesired L-HPG·oTS was easily racemized into the corresponding
DL-isomer by heating at 100 ◦C in aqueous 95%(v/v) acetic acid in the
presence of small amounts of salicylaldehyde and free DL-HPG (Table 12).

(iii) DL-HPG·oTS crystallized as a racemic mixture suitable for the preferen-
tial crystallization also under such racemizing conditions.

(iv) The crystals of D-HPG·oTS were not racemized under such conditions for
racemization in a liquid phase.

The optimum condition controlled by a combination of both (i) and (ii) in
a reaction system led to a successful asymmetric transformation as shown
in Fig. 8: A heterogeneous mixture consisting of DL-HPG·oTS, salicylaldehyde
and free DL-HPG in aqueous 95%(v/v) acetic acid was seeded with the crys-
tals of D-HPG·oTS at 100 ◦C, and then poured for 20 h at a rate of 5.0 ml/h
with the solution consisting of o-toluenesulfonic acid dihydrate and acetic
anhydride, in order to provide continuously the supersaturated state of DL-
HPG·oTS as a driving force. This reaction was continuously controlled for
a total of 30 h, recycling the crystallization of D-HPG·oTS and simultaneous
racemization of L-HPG·oTS together with salt formation of DL-HPG with o-
toluenesulfonic acid in a system. The change in the composition of both
enantiomers by the reaction is shown in Fig. 8 (the right side), and the re-
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Table 11 Properties of HPG·oTS

p-Hydroxyphenylglycine o-Toluenesulfonate

DL-HPG·oTS D-HPG·oTS

Mp (◦C) 213–215 222–224
[α]25

D (c 1, water) 0.0 – 66.6
20 ◦C (water) 12.3 7.7

Solubility 40 ◦C (water) 21.0 12.2
(g/100ml solv.) 80 ◦C (AcOH) 1.80 –

100 ◦C (AcOH) 3.06 –

Table 12 Effects of salicylaldehyde and DL-HPG on racemization of L-HPG·oTS

L-HPG·oTS
cat/AcOH→

100 ◦C, 3 h
DL-HPG·oTS

Additive Racemization degree (%)
(0.2 molar equiv) 100% AcOH 95% AcOH 90% AcOH

– 20 18 18
Salicylaldehyde 55 30 24
DL-HPG 76 66 49
Salicylaldehyde and DL-HPG 99 94 62

95% AcOH: Water/AcOH = 5/95(v/v)

Fig. 8 Continuous asymmetric transformation of DL-HPG·oTS



104 R. Yoshioka

Fig. 9 Enantiomer asymmetric transformation of DL-HPG·oTS

sult is that 77.2% of suspended DL-HPG was transformed to D-HPG via the
pathway as shown in Fig. 9.

3.4
Reports and Aspect

Recently reported examples of preferential crystallization with asymmetric
transformation are summarized in Table 13. Although aggressive investiga-
tion has been undertaken by our laboratory [15–17] and Arai’s group [30, 61]
since the 1980s, the number of reported examples using this method is com-
paratively small in the literature. In some cases, catalysts to accelerate the
racemization reaction were devised, with findings of mild conditions that al-
low simultaneous resolution. For instance, the basic catalysts for compounds
1 and 2 are alkoxides, such as NaOMe, and those for compounds 3, 4, 7
and 8 are 1,8-diazabicyclo-[5.4.0]undec-7-ene (DBU). Especially DBU and
related compounds, such as DBN, DABCO, and TBD, are useful as basic cat-
alysts for this type of asymmetric transformation. On the contrary, both
compounds 5 and 6, which were configurationally labile, were achieved in so-
lution without a basic catalyst, although it is suggested that racemization of
5 proceeds in MeOH containing acetic acid through intramolecular tautomer
formation of a labile iminium salt. Surprisingly, enantiomeric transformation
of 2 was achieved by half-melting only with neither a catalytic agent nor
a solvent. In addition, the α-amino-ε-caprolactam 1, which is useful as a pre-
cursor for preparing lysine, was asymmetrically transformed via formation of
a metal complex with nickel. This is known as a practical study of the type of
enantiomer-asymmetric transformation, and was examined at a micro-pilot
scale as a tool for preparing D-lysine [8].

Since the driving force for the preferential crystallization of a seeded iso-
mer is provided only by the supersaturation degree of the racemate, the yield
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Table 13 Asymmetric transformation of enantiomers

Substrate Conditions Results Refs.

1 EtOK/EtOH 76% [66]
78 ◦C, 28 h 97%ee

2 MeONa/MeOH 89% [67–71]
50 → 25 ◦C, 20 h

3 DBU/i-Pr2O 64% [67–71]
28 → 10 ◦C, 2 h 98%ee

4 DBU/i-PrOH 76% [67–71]
38 → 5 ◦C, 7 h 99%ee

5 MeOH, 40 ◦C 85% [72]
99%ee

6 MeOH/H2O/NaBH4 85% [73]
5 → 25 ◦C, 2 h 95%ee

7 DBU/hexane-IPE 82.3% [74, 75]
32 → 10 ◦C 90.4%ee

8 DBU/t-Amylalcohol 87.5% [74, 75]
50 → 25 ◦C 96.2%ee

9 DBN/Et2CO 79% [76, 77]
40 ◦C, 3 h → rt, 1 h 85%ee

10 Et3N/EtOH 84% [78]
68 → 40 ◦C, 16 h, → 25 ◦C >99%ee

DBU: 1,8-Diazabicyclo-[5.4.0]undec-7-ene
DBN: 1,5-Diazabicyclo-[4.3.0]non-5-ene
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of the desired enantiomer produced by the present asymmetric transform-
ation is dependent on the extent of the supersaturated state of the racemate
dissolved in the reaction mixture. To gain a higher yield of the desired enan-
tiomer in one operating cycle, first an attempt to increase the supersaturation
degree is generally performed. This tool, however, is occasionally impos-
sible to resolve safely because it becomes difficult to control spontaneous
nucleation of the opposite antipode of the seeded isomer. As a counterplan
to this, addition of co-existing salts, such as organic salts or surface-active
agents may be effective for increasing the stability of the supersaturated
state [79, 80], but it is still difficult to make up to 20% or more of saturated
solution. Consequently, since improvement of the yield is limited only by the
extent of the supersaturated state, it may be necessary to continuously create
a supersaturated state during crystallization. If the amount of solvent cor-
responding to the amount of precipitated crystals can gradually evaporate,
it should become possible to crystallize while maintaining the supersatu-
rated state. Alternatively, it is also a useful tool to continuously but slowly
supply the racemate in limited amounts as in the above-mentioned case of DL-
HPG·oTS where it was difficult to maintain a high degree of supersaturation
due to the low solubility.

Asymmetric transformation of enantiomers has attractive economical ap-
plications as it does not require the use of chiral auxiliary, but it has serious
disadvantages due to the fact that the target compound is limited to a racemic
mixture (conglomerate) and because it is difficult to maintain the supersat-
urated state under harsh conditions for racemization. Therefore, the present
asymmetric transformation is a reasonable tool to overcome the principal
disadvantage of enantiomeric resolution (< 50% yield), but it is not widely
used as expected in industrial application of products with added value (chi-
ral pharmaceuticals).

4
Asymmetric Transformation of Diastereomers

Second-order asymmetric transformation (via crystallization) was first ob-
served in a diastereomeric resolution system [28, 83], and it is now occasion-
ally accepted as an effective tool corresponding to asymmetric synthesis. In
this section, our studies and recent reports, particularly focusing on the prac-
tical applications of the diastereomer asymmetric transformation, are mainly
described with principles.
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4.1
Diastereomeric Resolution and Its Asymmetric Transformation

The principle behind optical resolution by ordinary diastereomeric forma-
tion [81], as shown in Fig. 10a, is that when a racemate (DL-A) is reacted
with a resolving agent (e.g. (+)-B) in a solvent, the diastereomeric pair of
D- and L-A·(+)-B occur and then the least soluble diastereomer (e.g. D-A·(+)-
B) is separated by fractional crystallization from the resolution solution. In
this case, the maximum yield of the desired (D-A) is theoretically only half of
the corresponding racemate (DL-A).

Fig. 10 Diastereomeric resolution (a) and its asymmetric transformation (b)

On the other hand, asymmetric transformation of diastereomers, as shown
in Fig. 10b, is when DL-A is reacted with a resolving agent (+)-B in solution
under epimerizing conditions, fractional crystallization of the less soluble D-
A·(+)-B and the epimerization of the more soluble L-A·(+)-B in the solution
proceed simultaneously and consequently is greatly shifted to the crystalline
D-A·(+)-B as a whole. In addition, if during the reaction the solvent can be
gradually removed, it will result in a more favorable yield. In the present case,
almost all of DL-A·(+)-B should be theoretically transformed into the desired
crystalline D-A·(+)-B.

4.2
Asymmetric Transformation of Amino Acid Salts Using Chiral Reagents

An elegant example of diastereomer asymmetric transformation of amino
acid esters was reported by Clark’s group, who have successfully achieved
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asymmetric transformation of diastereomeric salts of substituted DL-phenyl-
glycine esters with (+)-tartaric acid [82].

First our approach to asymmetric transformation of diastereomers, using
the above-mentioned racemization method of amino acid salts, was under-
taken for the well-known diastereomeric resolution of DL-phenylglycine (PG)
with (+)-camphorsulfonic acid (CS) [62, 84, 85]. Namely, a mixture of DL-PG
(15.1 g), (+)-CS (22.1 g), and salicylaldehyde (0.24 g) was stirred in glacial
acetic acid (70 ml) at 80 ◦C for 4 h, and the precipitated crystals were col-
lected to give D-PG·(+)-CS (26.1 g), optical purity 95.9%, yield 68.1% (based
on the DL-salt) [19]. This result shows that the selective precipitation of the
less soluble D-PG·(+)-CS and the epimerization of the more soluble L-PG·(+)-
CS took place at the same time. This encouraging result motivated us to take
up asymmetric transformations of the other amino acid salts.

4.2.1
Asymmetric Transformation of DL-HPG with (+)-PES

The preparation process for D-HPG, which is useful as a side chain of
semisynthetic penicillins or cephalosporins, has already been developed by
the foregoing preferential crystallization [55] and its asymmetric transform-
ation (Sect. 3.3.1). Alternatively, in the course of our studies of diastere-
omeric resolutions [56–62], an optically active 1-phenylethanesulfonic acid
(PES) [57] was found to be an efficient resolving agent for the optical reso-
lution of DL-HPG. Using this (+)-PES, the first approach to the diastereomer
asymmetric transformation of DL-HPG [23] took place as follows:
(i) When DL-HPG was resolved by fractional crystallization of its diastere-

omeric salt with (+)-PES in water or acetic acid, the crystals of less
soluble D-HPG·(+)-PES precipitated, and then more soluble L-HPG·(+)-
PES remained in its mother liquor (Table 14).

(ii) More soluble L-HPG·(+)-PES could be easily epimerized into DL-HPG·(+)-
PES by heating it at 100 ◦C in glacial acetic acid in the presence of a small
amount of salicylaldehyde (Fig. 11).

(iii) (+)-PES as a resolving agent was optically and chemically stable in hot
water or acetic acid.

When the optimum condition of a combination of both (i) and (ii) in a re-
action system was controlled, its asymmetric transformation accelerated suc-
cessfully. For instance, a mixture of DL-HPG (10g), (+)-PES (11.2 g), and
salicylaldehyde (0.63 ml) was stirred in glacial acetic acid (200 ml) at 100 ◦C
for 5 h. The reaction proceeded continuously in a slurry state of the solid-
liquid heterogeneous system, as the reaction pathway shown in Fig. 12. That
is, when the crystals of D-HPG·(+)-PES were fractionally precipitated from
a salt solution consisting of DL-HPG and (+)-PES, the epimerization of the
more-soluble L-HPG·(+)-PES proceeded simultaneously in the liquid phase,
and D-HPG·(+)-PES was also thereupon immediately precipitated from the
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Table 14 Properties of HPG·(+)-PES

p-Hydroxyphenylglycine(+)-1-Phenylethanesulfonate

D-HPG·(+)-PES L-HPG·(+)-PES

Mp (◦C) 251–252 204–205
[α]25

D (c 1, MeOH) – 78.9 + 98.6
Solubility
(g/100ml water) 20 ◦C 1.1 77

40 ◦C 1.7 –
(g/100ml AcOH) 20 ◦C 0.2 1.0

70 ◦C 0.2 4.1

Fig. 11 Epimerization of L-HPG·(+)-PES

epimerizing solution. Since these steps were repeated continuously in the re-
action system, the equilibrium finally shifted in favor of D-HPG·(+)-PES as
a whole. As a result, 80% of DL-HPG·(+)-PES was asymmetrically transformed
into D-HPG·(+)-PES. Thus, the yield of D-HPG·(+)-PES in the asymmetric
transformation resulted in nearly twice the yield of the ordinary diastereo-
meric resolution (Fig. 13).
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Fig. 12 Reaction pathway of asymmetric transformation of DL-HPG·(+)-PES

Fig. 13 A comparison of the results of diastereomeric resolution and asymmetric trans-
formation

In the course of our further studies [24], fortunately the following was also
noted:
(a) The solubility of L-HPG·(+)-PES in water at 20 ◦C is about 80 times greater

than that of D-HPG·(+)-PES.
(b) More soluble L-HPG·(+)-PES can be easily epimerized into DL-HPG·(+)-

PES by heating it in water (Fig. 11).
A rational combination of both (a) and (b) conditions in a reaction system
led to an improved asymmetric transformation, the reaction of which could
be achieved by heating merely with water in an autoclave. For example, when
a mixture of DL-HPG, (+)-PES·NH4, sulfuric acid, water, and xylene in an au-
toclave was agitated at 125 ◦C for 20 h, the reaction proceeded in the slurry
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state of the solid-liquid heterogeneous system, and crystals of D-HPG·(+)-
PES were obtained in yield 91.2% and optical purity 98%. As illustrated in
Fig. 14, this result indicated that first the composition of D-: L-HPG·(+)-PES
= 50 : 50 shifted greatly to that of almost D-HPG·(+)-PES only. The present
method, confirmed by reproducibility at the pilot scale with a 20 L autoclave,
is a very simple and economically promising process for practical production
of D-HPG since it was possible to give D-HPG·(+)-PES 1.5 kg to water 1 kg
(Fig. 15).

Fig. 14 Preparation of D-HPG by diastereomer asymmetric transformation at the pilot
scale

Fig. 15 Preparation process of D-HPG by asymmetric transformation
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4.2.2
Asymmetric Transformation of L-Asp(OMe) with (–)-PES

Aspoxicillin, which was developed as a semisynthetic penicillin by our com-
pany, has a unique chemical structure with two D-amino acids, D-HPG and
N4-methyl-D-asparagine (N4-Me-D-Asn), in its side chain [86].

We have investigated the manufacturing method of a precursor of N4-Me-
D-Asn of another raw material, D-aspartic acid β-methyl ester [D-Asp(OMe)],
and fortunately have also found that optically active PES was an efficient re-
solving agent for the optical resolution of DL-Asp(OMe). Using this (–)-PES,
the approach to the asymmetric transformation of L-Asp(OMe) [25] was prac-
ticed as follows:
(a) When the salt formation of DL-Asp(OMe) took place with (–)-PES in

acetonitrile, D-Asp(OMe)·(–)-PES was fractionally crystallized as the less
soluble diastereomeric salt in good yield (40%, based on DL salt), and the
more-soluble L-Asp(OMe)·(–)-PES remained in the mother liquor.

(b) The more soluble L-Asp(OMe)·(–)-PES could be easily epimerized into DL-
Asp(OMe)·(–)-PES by heating it in acetonitrile in the presence of catalytic
amounts of aldehyde.

(c) (–)-PES itself was chemically and optically stable under such epimerizing
conditions.

A rational combination of both (a) and (b) conditions was optimized in a re-
action system, and consequently its asymmetric transformation was accom-
plished. As a typical example, a mixture of L-Asp(OMe)·(–)-PES, salicylalde-
hyde (0.05–0.2 mol equiv), and L-Asp(OMe) (0.05–0.1 mol equiv) in acetoni-
trile was stirred at 80 ◦C for 2 h, and after seeding with D-Asp(OMe)·(–)-PES
the reaction mixture was stirred at 70 ◦C for 4 h (Fig. 16). The former reac-

Fig. 16 Diastereomer asymmetric transformation of L-Asp(OMe)·(–)-PES
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tion condition is required for rapid epimerization of L-Asp(OMe)·(–)-PES to
DL-Asp(OMe)·(–)-PES, and the latter condition is for epimerization-fractional
crystallization of DL- to D-Asp(OMe)·(–)-PES (Fig. 17). This reaction pro-
ceeded in the slurry state of a solid-liquid heterogeneous system, and the
resulting crystalline D-Asp(OMe)·(–)-PES was in yield 91.5% and optical
purity 96.0%. As an outcome, L-Asp(OMe)·(–)-PES could be inverted into
D-Asp(OMe)·(–)-PES in up to ca. 90% yield, as illustrated in Fig. 16.

Fig. 17 Reaction pathway of asymmetric transformation of L-Asp(OMe) with (–)-PES

Fig. 18 Preparation process of starting materials of Aspoxicillin by asymmetric transform-
ation
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In the final result, we fortunately achieved the rational preparation of both
D-HPG and D-Asp(OMe) by asymmetric transformation using antagonistic
chiral PES as the resolving agent. The combination of two asymmetric trans-
formations is a rational and advantageous procedure, since the two D-amino
acids required to synthesize Aspoxicillin can be prepared by the use of one
resolving agent pair (Fig. 18). The developed processes were, therefore, pro-
posed to be advantageous procedures for economical production of Aspoxi-
cillin.

4.3
Reports and Aspect of Pharmaceutical Intermediates

Asymmetric transformation of diastereomers has been used more widely
than the preceding asymmetric transformation of enantiomers, because the
reaction system of the former is comparatively stable owing to a simple sys-
tem consisting of only the solubility difference of the diastereomeric pair.
Therefore, asymmetric transformation of diastereomers has been used in
a number of recently reported examples, as shown in Tables 15–18, many of
which are chiral substrates of raw materials, pharmaceutical intermediates,
and atropisomers. In these cases, some of the racemic substrates are asym-
metrically transformed by diastereomeric salt formation using a chiral resolv-
ing agent, whereas more than half of the substrates are accomplished by ap-
plication of diastereomeric intramolecular relation (covalent diastereomers)
through two asymmetric centers. Of these methods, the above-mentioned
racemization of amino acid salts and its related conditions, i.e. heating in
a medium of low fatty acids or organic solvent in the presence of catalytic
amounts of an aldehyde, has been widely used as in examples of compounds
1, 4, 6, 15, 16, 17, and 20 without being limited to ordinary amino acids.

Furthermore, as shown in Tables 16–17, the present asymmetric trans-
formation has begun to be widely used in pharmaceutical intermediates due
to the rise in recent years of demand for chiral drugs of a single enan-
tiomer [5–7]. For example, 15, which is an aminobenzodiazepinon derivative
of a CCK antagonist, was first prepared by Reider’s group [102]. In this
case, a combination of a general resolving agent (CSA) and a salicylaldehyde
derivative used as an epimerizing catalyst was devised and resulted in a yield
of more than 91% and 98%ee. Similar compounds, i.e. 16, and 17, were ele-
gantly achieved in the same manner, and 16 was successfully manufactured
at the ton scale. In other cases, the Naproxen derivative anti-inflammatory
agents 24–26, the antibiotics 33–36, which have an inversed phenylglycine
moiety as the side chain, the more recently prepared NK1 receptor antago-
nists 19 and 28, the anticancer agent 29, which interestingly was obtained by
stereoselective glycosidation, and the pyrethroid-insecticides 37 and 38 [8]
have all been prepared by this method.
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Table 15 Asymmetric transformation of diastereomers (1): chiral intermediates

Entry Substrate Resolving Reaction Results Refs.
Agent Conditions

1 (+)-BCS SA, AcOH, H2O (R)-(+) [81]
70 ◦C, 12 h 99%, 98%de

Kg scale

2 brucine MeOH (+)-(–) [88]
r.t., 24 h 100%, 94%ee

3 (–)-PEA Petroleum (+)-(–) [89, 90]
125 ◦C, 72 h 76%, 74%ee

Kg scale

4 (S)-TTA Formaldehyde/AcOH (R)-(S) [91]
80 → 5 ◦C, 2 h 82%, 99%ee

5 (R)-MA EtOH (S)-(R) [92]
23 ◦C, 20 h 90%, > 97%de

6 L-TTA SA, MeOH (R)-L [93]
reflux, overnight 68%, 98%ee

7 NaCN/AcOH/H2O (R)-(S) [94]
70 ◦C, 24 h 93%, > 98%de

8 H2O/MeOH (S)-(S) [95]
r.t., 3 days 98%, 94%de

9 H2O/BzNH2 (S)-(S) [96]
20–25 ◦C, 7 days 81%, > 90%de

10 aqNH3/MeOH (S)-(S) [97]
r.t., 7 days 95%, > 94%de

11 4 M HCl cis(3R5R)-(R) [98]
50 ◦C, 30 h 70%, 98%de

12 EtOH (1S)-(αS) [99]
60 ◦C, 16 h 90%, 97%de
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Table 15 (continued)

Entry Substrate Resolving Reaction Results Refs.
Agent Conditions

13 n-Bu4NBr/THF (4R,5S)-(2′R) [100]
evaporate, > 24 h 91%, > 98%de

14 MeSO3H/Et2O 90%, 92%de [101]
40 ◦C, 15 days

BCS: 3-bromocamphor-9-sulfonic acid, PEA: 1-phenylethylamine, TTA: tartaric acid,
MA: mandelic acid, CSA: camphor-10-sulfonic acid, BNHP: 1,1′-binaphthalene-2,2′-
dihydrogen phosphate, DTT: di-p-toluoyltartaric acid, SA: salicylaldehyde, DIBA: di-
isobutylamine, DCSA: 3,5-dichlorosalicylaldehyde, DBU: 1,8-diazabicyclo(5.4.0)undec-7-
ene, DBN: 1,5-diazabicyclo(4.3.0)non-5-ene, DMOK: 3,7-dimethyl-3-octanol potassium
salt, DMAP: 4-(dimethylamino)pyridine, DHN: 2,7-dihydroxynaphthalene, CHA: 1-cyclo-
hexylamine

The majority of these examples have been accomplished by mega-
pharmaceutical companies (e.g, Merck, Novartis, J&J, AstraZeneca, Takeda),
and major chiral chemical (e.g. DSM, Kaneka, Sumitomo) and venture (e.g.
Chirotech, Chiroscience, Sepracor) companies. Therefore, a number of chiral
chemical companies worldwide are presently interested in asymmetric trans-
formation of diastereomers as an attractive technique for the preparation of
chiral drug intermediates at the pilot or industrial scale.

From the many examples shown in Tables 15–18, common technical as-
pects for the use of asymmetric transformation can be summarized as de-
scribed below.

4.3.1
Substrates

The chemical structure of a racemic substrate is very important for the asym-
metric transformation of diastereomers. Of course, the best desired substrate,
as shown in Table 18, should be configurationally labile, however, other vari-
ous substrates have been achieved by devising reaction conditions for epimer-
ization. Generally, since many of the substrates are formed via Schiff bases
and tautomerism for epimerization, it is important that the substrate struc-
ture has amino groups and neighboring carbonyl groups in the chiral center.
In addition, other neighboring functional groups, carboxy, nitrile, halogen,
phosphate, and their cyclic structures are a more favorable choice, because
they can enhance acidity of the chiral center by their electrophilic action,
leading to an enhancement of epimerization.
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4.3.2
Resolving Agents

In general, since the epimerization reaction is almost always executed at high
temperature in the presence of a catalyst, it is of importance to select an
enduring resolving agent (or covalent agent) under such severe conditions.
Some commonly used acidic or basic resolving agents [146–148] are listed
in Tables 15–18. Of these agents, tartaric acid, mandelic acid, camphor-10-
sulfonic acid, 1-phenylethylamine, and their derivatives are commonly used
due to their relative stability, commercial availability, and cost. The alkaloid
analogs brucine, cinchonine, and sparteine are also useful as lower basic re-
solving agents, although they are not available when the desired isomer is the
opposite isomer.

In order to obtain high yield and ee%, the resolving agent used in the
present asymmetric transformation should be chemically and optically sta-
ble. Previously, we have prepared chemically and optically stable synthetic
chiral sulfonic acid resolving agents, which led to successful resolution and
asymmetric transformation of various amino acids (Sect. 4.2.1) [23, 25, 57]. In
the future we hope to develop more environmentally friendly resolving agents
and expand substrate application range.

4.3.3
Reaction Conditions

Most of the present reactions were conducted under simple and mild con-
ditions taking into account various paths for effective epimerization. Beside
substrates, the major factors that affect the reaction system are solvents, cat-
alysts, and temperature of the system. Useful mediums are alcohols, low fatty
acids, acetates, ethers, ketones, hydrocarbons (carbon 4–7), acetonitrile, and
their mixtures, all of which are inert solvents aimed at lowering solubility
in the reaction system. Of these solvents, low fatty acids and ketones can
be conveniently used as both solvents and catalysts. Also, as useful catalysts
that promote epimerization, aldehydes, ketones, and general acids as well as
bases are used. Aromatic aldehydes are more readily activated than aliphatic
aldehydes, particularly salicylaldehyde and its derivatives (e.g. 15, 17) can
effectively be used. Interestingly, pyridoxal (34), which is a salicylaldehyde
analog, has been reported to be useful for epimerization in aqueous solution
under mild conditions. Examples with acidic catalysts are few, whereas basic
catalysts, such as alkoxides, DBU, quaternized amines and their derivatives
are widely used. The use of these basic catalysts expands the range of sub-
strates applied to asymmetric transformation. As a noteworthy case, the weak
base pyridine is effectively used in the preparation of 33, 36, although the
reaction is very slow.
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The reaction temperature is a very important factor in controlling epimer-
ization rate. Whereas high temperatures invite the risk of a decrease in yield
and decomposition, low temperatures result in slow reactions. Therefore,
most reactions are carried out at a temperature below the boiling point of the
solvent used.

As in the case of enantiomer transformation, control of solubility in the
reaction system is particularly important for asymmetric transformation of
diastereomers. As a useful tool, removal of solvent or addition of inert sol-
vents can lead to high yield, although this may influence epimerization rate
and optical purity. Consequently, the secret for success in this process is to
moderately adjust the conditions of fractional crystallization, while consider-
ing epimerization rate.

5
Conclusions

In this piece of work, we reviewed the principles, features, and recently re-
ported examples of asymmetric transformation via crystallization while de-
scribing our research in this field. The use of this transformation method,
which is a chiral technology closely related to classical optical resolution
methods, seems to be increasing steadily as the demand and interest in chi-
ral substrates rise. With the development of new racemization reactions other
than those described in this report for amino acid salts, asymmetric trans-
formation via crystallization can be applied to not only new compounds but
also to the already existing resolvable compounds. Therefore, since the driv-
ing force for this transformation method is the efficiency of racemization, it
is critical to find new efficient methods for racemization. Recently, the re-
sults of an extensive research on racemization carried out between 1967–1996
and reported by Ebbers’s [149] group have shown that the majority of object
substrates were amino acids and their derivatives and that almost all of the
reactions were ordinary thermal, acid-, base-, or Schiff base-catalyzed racem-
ization or epimerization.

In general, the racemization reaction needs a large amount of energy and
is often limited by the characteristics of the substance itself. In some cases,
however, racemization can be achieved by devising a catalyst. For instance,
it is suggested that mild reaction conditions achieved by the use of bio-
catalysts [150–155] and/or photochemicals [156–159] are an attractive and
promising tool for future racemizations. In addition to these methods, further
advancement of asymmetric transformation via crystallization is dependent
on the development of new methods for racemization.
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Abstract Advantages and limitations of the use of structurally similar compounds in race-
mate resolution via diastereoisomeric salt formation are discussed in this review. An
effective conception on “derivative resolving agents” (use of the optically active deriva-
tives of a racemate as resolving agents) is presented by examples and the method is
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extended to the homologous series of the derivative resolving agents and/or achiral addi-
tives. A recently developed distillation version of the family approach to optical resolution
and the novel, solvent-free resolution methods using a half equivalent amount of resolv-
ing agent are also discussed.

Keywords Optical resolution · Diastereoisomeric salt · Derivative resolving agent ·
Structural similarity · Homo- and heterochiral assemblies

1
Introduction

Optical resolution via diastereoisomeric salt formation is one of the most fre-
quently used methods in the fine chemical and pharmaceutical industries for
manufacture of pure enantiomers. However, selection of the optimum resolv-
ing agent and the other chiral or achiral additives have remained a game of
trial and error. In order to reduce this time-consuming experimental work nu-
merous methods are offered in the recent reviews [1, 2]. A simple and usually
efficient approach is to take a survey of the known resolutions of compounds
which are structurally similar to our racemate. Thus, for example, the effi-
ciency and the absolute configuration of the crystallizing diastereoisomeric
salts could be predicted by computation in a series of 2-phenylglycine deriva-
tives [3]. In a recently developed method, the authors used a small library of
structurally similar resolving agents for the diastereoisomeric salt formation
with a given racemate [4]. The same authors have developed the reverse system
too: mixtures of structurally similar racemic compounds have been resolved
with one resolving agent. In most cases synergistic effects of such mixtures on
the efficiencies of enantiomer separations have been observed.

Another approach for finding efficient resolving agents is the application
of optically active derivatives of the racemic mixture to be resolved. The ba-
sis of this method is the observed strong tendency of enantiomers to form
heterochiral assemblies in solution (Scheme 1) and racemate-type molecular
compounds in crystalline form.

The heterochiral packing usually results in more stable supramolecular
structures and it is assumed that at least 85% of the known enantiomers crys-
tallize out in true racemate form [5, 6]. Our recently developed enantiomeric
enrichment methods: the selective precipitation, selective extraction, crys-

Scheme 1 Formation of homo- and heterochiral supramolecules in the solutions of d and
l enantiomers (m,n,o ≥ 0)
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tallization or distillation of chiral acids and bases [7–9] have provided ex-
perimental evidence of this phenomenon. The same tendency to form quasi-
symmetrical complexes can also be observed in such resolutions where the
resolving agent and the racemate are structurally similar compounds. The
first, 50-year-old example is the optical resolution of racemic tartaric acid
by mixed-crystal formation with malic acid, a structurally closely related
diacid. (S)-Malic acid preferentially crystallizes with (R,R)-tartaric acid form-
ing a quasi-racemate [10].

Crystallization of the more stable diastereoisomeric salt of a racemic com-
pound with a quasi-enantiomeric resolving agent can also be used for separa-
tion of enantiomers. It has to be mentioned, however, that the salt formation
with inorganic or structurally diverse chiral reagents may increase the ho-
mochiral salt-forming tendency [5]. Regarding similar structures of the race-
mates and resolving agents, only few examples were known two decades ago
for the resolution of protected α-amino acids with optically active amino acid
derivatives (Table 1, [11]) and half of the examples described quasi-racemate
type crystalline diastereoisomeric salts.

Table 1 Resolution of α-amino acids with optically active α-amino acid derivatives

Resolving agent Racemate Solvent Crystallized salt Yield
(%)

2 Ethanol (S)-2.(S)-1 70

(S)-1

3 Ethanol (S)-3.(S)-1 60

4 Methanol (S)-4.(S)-1 94

5 Ethanol (S)-5.(S)-1 51

6 Ethanol (S)-6.(S)-1 78

7 Ethanol (S)-7.(S)-1 46
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Table 1 (continued)

Resolving agent Racemate Solvent Crystallized salt Yield
(%)

9 Ethanol (R)-9.(S)-8 75

(S)-8

10 Methanol (R)-10.(S)-8 93

4 Water (R)-4.(S)-8 67

11 Ethanol (R)-11.(S)-8 96

12 Methanol (R)-12.(S)-8 55

14 Water (S)-14.(S)-13 78

(S)-13

16 Diethylether (S)-16.(S)-15 100

(S)-15

14 Water (S)-14.(S)-4 86

(S)-4

In these examples, one could consider the structural similarities around
the stereogenic carbons of the reactants but, of course, the further parts of
these compounds are quite different from each other. In spite of this fact,
the reported efficiencies of the resolutions were usually good or excellent. (In
order to characterize the result of a resolution with a dependent variable the
S-value (S = yield × optical purity or ee) was postulated by us [12].)

All the above mentioned and the following literature data illustrate the
unambiguous advantages of the use of structurally similar reagents in chi-
ral discriminating processes. Application of these approaches would help
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chemists to find resolving agents much faster than usually happens by the
traditional trial and error game, and highly efficient enantiomer separations
should be accomplished. There are no well-defined rules for exact deter-
mination of sufficient structural similarities among the racemic compounds,
resolving agents, and achiral additives. However, this comprehensive discus-
sion of the recently developed enantiomer separation methods using single or
homologous series of “derivative resolving agents”, mixtures of structurally
similar racemates and/or “families of resolving agents”, as well as homolo-
gous series of chiral and achiral reagents can show a convenient way to design
efficient optical resolutions.

2
Optical Resolution of Structurally Similar Racemates
with the Same Resolving Agent

Application of the hypothesis that structurally similar racemates can be re-
solved with the same resolving agent (and in the same solvent) can often
reduce radically the number of preliminary experiments. It is therefore useful
to review known procedures for the resolution of analogs and the conditions
used for the structurally most similar racemate should be tried first. There
are several data on the systematic investigation of the applicability of a given
resolving agent in a family of structurally similar racemates.

2.1
Investigation of a Series of 1-Substituted-Alkylamines

The optical isomers of isopropylideneglycerol-monophtalate (17) has been
described recently as efficient resolving agents of racemic 1-substituted-
alkylamines (18–35, Scheme 2) [13, 14]. The diastereoisomeric salt formation
reactions were carried out in methanol/2-propanol mixtures with an equiva-
lent amount of the resolving agent, and the (S) enantiomers of the amines
gave crystalline salt with (S)-17 in every cases.

Comparison of the results (S parameters) as a function of the structure of
racemates showed the limitations of similarities within that series of amines.
Good separation of the enantiomers could be achieved when an aromatic ring
(or a vinyl group, 29) was attached to the stereogenic center. Saturation of
the ring, its substitution with an alkyl chain (compounds 33, 34) or insertion
of a methylene group between the phenyl group and the asymmetric carbon
atom (31) hindered the crystallization of any diastereoisomeric salt. That is
because of the sensitivity of the supramolecular assemblies (formed in the su-
persaturated solutions before appearing the solid product) against such types
of structural deviations. However, modification of the alkyl chain bound to
the stereogenic carbon was not as critical as the previous modifications. Com-
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Scheme 2 Structures of the resolving agent 17 and the resolved chiral ethylamine deriva-
tives 18–35 (S efficiency of the resolution)

pounds 24 and 25 could be resolved, in contrast to compounds 26 and 35, in
which the alkyl groups were further extended.

Optical resolutions of structurally similar piperazine (36) and piperidine
derivatives (37) were also accomplished with the same resolving agent (38) in
our laboratory [15].

Since compound 36 was a very new lead molecule of antipsychotic agents,
only a small amount of the racemic sample was available that time. Therefore,
test reactions for selecting resolving agents were carried out using the analo-
gous compound 37. The optimum resolving agent (38) was then applied for
separation of the enantiomers of 36. Efficiencies of the two resolutions were
practically the same (Scheme 3).

Scheme 3 Structures of the amino alcohols 36, 37 and the resolving agent 38 (S efficiency
of the resolution)
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2.2
Optimization of the Resolving Agent
for a Series of Atropisomeric Quinazolinone Derivatives

Dai and coworkers synthesized several new quinazolinone groups containing
phosphine ligands (39–41) and performed the resolution of the atropisomers
with (1S)-10-camphorsulfonic acid [16]. The diastereoisomeric salts were sep-
arated as well-developed crystals, but the decomposition produced only the
starting racemates. The structure of the crystalline salt of 39 was determined
by X-ray crystallography. It seemed that the carbonyl group, which distin-
guishes the two sides of the resolving agent, is not bulky enough to differenti-
ate between the enantiomers of the bases. Therefore, the ketone function was
transformed into its benzenesulfonylhydrazone derivative (compound 42),
which proved to be efficient with all the three racemates (Scheme 4). It has
to be mentioned that these resolutions were the first examples of using 42
as resolving agent. Regarding the structural similarities of the atropisomeric
racemates, we can conclude that the multipoint interaction system (the sec-
ond order bonds between the base and the chiral acid within the salt and
among the ion pairs [12]) is practically resistent to change of the substituents
R1 and R2 in compounds 39–41.

Scheme 4 Atropisomeric quinazolinone group containing phosphine ligands (39–41) and
the optimum resolving agent 42

A well-selected resolving agent can also be used to resolve structurally
similar racemates via complex formation. An excellent example is Noyori’s
method for the synthesis of optically active BINAP via resolution of BINAP
oxide (43, Scheme 5) with O,O′-dibenzoyl-(R,R)-tartaric acid [17]. The pro-
cess is simple and very efficient. Solutions of the racemate and the resolving
agent (made in chloroform or ethylacetate/chloroform mixture) were reacted
and the crystalline diastereoisomeric complex was separated and recrystal-
lized in the same solvent. Then it was treated with an aqueous base solution to
liberate the optically active phosphine oxide in enantiomerically pure form.
In the last two decades, Noyori’s method has been successfully used to re-
solve numerous chiral diphosphine oxides such as 44 [18], 45 [19], 46 [20],
and 47 [21, 22].
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Scheme 5 Chiral diphosphine oxides resolved by Noyori’s diastereoisomeric complex for-
mation method

Table 2 Data on the resolution of acids 48–50

Racemate Resolving agent Solvent Enantiomer in
the crystallized
salt

48 Chinconidine Ethyl acetate (+)-48

49 (R)-2-Amino- Ethanol/water (+)-49
1-phenylpropane

50 (R)-1-Phenylethylamine Ethanol (+)-50

Further examples of the selection of a resolving agent using the princi-
ple of maximum similarity can be found in the literature [1, 23]. However,
there are limitations to this simple rule when, for example, the position of
the asymmetric carbon atom is changed. Despite their structural similari-
ties, acids 48–50 required different resolving agents and solvents for efficient
enantiomer separation (Table 2, [24]). An explanation might be the fact that
the carboxylic group was bound to different positions in the racemates and,
consequently, the relative position of the stereogenic center changed in each
case.

3
Separation of Enantiomers by Distillation
in the Presence of a Mixture of Structurally Similar Resolving Agents

Several years ago, a new method was developed by Dutch researchers to
find the optimum resolving agent using libraries of structurally similar com-
pounds [4, 25]. Details of the “Dutch resolution” is discussed in another
chapter of this volume written by R. Kellogg. Starting from their observations,
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Scheme 6 The racemates (53–55) and the family of resolving agents (38, 51, 52) used for
optical resolution by distillation

our laboratory has developed a novel, distillation version of the Dutch reso-
lution [26]. According to our method, the model compounds (53–55) were
reacted with a half equivalent of resolving agents (38, 51, and 52) without
any solvent, and the excess of the free enantiomers were separated by dis-
tillation (Scheme 6). Resolutions with mixtures of tartaric acid derivatives
gave the same, or (in several cases) better, results than were obtained with
individual resolving agents. A calculation method was also developed for
counting the synergetic effect. It is important to mention that an individu-
ally inactive resolving agent could also contribute to successful resolutions
in a mixture of resolving agents. We supposed that certain supramolecular
structures (formed among the acidic resolving agents and the base enan-
tiomers in solution) were responsible for the enantiomer discrimination.

4
Resolution with an Optically Active Derivative of the Racemate

The strong tendency of chiral compounds to form heterochiral assemblies
over homochiral ones demonstrates the advantages of the economic spatial
arrangement of symmetrical structures in nature. It is because, by comple-
menting each other, a pair of mirror image molecules can usually form more
compact (i.e. lower energy) crystals than the homochiral dimers. Starting
from these facts one can treat a non-racemic enantiomeric mixture (in solu-
tion) as a mixture of two dimers: the heterochiral molecular compound (race-
mate) and the homochiral aggregate (Scheme 1). Of course, higher member
associates can also form before crystallization as combinations of homo-
and heterochiral dimers. In other words, the excess of the major enantiomer
works in these cases as a resolving agent of the racemate. In practice, op-
tical resolution of a racemic mixture can be carried out with a structurally
modified optically active derivative of the racemic compound instead of the
free enantiomer. An important condition for the formation of quasi-racemic
crystals is that the structures of the reaction partners should be as similar as
possible.
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4.1
Use of a Half Equivalent of Derivative Resolving Agents Under pH Control

A few early resolutions using derivative resolving agents of amino acids have
been mentioned in the introduction of this chapter. Recent examples of such
resolutions were mainly developed in our laboratory (Table 3, [1, 6, 27]).

The molar ratio of the racemate and resolving agents has big practical im-
portance in these resolutions. The best results could be achieved using a half

Table 3 Optical resolutions performed with the optically active derivatives of the racemic
substrates

Enantiomer Resolving agent ee Yield S-factor
in the precipitated salt (%) (%)

(R)-56 (S)-57 95 90 0.86

(S)-58 (R)-59 100 80 0.80

(R)-60 (S,S)-61 81 190 a 1.54 a

(S)-62 (R)-63 100 86 0.86

(S,S)-64 (S,S)-65 100 85 0.86

66 67 86 89 0.76

(R)-68 (S)-69 75 85 0.64

a The yields were calculated as half of the racemate. Therefore, in the case of second order
asymmetric transformation, 200% yield would be the theoretical maximum. © (2006) from
CRC Handbook of Optical Resolution via Diastereoisomeric Salt Formation from David
Kozma (ed). Reproduced by permission of Routledge/Taylor and Francis Group, LLC.
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equivalent of the resolving agents in the presence of achiral additives. The
amounts of these additives (having the same basic or acidic character as for
the resolving agent) strongly influence the pH value of the reaction mixtures
and, in this way, can modify the S-values (for theoretical background see the
equilibrium model of resolution in [28]). Thus, for example, resolution of
β-phenylalanine (58) could be accomplished with the use of a half equivalent
of its optically active N-benzoyl derivative (59) in aqueous methanol solution.
The yield and optical purity of the crystalline diastereoisomeric salt strongly
depended on the pH value of the reaction mixture. The best result (yield 80%,
ee 100%, S-factor 0.80) could be achieved by addition of an equivalent amount
of hydrochloric acid (as side reagent, calculated to the amount of the race-
mate) to the reaction mixture. Similar results were obtained during resolution
of 1-phenylglycine (56) with its optically active derivative (57).

4.2
Application of One or More Equivalents of a Derivative Resolving Agent

Aminoketone 60 is configurationally stable in acidic medium but suffers
racemization by enolization at about pH 7.5, in protic solvents. This fact let
us to convert the whole amount of racemic 60 into the desired (R)-60 iso-
mer by second order asymmetric transformation using (S,S)-61 as derivative
resolving agent [2] (Table 3).

Separation of the enantiomers of 68 represents a special example of reso-
lution with derivative resolving agents (Table 3). Interestingly enough, good
separation could be achieved using hexane as solvent and the crystalline di-
astereoisomeric salt contained (R)-68 and (S)-69 resolving agent in 1 : 2 molar
ratio. Though the resolving agent did not dissolved in hexane, the salt forma-
tion was complete within 24 h producing the diastereoisomeric salt in 75% ee
and 85% yield [27]. This result was the best among all the resolution trials
carried out with other resolving agents [29].

Drauz and coworkers [30] attempted the optical resolution of tert-
butylleucinol (70) with 14 different optically active acids. Four among them
were the N-acylated derivatives (71–73). They used a half equivalent of resolv-
ing agent in 2-propanol. Comparison of the experimental data demonstrated
that the most effective resolutions could be accomplished with the derivative

Scheme 7 Resolution of tert-butylleucinol (70) with its optically active derivatives (71–73)
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resolving agents (Scheme 7). One among them, N-(2-phtaloyl)-L-tert-leucine
(73), provided the best separation (70% yield and 98% ee).

5
Resolution of Structurally Similar Racemates
with Homologous Series of their Optically Active Derivatives

The above mentioned results confirmed our theory that the best resolv-
ing agent of a given racemic compound should be found among the opti-
cally active derivatives of the same compound. In addition, these derivatives
should be as similar to the parent compound (racemate) as possible. However,
scarcely anything is known about the proper structure of the derivative-
forming moiety of the molecule. Prediction of the effects of chiral or achiral
additives on the outcome of such resolutions has also been missing from
the chemist’s toolkit. Therefore, a well-designed series of experiments were
carried out in our laboratory to test the structural limitations of similarity
between racemates and a group of derivative resolving agents. These inves-
tigations were extended to the resolutions of mixtures of racemates with
structurally similar resolving agents. In addition, the influence of achiral ad-
ditives on the efficiency of enantiomer separation was also investigated.

5.1
Resolution of 1-arylethylamines
with Homologous Series of Derivative Resolving Agents

In order to construct multicomponent systems of structurally similar race-
mates and resolving agents, 1-phenylethylamine (18) and its acidic derivatives
(prepared by acylation of (R)-18 with different dicarboxylic acid anhydrides or
esters [31]) were chosen as model compounds. Resolutions of racemic 18 with
an equivalent amount of the amide derivatives ((R)-74–77, Scheme 8) were ac-
complished in acetone or ethylacetate [31]. The yields, enantiomer excesses of
the crystallized diastereoisomeric salts, and the S-factors are given in Table 4.

Scheme 8 Optically active dicarboxylic acid amide derivatives of amines 18 and 27
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Table 4 Results of the resolutions of 18 with a series of its dicarboxylic acid amide deriva-
tives

Racemate Resolving agent ee (configuration) Yield a S-factor
(%) (%)

18 (R)-74 98 (S) 31 0.37
18 (R)-75 99 (S) 56 0.55
18 (R)-76 100 (S) 61 0.61
18 (R)-77 77 (S) 58 0.35

a Diastereoisomeric salts were recrystallized twice from acetone or ethyl acetate before
workup

In that series of experiments, the quasi-racemate-type salts crystallized in
all cases and compound 76 was the optimal resolving agent among the homo-
logous derivatives.

In another series of experiments the dicarboxylic acid amide derivatives
of (R)-1-naphtylethylamine (78–80, Scheme 8) were used for resolution of
racemic 1-naphtylethylamine (27)(Schindler and Fogassy, unpublished re-
sults) and an equivalent amount of (R)-78 preformed the best separation.
After two recrystallizations from ethyl acetate, optically pure heterochiral di-
astereoisomeric salt ((S)-27(̇R)-78) could be obtained in 60% yield (Table 5).
Compound (R)-80 behaved similarly under similar conditions but the effi-
ciency of the resolution was approximately half of the previous one. While
compounds 78 and 80 crystallized with their quasi-enantiomer pair ((S)-
27), the malonate derivative ((R)-79) provided a solvent-dependent discrim-
ination between the two enantiomers of compound 27. Resolutions were
accomplished in these cases with a half equivalent of (R)-79 in water or wa-
ter/cyclohexane mixture instead of ethyl acetate. In the latter case, half of
the racemate remained in the apolar cyclohexane. In aqueous solution, a half
equivalent amount of methanesulfonic acid was used in order to form a water-

Table 5 Results of the resolutions of 27 with a series of its optically active dicarboxylic
acid amide derivatives (78–80)

Racemate Resolving agent (solvent) ee (configuration) Yield S-factor
(%) (%)

27 (R)-78 (ethyl acetate) 100 (S) 60 a 0.59
27 (R)-79 (water/cyclohexane) 12 (R) 86 0.10
27 (R)-79 (water) 15 (S) 81 0.13
27 (R)-80 (ethyl acetate) 100 (S) 100 a 0.31

a In these experiments the salts were decomposed after recrystallization from ethyl acetate
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soluble salt with the non-crystallizing part of the amine. In the last two cases
the optically active amines were liberated from the crude diastereoisomeric
salts (Table 5).

The presented experimental facts confirmed that the resolution trials with
derivative resolving agents represent a useful method for finding a good re-
solving agent of a racemic compound. It is also clear from these experiments
that the difference between the aromatic moieties of the two racemates (18
and 27) decreases the similarity of the amines with respect to their choice
among the homologous derivatives.

The effects of the substituents connected to the phenyl group of 18 have
also been investigated using the above-mentioned resolving agents ((R)-
74–77). In these series of experiments seven ring-substituted 1-phenylethyl-
amines (19, 20, 22, 23, 81–83) were subjected to diastereoisomeric salt for-
mation reactions, separately (Scheme 9) [32]. All experiments were carried
out at a 50 mmol scale using an equivalent amount of resolving agents in ace-
tone or ethylacetate. The results of the successful experiments are collected in
Table 6.

The crystalline diastereoisomeric salts contained the (S) enantiomer of the
amines, in all cases showing the preference of the heterochiral assemblies in
these systems. On the basis of the experimental data one can conclude that
the ring substitution of 18 has a crucial role in the selection of the appro-
priate derivative resolving agent. Thus, the oxalic acid amide (74) proved to
be the best resolving agent of the ortho-substituted amine 81, similar to the
findings for the resolution of compound 30. On the other hand, only the suc-
cinic acid derivative (76) crystallized with the meta-substituted compounds
(82 and 83). Satisfactory results could be achieved in the series of the para-
substituted amines, where both the malic acid derivative (75) and, in two
cases, the succinic acid derivative (76) could be used for resolution. The most
successful resolving agent (76) of the parent compound 18 gave crystalline
diastereoisomeric salts in five cases among the seven model compounds. Only
the two para-halogenated amines (19 and 20) failed to crystallize with that
reagent, but they could be resolved with another member (75) of that family
of resolving agents.

Scheme 9 Ring-substituted 1-phenylethylamines resolved with dicarboxylic acid amide
derivatives of 18
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Table 6 Results of the resolutions of substituted 1-phenylethylamines with the amide type
derivatives of (R)-18

Racemate Resolving agent ee(configuration) Yield S-factor
(%) (%)

81 (R)-74 46 (S) 98 0.45
81 (R)-76 76 (S) 19 a 0.14
82 (R)-76 54 (S) 99 0.53
83 (R)-76 51 (S) 100 0.51
23 (R)-75 55 (S) 100 0.55
22 (R)-75 32 (S) 99 0.32
19 (R)-75 48 (S) 99 0.48
20 (R)-75 49 (S) 100 0.49
23 (R)-76 36 (S) 100 0.36
22 (R)-76 45 (S) 97 0.47

a Without recrystallization of the diastereoisomeric salt. In the other cases, the salts were
recrystallized from ethyl acetate or acetone

5.2
Effects of Achiral Additives on the Results of Resolutions

Single crystal X-ray diffraction measurements on (S)-18.(R)-74, (R)-18.(R)-
74 salts [31] and the (S)-23.(R)-76 salt [32] confirmed that the acid amide
moieties are involved in the intermolecular hydrogen bond systems of the
crystals. Starting from this fact, we supposed that addition of urea (an imita-
tion of the acid amide structure) or urea derivatives to the reaction mixtures
would strongly influence the crystallization properties of the diastereoiso-
meric salts. According to this concept, racemic 1-phenylethylamine (18) was
reacted with a half equivalent of the four homologous dicarboxylic acid amide
derivatives (74–77) in acetone, in the presence of a half equivalent of urea,
mono- and dimethylureas, and thiourea, respectively. Surprisingly, these
achiral additives completely inhibited crystallization of the diastereoisomeric
salts of compounds 74, 75, and 76 but the (S)-18.(R)-77 salt crystallized in
a much purer form than without additives (Table 7, lines 1 and 2). It has
to be mentioned that the precipitated crude diastereoisomeric salt contained
a half equivalent of urea, but this additive disappeared from the salt during
recrystallizations.

These experimental data led us to conclude that simple achiral molecules,
having similar structure to the characteristic part of the chiral reagent, may
be suitable inhibitors of the crystallization of the more soluble diastereoiso-
meric salt. The S-factors of such resolutions did not change too much, but
the enantiomeric excess in the crystalline diastereoisomeric salts increased
significantly.



148 F. Faigl et al.

Table 7 Results of the resolutions of amine 18 with its glutaric acid amide derivative (77)
in the presence of urea derivatives

Racemate Resolving agent Urea derivative ee Yield a S-factor
(%) (%)

18 (R)-77 – 77 58 0.35

18 (R)-77 99 42 0.41

18 (R)-77 100 35 0.35

18 (R)-77 100 36 0.36

18 (R)-77 100 33 0.33

a The diastereoisomeric salts were recrystallized twice, in each case

5.3
Solvent-Free Resolutions with Homologous Series of Resolving Agents

The solvent of diastereoisomeric salt formation and crystallization processes
may radically influence the outcome of resolutions. In order to eliminate such
influencing parameters, solvent-free enantiomer separations of bases 18, 20,
and 23 were performed with a series of “derivative resolving agents” [33].
Technically these experiments are simple: one should mix the (oily) race-
mate with a half equivalent of the resolving agent and warm it carefully until
the solid reagent dissolves in the melt (oil). Then it should be cooled down
to room temperature, treated with hexane and the precipitated diastereoiso-
meric salt filtered off. The results of such experiments are collected in Table 8.
Even though the efficiencies of these resolutions were slightly smaller than the
same resolutions in solution systems, the tendencies were the same: quasi-
racemate formation dominated in all cases.

The solvent-free resolution method was also extended to the diastereoiso-
meric salt-forming reactions of racemic 18, 20, and 23 with different two-
component mixtures of derivative resolving agents ((R)-74–77, (R)-84, and
(R)-85, Scheme 10).

The selected solid resolving agents were mixed in a mortar and a half
equivalent amounts of these mixtures were added to each of the oily race-
mates 18, 20, and 23. Then the experiments were continued according to the
above-mentioned recipe. The oily filtrate contained the optically active free
enantiomer ((R)-18, (R)-20, or (R)-23) while the (S) isomers of the bases were
liberated from the quasi-racemate-type diastereoisomeric salts. Table 9 con-
tains the results of resolutions carried out with the single resolving agents of
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Table 8 Solvent-free resolution of 18 with its optically active derivatives (74–77)

Racemate Resolving agent ee (configuration) S-factor a

(%)

18 (R)-74 26 0.26
18 (R)-75 27 0.27
18 (R)-76 28 0.28
18 (R)-77 38 0.38
23 (R)-76 29 0.29
20 (R)-75 33 0.33

a All of the diastereoisomeric salts were isolated quantitatively from the reaction mixture
by its trituation with hexane and filtration

Scheme 10 Series of structurally similar resolving agents for solvent-free resolutions

the homologous series and with the two-component (A and B) mixtures of
them. Compositions of these mixtures were changed from A/B = 0.9/0.1 to
A/B = 0.1/0.9 stepwise but Table 9 contains only those compositions where
a minimum or maximum level of enantiomer separations could be detected.
Since we worked without any solvent, practically 100% of the diastereoiso-
meric salts were in the crystalline phase in each cases. Therefore, Table 9
contains only the enantiomeric excess of the products liberated from the salts.

In most cases we observed a decrease of the ee values compared to the re-
sults achieved with one member of the pairs of resolving agents. In one case,
however, significant synergistic effect was observed. Compound 18 could be
resolved with the glutaric acid derivative (77) providing 38% ee of the di-
astereoisomeric salt, but compound 84 alone was unsuitable for enantiomer
discrimination. However, resolution with a mixture of 77 and 84, with this lat-
ter compound in excess (molar ratio 77/84 = 0.2/0.8), resulted in the amine
enantiomer in 49% ee. In other words, addition of a small amount of a suit-
able resolving agent (77) to the unsuitable one (84) initiated even a better
enantiomer discrimination by the latter compound than by the first com-
pound alone [33].



150 F. Faigl et al.

Table 9 Solvent free resolutions carried out with single resolving agents (given in col-
umn A or B) and with the two-component mixtures (A and B)

Racemate Resolving agent A/B ee a

A B (%)

18 (R)-74 (R)-76 1/0 26
18 (R)-74 (R)-76 0.6/0.4 10
18 (R)-74 (R)-76 0/1 28
18 (R)-77 (R)-84 1/0 38
18 (R)-77 (R)-84 0.2/0.8 49
18 (R)-77 (R)-84 0/1 – b

18 (R)-77 (R)-85 1/0 38
18 (R)-77 (R)-85 0/1 0 c

23 (R)-76 (R)-74 1/0 29
23 (R)-76 (R)-74 0.4/0.6 7
20 (R)-76 (R)-74 0/1 – b

20 (R)-75 (R)-76 1/0 33
20 (R)-75 (R)-76 0.4/0.6 25
20 (R)-75 (R)-76 0.6/0.4 3
20 (R)-75 (R)-76 0/1 0 c

a All of the diastereoisomeric salts were isolated quantitatively from the reaction mixture
by its trituation with hexane and filtration
b No crystallisation occured
c The diastereoisomeric salt contained the racemic mixture of the amine

6
Resolution of the Dicarboxylic Acid Monoester Derivatives
of 1-(Substituted Phenyl)ethyl Alcohols

Change of the amide group into an ester function in the series of 1-phenyl-
ethylamine dicarboxylic acid monoamides let us study the resolution of
structurally similar racemic monoester derivatives. This formal change of
functions could easily be realized by esterification of racemic 1-phenylethyl-
alcohol and its substituted derivatives with the corresponding achiral di-
carboxylic acid anhydrides. Then, the synthesized monoesters (Scheme 11)
were subjected to diastereoisomeric salt formation reactions with (S)-1-
phenylethylamine. In order to get comparable results, the experiments were
carried out under the same conditions: each racemic compound was dis-
solved in ethyl acetate and reacted with a half equivalent of resolving agent.
(The only exception was the resolution of compound 87 under thermody-
namic control. In this case a molar equivalent of the resolving agent was
used.) The precipitated homochiral diastereoisomeric salts were filtered off
after 96 h crystallization time and worked up in the usual way. Data on the
resolution of monoesters (87–92, Scheme 11) are collected in Table 10.
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Scheme 11 Dicarboxylic acid monoester derivatives of 1-phenylethyl alcohol (86–92) and
their achiral analogs (93–95)

Table 10 Resolution of structurally similar monoesters 86–92 with (S)-18

Racemate Resolving agent ee Yield S-factor
(%) (%)

87 (S)-18 14 (98) a 17 0.06 (0.16) a

86 (S)-18 98 45 0.40
88 (S)-18 56 93 0.52
89 (S)-18 4 89 0.04
90 (S)-18 99 38 0.38
91 (S)-18 21 84 0.18
92 (S)-18 98 33 0.31

a Results in parentheses were observed under kinetic control (filtration after 1 h). In other
cases the crystallization time was 96 h

It turned out that only two succinic acid monoesters (88 and 91) could
be resolved with (S)-18 among the 1-(substituted phenyl)ethyl esters of the
saturated dicarboxylic acids (monoesters of oxalic, malonic, succinic, and
glutaric acids). On the other hand, satisfactory enantiomer separations of the
racemic monoesters of maleic and phtalic acids (87 and 86, 90, 92) could
be achieved, but almost racemic salt crystallized from the reaction of com-
pounds 89 and (S)-18 (Table 10). Even though the resolutions were not op-
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timized, one can realize that satisfactory results could be achieved with the
phtaloyl monoesters (86, 90, and 92). Therefore, these derivatives should be
treated as lead molecules in the development of efficient enantiomer separa-
tion processes.

In a more general aspect, we can conclude that the change of functional
groups (e.g., amide to ester having different hydrogen bond-forming abili-
ties) may cause radical change in the resolution of structurally similar com-
pounds. However, enantiomer separation could be negotiated on the basis of
several trials with structurally similar derivatives of the racemates and a re-
solving agent. In other words, the concept of “derivatives of racemates as
resolving agents” could also be applied to the opposite direction of chiral
discrimination.

6.1
Resolution of Dicarboxylic Acid Monoesters
in the Presence of Another Similar Racemic or Achiral Monoester

The effect of mixing structurally similar racemates (the reverse Dutch reso-
lution) on the efficiency of their resolutions was tested using different mix-
tures of 86 and 92. The experiments were carried out in ethyl acetate with
a half equivalent of (S)-18 (calculated to the whole amount of the mixture
of the racemates). The data are collected in Table 11. Interestingly enough,
(S)-86.(S)-18 and (S)-92.(S)-18 salts crystallized in 93% and 98% enan-
tiomeric excess, respectively, when neat 86 or 92 were reacted with (S)-18
(Table 11). However, no crystallization occurred when the composition of the
racemic mixture was in the range 86/92 = 0.9/0.1–0.6/0.4 (therefore these ex-
periments are missing from Table 11). When the relative molar amount of
compound 92 achieved 50% in the racemic mixture, a diastereoisomeric salt
crystallized containing the two acids in 20% and 86% ee. A further 20% in-
crease in the amount of 92 in the racemic mixture dramatically improved the
ee value of 86 to 80% in the precipitated diastereoisomeric salt.

The results were slightly different when the structurally similar but achiral
monoesters 93–95 were mixed with the corresponding racemates in different
ratios. The enantiomeric excess had a maximum value at 87/93 = 0.5/0.5 mo-
lar ratio but gradually decreased when compound 86 was mixed with its achi-
ral relative (94). Attempts to achieve resolution of 88 failed when the racemate
alone or any mixtures of 88 and 95 were reacted with the resolving agent
(S)-18. Surprisingly enough, this tendency stopped at a composition of 88/95
= 0.1/0.9. Starting from such a mixture, the heterochiral diastereosiomeric
salt ((R)-88.(S)-18) crystallized in 21% enantiomeric excess (Table 11).

The above examples of reverse Dutch resolution demonstrated that in
these type of mixtures the components can work as strong inhibitors of
the resolution. However, in special cases, achiral additives (having similar
structure to the racemate) may help to accomplish partial resolution or to
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Table 11 Resolution of monoesters 86–88 with (S)-18 in the presence of another similar
racemic (92) or achiral monoester (93–95)

Racemate Racemate or achiral A/B ee of A/B isolated S-factor
A monoester B from the crystalline salt

(%)

86 92 1/0 93/0 0.400
86 92 0.5/0.5 20/86 0.06/0.26 a

86 92 0.3/0.7 80/80 0.28/0.28 a

86 92 0/1 0/98 0.310
86 94 1/0 76 0.412
86 94 0.6/0.4 64 0.378
86 94 0.3/0.7 10 0.029
86 94 0.1/0.9 7 0.032
87 93 1/0 85 0.587
87 93 0.5/0.5 94 0.431
87 93 0.1/0.9 79 0.368
88 95 1/0 – b – b

88 95 0.1/0.9 – 21 c – 0.045

a Approximate efficiencies of the separations of the components A and B
b No crystallization occured
c An excess of the opposite enantiomer (related to the previous experiments) was found
in the precipitated heterochiral salt

improve the optical purity of the crystallizing diastereoisomeric salt. Un-
fortunately, these effects cannot be predicted on the basis of our present
knowledge.

6.2
Resolution of Structurally Similar Dicarboxylic Acid Monoesters
with Mixtures of Optically Active and Achiral Amines

In order to test the effect of partial substitution of (S)-18 with a structurally
similar but achiral benzylamine (96), series of resolutions were accomplished
with racemic 86 and 87. These model compounds represent typical examples
of a highly selective and of a partial resolution process. All experiments were
carried out with a half equivalent of the mixture of amines ((S)-18 + 96, mixed
in different ratios). The results are collected in Table 12. In the case of com-
pound 86 pure (S)-18 formed crystalline diastereomeric salt with (S)-86 (98%
ee) and the enantiomer excess of the salt changed slightly when the relative
amount of benzylamine (96) was increased to 60% within the amine mixture.
Further addition of the achiral compound instead of the resolving agent dra-
matically decreased the optical purity of the crystalline salt. In addition, the
S-factor decreased gradually.
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Table 12 Resolution of compounds 86 and 87 with (S)-18 in the presence of benzylamine
(96)

Racemate Resolving Achiral A/B ee of A in the S-factor
agent A amine B crystalline salt

(%)

86 18 96 1/0 98 0.834
86 18 96 0.9/0.1 78 0.570
86 18 96 0.7/0.3 98 0.521
86 18 96 0.4/0.6 85 0.286
86 18 96 0.3/0.7 58 0.066
87 18 96 1/0 14 0.135
87 18 96 0.8/0.2 20 0.137
87 18 96 0.5/0.5 4 0.030
87 18 96 0.4/0.6 – 10 a – 0.050
87 18 96 0.2/0.8 0 b 0 b

a An excess of the opposite enantiomer (related to the previous experiments) was found
in the precipitated heterochiral salt
b The diastereoisomeric salt contained the racemic mixture of the acid

Efficiency of the really poor partial resolution of compound 87 could be
improved by using an 80/20 mixture of (S)-18 and benzylamine (96) instead
of neat resolving agent. The enantiomeric purity of the diastereoisomeric salt
fell to zero when the resolving agent mixture contained more than 20% of
achiral base. Surprisingly, the heterochiral diastereoisomeric salt was found
in the crystalline phase in slight excess when a 40/60 mixture of (S)-18 and
benzylamine (96) was added to the racemic monoester 87. This finding is in
accordance with the above-mentioned observation on the partial resolution
of 88 via crystallization of the heterochiral diastereoisomeric salt ((R)-88.(S)-
18) in the presence of a large excess of 96 (Table 12). Furthermore, this side-
reagent dependent change of chirality of the crystalline diastereoisomeric salt
is in accordance with the findings of Sakai and coworkers [34]. In their re-
cent article they reported that the configuration of α-amino-ε-caprolactam
(97) in the diastereoisomeric salt with N-tosyl-(S)-phenylalanine (98) could
be changed by the use of appropriate solvents (Scheme 12). In solvents having

Scheme 12 Solvent-dependent crystallization of the hetero- or homochiral diastereoiso-
meric salt during resolution of 97
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medium dielectric constant (29 < ε < 58) the diastereoisomeric salt of (S)-97
precipitated. The other isomer ((R)-97) became the major component in the
crystalline salt when the solvent was less or more polar (i.e., ε < 27 and ε > 62,
respectively) than in the previous case.

7
Parallel Kinetic Resolution
with a Quasi-racemate-Type Resolving Agent Mixture

Resolution via diastereoisomeric salt formation is usually treated as a thermo-
dynamically controlled process. In some cases, however, kinetics of crystal-
lization may determine the enantiomeric excess [35] or even the configura-
tion [28] of the enantiomer in the precipitated salt, similarly to the resolution
of monoester 94 with its relative (S)-18 under kinetic control (Table 12).
According to this fact, the positive effects of using structurally similar com-
pounds in chiral recognition processes cannot be limited to the resolutions
via diastereoisomeric salt formation. Recently, Davies and coworkers [36]
reported the parallel kinetic resolution of methyl 5-alkylcyclopentene-1-
carboxylates (99) with a quasi-racemic mixture of (S)-1-phenylethylamine
((S)-100) and (R)-1-(3,4-dimethoxyphenyl)ethylamine ((R)-101). The combi-
nation of kinetic resolution and enantioselective addition provided the two
products 102 and 103 in 97% ee and in 93% de, respectively (Scheme 13).

Scheme 13 Parallel kinetic resolution of 99 with the quasi-racemic mixture of (S)-18 and
(R)-100

8
Conclusions and Outlook

The reviewed examples demonstrated the scope and limitations of the appli-
cation of structurally similar compounds in resolution processes. Limitations
of this approach come from the fact that we could not find strict rules for
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definition of sufficient structural similarity. Numerous nonlinear effects were
observed during resolutions via diastereoisomeric salt formation. One part of
the phenomena could be explained by the catalytic effect of small amounts
of additives as nucleation inhibitors. On the other hand, supramolecular
assemblies may be formed in the supersaturated solutions before crystalliza-
tion, and these supramolecules of the resolving agents and the mirror image
isomers can be treated as models of receptor–drug complexes in biological
systems. It is well known, for example, that the high affinity of morphine
and derivatives to the opioid receptors is due to the structural similarity of
the morphine skeleton to the tyrosine part of the enkephalines. Numerous
modifications could be accomplished without diminishing the analgetic ef-
fect of the compound. At the same time, change of the N-methyl group in
morphine to an allyl group resulted in an antagonist. We suppose that the
derivative resolving agents and structurally similar additives work in a simi-
lar way. When the deviation from the perfectly complementary structure of
the reaction partners (enantiomer and resolving agent) is caused by a group
situated far from the stability-determining second order bond-forming cen-
ters, the compound is sufficiently similar to its pair. In any other case, the
derivative is only partially similar to the target molecule in the diastereoiso-
meric salt-forming reaction. The positive effect of urea on the resolution of
18 (Table 7) demonstrated that even small molecules are able to efficiently
replace the important amide group of the resolving agent in the hydrogen
bonding system.

The “derivative resolving agent” approach can shorten the time of selec-
tion of good resolving agents and may help to avoid application of expensive
and/or toxic reagents. The solvent-free version also offers an environmentally
benign solution to enantiomer separation.

Numerous diastereoisomeric salt formation resolutions using an optically
active derivative of the racemate have already been tested on an indus-
trial scale [1]. These methods, in combination with second order asymmet-
ric transformation or dynamic kinetic resolution, offer efficient and eco-
nomic alternatives to asymmetric synthesis for producing optically pure
enantiomers.
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Abstract An overview is given of the principles of Pasteur resolutions via separation of
diastereomeric salts. Thereafter, primary nucleation processes of (chiral) organic com-
pounds in supersaturated solution are considered followed by crystal growth in the
presence of tailor-made additives. A representative example of a Dutch Resolution is pre-
sented, the concept of families of resolving agents is defined and examples are given. The
phenomenon of reversed Dutch Resolution, resolution of mixtures of families of race-
mates, is illustrated. The roles of both solid solution formation and nucleation inhibition
in Dutch Resolution are discussed. The work is concluded with the results of a broadly
based search for nucleation inhibitors for phenylethyl amine as resolving agent. This
search can serve as a model for the discovery of nucleation inhibitors for other resolving
agents. The specific role of bifunctional family members of resolving agents as possible
nucleation inhibitors is also discussed.
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Aggregation · Chirality · Enantiomeric enrichment
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Asp aspartic acid
β degree of supersaturation Cinitial/Cequilibrium
Cys cysteine
de diastereomeric excess
DSC differential scanning calorimetry
ee enantiomeric excess
glc gas liquid chromatography
Glu glutamic acid
Ile isoleucine
His histidine
Hpg 4-hydroxyphenylglycine
hplc high performance liquid chromatography
Leu leucine
Lys lysine
NMR nuclear magnetic resonance
Nva norvaline
Orn ornithine
Phe phenylalanine
Phg phenylglycine
SEM scanning electron microscopy
STM scanning tunneling microscopy
Ser serine
TEM tunneling electron microscopy
Thr threonine
Trp tryptophane
Tyr tyrosine
Val valine
XRPD X-ray powder diffractogram
S factor Fogassi value: 2 · yield · de in diastereomeric salt resolution

1
Introduction

Dutch Resolution is a modification of the Pasteur technique to resolve race-
mates into their enantiomers by formation of diastereomeric salts, which
can be separated by crystallization [1–10]. Selective formation of the de-
sired enantiomer by enantioselective synthesis, stoichiometric or catalytic, is
the complementary/competitive technology that bypasses racemate separa-
tion [11]. We note also the recent interest in the special but relatively rare
occurrence of spontaneous asymmetric synthesis [12–14].

The classical approach devised by Pasteur for the separation of enan-
tiomers in a racemate was published in 1854 and has not changed through
the years [1–3]. Pasteur’s original resolution of tartaric acid 1 with the aid of
a stoichiometric quantity of quinotoxin, a degradation product of quinine, is
shown in Scheme 1.
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Scheme 1 Original Pasteur experiment for the resolution of racemic tartaric acid

The concept, interaction of an enantiomerically pure base (acid) with
a racemic acid (base) by means of proton transfer to form two diastereomeric
salts separable by solubility differences, is deceptively simple.

Many organic compounds are, of course, neither especially acidic nor ba-
sic and do not lend themselves to this methodology. A rough division on the
basis of properties is given in Scheme 2.

Scheme 2 Classification of various methods to separate racemates

To circumvent this complication it may be possible in a multistep syn-
thesis to resolve an acidic or basic intermediate. Neutral compounds may in
some cases be converted reversibly to acidic or basic derivatives. Neutral com-
pounds as well as acids and bases may also sometimes be resolved by covalent
bonding with an enantiomerically pure material followed by separation of the
diastereomers by, for example, crystallization or chromatography followed by
release of the chiral auxiliary. Resolution of neutral compounds via inclu-
sion compounds is on occasion possible and practical [15]. On an analytical
scale in the majority of cases separation of racemates is possible with chiral
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hplc and/or glc. Racemates can also often be separated on preparative scale
by chiral chromatography and simulated moving bed chromatography can be
applied on bulk scale [16, 17]. Each of these techniques is a separate technol-
ogy, none of which will be discussed here. The applicability of each of these
methods as compared to (catalytic) asymmetric synthesis is determined by
the nature of the compounds, scale and costs.

Modern drug development is dependent on a rapid and dependable supply
of pure enantiomers the structural diversity of which can be enormous. Reso-
lution of racemates obtained as intermediates is a much-used technology to
accomplish this. In the early stages of drug development this is often carried
out at the gram scale and time is of the essence. A resolution procedure for
commercial application may be far different from that used in the laboratory
for rapid resolution of material that has never been resolved before. Dutch
Resolution will, as is discussed in this overview, turn out to be more suited
for rapid, small-scale resolutions.

1.1
Basic Aspects of Resolutions

For early phase pharma applications both enantiomers of the racemate are
often required. In a resolution via diastereomeric salts an obvious rapid way
to obtain both enantiomers of the racemate is to carry out separate reso-
lutions with each enantiomer of the resolving agent. For resolving agents like
mandelic acid and tartaric acid this is feasible because both enantiomers are
available in quantity and not excessively expensive. However, for resolving
agents like brucine, (+)-camphor sulfonic acid, quinine, quinidine, etc only
a single enantiomer is readily available. Sometimes a structurally different
resolving agent will lead to salts the least soluble of which will contain the de-
sired other enantiomer of the racemate. Development of new resolving agents
(see further) has done much to widen the scope of diastereomeric resolutions.
Recently, it has been shown that in some cases by variation of the dielectric
constant of the solvent a single resolving agent can be used to derive either
enantiomer of the racemate [18, 19]. It is not clear, however, how general this
methodology is.

As noted by Jacques, Collet and Wilen [4] “Indeed, what is wrong with
the traditional way of carrying out resolutions is a lack of real understand-
ing ... Such understanding is equally necessary ... for the study of systems
enriched in one enantiomer produced by other methods” [21]. This lack of
understanding applies particularly dramatically to the nucleation processes
in solution that lead to subsequent crystallization. Common practical prob-
lems are that the resolving agent used must readily form crystalline salts with
the racemates, that the solubilities of these salts differ appreciably, i.e. that
the eutectic composition should be well removed from 50 : 50, that the chi-
ral centers in the racemate not be too far removed from the acidic or basic
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centers and that crystallization of the less soluble diastereomer in reason-
able diastereomeric excess occurs within an experimentally acceptable time.
It has been estimated that around 75% of attempted classical diastereomeric
resolutions fail [4]!

These are intrinsic points of the resolution itself. In addition one has to be
able to determine fairly quickly how successful a resolution has been. In gen-
eral this entails access to chiral hplc or glc facilities. Successful performance
of resolutions on a regular basis requires experience in the choice of resolving
agents and conditions (solvents and temperature, for example), excellent ex-
perimental skill in the form of people with experience and suitable analytical
capacities readily at hand. Considerable effort is necessary to set up working
conditions where all these criteria are met simultaneously.

There are more matters of concern. The salts often do not precipitate in
an enantiomerically pure form but rather are only enriched and have to be
purified further usually by additional crystallization. Precipitation of a di-
astereomeric salt can only start once supersaturation has been achieved, that
is to say that the concentration considerably exceeds the solubility. The con-
centrations and solvent or solvent combination can have a profound effect
as noted by Sakai [18]. The reader is again referred to Jacques, Collet and
Wilen [4] for a detailed and quantitative analysis of many of these factors as
well as modified methods of diastereomeric resolutions such as the use of
sub-stoichiometric quantities of resolving agents or the Pope and Peachy ap-
proach in which part of the resolving agent is replaced by an achiral (mineral)
acid or base.

2
Aggregation in Supersaturated Solutions

Crystallization starts with nucleation. This process must be discussed briefly
as a preliminary to Dutch Resolution. Nucleation occurs in the area of super-
saturation. Many factors affect nucleation: the degree of supersaturation, the
rate of cooling and possible presence of “seeds” just to mention a few possibil-
ities. As nuclei transform into crystals a complicated dynamic situation arises
in which crystal growth competes with nucleation. The kinetics and mech-
anisms of primary nucleation probably often differ from those of secondary
nucleation that occurs as nuclei split off from growing crystals [22, 23].

Resolutions take place from “impure” solutions in which two diastere-
omeric salts are present. Rationalization and control of the process require
understanding of what happens at the molecular scale in both phases. The
mechanisms of crystal growth are reasonably well understood, but the na-
ture of the supramolecular structures in supersaturated solution that lead to
nucleation and then to crystallization are usually unknown. Models for pre-
diction of the effects of stereochemistry on these structures are essentially
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unavailable. Aggregation in solution is obviously highly dependent on the
solution itself: for example, aggregation principles in aqueous solution are
fundamentally different from those in nonaqueous solvents. Nucleation and
crystallization are not the same processes.

An incomplete list of possibilities, in addition to or prior to desired crys-
tallization, of the many things that can happen in the area of supersaturation
includes phase separation, liquid crystal formation, micelle formation, vesicle
formation, gel formation and chemical reaction of the components. Supersat-
uration (metastable) zones are the temperature zones between the dissolution
temperature and the (lower) temperature at which precipitation (the exper-
imentally observable consequence of nucleation) takes place. The width of
such zones depends, among other things, on the concentration and rate of
cooling.

The classical approach to explanation of nucleation is to consider that
molecules on the surface of a small nucleus will have a positive free energy
relative to those in the interior, which will be stabilized through aggregation
and which will have a negative free energy relative to those in solution. For
a spherical nucleus the surface effect is dependent on the square of the ra-
dius of the growing nucleus whereas the bulk effect is dependent on the third
power of the radius. In classical theory based on formation of spherical nuclei
the critical nucleation radius rc is that at which overall stabilization is real-
ized. Somewhere on the path from critical nucleation radius to crystal growth
an ordered packing will begin after which growth will proceed on crystal sur-
faces (Fig. 1) [24]. Basic mathematical aspects of the theory of nucleation will
be discussed in Sect. 2.2.

Unfortunately, the assumption of formation of ideal spherical nuclei is
probably in most cases not applicable and can be badly misleading especially
when the individual molecules are chiral. Free energy minimization during
nucleation can be (and is) achieved via other shapes. Weissbuch, Lahav and
Leiserowitz [25] cogently argue on the basis of various experimental obser-
vations that there is much evidence that nuclei are not spherical and that
the shape and internal structure of the critical nucleus should be treated
as a variable in theoretical approaches. Chirality, particularly in the reso-

Fig. 1 Simplified model of aggregation in supersaturated solution
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lution of diastereomeric salts, will also be expressed in some fashion during
nucleation. Molecular chirality should be recognized at the early stage of
supramolecular aggregates that lead to nucleation and not only at the stage of
crystallization.

There are no spectroscopic methods to observe directly in solution the
structure and composition of nanometer-sized aggregates/nuclei. However,
clues (in addition to those given in [25]) as to how aggregation can work are
available via other sources. We know much about the ordered arrangements
of liquid crystals [26]. The aggregation involved in micelle formation has
been studied in great depth [27]. Vesicle formation has been the subject of ex-
tensive study [28]. These noncrystalline structures are illustrative of what can
happen in solution. The techniques of tunneling electron microscopy (TEM)
and scanning electron microscopy (SEM) provide surprisingly detailed infor-
mation at the level of individual molecules for cases where the aggregates can
be trapped and immobilized on a surface.

Consider the aggregation behavior of some organic salts, which might be
reasonable models for the salts formed in diastereomeric salt resolutions.
Ionic interactions are in general much stronger than noncovalent interactions
that bind neutral compounds together. An instructive example is provided by
salt 2 as shown in Fig. 2 [29, 30].

This pure enantiomer of tartaric acid provided with a gemini ammonium
cation does not crystallize but rather gelates solvent CHCl3 quite effectively.
Neither the racemate nor the meso compound acts as a gelator nor do they
crystallize. Examination of dried and frozen pure enantiomer by transmis-
sion electron microscopy (TEM) revealed long, twisted ribbon fibers, left
handed for (R,R) and right handed for (S,S) tartrates. On use of a gemini
ammonium salt with a C16 chain it was observed that an enantiomerically
enriched composition did not undergo phase separation (e.g. a preliminary

Fig. 2 Cyro-TEM images of the twisted ribbons formed at A 0% (racemate); B 50% and
C 100% enantiomeric excess of tartrate salt 1. Permission to use this figure has been
kindly given by Nature Publishing Group
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to conglomerate formation) but rather formed helical ribbons with a longer
pitch. The lower the enantiomeric purity the greater the pitch indicating that
there is a continuous composition change of the enantiomers (resembles solid
solution behavior in crystalline compounds).

The corresponding D-glucarate and L-malate salts do not form ribbons but
rather amphiphilic bilayers. If the aliphatic chains of the ammonium head
groups are shorter micelle formation takes place.

It is reasonable to suggest that the crystallization of the tartrates has been
derailed by gel formation. The detailed information at the molecular level
provided by TEM is indicative of the potential formation of a racemic com-
pound on crystallization rather than a conglomerate. In other words molecu-
lar chirality is being expressed at the level of formation of chiral supramo-
lecular aggregates.

The aggregation behavior in aqueous solution exhibited by a chiral non-
racemic glycerol derived phosphate 4 is strikingly similar (Fig. 3) [31–33].

The TEM photographs of frozen, immobilized material show for struc-
turally related 3 (Scheme 3) only plate-like aggregates wherein the molecular
chirality is not clearly expressed whereas for 4 a long, right-hand coiled he-
lix is formed. These helixes subsequently assemble into superhelixes in which
molecular chirality is again clearly expressed at the supramolecular level.

Compound 5 is liquid crystalline and uncharged [34]. With the aid of scan-
ning tunneling microscopy (STM) imaging on a conducting graphite surface
the immobilized individual molecules of 5 can be recognized (Fig. 4).

The (S) enantiomer in the unit cell stacks tilted to the right whereas the
(R) enantiomer stacks with a tilt to the left. The racemate shows areas with

Fig. 3 Illustration of the formation of right-handed helical fibers upon self-assembly of
phospholipid 4. Permission to use this figure has been kindly given by the American
Chemical Society

Scheme 3 Phospholipid 2 forms only plate-like aggregates rather than helices
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Fig. 4 Enantiomorphous STM images obtained from (S) and (R) enantiomorphs of 5 in
which two dimensional chiral monolayer systems can be seen. Permission to use this
figure has been kindly given by Wiley

a right-hand tilt and other areas with a left-hand tilt. Clearly racemic 5
exhibits conglomerate behavior and has undergone spontaneous symmetry
breaking on deposition. Molecular chirality is expressed immediately in the
supramolecular structures observed. Why 5 exhibits conglomerate behavior
is unknown.

Regardless of the great contrasts in structures of the molecules as well
as conditions (two rather than three-dimensional pictures are obtained) it
is a common phenomenon that aggregation observed by STM, TEM and re-
lated techniques occurs not by the formation of spherical nuclei but rather by
association into rope-like structures, which continue to grow in size. These
aggregates might be rough models for the structures of the nuclei that lead
to crystallization. Helix formation is a common manner to express molecular
chirality at the supramolecular level [35–37].

Low molecular weight (< 500) organic gelators have been studied exten-
sively and their behavior well illustrates some of the above points. Such
molecules have a pronounced tendency to gel organic solvents rather than to
crystallize. Low molecular weight hydrogelators are also common. The aggre-
gation processes are known to proceed along the lines given in Fig. 5. Long
fibers form and these, if entangled, lead to gels rather than crystals [38–40].

Fig. 5 Model of aggregation of anisotropic molecules into chains leading either finally to
crystals or gels
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The coils formed lead to gelation of organic solvents. The arrangement is not
a thermodynamic minimum; in due course (weeks in general) crystallization
can set in.

2.1
Nucleation, Crystal Growth and Tailor-Made Additives

For a successful resolution nucleation must lead to crystallization. Classical
resolutions can be very time consuming owing to difficulties in obtaining
a crystalline diastereomeric salt. Often this difficulty is explained by the low
(50% diastereomeric) purity of the least soluble salt in solution. The interplay
of crystallization, together with primary and secondary (occurs as crystal-
lization takes place) nucleation, is profoundly complex [22]. Nucleation and
crystal growth inhibition by the more soluble diastereomer could play an im-
portant role.

“Family” behavior in the inhibition of crystal growth in the special case of
conglomerates was recognized early by Lahav and colleagues, who refer to the
effects of “tailor-made” additives [25]. This work will be surveyed briefly as
a preliminary to further discussion of Dutch Resolution.

Not much is known about the inhibition of crystal growth of diastere-
omeric salts. To our knowledge in the literature only one example of addition
of a tailor-made additive in a classical resolution has been described [41–43].
Sakai et al. investigated the effect of the various “dimeric” stereoisomers
8a–c of the racemate to be resolved as habit modifiers in the resolution of
(±)-1-phenylethylamine 6a with (R)-(–)-mandelic acid 7 as illustrated in
Scheme 4.

Scheme 4 The effect of habit modifiers in the resolution of phenethylamine 6a by man-
delic acid 7
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It was shown that the (R,R)-dimer 8a at concentrations as low as
0.007 mol % had a significant impact on the morphology, and changed
the crystal shape of the least soluble (R)-6a·(R)-7 diastereomeric salt from
needle-like to hexagonal plates and thereby improved the isolation of this salt
on centrifugation. Meso 8b was reported to be a much poorer habit modifier,
and addition of (S,S)-8c had no effect. The efficient habit modification caused
by (R,R)-8a is explained by a strong double chiral recognition at the surface of
the {011} plane of the growing (R,R)-salt, thus preventing the incorporation
of (R)-6a ammonium ions.

On the other hand, enantioselective nucleation/growth inhibition has fre-
quently been described for the direct resolution of racemates by preferential
crystallization. A prerequisite for the direct resolution of racemates is con-
glomerate behavior, i.e. the spontaneous crystallization of the enantiomers as
mirror image crystals (enantiomorphs). This requirement resembles eutec-
tic behavior as a precondition for an efficient resolution via diastereomeric
salt formation. Principles derived from enantioselective nucleation and crys-
tal growth inhibition of conglomerates can, with care, be extrapolated to
resolution via diastereomeric salt formation. A compilation of organic com-
pounds known to show conglomerate behavior is given in the standard book
of Jacques, Collet and Wilen [4]. It is estimated that approximately 5–10% of
all racemates fulfil this requirement.

The role of “tailor-made” additives that act as enantioselective nucle-
ation/growth inhibitors in the direct resolution of conglomerates has been ex-
tensively studied especially for amino acids, which exhibit the required con-
glomerate behavior. In 1982 Lahav et al. described the inhibitor-induced reso-
lution of threonine (Thr), glutamic acid (Glu·HCl), asparagine (Asn·H2O),
p-hydroxyphenylglycine (Hpg·pTsOH) and histidine (as the metastable con-
glomerate His·HCl·H2O) amongst other conglomerates. Direct resolution
could be achieved by addition of small amounts of a different but structurally
related enantiomerically pure amino acid [44]. For example, the crystalliza-
tion of (RS)-Thr in the presence of 1–2 mol % of the (S)-enantiomer of Asn,
Glu, Asp, His, Lys, Phe or (R)-Cys resulted in the preferential crystalliza-
tion of the (R)-enantiomer of threonine in 40–95% enantiomeric excess. An
overview of the results for the direct resolution of other amino acids and
derivatives by tailor-made additives is given in Table 1.

On the basis of these and other examples Lahav defined the “rule of rever-
sal”: stereoselective adsorption of an enantiopure “tailor-made” additive S′ at
the surface of the growing crystals of the enantiomer with the same absolute
configuration (S) results in a drastic decrease in their rate of growth and thus
allows preferential (faster) crystallization of the opposite (R)-enantiomer as
illustrated in Scheme 5.

Preferential adsorption of the additive (0.5–3 mol %) on the crystal of the
analogous absolute configuration is sufficient to inhibit the further growth
of this enantiomorph. In the adsorption mechanism the additive preferably
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Table 1 Resolution of amino acid conglomerates using tailor-made additives

Conglomerate Chiral additive Crystalline Refs.
enantiomer

Glu (S)-Asp, (S)-Leu (R)-Glu [45]
Asp (S)-Glu (R)-Asp [45]
Glu (S)-Glu(γ -Me) (R)-Glu [46]
Cu(Asp)2 (S)-Glu, (S)-Ala, (S)-Ile (R)-Cu(Asp)2 [47–49]

(R)-Glu, (R)-Ala (S)-Cu(Asp)2

Thr (S)-Glu, (S)-Gln, (S)-Asn, (R)-Thr [44, 49, 51–53]
(S)-Phe, (S)-His, (S)-Lys,
(S)-Asp, (R)-Cys, (S)-Pro,
(S)-Ala, (S)-PAL a (S)-PMAL b (S)-Thr
(R)-Glu, (R)-Asn, (R)-PAL,
(R)-PMAL

Asn·H2O (S)-Glu, (S)-Gln, (S)-Asp, (R)-Asn [44, 49, 51]
(S)-Ser, (S)-Lys, (S)-Orn,
(S)-His, (S)-PAL, (S)-PMAL (S)-Asn
(R)-Glu, (R)-Asp, (R)-PAL,
(R)-PMAL

Glu·HCl (S)-Lys, (S)-Orn, (S)-His, (R)-Glu [44, 51]
(S)-Thr, (S)-Tyr, (S)-Leu,
(R)-Cys, (S)-PAL, (S)-PMAL (S)-Glu
(R)-PAL, (R)-PMAL

p-Hpg·pTSA (S)-Phg, (S)-Tyr, (S)-Phg(p-Me), (R)-p-Hpg [44]
(S)-Phe, (S)-DOPA,(S)-(αMe)DOPA

His·HCl·H2O (S)-Trp, (S)-Phe, (S)-PAP c (R)-His [44, 51, 54]
(R)-PAP (S)-His

Met·HCl·H2O (R)-PAL, (R)-PMAL (S)-Met [50]
Cys·HCl (R)-PAL, (R)-PMAL (R)-Cys [51]
Ile·HCl (S)-PAL, (S)-PMAL, (S)-Phe (R)-Ile [51, 55]
Val·HCl (R)-PAL, (R)-PMAL (S)-Val [51, 55]

(S)-Phe (R)-Val

Leu·HCl (S)-PAL, (S)-PMAL, (S)-Phe (R)-Leu [51, 55]
(R)-PAL, (R)-PMAL (S)-Leu

Ac-Nva·NH4
d (S)-Ac-Ala·NH4 salt (S)-Ac-Nva·NH4 [56]

Ac-Abu·NH4
e (S)-Ac-Ala·NH4 salt (S)-Ac-Abu·NH4 [56]

polymeric additives:
a (S)-PAL: poly-(Nε-acryloyl-(S)-lysine)
b (S)-PMAL: poly-(Nε-methacryloyl-(S)-lysine)
c (S)-PAP: poly-(p-(acrylamido)-(S)-phenylalanine)
d Nva = norvaline [CH3CH2CH2CH(NH2)CO2H]
e Abu = 2-aminobutyric acid [CH3CH2CH(NH2)CO2H]
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Scheme 5 The effect of tailor-made additives S’ in the resolution of a conglomerate

binds to a crystal with the same absolute configuration, but only at those sur-
faces where the (structurally different) side chain of the adsorbate emerges
from the crystal. The growing face of the crystal is thereby changed and
growth is slowed [57, 58]. The adsorption to specific crystal faces may re-
sult in inhibition of the crystal growth but can also result in a change of the
morphology of the crystals as is represented in Fig. 6.

In this manner the change of the crystal habit of one of the enantiomorphs
of asparagine on addition of small amounts of (R)-cysteine could be used
as the basis for separation by sieving the (R)- and (S)-crystals of asparagine
based on their crystal size [59].

Polymers grafted with amino acids as tailor-made additives seem in gen-
eral to be more efficient than monomeric additives. This is likely due to
adsorption to multiple binding sites (polydentate) in addition to the shield-
ing of the crystal surface by the polymer backbone [58]. Polymeric additives
also have been successfully applied to prevent lamellar twinning in the cases
of methionine, cysteine and valine [60].

In addition to crystal growth inhibition, the addition of polymeric tailor-
made additives also can retard the dissolution of the enantiomorphous crys-
tal, as was shown for the dissolution of (R)-methionine·HCl monohydrate

Fig. 6 Specific absorption on fast growing faces of a needle-like crystal and the corres-
ponding morphology changes
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crystals in the presence of the polymeric additive poly-(Nε-methacryloyl-(R)-
lysine) [50].

The use of polymeric tailor-made additives is not limited to the similarity
principle of the conglomerate and the additive as described above for amino
acids. For example, block polymers of polyethyleneglycol and polyethylen-
imine grafted with various chiral groups R∗ have been applied in the direct
resolution of calcium tartrate and sodium ammonium tartrate (Pasteur’s salt)
as shown in Scheme 6 [61].

Scheme 6 Examples of polymeric tailor-made additives applied in the resolution of cal-
cium tartrate and sodium ammonium tartrate

There is clearly a delicate balance between adsorption resulting in growth
inhibition and incorporation of the inhibitor in the growing crystal, as La-
hav et al. observed for the crystallization on Asn·H2O with Asp as the
additive [49]. In this case a true solid solution was formed with incor-
poration of 10–12% of Asp. Others have found similar co-crystallization
results [62, 63].

In contrast to nucleation or crystal growth inhibition, Shiraiwa et al.
have described the direct resolution of three different conglomerate forming
N-acetyl amino acid ammonium salts on addition of (S)-N-acetyl-alanine am-
monium salt as the result of an increased solubility of one of the enantiomers
of the conglomerate. In this case large amounts of additives are used, up to
100 mol % based on the racemate [56]. Remarkably enough, this resulted in
crystallization of the enantiomer of the conglomerate having the same abso-
lute stereochemistry as the additive.

For a detailed and excellent discussion of (enantioselective) crystal nu-
cleation the reader is referred to a review by Weissbuch, Lahav and Leis-
erowitz [25].
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2.2
Theory of Nucleation

In order to describe the physical effects of enantioselective nucleation inhibi-
tion it is necessary to understand the basics of the nucleation theory. Primary
nucleation can be considered as the continuous formation and disappearance
of nanoscopically small molecular clusters—usually on the order of a hun-
dred or so molecules—that can grow to the new crystalline phase once the
critical nucleus size has been exceeded (Fig. 1).

In classical nucleation theory the overall free energy difference ∆G be-
tween a solid spherical nucleus and the solution is equal to the sum of surface
excess free energy ∆GS and the volume excess free energy ∆GV (Eq. 1)

∆G = ∆GS + ∆GV = 4πr2γ + 4/3πr3∆GVm , (1)

where the nucleus radius is r, interfacial energy is γ and volume excess free
energy is ∆GVm per molecule with molecular volume Vm (Fig. 7).

The maximum in ∆G (δ∆G/δr = 0) corresponds to the critical nucleus size
rc, which is given by (Eq. 2).

rc = – 2γ/∆GVm . (2)

For nonelectrolytes the Thomson–Gibbs expression describes the relation-
ship between particle size and solubility (Eq. 3)

ln S = 2γVm/kBTr , (3)

Fig. 7 Excess free energy of nucleation ∆Gnucl as a function of the cluster radius, r Eq. 1
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where S is the supersaturation ratio, the ratio of the actual activity and the
equilibrium activity of the molecules in solution (or for ionic compounds the
ratio between the product of the actual activities of all the ions involved and
the product of their equilibrium activities). The temperature is T, kB is the
Boltzmann constant and r the radius.

Combining Eqs. 2 and 3 with Eq. 1 for the critical nucleus size, the free
energy excess ∆Gnucl for the critical nucleus size may be defined as (Eq. 4)

∆Gnucl = 16πγ 3V2
m/3(kBT ln S)2 . (4)

In a recent paper by Kashchiev and Van Rosmalen classical nucleation theory
and the current ideas with regard to (one-component) nucleation in solu-
tion of nonionic as well as ionic compounds have been reviewed [64]. The
role and effect of nucleation inhibitors on the rate of homogeneous as well
as heterogeneous primary nucleation can be understood by modification of
classical nucleation theory, as recently has been described by Kondipudi and
Crook [65]. In classical nucleation theory the rate of (primary) nucleation J is
expressed by the Arrhenius reaction velocity Eq. 5

J = J0 exp[– ∆Gnucl/kBT] , (5)

and on substitution in Eq. 4 for ∆Gnucl there is obtained (Eq. 6)

J = J0 exp[– 16πγ 3V2
m/3k3

BT3(ln S)2] . (6)

Nucleation inhibitors can alter the supersaturation ratio S, the interfacial en-
ergy γ and the molecular volume Vm. This may be expressed mathematically
(Eq. 7) by describing ∆Gnucl as a function of nucleation inhibitor mole frac-
tion Xinh using a power series in Xinh of which at low inhibitor concentrations
only the first term is taken into account.

∆Gnucl = ∆G0
nucl(1 + A1

inhXinh + A2
inh(Xinh)2 + ...) (7)

≈ ∆G0
nucl(1 + AinhXinh) .

∆G0
nucl is the Gibbs energy in the absence of nucleation inhibitors and the ef-

ficacy of the nucleation inhibitor is expressed by the coefficient Ainh. Efficient
nucleation inhibitors have high Ainh values and inhibit nucleation even at low
concentrations. The effects of nucleation inhibitors on secondary nucleation
and crystal growth may be described as surface phenomena.

Using Langmuir adsorption theory, Kubota and Mullin [67] described the
rate of crystal growth G as a function of the adsorption factor θinh, the frac-
tion of the occupied sites on the surface and effectiveness factor αinh (Eq. 8)

G = G0(1 – αinhθinh) . (8)

Assuming the Langmuir isotherm to apply in crystal growth, θinh can be ex-
pressed as Eq. 9

θinh = KinhXinh/(1 + KinhXinh) , (9)
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where Kinh is the Langmuir constant and Xinh the inhibitor concentration.
In this way the effectiveness of a nucleation inhibitor on the rate of crys-
tal growth is determined by the Langmuir equilibrium constant Kinh for
adsorption–desorption and the effectiveness factor αinh. For very effective
nucleation inhibitors, αinh  1, the growth rate is decreased significantly even
at low inhibitor concentrations (Xinh) or poor absorption (low Langmuir con-
stant Kinh) when only part of the surface is occupied by inhibitor. Kubato and
Mulin successfully applied this theory to describe the reduced crystal growth
rates as a function of impurity concentration [66, 67]. The rate of secondary
nucleation can be treated in an analogous fashion, albeit with different values
for αinh and Kinh [68].

Using the nucleation theory above for conglomerate crystallization, Kon-
depudi has been able to model enantioselectivity of the direct resolution of
glutamic acid, using (S)-lysine as an enantioselective nucleation inhibitor [65].

3
Dutch Resolution

3.1
Basic Principles

The homochiral set of cyclic phosphoric acids 9a–c shown in Scheme 7 (see
further) served as the starting point for many of the studies [69]. These phos-
phoric acids can be resolved readily. The absolute configurations of these
cyclic acids have been established either from crystallographic structure de-
terminations on salts with amines of known configuration and/or chemical
correlation.

The individual phosphoric acids were demonstrated to be excellent resolv-
ing agents for a variety of amines [69]. These structurally similar homochiral
acids form a family in the same sense that α-amino acids are a family.

As already emphasized diastereomeric resolutions, especially of materi-
als that have never been resolved before, often are time consuming owing to
failure to form crystals, slow rates of crystallization and poor diastereomer
excesses in the isolated first salts. In an attempt to improve the efficiencies of
resolutions and reduce the time necessary for scanning Vries had attempted
resolutions with equimolar combinations of various resolving agents used
simultaneously in the hope that a crystalline salt with the best resolving agent
would precipitate out spontaneously. Although this combinatorial approach
with structurally unrelated resolving agents was not especially successful it
did become clear with further experimentation that structurally related re-
solving agents could have a synergistic effect.

As is well illustrated with the example shown in Scheme 7 it was discov-
ered that an equimolar mixture of the family 9a–c, “P mix”, was a superior
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Scheme 7 An example of a Dutch Resolution experiment

resolving agent for amines. Diastereomeric excesses of the first salts were
generally higher and crystallization occurred readily [70]. The resolution
of the thiamphenicol precursor 10 (examined in detail at DSM Research)
is a classical example (Scheme 7). Each of the cyclic phosphoric acids 9a–
c is a resolving agent for 10 (entries 1–3) and certainly with 9a and 9c the
enantiomeric excess of 10 obtained in the first salt is acceptable (note that
opposite enantiomers of 10 are obtained). The overall efficiencies are given
in terms of the Fogassy S-factor where S = 2·yield·de [71]. Because the yield
of a perfect resolution can never be more than 50% S-factors hence vary be-
tween 0 (no resolution) and 1 (perfect resolution). In the Dutch Resolution
experiment (entry 4, Scheme 7) the enantiomeric excess of isolated 10 is es-
sentially perfect. However, the yield decreases. This is a commonly observed
phenomenon. The salt obtained forms a mixed crystal in which the cyclic
phosphoric acids are present in nonstoichiometric ratio. This is also common
to Dutch Resolution.

Other families were quickly found, some examples of which are shown in
Scheme 8 together with their trivial names [72]. Some examples of nonpro-
prietary compounds resolved by means of Dutch Resolution are shown in
Scheme 9. Other examples are available from the literature [70, 72].

The families used for resolution consist usually of equimolar mixtures of
three members and are stereochemically homogeneous, that is to say they
have analogous absolute configurations (care is necessary in comparison of
absolute configurations on the basis of Cahn–Ingold–Prelog nomenclature
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Scheme 8 Examples of Dutch Resolution mixes

owing to the effects of substitution on priorities). Resolutions are carried
out exactly as an experiment with a single resolving agent would be per-
formed. The racemate is dissolved in an appropriate solvent, often an alcohol,
and then an equivalent amount of the family of resolving agents (equimolar
ratios) is added. The solution is cooled—we prefer in small-scale experi-
ments to use a temperature-programmed cooling bath—until solid precipi-
tates. After a short period, two to three hours generally, the solid is collected
and submitted for analysis. From NMR measurements the composition of
salts can usually be determined. Chiral hplc is usually used to determine the
diastereomeric ratio (enantiomeric ratio if the salt is neutralized prior to de-
termination; the choice is dependent on the racemate).

On the basis of more than a 1000 resolutions of new compounds since this
discovery, we now know that:

• Dutch Resolution using acidic or basic families of resolving agents usu-
ally leads to the formation of solid salts usually considerably more quickly
than in a resolution with a single family member.
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Scheme 9 Some examples of amines, carboxylic acids and amino acids that have been
resolved by means of Dutch Resolution

• The salts formed consist of mixed crystals and contain a nonstoichiomet-
ric ratio of resolving agents; they are solid solutions in the resolving agents
(see further).

• The diastereomeric excesses of the first salts are in general higher than
when single resolving agents are used.

In many, if not all, cases the resolutions are kinetically controlled.

3.2
Reverse (Reciprocal) Dutch Resolution

A variation on Dutch Resolution deserves special mention particularly for
the insight it provides. This is the simultaneous resolution of racemates. This
is nicely illustrated with the sulfonic acids 11a–c prepared as a new family,
J-mix, by the addition of sodium bisulfite to chalcones [72]. Resolution of
11a–c can be carried out simultaneously using 1,2-aminoalcohol 12 as shown
in Scheme 10.
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Scheme 10 Reverse Dutch Resolution of chalconesulfonic acids

This simultaneous resolution proceeds in remarkably high diastereomeric
excess. Although separation problems attend such resolutions, the phe-
nomenon has important ramifications. One could even speculate whether
this could be a mechanism for propagation of single chirality in pre-biotic
chemistry.

A more extensively studied example of the same effect is provided
by the resolution of 4-hydroxy and 4-fluorophenyl glycines 13b and 13c
(Scheme 11) [73].

Scheme 11 The reverse Dutch Resolution of phenylglycine 13a and its 4-hydroxy (13b) and
4-fluoro (13c) derivatives

Resolution of 13b, used in the production of semi-synthetic antibiotics,
is possible with (+)-3-bromocamphor-8-sulfonic acid 14, which, however, is
quite expensive. However, resolution with cheaper (+)-10-camphorsulfonic
acid 15, which is used for commercial resolution of phenylglycine 13a, fails.
Resolution of 13c, of interest in conjunction with synthesis of Substance P
analogs, also fails with (+)-15. However, resolution of either 13b or 13c with
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(+)-15 acid can be accomplished readily as a mixture with racemic 13a (or
D-(–)-13a). For example, resolution of a 75 : 25 mixture of 13a and 13b in
1 N HCl solution with (+)-15 gave in 87 : 13 ratio D-(–)-13a and D-(–)-13b
both in 94% ee (100% ee after one recrystallization). Half quantities of D-(–)-
13a can be used in place of the racemate.

A crystal structure of mixed crystals (26 : 74 ratio) of resolved D-(–)-
13c/D-(–)-13a with (+)-15 has been determined (Fig. 8a,b)

As anticipated the absolute configurations are clearly analogous and the
13a and 13c molecules are randomly distributed in the unit cells. Both from
crystallographic observations and differential scanning calorimetry (DSC) re-
sults it is clear that a solid solution has formed in which the small structural
differences (para H, F and OH in 13) in the enantiomers are not recognized.

Similar observations have been made with racemic alaninol 16, which
steadfastly resists attempts at resolution including use of Dutch Resolution
families (Scheme 12) [74–76]. For example, resolution experiments using
(R)-(–)-mandelic acid 7 or the M-mix (Scheme 8) only resulted in crystal-
lization of an equimolar mixture of diastereomeric salts, i.e. crystallization of
racemic 16. From the resolution experiments with (R)-(–)-7 an eutectic com-
position of 0.53 in favor of (S)-(+)-16 was found, indicative of an unfavorable
resolution.

Whereas resolution of 16 was not possible, resolution of 2-amino-1-
butanol 17a with (R)-(–)-7 results in a very efficient crystallization of the
(R) · (R)-salt. The cause of these differing results is clear from the solubilities
of the diastereomerically pure salts as given in Table 2.

We therefore turned our attention to the reverse Dutch Resolution ap-
proach for the resolution of alaninol. Addition of the “family member” (RS)-
or (R)-(–)-2-amino-1-butanol 17a to racemic 16 followed by addition of an
equivalent of (R)-(–)-7 leads to the formation of mixed crystals and simultan-
eous successful resolution of 16. For example, the resolution of 0.75 equiv. of

Fig. 8 Unit cells of A D-(–)-13a (+)-15 and B mixed crystal D-(–)-13a/D-(–)-13c (+)-15.
Permission to use this figure has been kindly given by Elsevier Publishing Company
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Scheme 12 The reverse Dutch Resolution of alaninol 16 by mandelic acid 7

Table 2 Solubilities of the diastereomeric salts of 16 and 17a with (R)-(–)-7 in
iPrOH/water 19 : 1 at 25 ◦C

Diastereomer Solubility (mg/g)

(S)-(+)-alaninol(16)·(R)-(–)-mandelic acid(7) 107
(R)-(–)-16·(R)-(–)-7 64
(S)-(+)-aminobutanol (17a)·(R)-(–)-7 > 800
(R)-(–)-17a·(R)-(–)-7 21

(RS)-16 with 0.25 equiv. of (R)-17a and 1.0 equiv. of (R)-(–)-7 gave a mixed
crystal salt in 40% yield containing (R)-(–)-16 (ee 92%) and (R)-(–)-17a in
a ratio of 57 : 43 (34% resolution yield of (R)-(–)-16). As observed before,
the mixed crystals formed in this Dutch resolution experiment form a solid
solution, as was shown by comparison of the X-ray powder diffractograms
(XRPD) of the mixed crystals with the pure salts. On the other hand, when
the more soluble (S)-(+)-17 salt was added to the crystallization of racemic
alaninol 16 with (R)-(–)-7 from iPrOH/water 19 : 1 almost chemically and di-
astereomerically pure (R)-(–)-16 · (R)-(–)-7 salt was obtained in 26% yield
(ee 94%(R)-16; 16 : 17a ratio 98 : 2). We will return to this phenomenon in the
discussion of nucleation inhibition (see further).

Judged from the foregoing a single resolving agent can be used to resolve
simultaneously two or more “family” related racemates provided that a solid
solution (mixed crystals) can be formed on precipitation. This is a key obser-
vation.
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3.3
Solid Solution Behavior in Dutch Resolution

The mixed crystals observed in either classical or reverse (reciprocal) Dutch
Resolutions are solid solutions. Criteria are necessary to predict whether
solid solution behavior is possible and the relation thereof to the outcome
of Dutch Resolution. Kitagorodsky has emphasized that the mutual solubility
necessary for formation of mixed crystals is highly dependent on geometrical
similarities [77]. One can intuitively expect such similarities in “family mem-
bers” although a precise definition of what constitutes a “family” is difficult
to give. At a minimum one would expect similar chemical characteristics (α-
amino acids, structurally similar cyclic phosphoric acids like 9a–c, etc.) and
the same sense of absolute configuration (homochirality).

Solid solution behavior in Dutch Resolution has been investigated by use
of molecular modeling techniques [78]. The resolution of (1R,2S)-ephedrine
18 (Scheme 13) by the cyclic phosphoric acids 9a–c (Scheme 7) is used as
a model.

Scheme 13 (1R,2S)-(–)-Ephedrine

With the aid of molecular modeling procedures using the crystal structures
of the pure diastereomeric salts as starting points mixed salts can be generated
by isomorphous replacement and the energy compared to that of pure salts.
From the results solid solution formation was predicted for the diastereomeric
salts of 18 with binary combinations of the cyclic phosphoric acids 9a–c.
However, full or partial solid solution behavior was not predicted for all com-
binations. For example, calculations for both diastereomeric salts of 18 with
9a and 9c led to prediction of complete eutectic behavior. Both full and par-
tial solid solution behavior as well as eutectic behavior with the various binary
combinations of phosphoric acids have indeed been observed as confirmed by
construction from experiment of the appropriate phase diagrams.

In the case of solid solution behavior the influence of variation in the com-
position of the phosphoric acids (the resolving agent) can have considerable
effect on the solubility ratio for the two diastereomeric salts. From this spe-
cific example [78] it is difficult to predict whether solid solution behavior will
have a similar role in other Dutch Resolution experiments. On the other hand,
even in the case that solid solutions are not observed, a kinetic effect may play
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an important role (see further). The reader is referred to the original paper
for extended discussion of the approach [78].

This same system of 9a–c with 18 has been investigated experimentally
with regard to its behavior in nucleation and crystal growth [79]. A comment
is necessary. The acids 9a–c may be resolved with 18. The same acids can, as
expected, be used to resolve racemic 18. However, one should note that these
resolution using 9a actually should fail. For 9a (phencyphos) the solubilities
of the two diastereomeric salts with 18 are virtually identical. For kinetic rea-
sons the (–)-9a salt with 18 apparently crystallizes out faster. It is not clear
why this is so. Dutch Resolution of racemic 18 with P-mix (9a–c) also pro-
ceeds extremely well and gives after one recrystallization resolved 18 in 98%
d.e. as a 1 : 1.2 : 1.1 salt with 9a, 9b and 9c [70].

Optical microscopy has been used to follow crystal growth for this system
in solution. With (+)-9a alone in supersaturated solution (β = 1.5–2.0) where
β = Cinitial/Cequilibrium at 25 ◦C, the salt with (–)-18 provides either elongated
or blocky crystals or flat ribbons. Both (+)-9b and (+)-9c provide also blocky
crystals. However, crystallization of a mixture of (+)-9a and (+)-9b together
with (–)-18 provided helical ribbons, which proved to be a solid solution with
a 65 : 35 ratio of 9a and 9b. Helical ribbons were also observed with mixtures
of the salts of (–)-18 with (+)-9b and (+)-9c. The effects observed are shown
in Fig. 9a–c as well as Fig. 10.

Nucleation in the cases of the pure salts of (–)-18 with (+)-9b and (+)-9c
was quite difficult whereas nucleation from the mixtures proceeded rapidly
and easily. This is a hallmark of Dutch Resolution, namely the quite ready
formation of crystals. A reasonable supposition is that the formation of chi-
ral supramolecular structures in the supersaturated region is a forerunner to
crystallization.

Fig. 9 Crystal shapes from a pure (S)-(+)-9a·(1R,2S)-(–)-18 solution: A elongated;
B blocky crystals and C ribbons. Permission to use this figure has been kindly given by
Elsevier Publishing Company
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Fig. 10 Growth from a 1 : 1 (S)-(+)-9a· (1R,2S)-(–)-18 and (R)-(+)-9b·(1R,2S)-(–)-18 two
compound solution: A crystals and wide helical ribbons; B thin helical ribbons and
C structure or thickness boundary in a ribbon. Note that although the Cahn–Prelog–
Ingold descriptors of 9a and 9b are opposite, the compounds actually have the same
relative absolute configurations. Permission to use this figure has been kindly given by
Elsevier Publishing Company

3.4
Nucleation Inhibition in Dutch Resolution

Data obtained from many Dutch Resolution experiments coupled with ex-
perimental observation were carefully re-analyzed. In many cases one of the
(usually) three components of the family was not, or only slightly, incorpo-
rated, although the resolution proceeded better with all components of the
family present. Consideration of the data reported in [70] led to the con-
clusion that when PE-II mix (a mixture of phenylethylamine 6a with the
o- and p-nitrated derivatives 6b,c) is used the nitrated compounds are of-
ten poorly or not at all incorporated into the precipitated salts. This lack of
incorporation is visually striking owing to the fact that the nitrated deriva-
tives are yellow. The first salts obtained are in general colorless as a con-
sequence of the absence of the nitrated derivatives. Also in various reso-
lutions using 9a–c, P mix, the o-methoxy 9c and o-chloro 9b derivatives are
also often poorly or not at all incorporated. Similar trends are seen with
T-mix although there is considerable variation in which tartaric acid is not
incorporated.

Owing to the practical consideration that use of an equimolar mixture of
resolving agents leads to additional complications in work-up, especially at
the larger scale, attempts were made to develop procedures whereby addi-
tives rather than equimolar amounts were used. The observations mentioned
above led to the investigation of the nitrated phenylethylamines 6b,c to see
whether Dutch Resolution results could also be obtained with these materi-
als as additives [80]. The resolution of mandelic acid 7 by enantiomerically
pure phenylethylamine 6a (Scheme 14, see also Scheme 4) was chosen as the
test system. On use of 10 mol percent of a mixture of nitrated 6b,c with
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Scheme 14 Nucleation inhibition in the resolution of mandelic acid 7 by phenethylamine
6a

phenylethylamine 6a as the resolving agent it was immediately observed in
the laboratory, simply by feel of the flask with the hand and later confirmed by
quantitative measurements (see further), that the precipitation of solid ma-
terial occurred at a significantly lower temperature than with 6a alone. The
enantiomeric excess was improved considerably (Scheme 14) and this is re-
flected in the S-factors. Care has been taken in all experiments to ensure that
the error in reproducibility of measurements is not greater than 5%. No nitro
derivative 6b,c was found in the isolated salt.

With the aid of turbidity measurements the effects of the nitro additives
6b,c on each diastereomeric salt could be measured individually. By means
of these measurements the dissolution temperature can be determined (full
transmission) whereas the cut off of transmission marks the formation of the
first crystals, or the nucleation temperature. The results of the measurements
are given in Fig. 11 wherein the darkened horizontal bars indicate the width
of the observed metastable zones.

In the presence of additives 6b,c the metastable zone width for the least
soluble diastereomer of mandelic acid 7 with phenylethylamine 6a is widened
slightly as the result of a slightly lower nucleation temperature. On the other
hand the additive has an enormous effect on the more soluble diastereomer
and widens the metastable zone width drastically. The dissolution tempera-
ture in this case is also lowered. The major effect, however, is that of the
lowering of the nucleation temperature of the more soluble diastereomer. Put
in qualitative terms the more soluble diastereomer is held in solution longer
allowing the less soluble diastereomer to precipitate.

Analysis of the isolated first resolution salt of 6a with 7 was carried out
and no nitro additives 6b,c could be detected. This behavior is clearly that of
a nucleation inhibitor. Another role has been discovered for a family member,
namely that of nucleation inhibitor.
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Fig. 11 Width of metastable zones of the less and more soluble 6a·7 salt with/without
nitro-additive 6b/c, as derived from turbidity measurements

The observation by Sakai et al. that “dimeric” phenylethylamine deriva-
tive (R,R)-8a is a habit modifier of the least soluble diastereomer of 6a with
7 (Scheme 4) has already been mentioned [41–43]. However, (see further) we
do not observe that 8a acts as a nucleation inhibitor.

We do observe nucleation inhibition by various family members of re-
solving agents in other experiments. The 2-chloro and 2-methoxy substituted
phosphoric acids 9a and 9c are often also poorly incorporated in Dutch Reso-
lution experiments although they have a positive effect. This was examined
quantitatively for the resolution of 19 as shown in Scheme 15.

Scheme 15 Nucleation inhibition in the resolution of 19 by cyclic phosphoric acid 9a
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Again the additives are not incorporated and the diastereomeric excesses
improve appreciably although yields go down some. The lower yields are
a general observation and in line with what is expected in the case of nucle-
ation inhibition.

Nitrated phosphoric acid 9d also was observed to act as a very efficient
nucleation inhibitor in the resolution of 20 as shown in Scheme 16.

Additional information was obtained from deeper study of the reversed
Dutch Resolution of alaninol 16 discussed previously (Scheme 12). From tur-
bidity measurements it was shown that the nucleation temperature for the
crystallization of the (S)-(+)-16 salt with (R)-(–)-7 was lowered on add-
ition of 10 mol % of the (S)-(+)-17a salt with (R)-(–)-7, resulting in a larger
metastable zone width, whereas the same additive had no effect on the
metastable zone width for the diastereomeric (R)-(–)-16·(R)-(–)-7 salt. The
more bulky (S)-(+)-leucinol 17b or (S)-(+)-phenylalaninol 17c salts proved to
be even better nucleation inhibitors of the (S)-(+)-16·(R)-(–)-7 salt (Fig. 12).

Scheme 16 Nucleation inhibition in the resolution of 20 by cyclic phosphoric acid 9a

Fig. 12 The metastable zone widths (∆T) for the (S)-(+)-16·(R)-(–)-7 salt and the corres-
ponding zone widths found on addition of 10 mol % (S)-(+)-17a, 17b and 17c salts plotted
versus the molecular volumes (as calculated from the modeling program Cerius) of 16
and 17a–c
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For this limited selection of amino alcohols tested as nucleation inhibitors
a linear correlation is observed between the molecular volume and the
metastable zone width (for the more soluble salt). Clearly both the size of the
substituent and the absolute configuration influence the efficacy of the nu-
cleation inhibition, where larger substituents result in an increased value for
Ainh in Eq. 7.

Nucleation inhibition has been studied further with the system of
ephedrine 18 with cyclic phosphoric acids 9a and 9c [81]. As previously men-
tioned resolution of 9a by 18 is in principle not possible because the system
is eutectic with an eutectic composition of almost exactly 50 : 50. This sys-
tem lends itself perfectly to study of additives. Acid 9c is found to be a strong
nucleation inhibitor. In particular the metastable zone width for the diastere-
omer (–)-9a·(–)-18 is widened dramatically on addition of 10 mol % (–)-9c
(absolute configuration analogous to that of (–)-9a). In other words a “fam-
ily member” of the racemate rather than of the resolving agent can also act as
a potent nucleation inhibitor.

A more broadly based study was carried out both to establish the general-
ity of nucleation inhibition and to allow identification of potential nucleation
inhibitors. There are no specific guidelines for identification of “family mem-
bers” that engage in solid solution behavior as opposed to those that act as
nucleation inhibitors. The task would be easier if one understood the relation-
ship, if any, between solid solution behavior and nucleation inhibition (see
further).

The following approach has been used for one specific case to identify
nucleation inhibitors. The PE-II “family” of compounds structurally related
to phenylethylamine 6a as resolving agent has been quantitatively investi-
gated in the resolution of mandelic acid 7 (Scheme 14). We decided to use
this model system as the basis for further study whereby the structural di-
versity of the “family” related to 6a was varied as far as synthetic accessibility
and/or commercial availability allowed. Structural variation was achieved by
(a) modification of the aryl portion by substitution and/or (b) structural
modification of the side chain of 6a.

A major source of potential inhibitors was a readily accessible enantio-
selective synthetic scheme for phenylbutylamine 21 and many derivatives
thereof [82, 83]. Phenylbutylamine 21 differs structurally from 6a in the
length of the aliphatic side chain rather than by substitution in the aromatic
ring. We were extremely encouraged to find that this compound is also a good
nucleation inhibitor (Scheme 17). On the basis of optimization experiments it
was found that 6% additive gave in general the maximum effect.

The inhibitor is not incorporated into the first salts and turbidity meas-
urements provided a picture entirely analogous to that of Fig. 11 [84]. Again
the inhibitor has little effect on the width of the metastable zone width of the
least soluble diastereomer whereas it has a profound widening effect on the
metastable zone width for the more soluble diastereomer. In other words the
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Scheme 17 Compound 21 as nucleation inhibitor for the resolution of mandelic acid 7 by
phenethylamine 6a

more soluble diastereomer is held in solution longer and this is exactly what
is required for an efficient resolution.

However, not every derivative of 21 is a nucleation inhibitor. Fogassi
S-factors [71] for the resolution of racemic 7 by (R)-6a in the presence of 6%
enantiomerically pure (R)-ring substituted derivatives are summarized in the
bar graph of Fig. 13. The bar farthest right (94% resolving agent) can best be
used for comparison purposes: 6% additive is used and this S-factor (0.24)
corresponds to the concentrations used in the inhibition experiments. It is
clear that the ring-substituted derivatives shown in Fig. 13, with the excep-
tion of m-nitro-substituted derivative 44, 21 itself, the α-napththyl derivative
43 and 2-hydroxy-substituted 42 are at best only mild inhibitors. Compounds
like the 2-bromo derivative 24, 3-bromo derivative 23, 3-fluoro derivative 25,
and especially the 3-chloro derivative 22 have a profoundly negative effect
on the S-factor for the resolution. The origin of this effect is not well un-
derstood, but may be the result of a more efficient nucleation inhibition of
the less soluble diastereomer or from nucleation catalysis of the more soluble
diastereomer.

Modification of the structure of the aliphatic side chain as summarized in
the bar graph of Fig. 14 leads to greater insight. In this case not every inhibitor
was available in enantiomerically pure form. In some cases (see graph) it was
possible to test both the enantiomerically pure (R) inhibitors (analogous to
resolving agent (R)-6a), the (S) inhibitor (in principle the “wrong” absolute
configuration) and the racemate. A good example is 21 itself. The “wrong”
(S) absolute configuration (S-factor 0.37) is still better than the blank result
of S-factor 0.24. The racemate, S-factor 0.43, compares well with the (R)-
enantiomer, S-factor 0.50. Mild branching in the side chain, for example 60,
clearly leads in general to inhibitors about as effective as 21 itself. Cyclization
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Fig. 13 S-Factors for the resolution of mandelic acid by (R)-phenethyl amine in the pres-
ence of potential (R) nucleation inhibitors 21–44

Fig. 14 S-Factors for the resolution of mandelic acid 7 by (R)-phenethylamine 6a in
the presence of potential nucleation inhibitors 44–59. The inhibitors are in many cases
racemic (see codes)
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Fig. 15 S-Factors for the resolution of mandelic acid 7 by (R)-phenethylamine 6a in the
presence of bifunctional nucleation inhibitors 61–64

Fig. 16 S-Factors for the resolution of 65–67 by (R)-phenethylamine 6a in the presence of
bifunctional nucleation inhibitors 61–64
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(compounds 52–54) is not very effective, however, and achiral derivatives 45
and 47 have essentially no effect, as one would intuitively expect.

The observation that racemates approach the effectiveness of the “cor-
rect” absolute configurations of the inhibitors is important. This indicates
that in screening processes that racemates, often far more readily available,
may safely be used in tests for nucleation inhibitory effects.

However, by far the profoundest effects are obtained with bifunctional
analogs of phenylethylamine 61–64 as shown in Fig. 15 for the resolution of
mandelic acid 7.

These same derivatives work remarkably well also for other resolutions
such as those of 65–67. Nonoptimalized results are summarized in Fig. 16.
The effects on the obtained diastereomeric excesses can be dramatic. For
example, the first resolution salts of 65 and 66 are obtained almost diastere-
omerically pure.

4
Conclusions

Simple explanations and applications of “Occam’s Razor” type of arguments
to Dutch Resolution in particular and resolutions in general should be re-
garded with skepticism. Complicated phenomena often have complicated ex-
planations. Family behavior and its relation to both nucleation inhibition and
solid solution behavior are key issues in Dutch Resolution. The tailor-made
additives of Lahav et al. are, of course, family members of the conglomer-
ates that undergo crystallization. The effects of these additives on the growing
crystal surface have been carefully defined by this group and Lahav and col-
leagues have clearly pointed out much of what is not known in the complex
process of nucleation and crystallization [25].

Probably the first example of family behavior was noted by Barton and
Kirby who found more than forty years ago that compounds with structures
similar to the material undergoing crystallization can influence the crystal-
lization [85–87]. In the early nineties Brock, Schweizer and Dunitz pointed
out that the crystallization of a single enantiomer may well be kinetically in-
hibited by the presence of its mirror-image molecule [88]. A theory has been
developed and tested for the effect of chiral impurities on the crystallization
of a conglomerate (the goal, of course, is to be able to direct crystallization of
racemates towards a conglomerate) [89, 90]. Arguments have been advanced
recently based on analysis of α-amino acids that the racemic crystal becomes
in general thermodynamically more stable as the “degree of chirality” of the
molecule increases [91].

Additives can stimulate rather than inhibit nucleation. Although the ex-
ample involves nonchiral molecules the freezing of water can be aided, rather
than retarded, by certain long-chain alcohols as additives. Detailed models
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at the molecular level have been developed to understand this [92, 93]. One
certainly wonders whether nucleation catalysts for diastereomeric salt reso-
lutions also could be found. The behavior of “negative inhibitors” like 22–25
(Fig. 13), which induce significantly poor resolutions, certainly deserve fur-
ther investigation as possible nucleation catalysts.

It has been observed that circular stirring in one direction can induce both
nucleation and spontaneous resolution [94, 95]. This phenomenon, in which
the chirality of the crystals formed is random, probably arises from secondary
nucleation effects caused by the stirring and is most likely unrelated to Dutch
Resolution.

Crystal growth and the effects thereon of chirality, including that of di-
astereomeric salt pairs, is complicated and does not readily lend itself to
calculational approaches [96] although from the study of well-designed crys-
talline systems some principles of chiral recognition may be derived [97].
Saigo et al. have recently presented a combination of calculational work
supported by crystallographic data on O-substituted phenylphosphonothioic
acids as resolving agents for amines. A molecular cluster that leads to prism-
type crystals seems to be essential for high degrees of chiral recognition [98].
Whether these results can be extrapolated to other systems is not known.

In Dutch Resolution there seems to be two major effects, namely formation
of solid solutions and nucleation inhibition. The major effects observed in nu-
cleation inhibition are with the more soluble rather than less soluble diastere-
omer. It may well be that “design” should be directed more towards what
does not precipitate rather than the salt that does precipitate even though this
seems counterintuitive.

In practical terms a classical Dutch resolution wherein several family
members of the resolving agent are used in equimolar quantities can be very
effective in the laboratory. Larger-scale application is in general less attractive
because of the problems associated with recovery of a mixture of resolving
agents. However, addition of a small amount of an inhibitor, the crux of nucle-
ation inhibition experiments, to a single resolving agent is far more attractive
from a technological standpoint. To all appearances a successful inhibitor
forms a solid solution with the more soluble diastereomer and barely affects
the less soluble diastereomer. For that reason the inhibitor is generally not, or
only barely found, in the precipitated salt. Recovery of the (single) resolving
agent becomes a far easier task.

But how does one find inhibitors [99]? We obviously need to screen a num-
ber of acidic and basic resolving agents to answer that question completely.
Such work is in progress. We believe that inhibitors are best found among the
family members of a resolving agent. It will probably be necessary to screen
several possible inhibitors to find an optimum. There is no guarantee that
a potent inhibitor for one racemate will be equally effective for another.

On the basis of results now in hand we suspect that polyfunctional com-
pounds may in general be quite effective inhibitors. Probably the inhibition
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we observe occurs to a great extent in the primary nucleation process. We
observe, for example, that relatively large amounts (3–6 mol % in our experi-
ence) are required whereas nucleation inhibition of crystal growth normally
proceeds with far lower concentrations. We have also found that “habit modi-
fiers” like 8a, known to inhibit the growth of specific crystal faces of the salt of
phenylethylamine 6a with mandelic acid 7, have little, if any, effect when used
as nucleation inhibitors under the conditions described in foregoing sections
(Scheme 4).

The understanding of diastereomeric resolutions in general as well as the
particular case of Dutch Resolution is far from complete. Some of the factors
involved are now apparent. Our hope is also that the reader will be convinced
that diastereomeric resolutions are practical and, owing to these new insights,
represent also an area of scientific challenge and opportunity.
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Abstract It is well known that optical resolution via crystallization is still a useful and
practical method for obtaining enantiomerically pure compounds for both laboratory ex-
periment and industrial production, although it is a classical technique discovered nearly
160 years ago. In particular, diastereomeric salt formation using a resolving agent (di-
astereomer method) has been well applied in various fields such as the pharmaceutical,
agrochemical, and liquid crystal industries. Despite these affluent reported and patented
examples, unfortunately no concrete theory to determine an optimum resolution condi-
tion has been devised, and only empirical procedures seem to provide a unique path in
process development. In this chapter, three novel approaches for optical resolution via di-
astereomeric salt formation are presented: (1) chiral purity improvement by crystal habit
modification with a tailored chiral additive; (2) a new approach for finding a suitable re-
solving agent based on the space filler concept; and (3) chirality control by dielectrically
controlled resolution.

Keywords Optical resolution · Crystal habit modification · Space filler ·
Dielectrically controlled resolution (DCR) · Diastereomeric salt formation

Abbreviations
ACL α-Amino-ε-caprolactam
bisPEA Bis(1-phenylethyl)amine
CHEA 1-Cyclohexylethylamine
DCR Dielectrically controlled resolution
de Diastereomeric excess
DMT 3-(Dimethylamino)-1-(2-thienyl)propan-1-ol
E Resolution efficiency
ee Enantiomeric excess
ε Solvent dielectric constant
MA Mandelic acid
ML Molecular length
MMT 3-(Methylamino)-1-(2-thienyl)propan-1-ol
MPRD 2-Methylpyrrolidine
MTBE tert-Butyl methyl ether
PEA 1-Phenylethylamine
PTE 1-Phenyl-2-(4-methylphenyl)ethylamine
TA Tartaric acid
TPA N-Tosyl-(S)-phenylalanine
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1
Introduction

To date, many new and attractive techniques for the production of enantiop-
ure compounds have been devised. Among these known chiral technologies,
optical resolution via diastereomeric salt formation is still a useful key tech-
nology to obtain enantiopure or diastereopure compounds in industrial-scale
production; nevertheless, it is old-fashioned technology discovered nearly
160 years ago by Pasteur [1, 2]. In fact, at the present time, it has been esti-
mated that more than half of the chiral drugs in the current pharmaceutical
market are produced by the diastereomeric salt formation method using
enantiopure resolving agent because of ease of operation and wide applica-
bility [3]. Currently, chiral key intermediates for important chiral drugs such
as indinavir (antiviral) [4–8], sertraline (antidepressant) [9–14], orlistat (an-
tiobsessional) [15–17], and duloxetine (antidepressant) [18–21] are widely
known to be efficiently produced by this method on an industrial scale. It
is believed at present that several tens of thousands of examples have been
reported so far.

Upon resolution process development, finding an optimum resolving agent
is the first concern for the chemist. Although various attempts have been
made by numerous researchers, a useful concrete theory to find a satisfactory
resolving agent has not yet been proposed [22, 23]. Therefore, it is unavoid-
able to carry out “trial and error” laboratory experiments.

We have been attempting to establish a simple and convenient method to
find optimum optical resolution conditions including resolving agent, and we
found three new technologies useful for the industrial-scale production of
enantiopure compounds. This chapter deals with our current research results
focused on control of the chiral molecular recognition mechanism.

2
Chiral Purity Improvement by Crystal Habit Modification
with a Tailored Inhibitor

2.1
Introduction

In general, the first purpose of research on resolution in the laboratory is
to find an optimum resolving agent for the target substrate and its combi-
nation with an optimum solvent. Thus, it is rarely concerned with the less-
soluble diastereomeric salt obtained as a product of the resolution reaction
between acidic and basic molecules. Practically, however, when resolution
conditions optimized in the laboratory are applied at an industrial scale, un-
expected scale-up issues are often observed: the solid–liquid separability of
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the salt from the mother liquor is a typical example arising from the salt
crystal shape. Unsuccessful separation remarkably affects the chiral purity
of the salt as a result of contamination with residual mother liquor contain-
ing undesired enantiomer. During process development of the resolution of
(RS)-1-phenylethylamine (PEA) with enantiopure mandelic acid (MA), we
encountered such a low salt separability that gave unexpectedly lower chiral
purity compared with that of laboratory data. This scale-up issue has been
solved by controlling the crystal habit modification of the salt to give an eas-
ily separable shape with a chiral additive derived from its resolution system
without any deterioration in industrial operation.

2.2
Causes of Lower Chiral Purity of the Diastereomeric Salt

Solid–liquid separation is the most influential step for reproducing the chi-
ral purity of the salt in optical resolution and for operational efficiency on
a large scale, such as industrial production. In the case of the salt being thin
plates, in general, solid–liquid separation by centrifuge becomes very diffi-
cult, because the crystals become arranged perpendicularly to the centrifugal
force, resulting in contamination with a considerable amount of the mother
liquor (Fig. 1). The optical purity of the obtained diastereomers therefore be-
comes lower than that expected from the actual diastereomeric composite. In
such a case, it is desired to change the shape of the crystals into a more easily
separable one by some habit modification.

Lahav et al. have extensively studied the habit modification of amino acids
by the coexistence of a structurally similar additive [24–26], and applied that
habit modification to the determination of their absolute configurations [27].
They proposed a two-step mechanism involving “binding” and “inhibition”
for this habit modification [26].

It is widely known that PEA can be resolved with enantiopure MA via
diastereomeric salt formation in industrial-scale production [28–31]. How-

Fig. 1 Crystal arrangement in a centrifuge [34]
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Scheme 1 Resolution of (RS)-PEA with (R)-MA

ever, the optical purity of the PEA obtained was not stable (97–99% ee),
whereas more than 99% ee has been steadily obtained in the laboratory
(Scheme 1).

In order to clarify this unexpected fact, the manufacturing conditions were
carefully reviewed. As a result, it was found that the crystal shape of the salt
was variant (thin long hexagonal and thick hexagonal), and the thin long
crystal shape caused difficulties in separating mother liquor containing un-
desired enantiomer (Fig. 2). Moreover, it was found that long thin hexagonal
plates were crystallized when fresh (newly produced) racemic PEA was used,
whereas thick hexagonal crystals were obtained when racemized PEA was
mainly used. This observation indicates that some impurities in the racem-
ized PEA affected the crystal shape of the salt.

Fig. 2 Crystal shapes of less-soluble salt composed of PEA and MA [33]

2.3
Effective Chiral Additive

In order to find a key substance (effective impurity), the resolution process
was investigated. As a result, Schiff base and sec-amine were found as impu-
rities derived from the racemization step using alkali metal catalyst (Fig. 3).
These impurities were chromatographically isolated and they were added
individually to the resolution reaction. It was found that only sec-amine (bis-
PEA) affects crystal habit modification to give thick hexagonal salt crystals.
However, sec-amine has three stereoisomers, (R,R), (RS), and (S,S), based on
two chiral centers. These stereoisomers were individually synthesized and
added to the resolution reaction. The test results are summarized in Table 1.
It was found that the stereochemistry of bis-PEA dramatically affected the
morphological change of the less-soluble salt. Moreover, the presence of a co-
existing salt was also influential for realizing morphological change of the salt
crystals.
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Fig. 3 Resolution process of PEA with enantiopure MA [34]

Table 1 Effective additive for morphological change of (R)-PEA:(R)-MA salt [33]

Entry Additive Concentration Coexisting Morphological
(mol%) of less- salt change a

soluble salt

1 (R,R)-bisPEA·HCl 0.007 PEA ·HCl A
2 (RS)-bisPEA·HCl 0.29 PEA ·HCl A
3 (S,S)-bisPEA·HCl 1.00 PEA ·HCl U
4 (R,R)-bisPEA·HCl 1.00 None U
5 (RS)-bisPEA·HCl 1.00 None U
6 (S,S)-bisPEA·HCl 1.00 None U
7 (R,R)-bisPEA·HCl 0.05 Benzylamine · HCl A
8 (R,R)-bisPEA·HCl 0.05 Ethylamine · HCl A
9 (R,R)-bisPEA·HCl 0.05 NH4Cl A

10 (R,R)-bisPEA·HCl 0.05 NaCl A
11 (R,R)-bisPEA·HCl 0.05 AcONH4 A
12 (R)-N-BnPEA·HCl 2.41 PEA ·HCl U
13 Diethylamine·HCl 0.50 PEA ·HCl U

a A and U mean the formation of affected hexagonal crystals and unaffected long hex-
agonal crystals, respectively
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As shown in Table 1, it was found that sec-amine (bis(1-phenylethyl)amines;
bisPEA), having at least one of the same absolute configurations of PEA in
the less-soluble diastereomeric salt, was effective in producing thick crystals.
If the target less-soluble salt is (R)-PEA:(R)-MA, the effective concentra-
tions of (R,R)- and (RS)-bisPEA are 0.007 and 0.29 mol %, respectively, to the
racemic substrate (RS)-PEA existing in the resolution reaction. None of the
other compounds, such as (S,S)-bisPEA, (R)-N-benzyl-1-phenylethylamine,
and diethylamine, was effective at all. These results revealed that crystal habit
modification with a chiral additive is extremely structure specific and stere-
ospecific to the target substrate.

2.4
Crystal Habit Modification Mechanism

2.4.1
Determination of Crystal Growth and Inhibition Directions

In order to determine the directions of crystal growth and inhibition, the an-
gles of the affected and unaffected crystals were measured microscopically.
Model shapes are shown in Fig. 4. The obtuse angle (α) and the acute angle
(β) in both affected and unaffected crystals were measured by a protractor
using 20 crystals shown in micrographs. It was found that the angles α and
β observed in both crystals were perfectly identical (α = 128◦ and β = 103◦).
This means that the longest axis of the unaffected crystal was shortened by
inhibition. In other words, the direction of crystal growth inhibition by the
additive was determined to be the longest axis of the unaffected crystal. These
crystal angles were demonstrated to be identical to the angles calculated by
crystal parameters obtained in the X-ray crystallographic analysis indicated
in the following Sect. 2.4.2. That is, this inhibition direction by the additive
was proved to be along the crystallographic b-axis.

Fig. 4 Schematic crystal morphology of the less-soluble diastereomeric salt in the reso-
lution of (RS)-PEA with enantiopure MA [34]
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2.4.2
Crystal Structure of (R)-PEA:(R)-MA Salt

The crystal structure of the less-soluble diastereomeric salt (R)-PEA:(R)-MA
obtained in the resolution of (RS)-PEA with (R)-MA from the resolution sol-
vent (water) was determined by X-ray crystallographic analysis [32]. The
crystal structure is indicated in Fig. 5.

As shown in Fig. 5, hydrogen-bonding networks were observed only on
the plane composed of crystallographic b–c-axes. No hydrogen-bonding con-
nection was observed along the a-axis: this means that the thickness of the
crystal is along the a-axis. Molecules of PEA and MA are individually aligned
along the b-axis and make single-molecule layers by using hydrogen bonds.
Molecules of MA bind to each other by O – H · · · O hydrogen bonds to make
rigid layers along the b-axis. The molecule PEA seems to be sandwiched by
N – H · · · O and O – H · · · N hydrogen bonds between two layers of MA from
the crystallographic + c and – c sides, making a 21 column. Accordingly, it
is considered that the PEA molecule is unequivocally recognized by a cavity
made of these MA layers. Since high chiral purity (R)-PEA (> 99% ee) is ex-
clusively recognized with (R)-MA during resolution, the cavity composed of
MA layers must play a major role in recognizing (R)-PEA.

A crystal lattice is shown in Fig. 5. Crystal angles were calculated from
the crystal data obtained. The obtuse angle (α) and the acute angle (β)

Fig. 5 Crystal shape and structure of (R)-PEA:(R)-MA salt viewed along the a- and
b-axes [33, 34]
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were α = 129◦ and β = 101◦, respectively, and they were perfectly identical to
those observed by the direct observation of the salt crystals with a protrac-
tor (Sect. 2.4.1). These results clearly suggest that the crystal growth direction
is along the b-axis. In other words, it is certain that the cavity composed of
MA layers along the b-axis recognizes oncoming (R)-PEA along the b-axis. At-
tached (R)-PEA makes two hydrogen bonds with two molecules of (R)-MA
located on the + c and – c-axes. Primary amine (R)-PEA attached to the crys-
tal surface can bind an oncoming MA molecule with its residual hydrogen
bonding hand. The crystal grows this way.

2.4.3
Crystal Habit Modification Mechanism

The less-soluble diastereomeric salt, (R)-PEA:(R)-MA, is obviously inhibited
by a chiral additive along the b-axis which is the fastest growth direction.
It is also clear that crystal growth inhibitors are the secondary amines, hav-
ing at least one of the same absolute configurations of PEA composed of the
less-soluble salt. On the basis of these facts, a crystal habit modification mech-
anism by chiral additive was proposed as shown in Fig. 6.

sec-Amine ((R,R)-bisPEA) having the same absolute configuration is
recognized by the chiral cavity composed of (R)-MA layers as if it is
(R)-PEA. Since the sec-amine has only two hands for making hydrogen
bonds, it has not sufficient ability to bind the oncoming MA molecule for
the next layer along the b-axis. Therefore crystal growth along the b-axis
is inhibited.

Fig. 6 Molecular recognition of (R)-PEA and (R,R)-bisPEA by (R)-MA in the less-soluble
diastereomeric salt [34]
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2.5
Application of Crystal Habit Modification
to Industrial Resolution Process

Chiral purity improvement of the less-soluble diastereomeric salt was ini-
tiated from observation of the facts in plant production. For the purpose,
adding a recrystallization step is one of the solutions without doubt. How-
ever, an increase in the number of steps usually causes a decrease of efficiency
in industrial-scale production. Therefore, an improvement of crystal shape
so that it can be easily separated from the mother liquor is a better solution
for this issue. On the other hand, racemization of the undesired substrate is
one of the essential techniques for realizing the economical process. Racem-
ized substrate is usually recycled to the next batch as a part of the raw
material. In the racemization step, it is better to minimize decomposition
and/or side reactions. Racemization of PEA by using Na, NaH, NaNH2, or
Al2O3 – NaOH – K is widely known. However, there was no information on
by-products in the racemazation reaction. NaH (60% dispersion) was selected
as a racemization catalyst and the reaction conditions (temperature and time)
were optimized to obtain enough bisPEA to lead to crystal habit modifica-
tion (bisPEA content 0.1–3.0%) without an excessive decomposition reaction.
Racemized PEA containing a sufficient amount of bisPEA is recycled to the
next batch as a part of the raw material (RS)-PEA. Since this new method-
ology has been applied in the actual production process, the optical purity
of enantiopure PEA has been well stabilized. Detailed crystal habit modifi-
cation mechanisms of the phenomenon [33, 34] and its application to other
compounds [35] are reported in the literature.

3
A New Approach for Finding a Suitable Resolving Agent:
Space Filler Concept

3.1
Introduction

In general, the first research target for optical resolution is without doubt to
find an optimum resolving agent, and various researchers have been trying
to establish a quick methodology to find it. For example, Borghese et al. have
proposed an efficient, fast screening methodology to find a resolving agent
on the basis of the eutectic composition and its solubility of the salt [36].
Dyer et al. have also proposed a new methodology based on thermal analyses
of the diastereomeric salts [37]. However, these methodologies need a num-
ber of experiments to collect basic physicochemical data, prior to applying
them to the target resolution. On the other hand, Kellogg et al. offered a new
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quick methodology named “Dutch resolution” using a structure-related fam-
ily of resolving agents in one resolution experiment [38–40]. This method
gives a remarkably rapid result in a survey of the suitable resolving agents.
However, there is an unavoidable drawback that the target stereoisomer is
not always crystallized with a single resolving agent; a multicomponent salt
is favorably crystallized in some cases. On the other hand, Saigo et al. have
tried to demonstrate the molecular recognition between racemic substrate
and resolving agent during salt crystallization by three functions: relative mo-
lecular lengths, CH–π interactions, and van der Waals interactions between
resolving agent and racemic substrate [41–45]. They successfully designed
tailor-made resolving agents for the given target substrates, although these
specially tailored resolving agents are usually very costly and had to be given
up in industrial-scale production for economic reasons. Regrettably, the num-
ber of economical and readily available resolving agents is still limited in the
present market. Therefore, we should consider how the readily available re-
solving agents in hand can be aptly used in various resolution targets.

As described above, various methodologies have been proposed, but no
concrete theory to find the optimum resolving agent has yet been proposed.
We have investigated a molecular structure relationship between resolving
agents and racemic substrates for both successful and unsuccessful resolution
results, and devised one facile procedure for finding a suitable resolving agent
for the target substrate [46–48]. On the basis of this finding, we contrived
a new methodology, the “space filler concept”, for realizing the most essen-
tial factor for obtaining successful resolution, the closest packing in a crystal
lattice of the less-soluble salt. In this section, the original concept of the space
filler and its application to one of the pharmaceutical intermediates are pre-
sented.

3.2
Molecular Size and Resolution Results

In optical resolution via diastereomeric salt formation, amine and acid
molecules recognize each other by various interactions based on their mo-
lecular structures and functional groups. During salt crystallization, these
molecules arrange in order and pack as tightly as possible by using hydro-
gen bonds, CH–π interactions, and van der Waals interactions to realize the
closest packing in the crystal lattice. In the salt crystal, functional groups of
amine and acid molecules are facing each other to form a hydrophilic layer
along the 21 column constructed with hydrogen-bonding networks, as ob-
served in the literature [41–48]. In order to learn the effect of relative molecu-
lar size between racemic substrate and resolving agent, we have investigated
a correlation between relative molecular length and resolvability in a series
of resolution systems between 1-aryl-1-alkylamines and 2-hydroxycarboxylic
acids (Fig. 7).
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Fig. 7 The 1-aryl-1-alkylamines and 2-hydroxycarboxylic acids studied [48]

Molecular length (ML) is determined by counting the number of heavy
atoms along the bond connection from the α-atom to the far side of
the molecule (Fig. 8). For example, the ML of mandelic acid (Fig. 8b) is
determined to be “5”. A molecule with a p-substituent is continuously
counted from the end of the phenyl group; in the case of p-methoxy-1-
phenylethylamine, the ML is determined to be “7”. Some resolution results
were evaluated based on the difference of molecular lengths between resolv-
ing agent and racemic substrate. The evaluation results are summarized in
Table 2.

Fig. 8 Counting of molecular lengths [46, 48]
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Table 2 Relation between relative molecular length and resolvability [48]

Entry Race- Resolving Resolvability Difference of Symmetry of Refs.
mate agent Yield a de b Level c molecular p-substituent e

% % length d

1 1 13 76 99 A 0 Y [49]
2 2 13 71 100 A 0 Y [50]
3 5 13 69 81 B 0 Y [50]
4 3 13 94 12 F 0 Y [50]
5 6 13 70 99 A 0 Y [51]
6 4 13 88 4 F 1 Y [50]
7 7 13 85 0 F + 2 N [48]
8 8 13 80 – B + 2 Y [56]
9 9 13 34 3 F + 1 Y [48]

10 10 13 81 92 A 0 Y [48]
11 11 13 74 97 A 0 Y [52]
12 12 13 82 100 A 0 Y [53]
13 4 14 77 85 B – 1 Y [54, 55]
14 7 14 98 54 C 0 N [48]
15 13 1 80 75 B 0 Y [48]
16 14 1 108 – F – 2 Y [48]
17 14 4 58 81 B – 1 Y [57]
18 14 10 Oil F – 2 Y [48]
19 15 1 92 – B 0 Y [58]
20 16 1 44 – B 0 Y [59]

a Calculated based on a half amount of racemate
b Based on enantiomeric purity of the target amine or acid in the salt
c Level of resolution: A ≥ 90% ee, 70≤ B < 90% ee, 50 ≤ C < 70% ee, F < 50% ee or im-

possible to resolve
d Difference of molecular length = Amine – Acid molecule
e p-Substituent of amine molecule: symmetrical = methyl, chloro, iso-propyl; unsymmet-

rical = methoxy

In Table 2, the resolvability (degree of resolution of the target enantiomer)
is roughly classified into four levels based on the chiral purity of the target
substrate in the deposited salt as follows: A ≥ 90% ee, 70 ≤ B < 90% ee, 50
≤ C < 70% ee, F < 50% ee or not resolved. We have mainly focused on the
chiral purity of the salt crystal deposited as the first crop. The difference in
molecular lengths is indicated as a subtracted number of “Acid – Amine”.
If the acid molecule is one heavy atom longer or shorter than the amine,
the difference of molecular lengths is determined to be + 1 or – 1, respec-
tively. The symmetry of the p-substituent of the aryl group is indicated in
terms of the two-dimensional symmetry written on paper, and is not three-
dimensionally concerned. From the data shown in Table 1, the following six
rules were collected. Rules 1–5 are applied to the resolution of a racemic
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amine with enantiopure acid; Rule 6 is applied to the resolution of a racemic
acid with enantiopure amine:

1. If the molecular lengths of acid and amine are equal, optical resolution is
expected to be successful (entries 1–5).

2. The m-substituent of the aryl group will not affect resolvability up to the
methoxy group (entry 2).

3. When the molecular length of the amine is one heavy atom longer than
that of the acid, moderate efficiency may be expected (entry 6).

4. If the p-substituent is two-dimensionally symmetrical (such as isopropyl),
moderate efficiency may be expected (entry 7); nevertheless there is con-
siderable difference of molecular lengths (entries 8–11).

5. If the four rules shown above are inconsistent in the intended resolution
system, resolution will be unsuccessful or expected to give lower a effi-
ciency.

6. In the resolution of racemic acid with enantiopure amine, the chiral pu-
rity of the acid in the salt is expected to be lower than that of the opposite
resolution case (resolution of racemic amine with enantiopure acid; en-
tries 12–17).

The chiral purity of molecule 13 in the salt obtained in the resolution of
(RS)-13 with enantiopure 1 (entry 12) is lower than that in the opposite case,
the resolution of (RS)-1 with enantiopure 13 (entry 1). This finding can be ex-
plained on the basis of the hydrogen-bond ability of the OH group of acid 13.
It is known that racemic 13 and enantiopure 13 have different crystal struc-
tures [60, 61]; molecules of racemic 13 arrange much more tightly among
(R)- and (S)-stereoisomers to form a rigid three-dimensional hydrogen-bond
network, whereas molecules of enantiopure 13 can only arrange on the two-
dimensional sheetlike hydrogen-bond network, and tend to form a chiral
layer. Chiral recognition by chiral amine 1 is interrupted by an interaction
based on O – H · · · O hydrogen bonding between 13 molecules, since the
O – H · · · O hydrogen bond is much stronger than the N – H · · · O bond. As
a result, the chiral purity of 13 becomes lower than that of the opposite reso-
lution system, resolution of (RS)-1 with enantiopure 13.

Although the resolution examples shown here are limited to clearly
demonstrate chiral discrimination between racemic substrate and resolving
agent, it is apparently revealed that molecular length is a very important
factor for rationally choosing a resolving agent.

3.3
Space Filler Concept

In order to demonstrate a role of relative molecular length between racemic
substrate and resolving agent during salt crystallization in optical resolution,
typical molecular arrangements of the less-soluble diastereomeric salt crys-
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Fig. 9 Typical molecular arrangement in the diastereomeric salt crystal and concept of
space filler [70]

tals are schematically depicted in Fig. 9a, on the basis of various crystal
structures of the diastereomeric salts in the literature [41–45, 51, 62, 63].

If the molecular lengths of base and acid are the same or closely similar
(Fig. 9a), the outer surface of the column becomes smooth and flat (planar
surface). In such a case, the salt crystal is usually precipitated with high chiral
purity (Fig. 9a), while molecules are packed tightly and the closest packing is
realized. On the other hand, if the molecular lengths of base and acid differ
from each other (Fig. 9b), the outer surface of the column becomes uneven
(nonplanar surface). In such a case, the closest packing will generally not be
realized due to empty spaces caused by the difference in molecular length,
and the chiral purity of such a salt crystal is usually racemic or lower than
that of the other case crystallized with a planar surface, even if it is crystal-
lized. These critical molecular arrangements and molecular packing indicate
that the relative length between amine and acid molecules must play a key
role in the determination of chiral discrimination during optical resolution.
This observation prompted us to devise a new approach for realizing the clos-
est packing by compensating an empty space with a protic additive (Fig. 9c).
In other words, the closest packing can be realized if the empty space is ef-
fectively filled with an additive of appropriate length, as shown in Fig. 9c.
This idea was applied to our challenge of producing a new pharmaceutical
intermediate for an antidepressant.

3.4
Resolution of MMT

Duloxetine (LY-248686), (S)-(+)-N-methyl-3-(1-naphthyloxy)-3-(2-thienyl)-
propylamine, has been expected to be not only a new potent antidepres-
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sant but also a norepinephrine (NE) reuptake inhibitor, a 5-HT (serotonin)
reuptake inhibitor, and a new treatment drug for stress urinary inconti-
nence [64]. In order to produce a key enantiopure intermediate for the
synthesis of duloxetine, various strategies have been proposed, and optical
resolution of the dimethylamine, 3-(dimethylamino)-1-(2-thienyl)propan-1-
ol (DMT), with (S)-mandelic acid (MA), a commercially readily available
resolving agent, via diastereomeric salt formation was chosen for industrial
production [65, 66]. However, because of the critical problems such as low
yield and considerable impurities that arose from the final demethylation
step, a direct synthesis using the monomethylamine, 3-(methylamino)-1-(2-
thienyl)propan-1-ol (MMT), was expected to provide a new intermediate for
the production of duloxetine (Fig. 10). However, at that time, resolution of
(RS)-MMT had not been fulfilled by anyone, although the molecular struc-
tures of DMT and MMT were basically the same based on a sense of the
molecular length.

Thus, we at first tried to resolve (RS)-MMT under the identical condi-
tions applied in the resolution of (RS)-DMT by using (S)-MA as a resolv-
ing agent (Scheme 2) and methyl tert-butyl ether (MTBE) or MTBE/EtOH

Fig. 10 Duloxetine, its chiral intermediates (DMT and MMT), and resolving agent [68]

Scheme 2 Resolution of (RS)-MMT with (S)-MA
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Fig. 11 Molecular lengths based on the space filler concept [46]

as a solvent, which is favorable in the resolution of (RS)-DMT with (S)-
MA, but no crystals were obtained at all. Therefore, we decided to apply
our new space filler concept to obtain salt crystals by using the same re-
solving agent, (S)-MA. The molecular lengths of MMT and MA are 6 and
5, respectively (Fig. 11). According to the space filler concept, an appropri-
ate protic molecule to fill a space arising from the difference of molecular
lengths is determined to be water molecule having one heavy atom, based on
the calculation of MMT(6)–MA(5). Thus, resolution solvents have been opti-
mized using water and water-containing solvents. As a result, we successfully
found that n-butanol containing 2 equivalents of water gave the monohy-
drated salt with the highest resolution efficiency [67–72]. These results sug-
gest that water molecules would play a key role in making the less-soluble
salt crystal as a result of the close packing of (S)-MMT, (S)-MA, and water
molecules.

3.5
Space Filler Concept for Finding Optimum Resolving Agent

Finding an optimum resolving agent for the given target racemate is the
first concern for research on optical resolution via diastereomeric salt forma-
tion. Despite various methodological challenges, a rational approach for the
prediction of a resolving agent suitable for industrial-scale production has
not yet been fully proposed. We investigated a relationship among success-
ful and unsuccessful resolution results and found that the relative molecular
lengths of racemic substrate and resolving agent are an important factor for
realizing the planar outer surface of the 21 column to give successful salt
crystals with high chiral purity. Based on the findings, we devised the space
filler concept which is targeted to compensate an empty space arising from
the difference in molecular lengths (ML) of racemic substrate and resolving
agent to give the closest packing of the salt crystals. Namely, if the molecu-
lar length of the resolving agent is identical to that of the racemic substance,
resolution is expected to be successful. In contrast, if the difference in mo-
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lecular length between the resolving agent and the racemic substrate is one
or more, this difference can be compensated with a protic solvent such as wa-
ter (ML = 1) or methanol (ML = 2) or other protic solvent such as alcohol
(ML > 3). On the basis of this concept, the resolution conditions of (RS)-3-
(methylamino)-1-(2-thienyl)propan-1-ol (MMT; ML = 6) with (S)-mandelic
acid (MA; ML = 5) were designed and succeeded in obtaining the monohy-
drated less-soluble diastereomeric salt by filling an empty space (ML = 1)
arising from the difference of molecular lengths of MMT and MA, with the
water molecule (ML = 1) as a space filler. The present concept is the first
rational design procedure for optimizing optical resolution conditions in-
cluding both resolving agent and solvent. The space filler concept may not
be universal for all resolution systems, but it is certain that the number
of resolution experiments can be minimized if this concept is considered
prior to experiment. Moreover, this methodology may be useful in crys-
tal engineering for tailor-made crystallization of both chiral and/or achiral
compounds.

4
Chirality Control by Dielectrically Controlled Resolution
with a Single Resolving Agent

4.1
Introduction

The diastereomeric salt formation method using a resolving agent as a chiral
selector is one of the most useful methods for obtaining a target stereoisomer
from its racemic mixture [22, 23]. Since it is generally assumed that a specific
chiral selector acts only on one of the stereoisomers, the opposite stereoiso-
mer must be recognized by the enantiomorph of the chiral selector. It seems
that there is no way to change this one-to-one situation from the viewpoint
of general resolution chemistry. Recently, however, we have accidentally dis-
covered quite an unusual phenomenon which means we should reconsider
the common sense on chiral discrimination. The specific chiral selector not
only can recognize both enantiomers individually to be deposited as the less-
soluble salt from the different solvent, but also can control the diastereomeric
excess (% de) of the less-soluble diastereomeric salt by simply adjusting the
dielectric constant (ε) of the solvent used. This phenomenon was named di-
electrically controlled resolution (DCR). In this chapter, DCR phenomena
observed in four cases of optical resolution of racemic amines with enantiop-
ure acids as resolving agents are presented (Fig. 12). A strategic resolution
process based on the DCR phenomenon is also described. Detailed molecular
mechanisms of the DCR phenomena observed in the four resolution systems
are described in the chapter by Sakai et al. (in this volume) [73].
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Fig. 12 Resolution system showing DCR phenomenon

4.2
DCR Phenomenon

Resolution experiments were performed under overhead stirring without
seeding in order to avoid the occurrence of preferential crystallization with
specific seed crystals. An equimolar resolving agent was used to the tar-
get racemate and the solvent weight was determined by the solubility of
the solid substances at 50 ◦C in each resolution experiment. Components,
chiral purities, and absolute configurations of the salts obtained were de-
termined by elemental, chiral HPLC, and X-ray crystal structure analyses,
respectively.

4.2.1
Resolution of (RS)-ACL with (S)-TPA

The DCR phenomenon was discovered during the resolution process develop-
ment of (RS)-α-amino-ε-caprolactam (ACL) with N-tosyl-(S)-phenylalanine
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Scheme 3 Resolution of (RS)-ACL with (S)-TPA

(TPA) as a resolving agent (Scheme 3). Surprisingly, it was found that the chi-
rality of the target substrate deposited as the less-soluble diastereomeric salt
varied depending on the solvents, as shown in Table 3. These data seemed
to indicate that only MeOH was effective for obtaining the (S)-stereoisomer,
whereas the (R)-stereoisomer was obtained from water, EtOH, and 2-PrOH,
although the chiral purities were lower.

In order to rationalize this unusual phenomenon, various physicochemical
properties of solvents were examined. As a result, it was found that a change
in the chirality and chiral purity of the salt obtained was aligned with the
dielectric constant (ε) of the solvent used. Resolution experiments were ex-

Table 3 Resolution of (RS)-ACL with (S)-TPA in alcohol–water solvents a [77]

Entry Solvent b Solvent weight Yield c Diastereomeric Resolution Absolute
(vs (RS)-ACL) (%) excess efficiency configu-
(w/w) (% de) E (%) ration

1 MeOH 10 30 93 56 S
2 60% MeOH 11 9 95 17 S
3 45% MeOH 8 48 3 3 S
4 35% MeOH 6 16 13 4 R
5 10% MeOH 19 37 35 26 R
6 EtOH 32 68 7 10 R
7 90% EtOH 15 60 10 12 S
8 81% EtOH 12 24 99 48 S
9 2-PrOH 50 64 32 41 R

10 89% 2-PrOH 11 59 29 34 R
11 Water 18 30 28 17 R

a Resolving agent (S)-TPA/(RS)-ACL = 1.0 (molar ratio)
b Mixed solvents are indicated by alcohol contents in weight %
c Yield is calculated based on (RS)-ACL
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Fig. 13 Resolution of (RS)-ACL with (S)-TPA only by changing solvent: relation between
diastereomeric excess (de %) and dielectric constant of solvent [78]

tended to cover the full range of ε values (5–78). The experimental results are
summarized in Table 4. The relation between ε and chirality/chiral purity of
the salt is depicted in Fig. 13 [74–78].

As can be seen from Fig. 13, the (S)-salt mainly containing (S)-ACL was
deposited as the less-soluble diastereomeric salt from the solvents with a rela-
tively medium range of dielectric constant (29 < ε < 58), such as 45–100%
MeOH, 70–90% EtOH, DMSO, DMF, etc. On the other hand, the (R)-salt
mainly containing (R)-ACL was deposited as a less-soluble diastereomeric salt
from the solvents with an outer ε range for (S)-ACL: ε < 27 such as EtOH,
85–100% 2-PrOH, and EDC, or ε > 62 such as 30% EtOH, 10–35% MeOH, or
water. From the X-ray crystallographic analyses of these crystals, it was found
that they were (S)-ACL:(S)-TPA:H2O and (R)-ACL:(S)-TPA, respectively. That
is, the water molecule has played a key role in changing the molecular recog-
nition system.

4.2.2
Resolution of (RS)-PTE with (S)-MA

The DCR phenomenon was also observed in the resolution system of (RS)-
1-phenyl-2-(4-methylphenyl)ethylamine (PTE) as a substrate to be resolved
and (S)-MA as a resolving agent (Scheme 4). At first, we examined six sorts
of alcohols from C1 to C4 (dielectric constant ε = 16–33) and water (ε = 78)
as the resolution solvent, while an equimolar resolving agent (S)-2 was
used to the racemate (RS)-PTE. The resolution results are summarized in
Table 5 [79].
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Table 4 Resolution of (RS)-ACL with (S)-TPA in various solvents [78]

Entry Solvent Dielectric Solvent weight a Yield de Absolute Resolution
constant (vs (RS)-ACL) % b % config. efficiency
(ε) (w/w) R/S (E) c

1 Chloroform 5 7 24 69 R 33
2 EDC 11 6 44 61 R 54
3 MIBK 13 45 63 41 R 52
4 2-PrOH 18 50 65 32 R 42
5 EtOH 24 32 70 7 R 10
6 89% 2-PrOH 25 11 60 29 R 35
7 85% 2-PrOH 27 10 55 22 R 24
8 90% EtOH 29 15 63 10 S 13
9 MeOH 33 10 32 93 S 60

10 81% EtOH 34 12 25 99 S 50
11 95% MeOH 35 16 16 92 S 29
12 DMF 37 27 28 90 S 50
13 74% EtOH 38 14 13 100 S 26
14 1,2-Ethanediol 39 43 38 99 S 75
15 DMSO 49 32 20 96 S 38
16 60% MeOH 51 11 10 95 S 19
17 55% MeOH 53 5 42 25 S 21
18 45% MeOH 58 8 49 3 S 3
19 30% EtOH 62 10 45 6 R 5
20 35% MeOH 63 6 16 13 R 4
21 10% MeOH 74 19 38 35 R 27
22 Water 78 18 31 28 R 17

a Solvent volume is a minimum volume to obtain a clear solution at 50 ◦C except for the
case using 74% EtOH

b Yield is calculated based on (RS)-ACL
c Resolution efficiency (E, %) = yield (%) × diastereomeric excess (% de) × 2/100

As can be seen from Table 5, the chirality of the less-soluble diastere-
omeric salt crystallized was variable depending on the solvent. Namely, the
(R)-PTE:(S)-MA salt was crystallized with relatively higher diastereomeric ex-
cess (de %) and resolution efficiency (E) from nonbranched alcohols such
as 1-butanol, 1-propanol, and ethanol (Table 5, entries 2, 4, and 5) except
from methanol, which is the very basic nonbranched alcohol. The (RS)-
PTE:(S)-MA salt was crystallized from branched alcohols such as 2-butanol
and 2-propanol, and from methanol (Table 5, entries 1, 3, and 6). On the other
hand, to our surprise, the (S)-PTE:(S)-MA:H2O salt was crystallized only
from water, although the water weight was unpractical for industrial-scale
production (Table 5, entry 7). The resolution results obtained from various al-
cohols obviously reveal that the molecular recognition between PTE and MA
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Scheme 4 Resolution of (RS)-PTE with (S)-MA

Table 5 Resolution of (RS)-PTE with (S)-MA in alcohols and water [79]

Entry Solvent ε Solvent weight de R/S Yield c E d

vs (RS)-PTE a % b

(w/w)

1 2-BuOH 16 47 1 RS 55 4
2 1-BuOH 17 18 92 R 25 46
3 2-PrOH 18 49 1 RS 54 1
4 1-PrOH 22 21 23 R 23 11
5 EtOH 24 12 96 R 16 31
6 MeOH 33 4 0 RS 27 0
7 Water 78 228 98 S 24 47

(S)-MA/(RS)-PTE = 1.0 molar ratio
a Solvent weight was determined by the solubility of the solid substances at 50 ◦C
b Diastereomeric excess (% de) = [A – B] ×100/(A + B), where A and B are both dia-

stereomers
c Calculated based on (RS)-PTE
d Resolution efficiency (E, %) = yield (%) × diastereomeric excess (% de) × 2/100

molecules has been affected by the solvent molecular structures. Although
the function of the solvent molecular structure is not yet clear, a crowded
solvent association state structured by the branched alcohols may spoil the
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Table 6 Resolution of (RS)-PTE with (S)-MA in various alcoholic solvents [79]

Entry Solvent Alcohol ε Solvent de % b R/S Yield c E d

concen- weight vs
tration (%) (RS)-PTE a

(w/w)

1 2-BuOH 100 16 47 1 RS 55 2
2 92 22 19 96 S 37 71
3 85 25 16 98 S 34 66
4 75 32 11 96 S 37 71
5 65 38 9 97 S 36 69
6 1-BuOH 100 17 18 92 R 25 46
7 99 18 16 19 R 42 16
8 2-PrOH 100 18 49 1 RS 54 1
9 95 21 20 42 S 45 38

10 82 29 12 95 S 38 72
11 70 36 12 97 S 39 76
12 60 42 13 97 S 37 71
13 45 51 16 65 S 48 62
14 15 69 100 48 S 51 48
15 1-PrOH 100 22 21 23 R 23 11
16 92 26 7 48 S 53 51
17 83 32 6 96 S 34 67
18 75 36 6 97 S 37 71
19 50 50 9 98 S 36 70
20 25 64 28 97 S 40 76
21 EtOH 100 24 12 96 R 16 30
22 95 27 10 28 S 38 21
23 90 29 7 35 S 47 33
24 85 32 8 68 S 41 56
25 74 38 10 99 S 34 67
26 60 46 11 66 S 44 58
27 50 51 13 48 S 59 50
28 30 62 39 36 S 65 36
29 16 69 120 98 S 34 67
30 MeOH 100 33 4 0 RS 27 0
31 86 39 3 18 S 56 20
32 70 47 6 39 S 56 43
33 44 58 34 68 S 44 60
34 20 69 100 95 S 34 65
35 Water 0 78 228 98 S 24 47

(S)-MA/(RS)-PTE = 1.0 molar ratio
a Solvent weight was determined by the solubility of the solid substances at 50 ◦C
b Diastereomeric excess (% de) = [A - B] ×100/(A + B), where A and B are both dia-

stereomers
c Calculated based on (RS)-PTE
d Resolution efficiency (E, %) = yield (%) × diastereomeric excess (% de) × 2/100
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chiral discrimination ability of the (S)-MA molecule to PTE molecules. In
other words, the solvent association state structured by the nonbranched al-
cohol with less steric hindrance may enhance the discrimination ability of
(S)-MA. The result from methanol may be exceptional because of its specific
physicochemical properties compared with those of other alcohols. Moreover,
the fact that the opposite chirality (S)-PTE was crystallized only from water
indicates that the water molecule plays a distinctive role in the chiral discrim-
ination of (S)-MA to (S)-PTE, as observed in the ACL–TPA resolution system.
These facts unequivocally suggest that the chirality and chiral purity of PTE
could be controlled by using a mixed solvent of alcohols and water; it can be
expected that the chirality and chiral purity of the target substrate PTE in the
salt will be inclined to the (S)-enantiomer side according to the increase in
water content. In particular, ethanol and its mixture with water are expected
to be successful in obtaining both enantiomers of PTE only by controlling
the water content, since ethanol and water gave (R)-PTE and (S)-PTE with
relatively higher chiral purities, respectively.

Next, we examined various mixed solvents of alcohol and water as the
resolution solvent (ε = 16–78). Each alcohol was added to water as long as it
gave a homogeneous clear solution at ambient temperature. Concentrations
of 1-butanol and 2-butanol were limited and the maximum concentrations
were 99 and 65%, respectively, whereas other alcohols were completely misci-
ble with water at any concentration. The resolution results are summarized in
Table 6. In order to efficiently display and compare the resolution results ob-
tained from different solvents, the trends of the chirality changes are depicted
by the order of the solvent dielectric constant ε in Fig. 14.

As shown in Fig. 14, all alcoholic solvents except for methanol exhibited
the same tendency in a range of ε < ca. 40, and their chiral purities were

Fig. 14 Resolution of (RS)-PTE with (S)-MA only by changing solvent: relation between
diastereomeric excess (de %) and dielectric constant of solvent [79]
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rapidly inclined to be (S)-enriched from the (R)-enriched or (RS)-form ac-
cording to the increase of water content, namely an increase in the solvent ε

value. On the other hand, the chiral purities of the salts obtained from aque-
ous ethanol with ε > 40 were suppressed at 36% de by ε = 62 and retrieved
at ε = 69 to afford enantiopure (S)-1 (98% de). Although the reason for this
phenomenon is not yet clear, it suggests that the presence of water molecules
is not a single factor for chiral discrimination. Namely, it proves that the re-
action environment controlled by the solvent dielectric constant plays a very
distinctive role in utilizing the water molecule for crystallizing the less-
soluble diastereomeric salt (S)-PTE:(S)-MA:H2O during the resolution reac-
tion. From a practical point of view, it is noteworthy that the chirality of the
salt has been drastically turned from enantiopure (R)-PTE to enantiopure
(S)-MA when water was added to the nonbranched alcohol, ethanol; (R)-PTE
(96% de) and (S)-PTE (99% de) were crystallized from ethanol (ε = 24) and
74% ethanol (ε = 38), respectively. On the other hand, when water was added
to branched alcohols such as 2-butanol and 2-propanol, the chiral purities of
the crystallized salts were improved to give the enantiopure (S)-form from the
racemic form at 22 < ε < 38 and 29 < ε < 42, respectively. These results suggest
that we should experiment with changing the reaction environment along the
solvent dielectric constant, even if a racemic salt was obtained from pure sol-
vent at the first trial of the resolution experiment. Interestingly, a completely
different trend was observed when methanol was used; chiral purity was im-
proved from the (RS)-form to (S)-form linearly according to the increase of
water content, and the maximum chiral purity of (S)-PTE (95% de) was ob-
tained at a concentration of 20% (ε = 69, Table 6, entry 34). It is considered
that this phenomenon may be related to particular physicochemical proper-
ties of methanol.

4.2.3
Resolution of (RS)-MPRD with (R,R)-TA

The DCR phenomenon observed in the resolution system of (RS)-2-methyl-
pyrrolidine (MPRD) and (R,R)-tartaric acid (TA) was found in a very sharp
range of ε values (Scheme 5). Ethanol–water mixtures were used as solvents.
Experimental results are summarized in Table 7. In order to clearly display
and compare the resolution results obtained from different ε solvents, the
trends of the chirality changes are depicted by the order of the solvent dielec-
tric constant ε in Fig. 15 [80].

As is clearly shown in Fig. 15, the DCR phenomenon was observed in
a very narrow range. The (R)-enantiomer was recognized in solvents with
ε = 24–25, whereas the (S)-enantiomer was recognized in those with ε =
30–32. The (R)-enantiomer was crystallized as (R)-MPRD:(R,R)-TA and the
(S)-enantiomer was crystallized as (S)-MPRD:(R,R)-TA:H2O. Although their
chiral purities were not high, this phenomenon suggests that chiral molecu-
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Scheme 5 Resolution of (RS)-MPRD with (R,R)-TA

Table 7 Resolution of (RS)-MPRD with (R,R)-TA from EtOH/H2O solvent [80]

Entry Solvent (w/w) Dielectic de % R/S Yield Resolution
vs (RS)-MPRD constant efficiency

(ε) (E)

1 100% EtOH 40 24 7 R 72 11
2 99% EtOH 35 24.4 37 R 64 47
3 97% EtOH 31 25 33 R 62 41
4 95% EtOH 24 26.5 16 R 64 20
5 94% EtOH 21 27 9 R 68 12
6 90% EtOH 17 29 5 R 42 4
7 89% EtOH 16 30 16 S 44 14
8 86% EtOH 12 32 19 S 33 12
9 83% EtOH 10 33 8 S 51 8

10 79% EtOH 8 35 12 S 54 13
11 74% EtOH 4 36 12 S 50 12

Fig. 15 Resolution of (RS)-MPRD with (S)-TA only by changing solvent: relation between
diastereomeric excess (de %) and dielectric constant of solvent
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lar recognition between (RS)-MPRD and (R,R)-TA was controlled in a very
specific reaction environment.

4.2.4
Resolution of (RS)-CHEA with (S)-MA

During resolution process development of (RS)-1-cyclohexylethylamine
(CHEA) with (S)-MA, it was found that (R)-2-methoxy-2-phenylacetic
acid and (S)-2-methyl-2-phenylacetic acid served as new resolving agents
for racemic CHEA [81]. Moreover, the DCR phenomenon was observed
when (S)-MA was used as a resolving agent. (S)-CHEA:(S)-MA and (R)-

Scheme 6 Resolution of (RS)-CHEA with (S)-MA

Table 8 Resolution of (RS)-CHEA with (S)-MA in various solvents: effect of dielectric
constant of the solvent used [82]

Solvent ε Solvent weight Yield vs de Absolute
vs (RS)-CHEA (RS)-CHEA % configuration
(w/w) (%)

Chloroform 5 11.2 Not crystallized
99% Chloroform 6 11.2 Not crystallized
2-PrOH 18 6.5 3 24 S
97% 2-PrOH 20 5.0 20 16 S
MeOH 33 2.0 Not crystallized
81% EtOH 34 2.1 Not crystallized
88% MeOH 38 2.0 Solidified

3.0 Not crystallized
DMSO 49 2.2 9 30 S
50% EtOH 51 2.5 Not crystallized
40% MeOH 60 1.0 Solidified

2.0 Not crystallized
Water 78 12.0 7 91 R
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Fig. 16 Resolution of (RS)-CHEA with (S)-MA only by changing solvent: relation between
diastereomeric excess (de %) and dielectric constant of solvent [82]

CHEA:(S)-MA:0.5H2O were crystallized from 2-propanol and water, respec-
tively (Scheme 6). The experimental results are summarized in Table 8, and
the trends in the chirality changes are depicted by the order of the solvent
dielectric constant in Fig. 16 [82].

As clearly shown in Fig. 16, the chirality was drastically changed. The
(S)-isomer was recognized at ε < 60 and the (R)-isomer was recognized at
ε > 60.

4.3
Strategic Resolution Process Utilizing the DCR Phenomenon

As shown in this chapter, these examples strongly suggest that the DCR phe-
nomenon is not a specific but a general phenomenon that should be observed
in various resolution systems. This phenomenon led us to consider contin-
uous resolution by a simple solvent switch, because the resolution of one
enantiomer-enriched sample usually gives a much better result than that of
the racemic sample as a starting material. The practical resolution process
for industrial-scale production can be optimized by utilizing the DCR phe-
nomenon. Typical operation procedures are described below.

4.3.1
ACL–TPA System

A practical continuous resolution process was devised with a solvent switch
method [76]. MeOH was the best solvent for the first resolution to obtain
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(S)-ACL:(S)-TPA:H2O salt ((S)-salt), although 89% 2-PrOH was suitable for
the second resolution to obtain (R)-ACL:(S)-TPA salt ((R)-salt). After the
(S)-salt (30%, 93% de, E 56%) was collected by filtration in the first reso-
lution from MeOH, an equimolar mixture of (R)-enriched ACL (40% de) and
(S)-TPA was recovered as a condensate by evaporating the mother liquor of
the first resolution, and 89% 2-PrOH was added. The mixture was heated to
dissolve the condensate and gradually cooled to crystallize the (R)-salt. The
(R)-salt was obtained in high resolution efficiency (41%, 93% de, E 75%). The
resolution processes were repeated and quite reproducible results were ob-
tained (first resolution: 29–31%, 91–93% de, E 54–56%; second resolution:
41–42%, 91–94% de, E 75–77%).

4.3.2
PTE–MA Resolution System

A practical continuous resolution process based on the DCR phenomenon
was also devised with a solvent switch method [79] as applied in the ACL–
TPA resolution system. In order to develop the optimum resolution con-
ditions of (RS)-PTE with (S)-MA suitable for industrial-scale production,
namely to produce both (R)-PTE and (S)-PTE with high efficiency, ethanol
(ε = 24) and 74% ethanol (ε = 38) were selected as resolution solvents, while
using a simple combination solvent from a practical viewpoint. Since the
resolution efficiency of (R)-PTE from ethanol was relatively lower, the first
resolution was designed to produce (S)-PTE from 74% ethanol. Accordingly,
the second resolution was designed to produce (R)-PTE by using ethanol
from the mother liquor of the first resolution containing (R)-enriched PTE.
As a result, the (S)-PTE:(S)-MA:H2O was obtained at an identical efficiency
(33% yield, 96% de, E 64%) to the single-resolution result (34%, 99% de, E
67%). The mother liquor of the first resolution was evaporated to dryness to
recover the mixture of (R)-enriched PTE (49% de) and equimolar (S)-MA,
followed by switching the solvent to ethanol for the second resolution. As in-
tended, the resolution efficiency for the (R)-PTE:(S)-MA salt was significantly
improved (23%, 98% de, E 46%) compared with the result observed in the
single resolution (16%, 96% de, E 31%).

5
Conclusion and Prospects

The three examples, namely crystal habit modification, space filler concept,
and DCR phenomenon, shown in this chapter clearly indicate that we should
pay attention to the solvent effects in addition to the usual concerns for chiral
discrimination, such as molecular structures of resolving agents and racemic
substrates and their hydrogen-bonding abilities. From these research results,
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we conclude that the solvent is a very important factor as a reaction en-
vironment for optimizing the resolution conditions. In other words, if we
could illuminate the mechanisms of solvent inclusion and chiral discrimina-
tion among molecules participating in the resolution reaction, we would be
able to quickly prepare reliable strategies for realizing a cost-effective reso-
lution process.
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Abstract It is widely believed that the chiral discrimination process is solely dependent
on the stereochemistry of the relevant molecules. However, through systematic studies on
several resolution systems with popular chiral selectors, we have discovered a new fact
that triggers modification of this prevailing concept of chiral resolution. The studies have
demonstrated that one enantiomer of a chiral selector can recognize both enantiomers
of a target molecule in different solvent systems with different dielectric constants. The
phenomenon was termed dielectrically controlled resolution (DCR). Since DCR was ob-
served in different resolution systems and was not too specific to a particular system,
DCR was expected to widely occur in various resolution systems. We have investigated the
molecular mechanism underlying this interesting phenomenon based on X-ray analysis of
the relevant diastereomeric salts. The disclosed mechanism clearly indicates that a chiral
selector can inherently recognize both enantiomers of a target molecule and only the di-
electric property of the solvent employed in the resolution process governs the selection
of the enantiomer.

Keywords Chiral resolution · Dielectrically controlled resolution ·
Molecular recognition · Solvent effect · X-ray crystallography

Abbreviations
ACL α-amino-ε-caprolactam
TPA N-tosyl-phenylalanine
MPRD 2-methylpyrrolidine
TA tartaric acid
PTE phenyl-2-p-tolyl ethylamine
MA mandelic acid
CHEA cyclohexylethylamine

1
Introduction

Diastereomeric salt formation using a resolving agent as a chiral selector is
one of the most useful methods for obtaining a target stereoisomer from its
racemic mixture [1]. It is widely believed that the chiral discrimination pro-
cess is solely dependent on the stereochemistry of the relevant molecules. The
conventional idea of chiral separation takes it for granted that where a chiral
selector of molecule (R)-A is necessary to obtain a less soluble diastereomeric
salt with a target molecule of (R)-B, (S)-A is absolutely necessary to separate
the enantiomer of the molecule B.

No special attention has been given to the effect of the solvent on the pro-
cess of discrimination. The role of the solvent is obviously to dissolve both
the chiral selector and target molecule, but it is highly probable that the
properties of the media influence molecular recognition more than a little.
Therefore, we have undertaken a series of experiments to study the effects
of solvent on chiral resolution, which is a typical phenomenon of molecular
recognition.
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In the process of our studies we have recently discovered a typical example
of a drastic effect of solvent on chiral resolution [2, 3]. In this particular reso-
lution system, chiral discrimination is controlled by the dielectric properties
of the solvents used. Since the dielectric property of the solvent controls chiral
resolution, we termed this phenomenon dielectrically controlled resolution
(DCR). It was the first discovery of DCR. After this discovery, we studied var-
ious resolution systems carefully from the view point of solvent effect and
recognized that the DCR phenomena were clearly observed at least in three
other resolution systems.

It is very likely that the clues to this novel phenomenon can be found
in the crystal structures of the diastereomeric salts. For these four differ-
ent resolution systems, we have successfully obtained single crystals of the
diastereomeric salts from various solvent systems with different dielectric
constants. On the basis of the detailed comparison of these crystal structures,
we have disclosed a common molecular mechanism underlying DCR. The
present study has clearly indicated that DCR is not a special phenomenon but
that such solvent effects can be observed in various resolution systems.

In this work, the molecular mechanism of DCR will be discussed in detail.

2
(RS)-α-amino-ε-Caprolactam: N-tosyl-(S)-Phenylalanine System

In the resolution process of (RS)-α-amino-ε-caprolactam(ACL) with N-tosyl-
(S)-phenylalanine(TPA), high optical yields for (R)- and (S)-ACL can be
attained only by adjusting the dielectric constants (ε) of the solvents em-
ployed [2, 3]. The results of a series of resolution experiments obtained for the
(RS)-ACL : (S)-TPA system in various solvent systems are given in Table 1. The
dielectric constant of the mixed solvent was calculated as a weighted average
of the values of the components at 20 ◦C [4].

(S)-ACL is preferentially selected in the solvents with ε between 27 and 62.
In the solvent with ε lower than 27, (R)-ACL is exclusively precipitated.
For instance, (S)-ACL is selectively obtained (93%) from a methanol solu-
tion (ε = 33) and (R)-ACL (92%) from a 2-propanol : water (89 : 11) solution
(ε = 25). The DCR phenomenon of this resolution system was the first ex-

Scheme 1 Chemical structures of ACL and TPA
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Table 1 Resolution of (RS)-ACL with (S)-TPA in various solvents

Solvent ε Solvent volume 1 Yield (%) 2 De % Absolute Resolution
(vs (RS)-ACL) configuration efficiency
(w/w) R/S (E) 3

chloroform 5 7 24 69 R 33
EDC 11 6 44 61 R 54
MIBK 13 45 63 41 R 52
2-PrOH 18 50 65 32 R 42
EtOH 24 32 70 7 R 10
89% 2-PrOH 25 11 60 29 R 35
85% 2-PrOH 27 10 55 22 R 24
90% EtOH 29 15 63 10 S 13
MeOH 33 10 32 93 S 60
81% EtOH 34 12 25 99 S 50
95% MeOH 35 16 16 92 S 29
DMF 37 27 28 90 S 50
74% EtOH 38 14 13 100 S 26
1,2-ethandiol 39 43 38 99 S 75
DMSO 49 32 20 96 S 38
60% MeOH 51 11 10 95 S 19
55% MeOH 53 5 42 25 S 21
45% MeOH 58 8 49 3 S 3
30% EtOH 62 10 45 6 R 5
35% MeOH 63 6 16 13 R 4
10% MeOH 74 19 38 35 R 27
Water 78 18 31 28 R 17

1 Solvent volume is a minimum volume to obtain clear solution at 50 ◦C except for a case
using 74% EtOH
2 Yield is calculated based on a half amount of (RS)-ACL
3 Resolution efficiency (E, %) = yield (%) × diastereomeric excess (% de) × 2/100

ample of DCR. A molecular mechanism of the phenomenon was disclosed
based on X-ray analysis of the diastereomeric salts [5].

2.1
X-ray Analysis of the Diastereomeric Salts

The crystals of the diastereomeric salts between (R)-ACL and (S)-TPA, and
(S)-ACL and (S)-TPA are designated as (R)-ACL : (S)-TPA and (S)-ACL : (S)-
TPA : W, respectively. W denotes a water molecule in the crystal structure. The
details of a procedure to obtain the two diastereomeric salts are described
in the literature [5]. The (S)-ACL : (S)-TPA salt was obtained (93%) from
a methanol solution (ε = 33), recrystallized in a 74% ethanol solution (ε = 38)
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Table 2 Crystallographic data of two diastereomeric salts of the ACL : TPA system

(R)-ACL : (S)-TPA (S)-ACL : (S)-TPA : W

formula C22H29N3O5S C22H29N3O5S · H2O
space group P21, Z = 2 P21, Z = 2
crystal system monoclinic monoclinic
formula weight 447.55 465.56
a (Å) 11.2302(4) 12.723(1)
b (Å) 5.5390(2) 5.3119(3)
c (Å) 17.850(2) 17.908(1)
β (◦) 95.444(2) 100.305(3)
V (Å3) 1105.4(1) 1190.8(2)
Z 2 2
D calc(g cm–1) 1.345 1.298
θ max (◦) with CuKα 68.2 68.2

observed reflections
[I > 2σ(I)] 2355 2358
R[I > 2σ(I)] 0.067 0.080
final ∆ max/σ 0.000 0.016
∆ρ (max; min) (eÅ

–3
) 1.04; –0.58 0.85; –0.68

and single crystals suitable for diffraction experiments were obtained. The
(R)-ACL : (S)-TPA salt was obtained (92%) from a 2-propanol-water (89 : 11)
solution (ε = 25), recrystallized from an absolute ethanol solution (ε = 24)
and single crystals suitable for diffraction experiments were obtained.

The single crystals of (S)-ACL : (S)-TPA were relatively small and highly
fragile. All of the crystals were stable under the laboratory conditions and
were mounted on glass fibers and used for data collection. Data were collected
on a Rigaku RAPID diffractometer using Cu-Kα radiation and processed with
the Process Auto software package [6]. The structures were solved by dir-
ect methods [SIR92] [7]. Full-matrix least squares refinement was carried out
using observed reflections with I > 2.00σ(I). The crystal data, experimental
details and structure refinement are summarized in Table 2. Most of the hy-
drogen atoms were obtained from difference syntheses and refined with the
riding model. The absolute configurations were fixed to the known ones and
not reconfirmed by the X-ray analyses independently. All of the calculations
were performed using the software system CrystalStructure [8].

2.2
Molecular Structures

An ORTEP III [9] drawing of the molecular structure of (S)-TPA in the
(R)-ACL : (S)-TPA salt is shown in Fig. 1a together with the atomic numbering
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Fig. 1 Molecular structures of (S)-TPA (a) and (R)-ACL (b) in the (R)-ACL : (S)-TPA crys-
tal. Atomic numbering and labeling of ring systems are also shown

and the labeling of ring systems. Selected geometrical parameters character-
izing the conformations in the two different crystal structures are given in
Table 3. The chain moieties connecting the two phenyl rings have significantly
different conformations as indicated by the torsion angles. The molecule in
the (S)-ACL : (S)-TPA crystal takes a more folded conformation. The two rings
in the (S)-ACL:(S)-TPA crystal are almost parallel. These results indicate that
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(S)-TPA is a relatively flexible molecule and can adapt its conformation to
different crystalline environments.

In spite of the conformational differences, the two phenyl rings are located
on the same side of the interconnecting chains in these crystal structures.
The common orientation of the phenyl rings plays an important role in the
formation of distinct hydrophobic layers in the crystals as described below.

An ORTEP III drawing of the molecular structure of (R)-ACL in the
(R)-ACL : (S)-TPA salt together with the atomic numbering system is shown
in Fig. 1b. Selected torsion angles for (S)-ACL and (R)-ACL in the (R)-
ACL : (S)-TPA and (S)-ACL : (S)-TPA : W crystals are shown in Table 3. The
absolute values of corresponding torsion angles in the two molecules are
similar. This structural similarity indicates that the (S)-ACL and (R)-ACL
molecules assume a relatively rigid chair conformation that is maintained in
different environments.

Table 3 Selected geometrical parameters in the diastereomeric salts of the ACL : TPA
system

(R)-ACL : (S)-TPA (S)-ACL : (S)-TPA : W

(i) Torsion angles (◦) in TPA
C111–C110–S101–N101 96.9(4) 112.2(7)
C110–S101–N101–C101 – 92.1(4) – 71.2(6)
S101–N101–C101–C103 143.3(4) 146.3(5)
N101–C101–C103–C104 – 72.5(6) – 73.4(8)
C101–C103–C104–C105 – 89.1(7) – 58.2(11)

(ii) Dihedral angles between phenyl rings
and the distances between the centroids of the rings
A/B (◦) 11.3(4) 2.6(5)
Cg(A) · · · Cg(B) (Å) a 4.099 4.305

(iii) Torsion angles (◦) in ACL
N1–C2–C3–C4 60.7(6) – 70.9(9)
C2–C3–C4–C5 – 81.3(5) 82.0(7)
C3–C4–C5–C6 63.7(6) – 59.3(8)
C4–C5–C6–C7 – 59.8(5) 61.3(6)
C5–C6–C7–N1 73.7(6) – 79.2(5)
C6–C7–N1–C2 – 66.7(7) 64.0(10)
C7–N1–C2–C3 6.9(8) 3.6(12)
N1–C2–C3–N3 – 177.7(4) 165.1(6)
O2–C2–C3–N3 3.2(7) – 16.9(10)
O2–C2–C3–C4 – 118.5(5) 107.2(8)

a Cg denotes the centroid of the phenyl ring
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2.3
Crystal Structures

The crystal structures of the two diastereomeric salts drawn with the program
WebLab Viewer Pro5 [10] are shown in Figs. 2 and 3. As shown in Fig. 2, four
(S)-TPA molecules, labeled a, b, c and d, build a basic packing unit that is very
similar in the two crystal structures.

The phenyl rings of (S)-TPA pack together and form hydrophobic layers.
Only rings labeled B are involved in intermolecular contacts. Since the pat-

Fig. 2 Crystal structure of (R)-ACL : (S)-TPA; the solvent accessible surface of a column of
(R)-ACL is shown
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Fig. 3 Crystal structure of (S)-ACL : (S)-TPA : W; the solvent accessible surface of a column
consisting of (S)-ACL and water molecules is shown
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tern of hydrophobic packing in these crystals is essentially the same, it seems
that the packing between the phenyl rings is crucial in building up these
crystal structures. Between these hydrophobic layers the hydrophilic layers
are formed. The molecular recognition between (S)-TPA and, (R)-ACL or
(S)-ACL, essentially takes place in the hydrophilic layers. The intermole-
cular hydrogen bonds play decisive roles in determining the crystal pack-
ing in the hydrophilic layers. The geometrical parameters of the hydrogen
bonds in these crystals are given in Table 4. Although the hydrogen bond-
ing patterns observed between (S) or (R)-ACL and (S)-TPA molecules in the
(S)-ACL : (S)-TPA : W and (R)-ACL : (S)-TPA crystals are essentially similar,
more extended hydrogen bonds are formed in (S)-ACL : (S)-TPA : W.

As described above both (S)-ACL : (S)-TPA and (R)-ACL : (S)-TPA crys-
tals have similar packing patterns. The major difference is observed in the
hydrophilic layers. In (S)-ACL : (S)-TPA the hydrophilic layer is significantly
expanded and the water molecules contribute to the expansion. The distance
between the S101 in molecule a and the C102 atom in molecule c just across
the hydrophilic layer seem to be a good measure to compare the width of the

Table 4 Hydrogen bonds in the ACL : TPA system

(S)-ACL : (S)-TPA
D–H · · · Aa D–H (Å) H · · · A (Å) D · · · A (Å) � D–H · · · A (◦)

N3–H · · · O2i 0.98 1.97 2.791(7) 139
N3–H · · · O102i 0.95 1.88 2.686(8) 141
N3–H · · · O101ii 0.99 2.19 2.813(7) 119
N3–H · · · O102ii 0.99 2.23 3.221(8) 175
O6–H · · · O6b,iii 0.92 2.06 2.868(8) 146
N101–H · · · O101iv 0.74 2.09 2.811(7) 165
N1–H · · · O103v 1.10 1.91 2.902(8) 148
O6–H · · · O101vi 1.11 1.75 2.777(8) 151

symmetry operation:
(i) 1 – x, – 1/2 + y, – z (ii) 1 – x, 1/2 + y, – z (iii) 2 – x, – 1/2 + y, – z
(iv) x, 1 + y, z (v) x, y, z (vi) 1 + x, y, z

(R)-ACL : (S)-TPA : W
D–H · · · A D–H (Å) H· · · A (Å) D· · · A (Å) � D–H · · · A (◦)

N1–H · · · O104i 0.87(5) 2.14(5) 3.007(6) 177(4)
N3–H · · · O102ii 0.95 1.78 2.721(5) 168
N3–H · · · O102iii 0.95 1.78 2.725(5) 171
N3–H · · · O101iv 0.95 2.07 2.926(5) 149

symmetry operation:
(i) x, 1 + y, z (ii) 2 – x, 1/2 + y, 1 – z (iii) x, y, z (iv) 2 – x, – 1/2 + y, 1 – z

a A and D denote hydrogen bond acceptor and donor, respectively
b O6 designates the oxygen atom of the water molecule
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hydrophilic layer. These distances shown by dotted lines are 9.42 and 7.89 Å,
in (S)-ACL : (S)-TPA : W and (R)-ACL : (S)-TPA, respectively. The solvent ac-
cessible surfaces of the hydrophilic layers are also shown in Figs. 2 and 3.

2.4
Molecular Recognition

The crystal structures indicate that the phenyl groups of (S)-TPA tend to ag-
gregate and form hydrophobic layers during crystallization. The polar groups
aggregate to form hydrophilic layers between the hydrophobic layers. Very
similar packing patterns are observed in the crystal structures of a chiral
selector (+)-(1S)-1,1′-binaphthalene-2,2′-diyl phosphate and several amino
acids [11]. In this case the hydrophilic layers are preferentially formed and
concurrently hydrophobic layers are formed. The molecular recognition be-
tween the chiral selector and the selected molecules also takes place in the
hydrophilic layers.

Sufficiently strong interaction between the substrate and the hydrophilic
moiety of the chiral selector is required for chiral discrimination. If the di-
electric constant is low, the polar groups in the hydrophilic layer can approach
so close that the hydrophilic layer packs tightly. To estimate the stereochem-
ical effect of the replacement of (R)-ACL by (S)-ACL in the crystal structure
of (R)-ACL : (S)-TPA, the (S)-ACL molecule was superimposed to the (R)-ACL
molecule in the crystal. Six atoms in the ring except the C3 atom are superim-
posed relatively well and the root mean square deviation (rmsd) is 0.429 Å. As
shown in Fig. 4, the difference of the stereochemistry at C3 would greatly af-
fect the intermolecular hydrogen bonds. If the (R)-ACL molecule is replaced
by the (S)-ACL molecule, the hydrogen bond between the N3 atom and the
O102 atom of the upper left (S)-TPA molecule in the crystal would be bro-
ken because the N3 atom no longer points towards the O102 atom of the
molecule. The N3 atom instead now approaches the O102 atom of the lower
left (S)-TPA molecule. The distance between these atoms would be too short
(1.38 Å in this superposition) as a hydrogen bond and such a short con-
tact causes a significant steric hindrance. As the conformational flexibility
of molecule ACL is not that high as described in Sect. 2.2.1, the steric hin-
drance would not be relieved by changing its conformation. This indicates
that the (S)-ACL molecule cannot be accommodated in this crystal struc-
ture and the lower left (S)-TPA molecule should shift away at least 1 Å to
accommodate the (S)-ACL molecule. The shift implies an expansion of the
hydrophilic layer. If the dielectric constant of the solvent is low, such an
expansion is impossible. Therefore, under this situation, only the (R)-ACL
isomer can be discriminated.

Under the condition of a medium dielectric constant, the interaction
between the polar groups would be shielded to some extent and the hy-
drophilic layer can expand. Such expansion is realized in the crystal of
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Fig. 4 Stereoscopic drawing of a part of the crystal structure of (R)-ACL : (S)-TPA. An
(S)-ACL molecule is superimposed on the (R)-ACL molecule. The former molecule is
drawn with thick sticks

(S)-ACL : (S)-TPA : W. Expansion of the hydrophilic layer, however, means
that the crystal packing gets worse and the efficiency of the discrimination
drops. In the (S)-ACL : (S)-TPA : W crystal, this problem is solved by a wa-
ter molecule incorporated into the hydrophilic layer. The water molecule fills
the void and realizes a relatively close packing. To understand the reason
why the (R)-ACL molecule can not be discriminated in this case, the (R)-ACL
molecule was superimposed on the (S)-ACL molecule in this crystal using
a similar condition as described above. In this case rmsd is 0.430 Å. As shown
in Fig. 5 the hydrogen bond between the N1 atom and the O103 atom of the
upper left (S)-TPA molecule is maintained. The N3 atom in (R)-ACL, how-
ever, steps away from the O102 atom of the lower left (S)-TPA molecule and
the hydrogen bond between these atoms in the (S)-ACL : (S)-TPA : W crys-
tal is disrupted. The N3 atom now points toward the water molecule, but
the distance (N· · ·O = 3.68 Å) is too long for a hydrogen bond. The replaced
(R)-ACL molecule would be only loosely recognized here at this recognition
site. This implies that under the condition of the medium dielectric constant
the (R)-molecule would not be fixed there and cannot be discriminated prop-
erly supposing the (S)-TPA molecule assumes this particular packing pattern.

In a solvent with a low dielectric constant, the electrostatic interactions be-
tween polar groups of the relevant molecules are strengthened and they can
approach close enough. Under such a situation, (R)-ACL should be prefer-
able to pack the hydrophilic layers efficiently. Because of this reason the
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Fig. 5 Stereoscopic drawing of a part of the crystal structure of (S)-ACL : (S)-TPA : W.
An (R)-ACL molecule is superimposed on the (S)-ACL molecule. The former molecule is
drawn with thick sticks

(R)-ACL : (S)-TPA crystal was obtained from the solvent system with a ε of 5.
On the other hand in the solvent system with medium dielectric constants,
the polar groups should be separated. Under these circumstances a water
molecule is necessary to maintain the close packing of the hydrophilic layer.
The situation makes it possible that (S)-ACL is preferentially discriminated.
Therefore, the (S)-ACL : (S)-TPA : W crystal was obtained from the solvent
system with a ε of 38.

The crystal structures of (R)-ACL : (S)-TPA and (S)-ACL : (S)-TPA : W un-
equivocally show that the hydrophilic layers formed in these crystals can
inherently accommodate both (R)-ACL and (S)-ACL isomers. Discrimination
of one of the enantiomers may be a matter of selecting the suitable inter-
molecular interactions between the chiral selector and the enantiomer to be
discriminated. The results strongly suggest that the modes of the intermole-
cular interactions can be controlled by adjusting the dielectric property of the
employed solvent.

3
(RS)-2-Methylpyrrolidine: (R,R)-Tartaric Acid System

In the previous examples aromatic rings play important roles in molecular
recognition. It is, therefore, particularly interesting whether aromatic rings
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are essential for DCR or not. We investigated the effect of dielectric prop-
erties of the solvent on resolution systems which contain no aromatic rings.
Enantiomerically pure 2-methylpyrrolidine (MPRD) is an attractive key inter-
mediate for pharmaceuticals such as ABT-239 that is a histamine H3 receptor
antagonist for Alzheimer disease [12]. In the course of finding the most suit-
able resolving agent for (RS)-MPRD, we found that (R,R)-tartaric acid (TA)
is a suitable chiral selector as reported and this particular chiral resolution
system clearly showed the DCR phenomenon [13].

Scheme 2 Chemical structures of MPRD and TA

3.1
X-ray Analysis of the Diastereomeric Salts

The results of a series of resolution experiments obtained for the (RS)-
MPRD : (R,R)-MA system in EtOH/water mixed solvents are given in Table 5.
The configuration of MPRD enriched in the salt deposited by the resolution
procedure is variable depending on the dielectric constant of the solvent used.
The less-soluble diastereomeric salt of (R)-MPRD : (R,R)-TA was obtained
from the mixed solvents with the dielectric constant 24 ≤ ε ≤ 29. On the other
hand (S)-MPRD : (R,R)-TA was obtained from the solvents with 30 ≤ ε ≤ 36.
Therefore, this resolution system clearly shows the DCR phenomenon.

The diastereomerically pure salt between (R)-MPRD and (R,R)-TA ((R)-
MPRD : (R,R)-TA) was obtained from the mixed EtOH/water (23/1.2 w/w,
ε 24.4) system and followed by recrystallization with the same solvent.
The diastereomerically pure salt between (S)-MPRD and (R,R)-TA ((S)-
MPRD : (R,R)-TA) was obtained from the mixed EtOH/water (12/1.6 w/w, ε

30) system and followed by recrystallization with the same solvent. Since the
latter salt contains a water molecule of crystallization it will be designated as
(S)-MPRD : (R,R)-TA : W hereafter. W denotes the water molecule.

Despite many attempts at crystallization, good single crystals of both salts
could not be obtained. The crystals obtained are fragile and small; hence
X-ray diffraction from both crystals was poor. X-ray analysis was undertaken
with the same procedures described in Sect. 2.2. The crystallographic data
and refinement results are summarized in Table 6. For (R)-MPRD : (R,R)-TA
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Table 5 Resolution of (RS)-MPRD with (R,R)-TA from EtOH – H2O solvent system

Solvent w/w vs Dielectric De % a R/S Yield b Resolution
(R/S)-MPRD constant (ε) efficiency (E) c

100% EtOH 40 24 7 R 72 11
99% EtOH 35 24.4 37 R 64 47
97% EtOH 31 25 33 R 62 41
95% EtOH 24 26.5 16 R 64 20
94% EtOH 21 27 9 R 68 12
90% EtOH 17 29 5 R 42 4
89% EtOH 16 30 16 S 44 14
86% EtOH 12 32 19 S 33 12
83% EtOH 10 33 8 S 51 8
79% EtOH 8 35 12 S 54 13
74% EtOH 4 36 12 S 50 12

a diastereomeric excess = 100([A – B]/[A + B]), where A and B are the diastereomers
b Yield (%) is calculated based on (RS)-MPRD
c E (%) = yield (%)× de (%) × 2/100

Table 6 Crystallographic data of two diastereomeric salts of the MPRD: TA system

(R)-MPRD : (R,R)-TA (S)-MPRD : (R,R)-TA : W

formula C5H11N : C4H6O6 C5H11N : C4H6O6 : H2O
space group P21, Z = 2 P212121, Z = 4
crystal system monoclinic orthorhombic
formula weight 235.24 253.25
a (Å) 4.9095(9) 7.322(4)
b (Å) 17.009(3) 7.666(5)
c (Å) 6.698(1) 21.71(1)
β (◦) 101.83(1) –
V (Å3) 547.4(2) 1218(1)
D calc (g cm–3) 1.427 1.380
θ (max)(◦) with CuKα 68.23 68.22
observed reflections [I > 2σ(I)] 705 673
R[I > 2σ(I)] 0.048 0.058
final ∆ max/σ ∆ρ (max; min) (eÅ–3) 0.00; 0.00 0.00; 0.00

all H atoms were located from difference Fourier synthesis. H atoms bonded
to nitrogen and oxygen atoms were refined isotropically. Other H atoms were
refined by the riding model and finally fixed. For (S)-MPRD : (R,R)-TA : W all
H atoms were located from difference Fourier synthesis. H atoms bonded to
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nitrogen and oxygen atoms were refined isotropically, but other H atoms were
refined by the riding model. In the final refinement cycle all H atoms were
fixed. In the process of X-ray analysis a water molecule of crystallization was
found in the crystal structure of (S)-MPRD : (R,R)-TA : W. The absolute con-
figurations were fixed to the known ones in both crystal structures and not
reconfirmed by the X-ray analyses independently.

3.2
Molecular Structures

The molecular structures of MPRD and TA in the (R)-MPRD : (R,R)-TA crys-
tal depicted by ORTEPIII are shown in Fig. 6 with the atomic labeling system.

Selected torsion angles in both molecules in the two crystal structures are
compared in Table 7. The two enantiomers of MPRD adopt significantly dif-
ferent conformations. (S)-MPRD takes an envelope conformation with the C2
atom being deviated significantly from the plane consisting of the other four
atoms in the ring. (R)-MPRD takes, however, a twisted conformation with the
C1 and C2 atoms being positioned at opposite sides with respect to the plane
formed by the other three atoms in the ring. The absolute values of torsion
angles in the rings indicate that (S)-MPRD takes a flatter conformation.

The molecules (R,R)-TA in both crystals take very similar extended con-
formations with the C6–C7–C8–C9 torsion angles being – 175.8(5) and
– 176.6(7)◦ in (R)-MPRD : (R,R)-TA and (S)-MPRD : (R,R)-TA : W, respec-
tively. In both molecules, there is an intramolecular hydrogen bond between
a hydroxyl oxygen atom (O4) and a carboxyl oxygen atom (O5). Because of
this intramolecular hydrogen bond the torsion angles of O4–C8–C9–O5 are

Fig. 6 Molecular structures of MPRD and TA in the (R)-MPRD : (R, R)-TA crystal. Atomic
numbering is also shown
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Table 7 Selected torsion angles (◦) in the diastereomeric salts of the MPRD : TA system

Torsion Angles (◦) (R)-MPRD : (R,R)-TA (S)-MPRD : (R,R)-TA : W

C(1)–N(1)–C(4)–C(3) –11.9(10) –0.2(8)
C(4)–N(1)–C(1)–C(2) 27.3(10) –11.0(10)
C(4)–N(1)–C(1)–C(5) 150.8(8) –136.7(7)
N(1)–C(1)–C(2)–C(3) –32.9(11) 19.1(14)
C(5)–C(1)–C(2)–C(3) –156.0(9) 142.1(11)
C(1)–C(2)–C(3)–C(4) 26.6(13) –20.3(16)
C(2)–C(3)–C(4)–N(1) –9.2(13) 12.5(14)
O(1)–C(6)–C(7)–O(3) 173.4(6) –172.0(6)
O(1)–C(6)–C(7)–C(8) 48.8(8) 62.5(9)
O(3)–C(7)–C(8)–O(4) –63.7(6) –67.6(8)
O(3)–C(7)–C(8)–C(9) 60.2(7) 56.6(8)
C(6)–C(7)–C(8)–O(4) 60.0(6) 59.3(8)
C(6)–C(7)–C(8)–C(9) –176.1(5) –176.5(6)
O(4)–C(8)–C(9)–O(5) 4.0(9) 7.0(10)
C(7)–C(8)–C(9)–O(5) –117.3(6) –115.5(8)

almost similar in both crystals. The O2–C6–C7–O3 torsion angles in a simi-
lar chemical environment, however, take significantly different values in both
molecules.

3.3
Crystal Structures

The crystal packing of both crystal structures drawn by the program Mer-
cury [14] are shown in Fig. 7. The geometrical parameters of the hydrogen
bonds are given in Table 8. The packing patterns of both structures are
significantly different. In the (R)-MPRD : (R,R)-TA crystal, (R)-MPRD and
(R,R)-TA form columns by crystallographic translation along the c axis as
shown in Fig. 7a. Therefore, all (R)-MPRD molecules align with the nitrogen
atoms being positioned on the same side of the column. In the crystal of (S)-
MPRD : (R,R)-TA : W shown in Fig. 7b, however, (S)-MPRD and (R,R)-TA are
arranged by two-fold screw symmetry. (S)-MPRD form columns with the ni-
trogen atoms being located on both sides of the columns. These columns are
formed by hydrophobic interactions between aliphatic moieties of (S)-MPRD.
Hydrophilic columns are formed by (R,R)-TA and water molecules. The nitro-
gen atoms of (S)-MPRD are in contact with the hydrophilic columns.

The common structural characteristic observed in both crystal struc-
tures is the strong intermolecular hydrogen bond between O1 and O5.
The O1· · · O5 distances are 2.473(7) and 2.539(7) Å in (R)-MPRD : (R,R)-
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Fig. 7 Crystal structures of (R)-MPRD : (R,R)-TA (a) and (S)-MPRD : (R,R)-TA : W (b).
Atomic numbering systems are also shown
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Table 8 Hydrogen bonds in the MPRD : TA system

(R)-MPRD : (R,R)-TA
D–H · · · Aa D–H (Å) H · · · A (Å) D · · · A (Å) � D-H · · · A (◦)

N(1)–H · · · O(2)i 0.82(8) 2.05(8) 2.861(9) 176(8)
N(1)–H · · · O(2)ii 0.90(8) 2.02(8) 2.889(9) 160(7)
N(1)–H · · · O(2)ii 0.90(8) 2.34(7) 2.954(8) 125(6)
O(3)–H · · · O(2)iii 0.73(7) 2.10(8) 2.826(7) 172(7)
O(4)–H · · · O(5)i 0.80(10) 2.13(10) 2.613(7) 120(9)
O(1)–H · · · O(5)iv 1.25(10) 1.28(10) 2.473(7) 155(9)

symmetry operation:
(i) x, y, z (ii) 1 + x, y, z (iii) – 1 + x, y, z (iv) 1 + x, y, 1 + z

(S)-MPRD : (R,R)-TA : W
D–H · · · A D–H (Å) H · · · A (Å) D · · · A (Å) � D-H · · · A (◦)

N(1)–H · · · O(1)i 0.97 2.39 3.057(8) 125
N(1)–H · · · O(2)ii 0.97 2.11 2.800(8) 127
N(1)–H · · · O(7)i,b 0.98 1.86 2.822(9) 166
O(3)–H · · · O(6)iii 1.05 1.81 2.777(7) 150
O(4)–H · · · O(5)i 0.93 2.21 2.606(7) 105
O(4)–H · · · O(3)iii 0.93 2.01 2.866(7) 153
O(1)–H · · · O(5)iv 1.07 1.50 2.539(7) 162
O(7)–H · · · O(6)i 0.87 1.91 2.788(7) 176
O(7)–H · · · O(4)v 0.98 2.34 2.853(7) 112

symmetry operation:
(i) x, y, z (ii) – 1/2 + x, 1/2 – y, 1 – z (iii) 1/2 + x, 3/2 – y, 1 – z (iv) x, – 1 + y, z
(v) – 1 + x, y, z

a A and D denote hydrogen bond acceptor and donor, respectively
b O(7) denotes the oxygen atom of the water molecule

TA and (S)-MPRD : (R,R)-TA : W, respectively. These strong hydrogen bonds
are typical negative-charge-assisted hydrogen bonds ((–)CAHB) [15]. In (R)-
MPRD : (R,R)-TA the hydrogen atom obtained from difference Fourier syn-
thesis exists just between two oxygen atoms and represents well a proton-
centered hydrogen bond. In (S)-MPRD : (R,R)-TA : W, however, the hydrogen
atom is attached to the O1 atom. Nevertheless, the short O1· · · O5 distance
indicates that the hydrogen bond still belongs to the (–)CAHB class. By
the strong hydrogen bonds, (R,R)-TA forms infinite chains perpendicular
to the longest crystallographic axis in both crystal structures. The calcu-
lated density of the crystals (R)-MPRD : (R,R)-TA and (S)-MPRD : (R,R)-2 : W
are 1.427 and 1.380 g/cm3, respectively. The density shows that the crys-
tal (S)-MPRD : (R,R)-TA : W is more loosely packed than the crystal (R)-
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MPRD : (R,R)-TA. Furthermore, if the water molecule of crystallization in
the crystal (S)-MPRD : (R,R)-TA : W is removed from the lattice, the density
significantly decreases to 1.282 g/cm3. This indicates that the water of crys-
tallization is essential to maintain the crystal structure of (S)-MPRD : (R,R)-
TA : W.

3.4
Molecular Recognition

As described above, strong negative-charge-assisted hydrogen bonds gov-
ern the crystal packing of the two crystal structures. Recognition between
substrate and selector molecules in both crystal structures is not in a one-
to-one fashion. Instead multiple (R,R)-TA molecules connected by (–)CAHB
form chiral spaces where the specific enantiomer of the molecule MPRD
is recognized. In Fig. 8a, the recognition mode observed in the crystal
(R)-MPRD : (R,R)-TA is shown. Multiple (R,R)-TA molecules connected by
(–)CAHB form layers and (R)-MPRD is recognized at the chiral space cre-
ated between the layers. In this figure (R,R)-MA molecules are depicted by
solvent accessible surfaces to illustrate the landscape of the surface of the
connected molecules. As shown in the figure the chiral space has an ap-
propriate size to accommodate (R)-MPRD. In Fig. 8b a part of the crystal
(S)-MPRD : (R,R)-TA : W is shown. The hydrogen-bonded (R,R)-TA molecules
also form layers and are depicted by a solvent accessible surface. The chiral
space created between the layers is significantly larger than that of the crystal
(R)-MPRD : (R,R)-TA. Therefore, (S)-MPRD is too small in size to properly fill
up this void. This means that the recognition is not perfect and the packing of
molecules is not good enough to build up a rigid crystal. If the void is stuffed
with water molecules, the packing will be materially improved as shown in
Fig. 8c.

Only (R)-MPRD is accepted in the chiral space formed in the crystal
(R)-MPRD : (R,R)-TA. To understand the reason for this preference we have
calculated the difference of packing energy when (R)-MPRD is replaced by
(S)-MPRD in the crystal structure. Firstly, the positions of hydrogen atoms of
the structure shown in Fig. 8a were optimized and then the total energy of the
structure was calculated by molecular mechanics. MMFF94x was used as the
force field [16] and calculations were undertaken by the software MOE [17].
Secondly, one of the (R)-MPRDs was replaced by (S)-MPRD and the corres-
ponding energy was calculated. The difference of energies is 29.2 kcal/mol
in favor of (R)-MPRD. Similarly, the effect of replacing (S)-MPRD by (R)-
MPRD in the crystal (S)-MPRD : (R,R)-TA : W was also evaluated. In this case
(S)-MPRD is more favorable by 29.6 kcal/mol than (R)-MPRD. These results
have demonstrated that the chiral spaces formed in both crystal structures
preferentially accommodate the corresponding enantiomers.
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Fig. 8 Molecular recognition between MPRD and TA. a Molecular recognition between
(R)-MPRD and (R,R)-TA. Columns of (R,R)-TA are represented by the solvent acces-
sible surface. One molecule of (R)-MPRD is depicted by van der Waals radii. Other
(R)-MPRDs are shown by sticks. b Molecular recognition between (S)-MPRD and (R,R)-
TA : W. Columns of (R,R)-TA are represented by the solvent accessible surface. One
molecule of (S)-MPRD is depicted by van der Waals radii. Other (R)-MPRDs are shown
by sticks. Water molecules are omitted. c Molecular recognition between (S)-MPRD and
(R,R)-TA : W. Water molecules are shown by the solvent accessible surface in dark grey
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Since (R)-MPRD : (R,R)-TA and (S)-MPRD : (R,R)-TA : W are obtained in
the solvent with dielectric constants of 24.4 and 30, respectively, the electro-
static interaction between molecules in the latter solution should be reduced
at least by a factor of 24.4/30 compared to the former one. Actually in (S)-
MPRD : (R,R)-TA : W, the O· · · O distance of (–)CAHB is significantly length-
ened and the separation between the layers of hydrogen-bonded chains of
(R,R)-TA is appreciably expanded. The chiral space created between the layers
of (R,R)-TA plays a pivotal role in the process of resolution of MPRD and the
dielectric property could affect the size and shape of the chiral space. The
present results have illustrated that the chiral space formed by the layers of
(R,R)-TA could accommodate both enantiomers supposing the separation be-
tween the layers can be varied as long as adequate packing to form crystals is
maintained. As shown in Fig. 8c water molecules occupy depressions formed
on the surface of the layers of (R,R)-TA. A water molecule has a suitable size
and properties to fill the void to attain closer packing to form the crystal.

The present study has demonstrated that the DCR phenomenon can occur
in a resolution system that does not contain aromatic rings. The chiral se-
lector (R,R)-TA inherently forms chains by very strong (–)CAHBs. In the
solution the chains should build up layers. Between the layers a specific chiral
space would be created and one of the enantiomers of MPRD is recognized
in this space. The shape and size of the chiral space will vary depending on
the dielectric constant of the solvent used for the resolution process. If the
size and shape of the chiral space are controlled, both enantiomers can be
recognized. In the solvent with a larger dielectric constant, the hydrophilic
layers tend to be separated and a larger chiral space will be available. With
the assistance of the water molecule to attain suitable packing, the antipode
can be recognized in the space. Molecular mechanics calculations showed
that each enantiomer is preferentially accepted in the corresponding chiral
space. The present study has demonstrated that DCR can be applied to flex-
ible molecules.

4
(RS)-Phenyl-2-p-Tolyl Ethylamine: (S)-Mandelic Acid System

Phenyl-2-p-tolyl ethylamine (PTE) is used as an efficient chiral selector of chi-
ral intermediates for insecticide such as chrysanthemic acid [18]. Mandelic
acid (MA) can be used as a suitable resolving agent for enantiomer separation
of PTE. Since mandelic acid is one of the most popular resolving agents, it
is particularly interesting to know whether the DCR phenomenon can be ob-
served in this resolution system. Moreover, it has been reported that solvents
affect the resolution process in the (RS)-PTE : (S)-MA resolution system [19]
and it was expected that this system should show the DCR phenomenon.
Therefore, we have undertaken systematic experiments to investigate the ef-
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Scheme 3 Chemical structures of PTE and MA

fect of dielectric properties of solvents on the enantiomeric resolution. The
salt between (R)-PTE and (S)-MA is designated as (R)-PTE : (S)-MA. Since the
salt between (S)-PTE and (S)-MA contains a water molecule, it is designated
as (S)-PTE : (S)-MA : W.

4.1
X-ray Analysis of the Diastereomeric Salts

Resolution experiments using ethanol and water as solvents are shown in
Table 9. The results clearly show that the DCR phenomenon occurs as ex-
pected [20]. (R)- and (S)-PTE were obtained with highest efficiency when
absolute ethanol (ε = 24) and 74% ethanol (ε = 38) were used, respectively.
The crystals of (R)-PTE : (S)-MA and (S)-PTE : (S)-MA : W were further re-
crystallized using ethanol and water, respectively, to obtain single crystals for
X-ray analysis.
X-ray

analysis was undertaken according to the procedures described in Sect. 2.2.
The crystallographic data and refinement results are summarized in Table 10.
All non-hydrogen atoms were refined using anisotropic displacement param-
eters. For both crystals all H atoms were located from difference Fourier
synthesis and refined by the riding model. In the process of X-ray analy-
sis a water molecule of crystallization was found in the crystal structure of
(S)-PTE : (S)-MA : W. The hydrogen atoms of the water molecule could not
be located from the difference Fourier synthesis. The absolute configurations
were fixed to the known ones in both crystal structures and not reconfirmed
by the X-ray analyses independently.

4.2
Molecular and Crystal Structures

The molecular structures of PTE and MA in the (R)-PTE : (S)-MA crystal de-
picted by ORTEPIII are shown in Fig. 9 with the atomic labeling system.

The selected bond lengths, bond angles and torsion angles in (R)-PTE : (S)-
MA and (S)-PTE : (S)-MA : W are compared in Table 11. In (R)-PTE : (S)-MA,
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Table 9 Resolution of (RS)-PTE with (S)-MA in ethanol/water solvent system

Ethanol ε Solvent/(R/S)-PTE a De % b R/S Yield c E d

concentration w/w
%

100 24 12 96 R 16 31
95 27 10 28 S 38 21
90 29 7 35 S 47 33
85 32 8 68 S 41 56
74 38 10 99 S 34 67
60 46 11 66 S 44 58
50 51 16 48 S 54 52
30 62 46 36 S 58 42
16 69 120 98 S 34 67

∗ (S)-2/(RS)-1 = 1.0 molar ratio
a Solvent weight was determined by solubility of the solid substances at 50◦
b diastereomeric excess (% de) = [A-B] × 100/(A+B), where A and B are both diastere-
omers
c Calculated based on (RS)-1
d Resolution efficiency (E, %) = yield (%) × diastereomeric excess (% de) × 2/100

Table 10 Crystallographic data of two diastereomeric salts of the PTE : MA system

(R)-PTE : (S)-MA (S)-PTE : (S)-MA : W

formula C15H17N : C8H8O3 C15H17N : C8H8O3 : H2O
space group P212121, Z = 4 P212121, Z = 4
crystal system orthorhombic orthorhombic
formula weight 363.46 381.47
a (Å) 6.607(4) 6.135(1)
b (Å) 15.504(1) 11.901(2)
c (Å) 20.243(2) 27.907(5)
V (Å3) 2073(1) 2037.5(6)
D calc(g cm–3) 1.164 1.243
θmax (◦) with CuKα 68.17 68.19
observed reflections [I > 2σ(I)] 1397 1564
R(I > 2.00σ(I)) 0.065 0.043
final ∆ max/σ 0.000 0.000
∆ρ (max; min) (eÅ–3) 0.23; –0.18 0.13; –0.22

O1–C1 is significantly shorter than O2–C1. Whereas in (S)-PTE : (S)-MA : W,
O1–C1 and O2–C1 have similar bond lengths. The conformations of PTE
molecules are significantly different in both crystals. Torsion angles of N1–
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Fig. 9 Molecular structures of RPTE and MA in the (R)-PTE : (S)-MA crystal. Atomic
numbering is also shown

Table 11 Selected geometrical parameters in the diastereomeric salts of the PTE : MA
system

(R)-PTE : (S)-MA (S)-PTE : (S)-MA : W

O(1)–C(1) 1.232(9) 1.250(4)
O(2)–C(1) 1.270(7) 1.240(4)
O(3)–C(2) 1.414(8) 1.420(4)
N(1)–C(9) 1.495(8) 1.504(4)
N(1)–C(9)–C(10) 107.6(4) 106.9(2)
N(1)–C(9)–C(18) 111.6(5) 109.8(2)
O(1)–C(1)–C(2) 116.7(5) 115.5(3)
O(2)–C(1)–O(1) 123.0(5) 126.2(3)
O(2)–C(1)–C(2) 120.2(6) 118.3(3)
O(3)–C(2)–C(1) 111.8(5) 111.0(3)
O(3)–C(2)–C(3) 110.0(4) 110.7(2)
N(1)–C(9)–C(10)–C(11) 169.5(5) –160.0(3)
N(1)–C(9)–C(18)–C(19) 51.5(8) 93.7(4)
N(1)–C(9)–C(18)–C(23) –126.8(6) –81.4(4)
O(1)–C(1)–C(2)–O(3) 1.9(8) –14.7(4)
O(1)–C(1)–C(2)–C(3) 126.1(6) 107.6(3)
O(2)–C(1)–C(2)–O(3) 178.1(5) 166.9(2)
O(2)–C(1)–C(2)–C(3) –57.7(8) –70.8(4)
O(3)–C(2)–C(3)–C(4) –109.5(6) –134.4(3)
O(3)–C(2)–C(3)–C(8) 65.8(7) 47.6(4)
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C9–C18–C19 and N1–C9–C18–C23 are markedly different in both crystals.
The dihedral angles between two phenyl rings in PTE are 52.0(3)◦ and
86.3(2)◦ in (R)-PTE : (S)-MA and (S)-PTE : (S)-MA : W, respectively. The con-
formations of (S)-MA in both crystal structures are also significantly different
but to a lesser extent than those of PTE. The torsion angles of C1–C2–C3–
C8 are – 59.3(8)◦ and – 74.8(4)◦ in (R)-PTE : (S)-MA and (S)-PTE : (S)-MA : W,
respectively. The geometrical differences indicate that chiral selectors and tar-
get molecules must undergo substantial conformational changes in order to
form the crystals in which each enantiomer can be recognized by the same
chiral selector.

Parts of the crystal structures of (R)-PTE : (S)-MA and (S)-PTE : (S)-
MA : W are compared in Fig. 10. Both crystal structures are viewed along
the c axis. In both crystal structures, the (S)-MA molecules similarly pack
and form chiral space where PTE molecules are recognized. (S)-MA and PTE
molecules are depicted by van der Waals spheres and sticks, respectively. The
oxygen atom of the water molecule is colored in green.

In the crystal structure of (R)-PTE : (S)-MA, the width of chiral space
is relatively narrow and only (R)-PTE can be accommodated in the chiral

Table 12 Hydrogen bonds in the PTE : MA system

(R)-PTE : (S)-MA
D–H · · · Aa D–H (Å) H · · · A (Å) D · · · A (Å) � D–H · · · A (◦)

O(3)–H(22) · · · O(1)i 1.18 1.78 2.600(6) 121
N(1)–H(23) · · · O(2)i 0.97 1.82 2.730(7) 156
N(1)–H(24) · · · O(2)ii 1.02 1.89 2.857(5) 157
N(1)–H(25) · · · O(1)iii 1.08 1.73 2.776(7) 160

symmetry operation:
(i) x, y, z (ii) 1/2 + x, 1/2 – y, – z (iii) 1 + x, y, z (vi) 1 + x, y, z

(S)-PTE : (S)-MA : W
D–H · · · A D–H (Å) H · · · A (Å) D · · · A (Å) � D–H · · · A (◦)

N(1)–H(22) · · ·O(2)i 0.97 1.89 2.849(4) 173
N(1)–H(23) · · · O(3)ii 0.85 2.06 2.832(4) 150
N(1)–H(24) · · · O(1)iii 0.99 1.75 2.716(4) 165
O(3)–H(25) · · · O(1)iii 1.16 1.95 2.604(4) 111
O(3)–H(25) · · · O(4)i 1.16 1.82 2.776(5) 136
O(1) · · · O(4)i 3.039(6)
O(2) · · · O(4)ii 2.757(6)

symmetry operation:
(i) 1 – x, y, z (ii) – x, – 1/2 + y, 1/2 – z (iii) x, y, z

a A and D denote hydrogen bond acceptor and donor, respectively
b O4 designates the oxygen atom of the water molecule
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Fig. 10 Crystal structures of the PTE : MA system. a Crystal structure of (R)-PTE : (S)-MA.
b Crystal structure of (S)-PTE : (S)-MA : W. MAs are drawn by van der Waals radii and PTE
sticks. Oxygen atoms of water molecules are drawn by van der Waals radii in light grey

space. (S)-MA makes columns perpendicular to the b axis. Therefore, the
width of the chiral space can be approximated by the half length of the
b axis, i.e., roughly 7.8 Å. On the other hand in the crystal structure of (S)-
PTE : (S)-MA : W, (S)-MA also makes columns perpendicular to the b axis.
The neighboring columns to form the chiral space, however, are related by
the translation along the b axis. Therefore, the width of the chiral space can
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be approximated by the length of the b axis, i.e., roughly 11.9 Å. The width
of the chiral space is markedly wider than that of (R)-PTE : (S)-MA, and only
(S)-PTE can be accommodated in this chiral space.

In Table 12, hydrogen bonds in the crystal structures are given. Since the
hydrogen atoms of the water molecule could not be located from difference
Fourier syntheses, only O· · · O distances are given for the hydrogen bonds in
which O4 is supposed to act as hydrogen bond donor.

In the (R)-PTE : (S)-MA crystal, O2 is involved in two hydrogen bonds with
the N atoms. O1, however, is involved in one hydrogen bond with the N atom.
It is also involved in an intramolecular hydrogen bond with O3. Whereas in
the (S)-PTE : (S)-MA : W crystal, O1, O2 and O3 act as hydrogen acceptors and
form hydrogen bonds with the N atom. These oxygen atoms are also possibly
involved in hydrogen bonds with the water molecules. O1 is also involved in
an intramolecular hydrogen bond with O3 as in the (R)-PTE : (S)-MA crystal.
It is noteworthy that O3 is involved in an intermolecular hydrogen bond in the
(S)-PTE : (S)-MA : W crystal, but not in the (R)-PTE : (S)-MA crystal.

The markedly different hydrogen-bond schemes observed in the two crys-
tal structures indicate that the dielectric property of the solvent influences the
state of the carboxylate and affects molecular recognition. On the hydrophilic
surface of (S)-MA columns formed in the (R)-PTE : (S)-MA crystal, (S)-PTE
is preferentially recognized. On the other hand, (S)-PTE is preferentially ac-
cepted at the hydrophilic surfaces created by (S)-MA.

4.3
Molecular Recognition

The above results clearly provide us with insight into the molecular mechan-
ism of the DCR phenomenon observed in the (RS)-PTE : (S)-MA resolution
system. In the solution, (S)-MA should be highly inclined to aggregate to form
columns. Between the particular columns, the chiral spaces are formed. In the
solvent with the smaller dielectric constant, the columns come close together
to form a relatively small chiral space. In addition, under the environment
with the low dielectric constant, O2 forms hydrogen bonds with the ammo-
nium ion. Therefore, only (R)-PTE can be recognized at the chiral space. In
the solvent with the larger dielectric constant, however, the separation be-
tween the columns increases because of reduced electrostatic interactions
between them. Water molecules must be incorporated between the columns
to maintain the crystal packing. In media with a larger dielectric constant, O1,
O2 and O3 can be equally involved in the intermolecular hydrogen bonds with
the N atom. Accordingly, only (S)-PTE can be recognized in the larger chi-
ral space. Both PTE and MA should undergo some degree of conformational
changes to realize the optimum recognition.
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5
(RS)-Cyclohexylethylamine: (S)-Mandelic Acid System

Enantiopure 1-cyclohexylethylamine(CHEA) is an important key compound
for syntheses of several enzyme inhibitors such as an inosine monophosphate
dehydrogenase inhibitor [21]. CHEA is also applied as a resolving agent for
enantiomer separation of chiral acids [22]. Since CHEA has a flexible ring
structure and an exocyclic asymmetric carbon, the structure is markedly dif-
ferent from the three target molecules described so far. Therefore, it is of
interest to study whether the CHEA : MA system shows the DCR phenomenon
or not, and we have undertaken systematic resolution experiments on the
system [23, 24]. The salt between (R)-CHEA and (S)-MA is designated as (R)-
CHEA : (S)-MA. The diastereomeric salt between (R)-CHEA and (S)-MA is
designated as (R)-CHEA : (S)-MA : W because it is a hemi hydrate.

5.1
X-ray Analysis of the Diastereomeric Salts

Resolution experiments using various solvents with different dielectric con-
stants are shown in Table 13. Although the diastereomeric salts were obtained
only from three solvents, the DCR phenomenon was clearly observed. The di-
astereomeric salts of (S)-CHEA and (R)-CHEA are obtained from 2-propanol
(ε = 18) and water (ε = 78), respectively. The single crystals of (S)-CHEA : (S)-
MA and (R)-CHEA : (S)-MA were recrystallized from the solvents used for
chiral separation.

Table 13 Resolution of (RS)-CHEA with (S)-MA in various solvent

Solvent ε Solvent volume vs Yield vs De % Absolute
(R/S)-CHEA (w/w) (R/S)-CHEA (%) configuration

chloroform 5 11.2 not crystallized
99% chloroform 6 11.2 not crystallized
2-PrOH 18 6.5 3 24 S
97% 2PrOH 20 5.0 20 16 S
MeOH 33 2.0 not crystallized
81% EtOH 34 2.1 not crystallized
88% MeOH 38 2.0 solidified

3.0 not crystallized
DMSO 49 2.2 9 30 S
50% EtOH 51 2.5 not crystallized
40% MeOH 60 1.0 solidified

2.0 not crystallized
water 78 12.0 7 91 R
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Table 14 Crystallographic data of two diastereomeric salts of the CHEA : MA system

(S)-CHEA : (S)-MA (R)-CHEA : (S)-MA : W

formula C8H17N : C8H8O3 C8H17N : C8H8O3 : 0.5H2O
space group P21212, Z = 4 C2, Z = 4
crystal system orthorhombic monoclinic
formula weight 279.38 288.39
a (Å) 5.62(1) Å 16.64(3) Å
b (Å) 15.45(3) Å 6.32(1) Å
c (Å) 19.26(4) Å 14.64(3) Å
β (◦) 0 96.4(1)
V (Å3) 1670(6) Å3 1529(4) Å3

D calc(g cm–3) 1.111 g/cm3 1.252 g/cm3

No. of observations (I > 2.00σ(I)) 535 1936
θmax (◦) with CuKα 68.14◦ 68.25◦
R (I > 2.00σ(I)) 0.052 0.062
final ∆ max/σ 0.001 0.000
∆ρ (max; min) (eÅ–3) 0.18; –0.17 0.35; –0.25

X-ray analysis was undertaken according to the procedures described in
Sect. 2.2. The crystallographic data and refinement results are summarized
in Table 14. All non-hydrogen atoms were refined using anisotropic displace-
ment parameters. For both crystals all H atoms were located from difference
Fourier synthesis and refined by the riding model. The absolute configu-
rations were fixed to the known ones in both crystal structures and not
reconfirmed by the X-ray analyses independently.

5.2
Molecular and Crystal Structures

The molecular structures of CHEA and MA in the crystal (S)-CHEA : (S)-MA
depicted by ORTEPIII are shown in Fig. 11 with the atomic labeling system.

The selected bond lengths, angles and torsion angles are given in Table 15.
Two C – O bond lengths in MA are asymmetric in (S)-CHEA : (S)-MA. As ob-
served in (R)-PTE : (S)-MA that was obtained from the solvent with a lower

Scheme 4 Chemical structure of CHEA



Molecular Mechanisms of Dielectrically Controlled Resolution (DCR) 263

Fig. 11 Molecular structures of CHEA and MA in the (S)-CHEA : (S)-MA crystal. Atomic
numbering is also shown

Table 15 Selected bond lengths (Å), bond angles (◦) and torsion angles (◦)

(S)-CHEA : (S)-MA (R)-CHEA : (S)-MA : W

O(1)–C(1) 1.21(2) 1.228(5)
O(2)–C(1) 1.26(2) 1.228(6)
O(3)–C(2) 1.42(1) 1.396(6)
N(1)–C(9) 1.54(1) 1.466(5)
O(1)–C(1)–O(2) 127(1) 124.0(4)
O(1)–C(1)–C(2) 113(1) 119.1(4)
O(2)–C(1)–C(2) 118(1) 117.0(3)
O(3)–C(2)–C(1) 111(1) 109.4(3)
O(3)–C(2)–C(3) 111(1) 110.8(4)
N(1)–C(9)–C(10) 108.7(9) 108.5(3)
N(1)–C(9)–C(11) 109.1(8) 112.3(3)
O(1)–C(1)–C(2)–O(3) –18(1) –17.3(5)
O(1)–C(1)–C(2)–C(3) 104(1) 105.9(5)
O(2)–C(1)–C(2)–O(3) 163(1) 161.8(4)
O(2)–C(1)–C(2)–C(3) –73(1) –75.0(5)
O(3)–C(2)–C(3)–C(4) 38(1) 7.2(5)
O(3)–C(2)–C(3)–C(8) –144(1) –170.8(4)
N(1)–C(9)–C(11)–C(12) –61(1) 60.1(5)
N(1)–C(9)–C(11)–C(16) 173(1) –66.8(5)
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dielectric constant; the O2–C1 bond is significantly longer than O1–C1.
Whereas they are symmetrical in (R)-CHEA : (S)-MA : W. O1–C1 is also sym-
metrical in (S)-PTE : (S)-MA : W, which was obtained from the solvent with
a higher dielectric constant. The (S)-MA molecules in both crystal structures
take relatively different conformations. The torsion angles of O3–C2–C3–
C4 in (S)-CHEA : (S)-MA and (R)-CHEA : (S)-MA : W are 38 (1)◦ and 7.2(5)◦,
respectively. CHEA adopts a similar chair conformation in both crystal struc-
tures. The conformations of the ethylamine moieties, however, are signifi-
cantly different. Although the torsion angles of N1–C9–C11–C12 agree within
the experimental error in both crystal structures, the torsion angles of N1–
C9–C11–C16 are significantly different with the values being 173(1) and –
66.8(5) in (S)-CHEA : (S)-MA and (R)-CHEA : (S)-MA : W, respectively. These
geometrical differences indicate that chiral selectors and target molecules
should undergo structural change appreciably in order to realize the op-
timum molecular recognition. Only molecular recognition with sufficiently
strong intermolecular interactions can produce crystals that can be purely
separated.

Crystal structures of (S)-CHEA : (S)-MA and (R)-CHEA : (S)-MA : W are
compared in Fig. 12. (S)-MA and CHE are depicted by van der Waals spheres
and sticks, respectively. Water molecules are colored in green. In both crys-
tal structures, the (S)-MA molecules similarly pack and build up chiral space
where CHEA molecules are recognized.

In the crystal structure of (S)-CHEA : (S)-MA (Fig. 12a), the width of the
chiral space is relatively wide but only (S)-CHEA can be accommodated in
the chiral space. The width of the chiral space represented by the separation
between the C1 atom of (S)-MA and the center of the phenyl group of an-
other (S)-MA that is located at the opposite side of the chiral space is 9.33 Å.
The width is shown by a yellow dotted line. In the crystal structure of (R)-
CHEA : (S)-MA : W (Fig. 12b), (S)-MA forms columns perpendicular to the
a axis. Therefore, the width of the chiral space is roughly a half length of the
a axis, i.e., 8.32 Å.

The hydrophilic columns and layers in both crystal structures are high-
lighted in Fig. 13. Oxygen and nitrogen atoms are emphasized by van der
Waals spheres. In Fig. 13a, the crystal structure of (R)-CHEA : (S)-MA : W
is viewed along the b axis. The hydrophilic layers extend along the b axis
and are perpendicular to the c axis. The separation between the hydrophilic
layers is 14.64 Å. The crystal structure of (S)-CHEA : (S)-MA viewed along the
a axis is shown in Fig. 13b. The hydrophilic columns extend along the a axis.
They do not stack in parallel to each other. The spacing between the cen-
ters of the nearest-neighbor columns is 9.63 Å. Although the chiral space in
(R)-CHEA : (S)-MA : W is narrower than that in (S)-CHEA : (S)-MA, the sepa-
ration of the hydrophilic columns in the former crystal is significantly wider
than that in the latter crystal.
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Fig. 12 Crystal structures of the CHEA : MA system. a (S)-CHEA : (S)-MA. MAs are drawn
by van der Waals radii and PTE sticks. b (R)-CHEA : (S)-MA : W. MAs are drawn by van
der Waals radii and PTE sticks. Oxygen and hydrogen atoms of water molecules are
depicted by van der Waals radii in light grey
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Fig. 13 Hydrophilic columns and layers. Oxygen and nitrogen atoms are depicted by van
der Waals spheres in red and blue. Nitrogen atoms are depicted in pale grey. Other atoms
are drawn by sticks. a the (R)-CHEA : (S)-MA : W crystal viewed along the b axis. b the
(S)-CHEA : (S)-MA crystal viewed along the a axis
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Table 16 Hydrogen bonds in the CHEA : MA system

(S)-CHEA : (S)-MA
D–H · · · Aa D–H (Å) H · · · A (Å) D · · · A (Å) � D-H · · · A (◦)
O(3)–H(7) · · · O(1)i 0.8989 1.9103 2.640(14) 136.95
N(1)–H(23) · · · O(1)ii 0.9063 2.0354 2.835(15) 146.46
N(1)–H(23) · · · O(2)ii 0.9063 2.5782 3.429(17) 156.56′
N(1)–H(24) · · · O(2)iii 0.9122 1.8786 2.777(16) 167.97
N(1)–H(25) · · · O(2)i 0.9000 1.9990 2.896(13) 174.41

symmetry operation:
(i) x, y, z (ii) 1/2 + x, 3/2 – y, 1 – z (iii) – 1/2 + x, 3/2 – y, 1 – z (vi) 1 + x, y, z

(R)-CHEA : (S)-MA : W
D–H · · · A D–H (Å) H · · · A (Å) D · · · A (Å) � D–H · · · A (◦)

O(3)–H(7) · · · O(4)b,i 1.0596 1.8003 2.719(7) 142.55
N(1)–H(23) · · · O(1)ii 0.8078 2.1318 2.787(7) 138.25
N(1)–H(23) · · · O(3)ii 0.8078 2.4355 3.151(8) 148.17′
N(1)–H(24) · · · O(2)iii 0.9818 1.8420 2.783(7) 159.58
N(1)–H(25) · · · O(1)iv 0.9736 1.9335 2.852(7) 156.34
O(4)–H(26) · · · O(2)v 1.0713 1.6540 2.677(7) 157.91

symmetry operation:
(i) x, 1 + y, z (ii) x, – 1 + y, z (iii) x, y, z (iV) – 5/2 – x, – 1/2 + y, – 1 – z
(v) – 2 – x, y, – 1 – z

a A and D denote hydrogen bond acceptor and donor, respectively
b O4 designates the oxygen atom of the water molecule

In Table 16, hydrogen bonds in both crystal structures are given. In the
crystal structure of (S)-CHEA : (S)-MA, O2 is involved in three hydrogen
bonds with N1, whereas O1 is involved in one hydrogen bond with N1. In the
crystal structure of (R)-CHEA : (S)-MA : W, however, O1 is involved in two hy-
drogen bonds with N1. O2 is involved in one hydrogen bond with N1 and one
hydrogen bond with the water molecule. As observed in the PTE-MA system,
two carboxyl oxygen atoms behave differently in both crystals. In the crys-
tal obtained from the solvent with a smaller dielectric constant, O2 is highly
inclined to forming a hydrogen bond with the ammonium ions but in the
crystal obtained from the solvent with a larger dielectric constant O1 and O2
almost similarly make hydrogen bonds. It is interesting to note that O3 is in-
volved in intermolecular hydrogen bonds in (R)-CHEA : (S)-MA : W, but not
in (S)-CHEA : (S)-MA. A very similar hydrogen-bonding pattern is observed
in the PTE-MA system.

The markedly different hydrogen-bond schemes observed in the two crys-
tal structures indicate that the dielectric property of the solvent significantly
influences the electronic states of the carboxylate group. The electronic states
of the carboxylate group also should play an important role in DCR.
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5.3
Molecular Recognition

The crystal structures described above illustrate a molecular mechanism of
the DCR phenomenon observed in the (RS)-CHEA : (S)-MA resolution sys-
tem. In the solution, (S)-MA is considered to be highly inclined to aggregate
to form columns because (S)-MA pack in a similar fashion in both crystal
structures. Between the columns, the chiral spaces are formed. In the sol-
vent with a smaller dielectric constant, the columns come close together to
form a chiral space where (S)-CHEA is better recognized than (R)-CHEA.
In the solvent with a smaller dielectric constant, O2 of MA tends signifi-
cantly towards forming hydrogen bonds with the ammonium ion. In the
chiral space the structure of (S)-CHEA can fulfill this requirement and only
(S)-CHEA can be recognized in the chiral space. In the solvent with a larger
dielectric constant, however, the separation between the hydrophilic columns
increases because of reduced electrostatic interactions between them. As wa-
ter molecules must be incorporated between the columns to realize the close
packing, hydrophilic layers are now formed instead of hydrophilic columns.
The chiral space is formed between hydrophobic walls with a hydrophilic
floor and ceiling as shown in Fig. 12b. The width of the chiral space is nar-
row in this case. In the solvent with the larger dielectric constant, O1, O2 and
O3 can be equally involved in the intermolecular hydrogen bonds with the N
atom. Accordingly, the structure of (R)-CHEA is more preferable to (S)-CHEA
in this chiral space. In addition, both the CHEA and MA molecules can un-
dergo conformational changes to obtain an optimum fit into the chiral space
in order to form crystals to be precipitated.

6
Molecular Mechanism of DCR

We undertook systematic studies regarding the effect of dielectric properties
of solvents on chiral resolution in four different resolution systems. Three
popular chiral selectors were used in this study. The selectors are structurally
variable. The chemical structures of the target molecules are also variable.
These four resolution systems clearly showed that dielectric properties of the
solvent employed significantly affect the chiral resolution, namely all of them
showed the distinct DCR phenomena. Although certain conformational flexi-
bility of chiral selectors and target molecules appears to be necessary, specific
molecular prerequisites are not required for DCR. The results indicate that
DCR is just dependent on the dielectric property of the solvent employed in
the resolution process.

The crystal structures of these four resolution systems described in this pa-
per clearly give us an idea of the common molecular mechanism of DCR. In
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Fig. 14 Molecular mechanisms of DCR. a In the solvent with small dielectric constant.
Chiral selectors (I) aggregate and an enantiomer of a target molecule is recognized in the
chiral space formed by multiple chiral selectors (II). Basic units formed by chiral selectors
and the target molecule further aggregate (III) to result in the crystal. b In the solvent
with large dielectric constant. As hydrophilic moieties of chiral selectors (I) cannot ap-
proach, chiral space formed between chiral selectors are more voluminous (II). By filling
small molecules up into the void (III), the aggregates finally build up the crystal

each resolution system, the chiral selectors pack very similarly in the crys-
tals of both diastereomeric salts. The separations between the hydrophilic
columns formed by chiral selectors, however, are different in both diastere-
omeric salt crystals. The separations in the crystals obtained from the solvent
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with the smaller dielectric constant are smaller than those in the crystals
obtained from the solvent with the larger dielectric constant. Therefore, the
chiral spaces formed by chiral selectors in both crystal structures are appre-
ciably different and each enantiomer can be recognized in one of the chiral
spaces by adopting the conformation that optimizes the molecular recog-
nition. In the case where the separations between hydrophilic columns are
large, small molecules such as water are required to fill the void to realize the
close packing to be crystallized. In these four examples water is incorporated
to realize a close packing.

The presumed molecular mechanism of DCR is summarized in Fig. 14.
The concept of DCR is that a chiral selector can inherently recognize both
enantiomers of a target molecule and the dielectric property of the employed
solvent determine the enantiomer to be resolved. In the solvent with the
smaller dielectric constant (Fig. 14a), the hydrophilic moieties of the optical
selectors are close enough to form a chiral space where one of the enan-
tiomers can be preferentially recognized (II). The close packing brings about
the crystal (III). In the solvent with the larger dielectric constant (Fig. 14b),
however, the hydrophilic moieties of the chiral selectors should be separated
to generate a different chiral space that can be preferentially recognized by
another enantiomer. In this case the packing between the chiral selectors is
not close enough to enable a substantial void to be generated between the hy-
drophilic columns (II). If small molecules such as water are available to fill
in the void and the close packing is realize, the diastereomeric salt can be
obtained as stable crystal (III).

7
Conclusions and Scope

Chiral resolution has been regarded as a strict one-to-one molecular recogni-
tion between a specific enantiomer of a chiral selector and the corresponding
specific enantiomer of a target molecule. Therefore, both of the enantiomers
of chiral selectors have been considered to be absolutely necessary to resolve
both enantiomers of the target molecules. The discovery and detailed study
of molecular mechanisms of the DCR phenomenon, however, have clearly
shown that we should completely change this traditional concept regarding
chiral resolution. One chiral selector can inherently recognize both enan-
tiomers of the target molecule. The series of studies described in this work
demonstrates that DCR does not depend on specific chemical structures of
chiral selectors and target molecules and shows that DCR can be observed in
various resolution systems.

Chiral resolution is just a typical example of molecular recognition. The
role of the solvent in the process of molecular recognition is not currently
taken into account to consider the molecular mechanism. The discovery of



Molecular Mechanisms of Dielectrically Controlled Resolution (DCR) 271

DCR, however, obviously teaches us the essential role of the solvent in vari-
ous molecular recognition processes. Undoubtedly this discovery will enable
new light to be shed on the molecular mechanisms of various important mo-
lecular recognition problems such as highly specific molecular recognition in
biological systems.
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Abstract Before 1985, most chiral drugs newly introduced annually to the market were
racemates and only three to five drugs were launched yearly as single enantiomers. Since
then, the situation has changed dramatically, with racemates being introduced only rarely
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to the market. In 2004, all the new synthetic drugs (13 in the world) were launched as
single enantiomers.

This article summarizes the change of chiral drugs in the last two decades from race-
mates to single enantiomers and outlines the structural features of these new drugs and
the manufacturing technologies applied to introduce chirality to them – chirality pool,
various types of resolutions and asymmetric syntheses, of which the new technologies
developed recently are highlighted.

Keywords Asymmetric synthesis · Chirality pool · Resolution · Single enantiomer ·
Synthetic drug

Abbreviations
ACE Angiotensin converting enzyme
CMV Cytomegalovirus
CNS Central nervous system
CSA 10-Camphorsulfonic acid
DBTA O,O′-Dibenzoyl-tartaric acid
DTTA O,O′-Ditoluoyl-tartaric acid
HMG-CoA 3-Hydroxy-3-methylglutaryl coenzyme A
IPA Isopropyl alcohol
MA Mandelic acid
MBA α-Methylbenzylamine
Mw Molecular weight
NCE New chemical entitiy
NCS N-Chlorosuccinimide
NK1 Neurokinin 1
SMB Simulated moving bed
TA Tartaric acid
p-TSA p-Toluenesulfonic acid

1
Introduction

In 1984, E.J. Ariens presented a paper, in which he declared the therapeuti-
cally non-active isomer in a racemate should be regarded as an impurity (50%
or more). He also pointed out that in clinical pharmacology, and particularly
in pharmacokinetics, neglect of stereoselectivity in action leads to the per-
formance of expensive “highly sophisticated scientific nonsense” [1]. At that
time, most of chiral synthetic drugs on the market were used as racemates
and the proportion of single enantiomers was only 12% of chiral drugs [2, 3].
After two decades, most of newly launched chiral synthetic drugs are single
enantiomers, and only one or two racemates or diastereomers are introduced
in a year. For the first time in 2004, all the approved chiral synthetic drugs
went to market as single enantiomers. In this article, the course of these
changes proceeded in these two decades, that is “from racemates to single
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enantiomers”, will be confirmed and the technologies supporting this revo-
lution will be reviewed.

2
New Drugs Launched in 1985–2004 and their Chirality

In the 20 years between 1985 and 2004, 754 new drugs (new chemical and
biological entities) were launched in the world. These drugs were classified
according to their source and chirality, and the number of drugs appeared
in each four-year period are illustrated in Table 1. These data are mainly
obtained from the chapters “To Market, to Market” of Annual Reports in
Medicinal Chemistry, published annually under the sponsorship of the Divi-
sion of Medicinal Chemistry of the American Chemical Society [4].

As shown in Table 1, among the total 754 entities, synthetic drugs con-
stitute the largest group of 550 (73%), followed by semisynthetics (128) and
biologicals (76). The number of newly launched drugs decreases through this
period constantly, from 204 in 1985–1988 to 113 in 2001–2004.

With synthetic drugs, the proportion of achiral drugs decreased gradually
from 48% (1985–1988) to 35% (2001–2004). The most striking observations
are the increase of single enantiomers in chiral drugs and the decrease of
racemates, which dominated two-thirds of chirals in 1985–1988. Afterwards
they gradually declined and then dramatically dropped to only 3 at the open-
ing of the 21st century. In the year 2004, among the 16 newly approved

Table 1 New drugs launched in 1985–2004

Year 1985–88 1989–92 1993–96 1997–00 2001–04 Total

Grand total 204 141 160 136 113 754
Synthetics total 146 104 116 109 75 550
Achiral 70 46 49 46 26 237
Chiral total 76 58 67 63 49 313
Racemates 50 32 30 22 3 137
Diastereomers 2 5 0 0 2 9
Single enantiomers (SE) 24 21 37 41 44 167

SE a/Chiral (%) 31.6 36.2 55.2 65.6 89.8 53.5
Achirals/Synthetics (%) 47.9 44.2 42.2 41.8 34.7 43

Semisynthetics total 41 24 28 20 15 128
Biologics total 17 13 16 7 23 76
Natural 13 7 1 1 4 26
Recombinant 4 6 15 6 19 50

a Single enantiomers
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synthetic drugs, 13 chirals were all single enantiomers and the rest, only
three, were achiral. These changes to synthetic drugs with chirality are illus-
trated in Fig. 1.

The move from racemates to single enantiomers has been driven by the
guidelines issued by regulatory authorities in the late 1980s, which require the
applicants of racemic drug candidates to submit scientific evidences to use
racemates not as single enantiomers [5, 6]. As a consequence, pharmaceutical
companies had to investigate the stereochemical features of their drug can-
didates in the early stage of development and, in most cases, they selected
single enantiomers for further development. Racemates were chosen only ex-
ceptionally, when the single enantiomer racemizes easily in vitro and/or in
vivo, individual enantiomers have similar pharmacological and toxicological
profiles, or the use of racemates results in some synergic effects to exhibit
better pharmacological or toxicological outcome, etc.

The number of achiral drugs also decreased significantly but the propor-
tion of 35–40% has been kept in synthetic drugs. Newer therapeutic groups,
such as angiotensin II receptor antagonists, tyrosine kinase inhibitors all con-
sist of achiral compounds.

The new launches of semisynthetic drugs have nearly halved in the last ten
years, from 84 new entities in 1985–1994 to 44 in 1995–2004. This decrease of
new launches is mainly ascribed to the cease of development of cephalosporin
antibiotics (from 19 new launches in the former ten years to only three in the
latter). A slow-down of the appearance of steroids and macrolide antibiotics
is also observed, from 18 and 15 to 11 and 8.

Although the biological drugs including recombinant products were
launched at a nearly constant pace to the total of 76 entities in these 20 years,
natural products extracted from plants, animals or fermentation broths de-
creased significantly at the end of 20th century. On the contrary, approved

Fig. 1 New launches of synthetic drugs: 1985–2004
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numbers of recombinant products, first launched at the end of 1980s, is in-
creasing constantly and in 2004 reached the total of 50.

3
Origins of New Drugs: Countries and Companies

In Table 2, the numbers of new synthetic drugs launched in each four-year
period are listed according to their chirality and countries of origin. The
largest number of chiral and single enantiomeric drugs have their origins in

Table 2 Origins of chiral synthetic drugs: 1985–2004

Originated in Type a 1985–88 1989–92 1993–96 1997–00 2001–04 Total

USA Synth. 33 19 26 37 31 146
Chiral 22 11 14 19 25 91
SE 9 7 11 14 25 66

Japan Synth. 35 29 37 20 17 138
Chiral 15 18 25 14 11 83
SE 7 5 12 5 9 38

UK Synth. 11 17 13 13 7 61
Chiral 4 10 6 5 4 29
SE 1 2 4 5 4 16

Switzerland Synth. 6 9 10 5 5 35
Chiral 4 4 7 3 2 20
SE 2 2 3 3 1 11

France Synth. 16 2 7 5 5 35
Chiral 8 1 4 3 3 19
SE 1 0 2 2 3 8

Germany Synth. 14 8 9 13 3 47
Chiral 6 4 3 8 1 22
SE 0 1 0 6 0 7

Italy Synth. 17 4 4 3 0 28
Chiral 9 2 1 2 0 14
SE 3 2 1 1 0 7

Sweden Synth. 3 3 1 2 2 11
Chiral 2 2 1 2 1 8
SE 0 1 1 1 1 4

Other countries Synth. 11 13 9 11 5 49
Chiral 6 6 6 7 2 27
SE 1 1 3 4 1 10

Total Synth. 146 104 116 109 75 550
Chiral 76 58 67 63 49 313
SE 24 21 37 41 44 167

a Synth. = synthetics, Chiral = racemates + diastereomers + single enantiomers (SE)
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the USA, followed by Japan and the UK. In these three countries, 204 chiral
drugs (65.0% of total 314) were discovered, of which 121 entities are single
enantiomers (72.0% of total 167). In Switzerland, France and Germany, a sig-
nificant number of single enantiomers (26, 15.5%) are also originated. Chiral
synthetic drugs discovered in these six countries account for 84.4% of chiral
drugs (265 entities) and 87.5% of single enantiomers (147).

The change to single enantiomers proceeded most rapidly in the USA and
the UK as early in the 1993–1996 period, when the proportion of single enan-
tiomers in chiral drugs has reached to 78% in the USA and 67% in the UK.
After 1997, all the 10 new chiral drugs originated in the UK went to market as
single enantiomers, and later in 2001–2004, 25 new chiral drugs discovered in
the USA were also launched entirely as single enantiomers.

As to the originators, Merck leads the discovery of single enantiomers with
10 NCE’s in the past 20 years, followed by AstraZeneca (8), Hoffmann-La
Roche (7), Novartis (7), and Glaxo SmithKline (6). Pfizer itself discovered
4 NCE’s in this period, but as a result of mergers with Warner-Lambert and
Pharmacia, 11 NCE’s have their origins in the Pfizer group.

4
Therapeutic Aspects

The aspects in the therapeutic areas are indicated in Table 3, where single
enantiomeric new drugs were actively developed.

1) Cardiovascular Agents: 32 NCE’s were launched in this area, of which an-
giotensin converting enzyme (ACE) inhibitors are ranked as the top of
all therapeutic groups with 15 new drugs. The first ACE inhibitor, capto-
pril, was introduced to the market in 1981, followed by enalapril in 1984,
then 15 new entities of this type were launched from 1987 to the end of
the 20th century. Angiotensin II receptor antagonists, recently developed
potent and selective antihypertensives led by losartan (1994), are all achi-
ral compounds except for valsartan (1996), which is an optically active
L-valine derivative, and candesartan silexetil (1997), a racemic prodrug.
The second active area of the cardiovascular agents is antihyperlipopro-
teinemic agents with five synthetic HMG-CoA reductase inhibitors
(statins) and a new type of small molecule cholesterol absorption inhibitor
(ezetimibe, 2002). Lovastatin and two other statins introduced in 1980’s
are semisynthetic compounds derived from fermentation products and
not counted in Table 3. Six antithrombotics have been introduced to the
market in this period, including entities with various chemical structures
from prostaglandin to oligopeptides.

2) The second largest therapeutic group is antivirals, including anti-HIV
agents. Seven reverse transcriptase inhibitors and eight protease inhibitors
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Table 3 Single enantiomers by therapeutic categories

Therapeutic categories 1985–88 1989–92 1993–96 1997–00 2001–04 Total

Cardiovascular agents
Antihypertensives 4 7 6 2 1 20
ACE inhibitors (4) (5) (5) (1) (0) (15)
Others (0) (2) (1) (1) (1) (5)
Antihyperlipoproteinemics 0 0 1 2 3 a 6
Antithrombotics 1 0 0 4 1 6
Antivirals
HIV reverse transcriptase 0 1 2 2 b 2 7
inhibitors
HIVprotease inhibitors 0 0 3 3 2 8
Others 0 0 2 0 1 3
Antineoplastics
Antimetabolites 1 1 4 1 3 10
Pt complexes 0 0 1 1 0 2
Peptides and others 1 0 2 0 3 c 6
Antibacterials
Antibiotics (carbapenem, etc.) 3 d 2 e 2 1 2 10
(two adjuvants included)
Quinolones and others 0 0 1 2 f 1 4
Antiglaucomas 0 0 3 1 2 6
Antidepressants 0 2 0 0 3 5
Hormonals (peptides, etc.) 0 0 1 3 0 4
Antidiabetics 0 0 0 2 1 3
Antiemetics 0 0 1 0 2 g 3
Antimigraines 0 0 0 1 2 3
Total 10 13 29 25 29 106

Grand total h 24 21 37 41 44 167

a ezetimibe
b efavirenz
c bortezomib
d cilastatin
e tazobactam
f linezolid
g aprepitant
h of all single enantiomers in all therapeutic categories

were introduced to the market to overcome HIV infections. As to reverse
transcriptase inhibitors, semisynthetic products, zidovudine (1987) and di-
danosine (1991) were launched at first, then six nucleosides, e.g., zalcitabine
(1992) and stavudine (1994) followed. To manufacture these compounds,
several processes have been developed and some of them are derived from
natural or fermented nucleosides, such as adenosine, guanosine or uridine.
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Other than nucleosides, efavirenz was introduced to the market in 1998 as
a unique non-nucleoside HIV reverse transcriptase inhibitor.
The first HIV protease inhibitor, saquinavir, was launched in 1995, fol-
lowed by seven related compounds and used in combination with reverse
transcriptase inhibitors. These are peptidomimetic compounds and have
relatively complex structures with large molecular weights and many chi-
ral centers.
Apart from anti-HIV drugs, three antiviral compounds for herpes, and
AIDS-related CMV infections have been introduced. Two antiviral com-
pounds for influenza, launched in 1999, were not included in this sur-
vey, because these are semisynthetic compounds derived from natural
resources.

3) Antineoplastics, with 18 new entities, constitute the third group, of which
ten antimetabolites, two platinum complexes, four hormonal peptides and
two others were launched. As antimetabolites, two antifolates, raltitrexed
(1996) and pemetrexed (2004), have been introduced, besides eight nucle-
osides. Bortezomib (2003) is the first proteasome inhibitor for the treat-
ment of multiple myeloma, and chemically, it is the first boronic acid
derivative as a pharmaceutical. Amrubicin (2002) is also the first com-
pletely synthetic anthracycline antibiotic.

4) In the field of antibacterials, eight β-lactam antibiotics, two β-lactamase
inhibitors as the adjuvants to β-lactam antibiotics, three quinolone deriva-
tives and a new class of antibacterial agent, linezolid (2000), have entered
to market. Imipenem was launched in 1985 as the first carbapenem antibi-
otic, followed by panipenem (1994) and three 1β-methyl-carbapenems,
meropenem (1994), biapenem and ertapenem (2002).

5) Six antiglaucomas were launched in these 20 years, of which two carbonic
anhydrase inhibitors, dorzolamide (1995) and brinzolamide (1998), have
appeared in addition to four prostaglandins, represented by unoprostone
(1994).

6) Five antidepressants were introduced to the market, of which sertralin
(1990) and paroxetine (1991) are now blockbusters. Escitalopram (2002)
is a racemic switch, and atomoxetine (2003) the first non-stimulant drug
for attention deficit hyperactivity disorder (ADHD). Duloxetine (2004)
is approved for the treatment of stress urinary incontinence and dia-
betic peripheral neuropathic pain, in addition to the treatment of major
depression.

7) In the fields of antiemetics and antimigraines, achiral or racemic com-
pounds have been used initially, but single enantiomers were recently
introduced to the market; ramosetron (1996), palonosetron (2003) and
aprepitant (2003) as antiemetics, zolmitriptan (1997), eletriptan (2001)
and frovatriptan (2002) as antimigraines. Among them, aprepitant is the
first NK1 receptor antagonist, while the other antiemetics are 5HT3 recep-
tor antagonists.
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5
Structural Features of Single Enantiomers

A number of large and complicated molecules are observed in recent new
drugs especially in single enantiomeric synthetics. Number of chiral cen-
ters, molecular weights and number of hydrogen bond donors in the drug
molecules were selected as the measures of structural complexity and their
change in the recent twenty years were surveyed.

5.1
Number of Chiral Centers

Table 4 shows the numbers of single enantiomers and racemates by the num-
ber of chiral centers and the launched years.

1) The numbers of chiral centers of single enantiomers distribute from one to
over ten, but the entities with one or two chiral centers account for more
than half of all the single enantiomers. Among 17 entities with seven or
more chiral centers, 14 are peptides consisting of 7 to 38 amino acid units,
two are oligonucleotides (fomvirsen (1998) and pegaptanib (2004)), and
one polymeric Zn complex of amino acid derivative (polaprezinc (1994)).

2) The number of single enantiomers having one chiral center increased sig-
nificantly after 1995. While only 14 entities with one chiral center were
launched in ten years from 1985 to 1994, 44 have entered the market in
the period from 1995 to 2004. On the other hand, launches of racemates

Table 4 New chiral synthetic drugs: The number of chiral centers

No. of Launched in
Chiral 1985–88 1989–92 1993–96 1997–00 2001–04 Total Ratio (%)
centers

Single 1 6 4 11 21 16 58 34.7
Enan- 2 4 9 5 6 11 35 20.9
tiomers 3 5 5 6 3 3 22 13.2

4 2 1 6 4 5 18 10.8
5–6 4 1 5 2 5 17 10.2
≥ 7 3 1 4 5 4 17 10.2

Total 24 21 37 41 44 167 100.0

Racem- 1 44 28 27 14 3 116 84.7
ates 2 5 3 1 4 0 13 9.5

≥ 3 1 1 2 4 0 8 5.8

Total 50 32 30 22 3 137 100.0



282 H. Murakami

with one chiral center had dramatically decreased from 89 in 1985–1994
to 27 in 1995–2004, clearly reflecting the switch from racemates to single
enantiomers.

3) Single enantiomers with two chiral centers had also increased moderately
from 15 in 1985–1994 to 20 in 1995–2004.

4) Fifty-seven new single enantiomeric drugs having three to six chiral cen-
ters were launched in the past 20 years, of which 26 appeared in 1985 to
1994, and 31 in 1995 to 2004. The largest group in this category is ACE in-
hibitors with 13 entities, of which ten were launched in the first ten years.
Tied for second with eight each are the antineoplastics with nucleoside
moieties and HIV protease inhibitors; the latter were all introduced after
1995. Seven each of β-lactam antibiotics and prostaglandins, of which four
entities are antiglaucomas, have also entered the market. These five groups
of new drugs constitute about three quarters of the total 57 new entries
(Table 5).

5) Contrary to single enantiomers, most of the racemates (116 of total 137)
have only one chiral center and the racemates with two chiral centers are
merely 13, of which most compounds are the mixture of two antipodes
with the same relative configuration such as (R∗,R∗) or (R∗,S∗). Only three
compounds are the mixture of four isomers and the two of them (lox-
oprofen (1986) and troglitazone (1997)) have labile chiral centers easily
converting in the body. Introduced in 1985 to 1997, five racemates with
three or four chiral centers, all consist of two enantiomers.

As the increasing number of isomers causes a sharp decrease in the pro-
portion of the active isomers, inventors should inevitably select structures
with the definite relative configuration devising any stereoselective synthetic
schemes to reduce the number of isomers.

Table 5 Major drug groups: The number of chiral centers (1985–2004)

Number of chiral centers 1 2 3 4 5 6 >= 7 Total

ACE inhibitors 0 2 a 10 b 0 3 0 0 15
HIV protease inhibitors 0 0 2 3 3 0 0 8

Nucleosides
Antineoplastics 0 0 2 6 0 0 0 8
Antivirals 2 5 0 0 0 0 0 7

β-Lactam antibiotics 0 1 2 3 0 2 0 8
Prostaglandins 0 0 0 1 6 0 0 7 c

Peptides 0 0 0 0 2 0 13 15

a Besides these, captopril was launched in 1981
b Besides these, appeared enalapril (1984), and fosinopril (1991, diastereomer)
c Besides these, four diastereomers and one racemate have been launched
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5.2
Molecular Weights

As a measure of the size of drug molecules, molecular weights (Mws) of new
drugs were surveyed and listed in Table 6. In case a drug is sold as its salt, the
molecular weight of the free form is usually adopted. The average Mws of the
entities launched in each four-year period were calculated, excluding the ones
with larger Mws than 800, which are peptides or oligonucleotides.

1) As shown in Table 6, the Mws of most single enantiomers reside in the
range of 200 and 500 (76%), and only 17 large molecules with Mws 500–
800 (10%) are used, except for 17 peptides and 2 oligonucleotides (Mw >
800). The average Mws in 1985–1992 (about 340) have increased sharply to
408 in 1993–1996 and the level of 370 is kept thereafter. This is explained
by the increase in the large molecules with Mws over 500 after 1995, rep-
resented by HIV protease inhibitors.

2) Of the 17 drugs with Mws 500–800, 12 are administered orally. Be-
sides eight HIV protease inhibitors with Mws 505.6–721.0, tenofovir diso-
proxil fumarate (antineoplastic, 519.4), aprepitant (antiemetic, 534.4),
atorvastatin (antihyperlipoproteinemic, 558.6) and montelukast (antialler-
gic, 586.2) are sold as tablets or capsules.

3) In comparisons with single enantiomers, achiral drugs are smaller and
racemates are about the same in their Mws. Particularly to be commented,

Table 6 Molecular weights of synthetic drugs

Molecular Launched in
Weight 1985–88 1989–92 1993–96 1997–00 2001–04 Total

Single < 200 0 0 0 1 3 4
Enantiomers 200–300 10 7 8 11 8 44

300–400 5 6 8 8 14 41
400–500 5 7 11 10 9 42
500–600 0 0 1 4 5 10
600–800 1 0 4 1 1 7
> 800 3 1 5 6 4 19
Total 24 21 37 41 44 167
Average Mw a 341.5 336.6 408.2 373.7 373.5 367.0

Racemates Number of drugs 50 32 30 22 3 137
Average Mw a 349.7 359.6 377.0 373.8 437.0 364.3

Achirals Number of drugs 70 46 49 46 26 237
Average Mw a 318.4 314.6 328.5 339.8 389.5 331.4

a Entities with Mws > 800 are excluded
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the average Mws of these two categories are constantly increasing year to
year.

4) As a whole, the average size of drug molecules has gone up in the last
20 years: the ratio of average Mws of (2001–2004)/(1985–1992) for single
enantiomers is 1.09, for racemates 1.25 and 1.22 for achirals. In 2001–2004,
the average Mws of single enantiomers is smaller than those of the other
groups.

5.3
Hydrogen Bond Donors and Acceptors

C.A. Lipinski defined the number of OH and NH groups in a drug molecule
as “hydrogen bond donors” and the number of oxygen and nitrogen atoms as
“hydrogen bond acceptors”, recognizing them as measures of drug permea-
bility and absorption in the body, along with Mws and log P’s (P: partition
coefficient of a drug compound in 1-octanol-water). He proposed the “rule of
5” upon the investigation of a large number of marketed and investigational
drugs [7]. The rule predicts a poor absorption or permeation in the body for
a drug compound, which meets one or two of the four criteria shown below:

1) There are more than 5 hydrogen bond donors.
2) The molecular weight is over 500.
3) The log P is over 5.
4) There are more than 10 hydrogen bond acceptors.

Here the numbers of hydrogen bond donors of the new synthetic drugs
launched after 1985 are listed in Table 7.

As shown in Table 7, about 90% of single enantiomers have 1 to 5 hydro-
gen bond donors, and only 6 chemical entities (4.0%) have 6 or 7 donors.
Among these six drugs, only droxidopa (Mw 213.2) and saquinavir (670.8) are
administered orally and other four (Mw 285–483) by injection.

The average numbers of hydrogen bond donors calculated for the entities
having less than 10 donors are as follows: single enantiomers 2.37, racemates
1.41 and achirals 1.80. The implication of these differences in the number of
hydrogen bond donors is not certain.

As to the single enantiomers and racemates, their average numbers of chi-
ral centers are 2.43 and 1.20, respectively, and closely resemble the number
of hydrogen bond donors. But the numbers of hydrogen bond donors scatter
in wide range from zero to over five for all single enantiomeric and racemic
drugs with one to five chiral centers. No apparent correlations are observed
between these two numbers.

Hydrogen bond acceptors are also checked and 12 single enantiomers are
found to have 11 to 15 acceptors, excluding peptides and oligonucleotides. Of
these 12 drugs, seven have large Mws over 500, of which four are HIV protease
inhibitors and administered orally. Among racemates and achiral drugs, enti-
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Table 7 Hydrogen bond donors: Synthetic drugs 1985–2004

Launched in
H-bond donors 1985–88 1989–92 1993–96 1997–00 2001–04 Total

Single 0 0 0 1 2 4 7
Enan- 1 5 7 5 10 9 36
tiomers 2 7 7 10 9 5 38

3 4 2 6 6 8 26
4 1 1 7 7 7 23
5 2 1 2 1 5 11
6–9 1 2 1 0 2 6
≥ 10 (4) (1) (5) (6) (4) (20)
Total 20 + (4) 20 + (1) 32 + (5) 35 + (6) 40 + (4) 147 + (20)
Average a 2.58 2.40 2.71 2.19 2.72 2.37

Racem- No. of 50 32 29 + (1) 20 + (2) 3 134 + (3)
ates drugs 1.60 1.34 1.21 1.52 2.33 1.41

Average a

Achirals No. of 70 46 48 + (1) 46 26 236 + (1)
drugs 1.90 1.65 2.02 1.76 1.85 1.80
Average a

a Drugs with more than 10 hydrogen bond donors were omitted for calculation of the
average

ties having more than ten hydrogen bond acceptors are rarer than in single
enantiomeric drugs (only three in racemates and five in achirals).

6
Manufacturing Methods: Introduction of Chirality

How to introduce the chirality to the target drug molecule is the inevitable
subject in the syntheses of single enantiomeric drugs and innumerable pro-
cedures have been developed and applied in the pharmaceutical industry.

Single enantiomeric drugs launched between 1985 and 2004 belong to di-
verse structure types and have one to more than ten chiral centers. Here, for
convenience’s sake, these drugs were divided into the entities having only one
chiral center and those with two or more chiral centers, to inspect and classify
the methods of introducing the chirality.

Usually, several processes are developed to manufacture a single target
drug molecule, and it is not certain which process is actually adopted in
commercial production. Moreover, process changes are often reported even
after the launch of new drugs. The manufacturing processes referred to the
individual drug compounds in this chapter are estimated according to the
author’s best knowledge.
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6.1
Single Enantiomers with One Chiral Center

As shown in Table 4, 58 entities with one chiral center were launched in 1985–
2004. Their manufacturing methods are classified conventionally, as follows:

1) Chirality pool: syntheses from optically active intermediates or building
blocks

2) Optical resolution of the appropriate racemates, in the course of any stage
in the manufacturing processes

3) Asymmetric synthesis, including enzymatic or biological procedures.

Chirality pool originally meant the relatively inexpensive natural or fer-
mented products, such as carbohydrates, amino acids, oxy-acids, alkaloids,
terpenes, etc. Recently, a variety of optically active compounds are produced
on a large scale by various methods and available easily from a number of
suppliers. Therefore it is relevant to include these products as important con-
stituents of chirality pool.

The chirality of single enantiomeric drugs with one chiral center launched
in 1985–2004 are introduced by the three procedures, according to the au-
thor’s estimation or supposition, as follows:

Chirality pool: 26
Optical resolution: 27
Asymmetric synthesis: 5

6.1.1
Chirality Pool

Nearly a half of single enantiomeric drugs with one chiral center are produced
by introducing their chirality, using optically active compounds or chirality
pool as the starting material or intermediates and combining with achiral
compounds at an appropriate stage of the synthetic sequence.

Natural amino acids are the most frequently used chirality pool (of
14 drugs), followed by unnatural amino acids and amino acid analogs (6), op-
tically active glycidol derivatives (6). Most frequently used amino acids are
L-Cys (bucillamine (1987), telmesteine (1992) and fudosteine (2001)), L-Glu
(raltitrexed (1996), carglumic acid (2003) and pemetrexed (2004)) and L-Val
(valaciclovir (1995) and valsartan (1996)).

6.1.2
Optical Resolution

Resolution is the most frequently utilized technology to produce single enan-
tiomeric new drugs. As shown in Table 8, 27 new single enantiomeric drugs
launched in 1985–2004 are estimated to be manufactured by using any kind
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Table 8 Optical resolution: Single enantiomers with one chiral center

Drug Name (Launched in) Resolving Agents Substrates

Resolution of starting materials
Flunoxaprofen (1987) L-ephedrine 4-(α-cyanoethyl)phenol
Dexrazoxane (1992) a not disclosed 1,2-diaminopropane
Tamsulosin (1993) (R)-MBA b substd. phenylacetone
Tiagabine (1996) L-TA Et 3-piperidinecarboxylate
Clopidogrel (1998) L-TA 2-Cl-phenylglycine Me ester
Repaglinide (1998) N-Ac-L-TA 1-Ar-isopentylamine
Ramatroban (2000) (S)-MBAb 3-oxo-tetrahydrocarbazole
Levocetirizine (2001) L-TA 4-Cl-benzhydrylamine
Cinacalcet (2004) not disclosed 1-α-naphthylethylamine

Resolution of intermediates
Ropivacaine (1996) L-DBTA pipecolic anilide
Pramipexole (1997) L-TA 2-aminothiazole deriv.
Rivastigmine (1997) L-DTTA N,N-diMe-MBA deriv.
Bepotastine (2000) N-Ac-L-Phe 4-diarylmethoxy-piperidine
Levosimendan (2000) L-TA 4-Me-pyridazinone deriv.
Escitalopram (2002) c L-TA dimethylaminobutanol deriv.
Duloxetine (2004) (S)-MA thiophene deriv.
Mitiglinide (2004) d (R)-MBA 2-benzylsuccinic acid

Resolution at the final step
Denopamine (1988) D-Ac-Phe racemate
Dexibuprofen (1994) a (S)-Me-Ph-butylamine racemate (ibuprofen)
Ramostron (1996) D-DBTA racemate
Dexfenfluramine (1997) a (+)-camphoric acid racemate (fenfluramine)
Levalbuterol (1999) a,d D-DTTA penultimate intermediate
Dexmedetomidine (2000) a L-TA racemate (medetomidine)
Frovatriptan (2002) (+)-CSA racemate
Atomoxetine (2003) d (S)-MA racemate
Eszopiclone (2004) a,e D-DBTA racemate (zopiclone)
Pregabalin (2004) d,e (S)-MA racemate

a Racemic switch
b Reductive amination with a prochiral ketone
c Process change to SMB separation is reported
d Asymmetric synthesis developed as the alternative process
e Enzymatic kinetic resolutions are developed

of resolution, of which the majority of drugs are produced via diastereomer
crystallization using resolving agents, except for one by continuous chro-
matographic (SMB) resolution (escitalopram, 2002) [8].

Diastereomer crystallization is well known as a classical resolution and apt
to be thought of as out-of-date technology, but as a sharp increase of sin-
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gle enantiomeric drugs with one chiral center after 1995, the number of new
drugs manufactured by using this technology also increased dramatically:
from only 5 entities in 1985–1994 to 22 in 1995–2004.

Most frequently used resolving agents are natural L-tartaric acid and its
bis-aroylated derivatives (D- or L-dibenzoyl- and ditoluoyl-), followed by (R)-
or (S)-mandelic acid.

Basic resolving agents, represented by α-methylbenzylamine are used in
five resolutions. In the two cases, the amine is condensed with prochiral ke-
tones and reduced to diastereomeric secondary amine mixtures, followed by
separation by crystallization and hydrogenolysis, to give optically active pri-
mary amines (tamsulosin (1993) and ramatroban (2000)). Benzylsuccinic acid
is efficiently resolved by the salt formation with (R)-α-methylbenzylamine for
the production of mitiglinide (2004). Alternative preparation via asymmetic
synthesis is also developed for this entity.

Eszopiclone (2004), the racemic switch of a hypnotic, zopiclone, can be
manufactured by classical resolution of the racemate or by enzymatic reso-
lution of precursors [9]. For pregabalin (2004), a classical resolution process
using (S)-mandelic acid as the resolving agent was established at a rela-
tively early stage of its development [10], but a more efficient manufacturing
process by asymmetric synthesis [11] or enzymatic procedure is reportedly
implemented in the commercial production. The newer processes by asym-
metric reduction of precursor ketones are also developed for levalbuterol
(1999) and atomoxetine (2003) (see next section).

In general, resolutions at an early step of the synthesis are recommended
as the golden rule from the economical and environmental points of view. Ac-
tually in this survey, only 7 resolutions are carried out at the starting step,
11 at the intermediate steps, and 9 at the final step. Four of the nine resolved
at the last stage are so-called racemic switches of generic drugs, and it may be
reasonable to resolve the relatively cheap racemates (Sect. 6.1.4).

6.1.3
Asymmetric Syntheses

Five new chemical entities are manufactured by using asymmetric synthe-
ses. Early in 1993, the commercial production of (S)-1,2-propanediol, the key
intermediate of levofloxacin, was commenced by a catalytic asymmetric hy-
drogenation of hydroxyacetone. An asymmetric alkylation process was first
applied in the production of efavirenz (1998), a unique non-nucleoside HIV
reverse transcriptase inhibitor. The key step, addition of cyclopropylacetylene
to a prochiral ketone in the presence of chiral aminoalchohol and BuLi, is
achieved with an excellent enantioselectivity of 98% [12].

For the stereoselective oxidation of the thioether group of omeprazole
precursor to its (S)-sulfoxide, esomeprazole (2000), two processes, Sharpless
oxidation using a Ti tartrate catalyst and a microbial oxidation, have been
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developed, of which the former is estimated to be implemented in the com-
mercial production [13, 14].

Asymmetric reduction of the keto group with chiral borane reagents is uti-
lized in the manufacture of brinzolamide and montelukast (both in 1998).
This procedure is also reported to be adopted in the improved syntheses of
levalbuterol (1999) [15] and atomoxetine (2003) [16] instead of classical reso-
lutions.

6.1.4
Racemic Switches

From the mid-1980s, the single enantiomeric version of racemic drugs in
the market have been intensively developed as “racemic switches”, with the
expectation that they would have a higher efficacy, better pharmacokinetic
profiles or reduced side effects and so on, in comparisons with the par-
ent racemates. Some of them have been launched and, today, 13 racemic
switches are identified on the market, of which AstraZeneca’s antiulcerative
esomeprazole is the most successful one [13]. All these drugs have one chi-
ral center with the exception of dexmethylphenidate, which has two chiral
centers.

These switched single enantiomers are manufactured by any of the
methods depicted in this chapter. Seven drugs are produced by using classi-
cal resolution, of which, four are resolved at the final step of the syntheses as
referred in Sect. 6.1.2. Dexmethylphenidate (2002) is also probably made by
the resolution of its threo-racemate, methylphenidate. Asymmeric syntheses
are applied to the commercial syntheses of levofloxacin (1993), levalbuterol
(1999) and esomeprazole (2000). A new technology of SMB chromatographic
separation is reportedly utilized in the production of escitalopram (2002).
Levobupivacaine(2000) is produced by using Cbz-L-Lys as the starting mate-
rial. As to the latest switch, eszopiclone (2004), several methods are developed
for its manufacture, including classical resolution or chromatographic sepa-
ration of the racemate and enzymatic kinetic resolution of the intermediate
ester by using an immobilized lipase.

6.2
Single Enantiomers with Two or More Chiral Centers

Over 100 new drugs with more than one chiral centers were launched in
these 20 years. But, as shown in Tables 4 and 5, the entities with seven or
more chiral centers are almost peptides, and the majority of drugs with four
to six chiral centers belong to specific drug groups with their characteris-
tic structures and synthetic methodologies, exemplified by prostaglandins or
β-lactam antibiotics, etc. In this section, syntheses of single enantiomers hav-
ing two or three chiral centers are scrutinized and the characteristic method-
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ologies different from those for the entities with only one chiral center will be
highlighted.

There are five fundamental methods to construct single enantiomers hav-
ing two or more chiral centers.

1) Synthesis from chiral building blocks
2) Resolution of racemates having definite relative configurations
3) Separation of the diastereomer mixture derived from a single enan-

tiomeric precursor
4) Crystallization-induced asymmetric transformation
5) Diastereoselective reaction

These methods will be outlined with some typical examples.

6.2.1
Synthesis from Chiral Building Blocks

Two or more optically active building blocks including chirality pool are com-
bined successively. By repeating this procedure, large compounds having mul-
tiple chiral centers such as peptides or oligonucleotides can be constructed.
ACE inhibitors are, in principle, produced by this method, but in many cases,
stereoselective reactions are introduced to reduce the number of necessary
chiral intermediates (Sect. 6.2.3).

As simpler examples, pidotimod (1993, immunostimulant) is synthe-
sized by condensing L-pyroglutamic acid with (R)-thiazolidine-4-carboxylate;
taltirelin (2000, CNS stimulant) by condensing L-His with L-ProNH2, and then
with L-dihydroorotic acid derivative.

6.2.2
Resolution of Racemates

The racemic compounds having two or three chiral centers and the definite
relative configurations such as (R∗,R∗) and (R∗,S∗) or cis and trans can be
synthesized by stereoselective reactions and resolved to single enantiomers
by a classical resolution using appropriate resolving agents (Table 9). Sertralin
(1990, antidepressant) and voriconazole (2002, antifungal) are the typical
examples. Their racemates with cis- or trans-configurations are resolved to
single enantiomers at the final step of the syntheses. But, regarding sertralin,
the commercial process was recently reformed to an extremely rationalized
scheme, starting the synthesis with continuous chromatographic resolution
of the racemic starting material, a tetralone derivative, to its single enan-
tiomers (see Sect. 7.4) [17].
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Table 9 Optical resolution: Single enantiomers with two chiral centers

Drug name (Launched in) Resolving agents Substrates

Resolution of starting materials
or Intermediates
Paroxetine (1991) L-TA penultimate intermediate
Moxifloxacin (1999) L- and D-TA N-Bn-diazabicyclononane
Emtricitabine (2003) enzyme penultimate intermediate

Resolution of racemates
Sertraline (1990) a (R)-MA cis-racemate
Barnidipine (1992) L-malic acid diastereomers
Dexmethylphenidate (2002) b BNDHP c threo-racemate
Voriconazole (2002) (R)-(+)-CSA (R∗,S∗)-racemate

a The process change to SMB completed
b Racemic switch
c (R)-(–)-binaphthyl-2,2′-diyl hydrogen phosphate

6.2.3
Separation of Diastereomer Mixtures

Starting with chiral building blocks, condensation reactions with appropriate
prochiral compounds generate the second chiral centers in the products to af-
ford diastereomer mixtures. Separation of the diastereomers can be achieved
by the physical methods as crystallization or chromatography. In many cases,
condensation reactions proceed in some diastereoselective fashion to give one
isomer in more or less larger proportions.

For example, enalapril maleate (1984) is synthesized by condensing
a dipeptide, L-Ala-L-Pro with 4-phenyl-2-oxobutanoate and the resulted imine
is hydrogenated over Pd catalyst to give a 87 : 13 mixture of (S,S,S)- and
(R,S,S)-isomers, which is crystallized as the maleate salt to give the pure
(S,S,S)-maleate. Most of ACE inhibitors are produced by using the similar
procedures [18].

Palonosetron (2003, antiemetic) is synthesized by utilizing a chiral build-
ing block, (S)-3-aminoquinuclidine, and an intermediate having a C= C dou-
ble bond is hydrogenated over Pd catalyst to give a 7 : 3 diastereomer mixture,
which is separated by one crystallization as hydrochloride to afford the pure
(S,S)-isomer [19].

6.2.4
Crystallization-induced Asymmetric Transformations

When the second chiral center, generated as described above, is apt to iso-
merize under mild conditions and the desired diastereomer crystallizes more
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easily than the undesired isomer, the desired isomer may be obtained in
a nearly quantitative yield by adjusting the reaction conditions. This technol-
ogy is utilized in the manufacturing processes of two new pharmaceuticals,
aprepitant and tadalafil, both launched in 2003 (Sect. 7).

6.2.5
Diastereoselective Reactions

By utilizing the preexisting chiral center as an intramolecular chiral aux-
iliary, in some favorable cases, the second chiral center may be generated
in a very high stereoselectivity. Typical examples of this category are found
in the syntheses of indinavir (1996, diastereoselective alkylation and epoxi-
dation), aprepitant (2003, hydrogenation over Pd catalyst), and rosuvastatin
(2003, chelation-controlled borane reduction of 1,3-hydroxyketone).

7
Examples of Excellent Syntheses

In this chapter, the recently developed manufacturing processes of four com-
plicated single enantiomeric drugs, having two to five chiral centers, are
presented to illustrate how various technologies are combined to elaborate
simplified and rationalized processes.

7.1
Indinavir Sulfate (Crixivan)

This is an HIV protease inhibitor having five chiral centers, launched by
Merck in 1996. The commercialized process starts with (1S,2R)-1-amino-2-
indanol (1), which is prepared by a classical resolution of the racemate or by
an asymmetric epoxidation of indene followed by Ritter reaction. 1 is acy-
lated with phenylpropionyl chloride and derived to the acetonide 2, which
is treated with allyl bromide to give (S)-3 in 97 : 3 stereoselectivity and 95%
yield. Without purification, 3 is reacted with NCS in the presence of NaI
in a two phase mixture of isopropyl acetate and aqueous sodium bicarbon-
ate, followed by the treatment of obtained iodohydrin with a base to give
the epoxide 4 in a quantitative yield (diastreomer ratio 97 : 3). After one re-
cystallization, purified 4 is condensed with (S)-5 and the protective group
on the piperazine ring is replaced to give indinavir, which is purified as
sulfate [20–22] (Scheme 1).

The two of five chiral centers in the drug molecule are effectively gener-
ated in two successive highly efficient diastereoselective reactions. The other
three chiral centers come from 1 and 5; the latter is also supplied through
a resolution by diastereomer salt formation of the racemate.
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Scheme 1 Synthesis of Indinavir sulfate

7.2
Aprepitant (Emend)

This is a new antiemetic to control chemotherapy-induced nausea and vom-
iting, also developed by Merck and launched in 2003. In addition to its new
mechanism of action, neurokinin 1 receptor antagonist, ingenious method-
ologies devised for its synthesis are noteworthy. The structural features of
this entity are cis-substituted morpholine acetal skeleton and three neigh-
boring chiral centers. Several synthetic routes were intensively explored to
elaborate a highly refined process. Starting with an optically active alcohol
obtained by an asymmetric reduction of a ketone, the second chiral cen-
ter is constructed by crystallization-induced asymmetric transformation on
the morpholine ring, then the adjacent third chiral center is introduced by
a stereoselective hydrogenation of an imino group [23] (Scheme 2).

(R)-1-Phenylethanol 7 produced by an asymmetric reduction of the cor-
responding ketone is condensed with lactam-lactol 6 to give lactam-acetal 8
as a 55 : 45 diastereomer mixture in nearly quantitative yield. The necessary
isomer (R,R)-8 was found to be an easily crystallizing compound, contrary
to the lower melting (S,R)-isomer. To accelerate the equilibration between the
isomers, solvents and bases were thoroughly investigated. The crude mixture
of 8 is dissolved in heptane and the potassium salt of 3,7-dimethyl-3-octanol
and seed crystals are added. Kept at a low temperature for 5 hrs, the iso-
merization proceeds to a diastereomer ratio 96 : 4. By separating the crystals,
(R,R)-8 of optical purity > 99% is obtained in an overall yield of 83–85%
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Scheme 2 Synthesis of Aprepitant

based on 7. Furthermore, even by starting with 7 of lower optical purity
(91% ee), optically pure (R,R)-8 is obtained in a slightly lower yield.

In the next step, (R,R)-8 is reacted with a Grignard reagent to give a cyclic
imine 9, by going through some complicated steps. The reaction mixture of 9
is quenched with methanol and two equivalents of p-toluenesulfonic acid,
then it is hydrogenated in the presence of 5% Pd/C to give (R,R,S)-10, isolated
as hydrochloride in the yield of 91% from (R,R)-8. At the final step, 3-oxo-
1,2-triazole ring is introduced on the nitrogen atom of morpholine moiety to
give the end product. This excellent process was awarded the Green Chemisty
Challenge Award in 2005 [24].

7.3
Tadalafil (Cialis)

After the launch of sildenafil (Pfizer 1998), two PDE5 receptor antagonists,
vardenafil (Bayer) and tadalafil (Lilly ICOS) followed it in 2003. Of these
three drugs for the treatment of erectile dysfunction (ED), tadalafil is a sin-
gle enantiomer with two chiral centers, whereas both sildenafil and vardenafil
are achiral compounds with very similar structures. Tadalafil was originally
invented at a French laboratory of Glaxo in collaboration with ICOS. After
Glaxo discontinued the project in 1997, ICOS succeeded to acquire the ap-
proval from FDA in cooperation with Lilly.

The synthesis route of tadalafil fundamentally follows the scheme in-
vented at Glaxo [25], but entirely improved reaction conditions, devised by
researchers at Lilly ICOS, changed it to a nearly quantitative and highly effi-
cient process [26, 27]. They found that the key intermediate 13, synthesized
by Pictet-Spengler reaction of D-Trp methyl ester hydrochloride (11) with
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Scheme 3 Synthesis of Tadalafil

piperonal (12), easily epimerizes and the necessary (R,R)-isomer is spar-
ingly soluble in isopropanol (IPA). As illustrated in Scheme 3, 13 obtained as
a cis/trans mixture (6 : 4) is refluxed in IPA for 15 hrs to give the crystalline
(R,R)- or cis-isomer in the yield of 92%. The key to success was the selection
of IPA as the reaction solvent to realize an efficient crystallization-induced
asymmetric transformation.

7.4
Sertralin (Zoloft)

Approved in 1990, (Pfizer), Sertralin (Zoloft) is one of the most prescribed
antidepressant, and manufactured through an efficient resolution by salt for-
mation with (R)-mandelic acid [28]. Because the resolution was carried out at
the final step of the synthesis and a large amount of hazardous waste was pro-
duced in the process, extensive efforts to improve the process were made at
the Pfizer laboratories. After all the possibilities for the efficient preparation
of (4S)-tetralone were evaluated, continuous chromatographic separation of
the racemic tetralone 16 was adopted as the commercial process [17]. Ex-
tremely pure (S)-16 is continuously separated on an amylose-based chiral
stationary phase in 98% yield and (4R)-isomer is also recovered quantita-
tively, which can be racemized with base.

Prior to the commercialization of chromatographic separation, the syn-
thesis of sertraline had been highly streamlined by the proper selection of
reaction solvents and the catalyst to a cleaner and more environmentally be-
nign process [29]. As depicted in Scheme 4, in the condensation of 15 with
methylamine, the change of the solvent to ethanol, resulted in a 95% conver-
sion without using any dehydrating agent, on account of the low-solubility
of imine 16 in ethanol. By using Pd/CaCO3 as the catalyst in the hydrogena-
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Scheme 4 Synthesis of Sertralin hydrochloride

tion, the cis/trans ratio was improved to 20/1 from 6/1 with Pd/C catalyst.
Moreover, as this catalyst was found to perform better in ethanol, the hy-
drogenation reaction without isolating 16 turned out to be feasible. A large
solvent requirement in number and quantity was reduced dramatically and
the use of hazardous reagents was eliminated. For these improvements, the
Green Chemistry Challenge Award in 2002 was given to Pfizer [30].

The combination of the continuous chromatographic separation of racemic
tetralone 15 to the improved reactions depicted above realized a resolution at
the starting step of the sertralin synthesis and doubled the plant capacity of
the later steps.

8
Conclusions

As illustrated in Fig. 1, the switch from racemic drugs to single enantiomers
has steadily advanced through the 1990s, and now at the beginning of the
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21st century, nearly all the chiral synthetic drugs are launched as single enan-
tiomers. In the two decades, from 1985 to 2004, 551 new synthetic drugs were
launched, of which 168 single enantiomers, 137 racemates and 9 diastere-
omers are counted. According to E.J. Ariens, among 1200 synthetic drugs
used in 1982, only 58 were sold as single enantiomers [2]. Seven more sin-
gle enantiomers were launched in 1983 and 1984 by the author’s search. Thus,
among the total 233 single enantiomeric synthetic drugs now in use, nearly
three quarters were introduced to the market after 1985.

About one-third (58 entities) of 168 single enantiomers launched after
1985 have one chiral center, the next one third (56) two or three chiral cen-
ters, and the rest (54) four or more chiral centers. Nearly half of the entities
with one chiral center (27 drugs) are produced by resolution of the racemates
using resolving agents, except for one by SMB chromatographic separation
(Table 8). It is noteworthy that the majority of these drugs produced by using
resolution were launched in the last ten years (22 among total 27). The next
half (26 drugs) are constructed by using chirality pool as building blocks,
which are natural or unnatural amino acids and optically active glycidol
derivatives. The rest, the last five entities, are manufactured employing var-
ious types of asymmetric syntheses.

In the manufacture of single enantiomers with two or more chiral cen-
ters, a number of technologies are often utilized in combination. Stereo-
selective reactions mediated by preexisting chirality in the intermediates are
efficient means for constructing complicated molecules with multiple chi-
ral centers and successfully applied in the production of some new drugs.
Crystallization-induced asymmetric transformation of diastereomer mix-
tures is the most effective means if applicable.

Chromatographic separation of enantiomer mixtures, especially SMB tech-
nology, has recently been introduced to the production of drugs or their
intermediates, giving impacts to the industry with its high separation abil-
ity and productivity [16]. This technology enables the revolutionary process
improvement which cannot be achieved using existing methodologies, such
as asymmetric reactions or classical resolutions, represented by the case of
sertralin (Sect. 7.4).

Notwithstanding heavy competition from newer technologies, classical
resolution is the method of choice in many drug syntheses, because of its ease
and simplicity in application and robustness of the process. Its usefulness is
obvious from the fact that the number of new drugs produced by using this
technology in commercial syntheses has significantly increased in these ten
years as shown in Tables 8 and 9.

On the other hand, the manufacturing processes of several drugs that
relied on the classical resolution have already changed or are on the way
to newer processes, such as chromatographic separation, enzymatic reso-
lutions or asymmetric syntheses. This is an inevitable progress and the author
expects the improvements and innovations of optical resolution will be stim-
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ulated in these environments, supported by the better understanding of the
phenomena working in the process of resolution, both in solution and crys-
tal phases, as discussed in the preceding chapters of this volume. Anyway, an
efficient manufacture of drug molecules can not be achieved by relying on
any single technology, but an relevant combination of several means are vi-
tal. The author believes that optical resolution is one of those indispensable
technologies.
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