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Abstract: We report the mechanism and scope of “preferential enrichment”, which is an 

unusual symmetry-breaking enantiomeric resolution phenomenon that is initiated by the 

solvent-assisted solid-to-solid transformation of a metastable polymorphic form into a 

thermodynamically stable one during crystallization from the supersaturated solution of 

certain kinds of racemic mixed crystals (i.e., solid solutions or pseudoracemates) composed 

of two enantiomers. The mechanism can well be interpreted in terms of a symmetry-

breaking complexity phenomenon involving multistage processes that affect each other. 

Keywords: preferential enrichment; enantiomeric resolution; optical resolution; chiral 

separation; polymorphic transition; epitaxial transition; mixed crystal 

 

1. Introduction 

Nowadays, a concept of nonlinear “complexity” theory has been recognized to govern various 

dynamic behaviors in both natural and social sciences. In the complexity system, symmetry is easily 

broken by the phase transition between two chaotic or metastable states [1-3]. Therefore, it might be 

possible to observe the symmetry-breaking as a chemical complexity phenomenon by using 

appropriate probes such as chirality (Figure 1).  

Crystallization can be regarded as an event of complexity 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 
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feedback and feedforward manners. Accordingly, crystallization is strongly affected by the 

surrounding conditions such as additives (seed crystals and impurities), solvent, temperature, 

concentration, and so on. 

Figure 1. Concept for observing a symmetry-breaking phenomenon induced by phase 

transition between two metastable phases, leading to the finding of an unusual 

enantiomeric resolution phenomenon “preferential enrichment”. 

 
 

In this context, crystallization of the racemates of chiral compounds is expected to afford a chance 

of observing a symmetry-breaking in chirality [4]. However, until our discovery of “preferential 

enrichment”, an unusually symmetry-breaking enantiomeric resolution phenomenon observed upon 

recrystallization of organic racemic crystals [5-8], this fascinating subject was not realized. 

The methods for enantiomeric resolution of racemates comprising nonracemizable enantiomers by 

crystallization are classified into two categories [9]; one is an indirect method using an external chiral 

element, such as a diastereomeric salt formation followed by fractional crystallization [10-13] or a 

diastereoselective host-guest inclusion complexation [14], and the other is a straightforward method to 

separate enantiomers by crystallization in the absence of an external chiral element. As the typical 

example of this latter category, well known is the “preferential crystallization” method to resolve a 

racemic conglomerate composed of a mixture of homochiral R and S crystals, in which by repeating 

crystallization from the supersaturated solution with the aid of its enantiopure seed crystals the 

enantiomerically enriched crystals are efficiently deposited in the alternating chirality sense [15-18]. 

However, the racemates existing as a racemic conglomerate occupy only less than 10% of the 

characterized crystalline racemates, and more than 90% of them are supposed to belong to racemic 

crystals [19], 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 

(Figure 2) [9]. It has been believed over a century that there is no way for resolution of these racemic 

crystals by simple crystallization in the absence of an external chiral element. Accordingly, if one 



Symmetry 2010, 2 

 

 

114

could find out a spontaneous enantiomeric resolution phenomenon for these racemic crystals, it would 

provide a great impact on industrial as well as academic communities.  

Figure 2. General packing modes and binary melting-point phase diagrams of two 

enantiomers in (a) a racemic conglomerate, (b) a racemic compound, and (c) a racemic 

mixed crystal. The racemic mixed crystal is further classified into i) disordered type, ii) 

fairly ordered one (a racemic conglomerate type), iii) fairly ordered one (a racemic 

compound type), or iv) highly ordered one.  

 
 

In 1996 we found the first instance where such an ideal enantiomeric resolution by simple 

recrystallization of a series of racemic crystals is feasible [5,6]. In 1998, this new phenomenon was 

referred to as preferential enrichment [20], which is completely opposed to preferential crystallization; 

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 (Figure 3). In 2002, we proposed the mechanism of preferential enrichment in 

terms of a unique polymorphic transition during crystallization [21,22]. Later, on the basis of the 

proposed 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 
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appropriate seed crystals [23,24]. We have also observed the flexibility in the mode of polymorphic 

transition that can induce preferential enrichment [24,25]. These results strongly support our proposed 

mechanism of preferential enrichment.  

Figure 3. Features of preferential enrichment. 

 
 

After a thorough investigation on the mechanism, preferential enrichment has been found to be 

initiated by the solvent-assisted solid-to-solid transformation of a metastable polymorphic form into a 

thermodynamically stable one during crystallization from the supersaturated solution of certain kinds 

of racemic mixed crystals (i.e., solid solutions or pseudoracemates) composed of two enantiomers 

without the aid of any external chiral element [5-8]. Most notably, this polymorphic transition process 

is followed by partial crystal disintegration inside the transformed crystal lattice to release the excess 

enantiomer into solution until the deposited crystals are slightly enriched with the opposite enantiomer 

(<10% ee), with full reproducibility [5-8]. Thus, the interplay of i) such a solvent-assisted solid-to-

solid polymorphic transition, ii) the subsequent selective redissolution process of the excess 

enantiomer, which arises from the increasing solubility of the sample with increasing ee value, and iii) 

the resulting deposition of mixed crystals, which can retain the resulting fairly-random alignment of 

two enantiomers inside the crystal lattice to memorize an event of chiral symmetry-breaking, has 

turned out to be responsible for this unique enantiomeric resolution phenomenon [5-8].  

Consequently, we have recognized that preferential enrichment is ascribed to an event of 

complexity that allows the chiral symmetry-breaking by a phase transition. Namely, dissipative self-

organization, emergence of new order and chaos, phase transition between chaos and/or order, and 

increasing returns in complexity correspond to molecular aggregation, formation of metastable phases, 

polymorphic transition, and substantial enrichment of one enantiomer in preferential enrichment, 

respectively [1-3]. 

In this article, we describe the features, mechanism, requirements, and scope of preferential 

enrichment.  
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2. Features of Preferential Enrichment 

Figure 4 exhibits a typical example of preferential enrichment for nearly racemic NNMe3 (Figure 5) 

which is a linear asymmetric secondary alcohol containing a glycerol moiety, an amide group, and a 

trimethylammonium p-nitrobenzenesulfonate structure [21]. This compound was synthesized from the 

racemic epichlorohydrin. But the crystalline sample obtained after the final synthetic procedure was no 

more racemic but contained either enantiomer in small excess. Namely preferential enrichment already 

occurred during the final synthetic procedure. By recrystallization of thus obtained S-rich crystals of 

2.5% ee from ethanol under 20-fold supersaturated conditions, substantial 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 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 collecting the enantiomerically enriched mother liquors with the same 

handedness, very efficient separation of the two enantiomers (>96% ee) has been easily achieved. 

Figure 4. 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. 
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Figure 5. Molecular structure and crystal forms of the nonracemizable compounds 

showing preferential enrichment. Abbreviations of typical compounds are as follows: For 

ST, S stands for sulfonium ion and T represents p-toluenesulfonate group. For NNMe3, the 

first N stands for ammonium ion, the second N represents p-nitorobenzenesulfonate group, 

and the last Me3 indicates trimethyl-substituted ammonium structure. For NNMe3-OPh, 

OPh indicates the presence of a terminal phenoxy group in place of a terminal ethoxy 

group in NNMe3. 

 
 

Accordingly, the technical and phenomenal features of preferential enrichment are summarized as 

follows [7,8]: 

1) Usual standard recrystallization conditions with neither vigorous stirring nor abrasive grinding are 

applied to the preferential enrichment experiment, except that approximately 4- to 25-fold 

supersaturated solutions are employed because the supersolubility (a solubility obtained by 

dissolving the sample in a solvent on heating followed by being cooled) of the racemates showing 

preferential enrichment is considerably higher than that of the solubility at 25 °C. The attainment 

of such a high supersolubility is closely associated with the preferential formation of homochiral 

1D R and S chains even in the racemic solution. At the lower supersaturated concentrations, 

preferential enrichment does not efficiently occur. 

2) Racemic or nonracemic samples of less than 10% ee are more suitable for the preferential 

enrichment experiment than those of 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 enrichment 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 crystals). These phenomena are fully 

reproducible.  
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4) The solubility of the sample of a high ee value is much higher than that of a low ee one. This 

property allows dissolution of the excess enantiomer from the just-made crystals into solution until 

a slight enrichment of the opposite enantiomer in the deposited crystals occurs together with a 

considerable enrichment of the excess enantiomer in the mother liquor.  

5) When the original supersaturated solution is strictly racemic, the probability for either the R or S 

enantiomer to be enriched in the mother liquor after crystallization was 50%. In the resulting 

deposited crystals, the opposite enantiomer is enriched up to around 5% ee. 

6) Only racemic or nonracemic samples have to be crystalline to implement the preferential 

enrichment experiment efficiently. It does not matter whether the enantiomerically enriched 

samples 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 accelerate or inhibit the 

occurrence of preferential enrichment, depending on the kind of added seed crystals. 

8) The features of preferential enrichment are completely opposed to those of preferential 

crystallization of a racemic conglomerate, where a substantial enantiomeric enrichment does not 

occur in the mother liquor but in the deposited crystals. 

3. Mechanism of Preferential Enrichment 

In general, a polymorphic transition frequently occurs during crystallization from the supersaturated 

solutions of organic compounds, particularly when the packing mode in the first-formed crystal is 

metastable as the crystal structure [26-30]. 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 the ‘Ostwald’s law of stages’[31] or a solid-to-solid transformation one with the free 

energy change [32], and that the rate of the polymorphic transition primarily depends on the free 

energy difference between the two crystalline phases [26-30].  

Thus far, we have found four types of solvent-assisted solid-to-solid transformations of a kinetically 

formed metastable γ-form crystalline phase into a thermodynamically more stable one (α-, α1-, δ-, or 

ε-form) [5,6,20-25,33-45], which are relevant to the occurrence of preferential enrichment, in a process 

of crystal growth. 

3.1. Association 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 transition, and to compare it with the stable crystal structure after the 

polymorphic transition with respect to the racemic samples showing preferential enrichment. 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 [46-48], we 

investigated the enantiomeric association mode in solutions of the racemates showing preferential 

enrichment. Although the variable temperature 1H NMR technique proved to be inapplicable to 

deciding which molecular association mode is more stable in solution, homochiral or heterochiral  
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[49-52], the combined use of solubility and supersolubility measurements under various conditions and 

number-averaged molecular weight measurement by vapor pressure osmometry turned out to be a 

potent tool for this objective [21]. Thus, it was concluded that a homochiral molecular assembly is 

essentially in preference to a heterochiral one in solutions of the racemic samples showing preferential 

enrichment, and that the homochiral supramolecular structure must be a 1D chain. These results were 

consistent with those obtained by the molecular dynamics simulation of the oligomer models of ST, 

NNMe3, and others (Figure 5) [21]. 

3.2. Crystal Structures 

Figure 6. γ-Form crystal structure. (a) Intermolecular interactions and (b) schematic 

representation 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.  

 

3.2.1. Metastable γ-Form 

We have searched a compound that shows preferential enrichment and possesses a homochiral 1D 

chain structure in the metastable polymorphic form. As a result, the single crystal of racemic NPMe3 

(Figure 5) was found to possess the desired γ-form crystal structure that is classified as a highly 

ordered racemic mixed crystal and is composed of alternating alignment of homochiral 1D R and S 

chains in an antiparallel direction with a space group P-1 (Z = 2) with the second lowest symmetry; 

each homochiral chain comprises an alternating alignment of the long-chain ammonium ion and the 
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sulfonate ion by two hydrogen bonds (i) between one oxygen atom of the sulfonate ion and the 

hydroxy group and (ii) between the same sulfonate oxygen atom and the amide NH (Figure 6) [21,22]. 

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 which failed to show 

preferential enrichment [21,23,44], indicating that the subsequent polymorphic transition into the more 

stable α-, α1-, δ- or ε-form is indispensable for preferential enrichment 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 [21,22]. 

3.2.2. Stable Forms 

Thus far four different types of stable crystal structures, α-, α1-, δ- and ε-forms, which are classified 

as a fairly or highly ordered racemic mixed crystal, have been obtained for the racemic or nearly 

racemic samples of the compounds showing preferential enrichment. Among them, the δ-form and α1-

form crystals are most commonly found for the compounds showing preferential enrichment  

[20-25,33-45], while only one case is observed for each of the α- and ε-forms [5,6,21,22,39]. In this 

section, the crystal structures of the δ- and α1-forms are described in detail, because this crystal 

structure provides a crucial information on the mechanism of the polymorphic transition causing 

preferential enrichment.  

 

(a) δ-form 

In the δ-form crystals of racemic and S-rich (20% ee) NBMe3 [40], the orientational disorder was 

observed at the position of the hydroxy group on an asymmetric carbon atom (Figure 7). The degree of 

disorder per asymmetric unit (one salt) for the racemic or S-rich sample was estimated to be 67:33 or 

75:25 (R vs. S, or S vs. R), respectively, by calculating the constrained occupancy factors of the 

hydroxy group, corresponding to a fairly ordered racemic mixed crystal. The δ-form crystal structure 

of racemic NBMe3 is characterized by two types of cyclic dimers, types A and B; the head-to-head 

cyclic dimer of type A is formed by the hydrogen bonds between the hydroxy 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 i) the hydrogen bond between one oxygen atom of a sulfonate ion and the amide NH and ii) 

the electrostatic interaction between another oxygen atom of the same sulfonate ion and the 

ammonium nitrogen atom in the neighboring long-chain cation (Figure 7). 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 adjacent chains, eventually forming a 

weak 2D sheet structure. This fragile 2D sheet structure is essential for crystal disintegration resulting 

in preferential enrichment as discussed in section 3.4. 

Furthermore, the crystal structure of the S-rich (20% ee) NBMe3 was virtually isostructural with that 

of the racemate and very similar to that of the pure S enantiomer (Figure 7) [40]. 
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Figure 7. δ-From crystal structures of racemic (0% ee) and S-rich (20% ee) NBMe3.  
(a) Intermolecular interactions and (b) schematic representation of the heterochiral cyclic 

dimer and the homochiral noncyclic 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 panel a. The R and S 

enantiomers in the sites with higher occupancy factor (0.67 or 0.75) are designated R and 

S, and those in the sites with lower occupancy factors (0.33 or 0.25) are r and s, for 

racemic (0% ee) and S-rich (20 % ee) crystal, respectively. The contents of three dimer 

structures were estimated from the occupancy factors of the orientationally disordered 

hydroxy groups and the ee value of the crystal. 

 
 

(b) α1-form 

The α1-form crystals were formed for the compounds such as NBMe3-OPh that have a terminal 

phenoxy group (Figure 5) [24,25]. This α1-form crystal structure is characterized by a heterochiral 1D 

chain which consists of two types of cyclic dimers (type B and type C); the type C is formed by the 

hydrogen bonds between two hydroxy groups and two carbonyl oxygen atoms, while the type B is 

similar to that in the δ-form crystal. Furthermore, each 1D chain interacts with two adjacent chains by 

two interactions forming a weak 2D sheet structure; one is the slipped-parallel π-π stacking between 

the benzene rings of the nearest terminal phenoxy groups in a pair of R and S enantiomers, and the 

other is the phenyl centroid⋅⋅⋅Br-C(sp2) Coulombic donor-acceptor interchain interactions between the 

bromine atom of the p-bromobenzenesulfonate ion and the internal benzene ring of the neighboring 
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long-chain cation (Figure 8). This fragile 2D sheet structure is essential for crystal disintegration 

resulting in preferential enrichment, too. 

Figure 8. α1-Form crystal structure. (a) Crystal structure of racemic NBMe3-OPh and  

(b) schematic representation of the intermolecular interactions.  

 
 

3.3. Melting Point Diagram 

Two kinds of unique melting point diagrams obtained experimentally for two typical compounds 

showing preferential enrichment, NNMe3 and NBMe3, deserve attention.  

In the case of NNMe3, two curves were found to intersect at two points around 35% ee (Figure 9a). 

The X-ray crystallographic analyses indicated that the curve in the range of 0-15% ee corresponds to a 

highly or fairly ordered racemic mixed crystal [21]. On the other hand, the overall flat curve in the 

range of more than 40% ee proved to correspond to a less ordered racemic mixed crystal composed of 

different amounts of the R and S enantiomers in the crystal lattice. 

In the case of NBMe3, there are two convex curves which do not intersect but are located closely to 

each other (Figure 9b); the upper one proved to belong to a fairly ordered racemic mixed crystal by  

X-ray crystallographic analyses [40], and the other corresponds to a metastable crystalline phase that 

suddenly disappeared prior to its characterization and was never observed again [40]. 

From these diagrams, the following three possibilities can be suggested; i) their crystalline nature 

falls into a racemic mixed crystal, ii) there must be a polymorphism in both cases, and iii) the free 

energy difference between the two polymorphs is small enough to allow a polymorphic transition to 

proceed at a moderate rate during crystallization. 
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Figure 9. Melting point diagrams. (a) NNMe3 and (b) NBMe3. White and black circles 

represent the temperatures of the beginning and the end of fusion, respectively. 

 
 

3.4. Flexible Modes of Polymorphic Transition 

3.4.1. γ to δ transition 

Before discussing the mode of the polymorphic transition, let’s consider the association mode of the 

homochiral 1D R and S chains in the metastable γ-form crystal formed kinetically from the highly 

supersaturated solution (Figure 10). Supposed that the R enantiomer is slightly excess in the 

supersaturated solution, the resulting metastable γ-form crystal must become R-rich, too. This slightly 

R-rich metastable crystal exists as a fairly ordered 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 or an even 

number of R ones are surrounded by two S chains (Figure 10a). 

Now let’s consider the mode of the polymorphic transition of the metastable γ-form into the δ-form. 

By comparing the crystal structures between 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 (Figure 10b).  

Polymorphic transition in the metastable γ-form crystal 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 crystal. This rearrangement of 

hydrogen bonds, accompanied by slight movement of the sulfonate ions so as to form the cyclic dimers 

of types A and B, occurs one after another in the crystal lattice to lead to the heterochiral 1D chains 

and then the weak 2D sheet structure (Figures 11-13). 
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Figure 10. 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 

supersaturated 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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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: 

1) At the sites where equal numbers of homochiral R and S chains are alternately aligned in an 

antiparallel direction along one axis, a highly ordered δ form crystal structure will be formed 

locally after the polymorphic transition (Figures 10b and 11).  

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 (Figures 10b and 12).  

3) At the sites where an even number of homochiral R chains are aligned between two S chains, 

after the polymorphic transition, partial crystal disintegration 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 at all as well as the sites with weak electrostatic 

interactions (Figures 10b and 13).  

This third case corresponds to the redissolution of the excess enantiomer from the just-made 

crystals into solution and must be responsible for the phenomenon characteristic of preferential 

enrichment, a considerable enrichment of the excess enantiomer in the mother liquor until a slight 

enrichment of the opposite enantiomer in the deposited crystals occurs. 

Figure 11. 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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Figure 12. 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-firm crystal without crystal disintegration. 

 
 

Figure 13. 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 

disintegration in the δ-form crystal that occurs between the sites a and d. 
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3.4.2. γ to α1 transition 

Figure 14. The mode of polymorphic transition. From (a) γ-form to (b) δ-form or (c) α1-

form. 

 
 

On the analogy of the mode of the polymorphic transition of the γ-form into the δ-form, we propose 

the mode of γ-to-α1 polymorphic transition (Figure 14) [24,25]. Polymorphic transition is initiated by 

rearrangement of the hydrogen bonds inside the γ-form crystal lattice. The nearest R and S molecules 

in the two adjacent chains in the γ-form form new hydrogen bonds between the hydroxy group and the 

carbonyl oxygen atom by slight movement of the two molecules inside the crystal lattice to give a 

cyclic dimer of type C (Figure 14c). This molecular movement occurs in an opposite direction to the 

case of the γ-to-δ transition, where new hydrogen bonds are formed between the hydroxy groups and 

the alkoxy oxygen atoms to give a cyclic dimer of type A (Figure 14b) [21,40]. Namely, the terminal 

phenoxy group prevents the γ-to-δ transition a due to the steric hindrance, instead the γ-to-α1 transition 

b occurs. Subsequently, this rearrangement of hydrogen bonds, accompanied by slight movement of 

the phenylsulfonate groups so as to form cyclic dimers of types B and C, occurs one after another in 

the crystal lattice and leads to the heterochiral 1D chains and then the weak 2D sheet structure (Figure 

8). In an area where an even number of homochiral S (R) chains are surrounded by two R (S) chains in 
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the γ-form crystal, partial crystal disintegration occurs after polymorphic transition, resulting in the 

occurrence of preferential enrichment (Figure 15). 

Figure 15. Polymorphic transition of the metastable γ-form into the stable α1-form. This is 

a case in which an even number (four in this case) of homochiral S chains are surrounded 

by two R chains in the γ-form crystal, resulting in partial crystal disintegration after 

polymorphic transition; three right-side S chains which cannot form a complete type C 

cyclic dimer dissolve into solution, while one left-side S chain remains by forming the type 

C cyclic dimer. 

 

 
 

3.5. Overall Mechanism of Preferential Enrichment 

The origin of preferential enrichment can be interpreted in terms of an interplay of i) the 

polymorphic transition of the metastable γ-form into the stable α-, α1-, δ-, or ε-form, ii) the 

substantially higher solubility of the sample with high ee values than that of low ee ones resulting in a 

considerable enrichment of the excess enantiomer in the mother liquor until a slight enrichment of the 

opposite enantiomer in the deposited crystals occurs. 

The proposed overall mechanism of preferential enrichment illustrated in Figure 10 is the case that a 

considerable enrichment of the R enantiomer occurs 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 solution, the resulting metastable γ-form crystals become slightly R-rich, too. This 
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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 number of R chains or an even number of R ones are 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 the section 3.4. After the polymorphic transition, partial crystal disintegration in the 

resulting δ-form crystals occurs at the sites where an even number of homochiral 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 homochiral 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 S enantiomers form 1D S chains, 

they meet with excess 1D R chains in solution, and then crystallization of the R-rich γ-form crystals 

and the subsequent polymorphic transition into the δ-form occur, followed by redissolution of the 

excess R enantiomer into solution to result in the eventual deposition of slightly S-rich δ-form crystals. 

Thus, the ee value of the R enantiomer in the mother liquor is gradually raised until the opposite S 

enantiomer becomes in a small excess in the deposited crystals.  

It should be stressed again that when the original supersaturated solution 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 γ-form crystal nucleus should doom which enantiomer is enriched in the mother liquor, i. 

e., this is a typical feature in an event of complexity. 

3.6. Requirements for the Occurrence of Preferential Enrichment 

From the mechanistic studies described above, it is concluded that the following three requirements 

have to be satisfied to induce preferential enrichment for a racemic sample: 

1) Polymorphic transition of a metastable polymorphic form into a stable one must occur during 

crystallization; this process is the essence of chiral symmetry breaking. This polymorphic 

transition can be monitored by the in situ ATR-IR spectroscopy. If there is a distinct difference in 

the vibrations of hydrogen bond forming groups between the supersaturated solution before 

crystallization and the deposited crystals after crystallization, polymorphic transition is most likely 

to occur. 

2) The solubility of the enantiomerically pure sample is much higher than that of the corresponding 

racemic sample; this phenomenon is closely related to the preferential formation of homochiral 1D 

chain even in the racemic solution. The difference in the solubility between the racemic sample 

and the enantiomerically enriched one substantially affect the ee value reached in the mother 

liquor after crystallization; the larger the difference is, the higher the reached ee value is. 

3) The deposited crystals must be a mixed crystal composed of fairly random alignment of two 

enantiomers so that the chiral symmetry breaking can be memorized. 

A convenient method to judge whether preferential enrichment occurs or not for a given sample is 

to repeat recrystallization of the nonracemic sample adjusted to 5 to 10% ee at 25, 0, or –20°C at 

several different supersaturated concentrations between 5- to 20-fold and measure the ee value in the 

mother liquor by HPLC analysis, etc. after each crystallization. 
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4. Induction of Preferential Enrichment 

Preferential enrichment is strongly affected by the surrounding conditions, such as additives (seed 

crystals), solvent, concentration, and temperature, as well as the molecular structure [7,8]. 

Accordingly, both induction and inhibition of preferential enrichment were accomplished by 

controlling the mode of the polymorphic transition during crystallization with appropriate seed 

crystals, on the basis of the “epitaxial transition” phenomenon that consists of 1) the adsorption of  

γ-form prenucleation aggregates, 2) the heterogeneous nucleation and crystal growth of a metastable  

γ-form polymorph, and 3) the subsequent polymorphic transition into the more stable ones such as  

δ- and α1-forms, on the same surface of a seed crystal (Figure 16) [23,24]. 

Figure 16. Schematic representation of epitaxial transition of a metastable γ-form 

polymorph into an α1-form one on the surface of an α1-form seed crystal, inducing 

preferential enrichment. 

 
 

As a typical example of induction, addition of the α1-form seed crystals of (±)-NTMe3-OPh-pF 

(Figure 5), which can easily show preferential enrichment, to the supersaturated EtOH solution of (±)-

NTMe3-OPh, which does not show this phenomenon by itself due to the undesired polymorphic 

transition of the γ-form into the more stable µ-form, can explicitly induce the preferential enrichment 

of (±)-NTMe3-OPh, accompanied by the deposition of the α1-form crystals of (±)-NTMe3-OPh. On the 

other hand, addition of the µ-form seed crystals of (±)-NTMe3-OPh to the supersaturated EtOH 

solution of (±)-NTMe3-OPh-pF inhibited the preferential enrichment of (±)-NTMe3-OPh-pF 

completely, resulting in the deposition of µ-form crystals of (±)-NTMe3-OPh-pF. 

These results strongly support our proposed mechanism of preferential enrichment including 

polymorphic transition (Figure 10). 

5. Scope of Preferential Enrichment 

It is quite conceivable that preferential enrichment should be applicable to other chiral organic 

substances that exist as a fairly ordered racemic mixed crystal, if the three requirements describrd in 
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the section 3.6 are satisfied. Furthermore, by carefully choosing the kinetic crystallization conditions 

or seeding with appropriate crystals, preferential enrichment may be applicable to even certain racemic 

compounds that satisfy the structural requirements for supramolecular association in solution and in 

the crystalline state.  

Indeed, quite recently we have found that preferential enrichment can be applied to several amino 

acids, which were believed to be a racemic compound, by carefully choosing kinetic crystallization 

conditions so as to induce a polymorphic transition [53]. Therefore, we believe that preferntial 

enrichment will become a potent enatiomeric resolution method of racemic crystals in company with 

the development of kinetic crystallization technologies. 

6. Conclusions  

The mechanism of preferential enrichment has been interpreted in terms of a symmetry-breaking 

complexity phenomenon including two major elements; (1) the polymorphic transition of an incipient 

metastable crystalline form into the more stable one and (2) the dissolution of the excess enantiomer 

from the transformed crystals into solution, resulting in a considerable enrichment of the excess 

enantiomer in the mother liquor until a slight enrichment of the opposite enantiomer in the deposited 

crystals occurs. Therefore, preferential enrichment is not only an excellent chiral separation 

phenomenon but also a good research model for a complexity phenomenon.  

Successful induction of preferential enrichment, based on the concept “epitaxial transition”, 

strongly support the proposed mechanism of preferential enrichment. If the crystal lattices and crystal 

structures of the two compounds are partly similar to each other, 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 enrichment, it is possible to induce preferential enrichment 

for analogous compounds that cannot show preferential enrichment by themselves, on the basis of this 

epitaxial transition protocol. 

Furthermore, preferential enrichment has turned out to be applicable to racemic samples classified 

as a racemic compound by carefully choosing kinetic crystallization conditions so as to induce a 

polymorphic transition. Further studies on this subject is currently in progress. 
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