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1. INTRODUCTION

From the days of Biot' and Pasteur,” when it was recognized
that biopolymers are composed from residues of a single hand-
edness, scientists were puzzled as to the ancestry of homochir-
ality in the living world. The bias for a single handedness in
biopolymers from homochiral L-0-amino acids and p-sugars is still
regarded as a most remarkable hallmark in Nature.>~”

Theories for the stochastic origin of single chirality in the
biological world fall into two major scenarios, biotic and abiotic.
The first scenario suggests that the selection of one of the
enantiomers took place at a later stage of biological evolution
of the living matter.* "> Until the present time, such theories
have been fundamentally speculative and hardly amenable to
experimental verification in any meaningful scientific sense. The
second scenario implies that homochiral materials had been formed
prior to the biopolymers."®'” Such asymmetry could have emerged
provided one can amplify a small enantiomeric fluctuation from the
racemic state to magnitudes useful for biotic evolution. The small
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enantiomeric excess can be generated either through a determinate
or a chance mechanism. The former mechanism must invoke the
intrinsic chirality of the universe through various physical agents
for producing asymmetry, such as the weak nuclear interactions
in which parity is not conserved, or circular polarized light origina-
ting from neutron stars.'® When these nonsymmetric forces operate
on a prochiral or racemic mixture they may give rise to an energy
difference between enantiomers." Ab initio calculations*®*" which
took these forces into consideration suggested that L-O.-amino
acids, D-sugars, and their polymers should be more stable than the
corresponding non-natural enantiomers by a ratio of 1/10 7.

Mathematical models on the stochastic mechanisms proposed by
Frank™ and later by Seelig”® and Decker”* have suggested that an
eflicient amplification of a small chance fluctuation from the racemic
mixtures is feasible. In Frank’s model, a small enantiomeric excess
can be efficiently amplified, provided the system is designed, such
that one enantiomer acts as a catalyst for its own formation and as an
inhibitor for the formation of the opposite enantiomer. More recent
studies have extended and modified these models.”> >

Calvin®® proposed a general scheme for molecules that undergo
fast racemization, where a minute excess of one of the enantiomers
yields, by chance, an either 1-B or p-B product that displays
asymmetric catalysis which drives the reaction completely into
either L-direction or D-direction, respectively (Scheme 1). The L-B
or D-B products, presumably, cannot be single molecules but rather
supramolecular assemblies®® such as crystalline nuclei.

Prigogine* suggested that dissipative nonlinear (autocatalytic)
chemical reactive systems could produce a chiral bias under
nominally achiral conditions, when operating under nonequili-
brium steady state conditions.

Here, we present experiments that have demonstrated the
feasibility of stochastic “mirror-symmetry breaking” and efficient
processes of amplification of chirality via the organization of
molecules into periodic one-, two-, and three-dimensional su-
pramolecular architectures.

2. ENANTIOMORPHOUS 3D CRYSTALS FOR “MIRROR-
SYMMETRY BREAKING”

In crystals, molecules can pack into 230 space groups where 65
of them are enantiomorphous. The enantiopure molecules always
crystallize within one of the latter space groups. Racemates, with
few exceptions such as the examples described bellow, crystallize
into achiral crystals where the two enantiomers pack in the same
crystal where they are correlated to one another via a glide or a center
of inversion. On the other hand, achiral molecules or racemates
that undergo fast racemization in solution have the propensity to
crystallize in one of the enantiomorphous crystals where all the
molecules assume a homochiral environment. These processes
are considered as plausible routes for “mirror-symmetry breaking”, of
relevance for the spontaneous generation of homochirality. The
most prominent system comprises the enantiomorphous crystals
of quartz,*" which played a vital role in modern stereochemistry,
such as in the discovery of plane polarization of light by Malus.**
Sodium chlorate, NaClOj crystals provide another similar inor-
ganic system that was discovered in the 19th century® ™ *° as a
model system for “mirror-symmetry breaking”. Ever since then,
more than several dozens of organic and inorganic materials were
discovered with chiral properties, including organo-metallic com-
plexes. Alfred Werner*® demonstrated that metal ions, such as Cr,
Co, Fe, and Rb, interact with organic achiral molecules such as
trietylene-diamine, or with three molecules of oxalic acid, to form

stable chiral complexes which crystallize as enantiomorphous crystals.
The discovery of new enantiomorphous organometallic complexes
composed from achiral five-coordinated complexes was recently
reported.*’” Once formed, these complexes preserve their hand-
edness even in solution. In the early 1940s, Havinga***’ reported
a deracemization-crystallization experiment of methyl—ethyl-allylani-
lium jodide. These studies were followed by the discovery that
achiral molecules of urea®® and trio-thymotide®> crystallize as
enantiomorphous inclusion hosts in the presence of achiral guest
molecules driving the latter to assume a homochiral environment.
Such molecules were used as templates for the resolution of some
racemic mixtures and for carrying out asymmetric synthesis.

The enantiopure alkaloid narwedine, a synthetic intermediate
for the synthesis of galanthamine used as a drug against Alzhei-
mer’s disease, could be produced by deracemization. This
molecule rearranges in solution into an achiral intermediate,
via a Michael reaction-like process, recombines and crystallizes in
one of the enantiomorphous crystals, as controlled by the
chirality of the seed, Scheme 2.%37°

A process of deracemization/controlled crystallization of e-amino-
caprolactam (ACL) as its Ni®* complex (Scheme 3) was successfully
applied for the production of large quantities of 1-lysine.”

A preferential enantiomeric enrichment was reported in a
process comprising a phase transition of pL-alanine and DL-
leucine when mixed with fumaric acid to yield a 1:1 complex,
which crystallizes as a conglomerate.>”

Tsogoeva et al>>* reported that achiral compound S-1 (Scheme 4)
undergoes enantiomerization via a reversible Mannich-type reac-
tion/crystallization processes through achiral intermediates. In this
system, the transformation occurred, spontaneously in the absence
of seeds or by grinding, randomly either into the R- or to the S-
crystals, according to the Viedma'’s ripening mechanism (vide infra).

The process of deracemization via controlled crystallization
appears to be quite common among molecules that assume axial
C2 symmetry, such as binaphthyl®® hexahelicenes®"** or dithia-
hexahelicene.”> Additional examples of such transformations
have been instrumental for the performance of “absolute” asym-
metric synthesis (vide infra).

Related “total” asymmetric transformations have been extended
for the formation of chiral J-aggregates in the form of fiber-like
associates in solution via self-assembly of achiral cyanine dyes®**®
or achiral diprotonated meso-tetraphenylsulfonato-porphyrins®*®”
in aqueous solutions. Interestingly enough, one could determine
the sense of chirality of the macroscopic aggregates by selecting the
direction of the vortex either by stirring or rotatory evaporation.®®
Mechanistic studies have demonstrated that the role played by the
vortex is 2-fold, first to align the fibers within the chiral vortex o7
and second, the mechanical forces, mediated by the shear gradient,
flow from the macroscopic level to the chiral aggregates.”> "* The
morphology of such chiral self-aggregates imaged by AFM mea-
surements is shown in Figure 1.7

Similarly, right- and left-handed helical fibers have been
reported for inorganic crystals such as K,SOy, Figure 2a, when
grown in a viscous solution of poly(acrylic acid),”® for BaCO5 in
the presence of racemic hydrophilic block copolymers, Figure 2b,”®
where the helicity was created by the mutual orientation of the
single elongated nanocrystals in a bend-staggered arrangement
and also for achiral silica, Figure 2¢.”7 Silica fibers have been
successfully used as a catalyst for carrying out “absolute” asymmetric
synthesis in the “Soai reaction”.”®

In another recent study it was shown, by circular dichroism,
that achiral phthalic acid crystallizes as thin films that are
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Figure 1. Molecular formulas and AFM topography images of fibers from compound 2 (1.3 mM, deposited on HOPG) showing the onset of folding in
stagnant and stirred solutions. Reproduced with permission from ref 72. Copyright 2006 Wiley-VCH Verlag GMBH & Co.

a

Figure 2. SEM images of (a) left-handed K,SO crystals, (b) BaCOj; crystals, and () left- and right-handed silica ribbons. Reproduced with permission from refs 75,
76, and 77. Copyright 2005 American Chemical Society, Copyright 2005 Nature Publishing Group, and Copyright 2000 American Chemical Society, respectively.
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deposited radially and rhythmically as dendritic banded s ;her-

ulites that have heterochiral meso-textures in semicircles.”

3. “ABSOLUTE” ASYMMETRIC SYNTHESIS IN
ENANTIOMORPHOUS CRYSTALS

In the above experiments of “mirror-symmetry breaking”, the
information of the system handedness is lost upon the dissolution
or melting of the enantiomorphous crystals. A possible route to
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efficiently transfer structural information from one crystallization
experiment to another is to produce homochiral stable molecules
by experiments involving lattice-controlled asymmetric reactions
within enantiomorphous crystals.®' Such optical isomers are
anticipated to have common structural features compared to
the crystal where they were generated and therefore to exert
asymmetric induction in the production of crystals of the same
handedness in ensuing fresh crystallizations. In such a process,
the outcome of the first experiment is stochastic, however, once
the homochiral product is formed, the ensuing crystallization
experiments performed in its presence, as additive, are thermo-
dynamically and kinetically controlled. Consequently, such “ab-
solute” asymmetric transformations® can be considered as valid
systems for an experimental confirmation of the Calvin model.

Farina and Natta performed asymmetric polymerization and
copolymerizations of pure achiral trans-l,3-pentadiene or in
mixtures with isoprene as inclusion complexes of enantiopure
perhydrotriphenylene to yield asymmetric polymers (Scheme 5)
or block copolymers within the confined environment of the
channels.*>**

Penzien and Schmidt® demonstrated that when the achiral
molecules of p,p’-dimethyl chalcone crystallizes into the enan-
tiomorphous space group P2,2,2, they assume an asymmetric
environment. Therefore, when single crystals are exposed to
gaseous bromine, they undergo a gas/solid trans-bromination to
form in quantitative yield a dibromide with ee of either handed-
ness ranging between 6 and 25% (Scheme 6).558¢

3.1. “Absolute” Asymmetric Polymerization via Crystal
Engineering

“Absolute” asymmetric synthesis has been demonstrated for
several photochemical reactions by applying the concept of
“crystal engineering”. Diene molecules containing two different
double bonds were “engineered” to crystallize within appropriate
enantiomorphous packing arrangements needed for the observa-
tion of such syntheses. In one of the experiments, by taking
advantage of attractive Cl- - - Cl interactions, a mixture of 1,4-aryl-
phenyl diene with 1,4-aryl-thienyl diene forming mixed enantio-
morphous crystals was designed to yield, upon photoirradiation,
a scalemic mixture of cyclobutane dimers, (Scheme 7).85%7 The
crystals were irradiated with a wavelength that excites only the
thienyl molecules, which are distorted upon excitation, such that
they react asymmetrically with the two nearer neighbors along
the translation axis.

Absolute asymmetric syntheses with quantitative ee (~100%)
were achieved in the polymerization of dienes that contain two
different double bonds and which pack in enantiomorphous
space groups. In these crystals, the molecules are arranged such
that one double bond reacts with a different double bond of a
nearer molecule along the translation axis, to form homochiral
dimers and oligomers of chiral translational symmetry, Scheme 8
and Table 1.57°

In the above studies, spontaneous enantiomerization of achiral
molecules could be achieved stochastically when the entire
sample of materials is grown from a single nucleus. Such studies
were performed by using a modified Bridgeman apparatus for
crystallization from the melt” (Scheme 9). A boule containing
a capillary was placed in a test tube which contained the
compound. The test tube, attached to a motor, was placed at a
temperature above the melting point of the compound that was
solidified by being transferred slowly through a decreasing
temperature regime.*® Alternatively, crystallization of the achiral
monomers from methanol solution yielded, in a number of
experiments, crystals of a single handedness, presumably due
to a process of secondary nucleation.”>

Hasegawa’> reported a related example of induced asymmetric
synthesis in the solid-state photodimerization of a diolefine
molecule, Scheme 10.

3.2. Unimolecular “Absolute” Asymmetric Photo-Rear-
rangements

“Absolute” asymmetric photoreactions have been extended to
systems that undergo monomolecular rearrangements. In these
transformations the successful asymmetric synthesis depends
upon the chiral conformations of the reactant molecules in the
monomer lattice. Such transformations have been described for
(i) the conversion of cyclic ketones into cyclobutanol derivatives
illustrated here with adamantyl-ketone®* Scheme 11, (ii) the
synthesis of optically active 3-lactam with 93% ee by the irradiation
of single enantiomorphous crystals of the achiral N,N'-diisopro-
pyl-phenyl-glyoxylamide®® Scheme 12, and (iii) the photoreaction
in enantiomorphous crystals of an amine/carboxylate salt”®®’
Scheme 13. Similar results on hydrogen abstraction were obtained
by Sakamoto”®®” in the photoreactions of the sulfur analogues.

The photorearrangements of di-7z-methane, illustrated here
for the 11,12-diisopropylester of dibenzobarrene” with a ~100% e,
Scheme 14, and the photochromic asymmetric switches of
diarylethenes,"® which assume in the reactant crystal a confor-
mation of C2 symmetry, Scheme 15, provide additional examples
of unimolecular asymmetric rearrangements.
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Table 1. Structural Formulae and Space Groups of Achiral
Monomers Packing in Chiral Crystal Structures

CN
/ COZHZ
R0,C—7 C
monomer R, R, space group
1 3-pentyl methyl P2,
2 3-pentyl ethyl P1
3 3-pentyl n-propyl P1
4 (R,S)-s-butyl ethyl P1
S (R,S)-s-butyl n-propyl
6 i-propyl/3-pentyl ethyl P1
7 t-butyl ethyl

3.3. “Absolute” Asymmetric Reactions in Organo-Metallic
Materials

A successful “absolute” asymmetric synthesis in the field of
the organo-metallic materials is the reduction of butyraldehyde
or benzaldehyde with six-coordinated Grignard reagents,
cis-[ (p-CH3C4H,)-MgBr(dimethoxyethane)] and cis-[MgCHj-
(tetrahydrofuran)] in single chiral crystals to give the corre-
sponding alcohol in up to 22% ee.'” A different system
studied by the same group consists in the crystallization of
complexes of five achiral aldehydes with Al-tris(2,6-dipheny-
Iphenoxides) into enantiomorphous crystals followed by
the reduction into the corresponding alcohols (16% ee) via
reaction of single crystals with achiral organo-metallic crystals
as reagents.102

Another example is the synthesis of a homochiral Pd-asym-
metric catalyst by the reaction of single crystals of BISPHOL
with PdCl,(CH;3CN), to yield a product where the Pd atoms

Scheme 9

liquids of different
boiling temperatures

Scheme 10

"cisoid" form in the crystal

“Reproduced with permission from ref 93. Copyright 1990 American
Chemical Society.

are coordinated via the phosphorus atoms of BISPHOL.
This homochiral product operates as an efficient asymmetric
catalyst in an allylic substitution, Scheme 16.'%>'**

3.4. “Absolute” Asymmetric Synthesis via Crystal Memory

Sakamoto et al'® provided an interesting example of mole-
cules that assume axial chirality within enantiomorphous crystals
and their handedness is retained even after the crystals are
dissolved in a solvent. Their frozen conformational chirality is
transferred to enantiomerically enriched products in ensuing
asymmetric transformations. When 2-alkoxy-1-naphtamides
crystals, in which axial chirality results due to the restricted
rotation around the Naph—CO bond of the bulky groups, were
dissolved in THF/methanol, the halflife of the homochiral
conformations were 128.3 min at 15 °C. Upon irradiation with
9-cyanoantracene they produced a homochiral product with up
to 95% ee, Scheme 17.

More recently, Hakansson et al'% reported an elegant “abso-
lute” asymmetric synthesis of 1-chloroindene via total asym-
metric crystallization of the Zn-complexes of indene in
enantiomorphous crystals, followed by the dissolution of single
crystals and the reaction of indene with N—Cl—succinimide.
Since the rate of the chlorination reaction is faster than the
racemization of the Zn-complex, the latter exerts asymmetric
induction of the reaction, Scheme 18.

3240 dx.doi.org/10.1021/cr1002479 |Chem. Rev. 2011, 111, 3236-3267
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Chemical Society.
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“Reproduced with permission from ref 96. Copyright 2005 American
Chemical Society.

Scheme 14°
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3.5. Enantiomorphous Crystals with Racemic Compositions

Two rare examples of “absolute” asymmetric transformations
where both enantiomers of a racemate crystallized in the same
enantiomorphous crystal have been reported.**** Thus two
enantiomers of a racemic diene, which bears sec-butyl groups,
crystallize together in the enantiomorphous space group P1.In a
single crystal, the sec-butyl groups of opposite handedness are

Scheme 15°

conv % ee%
12.0 94
0.6 99

“Reproduced with permission from ref 100. Copyright 2008 Royal
Society of Chemistry.

Scheme 16°
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Ph/H\ /H Ph
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c/ cl CI/ ol
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MeO,C CO,Me MeO,C. CO,Me
H
© JaH N
Ph X STPh Ph (R)Ph

(S) product ee 80% (R) product ee 80%

“Reproduced with permission from ref 103. Copyright 2001 Wiley-
VCH Verlag GmbH & Co.

fully enantiomerically disordered. The asymmetric induction of
the reaction is fully exerted by the homochiral environment of the
molecules in the crystal and not by the chiral sec-butyl group.
Indeed, it was unambiguously demonstrated in our lab that when
an enantiopure diene monomer bearing a sec-butyl group could
be crystallized into two different polymorphs to yield in each one
of them dimers and oligomers of opposite handedness.'”’”
The second example comprises studies by Ohashi et al.,'*®
where a racemate of (l-cyanoethyl)(piperidine)cobaloxime,
Scheme 19, crystallizes into an enantiomorphous space group
P2,2,2, where the two enantiomers reside at sites of different
local densities in the crystal, and therefore, they are not symmetry

3241 dx.doi.org/10.1021/cr1002479 |Chem. Rev. 2011, 111, 3236-3267
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related. Upon irradiation of the crystal with X-rays, only the
molecule that resides at the less dense site undergoes racemiza-
tion, whereas the other enatiomer residing in the denser envir-
onment remains stable. Consequently, the racemic composition
in the enantiomorphous crystal is partially deracemized and is
converted into a nonracemic mixture of composition 75:25.

A related example of a racemate self-assembling into an
enantiomorphous 2D-plane group is described below.'*

4. “MIRROR-SYMMETRY BREAKING” AT INTERFACES

At surfaces, molecules can self-assemble into periodic 2D-
architectures of 17 plane groups. In variance to the space groups,
the plane groups do not possess inversion centers that are present
in many achiral 3D-crystals. Therefore, “mirror-symmetry

Scheme 19
(RS) crystal
/ nantlomorphoN
Me: P2,2,2,
D conflguratlon T
[NJ O
(R) molecule > (S) molecule

1-cyanoethyl require_d gavity volurr;e for 1-cyanoethyl
cavity volume racemization 11.5 A cavity volume
7.47 A® 11.57 A3

breaking” by the formation of periodic structures at interfaces

is a more common process in comparison to those found in 3D
110,111

crystals.

4.1. Solid/Liquid Interface

The self-assembly of molecules on solid surfaces has attracted
great interest in recent years, and the reader can be directed to
excellent rev1ews on this topic by Raval,"*>”"'* Ernst,"'>"'¢ and
De Feyter.""” Here, we present only few representatlve examples
that comprise the enantiomerization of prochiral molecules via
self-assembly into homochiral 2D-domains and the spontaneous
resolution of racemates on several metallic surfaces under high
vacuum, as determined by STM (scanning tunneling micro-
scopy) and LEED (low-energy electron diffraction) methods.
According to these studies, ~80% of the achiral molecules have a
tendency to self-assemble on solid surfaces in enantiomorphous
plane groups, where they are related either by translation
symmetry (pl) or, in addition, by 2-fold symmetry (p2). By
contrast, in the 3D-analogues, only ~15—20% of the achiral
molecules tend to form chiral crystals.''® Examples comprise
the self-assembly of the prochiral molecules of bisuccinate and
meso-bitartrates, under certain conditions, into enantiomorphous
2D-domains on Cu(110) surfaces, Flgure 3 113,119,120

Another example, by Bohringer et al,"*" reported the forma-
tion of homochiral decamers by the adsorption of 1-nitro-
naphthalene on reconstructed Au(111) surfaces, Figure 4a.
The clusters could be manipulated by the STM tip and separated
in terms of their handedness according to their morphology, an
experiment that is analogous to the classical Pasteur experiment.

Some other examples of enantiomerization of molecules on
surfaces comprise ruberene, hexahelicenes, and organo-metallic
tricarboxylic acid—Fe salts.''%"!”

Several racemates of biological interest have also been demon-
strated to self-assemble as enantiomorphous aggregates: racemic
cysteine as dimers or monodispersed clusters of four dimer-
subunits on Au(110),"**'** racemic mixtures of 1-(Phe), and
p-(Phe), dipeptides'** as short homochiral chains composed
from dimers on Cu(110), Figure 4b, and adenine'*® on Cu(110).

4.2. Air/Aqueous Solution Interface

Surface tension measurements demonstrated that amphiphilic
molecules have a tendency to accumulate at the air/aqueous
solution interface. With the advent of the grazing incidence
X-ray diffraction method, it became feasible to determine, at the
molecular level, the structures of 2D- and 3D-crystalline aggregates
at this interface.'>*'*” The n-hydrocarbon chains have a tendency
to form herringbone intermolecular patterns in which the mole-
cules are related to one another via a glide plane and thus packed in
the achiral plane group pg. Consequently, in order to induce
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Figure 3. Comparison of the 2D-conglomerate of enantiomorphous
domains created by the achiral bisuccinate and the chiral meso-bitartrate
on Cu(110). (a) STM images of the bisuccinate phase; each individual
domain is also presented in detailed images. (b) STM images of the
meso-bitartrate phases formed after the adsorption of (R,R)-tartaric acid
and (S,S)-tartaric acid, respectively, on Cu(110). Reproduced with
permission from ref 120. Copyright 2004. American Chemical Society.

Figure 4. (a) STM image of chiral 2D-decamers (denoted L and R)
formed by nitro-naphtalene molecules on Au(111) surface at SO K.
Reproduced with permission from ref 121. Copyright 1999 Wiley-VCH
Verlag GmbH & Co. (b) STM image (8.3 nm X 6.4 nm) of coadsorbed
L-(Phe), and p-(Phe), dipeptides on Cu(110) at room temperature.
The arrows indicate the growth direction of the homochiral chains
(labeled 1-chain and p-chain). Reproduced with permission from ref
124. Copyright 2007 Wiley-VCH Verlag GmbH & Co.

crystallization of amphiphilic molecules into a mixture of enantio-
morphous 2D-crystallites, the glide symmetry plane perpendicular
to the surface was removed by the insertion, in the molecular chain,
of functional groups such as a secondary amide to replace the
herringbone interactions by N—H- - - O=C hydrogen-bonds and
to induce packing in the chiral plane group p1. Thus, for example,
racemic N®-stearoyl-(pr)-lysine, (C,,H3sCONH(CH,),-CH-
(NH;")CO, ™ self-asembles in 2D-crystallites of chiral plane
group pl and therefore undergoes spontaneous separation into
enantiomorphous domains, either at the air/water interface'® or
within the environment of the phospholipid monolayers,'*®
Figure S. By contrast, O”-stearyl-glutamic acid forms racemic
2D—crystallites129 (vide infra Figure 29).
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Figure S. GIXD patterns, represented as two-dimensional contour
maps of scattered intensity as a function of the horizontal g,, and
vertical g, components of the scattering vector, I(qu,qz), measured, on
water at 4 °C, from the 2D crystallites self-assembled by spreading
chloroform solutions of N°-stearoyl-(L)-, (D)-, or (pL)-lysine on water.

racemate

enantiopure enantiopure

Figure 6. Chiral discrimination in condensed-phase domains of a
N-stearoyl-serine-methyl-ester monolayer, as measured by BAM. Repro-
duced with permission from ref 131. Copyright 2003 American Che-
mical Society.

Similar spontaneous separation was also observed in the
formation of salts via acid—base interactions between two
different chiral amphiphilic molecules, Op-pentadecylmandelic
acid and p-tetradecyl henylethylamine."

Vollhardt et al'*"'** reported recently detailed studies on the
chiral discrimination between enantiomers in monolayers of
methyl esters of N%-palmitoyl-aspartic acid or N%-stearoyl-serine
by visualization of their morphologies with Brewster-angle
microscopy (BAM). The images obtained by spreading the
racemates on water showed the formation of pairs of enantio-
morphous domains, that is, two domains of opposite handedness
recognizing each other and forming meso-type morphologies,
Figure 6.

More recently, Sagués et al'* reported on the emergence of
molecular orientation chirality by the application of interfacial
shearing on the 2D aggregates of water-insoluble azobenzene
achiral molecules self-assembled at the air/water interface,
Figure 7.

Certain amphiphilic prochiral molecules, such as barbituric
acid, coumarins, and amphiphilic diacetylenes, self-assemble on
aqueous solutions into enantiomorphous crystalline domains,
and as reported by Liu et al,'** these domains were transferred on
solid supports to yield homochiral Langmuir—Blodgett films. A
special issue on “Molecular Recognition and Chirality in Am-
phiphilic Assemblies” appeared in “Current Opinion in Colloid
& Interface Science” edited by D. Vollhardt'*® and also a chapter
in “Chiralitz at the Nanoscale” a book edited by D. B.
Amabilino."*®

Amphiphilic molecules are renowned also for their capability
to reorganize in a variety of different morphologies and topolo-
gies in aqueous solutions and for their capability to partition
chemicals in well-defined domains. This property has been
suggested asa convenient route for inducing “mirror-symmetry

breaking”.
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Figure 7. Sequence of BAM images showing the fusion of two
antiparallel elliptical domains (a) that leads to the formation of a circular
domain with counterclockwise orientational order (e). Reproduced with
permission from ref 133. Copyright 2009 American Physical Society.

5. “MIRROR-SYMMETRY BREAKING” VIA ACHIRAL
CRYSTALS

5.1. Reduction in Symmetry of Achiral Crystals via their
Transformation into Enantiomorphous Mixed Crystals

Some achiral crystals, in particular those belonging to the
triclinic (point group 1) or monoclinic (point group 2/m)
systems, are delineated by pairs of two-dimensional homochiral
surfaces, defined as enantiotopic faces. When one of these faces is
blocked during crystal growth, the opposite enantiotopic surface
interacts enantioselectively with the molecules of the environment.
Such centrosymmetric crystals have been used for “mirror-sym-
metry breaking.” The enantiospecific interactions of their surfaces
with homochiral molecules of the environment could be discov-
ered by the formation of etch pits on specific faces, as well as
through characteristic morphological changes induced by homo-
chiral molecules in such crystals. Of particular relevance to the
theme of “mirror-symmetry breaking” is the process of reduction
of symmetry of centrosymmetric mixed crystals grown in solution
in the presence of other racemates.

Mechanistic studies'*® '*' have shown that in order for a
guest molecule to be inserted within a host crystal it has to be first
recognized stereospecifically or enantioselectively by specific
sites located at the faces through which the guest molecule is
incorporated within the host crystal. Furthermore, molecules,
that are symmetry-related in the bulk of the crystal, reside in
different sites at the enantiotopic faces. Consequently, only
molecules interacting enantiospecifically with homochiral sites
present at such faces should be occluded within the growing
crystals. As aresult, the formed mixed crystals are composed from
sectors of symmetries lower than those of the pure host. The
symmetry of each sector depends upon the symmetry of the face
through which the guest has been inserted and on its molecular
structure. More direct confirmations of the mechanism of the
formation of mixed crystals was provided by X-ray and neutron
diffraction measurements in the system of E-cinnamamide/
E-thienyl-acrylamide mixed crystal, where about 8% of the guest
molecules could be occluded in the host crystal."*” The arrange-
ment of four different guest molecules residing at the (011) face
of the crystal is shown in Figure 8, left.

The thienyl-ring differs from the phenyl ring such that a sulfur
atom with its two lone-pairs replaces two C—H groups of a
phenyl-ring. As a result, if a thienyl-ring replaces a phenyl-ring,
the C—H-7 interactions will be replaced by the sulfur lone pairs-
7 repulsions. At a surface, such repulsions can be avoided
provided the thienyl-ring can occupy sites where the sulfur atom
of the thienyl ring with its lone pairs will protrude toward the
exterior of the crystal. For this reason, the thienylacrylamide

Figure 8. (left) Packing arrangement of E-cinnamamide showing the
four different types of surface sites at the (011) face. Shown with
2-thienyl groups (S atom in yellow) are the molecules in the positions
they would assume where they to replace a cinnamamide molecule;
(right) enantiomorphous A and —A sectors, and B sectors of opposite

polarity.

molecule occupies preferentially site 3 where the lone pairs of the
S-atom emerge from the crystal bulk. The guest molecule cannot
occupy site 1 where the lone pairs of the S-atom will sense
repulsions with the 7t-electrons of the nearer phenyl-ring. As a
result, the symmetry of the sectors near the (011) face of the
mixed crystals is reduced from P2;/c to the enantiomorphous
space group P1. The sectors A, near the 4+b end, and —A at
the —b end of the crystal are enantiomorphous, Figure 8, right.
Similar argumentation suggested that the sectors at the (001)
and (001) faces should assume a monoclinic Pc symmetry with
opposite sense of polarity.

The reduction in symmetry has been observed also in the
mixed crystals of glycyl—glycine (gly-gly) /glycyl—amino acid
dipeptides.'** Guest molecules, such as gly-Leu dipeptide, could
be recognized and consequently occluded through the {121}
faces of the growing gly-gly crystals, Figure 9, yielding changes in
the morphology of gly-gly crystals as well as the segregation of
the dipeptide enantiomers along the enantiopolar b-axis, as
determined by HPLC using a chiral mobile phase.'*

Similar segregation of racemic amino acids was observed
for pL-threonine occluded within the racemic (pL)-serine
crystals'**'*> and also for all the 0-amino acids, except proline,
occluded within the at-glycine polymorphs (vide infra). It is also
anticipated that the racemic tripeptides, such as gly-gly-pL-
O-amino acids, will segregate within the crystals of glycine-
tripeptide, gly,-gly,-glys, which crystallize in the P1 triclinic
space group, where the H-atoms of gly; are properly orientated
in the crystal.

The process of surface recognition of growing crystals is quite
general and has been demonstrated with the recognition between
Ba>" and Pb>" ions in the isomorphous salts of Ba(NO;), and
Pb(NO;),"* or between bromine and chlorine atoms in the
mixed crystals of NaBr,Cl,_,0;"*”'*® or between a bromine
atom and methyl groups of similar van der Waals radii (1.9 and
2.0 A), as reoported for the di(11-bromoundecanoyl)peroxide

149,15
crystals.

5.2. Chiral Surfaces of Minerals

Chiral surfaces that delineate enantiomorphous or achiral
minerals have been studied within the context of “mirror-
symmetry breaking”. o-Quartz, the most widely distributed
mineral in the Earth’s crust, has been extensively studied over
the years but only weak enantioselective adsorption of one of the
enantiomers from a racemate was found.”>" '5® Such results
were supported by Downs and Hazen,"” who showed that the
facets of quartz are barely homochiral and, independently,
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Figure 9. Enantioselective recognition and adsorption of guest gly-(p)-
Leu and gly-(1)-Leu molecules at the (121) and (121) faces, respectively,
of the gly-gly crystal.

supported computationally by Kahr et al.">® By contrast, Cody
and Cody'® reported strong enantioselective interactions
between O-amino acids molecules and the enantiotopic {110}
and {111} crystal surfaces of the centrosymmetric mineral
gypsum (CaSO,-2H,0; monoclinic space group A2/a). A
similar asymmetric growth phenomenon has been described
for calcite in which pairs of adjacent scalenohedral faces, for
example, (2131) and (3121), possess surface structures that are
related by mirror symmetry (Figure 10) and thus have the
potential for chiral selectivity. Indeed, chiral selective adsorption
has been found when enantiotopic faces equivalent to the one
above displayed up to 10% preferential adsorption of p- or L-
aspartic acid.'®'®! By contrast, no selective adsorption was
observed on rhombohedral (1014) cleavage faces that have
centric surface structures and thus serve as an experimental
control.

Moreover, Orme et al'®> showed, by atomic force microscopy
(AFM) that chiral growth-hillocks formed when calcite is grown
in the presence of D- versus L-amino acids, and the corresponding
calcite crystals display asymmetric morphology as shown in
Figure 11.

Pyrite crystals found near volcanic sites have been proposed as
plausible catalysts for the prebiotic synthesis of organo-sulfur
materials.'®® These crystals appear in the cubic space group Pa3
that display enantiotopic faces.

The structural information from homochiral surfaces and 2D
self-assemblies has been successfully transferred to 3D crystals by
epitaxial crystallization. Such studies demonstrated the nuclea-
tion and growth of 0.-glycine crystals as induced by homochiral
clusters of hydrophobic 0-amino acids self-assembled at the air/
aqueous solution interface'®*'® or induced by Langmuir—

Blodgett thin films,"% as well as by monolayers deposited on
solid surfaces.'®”'%®

5.3. “Absolute” Asymmetric Synthesis with Achiral Crystals
Achiral crystals, which are delineated by enantiotopic faces,
can also serve as matrices for “absolute” asymmetric synthesis.
This concept is illustrated bellow with three examples.
Richardson et al."®”'”® have reported an elegant study on the
cis-addition of OsO, to enantiotopic faces of the triclinic poly-

morph of tiglic acid, space group P1. In this crystal structure, the
unit cell contains two molecules that form coplanar hydrogen-
bonded dimers oriented almost parallel to the {210} crystal faces,
Figure 12. The authors selected this crystal structure because the
centrosymmetrically related molecules at a (210) surface are
effectively related by 2-fold symmetry about an axis perpendi-
cular to the crystal surface. As a result, all the molecules expose
the same homotopic face of the double bond toward the exterior
of the crystal. When one of the enantiotopic crystal faces was
blocked, the reaction yielded the formation of a diol with a
16—30% ee. Similar results were reported for the crotonic acid
crystals and also for the solid/gas bromination of tiglic acid
triclinic crystals.'”®

The second example is the system of E-cinnamamide achiral
crystal (monoclinic P2,/c space group) that forms two enantio-
morphous mixed crystal sectors when grown in the presence of
E-cinnamic acid. The latter is enantioselectively recognized at the
(011) and (0171) faces at the +b axis trough homochiral surface
sites, labeled 2 and 3 in Figure 13a, and, by symmetry, at the
(011) and (011) faces at the —b axis at sites 1 and 4.">%3'%
Upon photoirradiation, the E-cinnamic acid guest undergoes an
asymmetric 27T + 27 photodimerization with a host cinnamide
molecule, as shown in Scheme 20. The analysis of the mixed
dimers generated at the two enantiomorphous crystal halves,
as performed by GC on a chiral column, Figure 13b, demon-
strated the formation of scalemic mixtures of the dimers with
opposite ee.

When one type of the enantiotopic faces of the initial small
crystal is blocked since it grows at an interface, growth occurs
unidirectionally through the opposite enantiotopic faces exposed
toward the solution, and thus, the initial crystal is converted into
an enantiomorphous mixed crystal of a single handedness. Under
such conditions, the photodimerization reaction can be consid-
ered as an “absolute” asymmetric synthesis.

Similar asymmetric photodimerization was obtained also in
the sectors A and —A of the mixed cinnamamide/thienylacryla-
mide crystals shown above in Figure 8.'*

A third well designed example is the Kuhn and Fischer'’
report of an asymmetric reduction of 3-acetyl-6-bromocoumarin
(Scheme 21) in its crystal, packed in an achiral space group, by an
aqueous solution of BH; as the reducing agent, to form non-
racemic alcohols, Figure 14.

More recently, Soai et al.'”* reported a related elegant experi-
ment of phase transition of the single crystals of centrosymmetric
cytosine monohydrate into the corresponding enantiomorphous
cytosine crystal. The handedness of the formed enantiomor-
phous crystal depends upon which enantiotopic face is exposed
to heating, (Figure 15), as detected by CD. Since the formed
enantiomorphs are polycrystalline, one may envisage that the
handedness of the helical conformation of embryonic dehydrated
nuclei is controlled by the reactant crystal lattice. These nuclei
exert asymmetric control on the ensuing steps of growth of the
enantiomorphous powder as observed in related topochemical
diffusion controlled polymerization reactions of (pL)-PheNCA
crystals yielding isotactic oligopetides.'”?

1

6. AMPLIFICATION OF HOMOCHIRALITY BY AUTOCA-
TALYTIC CRYSTALLIZATION

6.1. Amplification by Solution Stirring
The generation of single handedness enantiomorphous crys-
tals composed from achiral molecules was achieved under a
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Figure 10. Common {2131} scalenohedral adjacent crystal faces with
enantiotopic surface structures. The acentric surface structures of both
the (3121) face (left) and the (2131) face (right) consist of corner-
linked chains of CaOg octahedra (yellow), cross-linked by planar CO;
groups, seen almost on edge. Reproduced with permission from ref 160.
Copyright 2003 Nature Publishing Group.

Figure 11. Morphology of calcite crystals grown in the presence of:
(a) - and (b) p-aspartic acid, respectively. Reproduced with permission
from ref 162. Copyright 2001 Nature Publishing Group.
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Figure 12. Packing arrangement of tiglic acid and the formulas of
the diol products obtained at the enantiotopic (210) and (210) crystal
faces.

strong stirring regime, as reported by Kondepudi et al'’*'”®
for NaClOs3, binaphtyl or p,p’-dimethyl-chalcone systems'”®
(Figure 16).

McBride'”” demonstrated for NaClO; that when the first
“Adam crystal” was formed, it was broken by the magnetic
stirrer into a plethora of small crystallites of the same
handedness that served as nuclei for secondary nucleation
of fresh crystals of the same handedness. The method was
applied for deracemization of a Schiff-base of phenylglycine
when crystallized from solution under abrasive stirring con-
ditions in the presence of a base.'”® An alternative route for a
spontaneous enantiomerization of NaClO; crystals consid-
ered primary nucleation of unequal number of clusters of
opposite handedness far away from equilibrium'”® and by an
ultrasonic field."**'*!

A similar concept has been reported for the system 4 given in
Table 1 that crystallizes from the melt in the form of a racemic
conglomerate under equilibrium conditions or as a scalemic
mixture away from equilibrium.®’

n182

6.2. “Viedma's Ripening
In an another counterintuitive method discovered by
Viedma,'®*'** complete enantiomerization of the racemic mix-
tures of NaClOj crystals occurred by abrasive grinding with glass
beads, in the presence of a saturated aqueous solution, when a
continuous process of dissolution/recrystallization took place,
resulting with the emergence of a single chiral phase. The
handedness of the final phase varied at random between left-
and right- handed. This method was extended also to systems
that undergo racemization in solution followed by crystallization
into enantiomorphous crystals."*>'®¢ An example is the system
of racemic mixtures of crystals of N-(2-methyl-benzylidene)-
phenylglycine-amide (Scheme 22) that undergoes racemization
in solution, in the presence of an organic base, followed by
complete enantiomerization in the crystalline phase."®”

Additional examples were investigated by a Dutch group and
comprise the systems of Naproxen'® and N-(p-chlorobenzyli-
dene)phenylalanine methyl ester where the lamellar twinning
was removed.'®” The process was also triggered when illuminat-
ing the slurry with circularly polarized light."”® By the utilization
of an industrial bead mill, the method of the enantiomerization
has been scaled up for N-(2-chloro-benzylidene)-phenylglycine-
amide, which is an intermediate en route for the synthesis of
clopidogrel (Plavix) used as a drug against blood clot."!

Similar deracemization was obtained by Viedma and Blackmond
et al,'®* when an artificial racemic mixture of enantiomorphous
crystals of aspartic acids was ground in a supersaturated solution
of acetic acids in the presence of an aldehyde that is responsible
for the racemization, Scheme 23. (Note that, with some
exceptions,'®* DL-aspartic acid in water crystallizes as a racemic
compound).

Enantiomerization has been also achieved in the Mannich
reaction by an abrasive grinding of the achiral crystals shown in
Scheme 4.°° A related example'*® was reported for enantiose-
lective enrichment from an initial ee of 70% up to 98% of
scalemic product 1 in Scheme 24 that crystallizes as a conglom-
erate. This enrichment occurs via an iterative retro-aldol/aldol
reacton in the presence of an achiral or racemic secondary
amine catalyst.

The detailed mechanism of this process is still under scientific
debate.'%'%319%1%5 One model suggests that simple Oswald ripen-
ing is sufficient to achieve the proposed deracemization.'®*'® 196
Uwaha,'””"*® however, proposed a theoretical model for
the explanation of this abrasive effect by suggesting that sub-
critical nuclei are inserted in the growing large crystals. Indepen-
dently, Ribo et al'® proposed a thermodynamical model
comprising the involvement of homochiral clusters. McBride and
Tuller®® proposed that a step of molecular recognition, addi-
tional to that of Oswald ripening, is imperative to achieve
complete deracemization. More recently the suggestion of the
cluster reincorporation mechanism was experimentally sup-
ported in a measurable accumulation in the solution of the
enantiomer that forms the minor population in the solid phase,
followed by a growth of the crystals of the major component.””*
Saito and Hyuga®®* suggested that the deracemization and enan-
tiomerization should take place at the surfaces of the growing
crystals.
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Figure 13. (a) Packing arrangement of E-cinnamamide crystal viewed along the a-axis. The {011} faces and the four symmetry-related sites in black
denoted. (b) Enantiomeric analysis by GC of derivatives of the photodimerization products isolated from the + b and — b poles of the specimen crystal.
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Figure 14. Asymmetric reduction of 3-acetyl-6-bromocoumarin at the
enantiotopic faces of the achiral crystal. Reproduced with permission
from ref 171. Copyright 2009 Wiley-VCH Verlag GmbH & Co.

7. “RULE OF REVERSAL”

Attempts have been made to extend the absolute asymmetric
synthesis to autocatalytic cycles, where the presence of a product
formed in a given enantiomorphous crystal could induce, in

Scheme 21°
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Figure 1S. Phase transition of achiral cytosine monohydrate crystal
heated at one of the enantiotopic faces to form anhydrous cytosine
polycrystalline powders of single handedness. Reproduced with permis-
sion from ref 172. Copyright 2010 American Chemical Society.

cyclic processes of crystallization/dissolution, the formation of
crystals of the same handedness. However, it was found in a
number of examples that the products formed in a crystal of a
given handedness inhibit the nucleation and the growth of that
phase and prevents its autocatalytic amplification, Scheme 235.
Green and Heller®® demonstrated that the presence of an
enantiopure dibromide product as additive formed by the
bromination of one of the enantiomorphous p,p’-dimethylchal-
cone crystals induced the crystallization of the reactant crystal of
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Figure 16. Histograms of the specific rotations of the chiral products
obtained by bromination of 4,4'-dimethylchalcone crystals obtained in
(a) unstirred and (b) stirred crystallizations from ethyl acetate. Repro-
duced with permission from ref 176. Copyright 2002 American Che-
mical Society.

opposite handedness. Similar results were obtained in the achiral
dienes systems described above,*® where crystallization experi-
ments of the dienes performed in the presence of enantiopure
dimer product demonstrated indeed that the chiral product
operates rather as an inhibitor of crystal nucleation and growth
of the parent enantiomorph and not as a promoter, as illustrated
in Figure 17203204

The advantage of this system was the straightforward
stereochemical similarity between the chiral crystalline parent
phase and the lattice-controlled product that made it possible
to propose a general stereochemical mechanism based on
surface recognition and to elucidate the way additive mole-
cules affect crystallization. As a result, a general method has
been elaborated in our lab for the selection of additive
molecules, for the designed modification of the crystals
morphology and for the control of nucleation, growth, and
dissolution of conglomerates.'*' Mechanistic studies in our
laboratory have also demonstrated that the crystallization
nuclei assume at the onset of crystallization the morphology
and structure of the mature crystals. Therefore, the “tailor-
made” auxiliaries can operate as most efficient stereospecific
and enantiospecific nucleation inhibitors.”** The term “rule of
reversal” was coined for the resolution of conglomerates in the
presence of small amounts of “tailor-made” auxiliaries of a
handedness opposite to that of the growing enantiomorphs,
Scheme 26. The auxiliary molecules are recognized enantioselec-
tively by nuclei of the same handedness and prevent their
conversion into mature crystals but do not interfer with the
nucleation and growth of crystals of opposite handedness,
yielding a resolution process.**® The method is illustrated below
with some representative examples of relevance to induced
desymmetrization experiments.

The first example comprises a modification of the classical
experiment of Pasteur. Asparagine monohydrate (Asn-H,O)
crystallizes as a conglomerate of enantiomorphous crystals, as-
suming a prismatic morphology as shown in Figure 18. When the
crystals were grown in the presence of each of various enantio-
pure Ot-amino acids, say of L-configuration, there was first the
appearance of the p-Asn+H,O crystals, with the same morphol-
ogy as in the absence of the at-amino acid, followed by crystals of
L-Asn - H, O having a different morphology that depended on the
nature of the acid. Therefore the enantiomorphous crystals could
be sorted visually, Figure 18.

Similarly, when a conglomerate of (pL)-threonine (Thr)
crystals is grown from aqueous solution, they appear as long
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needles which do not display hemihedral faces, and therefore,
one can not differentiate between the two enantiomorphs.
Dramatic morphology differences were obtained by growing of
the crystals in the presence of small amounts of another
enantiopure t-amino acid of say, L-handedness. Here again,
there first occurred the precipitation of the p-Thr as the
unmodified needles and only in a second stage one observes
the precipitation of the L-Thr crystals as a powder. Another
example comprises the crystallization of (pL)-glutamic acid - HCI
(Glu-HCI) in the presence of N°-(2,4-dinitrophenyl)-1-lysine (r-
DNP-Lys), where first the unaffected p-crystals precipitate and
only after a while the L-enantiomorphs appear as yellow colored
crystals, (Figure 19).

The stereochemical “rule of reversal” could also provide
rationalization of a previous report by Barton and Kirby> on
the oxidation of the enantiopure galantamine with achiral MnO,,
where (—)-galantamine yielded the (+)-narwadine in ethanol,
and by symmetry the (+)-galantamine was oxidized to (—)-
narwadine. Since narwadine but not galantamine undergoes
racemization in solution, (Scheme 2), during the reaction the
still unoxidized galantamine operates as a “tailor-made” auxiliary
that inhibits the crystallization of narwadine of the same absolute
configuration.

The “rule of reversal” has been successfully applied for the
resolution of large quantities of racemic mixtures of Q-amino
acids by crystallization, even in systems that comprise the
formation of crystals composed from enantiomorphous crystal-
line layers of both handedness, such as methionine-HCI
(Met-HCI), Figure 20, cysteine-HCI, and valine - HCL.2%72%®
This lamellar twinning is very common among hydrophobic
molecules,®®* as well as racemic hydrophobic 0t-amino acids
and their salts, and they cannot be resolved by seeding alone.

The chiral “tailor-made” additive affects enantioselectively
also the dissolution of conglomerates, as demonstrated by the
enantioselective etching of several O-amino acids includ'n%
Asn+H,0, Glu-HCl, and methionine - HCl (Met+HCI).2% 2!
The efficiency of the method depends upon the binding energy
of the additive on the various sites of the crystalline faces and on
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Figure 17. Asymmetric yields of induction for monomer 4 in Table 1,

when grown in the presence of (+) dimer and (—)-dimer additive.

Figure 18. Conglomerate of p- and 1-Asn-H,O crystals grown in the
presence of L-glutamine: (a) D-Asn+H,O crystals with unaffected
morphology and (b) 1-Asn+H,O crystals with modified morphology
and occluding minute amounts of L-glutamine.

Figure 19. Crystallization of (pL)-Glu+HCl in the presence of L-DNP-
Lys. (a) First crop: colorless (p)-Glu+HCL. (b) Second crop: mixture of
colorless (D)-Glu+HCl and yellow (1)-Glu-HCl crystals. (c) Third crop
primarily contains small, yellow crystals of (1)-Glu-HCL

the degree of interference by this molecule with the regular
growth or dissolution of the crystal.
Very small quantities, ~1 wt %/wt of the polymers, can induce
- 208 ; .
complete resolution of the racemates.” Following these findings,
attempts have been made to apply the “rule of reversal” to induce
enantiomerization of racemates in systems that crystallize as
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Figure 20. Packing arrangement of Met- HCI showing the site of twinning between the hydrophobic side chains and effect of L-PMAL polymer leading

to the enantiomerization of racemate.
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Figure 21. (a) Computer drawn morphology of (pL)-alanine twin
crystal grown in the presence of 1% L-Thr or L-Phe additive. (b, c)
Photograph of twinned (pr)-alanine crystal grown from a solution
containing (b) 40:60 D:L mixture and 1% L-Phe; (c) 60:40 p:L mixture
and p-Phe, respectively.

racemic compounds and it has been successful in systems where
the stability of the racemate is comparable to that of the pure
enantiomorphs such as the hydrochlorides of histidine and
valine.>*”?'"*!? By contrast, attempts to induce a resolution of
other O-amino acid such as alanine, methionine, serine, valine
and leucine using even polymeric “tailor-made” auxiliaries were
unsuccessful.>'® In the case of alanine, crystallization of the
racemic coumpund in the presence of enantiopure “tailor-
made” additive resulted in the formation of twinned racemic
crystals with propeller-like symmetry, (Figure 21), implying
that their growth started from an enantiomorphous L- or p-
alanine seed which served as template, as indeed determined by
X-ray diffraction.*"*

Another example of “mirror-symmetry breaking” by using the
“rule of reversal” was reported recently for the system of
ethylenediammonium sulfate enantiomorphous crystals as in-
duced by amino acid additives.*"®

Kellog and Kaptein’s group>'® has successfully extended the
application of “tailor-made” additives for the improvement of the
resolutions of diastereoisomers using simultaneously several
resolving agents of the same family. One of the advantages of
this method is the occurrence of a strong inhibition of the less
soluble diastereoisomer, which improves the efficiency of the
resolution.

Atom—atom potential energy calculations,”'” and Monte
Carlo crystal growth simulations”® were shown to be helpful in
the selection of the most efficient auxiliary nucleation inhibitors.

The L-amino acid “tailor-made” auxiliary molecules have been
found to be occluded enantioselectively within the L-crystals,
whereas the p-amino acids within the p-crystals.”'***° Kojo
et al**' reported that the enantiomorphous crystals of Asn induce
enantioselective occlusion of other amino acids when grown in
the presence of the latter racemates. Accordingly, the grown L-
Asn crystals occluded preferentially 1-Phe, whereas D-Asn occluded
preferentially p-Phe, according to the %eneral stereochemical
mechanism elaborated in our laboratory.*%°

8. THE “SERGEANT-SOLDIER” AND “MAJORITY” RULES
FOR ASYMMETRY AMPLIFICATION

Green et al****** demonstrated the feasibility of chiral amplifica-
tion of an enantiomeric bias of the same handedness in one-
dimensional helical polymers and copolymers. The single handed-
ness of the helical polymeric chains can be induced by the presence
of other homochiral molecules that operate as “sergeant” in the
alignment of the polymer molecules. Similarly, the enantiomeriza-
tion of synthetic ;JO]YIIICI‘S,DA_227 liquid crystals,”*® gels,** and
some 3D crystals® could be achieved when one of the enantiomers
was in excess. This process was coined the “majority rule” by Green.
The original systems comprised the copolymerization of achiral
hexyl-isocyanate with as little as 0.12% nonracemic homochiral
isocyanate. The resulting poly isocyanate cog)olymer consisted of
56:44 of mirror-image helices, Scheme 272

A more dramatic influence of minor chiral perturbations has been
reported in the polymerization of R-deutero-1-hexyl isocyanate
(n-CsH;;CHD-NCO) giving rise to scalemic mixtures of helical
polymers having a very large optical rotation, (o)p "’ = —450.
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Noncovalent “sergeant and soldier” effects were also observed
in the p-substituted polyacetylenes as induced by nonracemic
amines of, for example, 50% ee via the formation of the
noncovalent bonds. The handedness of the homochiral confor-
mers is memorized after replacing the chiral amines with achiral
ones, Scheme 28.2%°

Nielsen et al.**"*** reported a system relevant to biopolymers
in the chiral amplification involving achiral peptides of glycine
residues to which a cytosine nucleobase has been attached. These
molecules can form complementary base-paired helical duplexes
that are analogous to those of DNA and RNA but of either
handedness. Upon appending a single homochiral residue, such
as L-lysine at the C-terminus of the helix, the “peptide nucleic
acid” (PNA) polymers predominantly fold into duplexes of a
single handedness. However, very recent studies on PNA:PNA
duplexes, by varying the appended amino acids and using longer
oligomers, have demonstrated that the principles of chiral
cooperativity such as seen in the “sergeant and soldier” and
majority rule experiments must be altered when the structure of
the system becomes a variable depending on the chiral informa-
tion input.233

In another system, helical fibrous nanostructures of metal-free
phtalocyanine were induced by the use of peripheral chiral
menthol units.>**

The majority rule rule was also successfully applied for achiral
or racemates molecules that self-assemble into 2D and 3D
crystalline arrays. Thus, for example, Ernst et al*>® reported that
coadsorption of a homochiral additive into monolayers of
succinic or meso-tartaric acids, when doped with either 2% RR
or 2% §,S tartaric acid and grown under specific conditions, led to
either L or 0 domains respectively, as demonstrated by LEEDS
measurements. In addition, they reported that racemic (MP)
heptahelicene adsorbed on a Cu(111) surface packs into enan-
tiomorphous 2D-domains of racemic composition, Figure 22,
and a small enantiomeric excess enhanced the formation of the
enantiomorphous domains of the same handedness, as deter-
mined by STM.>*

Similar enantiomerization has been observed in the enantio-
morphous 3D crystals of the (RS)-sec-butyl diene system
(molecule 4 in Table 1). The pure racemate crystallizes as a
conglomerate composed from equal amounts of crystals of both
handedness. However, the addition of a small excess of one of the
enantiomers drove the entire system out of the eutecticum and
resulted in the formation of crystals of single handedness, as
detected in the composition of the dimers and oligomers formed
after photoirradiation, Figure 235889

9. NONLINEAR EFFECTS IN CATALYSIS AND AUTOCA-
TALYSIS

9.1. Kagan’s Model**"*%%

Nonlinear effects arising from molecular association of en-
antiomers in nonracemic mixtures can cause unexpected effects
in homogeneous catalysis, chiro-optics, NMR spectroscopy and
chromatography.

Kagan elaborated a kinetic model on the nonlinear effects that
are sometimes observed in catalytic reactions of nonracemic
composition. This nonlinearity refers to the anomalous relationship
between the ee of the product and the ee of the catalyst. Such
nonlinear effect may induce a positive effect that enhances the ee of
the product or a negative effect that reduces the ee, Scheme 29. The

mechanism comprises the self-assembly of the nonracemic reactant
molecules or of the catalyst into diastereoisomeric architectures
composed from either homochiral or heterochiral molecules that
display different chemical or catalytic properties, Scheme 30.

A positive nonlinear effect occurs when the aggregates, which
are composed from one enantiomer, operate as a catalyst,
whereas the racemic aggregates are inert or react much more
slowly in comparison to the enantiomorphous ones. These
nonlinear effects have been found in a large number of chemical
reactions.” In early studies, Wynberg and Feringa®*® demon-
strated that a diastereomeric reaction can have a different
stereochemical outcome if the educts are not enantiomerically
pure.

The mechanism of nonlinearity has also common features to
the separation of enantiomers from scalemic compositions,
either by crystallization or by the separation by chromatographic
methods on achiral supports (vide infra)

9.2. “Soai Reaction”**' ™%

Soai”*' ** discovered a remarkable autocatalytic enantiose-
lective reaction, where chiral alcohol complexes with di-isopro-
pyl-Zn can catalyze their own production via a reaction with the
corresponding aldehydes, Scheme 31. In this autocatalytic reac-
tion, it was feasible to amplify, after several catalytic cycles,
extremely low ee of ~0.00005% or even stochastic fluctuation
present in a racemate, of an excess at the level of 10" molecules/
mol, to an almost enantiopure product of >99.5% ee.”***** Such
reaction can be regarded as an “absolute” asymmetric synthesis.***
The sign of the reaction could be controlled either when it
was triggered by powders of enantiomorphous crystals com-
posed from achiral molecules such as quartz, (Scheme 31),
cytosine or hypuric acid”*?***** or even when performed in
the presence of additives that are chiral due to the presence of
different isotopes of C'*/C"* or H/D) in the molecule.>**~>%°
The detailed reaction pathway of this reaction is still obscure,
however, the startling asymmetric induction found in it
implies mechanistic steps as raised in the theoretical Frank
model on the spontaneous emergence of homochirality in
close systems. Enantiomorphous, supramolecular clusters of
the Zn-complex with the alcohol molecules as ligands were
formed and operated as templates in the autocatalytic reaction.
Dimers have been prog)osed on the basis of NMR>'?%?
and theoretical studies.”® Tetramers have been suggested on
the basis of colorimetric measurements®> and DFT
calculation.*>*?%%

9.3. Asymmetric Autocatalytic Mannich and the Aldol
Condensation Reactions™*>"’

Spontaneous chiral symmetry breaking in reactive systems in
solution, as found for the Soai reaction, was recently extended by
Mauksch and Tsogoeva®>®** for the autocatalytic Mannich and
the Aldol condensation reactions. Thus, the product of the
Mannich reaction from acetone and ethylglyoxylate imine can
act as the catalyst for its own formation providing clear evidence
for an asymmetric autocatalytic Mannich transformation in
nonaqueous media, Scheme 32, and a similar effect was found
in the aldol reaction of acetone and p-nitrobenzaldehyde,
Scheme 33.

In these reversible “absolute” asymmetric reactions, the pro-
duct and the prochiral reactant form supramolecular H-bridged
complexes which operate as the catalyst of the reaction yielding ee
of either handedness ranging from 0.3 up to 50.8% when starting
from achiral reactants. Although the mechanism of this process
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Scheme 27. Characteristics of Dynamic Helical Poly-Isocyanates”
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Figure 22. Lattice structures of the two lowest-energy configurations of L L4444y
racemic (M and P) heptahelicene helices on Cu(111) obtained from O 10 20 30 40 50 60 70 80 90 100%R(-)
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parts of the molecules, shown imaged brightest via STM. The dashed
ovals indicate heterochiral M— P pairs forming the basic building blocks
of the zigzag rows. Reproduced with permission from ref 236. Copyright
2006 Nature Publishing Group.

is still unclear, the formation and the role played by the
supramolecular complexes have to be invoked. The “absolute”
asymmetric synthesis of the aldol reaction should be of
topical importance in the chiro-biogenesis of sugars since pre-
vious reports by Breslow”® have shown that various types of

Figure 23. Chirality amplification of the photodimers versus ee of the
(R,S)-sec-butyl diene monomer (molecule 4 in Table 1) in 3D poly-
crystalline powders grown at equilibrium conditions from melt.

aldol reactions are known to be an integral part of the formose
reaction yielding carbohydrates from the condensation of for-
maldehyde.

Similar Mannich reaction of N-p-methoxyphenyl-protected
O-imino-ethyl-glyoxylate with cyclohexanone, instead of acetone,
that occurs in aqueous solution was reported recently.>®
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10. AUTOCATALYTIC CYCLES FOR THE
AMPLIFICATION OF HOMOCHIRALITY WITH
“TAILOR-MADE"” AUXILIARIES

10.1. Spontaneous Generation of L-Lysine>*

As a result of the negative nonlinear effect described above for
the rule of reversal, the handedness of a lattice-controlled product
generated in a given enantiomorphous crystal cannot be preserved
in additional fresh crystallization experiments. Because of the
structural similarity between the product and the reacting crystal,
the presence of such product will impede or inhibit completely the
nucleation and growth of the enantiomorph where it has been
created. At the same time, it will interfere less in the crystallization
of the opposite enantiomorph. As a result, the presence of such an
auxiliary molecule should lead to an oscillatory process rather than
one of the amplification of homochirality. For this reason, it was
imperative to design unique chemical systems that do not comply
with the “rule of reversal.” Mechanistic studies of this rule were
instrumental in the design of a number of successful autocatalytic
systems for the amplification of homochirality. In one of these
model systems, we have used the process of complete deracemiza-
tion of the Ni** complex of e-amino-caprolactam in solution,
followed by its crystallization into an enantiomorphous crystal
followed by hydrolysis of, for example, L-ACL to L-lysine in acidic
conditions. Once L-lysine is formed, it generates several diaster-
eoisomeric complexes, among them Ni{t-(ACL),L-Lys} and Ni-
{p-(ACL),L-Lys}. Both complexes are recognized by the surfaces
of the Ni-L-(ACL)3Cl, crystals, but whereas the first complex
affects only slightly the nucleation and the growth of this enantio-
morph, the second complex delays the nucleation and the growth
of this enantiomorph thus amplifying the formation of L-ACL.
Furthermore, once the first seeds of the L-crystals are formed, they

Scheme 31
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operate in unison with the two different diastereoisomeric
complexes to drive the overall process toward the formation of L-
ACL, as described in Scheme 34.

10.2. Spontaneous Resolution of Racemic a-Amino acids
within Glycine Crystals

Another example of an autocatalytic process is the spontaneous

separation of racemic (t-amino acids within the centrosymmetric .-
form of glycine grown at air/aqueous solution interfaces.'****>%*
Mechanistic studies have shown that this autocatalytic resolution
process comprises three separate steps that operate in unison:

(i) Reduction in symmetry of the centrosymmetric 0t-glycine
polymorph as a result of the enantioselective occlusion of
O-amino acids, the D-enantiomer through the (010) face
and the L-enantiomer through the enantiotopic (010) face
of the o-glycine crystals, Figure 24.

(ii) Self-aggregation of the amphiphilic @t-amino acids at the

air/water interface into enantiomorphous 2D-clusters
that serve as nuclei for an oriented growth of the a-
glycine crystals (Scheme 35), as demonstrated by grazing
incidence X-ray diffraction.'®®

(i) The a-glycine crystals grown at the air/solution interface

can be regarded as a subgroup of a conglomerate
composed from two enantiomorphous crystals resulting
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from their opposite orientation since they expose toward
the solution either the 4+b or —b directions (Scheme 35).
Therefore, hydrophobic and hydrophilic 0t-amino acid
additives in solution inhibit enantioselectively growth of
one enantiomorph only. L-Amino acids inhibit the nu-
cleation and growth of glycine crystals exposing toward
the solution their —b direction and they are occluded
through the (010) face whereas the p-amino acids inhibit
the crystals exposing their (010) face toward the solution.
The mechanism of such inhibition was demonstrated by
obtaining complete orientation of the glycine crystals at
the air/solution interface when grown in the presence of
scalemic hydrophobic O-amino acids, such as leucine
(Leu). Hydrophobic molecules have a double effect: First,
they aggregate at the air/solution interface into domains
that promote nucleation of oriented glycine crystals, for
example, excess of D-Leu induces growth of glycine crystals
oriented with their (010) face toward the solution and
occluding from solution only L-Leu, thus enriching the
solution with D-Leu. Second, enrichment with D-Leu
inhibits the possible glycine nuclei oriented with their
(010) face toward the solution leading thus to a single
crystal orientation at the interface. Therefore, when
O-glycine crystals were grown in the presence of 6% ee
p-Leu (ie., D/L ratio of 53:47) at a total concentration
(p-Leu + L-Leu) of 2.4 wt/wt of glycine, only L-Leu was
occluded in the crust of crystals grown at the interface,
achieving thus a complete enantio-enrichment of L-Leu within
the a-glycine crystals."®*?%® The process is illustrated
here with the formation of a crust of 0.-glycine crystals,
when grown in the presence of the yellow colored - and
p-N°-(2,4-dinitro-phenyl)-lysine (DNP-Lys), as shown
in Figure 2S. Furthermore, complete resolution of all
the Ot-amino acids, except proline, could be achieved via
occlusion inside Ot-glycine crystals grown at the air—
solution interface when induced by 1 wt %/wt L-Leu,
Figure 26.

The above process comprises the two elements of Frank’s
model,** i.e. promotion of growth of one type of oriented crystals
by hydrophobic amino acids accumulated at the air/aqueous
solution interface and enantiomeric cross-inhibition of crystals of
opposite orientation by the hydrophobic and hydrophilic amino
acids in the bulk solution.

Similar stochastic separation of O-amino acids could be
achieved in our lab when racemic Qt-amino acids are occluded
within enantiomorphous f3-glycine crystals, Figure 27.2%°

The [f-form of glycine is metastable. However, when glycine is
grown in a confined environment such as porous materials”****” or
small solution volumes,”*® the B-polymorph crystallizes as long need-
les. When these crystals are grown in the presence of DL-amino acids,
the L-molecules are occluded in one of the S-gly enantiomorphs, and
the D-ones in the other. Consequently, if one or a small number of 3-
gly crystals of single handedness crystallize first, they occlude one of the
Ot-amino acid enantiomers and the solution is enriched with the other.
This excess formed in solution should prevent nucleation and growth
of the 3-gly crystals of the opposite handedness of the “Adam crystals”,
thus continuing to enrich the ee of the amino acids in the solution.

More recently, Kellog, Kaptein et al*® reported a related
study, on the generation of libraries of homochiral Schiff-bases of
O-amino acids, in which they have achieved spontaneous en-
antiomerization of several molecules. Racemic Schiff-base of
phenylglycine undergoes deracemization when crystallized un-
der abrasive stirring, according to the Kondepudi’s mechanism
and mixed enantiomorphous crystals are formed by occluding
enantioselectively other Schiff-bases of the same handedness as
guests, presumably by a process of surface recognition, as
described above for the o.-glycine/a-amino acids.'¢*

11. AMPLIFICATION OF HOMOCHIRALITY IN SCALE-
MIC MIXTURES OF ENANTIOMERS

11.1. Crystallization

A convenient method for the design of an efficient enantio-
purifying process from scalemic compositions is by crystallization
of such materials into a mixture composed from a more stable
racemic compound containing equal amounts of both enantio-
mers and an enantiomorphous crystal of the enantiomer in
excess. The physical and chemical properties of these crystals
can be very different. The racemic compound is generally
thermodynamically more stable because of favorable packing
interactions between the two enantiomers in the crystal as well to
kinetic effects.””® Practitioners of asymmetric synthesis have
taken advantage of these differences for the isolation in the pure
form of the enantiomer formed in excess, either by controlled
crystallization, dissolution, or sublimation.

Morowitz*”" elaborated a thermodynamic scenario for the
separation by crystallization of the enantiomer present in excess
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from scalemic mixtures of Phe and Leu by considering their
eutectic composition.

Blackmond and co-workers”’>*”* demonstrated that the
efficient enantioselective solution catalysis in an aldol reaction
(Scheme 36) by several scalemic 0t-amino acids such as proline,
alanine, valine, is due to their eutectic compositions of high ee
solution values under solid—liquid equilibrium conditions. Of
interest is that the amino acid serine exhibits a eutectic composi-
tion at ~99% ee and gave an almost enantiopure solution from a
nearly racemic composition, yielding the same efficient asym-
metric catalysis as the pure enantiomer. This group reported also
a similar separation of the enantiomer in excess by the crystal-
lization of scalemic mixtures of Phe via formation of 2:1 com-
plexes with dicarboxylic acids.””*

The formation of stable octamer clusters of enantiopure serine
has been observed by electrospray ionization (ESI) mass spectro-
metry (MS) and have also been generated and studied in
experiments intended to simulate prebiotic conditions such as
vigorous evaporation of aqueous solutions and sublimation of
serine crystals.275’276 Enantiomeric enrichment of serine scalemic
mixtures, enatioselectively tagged with deuterium, was achieved
in two types of experiments that involve formation of chirally
enriched serine octamers: (i) serine octamers formed were
isolated, collisionally activated and fragmented, and monomeric

3255

serine was regenerated with increased ee upon dissociation of
octamers and (ii) serine octamers found in the ions generated by
means of ESI, mass selected, and collected on a gold surface
using ion soft-landing were redissolved and subjected to further
MS analysis.””” Thus, for example, serine mixtures with initial ee
of 20% L were enriched to 50% ee L. It has also been demon-
strated that chiral serine octamer clusters can incorporate in the
gas phase other at-amino acids of the same chirality, or they can
react in the vapor phase with glyceraldehydes, glucose, phos-
phoric acids, and other metals to yield chiral products.””*”®
Similar or larger clusters have been detected for threonine and
prolinez;s(})lowever, they are less stable as compared to those of
serine.

Cronin and Pizzarrello®®' discovered that the amino acids
found in some metheorites are enriched with the L-enantiomer.
Thus, for example, 0-methyl valine, which was extracted from
the Murchison meteorite, was found to be enriched with the
L-enantiomer, in ee that varied from 1 to 15%. However the origin of
these scalemic amino acids was not known. Following these
findings, Breslow et al***~>*° reported that scalemic 1-0t-methyl-
valine in the presence of Cu(Il) ions can operate as an asym-
metric auxiliary molecule for the synthesis of nonracemic natural
L-Q-amino acids with a relatively small chirality transfer. However
the minuscule ee obtained in this reaction can be amplified to

dx.doi.org/10.1021/cr1002479 |Chem. Rev. 2011, 111, 3236-3267
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Figure 25. White and yellow crusts of 0.-glycine crystals grown at the
air/aqueous solution interface in the presence of L-DNP-Lys and Leu
with aratio L/D > 1 and L/D < 1, respectively. The white crystals exposed
their (010) face toward the solution whereas the yellow crystals exposed
their (010) face.

aly A—-pHPG
A-Met
R-Glu
s=8
se32 $pHPG
S'T'“ S-Met  S-Leu
et ) |
¥ 7
ll!lllllIIIll‘znlll':.llllll

0 20 40 80 104 120
Time (min)

Figure 26. Enantiomeric HPLC analysis of 0.-glycine crystals grown in
the presence of 1% (wt/wt of Gly) L-Leu and other racemic 0-amino
acids. The three Oi-amino acids, p-hydroxyphenylglycine (pHPG), Glu
and methionine (Met) have been selected since they are completely
separated in the HPLC column.

over >90% ee by crystallization since the racemates of many
O-amino acids crystallize as racemic compounds and they form
an eutectic composition in mixtures with the enantiomorph in
excess. Similar enantio-purification was considered for the dis-
solution of the scalemic mixtures of three ribonucleosides
p-uridine, p-adenosine, and p-cytidine, by taking advantage of the
higher solubility of the enantiomorphous crystals in comparison
to the corresponding racemic compounds.

Differences in the vapor pressure between the racemic com-
pound and the corresponding enantiomorphous crystals has
been taken advantage for the enantiomeric enrichment by
sublimation of phenylalanine,***~*** mandelic acid,*****! and
several other a-amino acids. Feringa et al*®? demonstrated that,
for instance, Leu having 1% L ee gave rise to a sublimate with 39%
ee. The preferential vaporization of an enantiomer relative to that
of the racemate was also demonstrated by mass spectrometry
with differential isotopic labeling of the two enantiomers.””
More recently, an example has been presented where the racemic
crystals sublime prior to the enantiomorphous crystals.”?***
Regarding various sublimation procedures, the differences ob-
served when starting with (pL + 1)- and (D + 1)-Leu, alanine, and
proline appear to demonstrate that the sublimation with forma-
tion of a vapor eutectic is not a general rule when the sublimate is
continuously condensed.**® Interesting enough, it was found that
sublimation of valine racemic compound yielded the correspond-
ing conglomerate of valine enantiomorphs and the enantiogurity
could be amplified when starting with a scalemic mixture.*””

The fractionation of a nonracemic mixture into the corre-
sponding racemate and the enantiomer in excess has been
reported by distillation®*® by chromatography,®” HPLC,*®

Figure 27. (a) Yellow crystals of (—)-f-gly crystals grown in the
presence of mixture of 2% (w/w) pL-Trp, 2% b-Phe, and 0.1%
L-DNP-Lys. (b) Colorless (4)--Gly crystals grown in the presence
of a mixture of 2% RS-Trp, 2% L-Phe, and 0.1% L-DNP-Lys.

Scheme 36
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“Reproduced with permission from ref 272. Copyright 2006 Nature
Publishing Group.

and gas chromatography GC on achiral stationary and mobile
phases,*" or by preparative flash chromatography on an achiral
phase.*”> Computer simulations are consistent with the forma-
tion of homo- and heterochiral self-associates, (i.e., bp, LL, and DL)
. 303,304

in all these processes.

11.2. Crystallization Combined with Reactivity

In scalemic mixtures, the racemic compound crystals differ
from the enantiomorphous ones in their photochemical, chemi-
cal or electronic properties. As part of our studies on crystal
engineering, we have designed a system for the amplification of
the homochirality of some secondary alcohols by their reactivity
with the achiral 9-anthroic-acid.*® It was predicted that the
crystallization of the scalemic mixture of these esters will produce
mixtures of crystals, those of the racemic compound {ARAS},
where two nearer heterochiral molecules in the crystal will pack
across a center of inversion and react photochemically to yield
the insoluble meso-(ARAS)-dimer of dianthracene whereas the
crystals of the enantiomer gresent in excess e.g {AR} are light-
stable, Schemes 37 and 38.°%3%

Consequently, after irradiation of such a mixture, the enantio-
mer in excess could be extracted in its pure form from the
insoluble dimers. Mixtures of 10% ee (SSR:45S) could be purified
to more than 95% ee. The excess of the enantiomorphous
crystalline phase could be determined by considering the differ-
ent photoluminescent properties of the two types of crystals
(Figure 28). The method is very sensitive and as low as 1% of the
enantiomorphous crystals could be detected in the scalemic
mixtures.

Another example comprises the amplification of homochir-
ality in the synthesis of homochiral isotactic oligopeptides
composed from O-amino acid residues of the same handedness,
as demonstrated experimentally in the polymerization of
scalemic mixtures of activated amphiphilic G-amino acids,

3256 dx.doi.org/10.1021/cr1002479 |Chem. Rev. 2011, 111, 3236-3267
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O -stearyl-glutamic acid-N-carboxyanhydride (C,5-Glu-NCA)**
or O”-stearyl-glutamic acid-thioethyl ester (C,s-Glu-TE)"** by
taking into consideration differences in reactivity between the
racemic compound and the enantiomorphous 2D crystalline
domains self-assembled at the air/water interface. The forma-
tion of two types of crystalline domains, the racemic compound
and the pure enantiomorph, was demonstrated by grazing
angle X-raZ diffraction studies for O”-stearyl-glutamic acid
Figure 29.

Upon injection of a catalyst into the aqueous solution beneath
the 2D crystalline domains of the activated amphiphilic glutamic
acid derivatives, a lattice-controlled polymerization occurs within
individual racemic and enantiomorphous domains. The enantio-
meric distribution of the oligopeptides was determined by
MALDI-TOF mass spectrometry on samples where one of the
enantiomers was tagged with deuterium atoms (Figure 30).
Under these conditions, the short oligomers were composed
from heterochiral residues whereas the long oligopeptides were
composed from residues of the same handedness. Similar
formation of the isotactic peptides could be obtained also from
the scalemic mixtures when deposited within a phospholipid
monolayer films.'*®

A theoretical model that supports the thermodynamic me-
chanism of the amghﬁcatlon of the homochirality in 2D was
recently elaborated.

12. ISOTACTIC OLIGOPEPTIDES GENERATED FROM
RACEMATES OF ACTIVATED o-AMINO ACIDS?%

Biological homochirality of living systems involves large macro-
molecules therefore a central point is the relationship of the
polymerization process with the emergence of chirality. This
hypothesis has inspired recent activity devoted to modeling
efforts aimed at understanding “mirror-symmetry breaking” in
polymerization, of relevance to the origin of life, as well as some
experimental studies. The theoretical models so proposed are
by and large, elaborate extensions and generalizations of Frank’s
original paradigmatic scheme, which consider an amplification
of the unavoidable enantiomeric fluctuation from the racemic
state 3310316

The polymerization of racemic or scalemic mixtures of mono-
mers, such as 0-amino acids, should yield atactic polymers that are
composed from residues of either handedness. By contrast, biopo-
lymers, which are composed from residues of single handedness,
are isotactic. Therefore, following our approach to the problem,
there was a need to elaborate simple synthetic routes to convert
racemic t-amino acids into isotactic peptides. Wald,*"” based on

Scheme 38
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Figure 28. Photoluminescence of the racemic compound of 2-Cl-
phenetyl-9-antroic ester which displays excimer emission whereas the
enantiomorphous crystals display monomer emission. The ee of the
enantiomorphous phase was determined by the luminescence proper-
ties.

experimental studies by Doty,”'® suggested that cooperative
amplification in the formation of isotactic peptides might result
from the formation of intermediate templates in the form of an
Ot-helix conformation during the polymerization of the activated
(l-ammo acids. Experiments along this line have been reported by
Bonner.>*"? Brack*****' proposed that the primeval homochiral
peptides should have emerged via the formation of pleated f5-
sheets. In recent studies, we addressed this problem experimentally
by the performance of polymerization of activated hydrophobic
racemic (-amino acids in crystals or in aqueous solutions in the
presence of enantiopure esters and thioesters as initiators.

12.1. Racemic and Quasi-Racemic Crystals

The polymerization reactions of monomers in the crystalline
state yield, generally, atactic polymers that are denser than the
monomer. A different mechanism was found in our laboratory for
the polymerization of two hydrophobic racemic N-carboxyanhy-
drides (NCA) of phenylalanine and valine, (pr)-PheNCA and
(pL)-VaINCA, in the crystalline phase, which resulted in the
formation of isotactic oligo-peptides.”>***7*** The packing

3257 dx.doi.org/10.1021/cr1002479 |Chem. Rev. 2011, 111, 3236-3267
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RS-C5-Glu, and (c) 7:3 R:S-C5-Glu. The Bragg peaks are labeled by their {/,k} Miller indexes and the subscripts R and R,S refer to the C,-Glu phases.
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Figure 30. MALDI-TOF MS analysis of the oligopeptides obtained from racemic and chiral nonracemic mixtures of C;3—NCA—Glu monomer. (a)
Racemic and (b) 4:6 S:R mixtures. For clarity, the distribution of only some of the oligopeptides is shown. Note that the percentage error in the relative
abundance is larger for long oligopeptides that are formed in low chemical yield.

arrangements of these crystals, Figure 31, and their ability to
undergo polymerization in hexane were reported previously by
Kanazawa et al.*>*32

To determine the stereospecificity of these reactions, the
polymerization experiments were performed such that the
L-enantiomer of the racemate was tagged with deuterium atoms
and the distribution of the oligomers was analyzed by MALDI-
TOF Mass spectrometry. These studies demonstrated that the
relative concentration of the isotactic peptides increases as a
function of peptide length in both systems, as shown in
Figure 32a for isotactic oligo-Phe of length 5—22, normalized
to the values calculated for theoretical random processes.

The increase in the concentration of the isotactic peptides as a
function of peptide length was rationalized in terms of the
formation of rippled (racemic) f-sheets of chains of opposite
handedness packed in alternating motifs as reaction intermedi-
ates, antiparallel for oligo-Phe and parallel for oligo-Val, in
accordance to the packing arrangements of the monomers. Once
such [3-sheets are formed they exert stereocontrol in the forma-
tion of the longer isotactic peptides.

The desymmetrization of the racemic mixtures of isotactic
peptides was achieved by initiating the reaction with enantiopure
methyl esters of O-amino acids. The ee of the isotactic tetra-
peptides was found to be in favor of chains composed from

residues of the same handedness as the initiator. However,
beyond the tetramer, there is a reversal in the ee of the isotactic
peptides, which increases with chains length, Figure 33a, in
keeping with the formation of rippled ap -sheets. The initiator,
of say L-absolute configuration, present at the C-terminus of the
chains composed from D-residues engenders steric hindrance in
the growth of the neighboring chains composed from L-residues.
On the other hand, the same initiator attached to the L-chains
integrates coherently in these chains and does not interfere with
the regular growth of the adjacent p-chains (Figure 34). Such
reversal in ee as function of peptide length, due to enantiomeric
cross-impediment, is unique for the antiparallel rippled [3-sheets
and has not been observed in the polymerization of (pL)-VaINCA
crystals where parallel -sheets of oligo-Val were formed. By
contrast, polymerization of (pL)-LeuNCA crystals, with a differ-
ent packing arrangement that presumably does not endorse the
formation of periodic peptide templates, yielded, both in aqueous
and hexane suspensions, libraries of peptides dominated by
heterochiral diastereoisomers.

Another route of desymmetryzation comprises the formation of
mixed crystals with other a-amino acidsNCA (Figure 35). When
(pL)-PheNCA was crystallized with small amounts of say L-3(2-
thienyl)-alanineNCA (ThieNCA), the latter molecules occupied
random sites of only host L-PheNCA in the racemic crystals.

3258 dx.doi.org/10.1021/cr1002479 |Chem. Rev. 2011, 111, 3236-3267
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Figure 32. Normalized enhancement of the isotactic peptides obtained from: (a) (pL)-PheNCA crystals suspended and polymerized in
water containing achiral initiator, (semilog scale plot); (b) pL-LeuNCA polymerized in aqueous solutions in the presence of 25% and 5% mol achiral

initiator.

Consequently, upon polymerization one generates copeptides of
L-Phe and 1-Thie residues, and homochiral peptides composed
from D-Phe residues only. Furthermore, one might anticipate that
the partitioning of guest D- and L-molecules within the racemic
crystals of (pL)-PheNCA will also be enantioselective. Since the
distribution of the guest molecules is random within the rows of
host molecules of the same handedness, upon polymerization of
mixed crystals containing guest pL and host (pL)-PheNCA one
should generate nonracemic libraries of oligomers composed from
isotactic chains of different sequence.

A similar concept was reported for spontaneous symmetry
breaking in 2D on a solid support, performed under specific
conditions, for the random incorporation of chiral tartrate
molecules (TA) within rows of succinate (SU) molecules of
the same handedness on Cu(110), Figure 36.%*

12.2. Racemic fi-sheets as Templates in the Polymerization
of Amino Acid-NCA in Aqueous Solutions

The mechanism of the solid-state polymerization of
racemic amino acid-NCA crystals suggested that similar 3-sheet
templates might emerge also during the polymerization of such
amphiphilic monomers in aqueous solutions and possibly induce
the formation of isotactic peptides. Indeed, this expectation
was experimentally confirmed for the polymerization in aque-
ous solutions of pL-VaINCA and pr-LeuNCA***** or hydro-
phobic pL-Val and pr-Leu®*° activated in situ. Colloidal racemic
P-sheet-like particles precipitated during the polymerization
reactions and served as templates for the ensuing steps of the
polymerization experiments. The diastereoisomeric distribution
of the formed oligopeptides showed that the relative amount of
the isotactic diastereoisomers beyond the heptamers (7—
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Figure 33. Plot of ee% of oligopeptides of each length n obtained from
the polymerization of (a) (pr)-PheNCA crystals and (b) pL-VaINCA in
aqueous solutions in the presence of enantiopure initiator.

28mers) increase with increased length by a factor of 7000.
The enhancement of the isotactic peptides, Figure 32b, has
common features to those found for oligo-Phe generated in
the crystalline phase, Figure 32a.

By initiating the reaction with methyl esters of enantiopure
Q-amino acids, it became possible to desymmetrize the composi-
tion of the racemic mixtures of the oligopeptides. The MALDI-
TOF MS analysis indicated that, for both pL-VaINCA and
DL-LeuNCA systems, the short isotactic oligopeptides were en-
riched with chains containing residues of the same handedness as
that of the initiator (Figure 33b). On the other hand, the ee of the
longer isotactic chains and those that contain one residue of
opposite handedness was reversed and increased as a function of
the peptide length. The behavior of the enantiomeric cross-
impediment is similar to that observed in the polymerization of
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Figure 34. Proposed route for chain elongation via formation of racemic antiparallel (ap) -sheets-comprising alternating oligo- and oligo-L chains,
both with the residues of the L-Phe-OMe, I, initiator at their C-terminus, as modeled on the basis of (pL)-PheNCA crystal structure, viewed down the
c-axis. The arrows show the antiparallel direction of chain propagation of the growing NH, termini of the p- and r-chains.

(pL)-PheNCA crystals (Figure 33a) and is in keeping with the
formation of rippled antigarallel p-sheets as the major compo-
nent of the templates.*>*>*

Pauling and Corey”" have shown that such rippled S-sheets
are stable. Indeed such ripple motifs were observed in the crystal
of glycine tripeptide®*> and in the high molecular weight achiral
polyglycine I polymorph,***>** which have the option to self-
assemble either as pleated or rippled sheets.

A schematic representation that might explain the regio-
enantioselection applied by the homochiral rims of the rippled
P-sheets is shown in Scheme 39. An NCA molecule, say of
D-configuration, can react enantioselectively with the NH, group of
an D-chain being assisted, in the transition state, by two hydrogen
bonds, one of the to be reacted C=O carbonyl withan N—H of a
neighboring L-chain and, the second, between the N—H group of
the NCA molecule with the C=O bond of the amide C-end
group of a different neighboring L-chain. Such interactions, will
orient the NCA monomer molecule with the alkyl group away
from the surface of the template, and will bring the to-be-reacted
C=0 group in a proper orientation to form a new residue of the
same absolute configuration as that of the growing peptide chain.
Such a transition state reduces the energy of activation. At the
same time, if a D-NCA molecule approaches the NH, reactive
group of an L-chain, as needed for chain elongation, it will sense
steric hindrance between its i-Pr group and the i-Pr group of an
adjacent p-chain.

12.3. Isotactic Oligopetides via “Ehler—Orgel Reaction” in
Water

Similar reactivity was also obtained in the polymerization of
racemic Q-amino acids in aqueous solutions, as activated in situ by
solid 1,1’-carbonyldiimidazole (CDI).*****” This process, known
as the Ehler—Orgel reaction, is considered as a plausible model
system for obtaining primeval peptides. Luisi et al***** applied
this reaction in the polymerization of racemic Trp, Leu, or Ile in
buffered solutions to yield libraries of short oligopeptides in the
range of 6—10 residues, where the isotactic peptides were formed
as minor diastereomers, albeit in amounts larger than those
predicted by a binomial distribution. The results were rationalized
and simulated by a mathematical model in terms of a kinetic
Markov mechanism in which the homochiral residue at the N-
terminus of the peptide exerts an asymmetric induction in the
chain propagation.’'> By contrast, when thiols or primary amines
or esters/thioesters of O.-amino acids were used as initia-
tors in our laboratory, the [-sheet-like templates are
self-assembled from tetra- to hexa-peptides resulting in the

Figure 35. Packing arrangement of the quasi-racemic p-PheNCA +
L-ThieNCA crystals.
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Figure 36. Schematic representation of the adsorption sites occupied by
(R,R)-TA (Rlabel) and (S,S)-TA (S label) within the nanoscale racemic
domains of SU at higher coverage, as probed by STM, in a heterochiral
cell with two mirror orientations of SU in a 1:1 ratio. The notation of
and L chiral forms of SU is arbitrary. Reproduced with permission from
ref 327. Copyright 2007 Wiley-VCH Verlag GmbH & Co.

formation of isotactic oligopeptides as the dominant diastereo-
isomers.*****® Furthermore, short isotactic copeptides were also
formed in the polgmerization of mixtures of two to four racemic
a-amino acids.*** Thus the copolymerization of pL-Phe with
either pL-Tyr or DL-Ala or both resulted in the formation of
mixtures of the isotactic peptides of Phe and its copeptides with
one Tyr and one Ala residues, as shown by the MALDI-TOF MS
spectra, Figure 37.

Another route to activate the ®t-amino acids is by using their
thio-esters. The polymerization of such racemic thio-esters in
water yields, however, short atactic peptides. On the other hand,
when these racemates are polymerized in the presence of racemic
mixtures of Leu or Val, they form primarily isotactic peptides. In
these reactions, the thio-ester operates both as an initiator as well
as a multimer, Scheme 40.**° The method was also exploited for

3260 dx.doi.org/10.1021/cr1002479 |Chem. Rev. 2011, 111, 3236-3267
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Scheme 39. Schematic Representation of Homochiral vs
Heterochiral Recognition of NCA Molecules by the Growing
Sites of the Rippled 3-Sheets of the Oligopeptides
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the complete desymetrization of the racemic mixtures of the
oligopeptides in the polymerization of mixtures of activated pL-
Val as initiated with L-Leu-thioesters. The survival from hydro-
lysis of the thio-ester groups present at the C-terminus of the
peptide chains provides a possible route for a chain elongation of
the isotactic chains by chemical ligation.

Enantiopure (t-amino acids and isotactic dipeptides and pep-
tides could have acted as asymmetric catalysts during early Earth
molecular evolution and transferred their asymmetry to other
prebiotic building blocks such as sugars. For example, Pizzarello
and Weber,”*" have demonstrated that the non natural o-methyl
valine found in the metheorites induces asymmetric induction in
the aldol condensation of glycolaldehyde to produce tetroses,
whose chiral configuration was affected significantly by the
chirality of the amino acid catalyst. More recent studies by the
same group have shown that isotactic dipeptide catalysts may also
induce asymmetric induction in the same synthesis of ribose and
some other sugars with ee higher than 80%.>*

Homochiral isotactic peptides have been reported to operate
also as efficient templates in autocatalytic cycles for the ampli-
fication and perpetuation of the homochirality in the peptide
world, as demonstrated by Ghadiri.>**"*** Such a homochiral
template can bind only short peptides composed from amino
acid residues of the same handedness. After binding on the
template, the short peptides can ligate to yield longer peptides of
the same handedness. Similar nonenzymatic autocatalytic cycles
based on self-replicating templates have been also elaborated for
the nucleic acids and -sheet peptides.>*¢™>*®

13. CONCLUSIONS

In this review, different chemical transformations, of relevance
to “mirror-symmetry breaking”, that were inspired by the prin-
ciples of self-assembly, supramolecular chemistry, and amplifica-
tion of homochirality, which have been materialized in laboratory
experiments, are described. In particular, the self-assembly of
enantiomers into scalemic enantiomorphous or into diastereoi-
somorphous aggregates that display different physical properties
(e.g, crystallization, chromatographic separation, distillation,
sublimation) and chemical or catalytic reactivity induced non-
linear kinetic effects. Since the racemic state per se is metastable
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Figure 37. MALDI-TOF spectrum of the copeptides obtained in the
polymerization in water, with 25% mol/mol n-butylamine initiator, of
various binary and ternary mixtures of racemic D-amino acids: (a)
pL(ds)-Phe (20 mM) + pi(dy)-Ala (20 mM); (b) pr(ds)-Phe (20
mM) + pr(dy)-Tyr (6 mM); (c) pr(ds)-Phe (20 mM) + pr(d,)-Ala
(20 mM) + bi(d,)-Tyr (6 mM). The copeptides of homochiral
sequence, with total length n, a + b + ¢, are labeled p-a:b:c and r-a:b:
¢, where a, b, and ¢ represent the number of Phe, Ala, and Tyr repeating
units, respectively.

Scheme 40. Schematics of the Induced De-Symmetrization
in the Polymerization in Aqueous Solutions of CDI-Activated
Racemic Valine Initiated by Enantiopure Leu-thioethyl Ester

Ethyl-S-L-Leu-(D-Val),-NH,
Leu-S-Ethyl + CDI activated DL-Val —3» +
Ethyl-S-L-Leu-(L-Val) -(L-Leu),-NH,

on the molecular level, minute enantiomeric fluctuations from
this state might be driven toward single handedness by consider-
ing the differences in the properties of supramolecular aggre-
gates. Furthermore, the self-assembly of mixtures of molecules of
similar structures into crystalline architectures is associated in
many instances with the formation of enantiomorphous archi-

tectures. “Mirror-symmetry breaking” occurs also in many
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processes involving liquid crystals, which is a field on its own, and
it has not been discussed in the present Review; for a recent
comprehensive review, see ref 228 and references therein.

The property of “mirror-symmetry breaking” should be of
relevance to the chemistry of the prebiotic world that must have
considered the interactions and reactivity of complex mixtures of
molecules rather than those of a single component.

With the regard to the homochirality of life today, the wide
range of physical and chemical processes of stochastic “mirror-
symmetry breaking” cannot exclude the feasibility that homochir-
ality might have emerged in a very early stage of evolution prior to
the primeval living system. The accumulation of such substantial
number of stochastic absolute asymmetric reactions and the ability
to amplify small enantiomeric fluctuations from the racemic state
by nonlinear transformations, should remove the shroud of the so
long regarded mist of the emergence of homochirality in the
biological world. Such asymmetric transformations are most
realistic when the self-assembly occurs on surfaces and the process
comprises more than one molecular component.

The desymmetrization of racemic supramolecular architectures
can be successfully achieved in the presence of small amounts of
homochiral auxiliary molecules, which can either induce enantio-
merization and desymmetrization of polymeric chains composed
from achiral molecules or to operate as asymmetric initiators of
polymerization or act as enantioselective inhibitors in the self-
assembly of homochiral architectures. It has been suggested that the
formation of the nonracemic Q-amino acids found in meteorites by
Cronin and Pizzarelo”®"**’ might have been formed by a determi-
nistic mechanism involving circularly polarized light resulting from
the neutron stars.®***>' However, the stochastic scenario of
“mirror-symmetry breaking” might provide a plausible alternative
route for the formation of such scalemic ®t-amino acids. According
to the same logic, one could deduce that finding of nonracemic
organic materials on other planets cannot be regarded as a reliable
signature of the existence of extraterrestrial life.

The stochastic model, in variance to the deterministic ones,
implies that the biopolymers might have been of either handed-
ness. To override this drawback of the model, one might assume
that “mirror-symmetry breaking” might have started at a small
number of locations on the early Earth resulting in, occasionally,
right-handed or, occasionally, left-handed forms. They sporadi-
cally interacted and, as a result, one chiral form tripped and
the other one survived in the struggle, resulting in the homo-
chirality and in the uniformity of the genetic code on the
planet, 141535353

We are of the opinion that, in spite of the large abundance of
examples of molecular-symmetry breaking processes, one should
continue the search for new and more complex “absolute”
asymmetric transformations and autocatalytic cycles, in particu-
lar for the emergence of the primeval homochiral enzymes, RNA,
DNA, or ribosome-like molecules.

Finally, although the search for the origin of homochirality is
to provide possible scenaria in the origin of life, it also inspires
research of practical importance such as the deeper understand-
ing mechanisms of reactions and for the application of this
knowhow for the elaboraton of synthetic methods in pharmacol-
ogy and materials sciences.*>*” >
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