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Symmetric breaking of silver double helicates through sponta-
neous crystallization was achieved via incorporation of C-H:**n
and n—r stacking interactions of achiral ligands consisting of
several aromatic rings.

The manipulation of chirality has received a great deal of attention
because it plays a pivotal role in the life sciences and materials
science. Chirality is expressible at every level of the structures of
biological systems and can emerge cooperatively on the molecular
scale in chiral supramolecular assemblies.' While a large number of
chiral superstructures were adopted through covalent arrange-
ments of the chiral building blocks at the molecular level by using
the “bottom-up” strategy,> few of the chiral molecules could be
resolved spontaneously from the controlled chiral architectures at
the supramolecular level, due to the fact that conglomerate
formation is not very frequent and is even less predictable in
ordered systems.*> As a continuance of our research work on
chiral recognition of helical compounds,® we focused our interest
on spontaneous resolution of chiral helicates by using achiral
ligands. Here we realized chiral spontaneous resolution of silver
helicates Ag2L22+ from achiral ligands, L' N'.N '-bis[1-(imidazol-4-
yl)methylidene]benzil dihydrazone and L> N’,N’-bis[1-(pyridin-2-
yl)methylidene]benzil dihydrazone, respectively (Scheme 1).” The
atropisomer chiral bridging mode of the ligands translates the
chirality of the first metal center to the second one, resulting in
the formation of the chiral helicate, and the intermolecular
C-H--'m and mm stacking interactions are expected to be
homochiral and strong enough to control the chiral aggregation,
from which conglomerates are formed and spontaneous resolution
on crystallization is achieved.

Reaction of ligand L' with AgNO; generated a silver helicate
Ag,L',-2NO;-CH;0H 1, in high yield (see ESI). Single crystal

Scheme 1
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1 Electronic supplementary information (ESI) available: Experimental
details; crystallographic data of compounds 1 and 2 in CIF files; ORTEP
plots of the two compounds with P and M conformations. See DOI:
10.1039/b604066g

structure analysis] of one crystal exhibits the crystallization of a
space group P3,21 and the presence of only P helicate. The helical
cation has a crystallographic 2-fold axial symmetry; a silver atom is
coordinated to two imine and two imidazole nitrogen atoms
forming a distorted tetrahedral geometry (Fig. 1). A ligand spans
both of the silver ions and transmits the 4 chirality from one silver
center to the other. The two silver centers, being of the same
chirality, are coordinated by two coupled ligands with Ag---Ag
separation of 4.21 A, leading to the replication of the conforma-
tional chirality of the first ligand to the second. The neighboring
double helical units are connected together through C-H- &t
interactions of a carbon atom of an imidazole ring. One of the
benzene rings forms a one-dimensional helical 3, screw along
the ¢ direction with the H---M separation being 2.78 A and the
C-H:--M angle being 149° (M is the center of the benzene ring).

Fig. 1 View of the P conformation of the helicate [Ag,L'5]*" (a) and the
chiral 3, screw along the ¢ direction through C-H--= interactions (b); H
atoms and anions are omitted for clarity. Symmetry code: A: —x, x +y,
1.3333 — z B: x — y, —y, 1.6667 — z.
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Adjacent screws align themselves in parallel and this maintains the
P helical chirality, featuring a homochiral 3D structure, which is
further stabilized through H-bonding between the N-H groups of
the imidazole rings and the disordered anions.

Structure analysis of another crystal obtained from the same
crystallization reveals that the molecules of 1 also have the
potential to crystallize in a space group of P3,21, the opposite
handedness space group of P3,21. The helicates in the latter crystal
exhibit the M configuration (see ESI), indicating that the
formation of conglomerates and the spontaneous resolution of
the enantiomers occur during the course of the crystallization.
Chiral discriminative interactions have been reported to arise from
some substantially strong, selective and directional interactions,
such as metal coordination and hydrogen bonding,® or even
through van der Waals interactions, halogen:--nt interactions,’
while the resolution of enantiomeric assemblies through weak
C-H:--m interactions still remains challenging, due to the lower
stability and significantly higher susceptibility to racemization.'

To further investigate the absolute configurations of the two
enantiomers, solid-state CD spectra of large crystals prepared in
the same crystallization were measured. As shown in Fig. 2, the
preliminary result demonstrates the formation of either P or M
enantiomers in a crystal, which confirms the spontaneous
resolution during the course of crystallization. However, based
on the CD measurement of 20 crystals from one crystallization,
the enantiomeric excess ee (ee = 100 x (M — P)/(P + M)) value for
the crystallization is calculated to be about zero, indicating the
racemization of the whole crystallization.

Reaction of ligand L* with AgNOs5 in the presence of excess
NaClO, afforded silver helical compound Ag,1.%-2ClO, 2. Single
crystal structure analysisi of one of the crystals exhibits the
crystallization of chiral space group P3,21 and the presence of only
P helicate (Fig. 3). The atropisomer chiral bridging mode of the
ligands translates the 4 chirality of the first metal center to
the second one, resulting in the formation of the chiral helicate.
The two silver centers, being of the same chirality, are coordinated
by two coupled ligands with Ag:--Ag separation of 3.74 A, leading
to the replication of the conformational chirality of the first ligand
to the second. The - stacking interactions between the benzene
ring [T and the pyridine ring [IVA from the symmetry related part
of the helicate (symmetry code A:y, X, —z) are found to stabilize
the helical mode with the dihedral angle of the stacked pair being
4° and the shortest atom---atom separation being 3.45 A.

Intensty
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Fig. 2 Solid-state CD spectra of large crystals (0.4 x 0.4 x 0.3 mm)

consisting of P helicates (a) and M helicates (b) showing the contrasting
Cotton effects.

Fig. 3 View of the P conformation of the helicate [Ag,L%]*". Hydrogen
atoms are omitted for clarity. Symmetry code A: vy, X, —z.

The most interesting structural feature of the crystal packing is
that the pyridine IV and benzene IIIB rings from the symmetric
related helicate (symmetry code B: —x, —x +y, —% — z) are
connected together through face-to-face stacking interactions to
form an infinite chain around a 3, screw axis (Fig. 4). The shortest
inter-planar atom---atom separation is ca. 3.55 A with the dihedral
angle of the stacking pair being 18.4°. Meanwhile pyridine IV and
benzene rings I1IB interact with other benzene rings II and IIB of
the neighbor’s through C-H:--m interactions. The separations
between the hydrogen atoms and centers of the benzene rings (M)
are 2.55-2.60 A with the C-H---M angles being 165-170°.
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Fig. 4 View of the homochiral 7= stacking interaction cooperating with
the C-H- - m interactions in a 3, infinite helical chain for compound 2 with
P helicate (top) and the 3D network stabilized by the homochiral
interactions (bottom). Symmetry code: Ay, x, 1 —z B:x —y, 1 — vy,
% = 2).
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Fig. 5 Solid state CD spectra exhibit the significant Cotton effect of the
crystals of compound 2 consisting of P (a) and M (b) configurations of
helicates.

It is obligatory that all metal ions in a 3, helical chain have the
same P chiralities. Since the pyridine and benzene rings located on
another part of the helicate also connect their neighbors to form
another infinite helical chain along the c-axis, a three-dimensional
(3D) chiral network in which all the double helicates and all the
silver atoms have the same chiralities should be achieved. The
structural simplicity of the building blocks and the ability to
control the assembly process by means of conformational chiral
centers make this system promising for the development of a wide
range of homochiral supramolecular materials. In fact the
adoption of a chiral space group by the compound prompted an
investigation of the optical activity with SHG (Second Harmonic
Generation) response about 5 times that of KDP (KH,POy,).

While the solution didn’t exhibit any CD signal, the preliminary
investigation in the solid state showed a negative Cotton effect
(Fig. 5), indicating the formation of excess P enantiomer.” Detailed
CD measurements on about 20 crystals from one crystallization
(hexagonal prism with the length of ca. 0.50 mm and height of ca.
0.30 mm) suggest that the enantiomeric excess ee is 60%. The
structure of a crystal exhibiting a positive Cotton effect (see ESI)
shows the existence of M helicates and the crystallization of a
P3,21 space group with the homochiral three-dimensional network
consisting of M molecules.

Generally, the occurrence of bulk crystal chirality should be
described as a chiral autocatalytic spontaneous symmetry breaking
in which the secondary nucleation is cloned by the parent crystal:
the crystal nuclei in the vicinity of an existing “parent” crystal have
the same crystal structure as the parent crystal.'! Tt is suggested that
the presence of two silver atoms and two ligands may lead to a
cooperative effect whereby the homochiral entity precipitates.
Since all the components are achiral, the induced chirality must
arise from a spontaneous process. Another important factor in the
symmetric breaking is the statistical nature of the spontaneous
crystallization. From the investigation of crystals in 50 independent
crystallizations (20 crystals picked up from one crystallization were
measured for each independent crystallization), we found that the
intensities generated a bimodal probability distribution (see ESI),
like that observed in the 1,1’-binaphthyl melt and the crystal-
lization of NaClO;."

This work was supported by the National Science Foundation
of China.
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