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Treatment of a racemic Rh'"4Zn"4 complex, (A)s/(N)s-
[Zn4O{Rh(aet)3}4]6+ (aet = 2-aminoethanethiolate), with b-
penicillaminate (p-pen) gave optically pure ionic crystals
composed of (A),-[Zn,O{Rh(aet):}]®" and Ap-[Rh(p-pen)s]*” via
intramolecular and intermolecular chiral transfers from p-pen.

The development of synthetic methodologies to prepare
optically active coordination compounds, as well as optically
active organic compounds, has attracted considerable
attention in chemistry and materials science.” This class of
compounds is of interest due to their promising chemical and
industrial applications, such as asymmetric catalysts, chiral
recognition, non-linear optics, and ferroelectric materials.*” In
addition to serendipitous spontaneous resolution and
asymmetric autocatalysis,g’9 two main approaches have been
employed to prepare optically active coordination compounds:
(1) the combination of enantiopure organic ligands and metal
ions>*%* and (2) the optical resolution of a racemic compound
with chiral metal complexes.z’lz’13 In the former approach,
intramolecular chiral transfer from the ligand to metal occurs
to produce central and/or helical chiralities because of the
direct coordination of the enantio-pure ligand(s) to a metal
center.® On the other hand, the latter method is based on
intermolecular chiral transfer from an optically active host or
counterpart molecules/ions to a target compound.13 While
many optically active coordination compounds have been
prepared via one of these two methods, these approaches are
not universal and, in some cases, are not applicable for the
preparation of optically pure compounds.15 Herein, we report
a unique example that involves both intramolecular and
intermolecular chiral transfer events to create an optically
pure coordination compound. In this system, a racemic
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compound of an S-bridged Rh
(8)a/(N)s-[Zn,O{Rh(aet);}s](NOs)s  ([1](NOs)s; aet =  2-
aminoethanethiolate),ls’17 was simply treated with a thiol-
containing amino acid, p-penicillamine (p-H,pen), which led to
the production of optically pure crystals (Scheme 1). This
compound is a double-salt containing [1]6+, fac-[Rh(D-pen)3]3'
(121*), and NO3, rather than a simple salt containing [1]°" and
D-penz'. Remarkably, the A chiral configuration was selected
not only for [2]3' due to the intramolecular transfer of p-pen
chirality but also for the fac-[Rh(aet);] units of [1]6+ due to the
intermolecular transfer of the resulting AD-[Z]S' chirality. To
the best of our knowledge, this is the first example of the

(8)o/(A)4-[1](NO3)g
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Scheme 1. Simultaneous crystallization of two optically active
metal complexes, (A)s-[Zn,O{Rh(aet)s}a]®" ((A)a-[11%) and Ap-
[Rh(p-pen)s*” (Ap-[21¥), from a racemic metal complex
((A)4/(A)4-[1]6+) and Dp-pen via (i) intramolecular transfer of b-
pen chirality to a Rh" center and (ii) intermolecular transfer of
Ao-[21% chirality to [1]%".
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simultaneous crystallization of the same configurational
cationic and anionic complexes as an optically pure double salt
via a two-step chiral transfer.

The initial treatment of racemic [1](NOs)s with a large
amount of p-H,pen, neutralized by NaOH, in water at room
temperature resulted in the recrystallization of parental
[1](NO3)6. Upon refluxing the mixture for a few hours, a yellow
crystalline solid (3) was precipitated in a moderate yield.ls‘f X-
ray fluorescence spectroscopy indicated that 3 contains Rh and
Zn as the metal components. The 'H NMR spectrum of 3 in
D,0 displayed two methyl singlets (6 1.50, 1.21 ppm) and one
methine doublet (6 3.02 ppm) due to the p-pen ligands, along
with three broad multiplets (6 3.30, 2.78, and 2.59 ppm) due
to the aet ligands (Figure S1).1 The large chemical shifts of the
D-pen signals, compared with the corresponding signals for
free p-pen, are suggestive of p-pen coordination to a metal
center in 3. The presence of nitrate ions in 3, as well as fully
deprotonated p-pen ligands, was indicate by the IR spectrum
that shows intense bands due to N-O and C-O stretching
vibrations at 1384 cm ™' and 1584 cm_l, respectively (Figure
SZ).’r19 Thus, 3 is assumed to be a nitrate salt of a RhZn
coordination compound with aet and p-pen ligands, rather
than a simple salt of [1](p-pen)s.

The molecular structure of 3 was determined by single-
crystal X-ray analysis,™ which revealed the presence of one-
third of an octanuclear Rh”'42n”4 complex cation ([1]6+), one-
third of a mononuclear Rh" complex anion ([2]37), and a NO3~
anion in the asymmetric unit, along with several crystallized
water molecules. As shown in Figure 1la, the entire complex
cation of [1]6+ has a T symmetrical Rh”'4Zn”4 octanuclear
structure in [Zn,O{Rh(aet)s},]%", in which a tetrahedral [Zn,0]°"
core is covered by four octahedral fac-[Rh(aet);] units through
sulfur bridges. The overall molecular structure of [1]6+ is
essentially the same as that in parental [1](NO3)6.16 On the
other hand, the entire complex anion of [2]37 has a
mononuclear structure of fac—[Rh(D—pen)3]37, in which a Rh"
center is coordinated by three p-pen ligands (av Rh—N =
2.048(13) A, av Rh—S = 2.312(6) A) in an octahedral geometry
with a facial configuration (Figure 1b). Each p-pen ligand in
[2]37 adopts a bidentate-N,S chelating mode, in which the non-
coordinating carboxylate group points in an equatorial
orientation. Notably, this is the first preparation and structural
characterization of [2]*7; attempts to prepare 21> by the
reaction of RhCl; or fac-[Rh(aet);] with Dp-pen were
unsuccessful, resulting in the formation of various unidentified
species. We assume that the binding of the fac-[Rh(aet);] units
to the [Zn4O]6+ core prevents undesirable subsequent
reactions after the partial replacement of aet by p-pen in 1.
As evidenced by the R3 chiral space group and the Flack
parameter, crystal 3 contains only the (A), enantiomer of [1]6+
and the A diastereomer of [2]* to afford a homochiral crystal
of (A)sNp-[1][2](NOs)s, despite the use of the racemic (A)4/(A)4
isomer of [1](NOs)g as the starting complex. In 3, each /\D—[2]37
anion is tightly connected to three A-fac-[Rh(aet)s;] units
belonging to three different (/\)4—[1]6+ cations through N-H---O-
C hydrogen bonds (av. N---:O = 2.89 R).% This arrangement
leads to the construction of a 2D honeycomb-like sheet
structure with a three-fold axis, accommodating three nitrate
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Figure 1. Perspective views of the molecular structures of (a)
(A)a-[Zn40{Rh(aet)s}al™ ((A)a-[1]") and (b) Ao-[Rh(p-pen)s]™
(/\D-[2]37); (c) top and (d) side views of the 2D structure in 3; (e)
top and (f) side views of the 2D structure in 4. Only one of the
disordered part is illustrated in 3. Hydrogen atoms are omitted

for clarity. Color codes: Rh, orange; Zn, blue; S, yellow; O, pink;
N, blue; C, gray.

ions in each honeycomb through N-H:--:O-N hydrogen bonds
(N---O0 = 3.05 A) (Figures 1c, 1d, S3).* The honeycomb sheets
are stacked in a head-to-tail manner through weak N-H---S
hydrogen bonds (av. N---S = 3.20 A), completing a 3D porous
metallosupramolecular structure (Figures S4, S5).1

The powder X-ray diffraction (PXRD) pattern of the bulk
sample of 3 agreed well with the simulated pattern calculated
based on the single-crystal X-ray analysis (Figure S6),t
indicative of phase purity and the stability of 3 in air. The
optical purity of the bulk sample of 3 was checked by column
chromatography. Upon pouring an aqueous solution of 3 onto
a cation-exchange column (SP-Sephadex C-25, Na* form), a
yellow band containing an anionic species ([2]3_) was eluted
with water, while a yellow band containing a cationic species
([1]6+) was adsorbed on the top of the column. The cationic
species was then eluted with a 0.8 M aqueous solution of NaCl.
The UV-vis absorption and circular dichroism (CD) spectra of
the cationic species are identical to those of (/\)4—[1]6+ (Figure
S7),t showing two characteristic d-d bands and two positive
CD bands in the 300 — 450 nm region. Furthermore, the Ag
value of the main CD band at 375 nm of this species is the
same as the reported value for (/\)4—[1]6J'.‘f16 These results
imply that the cationic species contains only the (A), isomer of
[1]6+. The anionic species shows absorption and CD spectral
features that are similar to those of the cationic species in the
250 nm - 450 nm region (Figure S7).7,¥ In the 'H NMR
spectrum, this species displays only a single set of signals due
to p-pen (Figure S8).17 These spectral features imply that the
anionic species contains only the Ap isomer of [2]37.

The reaction solution after the removal of the crystals of 3
was also analyzed by column chromatography, followed by
absorption, CD, and "H NMR spectral measurements. As a
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result, the filtrate was found to contain both the (A); and (A),
isomers of [1]6+ with an ee value of ~76% for (A), (Figure S9).t
On the other hand, the presence of [2]37 in the filtrate was
scarcely detected by column chromatography. We estimated
that this reaction system contains A-[Rh(aet);], A-[Rh(aet);],
and /\D-[Rh(D-pen)3]37 in a 40:49:11 ratio, featuring the
conversion of the racemic system of [1]6+ to the A-rich system
by treatment with p-pen (Table S2).t

Molecular model examinations revealed the existence of
considerably steric repulsion between the COO™ and methyl
groups in the Ap isomer of [2]37 (Figure S10),7 which is
responsible for the selective formation of the Ap isomer via
intramolecular chiral transfer from bp-pen to a Rh" center.
Consistently, only the Ap isomer was previously obtained for
[M(D-y:)en-N,S)3]"7.21'22 On the other hand, molecular models do
not provide valuable information to explain the selective
incorporation of the (A), isomer of [1]6+ in 3. Thus, we
attempted to prepare ionic crystals composed of (A)4-[1]6+ and
/\D-[2]37 by the 1:1 mixing of (A)s-[1](NO3)e % and an agueous
solution of /\-[2]37 that was obtained by column
chromatography of 3.1 Fortunately, this treatment gave yellow
block crystals (4) that were suitable for single-crystal X-ray
crystallography. The X-ray analysis confirmed that 4 contains
the (A), isomer of [1]6+, the Ap isomer of [2]37, and NOj ions in
a 1:1:3 ratio (Figure S11).1 In 4, the (A)4-[1]6+ cations and the
/\D-[2]37 anions are connected through N—H:--:O-C hydrogen
bonds, constructing a 2D honeycomb-like sheet structure
(Figures 1e, 1f, S3, S4).1 This supramolecular structure is very
similar to that found in 3, but this structure is less symmetrical,
as indicated by the P1 space group. In addition, the N-H:--O-C
hydrogen bonds between [1]®" and [2]*” (av. N--O = 2.97 A) are
appreciably longer than those in 3 (av. N---O = 2.89 A), and the
N-H---S hydrogen bonds between [1]6+ and [2]37 (av. N---S =
3.40 A) are also longer than those in 3 (av. N--S = 3.20 A). We
assume that these longer hydrogen bonds, together with the
less symmetrical honeycomb structure in 4, increase the
solubility of 4, which leads to the fractional
crystallization of 3 via intermolecular chiral transfer due to Ap-
2"

In summary, we showed the preparation of optically pure
crystals that exclusively accommodate the (A), isomer of
[Zn,O{Rh(aet)s}1®" ([11°") and the A, isomer of fac-[Rh(D-
pen)3]37 ([2]37) via a simple one-pot reaction of racemic
(A)4/(/\)4-[1]6+ with the natural amino acid, p-penicillamine.
This preparation resulted from a two-step chiral transfer; the
intramolecular chiral transfer from p-pen to a Rh" center that
led to the diastereoselective formation of /\D-[2]37 and the
intermolecular chiral transfer from /\D-[2]37 to [1]6+ that led to
the enantioselective incorporation of (/\)4-[1]6+. Recently, we
achieved the simultaneous crystallization of two kinds of
optically active complexes with opposite chiralities by treating
an optically active complex with an achiral organic Iigand.24
However, such a simultaneous crystallization of those species
with the same chirality from a racemic complex and an
optically active organic ligand has not been reported to date.
Inspired by the two-step chiral induction found in the present
study, the highly efficient synthesis and separation of optically

in turn
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active complexes using a simple, commercially available chiral
source should be advanced.
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Optically pure ionic crystals composed of complex cations and anions are created from a racemic
complex and an amino acid.
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