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Complex formation of quaterimidazole with Fe!, Co!, and
Ni'! yielded dinuclear triple helicates in the solution state by
the self-assembling ability of the ligand based on the strong
chelating coordination bonds. Crystallization of the Co™ com-
plex from aqueous solution afforded the Co™ complex with
a triple-helical structure. X-ray crystal structure analyses re-
vealed that the helicates are linked through N-H---X hydro-
gen bonds with counteranions and solvent molecules to form
three-dimensional networks. The spectrophotometric ti-

tration experiment showed that quaterimidazole forms triple
helicates with various d-block transition metal ions with high
selectivity. The outward intermolecular interactions and high
stability of the helicates from the rigid molecular structures
combined with the intramolecular n—n interactions of imid-
azole moieties and their strong chelating coordination en-
abled the successful optical resolution of right- and left-han-
ded helicates by chiral-column HPLC.

Introduction

Chirality, exemplified by the double helices of DNA and
a-helices of proteins, plays a pivotal role for life activity. A
helicate is a supramolecular! helical-structured metal com-
plex formed through the self-assembling coordination pro-
cess of ligands with metal ions, and a number of helicates
with d- and/or f-block transition metal ions have been in-
vestigated over the last couple of decades.>*] One of the
most notable features of helicates is that they intrinsically
possess right- (P) and left-handed (M) helical chiralities
along the helical symmetry axis. Efficient use of the helical
chirality can give new optical, magnetic, and electronic mo-
lecular systems.[! The helicate formed by an achiral ligand
usually affords a racemic mixture of the (P) and (M)
enantiomers. In this context, optical resolution is indispens-
able in the quest for helicate-based chiral materials. How-
ever, only a few cases of the optical resolution of racemic
mixtures of helicates have been demonstrated; spontaneous
chiral crystallization[® and chromatographic separation by
using SP-Sephadex C25 with a chiral eluent.!”

Generally, the methods above bear some intrinsic diffi-
culties and are inappropriate because of problems in ob-
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taining successful resolutions, time-consuming processes
and/or the necessity for expensive chiral solvents or addi-
tives. Hannon and co-workers demonstrated the optical res-
olution of triple helicates of bis(pyridylimine) derivatives by
using a cellulose column and an achiral eluent.®] However,
liquid chromatography using cellulose as the stationary
phase is usually time-consuming and is therefore not a con-
ventional method. Optical resolution using chiral-column
HPLC, which does not need a long time nor expensive chi-
ral solvents or additives, is widely believed to be the most
facile and efficient approach to obtain chiral materials.”!
Any possible method for the optical resolution of helicates
using the HPLC method is of great benefit to the develop-
ment of helicate science. However, the optical resolution of
helicates using commercially available chiral-column HPLC
has never been reported except for the case of bis(dipyrrin)
helicates, in which anionic ligands form very robust coordi-
nation bonds.'% In the chromatographic method, each en-
antiomer can be distinguished by the difference in degree
of the interaction between the chiral entity supported on a
fixed-bed and the two enantiomers in solution. Obviously,
functional groups on the outside of the helicate greatly af-
fect the chiral recognition, and it is expected that the intro-
duction of outward interaction sites into a helicate is of
great benefit to the successful optical resolution using the
chiral-column HPLC. At the same time, the high stability
in the solution state is a key in preventing the helicate from
undergoing dissociation causing chiral inversion through-
out the entire process of chromatographic manipulation. It
is known that both the multiple metal centers and the rigid
molecular structure of ligand strengthen the structures of
triple helicates, and thus their stability.''] Such a rigidness
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of the polynuclear triple helicate exhibits great benefit to
the kinetic inertness in the solution state, as demonstrated
in the study of the bis[l-methyl-2-(5’-methylpyrid-2’-yl)-
benzimidazol-5-yljmethane—Co" helicate.['!]

The imidazole ring system is widely recognized as a use-
ful building block for assembled metal complexes because
of its two-directional hydrogen bonds (H-bonds) and coor-
dination bonds. Utilizing these noncovalent interactions, we
demonstrated the formation of multi-dimensional network
structures on oligo(imidazole)st'>!'3! and various imidazole
derivatives.'¥ Furthermore, our study on the crystal struc-
tures of metal complexes of 4,4'-biimidazole (Bim, Fig-
ure 1) showed their high ability to form H-bonded supra-
molecular architectures.!'?*!2¢ The pseudo-octahedral co-
ordination mode in Bim-Ni'l complexes, obtained by the
chelating coordination of three Bim moieties, reminds us of
those in triple helicates of oligo(bipyridine)s.'#! Inspired by
these preceding studies, we have investigated the complex
formation of 4,4":2",2'":4"' 4""'-quaterimidazole (Qim, Fig-
ure 1) with various transition metal ions. As a result, we
have recently found that Qim has a high potential as a li-
gand for triple helicates embedding Mn'! or Zn'™.['3] The
outward H-bonding sites (N-H groups) and high stability
of the triple helicate in solution enabled us to prepare mag-
netically diluted crystals in various mixing ratios of the
Mn"/Zn'"' systems, claiming the first electron-spin-based
Lloyd modell'f! for scalable matter spin qubits, where open-
shell entities with nonequivalent g-tensors originating from
different magnetic environments are spatially aligned.['> In
this context, (oligo)imidazole links supramolecular chemis-
try to quantum computing and quantum information pro-
cessing. These salient molecular/electronic functionalities of
Qim-based helicates, originating from the formation of out-
ward N-H H-bonds, inspired us to undertake the challenge
to obtain the optical resolution of the helicate by the chiral-
column HPLC method. It is noteworthy that the chirality
is relevant to additional qubit resources of helicates.['®!7 In
this study, we show for the first time the synthesis and crys-
tal-structure analysis of triple helicates of Qim with d-block
transition metal ions, Fe'l (1), Co™ (2), Co™ (3), and Ni!l
(4), and their optical resolution by the facile chiral-column

HPLC method.
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Figure 1. Molecular structure of 4,4":2",2"":4"" 4""'-quaterimidazole
(Qim). The broken ellipse denotes the unit of 4,4’-biimidazole
(Bim).

Results and Discussion

The complexes 1, 2, and 4 were obtained as racemic mix-
tures by mixing Qim with 0.67 mol-equiv. of metal sources
[Fe(Cl0,),'H,0, Co'Br, and Ni'(ClO,),-6H,0, respec-
tively] in MeOH. FAB- and ESI-MS spectra in MeOH sug-
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gested the formation of the complexes with a ratio of Qim/
metal ions = 3:2; {[Fe''»(Qim);]** — 3 H*} (m/z = 907),
{[Co"5(Qim)s]*" — 3 H*} (m/z = 913) and {[Ni"5(Qim)5]**
— 3 H*} (m/z = 911) species (Figures S1 and S2).'8! The
vapor diffusion method of the MeOH solution using ethyl
acetate and acetone afforded colorless single crystals of 1
and 2 suitable for X-ray analysis, respectively. When ace-
tone/water was used as the solvent for the crystallization of
2, the complex changed to the Co™ complex 3 (orange crys-
tals) probably as a result of air oxidation. The single crys-
tals of 4 obtained by slow concentration of its aqueous
solution were reddish purple.

X-ray crystallographic analyses revealed the triple-
stranded helical structures for all the [M,(Qim);] complexes
(Figure 2, Ni'! complex 4). The complexes are racemic mix-
tures of the (P)- and (M)-triple helicates, which are related
by inversion symmetry to each other in the unit cell. In
these triple-helical structures, three Qim ligands show large
torsion angles (68-89°, Table 1) about the central C-C
bond, which connects two Bim units. The metal centers
have pseudo-octahedral coordination geometries composed
of the coordination from three Bim units. The coordination
bond lengths and N-M-N angles in 1, 2, and 4 are similar
to each other and also to those in [M,(Qim);]** helicates
(M = Mn", Zn™I3! (Table 1). The coordination environ-
ments in 4 are very similar to those of the [Ni'(Bim);]>*
complexes,!'?? acquiring the rigid coordination ability of
Qim. The valency of the Co™ ion in 3 was confirmed by
the short Co-N distances and large N-M-N bite angles
(Table 1). The diamagnetic feature of 3 in the static mag-
netic measurements also shows that the Co ion in this com-
plex has a 3+ charge with a low-spin state (Figure S3).[18]
The metal-metal distances in the helicates are ca. 5 A for
all the complexes 1-4 (Figure 2 and Table 1). In addition, as
observed in our previous study,!'” n-stacking interactions
between the two imidazole rings in adjacent Qim ligands
stabilize the triple helicate (Figure 2, shown by a two-
headed thick arrow; see also Figure S4).I'81 The face-to-face

Figure 2. Triple-stranded helical structure in 4 with the anisotropic
temperature factor of 50 % probability (left) and space-filling model
(right). Only the (P) enantiomer is shown. In the structure with the
temperature factor, atoms are presented in specific colors as fol-
lows; C, gray; N, blue; Ni'l, magenta. Bond colors correspond to
those of the space-filling model. The two-headed thick arrow
shown between the blue and yellow imidazole rings represents the
n-stacking interaction.
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Table 1. Selected bond lengths [A] and angles [°] for complexes 1-4.

M-M[A] M-N[A] N-M-N [°] Torsion angle [°]

1 5.14902) 2.162(7), 2.177(8), 2.166(9), 2.178(6), 2.166(6), 2.245(6), 76.9(3), 76.9(3), 77.5(2), 89.3, 83.1, 69.4
2.172(6), 2.213(7), 2.195(6), 2.150(9), 2.215(8), 2.171(7) 75.3(3), 77.4(3), 77.3(3)

2 5.1350) 2.138(7), 2.141(8), 2.118(9), 2.166(7), 2.091(8), 2.160(7), 77.3(3), 78.5(3), 78.9(3), 85.4, 67.7, 88.5
2.093(7), 2.108(7), 2.210(6), 2.110(8), 2.129(8), 2.114(8) 78.3(3), 78.5(3), 78.6(3)

3493722 1.922(5), 1.941(5), 1.918(6), 1.942(5), 1.905(6), 1.946(5), 82.9(2), 83.1(2), 83.1(3), 729, 74.2, 81.7
1.930(5), 1.924(5), 1.941(5), 1.914(6), 1.945(5), 1.910(6) 82.9(2), 82.9(3), 82.7(2)

4 5.006(1) 2.087(5), 2.094(4), 2.100(5), 2.132(4), 2.066(5), 2.125(4), 79.1(2), 79.5(2), 79.7(2), 87.6, 72.6, 69.6

2.091(4), 2.106(4), 2.114(4), 2.091(4), 2.141(4), 2.090(4)

78.7(2), 79.2(2), 79.2(2)

distances of the imidazole rings (ca. 3.4 A) are almost the
same as the sum of the C—C van der Waals radii.

All the triple helicates of Qim possess a salient common
feature, i.e. capability of constructing a network structure
by both multi-directional inter-helicate H-bonds and m-
stacks. Figure 3 shows the characteristic assembled struc-
tures in complexes 1-4. In the crystal structures of 1 and 4,
double N-H-+O-Cl-O-+*H-N H-bonds with ClO4 and =-
stacks on the Bim units connect the complexes to form one-
dimensional structures with linear and zig-zag shapes, as
shown in Figure 3a and d, respectively. The (P)- and (M)-
triple helicates are aligned alternately in these one-dimen-
sional chains. In the case of complex 2, the double N—
H---Br---H-N H-bonds connect the helicates to form a one-
dimensional structure composed of one of the (P) or (M)
isomer chains (Figure 3b). The three-way N-H--Br H-
bonds with Br~ and the N-H--O--H-N H-bonds with
MeOH connect the chains of the (P)- and (M)-helicates. In
the Co™™ complex 3, the N-H--N H-bond directly connects
the helicates, forming a one-dimensional linear chain (Fig-
ure 3c). One of the Qim ligands is deprotonated (Qim") in
3 as proved by the formation of an N-H-*N H-bond with
the neighboring helicates. Since the C-N-C angles of N
atoms, which are sensitive to protonation, are close to each

other [109(1)° and 110(1)°] in the N-H-*N H-bond, the
proton is disordered between the two N atoms. These H-
bonded structures in 1-4 are further connected by multiple
H-bonds across counteranions and solvent molecules, con-
structing three-dimensional networks. It should be noted
that exchange or magnetic dipolar interactions between
open-shell metal ions embedded in the helicate are expected
to be quite weak because of the long intra- (ca. 5 A) and
inter-helicate M—M distances (>8 A). These structural
tendencies to form inter-helicate H-bonds (outward H-
bonds) and m-stacking interactions originating from the
imidazole skeletons were also observed in the Mn''- and
Zn"-centered ones.['”! Indeed, the salient structural feature
with robust triple strands afforded the first model for
Lloyd’s electron-spin qubits composed of Mn'! ions, which
are weakly exchange-coupled in a one-dimensional manner
and capable of g-tensor engineering because of the helical
symmetry with the pseudo-octahedral environment around
the open-shell ion.['!

We have investigated the complexation behavior of Qim
by means of spectrophotometric titration of Qim with Co-
UBr, or Ni''(ClO,4), in MeOH solution (Figure S5).l'81 In
the case of the Co'' complex, the absorptions at 222 and
308 nm drastically decreased with increasing the Co'' con-

1 = N-H site)

Figure 3. H-bonded structures of Qim helicates; (a) one-dimensional chain in 1 through ClO,4, (b) two-dimensional H-bonded sheet in
2, (c) one-dimensional linear chain in 3 by direct N-H-*N H-bonds, and (d) one-dimensional zig-zag structure in 4 formed by H-bonds
with ClO4 . (P) and (M) show the right- and left-handed helicates, respectively. Bim units drawn in the space-filling model form the nt-
stacks with neighboring helicates. Dotted lines denote N-H-+X H-bonds.
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centration, and that at 246 nm increased accompanied by a
slight redshift. The appearance of four clear isosbestic
points at 207, 227, 275, and 359 nm indicates that there is
mainly an excess amount of ligand and the resulting com-
plex in the reaction mixture. Sequential changes of the ab-
sorption intensities indicate that the strong self-assembling
ability of Qim causes the selective formation of the triple
helicates. The absorptions at 225 and 307 nm exhibit mini-
mums at an addition of ca. 0.6 equiv. of the metal source,
which corresponds to a ratio of Qim/Co" = 3:2 in the triple
helicates. Further addition of Co' does not cause any
change in the spectra. The complex formation with Ni'f
shows a very similar behavior in the addition range of 0.0—
0.5 equiv. of Ni'"! (Figure S5b).1'"8 When 0.5 equiv. of Ni'l is
added, the absorbance at 308 nm shows a minimum. The
inconsistency in the minimum point of titration (0.5 equiv.)
and stoichiometry of the helicate (0.67 equiv.) is probably
due to the generation of complexes with different stoichio-
metries such as [Ni''(Qim);]>*, a precursor of the dinuclear
triple helicate. After the addition of 0.5 equiv. of Ni'l, a
weak band at around 330 nm appears, indicating that a
small amount of the complex with a different stoichiometry
exists in solution.['’l The binding constants calculated from
the titration spectra are in the order of 10'°-10%° M 4, which
are close to those of reported dinuclear triple helicates®”!
and also to those of Qim—Mn'" and Qim—Zn"" complexes.['”!
These results indicate that Qim exhibits an intrinsically high
selectivity to form dinuclear triple helicates with metal ions
that have an octahedral coordination sphere, although the
generation of a small amount of different products was de-
tected.

As shown by X-ray crystal structure analysis, MS, and
spectrophotometric studies, the triple helicates of Qim have
great benefits for the optical resolution by HPLC with a
chiral column. We performed the optical resolution of 3
and 4, since low-spin Co™ complexes exhibit considerable
kinetic inertness,”!! and Ni'! ions are known to form the
most inert complexes among the bivalent d-block transition
metal ions.’?l HPLC experiments were performed by using
chiral columns with various kinds of chiral stationary
phases and mobile phases.>>?*l The successful resolution
was only obtained for the amino acid—1-(a-naphthyl)ethyl-
amine-supported columns. This result indicates that not
only the outward H-bonds but also the n—m interactions
between the ligand and the naphthyl group greatly affect
the chiral separation of [M,(Qim)s] helicates. The best con-
ditions for the optical resolution of 3 and 4 were achieved
when the chiral selector of (S)-indoline-2-carboxylic acid—
(S)-1-(a-naphthyl)ethylamine (SUMICHIRAL OA-4800)
and the mobile phase of a 70:20:10:0.05 mixed solution of
hexane/EtOH/MeOH/TFA were used.?*! It should be noted
that the concentration of TFA and the column temperature
are also critical factors in the separation by chiral-column
HPLC.[?4

The solutions of helicates in MeOH were loaded onto a
chiral column and eluted with a mixed solution of hexane/
EtOH/MeOH/TFA. The chromatogram showed two large
and clear bands of Peak | and 2 (insets of Figure 4). Each
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fraction was directly subjected to ESI-MS, UV/Vis, and cir-
cular dichroism (CD) spectroscopy. The ESI-MS and UV/
Vis spectra (Figures 4, S6 and S7)!'8] show almost the same
features as those of the racemic mixtures, indicating that
both fractions include the [M,(Qim);] helicates, and that
these triple helicates are preserved under these conditions.
In the CD spectrum, the Peak 1 fraction of 3 shows positive
Cotton effects at <210, 270, 318, and ca. 400 nm, and nega-
tive ones at 236 and 292 nm (Figure 5a, red line). The
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Figure 4. UV/Vis spectra of 3 (a) and 4 (b); racemic complex in
MeOH (black solid line) and HPLC fractions [red line: first frac-
tion (Peak 1); blue line: second fraction (Peak 2)]. The inset shows
a chromatogram in optical resolution by using UV detection at
254 nm. Since the concentrations of the racemic helicates in MeOH
and HPLC fractions are different, the absorbance in the UV/Vis
spectra cannot be compared. Whereas the spectra of the HPLC
fractions are measured as obtained, the similar intensities of
Peaks 1 and 2 indicate that these fractions have the same amount
of the helicates.

240 280 320 360 400
Al nm

Figure 5. CD spectra of each HPLC fraction of 3 (a) and 4 (b)

(0 h, solid lines; 6 h, broken lines; 1 week, dots; red and blue colors

correspond to Peaks1 and 2, respectively) in a hexane/EtOH/

MeOH/TFA (70:20:10:0.05) mixed solution.
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Peak 1 fraction of 4 shows two positive Cotton effects at
238 and 269 nm, and one negative Cotton effect at
<210 nm (Figure 5b, red solid line). The CD spectra of
Peak 2 of both 3 and 4 give exactly the mirror images of
those of Peak 1 (Figure 5, blue solid lines). According to
the experimental and theoretical study performed by Telfer
and co-workers, these CD signals arise from intra- and in-
ternuclear exciton coupling.[”l These results clearly illus-
trate that each fraction contains the (P) or (M) enantiomer
of the [M»(Qim)s] helicates. Notably, the intensities of the
CD spectra of [Ni',(Qim);]** are preserved over a week at
room temperature (Figure 5b, broken lines and dots), indi-
cating that the chiral inversion originating from dissociation
of the complex does not occur for these helicates. This re-
sult is caused by the high stability of the helicates because
of the rigidness of the ligand, intra-helicate m-stacks, and
strong coordination bonds characteristic of chelating coor-
dination.[''] This observation shows that the [M,(Qim)s]
helicates are stable even under acidic conditions including
a small amount of TFA. However, after the evaporation of
the solvent, the CD intensities of the residual compounds
became smaller than those of fresh samples, indicating the
occurrence of racemization and/or dissociation of the triple
helicates, probably because of the increased concentration
of TFA by the evaporation of more volatile solvents.>’ In
order to circumvent the racemization/dissociation, we have
neutralized both fractions by adding an Et;N/MeOH solu-
tion before the concentration procedure. The CD, UV, and
ESI-MS spectra of the sample are almost the same as those
obtained before the neutralization (Figures S8 and S9).[1®]
This result clearly shows that the chiral entities of
[Ni',(Qim);]** are successfully isolated.l*!

Conclusions

We have revealed the intriguing features of Qim metal
complexes: (1) the formation of the triple helicates with
various d-block transition metal ions with high selectivity,
(2) the self-assembling ability to construct three-dimen-
sional networks through multiple N-H---X H-bonds and 7-
stacks. We emphasize that the inter-helicate H-bond forma-
tion to construct three-dimensional networks is rare among
a large number of previously reported helicates.[>7¢27]
Furthermore, we have for the first time achieved the optical
resolution of the (P) and (M) enantiomers of triple helicates
composed of the achiral and neutral ligand by the chiral-
column HPLC method instead of simple LC. The outward
N-H---X H-bonds and intermolecular nt-stacks observed in
the crystal structures enable the helicates to interact with
chiral substrates on the column, causing the successful op-
tical resolution of the (P) and (M) enantiomers. Also, the
high stability of the helicates in solution from the rigid
structure of the ligand, combined with the strong chelate
coordination and intra-helicate n-stacks of the ligands pre-
vent the helicates from chiral inversion, playing a vital role
in the isolation of each enantiomer.

The chiral-column HPLC is a facile and universal
method to obtain chiral materials, and the present results
3442

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

open a useful and powerful methodology for the optical
resolution of helicates. We emphasize that the present re-
sults claim a novel concept for the development of helicate-
based materials sciences. Furthermore, the expansion of the
molecular diversity of the ligands gives the potentialities for
the discovery of novel phenomena and functions based on
chiral helicates. Further exploration of the ligands with
various functions is important for the development of bio-
logical and materials sciences based on helicates. The intri-
guing features of oligo(imidazole)s are not only the forma-
tion of the helicates with outward intermolecular interac-
tions but also the diversity of the network structures that
are controllable by the connectivity of the imidazole rings
and protonated states, as demonstrated in our previous
studies.[12:13]

Because of the advantages of oligo(imidazole)-based hel-
icates, they have marked an important milestone in studying
the magneto-chiral dichromic effect and electrical magneto-
chiral anisotropy.[?®! It is noteworthy that the helical chiral-
ity is also important for implementing photon-linked mat-
ter qubits in quantum information processing.['> Our ongo-
ing studies on the (oligo)imidazole-based helicates; prepara-
tion of magnetically diluted chiral crystals for synthetic
electron-spin qubits, synthesis of novel helicates composed
of longer (oligo)imidazoles, f-block helicates, and hetero-
multimetallic helicates, and functionalization by the intro-
duction of redox-active substituents and electronic-spin-de-
localized neutral radical systems,[*’ are in progress.

Experimental Section

Materials: Qim was prepared according to our previous paper,['%
and metal sources and solvents were used as purchased.

Preparation of {{Ni',(Qim)](Cl1O,),}-(H,0), (4): Ni''(ClO,4),6H,O
(80.3 mg, 0.21 mmol) was added to a stirred solution of Qim
(83.7mg, 0.31 mmol) in MeOH (15mL). After refluxing for
30 min, the solution was cooled to room temperature and concen-
trated under reduced pressure. The residue was reprecipitated with
MeOH/ethyl acetate to afford a soft pink powder (113.2 mg, 82%
yield). The Ni'l complex was recrystallized from H,O by using the
slow concentration method, giving reddish-purple crystals. M.p.
>300 °C (dec.). UV/Vis (MeOH): Apax = 250 nm; (KBr): Apax =
248 nm. C36H3oC1N,40,6Ni>(H,0)y (1476.12): caled. C 29.29, H
3.28, N 22.77; found C 29.16, H 3.03, N 22.50.

{IFe"»(Qim)3](C104)4}-(CH;0H),*(H,0) (1): Light gray powder,
42% yield. Colorless crystals suitable for X-ray crystal structure
analysis were obtained by the aerial solvent evaporation from
MeOH/EtOAc solution. M.p. >300 °C (dec.). UV/Vis (MeOH):
max = 245nm. C3gH30CLN,40,6Fex(H,O)(CH,0) (1358.34):
caled. C 32.71, H 2.67, N 24.75; found C 32.81, H 2.89, N 24.61.
An elemental analysis of the crystalline sample could not be carried
out because only a small amount was obtained and was used for
the powder sample.

{ICo"»(Qim)s](Br),}-(CH;0H)-(H,0)-(C3HsO)s (2): Dull green
powder, 86% yield. Colorless crystals suitable for X-ray crystal
structure analysis were obtained by the vapor diffusion method
from MeOH/acetone. M.p. >300 °C (dec.). UV/Vis (MeOH): 4.«
= 246 nm. (C36H30BT4N24C02)(HzO)S(CH40)]'5 (137442) caled. C
32.77, H 3.37, N 24.46; found C 32.63, H 3.06, N 24.10. An elemen-
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1 2 3 4
Empirical formula C38H40C14F62N24019[a] C55H72BF4C02N2408[a] C36H4gBT5C02N2409A5[b] C36H48C14N24Ni2025
M, [gmol ] 1390.39 1634.81 1486.32 1476.13
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P2,/n Pl P2/c P2,/n
a[A] 15.777(3) 14.2133(7) 14.816(5) 14.349(2)
b [A] 18.027(4) 15.6384(7) 20.672(8) 13.718(2)
c[A] 21.052(4) 16.0090(9) 17.689(6) 29.535(4)
a [°] 88.333(2)
B I 109.499(4) 79.979(2) 96.20(1) 96.750(2)
7 [°] 83.795(1)
VA3 5644(2) 3483.4(3) 5386(4) 5773(1)
V4 4 2 4 4
Deareq. [gem ™) 1.636 1.559 1.833 1.698
4 [mm] 0.796 2.845 4411 0.941
T [K] 200 150 200 200
Unique reflections 12263 15836 12129 12931
Reflections used 4351 6597 5422 11988
Parameters 768 794 690 809

R1, wR, [I>2a(1)]
R1, wR, (all data)
GOF on F?

Largest diff. peak, hole [e A 3]

0.0974, 0.2512
0.2031, 0.3304
0.908

1.200, -0.670

0.0894, 0.2291
0.1992, 0.2962
1.028

0.930, -0.990

0.0590, 0.1259
0.1534, 0.1465
0.880

0.960, —1.040

0.0951, 0.2335
0.1016, 0.2382
1.164

2.110, -1.250

[a] Because of the serious disorder of solvent molecules, the accurate compositions of the crystal solvent in 1 and 2 could not be deter-
mined. [b] The Br~ ion and the water molecules (Br2/012 and Br6/010,011) in complex 3 are disordered, and a site-occupancy factor of

0.5 was applied for each atom.

tal analysis of the crystalline sample could not be carried out, be-
cause only a small amount was obtained and was used for the pow-
der sample.

{[Co"(Qim),(Qim)|Brs}(H,0)os (3): Recrystallization of the
Co'! complex by the vapor diffusion method from H,O/acetone
yielded 3 as orange crystals. M.p. >300 °C (dec.). UV/Vis (MeOH):
Amax = 240, 268 nm. C34H,9BrsN,,Co,(H>0)q 5 (1486.32): caled. C
29.09, H 3.26, N 22.62; found C 29.08, H 3.16, N 22.39.

Measurements: Elemental analyses were performed at the Graduate
School of Science, Osaka University. UV/Vis spectra were mea-
sured for MeOH solution with a Shimadzu UV/Vis scanning spec-
trophotometer UV-3100PC. High-resolution fast-atom bombard-
ment (FAB) mass spectra were measured in MeOH solution with a
JEOL JMS-SX102 spectrometer. ESI-MS data were recorded from
MeOH solutions with an Applied Biosystems QSTAR® Elite spec-
trometer. The magnetic susceptibility measurements were per-
formed with the microcrystal samples by using a Quantum Design
SQUID magnetometer MPMS-XL with an applied field of 0.1 T
over the temperature range 1.9-298 K. The melting points were
measured with a hot-stage apparatus and are uncorrected. CD
spectra were measured with a JASCO J820 CD spectrometer.

Crystallography: X-ray crystallographic measurements were made
with a Rigaku Raxis-Rapid imaging plate or Rigaku Mercury70
diffractometer with graphite-monochromated Mo-K, (4 = 0.71075
or 0.71070 A, respectively). Structures were determined by direct
methods using the SIR2004 program.3% Refinements were per-
formed by full-matrix least squares on /> using the SHELXL-97
program.*I All non-hydrogen atoms except for disordered solvent
and counteranion molecules were refined anisotropically, and all
hydrogen atoms were included but not refined. Empirical absorp-
tion corrections were applied. Selected crystal-data collection pa-
rameters are given in Table 2. CCDC-818910 (for 1), -818911 (for
2), -818912 (for 3), and CCDC-782871 (for 4) contain the supple-
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mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Optical Resolution and Neutralization: The chromatographic experi-
ment was performed with a SHISEIDO NANOSPACE SI-2 with
SUMICHIRAL OA4800 (4.6 mm i.d. X 25 cm). The racemic sam-
ple was dissolved in MeOH (1 mg/100 pL), and a mixed solution
(hexane/EtOH/MeOH/TFA = 70:20:10:0.05) was used as the mo-
bile phase. The flow rate of the eluent used was 1 mL/min, and the
chromatogram was traced by UV detection at 254 nm. Neutraliza-
tion was obtained by adjusting each fraction after chiral separation
by HPLC to pH = 7.0 with an Et;N/MeOH solution followed by
in vacuo concentration procedure. The CD, UV, and ESI mass
spectra for both neutralized fractions were measured as MeOH
solutions. All experiments were performed at ambient temperature.

Supporting Information (see footnote on the first page of this arti-
cle): FAB and ESI mass spectra, magnetic properties, spectrophoto-
metric titration, UV/Vis and CD spectra.
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