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Chapter I. Introduction

Since Pasteur discovered that optical activity is derived from molecular structures
by preparing chiral crystals of sodium ammonium tartrate, chiral compounds have
attracted considerable interest in chemistry, biology, and material science." Good
examples of intriguing chiral compounds are biological macromolecules like proteins,
DNA, and polysaccharides that are composed of chiral monomers like L-amino acids,
nucleotides, and monosaccharides. These chiral structures are responsible for the
origins of life. In these compounds, the chiral monomers are connected to each other
not only through covalent bonds but also through intramolecular and intermolecular
noncovalent bonding interactions, which leads to the formation of helical structures,
such as double helices in DNA and triple helices in collagens, and permits the
development of their specific functionalities.” Chirality also plays an important role in
the development of nanotechnology such as chiral switches and chiral molecular
machines.® The change in chirality induces change in the molecular structures or
electronic properties of the system, which can simultaneously trigger particular
functionalities to be modulated, such as fluorescence properties and molecular
recognition behavior. Thus, due to the interests not only in the understanding of the
origin of homochirality in the biological macromolecules but also in potential
functional devices based on specific chiral structures, the chiral compounds have been
widely studied in various research fields including supramolecular chemistry,
biochemistry, and physical chemistry, as well as biology.

In the field of coordination chemistry, chiral coordination compounds are also
receiving immense attention because of their fundamental importance in modern
stereochemistry,* and potential applications such as catalysis, nonlinear optics, sensors,
and multifunctional materials,®in recent years. The establishment of the construction
of chiral compounds is one of the important subjects for the development of the
research on chirality. There are mainly two ways to create chiral coordination
compounds. One is the asymmetric synthesis, in which one of the possible
enantiomers is formed in either partial or total excess by the use of chiral elements
such as reagent, solvent, and catalyst.® This method is effective for preparing chiral
organic compounds, but for coordination compounds, the number of examples is
limited. The other way is the optical resolution of a racemic compound into its
enantiomers, and most of chiral coordination compounds are isolated by this approach
that includes spontaneous resolution, column chromatography, and use of chiral
auxiliary.” The spontaneous resolution was found in sodium ammonium tartrate
reported by Pasteur, but this type of resolution is still rare. The chromatography is a
popular method to separate enantiomers or diastereomers on a preparative scale, and a



great number of chiral coordination compounds were separated using either chiral
column or chiral eluant. The use of chiral auxiliary is also an effective approach,
which leads to the formation of diastereomers with different physicochemical
properties and leads to fractional crystallization. The formation of a diastereomeric
ion pair is a powerful way, and optically pure organic compounds such as tartric acid
and alkaloids have widely been used as resolving reagents for the separation of
cationic and anionic coordination compounds, respectively.® The chiral ionic
coordination compounds are also used as resolving reagents in this approach.®

The use of chiral ligands is one of the powerful ways to prepare diastereoselective
coordination compounds.’® L-Cysteine, one of the sulfur-containing amino acids, is
known to act as a chiral ligand using its thiolate and amine groups to create
chiralselective metal complexes. Treatment with Co"', Rh"", or Ir'""" ions resulted in the
formation of mononuclear structures with three bidentate-N,S L-cys ligands,
ArLi-[M(L-cys-N,S)s]* (L-Hacys = L-cysteine).™! Interestingly, the A.., isomer of the
mononuclear complexes was easily obtained in these reactions. When these
mononuclear complexes were reacted with octahedral metal ions,
ALii-[M(L-cys-N,S)s]* acts as an S-donating metalloligand to form S-bridged
trinuclear complexes. The chirality of the metal centers coordinated by L-cys ligands
was found to be controlled by the metal ions used. Treatment of A -[Co(L-cys)s]*
with Co"' gave the (ALLL), isomer of the L-cysteinato Co"'s complex, [Cos(L-cys)s]*,
retaining the chirality around the Co'" centers, while treatment with Co" gave the
(ALLL)2 isomer accompanied by the chiral inversion (Figure 1-1).*? The reaction of
ArLi-[Rh(L-cys)s]* with Co" gave a similar Rh"'Co"'Rh" trinuclear structure with
(ALLL)2, (ALt and (ALl)(Ar) configurations.*® These isomers were relatively
easily separated because of their diastereomeric nature. On the other hand, when
AvLi-[Ir(L-cys)s]® was used, only the (Ai.). isomer of the Ir'"'Co™Ir'" trinuclear
complex was formed.®® Thus, the diastereoselective synthesis and the separation of
the diastereomers were achieved by the use of chiral ligands. Furthermore, when
ArLL-[Co(L-cys)s]* was reacted with Zn" with a tetrahedral coordination geometry,
the Co"',zn", octanuclear complex-anion (AL, )s-[C04ZNsO(L-CYs)12]® was formed,
in which four A_ -[Co(L-cys)s]* is connected with a [Zn4O]%" core through thiolato
groups (Figure 1-1).** The reaction of A -[Co(L-cys)s]® with a linear Ag' ion
afforded  the  S-bridged  Ag'sCo"’, pentanuclear ~ complex-anion
(ALLL)2-[AgsCoa(L-cys)s]® (Figure 1-1).2¢

Thus, it was found that the use of Ay -[Co(L-cys)s]* as an S-donating
metalloligand is a powerful way to create a variety of chiral structures. Because these
L-cysteinato multinuclear complexes have free carboxylate groups available for a
metal-coordination site or an acceptor site of hydrogen bonds, which is important for



the chiral recognition, the potential ability of the chiral separation in these complexes
was investigated. The L-cysteinato multinuclear complexes have anionic nature, and
thus have possibility to resolve cationic racemic metal complexes during the
cocrystallization process. In fact, it has been reported that treatment of the (A_LL):
isomer of the L-cysteinato Co"'; complex-anion, [Cos(L-cys)s]*, with the racemic
Co"'; complex-cation, [Cos(aet)s]*" (aet = 2-aminoethanethiolate), which has an
S-bridged Co'"'; trinuclear structure, gave the cocrystallized compound consisting of
(ALLL)2-[Cos(L-cys)s]® and [Cos(aet)e]* in a 1:1 ratio (Figure 1-2).° Of note is that
only the (A), isomer of [Cos(aet)s]** is exclusively incorporated in this compound,
and the excellent optical resolving ability of the chiral multinuclear complex-anion
toward the racemic complex-cation was successfully demonstrated. Furthermore,
treatment of (AvLL)2-[Cos(L-cys)s]® with [AgsCoa(aet)s]**, which has a similar
S-bridged structure with [Cos(aet)s]*" having a {Ag's} moiety instead of the central
co" ion, also afforded the cocrystallized compound
(ALLL)2-[AgsCos(aet)s][Cos(L-cys)s] (Figure 1-3).%° In this compound, the excellent
chiralselective incorporation of the complex-cation was also observed, although in
this case, the (A), isomer of [Cos(aet)s]** was selected.

In this thesis, the research on the optical resolving ability of chiral multinuclear
complex-anions toward a racemic complex-cation is further developed. An S-bridged
Au'sCo"', pentanuclear complex-anion, (Aiiy)>-[AusCoa(L-cys)s]*, which has a
similar structure with (AL )--[Cos(L-cys)s]*, except the presence of a {Au's} moiety
between two terminal A -[Co(L-cys)s]* units instead of the central Co"' ion, was
newly prepared as a resolving reagent (Figure 1-4). The introduction of a {Au's}
moiety with three linear Au' centers can lead to the formation of additional
intermolecular interactions such as metal-metal bonding interactions, which might
induce different chiral behavior. When the chiralselectivity of this complex-anion
toward the racemic complex-cation [Cos(aet)s]** upon the cocrystallization was
investigated, it was found that multiple chiral and structural conversions of the
complex-anion occur during the crystallization process The mechanism of these
unique conversions was elucidated, as well as its chiralselective behavior. Then, the
chiralselectivity of a similar S-bridged Ag'sCo"
(ALLL)2-[AgsCoa(L-cys)s]®, was investigated (Figure 1-4). In this case, intermolecular
coordination bonding interactions using the two-coordinated Ag' ion were formed
instead of metal-metal bonding interactions. The important factors for the chiral
separation were discussed based on the structural comparison in detail. In addition,
the AuRh", and AgsRh"; pentanuclear complexes with L-cysteinate,
(ALLL)2-[AusRho(L-cys)s]® and (Ai)--[AgsRha(L-cys)e]®, have also been prepared
and the chiral behavior was investigated for comparison (Figure 1-4).

2 pentanuclear complex-anion,



In Chapter II, the L-cysteinato Au'sCo", pentanuclear complex-anion

(ALL)2-[AusCoa(L-cys)s]* was newly prepared, and its cocrystallization behavior
with the complex-cation [Cos(aet)s]** was investigated. As a result, a cocrystallized
compound, (ArLL)2-[Coz(aet)s][AusCoz(L-cys)s], was obtained in neutral conditions,
whereas the reaction in basic conditions led to chiral and structural conversions of the
complex-anion to give a cocrystallized compound consisting of a L-cysteinato
Au'sCo"!; pentanuclear complex-anion with the A, configurational Co"' centers,
(ALLL)2-[AusCoa(L-Cys)12]®, and [Cos(aet)s]*" in a 1:2 ratio. The mechanism of the
unique conversions is discussed based on the spectral measurements. In Chapter I,
the chiralselective behavior of three complex-anions, (AiL)a-[AusCox(L-Cys)s]®,
(ALL)2-[AusCoa(L-Cys)12]®, and (ALLL)>-[AgsCos(L-cys)s]®, toward the racemic
complex-cation [Cos(aet)s]** was investigated by means of absorption and CD
spectral measurements, in combination with column chromatography. The factors that
contribute to the chiralselective behavior are discussed based on the X-ray
crystallography. In Chapter IV, the chiralselective behavior of two complex-anions,
(ALL)>-[AusRho(L-cys)e]>  and  (ALil)>-[AgsRha(L-cys)s]*, toward  racemic
complex-cation [Cos(aet)s]** and the possibility to the chiral and structural
conversions were investigated to clarify the influence of the presence of the inert Rh""
ions.
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Chapter 11. Chiral and Structural Conversions of S-Bridged Au'Co'"' Complexes

with L-Cysteinate

11-1 Introduction

Chiral inversion is one of the most important phenomena in various research fields
including chemistry, biochemistry, pharmacy, and material science, because chirality
controls not only molecular structures and their assembled structures but also their
functionalities." In coordination chemistry, chiral inversion processes have been
investigated for a variety of chiral compounds that show chiral inversion between
right-handed and left-handed helices, A and A configurations around metal centers in
tris-chelating metal complexes, and R and S configurations of coordinated atoms in
response to external stimuli such as solvents, counter ions, and additional ligands.
Metal complexes with labile metal centers are commonly utilized for these studies, and
most of these compounds have a mononuclear structure and showed chiral inversion
around the metal center. In some of these chiral convertible compounds, the inversion of
the absolute configurations (A/A) leads to the overall chiral structural change like the
inversion of helical chiralities,® and these compounds showing cooperative chiral
inversions can be called as "strongly correlated chiral system". Because of the great
potential as switching devices, the creation of such compounds is highly desired
especially for the metal complexes with inert metal centers, which result in the
formation of the relatively stable structures needed for the devices for use. However, the
preparation of chiral convertible compounds having multi chiral centers is still
challenging, because the inertness tends to prevent the conversions.

As mentioned in Chapter I, the use of chiral sulfur-containing amino acids such as
cysteine and penicillamine as a ligand is an easy way to create chiral metal
complexes.*> Among them, the multinuclear compounds containing the L-cysteinato
Co"" complex-anion [Co(L-cys)s]*” as a metalloligand are good candidates for the
construction of the strongly correlated chiral system, because the formed multinuclear

complexes have multiple chiral centers around the Co™ centers and coordinated S atoms,

and also, the Co™ mononuclear metalloligand is known to show the chiral inversion

between A, and Ap. isomers in the solution state.” Actually, treatment of

AvLi-[Co(L-cys)s]*™ with Co" gave the (ALLL)2(S)s isomer of the L-cysteinato Co''s

complex, [Cos(L-cys)s]*", retaining the chirality around the Co"' centers, while the
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"' gave the (ALL)2(R)s isomer accompanied by the chiral inversion.>*®

treatment with Co
Unfortunately, both the (A.L1)2 and (ArLL). isomers of [Cos(L-cys)s]*” did not show the
chiral inversion in response to the external stimuli. In this chapter, the construction of an
S-bridged Au'sCo™; complex using Api -[Co(L-cys)s]* as a metalloligand and its

" centers but also coordinated

cooperative multiple chiral inversions around not only Co
S atoms are described. Reaction of A_-[Co(L-cys)s]® with Au' gave
(ALLL)2-Ks[AusCoz(L-cys)s] ((ALLL)2-Ks[1]), and this complex was crystallized with
[Cos(aet)s]*" in a neutral aqueous solution gave an expected cocrystallized compound
((ALLL)2-[Cos(aet)s][1]), as shown in Scheme 2-1. Remarkably, the similar reaction in a
basic solution afforded a cocrystallized compound ((ArLL)s-[Cos(aet)s]2[2]) containing

", decanuclear structure in (Ari)s-[AusCos(L-cys)12]® ((Arii)s-[2]%) and

an Au'sCo
[Cos(aet)s]** in a 1:2 ratio (Scheme 2-1). The X-ray crystallography of
(ALLL)s-[Cos(aet)s]2[2] indicates that a chiral inversion from (ALi1)2(S)s t0 (ALLL)4(R)12

and Au' centers.

and a structural conversion occurred despite the inert character of Co
To our knowledge, the creation of the coordination compounds with relatively inert
metal centers showing such an unexpected multiple chiral inversion and a structural
conversion is unprecedented. The reverse conversion as well as the proposed
mechanism of the conversion by means of spectral measurements and the isolation of an

intermediate species are also reported.
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11-2  Experimental Section

1-2-1 Materials

The starting complexes, (A)2/(A)2-[Cos(aet)s] (NO3)3 and
(A)2/(A)2-[CoRha(aet)g] (NO3)s, were prepared by methods in the literature.**® Al
chemicals were used without further purifications.
11-2-2  Preparation of Au'Co""
() (Aui)2-Ks[Au'sCo'"5(L-cys)] ((Avrr)2-Ks[1])

To a solution of A -Ks[Co(L-cys);]-9H,0-0.5KCI (0.50 g, 0.68 mmol) in 25 mL of
water was added a mixture of HAuCl, (0.43 g, 1.02 mmol) and 2,2’-thiodiethanol (350
uL) in 25 mL of water. The resulting brown suspension was stirred at room temperature

Complexes

for 3 h, and the black precipitate was collected by filtration. The obtained black powder
was suspended in 5 mL of H,O, to which was added 1 M KOH aqueous solution until the
suspension became a clear black solution (pH ~7). To the resulting solution was added a
large amount of EtOH, which was stood at room temperature for 30 min. The resulting
black powder was collected by filtration, and was washed with water and EtOH twice.
Yield: 048 g (81%). Anal. Caled for Ks[AuszCoy(L-cys)e]-11H,O =
CisHs52AU3C0,SeNs023Ks: C, 12.42; H, 3.01; N, 4.83%. Found: C, 12.43; H, 2.92; N,
457%. IR (KBr): 1606 cm™' (COO"). Electronic absorption spectrum in H,O [A/nm
(loge/ mol™ dm® cm™)]: 553 (3.03), 254 (4.59), 230 (4.62). CD spectrum in H,O [A/nm
(A / mol™* dm® cm™)]: 573 (~19.56), 455 (+11.17), 389 (~17.31), 339 (+29.80), 311
(-46.67), 253 (+89.28). Single crystals suitable for X-ray analysis were obtained by the

crystallization of K3[1] from an aqueous solution by adding K,PtCl,.

(b) (ALi)2-Ks[Au'sCo'"'5(L-cys)e] ((ALi)2-Ks[1])

To a solution of (A, )2-K3[1]-11H,0 (0.20 g, 0.11 mmol) in 10 mL of water was added
0.1 M KOH aqueous solution (20 pL) to adjust the solution pH to ca. 9. The dark red
solution was stood at room temperature for 2 weeks, and then, a large amount of EtOH
was added to it. The resulting black powder was collected by filtration, which was
recrystallized from water and EtOH twice. The resulting black powder was collected by
filtration, and was washed with EtOH. Yield: 0.13 g (65%). Anal. Calcd for
Ks[AuzCoz(L-cys)s] 9H,0 = CigHagAu3C0,K3NgO21Se: C, 12.69; H, 2.84; N, 4.93%.
Found: C, 12.72; H, 2.72; N, 4.97%. IR (KBr): 1600 cm™' (COOQ"). Electronic absorption
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spectrum in H20 [A/ nm (loge/ mol™ dm® cm™)]: 561 (3.06), 255 (4.58), 230 (4.66). CD
spectrum in H,O [A/nm (Ae / mol™* dm® cm™)]: 580 (+20.71), 458 (~10.30), 389
(+16.48), 359 (+22.01), 332 (+9.39), 284 (+42.22), 252 (~70.86).

11-2-3  Preparation of Cocrystallized Compounds
(@) (ALLL)2-[Co""'s(aet)s][Au'sCo"s(L-cys)e] ((ALrL)z-[Co'"'s(aet)e] [1])

To a solution containing 30 mg (0.036 mmol) of rac-[Cos(aet)s](NOs)3-H2O in 10 mL
of water was added a solution containing 30 mg (0.017 mmol) of
(ALLL)2-K3[AuzCoy(L-cys)s] -11H20 ((ALLL)2-Ks[1]-11H,0) in 10 mL of water. The black
solution was allowed to stand at room temperature for 1 week. The resulting black
crystals of (ApL)2-[Cos(aet)s][1] were collected by filtration. Yield: 20 mg (48%). Calcd
for [Cos(aet)s][AusCoz(L-Ccys)s] -18H20 = C3pH102N12030S12C05AuUs: C, 15.12; H, 4.31; N,
7.06%. Found: C, 14.95; H, 4.16; N, 6.95%. Electronic absorption spectrum in a
saturated NaNO3 aqueous solution [A/nm (log &/ mol™* dm*® cm™)]: 560 (3.52), 437
(3.85), 339 (4.45), 280 (4.73), 257 (4.79). CD spectrum in a saturated NaNO3 aqueous
solution [A/nm (Ae/ mol™ dm® cm™)]: 573 (=20.27), 520 (+1.80), 450 (+12.25), 385
(-21.17), 355 (-21.07), 311 (-48.94), 254 (+104.81), 234 (+8.59), 221 (-4.91), 207
(+48.81). One of single crystals was used for X-ray measurement.

(b) (ALLL)a-[Co"'s(aet)s]o[Au'sCo''y(L-Cys)12] ((ALLL)a-[Co"'s(aet)e]o[2])

Method A. To a solution containing 50 mg (0.029 mmol) of (A 1)2-K3[1]-11H,0 in 10
mL of water was added a solution containing 48 mg (0.058 mmol) of
rac-[Cos(aet)s](NO3)3-H,0O in 10 mL of water. To the black reaction solution was added
0.1 M KOH aqueous solution (150 uL) until the solution pH became ca. 9. The resulting
black solution was allowed to stand at room temperature for 1 day to give a small amount
of mircocrystals of (A_L).-[Cos(aet)s][1]. The solution containing black microcrystals
was stood at room temperature without filtration. After 1 week, the microcrystals
disappeared and larger block black crystals of (ApLL)s-[Cos(aet)s]2[2] appeared, which
were  collected by filtration.  Yield: 27 mg (61%). Calcd for
[Cos(aet)s]2[AusCos(L-Cys)12] -48H20 = CeoH228N24072S24C010AUs: C, 14.47; H, 4.62; N,
6.75%. Found: C, 14.21; H, 4.40; N, 6.61%. IR (KBr): 1612 cm™* (COO). Electronic
absorption spectrum in a saturated NaNO; aqueous solution [A/nm (log &/ mol™* dm?
cm )]: 574 (3.74), 439 (4.15), 343 (4.70). CD spectrum in a saturated NaNOs aqueous
solution [A/nm (Ae/ mol™* dm® cm™)]: 561 ( 39.90), 467 (-25.00), 392 ( 29.15), 301
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(+16.75), 288 ( 17.46). One of single crystals was used for X-ray measurement.
Method B. To a solution containing 50 mg (0.026 mmol) of
(ALLL)2-Ks[1]-12H,0-2.5KOH in 10 mL was added a solution containing 45 mg (0.053
mmol) of rac-[Cos(aet)s](NOs)3-H,O in 10 mL of water. The black solution was allowed
to stand at room temperature for 1 week. The resulting black crystals of
(AvLLL)s-[Cos(aet)s]2[2] were collected by filtration. Yield: 30 mg (57%).

(©) (ALLL)s-[Co"'Rh" 5 (aet)s]o[Au'sCo 4(L-cys)12] (ALLL)s-[Co"'Rh"2(aet)s]2[2])

To a solution containing 30 mg (0.016 mmol) of (ApLL)2-Ks[1]-9H20 in 5mL was
added a solution containing 31 mg (0.033 mmol) of rac-[CoRh(aet)s](NO3)3-1.5H,0 in 5
mL of water. The black solution was allowed to stand at room temperature for 1 week.
The resulting black crystals of (ArLL)s-[CoRhy(aet)s][2] were collected by filtration.
Yield: 21 mg (53%). Calcd for [CoRhy(aet)s][AusCos(L-Cys)12]-46H,O0 =
Cs0H224N24070S24CosAUsRN,: C, 14.07; H, 4.41; N, 6.56%. Found: C, 14.25; H, 4.15; N,
6.55%. IR (KBr): 1592 cm™ (COO"). Electronic absorption spectrum in a NaNOs
aqueous solution [/ nm (log &/ mol™* dm® cm™)]: 585 (3.02), 423 (3.77). CD spectrum
in an NaNOs aqueous solution [4/ nm (Ae/ mol™ dm® cm™)]: 619 (—7.80), 556 (+12.37),
469 (-10.66), 411 ( 51.54), 365 (+21.00), 334 ( 45.46).

(d) (ALL)2-[Co™ (en)s][Au'sCo™y(L-cys)e] ((ALr)2-[Co™ (en)s][1])

To a solution containing 20 mg (0.011 mmol) of (ArLL)2-Ks[1]-9H,0 in 20mL was
added a solution containing 9.2 mg (0.022 mmol) of rac-[Co(en)3](NOs)s in 20 mL of
water. The brown suspension was allowed to stand at room temperature for 1 week. The
resulting brown crystals of (Ar.L)2-[Co(en)s][1] were collected by filtration. Yield: 9.6
mg (43%). Calcd for [Co(en)s][AusCoz(L-Cys)s] -16H,O = Cy4HgsN12028S6C03AUs: C,
14.77; H, 4.44; N, 8.61%. Found: C, 14.95; H, 4.25; N, 8.38%. IR (KBr): 1601 cm™
(COO). Electronic absorption spectrum in H,0 [A/nm (log &/ mol™* dm® cm™)]: 573
(2.84), 443 (3.02). CD spectrum in H20 [A/nm (Ae/ mol™ dm® cm™)]: 579 ( 2.79),
457 (-1.85), 360 (  3.09).

11-2-4 Physical Measurements

The electronic absorption spectra were recorded with a JASCO V-660 or a JASCO
V-630 spectrophotometers using a 1 cm quartz cell at room temperature. The diffuse
reflectance spectra were recorded on a JASCO V-570 spectrophotometer at room
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temperature by using MgSO,4. The CD spectra were recorded with a J-820 spectrometer
at room temperature using a 1 cm quartz cell for the solution state and using KBr disks
for the solid state. The IR spectra were recorded on a JASCO FT/IR-4100 infrared
spectrometer using KBr disks at room temperature. The elemental analyses (C, H, N)
were performed at Osaka University. X-ray fluorescence analyses were made on a
HORIBA MESA-500 or SHIMADZU EDX-720 spectrometer. The 'H NMR spectra
were recorded with a JEOL ECA500 (500 MHz) spectrometer at room temperature in
D,0, using sodium 4,4’-dimethyl-4-silapentane-1-sulfonate (DSS) as the internal
standard.

11-2-5 X-ray Structural Determination

Single-crystal X-ray diffraction measurements for complexes (Ar1)2-Ks[1]-7.5H,0,
(ALLL)2-[Cos(aet)s][1] -18H,0, and (ArLL)s-[Cos(aet)s]2[2]-20H,O were performed on a
Rigaku R-AXIS VII imaging plate and Vari-Max with graphite monochromated Mo-Ka
radiation (4 = 0.71075 A) at 200 K. The intensity data were collected by the «-scan
technique and empirically corrected for absorption. The structures of complexes were
solved by a direct method using SHELXS97.” The structure refinements were carried
out using full matrix least-squares (SHELXL-97).” All calculations were performed
using the Yadokari-XG software package.” For (Ari1).-K3[1]-7.5H,0, Au, Co, and S
atoms were refined anisotropically, while the others were refined isotropically. H atoms
were included in calculated positions except those of water molecules. A half of K*
atoms were not refined because of the severe disorder. DFIX restraint and EADP
constraint were wused to model one disordered carboxylate group. For
(ALLL)2-[Cos(aet)g][1] -18H,0, all non-hydrogen atoms except the disordered
carboxylate groups, C and N atoms in aet ligands, and water molecule were refined
anisotropically, while the others are refined isotropically. Hydrogen atoms were
included in calculated positions except those of aet ligands and water molecules. DFIX
and FLAT restraints were used to model a part of disordered carboxylate groups. For
(ALLL)s-[Cos(aet)s]2[2] -20H,0, Au, Co, and S atoms in (Ari)s-[2]° and Co atoms in
[Cos(aet)s]*" were refined anisotropically, while the others were refined isotropically.
Hydrogen atoms were included in calculated positions except those of aet ligands and
water molecules. DFIX restraint and EADP constraint were used to model a part of
disordered carboxylate groups, and DFIX restraint was used to model aet ligands.
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11-3 Results and Discussion

11-3-1 Synthesis and Characterization of Au'Co""

(@) (ALLL)2-Ks[AU'sCo'"'a(L-cys)e] ((ALri)z-Ks[1])
Reaction of A -Ks[Co(L-cys)s] with Au' in a 1:1.5 ratio gave a dark brown

Complexes

suspension. After filtration, the obtained reddish brown crude product was dissolved in
water by adding a KOH aqueous solution, and then a large amount of EtOH was added
to it to give a reddish brown powder of (ApLL)2-Ks[1].

As shown in Figure 2-1, the IR spectrum of (Ar.1)2-Ks[1] shows the band at 1606
cm* assigned to COO™, suggestive of the presence of L-cys. The X-ray fluorescence
spectroscopy implies that (Ap.L)2-Ks[1] contains Au and Co atoms, and elemental
analytical data are agreement with the formula for Ks[AusCoa(L-cys)s]-11H,0. The 'H
NMR spectrum in D,O shows two methylene signals (6 2.91 and 3.31 ppm) and one
methine signal (6 3.07 ppm) attributed to the L-cys ligand (Figure 2-2). The presence of
single set of signals suggests that (A_L.)2-Ks[1] has a symmetrical structure with all
L-cys ligands being equivalent. The absorption spectrum of (A )2-Ks[1] in water shows
the d-d absorption band at 553 nm and the sulfur to cobalt charge transfer band at
around 250 nm with a shoulder at lower energy side (Figure 2-3, Table 2-5). The CD
spectrum shows negative bands at 573, 389, and 311 nm and positive bonds at 455, 339
and 253 nm (Figure 2-3, Table 2-5). The absorption and CD spectral features are similar
to those of (Ari1).-Ks[AgsCoa(L-cys)s],*® suggesting that (A.vi)2-Ks[1] has a similar
S-bridged structure having A, configurational [Co(L-cys)s]* units. The reflection and
CD spectra in the solid state are essentially the same as the absorption and CD spectra
in the solution state, showing bands at 560 and 435 nm for the reflection spectrum, and
negative bands at 510 and 405 nm and a positive band at 446 nm for the CD spectrum,
respectively (Figure 2-4). Single crystals suitable for X-ray analysis were obtained by the
recrystallization of (A )2-Ks[1] from an agqueous solution by adding K,PtCl,. The X-ray

analysis demonstrated that (Ar.).-Ks[1] has an S-bridged Au'sCo"

2 pentanuclear
structure in Ks[AuzCoz(L-cys)s], in which two Api-[Co(L-cys)s]*” moieties are bridged

by three linear Au' atoms (vide infra).

(b) (ALLL)2-Ks[Au'sCo""'a(L-cys)s] ((ALLi)2-Ks[1])
To a solution of (ALLL)2-Ks[AuzCoz(L-cys)s] ((ALLL)2-Ks3[1]) in water was added an
aqueous solution of KOH to adjust the solution pH to about 9, and the resulting reddish
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brown solution was stood at room temperature for 2 weeks. An addition of a large amount
of EtOH to the resulting solution gave a brown powder of (AprL)2-Ks[1].

X-ray fluorescence spectroscopy indicates that (Ar.).-Ks[1] contains Au and Co
atoms, and elemental analytical data are agreement with the formula for
Ks[AusCoz(L-cys)s] 9H,0. The IR spectrum of (Ap.L)2-Ks[1] shows the presence of
L-cys ligands based on the band at 1600 cm ™ assigned to the deprotonated COO™ group
(Figure 2-1). The *H NMR spectrum in D,O shows one set of signals attributed to the
L-cys ligand with the chemical shifts of 3.06 and 3.19 ppm for two methylene protons
and 3.89 ppm for one methine protons (Figure 2-5), which are different from those of
(ALLL)2-K3[1]. The ESI mass spectrum in methanol/water (1:1) showed a trianionic
signal at m/z 474.20, which corresponds to [AusCoa(L-cys)s]® (Figure 2-6). The
absorption and CD spectra of (ALLL)2-Ks[1] in water are shown in Figure 2-3 and their
data are summarized in Table 2-5. The absorption spectrum of (ArL.)2-Ks[1] in water
shows the d-d absorption band at 561 nm and the sulfur to cobalt charge transfer band at
ca. 250 nm with a shoulder at lower energy side. This spectral feature is similar to that
of (ALLL)2-K3[1]. On the other hand, the CD spectrum shows positive bonds at 580, 389,
359, and 284 nm and negative bonds at 458 and 252 nm, of which spectral pattern is
almost enantiometric to that of (A_1)2-Ks[1]. These absorption and CD spectral features
indicate that (A.1)2-Ks[1] has a similar structure with (ApL1)2-Ks[1], but the chirality

around the Co"

center is opposite. The reflection and CD spectra in the solid state are
essentially the same as the absorption and CD spectra in the solution state, exhibiting a
band at 560 nm for the reflection spectrum, and positive bands at 522 and 410 nm and a
negative bands at 450 nm for the CD spectrum, respectively (Figure 2-4). Unfortunately,
many attempts to obtain crystals suitable for X-ray analysis were unsuccessful.
However, from the above-mentioned descriptions, we concluded that (A ).-Ks[1] has
an S-bridged Au'sCo"'; pentanuclear structure in Ks[AusCoax(L-Cys)s], in which two

AL configurational [Co(L-cys)s]* units are bridged by three Au' atoms (Scheme 2-1).

(©) (ALLL)2-[Co"'5(aet)s] [Au'sCo''5(L-Cys)s] ((ALLL)2-[Co'"'s(aet)][1])

Treatment of (ALLL)2-K3[AuzCoz(L-cys)s] ((ALLL)2-Ks[1]) with
(A)2/(A)2-[Cos(aet)s](NOs)s in a 1:2 ratio in water, followed by allowing to stand at
room temperature for 1 week, gave black block crystals of (AL )2-[Cos(aet)s][1].

The IR spectrum shows a strong sharp C=0 stretching band at 1604 cm* assigned to
COO, suggestive of the presence of L-cys (Figure 2-1). X-ray fluorescence
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spectroscopy indicates that this compound contains Au and Co atoms, and the elemental
analytical data are in agreement with the formula for a 1:1 adduct of [Cos(aet)s]** and
[AusCoa(L-cys)s]*". The reflection and CD spectra of the crystals are shown in Figure
2-7. The reflection spectrum shows two bands at 560 and 437 nm, and the CD spectrum
shows negative bands at 577 and 398 nm and a positive band at 450 nm in the region of
700 to 350 nm. The crystals of (ALLL)2-[Cos(aet)s][1] are almost insoluble in water but
are soluble in a saturated NaNOj3 aqueous solution. The absorption spectrum of the
crystals in the solution state shows four absorption bands at 560, 437, 339, and 280 nm
(Figure 2-8), the first band of which is similar to that of (A..1)2-[1]* and the latter two
bands are very similar to those of [Cos(aet)s]*". On the other hand, the CD spectrum is
reminiscent of that of (A1.)2>-[1]*, showing negative bands at 573, 385, and 355 nm
and positive bands at 520 and 450 nm (Figure 2-8). The *H NMR spectrum of
(ALLL)2-[Cos(aet)s][1] in @ NaNO; solution of D,O shows the presence of (Aii)2-[1]*
and [Cos(aet)s]*" in a 1:1 ratio. Single-crystal X-ray analysis demonstrated that
(ALLL)2-[Cos(aet)s][1] is composed of (Ai)2-[1]F and [Cos(aet)s]** in a 1:1 ratio, and
the structures of both complex-cation and complex-anion units are retained during the
reaction (vide infra). Focused on the chirality of the [Cos(aet)s]** unit, both (A), and
(A), isomers of [Cos(aet)s]*" are contained in (ALiL)>-[Cos(aet)s][1] with the severe
disorder. This is also indicated by the CD spectrum that is not affected by the presence
of [Cos(aet)s]®*". The chiralselectivity of (A..).-[1]* toward [Cos(aet)s]®** will be
discussed in detail in Chapter I11.

(d) (ALL)a[Co"'s(aet)s]o[Au'sCo'" s(L-cys)1] ((ALrL)a-[Co'"'s(aet)e]o[2])

Treatment of (ALLL)2-K3[AuzCoz(L-cys)s] ((ALLL)2-Ks3[1]) with
(A)2/(A)2-[Cos(aet)s](NOs)s in a 1:2 ratio in a basic aqueous solution, of which solution
pH was adjusted to ca. 9 by adding a KOH aqueous solution, gave a black solution. The
mixture was stood at room temperature overnight to give black microcrystals of
(ALLL)2-[Cos(aet)s][1], which was characterized by spectral measurements as well as
elemental analysis. When the reaction mixture containing black microcrystals was stood
without filtration, the microcrystals disappeared and black block crystals appeared with
time, and only newly formed block crystals ((ALLL)s-[Cos(aet)s]2[2]) existed after 2
weeks. The same crystals were also obtained by the reaction of (Ap.)2-Ks[1] with
(A)2/(A)2-[Cos(aet)s](NOs3)s in a 1:2 ratio in water.

The IR spectrum of (ApLL)s-[Cos(aet)s]2[2] shows the presence of the carboxylate
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group of L-cys based on the band at 1612 cm™* (Figure 2-1). X-ray fluorescence
spectroscopy indicates that this compound contains Au and Co atoms, and elemental
analytical data are in agreement with the formula for a 1:1 adduct of [Cos(aet)s]** and
[AusCoa(L-cys)s]* . The reflection and CD spectra in the solid state are shown in Figure
2-7. The reflection spectrum is similar to that of (A_L.)2-[Cos(aet)s][1], showing bands
at 580, 450, and 360 nm. However, the CD spectrum shows almost opposite pattern to
that of (ALLL)2-[Cos(aet)s][1], showing positive bands at 560, 395, and 355 nm and a
negative band at 460 nm. This spectral pattern is similar to that of (Ari)2-[1],
indicative of the presence of the Ay, configurational [Co(L-cys)s]*  unit in
(ALLL)s-[Cos(aet)s]2[2]. The black crystals of (ALLL)s-[Cos(aet)s]2[2] are also insoluble
in water but are soluble in a saturated NaNOjs; aqueous solution. The absorption
spectrum in the solution state shows three bands at 574, 439, and 343 nm (Figure 2-8),
which is very similar to that of (A_L.)2-[Cos(aet)g][1]. Its CD spectrum shows positive
bands at 561, 392, 301, and 288 nm and a negative band at 467 nm in this region
(Figure 2-8). These absorption and CD spectral features in the solution state are
essentially the same as the reflection and CD spectral features in the solid state. The
structure of (ArLL)s-[Cos(aet)s]o[2] was determined by single-crystal X-ray analysis,
which showed the presence of  decanuclear complex-anion of
(ALL)a-[AusCoa(L-Cys)12]® ((ALiL)+-[2]%) and complex-cation ([Cos(aet)e]*) in a 1:2
ratio (vide infra). This indicates that (A )2>-[1]* was converted to (Ari1)4-[2]° by the
reaction with [Cos(aet)s]*" under the basic condition. Therefore, the chiral inversion

from the A . to A, isomers and the structural conversion from the Au'sCo'',

pentanuclear to Au'sCo""

4 decanuclear structures occurred during the reaction. Focused
on the chirality of the [Cos(aet)s]*" unit, both (A), and (A), isomers of [Cos(aet)s]** are
contained in (ALLL)4-[Cos(aet)s]2[2] with the severe disorder, which is also indicated by
the CD spectrum that is not affected by the presence of [Cos(aet)s]**. The
chiralselectivity of (Ai.L)s-[2]° toward [Cos(aet)s]*" will be discussed in detail in
Chapter I1l. The *H NMR spectrum of (Ar..)s-[Cos(aet)s]o[2] dissolving in a NaNOs;
solution of D,O shows three sets of L-cys signals in addition to the signals of
[Cos(aet)s]*", indicative of the presence of (AvLL)s-[2]° with a D, symmetry in solution
(Figure 2-11).

() (ALLL)+-[Co"' Ry (aet)s]o[Au'sCo" s(L-cys)12] ((ALLL)+-[Co'"'Rh" (aet)s]2[2])
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Treatment of (ALLL)2-Ks[AuzCoy(L-cys)s] ((ALLL)2-Ks[1)]) with
(A)2/(A)2-[CoRhy(aet)s](NO3); in a 1:2 ratio in water gave black crystals of
(ALLL)s-[CoRhy(aet)s]2[2]-

The IR spectrum of (ArLL)s-[CoRh,(aet)s]2[2] shows the presence of the carboxylate
group of L-cys based on the band at 1592 cm™ (Figure 2-1). X-ray fluorescence
spectroscopy indicates that this compound contains Au, Rh, and Co atoms, and
elemental analytical data are in agreement with the formula for a 1:1 adduct of
[CoRhy(aet)s]*" and [AusCoa(L-cys)s]*. The reflection and CD spectra in the solid state
are shown in Figure 2-9. The reflection spectrum is similar to that of
(ALLL)2-[Cos(aet)s][1], showing bands at 579, 539, and 336 nm. However, the CD
spectrum is similar to that of (A.L)s-[Cos(aet)s]2[2], showing positive bands 553, 416,
and 370 nm and a negative band at 632 nm. The black crystals of
(ALLL)s-[CoRhy(aet)s]2[2] are also insoluble in water but are soluble in a saturated
NaNO; aqueous solution. The absorption spectrum in the solution state shows two
bands at 585 and 423 nm in the region of 700 to 300 nm (Figure 2-10), which is very
similar to that of (A_.L).-[Cos(aet)s][1]. Its CD spectrum shows positive bands at 556,
411, 365, and 334 nm and negative bands at 619 and 469 nm in this region (Figure 2-10).
These absorption and CD spectral features in the solution state are essentially the same
as the reflection and CD spectral features in the solid state. The structure of
(ALLL)s-[CoRhy(aet)s]2[2] was preliminarily determined by single-crystal X-ray analysis,
which showed the presence of  decanuclear complex-anion of
(ALLL)s-[AusCoa(L-cys)12]®> ((ALiL)s-[2]%) and complex-cation ([CoRha(aet)s]*") in a
1:2 ratio (see Appendix). This indicates that (A, ).-[1]> was converted to (Ari)s-[2]%
upon the crystallization with [CoRhy(aet)s]**. The 'H NMR spectrum of
(ALLL)s-[CoRhy(aet)s]2[2] dissolving in a NaNOj3 solution of D,O shows three sets of
L-cys signals, of which chemical shifts are same as that of (A )s-[2]% in
(ALLL)s-[Cos(aet)s]2[2], indicative of the presence of (ALi)s-[2]° in solution (Figure
2-11). The signals of [CoRh,(aet)s]** are also observed, and the integration ratio of
(ALL)s-[2]% and [CoRha(aet)s]*" is 1:2.

(f) (ALLL)2-[Co""'(en)s] [Au'sCo'"'a(L-cys)e] ((ALrL)2-[Co'"'(en)s][1])

Treatment of (ALLL)2-K3[AuzCoy(L-cys)s] ((ALLL)2-Ks[1)]) with
(A)2/(A)2-[Co(en)s](NOs); in a 1:2 ratio in water gave black microcrystals of
(ALLL)2-[Co(en)s][1].
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The IR spectrum of (ApLL)2-[Co(en)s][1] shows the presence of the carboxylate
group of L-cys based on the band at 1601 cm™ (Figure 2-1). X-ray fluorescence
spectroscopy indicates that this compound contains Au and Co atoms, and elemental
analytical data are in agreement with the formula for a 1:1 adduct of [Co(en)s]*" and
[AusCoa(L-cys)s]* . The reflection and CD spectra in the solid state are shown in Figure
2-12. The reflection spectrum is similar to that of (A..).-[Cos(aet)g][1], showing bands
at 572, 436, and 340 nm. The CD spectrum is almost opposite to that of
(ALLL)2-[Cos(aet)s][1] and is similar to that of (ALLL)s-[Cos(aet)s]2[2], showing positive
bands at 520, 410, 375, and 320 nm and a negative band at 450 nm. The black crystals
of (ALLL)2-[Co(en)s][1] are also soluble in a saturated NaNO3 aqueous solution, and the
spectral measurements in the solution state were performed. The absorption spectrum
shows two bands at 573 and 443 nm in the region of 700 to 300 nm (Figure 2-12),
which is very similar to that of (A_L.)2-[Cos(aet)g][1]. Its CD spectrum shows positive
bands at 579 and 360 nm and a negative band at 457 nm in this region (Figure 2-12).
These absorption and CD spectral features in the solution state are essentially the same
as the reflection and CD spectral features in the solid state. Unfortunately, many trials to
obtain single crystals suitable for the X-ray diffraction measurement were failed, but the
presence of (Ar).-[1]* was confirmed by its *H NMR spectrum. The *H NMR
spectrum of (A_LL)2-[Co(en)s][1] dissolving in a NaNOj3 solution of D,O showed one set
of L-cys signals corresponding to (Ari ).-[1]*, and no signals of (Ari)s-[2]° were
observed (Figure 2-11). The signals of [Co(en)s]*" were also observed. From these
results, it was found that the structure of (A..)>-[1]> was retained upon the

crystallization with [Co(en)s]*", and the conversion to (A..)4-[2]° did not occur.

11-3-2  Crystal Structures of Au'Co'"' Complexes
(@) (ALLL)2-Ks[Au'sCo'"'a(L-cys)e] ((ALLr)2-Ks[1])

The crystal structure of (ApLL)2-Ks[1]-7.5H,0 was established by single-crystal
X-ray crystallography. The asymmetric unit contains two independent half
complex-anions, potassium ions, and water molecules. A part of potassium ions were
not defined because of the severe disorder. The molecular and packing structures are
shown in Figures 2-13, 2-14, and 2-15. The crystallographic data are summarized in
Table 2-1 and the selected bond distances and angles are listed in Table 2-2.

The complex-anion of (Ai)>-[1]> has an S-bridged Au'sCo"', pentanuclear

structure. Each Co™" atom has an octahedral geometry coordinated by three bidentate
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L-cys-N,S ligands in a facial fashion (av. Co-S = 2.24 A, Co—N = 2.00 A), and adopts a
A configuration. Two A -[Co(L-cys)s]* units are linked by three linear Au' atoms
through S atoms (av. Au-S = 2.31 A, S—Au-S = 175.9°). All six S atoms adopt an S
configuration, and only the (A_.1)2(S)s isomer exists in crystal. The L-cys N,S-chelate
rings in the A configurational [Co(L-cys)s]>" units adopt a lel (A for A) conformation
with free COO™ groups pointing to an equatorial orientation. Three Au' atoms are
arranged in a triangle form with the averaged Au---Au distance of 2.98 A, indicative of
the presence of an aurophilic interaction,® and three S-Au-S linkages are twisted to
form a triple-stranded helical structure with a left handedness. The (ALLL)2-[1]° units
are connected to each other through intermolecular Au---Au interactions (av. Au---Au =
2.99 A) to form a right-handed helical chain structure (Figure 2-14). The helical chains
are arranged in a parallel manner, and are connected to each other through hydrogen
bonds between amine and carboxylate groups (av. NH---O = 2.984 A) and through
coordination bonds between carboxylate groups and potassium ions (Figure 2-15).

(b) (ALiL)2-[Co'"'s(aet)e] [Au'sCo™a(L-cys)e] ((Avir)z-[Co"'s(aet)e][1])

The crystal structure of (ALLL)2-[Cos(aet)s][1] consists of a trinuclear complex-cation
([Cos(aet)s]*") and a pentanuclear complex-anion ([1]*") besides water molecules of
crystallization. The molecular and packing structures are shown in Figures 2-16, 2-17,
2-18 and 2-19. The crystallographic data are summarized in Table 2-1 and the selected
bond distances and angles are listed in Table 2-3.

The structure of (AiL)2-[1]° in (ALLL)2-[Cos(aet)s][1] is essentially the same as that
in (ALLL)2-Ks[1], having an S-bridged Au'sCo"', pentanuclear structure (Figure 2-16).
The coordination geometry around the Co"" centers is N3S; octahedral, coordinated by
three bidentate-N,S L-cys ligands (av. Co-S = 2.26 A, Co-N = 2.04 A). Two
[Co(L-cys)s]* units are linked by three Au' ions, and each Au' center is in an S, linear
coordination environment (av. Au-S = 2.29 A, S—~Au-S = 176.1°). Two Co"" centers take
a AL configuration, and all six S atoms adopt an S configuration to give only the
(ALLL)2(S)s isomer. The L-cys N,S-chelate rings in the A_ . configurational
[Co(L-cys)s]* units adopt a lel (A for A) conformation with free COO™ groups pointing
to an equatorial orientation. There exist intramolecular aurophilic interactions between
the triangular Au' ions (av. Au---Au = 2.975(3) A), and three S—~Au-S linkages have a

left-handed helical arrangement. For the cationic part, the S-bridged Co '3 trinuclear

structure is retained, and it was found that the (A), and (A), isomers are disordered in a
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ca. 3:2 ratio. In the packing structure, (Ai)2-[1]* units are connected to each other
through hydrogen bonds between amine and carboxylate groups (av. NH---O = 2.932 A)
to form a hydrogen-bonded 1D chain structure (Figure 2-17). The 1D chains are
arranged in a parallel manner, and the disordered [Cos(aet)s]** units are incorporated
between the chains through hydrogen bonds (av. NH---O = 2.950 A), such that each
complex-cation is surrounded by two complex-anions (Figure 2-18). Each
complex-anion is surrounded by two complex-anions and two complex-cations (Figure
2-19), and as a result, complex-anions and complex-cations are alternately arranged to
construct a 3D hydrogen-bonding network structure (Figure 2-19).

(€) (ALL)a-[Co"'(aet)sl[Au'sCo' 4(L-Cys)12] ((ALrL)a-[Co""'s(aet)e]2[2])

The asymmetric unit of (ApLLL)s-[Cos(aet)s]2[2] contains one complex-anion
((ALL)4+-[2]%) and two complex-cations ([Cos(aet)s]*), besides water molecules. The
molecular and the packing structures of (ApLL)s-[Cos(aet)s]2[2] are shown in Figures
2-20, 2-21, 2-22, 2-23, and 2-24. The crystallographic data are summarized in Table 2-1,
and the selected bond distances and angles are listed in Table 2-4.

The complex-anion ((Avi)+-[2]%) has an S-bridged Au'sCo"'; decanuclear structure.
In (Ac)+-[2]%, two [Co(L-cys)s]* units are bridged by two Au' ions, and two of the

", tetranuclear units are further connected by two linear Au' ions

resulting Au',Co
through S atoms to form an Au'sCo""s decanuclear structure with a D, symmetry. Each
of the Co" centers in (ALL1)s-[2]% is in an N3Ss octahedral geometry coordinated by
three bidentate-N,S L-cys ligands (av. Co-S = 2.25 A, Co-N = 2.00 A), and six Au'
centers are in an S; linear coordination geometry (av. Au-S = 2.31A, S—Au-S = 169.6°).
All four Co" centers take a A configuration, and twelve S atoms take an R
configuration. Thus, only the (Arii)a(R)12 isomer was formed. Two of the three
N,S-chelate rings in each [Co(L-cys)s]* unit adopt an ob (A for A) conformation with
free carboxylate groups pointing to an equatorial orientation, while the remaining one
N,S-chelate ring has a lel (6 for A) conformation with the carboxylate group pointing to
an axial orientation. The axially oriented carboxylate is hydrogen bonded with the
adjacent amine group within the complex-anion (av. NH---O = 2.973 A). There are
seven intramolecular aurophilic interactions in (Ari)s-[2]® with the average Au---Au
distance of 3.05 A. For the complex-cations, two units are crystallographically

independent. Both have the similar S-bridged Co'"s structure with six aet ligands, and

are disordered into two parts. In the one complex-cation, the S and N atoms are
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disordered, and the (A), and (A), isomers exist in a 3:7 ratio. In the other
complex-cation, all atoms are disordered into two parts in an 8:2 ratio. While the major
Co'""'s structure takes a (A), configuration, only the CosSe framework was refined in the

minor part and the chirality about the Co""

centers was not determined. Totally, the (A);
or (A); isomers of [Cos(aet)s]*" exist at an almost equal ratio, and the preference of two
isomers was not determined. In the parking structure, each complex-anion is connected
to six complex-anions through hydrogen bonds between the amine and carboxylate
groups to form a wave-like 2D structure (Figure 2-21). One of the two
crystallographically independent complex-cations is positioned so as to fill the space of
the anionic wave-like structure forming a 2D sheet-like structure (Figure 2-22). In this
sheet, the complex-anion and complex-cation are connected through a single
NH---O0C hydrogen bond. As a result, in the sheet-like structure, each complex-anion
is surrounded by six complex-anions and two complex-cations, whereas each
complex-cation is surrounded by two complex-anions (Figure 2-23). The other
independent complex-cation is positioned in between the hydrogen-bonded 2D network
without significant intermolecular interactions (Figure 2-24).

11-3-3 Chiral and Structural Conversions between (A_)>-[Au'sCo"',(L-cys)s]*
(ALLo)2-[11%), (ALLL)2-[Au'sCo''y(L-cys)e]* (ALL)2-[11%), and
(Acn)a[Au'sCo"u(L-cys)1a]™ ((Au)a[2]7)

The reaction of (ALiL)2-Ks[1] with (A)2/(A)2-[Cos(aet)s](NO3); in a 1:2 ratio in a
neutral aqueous solution (pH ~7) gave the cocrystallized compound of the starting
materials ((A_LL)2-[Cos(aet)s][1]). On the other hand, the similar reaction in a basic
solution (pH ~9) led to the chiral inversion and structural conversion of the
complex-anion to afford the cocrystallized compound of (ApLL)s-[Cos(aet)s]2[2]. To
clarify the mechanism of such unique chiral inversion and structural conversion that
occurred only in a basic condition, the influence of the solution pH on the conversions
was investigated by the absorption, CD, and 'H NMR spectral measurements of
(ALLL)2-Ks[1] in different pH conditions. The absorption and CD spectra in a neutral
aqueous solution (pH ~7) did not change for 1 week (Figure 2-25), indicative of the

retention of the Au'sCo""

, structure with the A configurational [Co(L-cys)s]*>” moieties.
On the other hand, the CD spectral pattern in a basic solution (pH ~9) changed with
time to show an almost opposite pattern after 1 week, while the absorption spectra did

not change significantly (Figure 2-26). These results indicate that the chirality about the
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Co"" centers in (ALL1)2-[1]* was inverted from A to A only in a basic condition. The *H
NMR spectra of (A.i)>-[1]* in D,O in both neutral and basic conditions were also
measured. As expected, the *H NMR spectrum of (A ).-[1]* showed one set of L-cys
signals (Figure 2-27), and no spectral change was observed in a neutral solution (pH ~7)
(Figure 2-27). On the other hand, in a basic solution (pH ~9), the signals of (A . )2-[1]*
became smaller and another set of L-cys signals appeared with time (Figure 2-28).
Consequently, there exists newly formed single species as a main product in the solution
after 8 days (Figure 2-28). If the D, symmetrical structure of (Ari)s-[2]° exists in
solution, three sets of L-cys signals should be observed. The presence of only one set of
signals in the '"H NMR spectrum indicates that this new species does not have the
Au'sCo"'s decanuclear structure, but has another symmetrical structure with the A
configurational Co"' centers. This compound was successfully isolated as potassium
salts ((ALLL)2-Ks[1]) by adding EtOH to the solution. Absorption and CD spectra of
(AvLLL)2-Ks[1] in water are similar to those of the reaction solution, respectively (Figure
2-3). Elemental analytical data are consistent with the formula for the potassium salt of

the L-cysteinato Au'sCo"

» complex. Unfortunately, many trials to get good single
crystals of (ArL)2-Ks[1] were failed, but the ESI mass spectrum in methanol/water (1:1)
showed a trianionic signal at m/z 474.20, which corresponds to [1]* (Figure 2-6). From

these results, it is assumed that the new compound has an Au';Co"

structure  in (Aril)2-[AusCoa(L-cys)s]®  ((Aw)-[1]%), in which two Ai
configurational [Co(L-cys)s]® units are bridged by three linear Au' atoms. The same

» pentanuclear

complex, (AvLL)2-[AusCoa(L-cys)s]®, was synthesized by the stepwise reaction of
[Ni(L-cys).]* and Au', followed by the metal substitution of Ni" ion to Co"' ion.>® The
spectral features are same as the reported one. Since the molecular modeling study
demonstrated that the coordinated S atoms should adopt the R configuration, only the
(ALLL)2(R)s isomer might be formed. Focused on the chiral inversion behavior, the
(ALLL)2(S)s isomer in (Au)o-[1]F was inverted to the (Ar)2(R)s isomer in
(ALLL)2-[1]* at once, and thus, the cooperative multiple chiral inversion successfully

occurred with the retention of the S-bridged Au'sCo""; structure only in a basic solution.

From the pH dependent spectral changes, (A.i.).-[1]*" was found to show the
multiple chiral inversion to give (AL )2-[1]* in a basic solution, but the factor that
causes the structural conversion from (AL )2-[11° to (ALi)+-[2]° is still unclear. As
mentioned in Scheme 2-1, the structural conversion occurred to afford black crystals of

(ALLL)s-[Cos(aet)s]2[2], when (AviL)2-[1]F was mixed with [Cos(aet)s]** in water. To
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check whether the Au'sCo"'; decanuclear structure was formed in the solution state in
the presence of [Cos(aet)e]**, the *H NMR spectra of the mixture of (Ar.L)2-[1]* and
[Cos(aet)s]*" in D,O was measured. As a result, only the signals attributed to
(ALLL)2-[1]* as an anionic component were observed (Figure 2-29). Therefore, we

", decanuclear structure in (Apiy)s-[2]*

concluded that the A configurational Au'sCo
was formed upon the crystallization with [Cos(aet)s]**. This might be due to the
stabilization by the presence of seven intramolecular aurophilic interactions (Figure
2-20). A good shape matching between (Ar11)+-[2]% and [Cos(aet)s]* also contributes
to the formation of (ALL.)+-[2]° because of the presence of the efficient intermolecular
anion-anion and cation-anion hydrogen bonding interactions that leads to the quite low
solubility of (ALLL)s-[Cos(aet)s]2[2] into water. To show the importance of the molecular
shape, the similar reaction using [CoRh,(aet)s]** that has a similar S-bridged trinuclear
structure with [Cos(aet)s]®*, instead of [Cos(aet)s]®*, was performed. Expectedly,
treatment of (ALLL)2-Ks[1] and [CoRh,(aet)s](NOs3)s resulted in the structural conversion
to give the cocrystallized compound consisting of (ALi.)s-[2]° and [CoRh,(aet)s]*" in a
1:2 ratio. This was evidenced by the 'H NMR, absorption, and CD spectral
measurements as well as elemental analysis and preliminary single-crystal X-ray
analysis. On the other hand, the reaction of (ArLL)2-Ks[1] and [Co(en);](NO3); did not
lead to the formation of (AL )s-[2]®, but gave the cocrystallized compound of two
starting materials, (A.L)>-[Co(en)s][1]. Together with the fact that (Ai.).-[1]* was not

converted to the corresponding Au'sCo"', decanuclear structure upon the crystallization

with [Cos(aet)s]**, the molecular shape of the complex-cation is essential for the

", decanuclear structure in (A )s-[2]°

formation of the Au'sCo

Considering the speculation of the importance of the good shape matching for the
structural conversion, (Api.)s-[2]% is possible to revert back to (AiiL)z-[1]* upon
dissolution, because (Arii)s-[2]® is essentially not affected by [Cos(aet)s]®*" and
behaves as a well-isolated species in the solution state. Thus, the structure of
(ALLL)s-[2]% in the solution state was studied by the *H NMR spectral measurements.
As shown in Figure 2-30, the spectrum of (A_L)s-[Cos(aet)s]2[2] just after dissolving in
a NaNOjs solution of D,O shows three sets of L-cys signals attributed to (A )s-[2]°
The signals of (Ar.)s-[2]° disappeared almost completely after 9 h, and instead, those

of (AwL)2-[1]* were observed, suggesting that the Au'sCo"'; decanuclear species

((ALL)s-[2]%) was converted to the Au'sCo", pentanuclear species ((AiiL)z-[1]%)

retaining the A . configuration around the Co" centers. Therefore, the reversible
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structural  conversion  between  (AL)>-[1]F  and  (Aww)s[2]>  upon

crystallization/dissolution was successful.
Because the understanding of the mechanism of the multiple chiral inversion

between (ALi)2-[1]° and (Aril)2-[1]* in basic/acidic conditions is important, the
structures of (Arr1)2-[1]° and (ALL)4-[2]° are compared in detail focused on the lel/ob
conformations and the directions of free carboxylate groups (equatorial/axial). In
general, the lel conformation (A for A and & for A) is thermodynamically stable than the
ob conformation (6 for A and A for A), and the equatorial orientation of a free
carboxylate group is favorable than the axial orientation.® In (ALi.)2-[1], all the L-cys
N,S-chelate rings in the A configurational [Co(L-cys)s]* units adopt a lel (A for A)
conformation with free COO™ groups pointing to an equatorial orientation. This
indicates that (A_.).-[1]* is a thermodynamically favorable product. On the other hand,
in each of the A configurational [Co(L-cys)s]>™ unit in (AL )s-[2]%, two of three L-cys
N,S-chelate rings adopt an ob (A for A) conformation with free carboxylate groups
pointing to an equatorial orientation, while the remaining one N,S-chelate ring has a lel
(6 for A) conformation with carboxylate groups pointing to an axial orientation. This
thermodynamically unstable structure is stabilized by intramolecular hydrogen bonds
between the axially oriented carboxylate and adjacent amine groups. Similar hydrogen
bonding interactions were also observed in  (Ai.)>-[Cos(L-cys)s]>” and
(ALLL)2-[AusNip(L-cys)s]”.**>° Unfortunately, the structural features of the lel/ob
conformations and the orientation of carboxylate groups in (Ai.L)2-[1]* could not be
determined due to the low crystallinity. However, it is speculated that the A

" centers in (ALLL)2-[1]° might be also stabilized by the

configuration around the Co
intramolecular hydrogen bonding interactions. In the basic condition, these
intramolecular hydrogen bonds easily formed compared with the neutral condition,
because of the presence of the completely deprotonated carboxylate groups. In the
neutral condition, the hydrogen bonds are not stable compared with the basic condition,
because the carboxylate groups might be partially protonated. Therefore, we suppose
that the most conceivable factor responsible for determining the chirality around the
Co"' centers is the protonation/deprotonation of the carboxy groups. Previously, the
similar A_-A_ chiral inversion in the ruthenabenzene with L-cysteinate induced by the
protonation/deprotonation of the carboxy group was reported.® The chiral inversions
from (ALLL)2(R)s to (ALLL)2(S)s isomers did not occur, which might be because it is
difficult to cleave the stable intramolecular hydrogen bonds in the solid state.
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11-4  Summary

In this chapter, the unique multiple chiral inversion and structural conversion in the
L-cysteinato  Au'Co"  system  was  demonstrated. The reaction  of
(ALLL)2-[AusCoa(L-cys)s]® ((ALL)2-[1]%) and [Cos(aet)s]*" in a neutral aqueous solution
gave black crystals of (A_LL)2-[Cos(aet)g][1] with the retention of both cationic and
anionic structures. On the other hand, the similar reaction in a basic solution gave black
crystals of (ALLL)s-[Cos(aet)s]2[AusCos(L-Cys)12] ((ALLL)s-[Cos(aet)s]2[2]), accompanied
with the chiral and structural conversions. From the spectral measurements, it was
found that the multiple chiral inversion from (Ai)2-[1]° to (ALLL)2-[1]* was induced
by the pH control, and subsequently, the structural conversion to (Ar.1)4-[2]° occurred
upon the crystallization with [Cos(aet)s]**. In the chiral inversion process, the
cooperative multiple chiral inversion occurred from (ApL1)2(S)s t0 (ALLL)2(R)s retaining
the Au'sCo"', pentanuclear structure, and this system belongs to “strongly correlated
chiral system™ that shows cooperative multiple chiral inversions. The further structural

, pentanuclear to Au'sCo"'; decanuclear structures

conversion from the Au'sCo
retaining the chirality around the Co™ centers is promoted by the stabilization through
the formation of the many intramolecular aurophilic interactions, as well as by the good
shape matching of the complex-cation and complex-anion that leads to the quite low
solubility. The similar structural conversion was not observed using (A.i.).-[1]*". The
creation of such a unique coordination compound that has relatively inert metal centers
and shows a multiple chiral inversion and a structural conversion is unprecedented.

", decanuclear structure in (AL )s-[2]° was converted back to

Interestingly, the Au'sCo
(ArLLL)2-[1]* by dissolution. Thus, we succeeded in the construction of “strongly
correlated chiral system™ that also shows the structural conversion in the coordination

system with the inert metal centers.
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Figure 2-1. IR spectra of (a) (ALLL)2-Ks[1], (b) (ALiL)2-Ka[1], () (ALLr)2-[Cos(aet)s][1],

(d) (Ar)s-[Cos(aet)s][2], () (Ari)a-[CoRha(aet)e]o[2], and (f) (Arii)2-[Co(en)s][1]
(KBr disk).
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Figure 2-2. *H NMR spectrum of (A_.1)2>-Ks[1] in D20.
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Figure 2-3. Absorption and CD spectra of (Ap1)2-Ks[1] (—) and (ArLL)2-Ks3[1] (---) in

water.
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Figure 2-4. Reflection and CD spectra of (ALL1)2-Ks[1] (—) and (ArLL)2-Ks[1] (---) in
the solid state. For (A_LL)2-Ks[1], reflection spectrum [A / nm]: 560, 434; CD spectrum
[A / nm]: 509 (-), 447 (+), 404 (-), 376 (-). For (ALLL)2-K3[1], reflection spectrum [A /
nm]: 550, 434; CD spectrum [1 / nm]: 522 (+), 450 (-), 410 (+), 377 (-).
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Figure 2-5. "H NMR spectrum of (A..)2-Ks[1] in D,O.
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Figure 2-6. (a) ESI mass spectrum of (Ap.)2-Ks[1] in water/methanol (1:1). (b) The
observed spectrum and (c) the calculated isotope pattern of the dominant signal (m/z =

474.26).
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Figure 2-7. Reflection and CD spectra of (A_LL)2-[Cos(aet)s][1] (—) and
(ALLL)s-[Cos(aet)s]2[2] (---) in the solid state. For (ApLL)2-[Cos(aet)s][1], reflection
spectrum [A / nm]: 560, 437, 348; CD spectrum [1/ nm]: 577 (-), 451 (+), 398 (-), 365
(). For (ArLL)4-[Cos(aet)g]2[2], reflection spectrum [A / nm]: 580, 450, 360; CD
spectrum [4 / nm]: 560 (+), 460 (-), 395 (+), 355 (+).
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Figure 2-8. Absorption and CD spectra

of (Acii)2-[Cos(aet)e][1] (—) and

(ALLL)s-[Cos(aet)s]2[2] (---) in a NaNO3z aqueous solution. For (A L)2-[Cos(aet)s][1],

absorption spectrumn [4/nm (log &/ mol™* dm?

cm B 560 (3.52), 437 (3.85), 339

(4.45), 280 (4.73), 257 (4.79); CD spectrum [A/ nm (Ae/ mol™ dm® cm™)]: 573 (=20.27),
520 (+1.80), 450 (+12.25), 385 (-21.17), 355 (-21.07), 311 (-48.94), 254 (+104.81), 234
(+8.59), 221 (-4.91), 207 (+48.81). For (ArLL)4-[Cos(aet)s]2[2], absorption spectrum
[2/nm (log &/ mol™* dm® cm™)]: 574 (3.74), 439 (4.15), 343 (4.70); CD spectrum
[Z/nm (Ae/ mol™ dm® cm™)]: 561 (+39.90), 467 (—25.00), 392 (+29.15), 301 (+16.75),

288 (+17.46).

40



Reflection

KIM

300 400 500 600 700
Al nm

Figure 2-9. Reflection and CD spectra of (A_LL)s-[CoRhy(aet)s]2[2] (—) together with
those of (ALLL)4-[Cos(aet)s]2[2] (---) in the solid state. For (ArLLL)s-[CoRhy(aet)s]2[2],
reflection spectrum [A / nm]: 579, 539, 336; CD spectrum [A / nm]: 632 (-), 553 (+), 416
(+), 370 ().
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Figure 2-10. Absorption and CD spectra of (A_LL)s-[CoRhy(aet)s]2[2] (—) in a NaNO3
aqueous solution together with those of (AL)s[Cos(aet)s]2[2] (---). For
(ALLL)s-[CoRh,(aet)s]2[2], absorption spectrum [A/nm (log &/ mol™ dm® cm™)]: 585
(3.02), 423 (3.77); CD spectrum [A/nm (Ae / mol™* dm® cm™)]: 619 (~7.80), 556
(+12.37), 469 (-10.66), 411 (+51.54), 365 (+21.00), 334 (+45.46).
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Figure 2-11. 'H NMR spectra of (a) (Ai)s-[Cos(aet)s]z[2],  (b)
(ALLL)s-[CoRhy(aet)s]2[2], and (c) (ALLL)2-[Co(en)s][1] in a NaNOs solution of D,O.
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Figure 2-12. (a) Reflection and CD spectra of (AL )2-[Co(en)s][1] in the solid state. (b)
Absorption and CD spectra of (ArLL)2-[Co(en)s][1] in a NaNO3 aqueous solution. For
reflection spectrum [A / nm]: 572, 436, 340; CD spectrum [A / nm]: 520 (+), 450 (-), 410
(+), 375 (+), 320 (+). For absorption spectrum [A/nm (log &/ mol™* dm® cm™)]: 573
(2.84), 443 (3.02); CD spectrum [A/ nm (Ae/ mol™* dm® ecm™)]: 579 (+2.79), 457 (-1.85),

360 (+3.09).
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Figure 2-13. Perspective views of (Ai1)2-[1] in (ALL)2-Ks[1]-7.5H,0 with the atomic
labeling scheme. Symmetry code: (#) X,—y+1,—-z+1.
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Figure 2-14. Perspective views of a right-handed helical chain structures of
(ALLL)2-Ks[1] (a) along a axis and (b) along ¢ axis.
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Figure 2-15. Packing structure of (AL )2-Ks[1] (a) along b axis and (b) along c axis.
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(@)

(b)

Figure 2-16. Perspective views of (a) [Cos(aet)s]*" and (b) [1]* in (ALL.)--[Cos(aet)s][1]
with the labeling scheme. Hydrogen atoms are omitted for clarity.

Figure 2-17. 1D chain structure composed of the complex-anions in

(ALLL)2-[Cos(aet)g][1]. Dashed line represents hydrogen bonds.
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(b)

Figure 2-18. Perspective view of intermolecular interactions (a) around each
complex-anion and (b) around each complex-cation in (A_)2-[Cos(aet)s][1].

Figure 2-19. Crystal structure of (A_ 1 )2-[Cos(aet)s][1] viewing from a axis. Dark gray
and light gray molecules represent complex-cation and complex-anion, respectively.
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Figure 2-20. Crystal structural description of (a) complex-anion, (b) complex-cations,

and (c) intramolecular aurophilic interactions in (ApLL)4-[Cos(aet)s]2[2].
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(a)

(b)

Figure 2-21. Perspective view of wave-like 2D structure composed of complex-anions

in (ALLL)s-[Cos(aet)s]2[2] viewing from (a) a axis and (b) ¢ axis.
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(b)

Figure 2-22. Perspective views of 2D sheet-like structure composed of complex-anions
and complex-cations in (ApLL)s-[Cos(aet)s]2[2] viewing from (a) a axis and (b) ¢ axis.
Dark gray and light gray molecules represent complex-cation and complex-anion,

respectively.
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Figure 2-23. Perspective views of intermolecular interactions (a) around each

complex-anion and (b) around each complex-cation in (ApLL)s-[Cos(aet)s]o[2]. Dark
gray and light gray molecules represent complex-cation and complex-anion,

respectively.
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Figure 2-24. Packing structure of (A, )s-[Cos(aet)s][2] viewing from a axis. Dark gray,
gray, and light gray molecules represent complex-cation forming no significant
intermolecular interactions, complex-cation forming intermolecular hydrogen bonds,

and complex-anion, respectively.
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Figure 2-25. Absorption and CD spectral change of (A..)2-[1]* in water (pH 7). The
mixture was stood at room temperature for 1 week. Start (—) and after 1 week (---).
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Figure 2-26. Absorption and CD spectral change of (A.L)2-[1]* in a basic agueous
solution (pH 9). The mixture was stood at room temperature for 1 week.
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Figure 2-27. The *H NMR spectral change of (A1 ).-[1]*" in a neutral aqueous solution

(pH 7).
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Figure 2-28. The 'H NMR spectral change of (A..1).-[1]*" in a basic aqueous solution
(pH 9).
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Figure 2-29. *H NMR spectrum of the mixture of (A.)2-[1]* and [Cos(aet)]*" in
D,O.
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Figure 2-30. The *H NMR spectral change of (A1 )s-[Cos(aet)s]2[2] in a NaNO;
aqueous D,0O solution.
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Table 2-1. Crystallographic data of complexes.

(ALLL)Z‘ K3 [1] -7.5H20

(ALLL)Z' [COg(aet)e] [1] -18H,0

(ALLL)4-[C03(aet)6]2[2] -20H,0

Empirical formula
Formula weight
Crystal system
Space group

all

b/A

c/A

Bl

V/A3

z

T/K

I(int)

Pealcd / g Cm_s

u(Mo Ko) / cm™
0Max

Total no. of data
No. of unique data
No. of parameters
R1, wR2 (1>26(1))*"
R1, wR2 (all data)*”

a) R1=Z|(|Fo| - [Fe)I/Z(IFol)-

C18H45AU3C02K3N6O19.5S6
1676.02

Orthorhombic

C222,

14.0324(16)

27.535(3)

21.739(3)

8399.5(17)
8

200(2)

0.1531

2.651

11.891

54.96

33491

9623

289

0.1005, 0.1688
0.1757, 0.1921

C30H102AU3C05N12030S12
2381.51
Monoclinic
P2,

12.6999(3)
26.2905(6)
12.9054(3)
114.946(8)
3906.94(16)

2

200(2)

0.1531

2.024

7.041

54.96

30845

16779

725

0.0479, 0.1261
0.0507, 0.1294

b) WR2 = {ZW(|Fo| - |Fd|)2/Zw(|Fo|)*} 2.

59

CeoH172AUsC010N24044S24
4474.76

Orthorhombic

P2:2:21

14.2119(14)

22.117(2)

52.158(5)

6394(3)
4

200(2)

0.0600

1.813

6.699

54.98

107851

36933

841

0.0885, 0.2318
0.1089, 0.2387



Table 2-2. Selected bond distances and angles of (ApL)2-Ks[1].

Au(1)-S(1)
Au(1)-S(3)#1
Au(1)-Au(2)
Au(1)-Au(3)
Au(1)-Au(1)#1
Au(2)-S(2)#1
Au(2)-S(2)
Au(2)-Au(1)#1
Co(1)-N(2)
Co(1)-N(3)
Co(1)-N(1)
Co(1)-S(2)
Co(1)-S(2)
Co(1)-S(3)
Au(3)-S(6)#2
Au(3)-S(4)
Au(3)-Au(3)#2
Au(3)-Au(4)
Au(4)-S(5)#2
Au(4)-S(5)

S(1)-Au(1)-S(3)#1
S(2)#1-Au(2)-S(2)
S(2)-Au(2)-Au(1)#1
S(6)#2-Au(3)-S(4)
S(5)#2-Au(4)-S(5)
S(5)-Au(4)-Au(3)#2

N(2)-Co(1)-N(3)
N(2)-Co(1)-N(1)
N(3)-Co(1)-N(1)
N(2)-Co(1)-S(1)
N(3)-Co(1)-S(1)
N(1)-Co(1)-S(1)
N(2)-Co(1)-S(2)
N(3)-Co(1)-S(2)

Bond distances (A)

2.312(6) Au(4)-Au(3)#2
2.313(7) Co(2)-N(4)
2.9642(16) Co(2)-N(6)
2.9847(14) Co(2)-N(5)
2.996(2) Co(2)-S(4)
2.282(8) Co(2)-S(6)
2.282(8) Co(2)-S(5)
2.9642(16)  Au(3)-S(6)#2
1.97(2) Au(3)-S(4)
1.975(19) Au(3)-Au(3)#2
2.016(18) Au(3)-Au(4)
2.245(7) Au(4)-S(5)#2
2.251(8) Au(4)-S(5)
2.258(7) Au(4)-Au(3)#2
2.317(7) Co(2)-N(4)
2.328(6) Co(2)-N(6)
2.961(2) Co(2)-N(5)
2.9848(16) Co(2)-S(4)
2.296(7) Co(2)-S(6)
2.296(7) Co(2)-S(5)
Angles (°)
179.0(2) N(1)-Co(1)-S(2)
176.6(4) S(1)-Co(1)-S(2)
83.56(18) N(2)-Co(1)-S(3)
174.6(2) N(3)-Co(1)-S(3)
172.1(4) N(1)-Co(1)-S(3)
87.9(2) S(1)-Co(1)-S(3)
88.5(8) S(2)-Co(1)-S(3)
86.0(8) N(4)-Co(2)-N(6)
89.1(8) N(4)-Co(2)-N(5)
90.0(7) N(6)-Co(2)-N(5)
176.6(6) N(4)-Co(2)-S(4)
87.8(6) N(6)-Co(2)-S(4)
88.5(6) N(5)-Co(2)-S(4)
92.0(6) N(4)-Co(2)-S(6)

2.9848(16)
1.951(19)
2.04(2)
2.06(2)
2.216(8)
2.255(8)
2.257(9)
2.317(7)
2.328(6)
2.961(2)
2.9848(16)
2.296(7)
2.296(7)
2.9848(16)
1.951(19)
2.04(2)
2.06(2)
2.216(8)
2.255(8)
2.257(9)

174.4(6)
91.0(3)
176.0(7)
88.0(6)
92.0(6)
93.4(3)
93.5(3)
90.6(9)
87.2(8)
92.7(9)
86.5(6)
176.4(7)
89.4(6)
90.7(6)



Table 2-2. (continued)
N(6)-Co(2)-S(6)
N(5)-Co(2)-S(6)
S(4)-Co(2)-S(6)
N(4)-Co(2)-S(5)

84.7(7)
176.6(7)
93.1(3)
175.3(7)

N(5)-Co(2)-S(5)
N(6)-Co(2)-S(5)
S(4)-Co(2)-S(5)
S(6)-Co(2)-S(5)

88.1(6)
89.8(7)
93.3(3)
94.0(3)

Symmetry codes: (#1) —x,y,—z+3/2, (#2) x,~y+1,—z+1.
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Table 2-3. Selected bond distances and angles of (A_..)2-[Cos(aet)s][1].

Bond distances (A)

Au(1)-S(4) 2.2905(8) Co(3)-S(15) 2.2204(15)
Au(1)-S(1) 2.2919(7) Co(3)-S(7) 2.260(2)
Au(1)-Au(3) 2.96699(17)  Co(3)-S(8) 2.279(2)
Au(1)-Au(2) 2.9737(2) Co(3)-S(9) 2.2795(19)
Au(2)-S(5) 2.2846(7) Co(4)-S(9) 2.182(2)
Au(2)-S(2) 2.2908(7) Co(4)-S(7) 2.223(2)
Au(2)-Au(3) 2.9854(2) Co(4)-S(18) 2.2279(16)
Au(3)-S(6) 2.2993(7) Co(4)-S(17) 2.2353(15)
Au(3)-S(3) 2.3038(7) Co(4)-S(16) 2.2524(13)
Co(1)-N(3) 1.981(3) Co(4)-S(8) 2.255(2)
Co(1)-N(2) 2.000(3) Co(4)-S(13) 2.2733(15)
Co(1)-N(1) 2.007(2) Co(4)-S(11) 2.284(2)
Co(1)-S(2) 2.2457(10) Co(4)-S(14) 2.2919(15)
Co(1)-S(2) 2.2557(10) Co(4)-S(10) 2.301(2)
Co(1)-S(3) 2.2578(8) Co(4)-S(15) 2.3026(17)
Co(2)-N(6) 1.976(2) Co(4)-S(12) 2.312(2)
Co(2)-N(4) 2.001(3) Co(5)-N(11) 1.902(5)
Co(2)-N(5) 2.008(3) Co(5)-N(12) 1.953(5)
Co(2)-S(5) 2.2549(10) Co(5)-N(16) 1.959(6)
Co(2)-S(4) 2.2579(8) Co(5)-N(10) 1.997(6)
Co(2)-S(6) 2.2780(9) Co(5)-N(14) 2.031(8)
Co(3)-N(19) 1.945(7) Co(5)-N(15) 2.075(7)
Co(3)-N(18) 1.961(10) Co(5)-S(11) 2.156(2)
Co(3)-N(7) 2.005(6) Co(5)-S(10) 2.190(2)
Co(3)-N(8) 2.005(5) Co(5)-S(18) 2.2197(14)
Co(3)-N(17) 2.013(7) Co(5)-S(17) 2.2587(15)
Co(3)-N(13) 2.036(6) Co(5)-S(12) 2.261(2)
Co(3)-S(14) 2.2083(15) Co(5)-S(16) 2.2865(13)
Co(3)-S(13) 2.2186(18)

Angles (°)
S(4)-Au(1)-S(1) 174.80(3) N(2)-Co(1)-N(1) 89.47(11)
S(5)-Au(2)-S(2) 176.22(3) N(3)-Co(1)-S(2) 88.63(9)
S(6)-Au(3)-S(3) 177.16(3) N(2)-Co(1)-S(1) 175.90(7)
N(3)-Co(1)-N(2) 90.48(12) N(1)-Co(1)-S(2) 86.55(8)
N(3)-Co(1)-N(1) 91.34(11) N(3)-Co(1)-S(2) 175.97(9)
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Table 2-3. (continued)

N(2)-Co(1)-S(2)
N(1)-Co(1)-S(2)
S(1)-Co(1)-5(2)
N(3)-Co(1)-S(3)
N(2)-Co(1)-5(3)
N(1)-Co(1)-S(3)
S(1)-Co(1)-S(3)
S(2)-Co(1)-S(3)
N(6)-Co(2)-N(4)
N(6)-Co(2)-N(5)
N(4)-Co(2)-N(5)
N(6)-Co(2)-S(5)
N(4)-Co(2)-S(5)
N(5)-Co(2)-S(5)
N(6)-Co(2)-S(4)
N(4)-Co(2)-S(4)
N(5)-Co(2)-S(4)
S(5)-Co(2)-S(4)
N(6)-Co(2)-S(6)
N(4)-Co(2)-S(6)
N(5)-Co(2)-S(6)
S(5)-Co(2)-S(6)
S(4)-Co(2)-S(6)
N(19)-Co(3)-N(18)
N(19)-Co(3)-N(7)
N(18)-Co(3)-N(7)
N(19)-Co(3)-N(8)
N(18)-Co(3)-N(8)
N(7)-Co(3)-N(8)
N(19)-Co(3)-N(17)
N(18)-Co(3)-N(17)
N(7)-Co(3)-N(17)
N(8)-Co(3)-N(17)
N(19)-Co(3)-N(13)
N(18)-Co(3)-N(13)
N(7)-Co(3)-N(13)
N(8)-Co(3)-N(13)

85.85(9)
90.30(9)
95.15(3)
86.42(7)
91.14(8)
177.68(9)
92.80(3)
91.98(3)
90.48(10)
88.27(11)
89.19(12)
89.83(9)
176.12(8)
86.96(10)
176.99(9)
86.55(7)
91.19(8)
93.10(3)
85.80(8)
90.02(8)
174.01(8)
93.86(3)
94.69(3)
92.2(4)
32.1(3)
65.5(3)
60.5(3)
113.3(3)
88.7(2)
96.0(3)
94.2(3)
114.1(3)
40.9(2)
107.7(3)
36.2(3)
92.9(2)
92.3(2)
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N(17)-Co(3)-N(13)
N(19)-Co(3)-S(14)
N(18)-Co(3)-S(14)
N(7)-Co(3)-S(14)
N(8)-Co(3)-S(14)
N(17)-Co(3)-S(14)
N(13)-Co(3)-S(14)
N(19)-Co(3)-S(13)
N(18)-Co(3)-S(13)
N(7)-Co(3)-S(13)
N(8)-Co(3)-S(13)
N(17)-Co(3)-S(13)
N(13)-Co(3)-S(13)
S(14)-Co(3)-S(13)
N(19)-Co(3)-S(15)
N(18)-Co(3)-S(15)
N(7)-Co(3)-S(15)
N(8)-Co(3)-S(15)
N(17)-Co(3)-S(15)
N(13)-Co(3)-S(15)
S(14)-Co(3)-S(15)
S(13)-Co(3)-S(15)
N(19)-Co(3)-S(7)
N(18)-Co(3)-S(7)
N(7)-Co(3)-S(7)
N(8)-Co(3)-S(7)
N(17)-Co(3)-S(7)
N(13)-Co(3)-S(7)
S(14)-Co(3)-S(7)
S(13)-Co(3)-S(7)
S(15)-Co(3)-S(7)
N(19)-Co(3)-S(8)
N(18)-Co(3)-S(8)
N(7)-Co(3)-S(8)
N(8)-Co(3)-S(8)
N(17)-Co(3)-S(8)
N(13)-Co(3)-S(8)

60.8(2)
143.7(2)
120.7(2)
173.37(19)

90.39(16)

68.9(2)

93.65(16)

75.7(3)
140.9(2)

87.91(19)

93.09(16)
123.6(2)
174.61(16)

85.58(6)
122.4(2)

69.8(3)

94.87(18)
176.09(18)
137.92(16)

89.24(16)

85.90(6)

85.39(6)

90.0(2)

94.1(3)

75.3(2)
139.11(14)
169.5(2)
125.34(17)
101.34(7)

49.81(7)

41.00(6)

97.5(3)
169.9(3)
122.56(18)

74.38(18)

87.7(2)
140.88(16)



Table 2-3. (continued)

S(14)-Co(3)-S(8) 50.95(6) S(7)-Co(4)-S(11) 92.90(8)
S(13)-Co(3)-S(8) 40.75(6) S(18)-Co(4)-S(11) 97.51(7)
S(15)-Co(3)-S(8) 102.23(7) S(17)-Co(4)-S(11) 37.62(5)
S(7)-Co(3)-S(8) 83.01(8) S(16)-Co(4)-S(11) 50.38(5)
N(19)-Co(3)-S(9) 172.2(2) S(8)-Co(4)-S(11) 171.28(7)
N(18)-Co(3)-S(9) 87.6(3) S(13)-Co(4)-S(11) 133.00(6)
N(7)-Co(3)-S(9) 142.97(18) S(9)-Co(4)-S(14) 40.24(7)
N(8)-Co(3)-S(9) 126.58(15) S(7)-Co(4)-S(14) 99.89(7)
N(17)-Co(3)-S(9) 91.82(18) S(18)-Co(4)-S(14) 99.93(5)
N(13)-Co(3)-S(9) 76.53(17) S(17)-Co(4)-S(14) 174.47(6)
S(14)-Co(3)-S(9) 40.17(7) S(16)-Co(4)-S(14) 94.64(5)
S(13)-Co(3)-S(9) 99.63(7) S(8)-Co(4)-S(14) 50.26(6)
S(15)-Co(3)-S(9) 50.35(6) S(13)-Co(4)-S(14) 82.41(5)
S(7)-Co(3)-S(9) 82.19(7) S(11)-Co(4)-S(14) 138.45(5)
S(8)-Co(3)-S(9) 82.43(8) S(9)-Co(4)-S(10) 94.44(8)
S(9)-Co(4)-S(7) 85.27(8) S(7)-Co(4)-S(10) 175.34(7)
S(9)-Co(4)-S(18) 132.60(7) S(18)-Co(4)-S(10) 46.34(6)
S(7)-Co(4)-S(18) 136.13(6) S(17)-Co(4)-S(10) 99.34(7)
S(9)-Co(4)-S(17) 134.26(7) S(16)-Co(4)-S(10) 42.63(6)
S(7)-Co(4)-S(17) 77.68(7) S(8)-Co(4)-S(10) 100.22(7)
S(18)-Co(4)-S(17) 85.12(6) S(13)-Co(4)-S(10) 134.90(6)
S(9)-Co(4)-S(16) 77.68(6) S(11)-Co(4)-S(10) 82.62(7)
S(7)-Co(4)-S(16) 132.97(6) S(14)-Co(4)-S(10) 82.76(6)
S(18)-Co(4)-S(16) 83.55(5) S(9)-Co(4)-S(15) 50.47(7)
S(17)-Co(4)-S(16) 83.64(5) S(7)-Co(4)-S(15) 40.54(6)
S(9)-Co(4)-S(8) 85.21(8) S(18)-Co(4)-S(15) 176.60(4)
S(7)-Co(4)-S(8) 84.40(8) S(17)-Co(4)-S(15) 92.95(6)
S(18)-Co(4)-S(8) 78.98(7) S(16)-Co(4)-S(15) 99.04(5)
S(17)-Co(4)-S(8) 133.71(6) S(8)-Co(4)-S(15) 100.46(7)
S(16)-Co(4)-S(8) 136.12(6) S(13)-Co(4)-S(15) 82.26(6)
S(9)-Co(4)-S(13) 100.94(7) S(11)-Co(4)-S(15) 82.57(7)
S(7)-Co(4)-S(13) 49.59(7) S(14)-Co(4)-S(15) 82.11(6)
S(18)-Co(4)-S(13) 95.28(6) S(10)-Co(4)-S(15) 136.91(6)
S(17)-Co(4)-S(13) 99.46(5) S(9)-Co(4)-S(12) 173.52(8)
S(16)-Co(4)-S(13) 176.60(5) S(7)-Co(4)-S(12) 99.64(7)
S(8)-Co(4)-S(13) 40.49(6) S(18)-Co(4)-S(12) 41.19(6)
S(9)-Co(4)-S(11) 102.86(7) S(17)-Co(4)-S(12) 51.57(7)

64



Table 2-3. (continued)

S(16)-Co(4)-S(12)
S(8)-Co(4)-S(12)
S(13)-Co(4)-S(12)
S(11)-Co(4)-S(12)
S(14)-Co(4)-S(12)
S(10)-Co(4)-S(12)
S(15)-Co(4)-S(12)
N(11)-Co(5)-N(12)
N(11)-Co(5)-N(16)
N(12)-Co(5)-N(16)
N(11)-Co(5)-N(10)
N(12)-Co(5)-N(10)
N(16)-Co(5)-N(10)
N(11)-Co(5)-N(14)
N(12)-Co(5)-N(14)
N(16)-Co(5)-N(14)
N(10)-Co(5)-N(14)
N(11)-Co(5)-N(15)
N(12)-Co(5)-N(15)
N(16)-Co(5)-N(15)
N(10)-Co(5)-N(15)
N(14)-Co(5)-N(15)
N(11)-Co(5)-S(11)
N(12)-Co(5)-S(11)
N(16)-Co(5)-S(11)
N(10)-Co(5)-S(11)
N(14)-Co(5)-S(11)
N(15)-Co(5)-S(11)
N(11)-Co(5)-S(10)
N(12)-Co(5)-S(10)
N(16)-Co(5)-S(10)
N(10)-Co(5)-S(10)
N(14)-Co(5)-S(10)
N(15)-Co(5)-S(10)
S(11)-Co(5)-S(10)
N(11)-Co(5)-S(18)
N(12)-Co(5)-S(18)

101.65(7)
91.02(8)
79.37(7)
81.24(7)

133.95(7)
81.02(7)

135.68(6)
97.8(2)

111.3(3)
54.6(2)
95.6(2)
92.5(2)
40.3(2)
56.3(2)
47.6(2)
93.4(3)

116.1(3)
36.4(3)

115.1(3)
94.5(3)
64.0(2)
88.1(3)

122.62(17)

136.62(13)
93.0(2)
70.3(2)

173.3(2)
93.3(2)

136.45(16)
69.37(15)
95.01(19)

125.46(16)
89.3(2)

170.23(19)
88.25(8)
92.96(16)
90.28(14)

N(16)-Co(5)-S(18)
N(10)-Co(5)-S(18)
N(14)-Co(5)-S(18)
N(15)-Co(5)-S(18)
S(11)-Co(5)-S(18)
S(10)-Co(5)-S(18)
N(11)-Co(5)-S(17)
N(12)-Co(5)-S(17)
N(16)-Co(5)-S(17)
N(10)-Co(5)-S(17)
N(14)-Co(5)-S(17)
N(15)-Co(5)-S(17)
S(11)-Co(5)-S(17)
S(10)-Co(5)-S(17)
S(18)-Co(5)-S(17)
N(11)-Co(5)-S(12)
N(12)-Co(5)-S(12)
N(16)-Co(5)-S(12)
N(10)-Co(5)-S(12)
N(14)-Co(5)-S(12)
N(15)-Co(5)-S(12)
S(11)-Co(5)-S(12)
S(10)-Co(5)-S(12)
S(18)-Co(5)-S(12)
S(17)-Co(5)-S(12)
N(11)-Co(5)-S(16)
N(12)-Co(5)-S(16)
N(16)-Co(5)-S(16)
N(10)-Co(5)-S(16)
N(14)-Co(5)-S(16)
N(15)-Co(5)-S(16)
S(11)-Co(5)-S(16)
S(10)-Co(5)-S(16)
S(18)-Co(5)-S(16)
S(17)-Co(5)-S(16)
S(12)-Co(5)-S(16)

138.54(18)
170.59(19)
72.2(2)
122.62(18)
101.64(7)
47.70(5)
89.70(17)
171.22(15)
126.6(2)
91.29(19)
136.41(17)
73.7(2)
38.47(5)
102.02(7)
84.76(5)
69.98(17)
126.67(14)
178.2(2)
138.92(17)
88.3(2)
85.9(2)
85.25(8)
84.61(7)
41.81(6)
51.95(7)
171.34(17)
89.87(14)
76.4(2)
88.08(18)
128.70(19)
142.0(2)
51.42(6)
43.34(6)
82.95(5)
82.35(5)
102.19(7)
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Table 2-4. Selected bond distances and angles of (ALL)s-[Cos(aet)s]2[2].

Bond distances (A)

Au(1)-S(4) 2.293(4) Co(4)-S(11) 2.236(6)
Au(1)-S(1) 2.310(4) Co(4)-S(10) 2.263(5)
Au(1)-Au(2) 2.8857(10)  Co(4)-S(12) 2.267(6)
Au(1)-Au(3) 3.1563(9) Co(5)-N(13) 1.95(3)
Au(2)-S(5) 2.285(4) Co(5)-N(14) 2.00(3)
Au(2)-S(2) 2.298(4) Co(5)-N(15) 2.13(3)
Au(2)-Au(4) 3.1556(9) Co(5)-S(19) 2.15(2)
Au(3)-S(7) 2.316(4) Co(5)-S(15) 2.198(8)
Au(3)-S(3) 2.322(4) Co(5)-S(14) 2.200(9)
Au(4)-S(10) 2.305(4) Co(5)-S(21) 2.22(2)
Au(4)-S(6) 2.322(4) Co(5)-S(13) 2.290(8)
Au(5)-S(11) 2.305(5) Co(5)-S(20) 2.45(2)
Au(5)-S(8) 2.337(5) Co(5)-Co(6) 2.844(4)
Au(6)-S(12) 2.301(5) Co(6)-S(22) 2.127(19)
Au(6)-S(9) 2.306(5) Co(6)-S(19) 2.24(2)
Co(1)-N(1) 1.939(16) Co(6)-S(14) 2.247(8)
Co(1)-N(3) 2.021(15) Co(6)-S(15) 2.251(8)
Co(1)-N(2) 2.032(15) Co(6)-S(13) 2.252(8)
Co(1)-S(1) 2.237(5) Co(6)-S(23) 2.261(18)
Co(1)-S(3) 2.246(5) Co(6)-S(21) 2.27(2)
Co(1)-S(2) 2.247(5) Co(6)-S(18) 2.275(8)
Co(2)-N(6) 1.995(15) Co(6)-S(17) 2.293(8)
Co(2)-N(4) 2.011(13) Co(6)-S(16) 2.294(8)
Co(2)-N(5) 2.107(13) Co(6)-S(20) 2.304(19)
Co(2)-S(6) 2.224(5) Co(6)-S(24) 2.33(2)
Co(2)-S(4) 2.257(5) Co(7)-N(18) 1.91(3)
Co(2)-S(5) 2.278(5) Co(7)-N(17) 1.95(2)
Co(3)-N(7) 1.962(15) Co(7)-N(16) 1.96(2)
Co(3)-N(9) 1.977(15) Co(7)-S(16) 2.207(7)
Co(3)-N(8) 2.00(2) Co(7)-S(24) 2.21(2)
Co(3)-S(8) 2.228(6) Co(7)-S(17) 2.213(8)
Co(3)-S(7) 2.239(5) Co(7)-S(18) 2.282(8)
Co(3)-S(9) 2.251(5) Co(7)-S(23) 2.28(2)
Co(4)-N(11) 1.968(17) Co(7)-S(22) 2.29(2)
Co(4)-N(12) 1.975(17) Co(8)-N(21) 2.07(3)
Co(4)-N(10) 1.992(17) Co(8)-S(26) 2.143(14)
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Table 2-4. (continued)

Co(8)-N(19)
Co(8)-N(20)
Co(8)-S(25)
Co(8)-S(27)
Co(8)-Co(9)
Co(9)-S(28)
Co(9)-S(30)
Co(9)-S(29)
Co(9)-S(26)
Co(9)-S(27)
Co(9)-S(25)
Co(9)-Co(10)
Co(10)-N(22)
Co(10)-N(23)
Co(10)-N(24)
Co(10)-S(29)

S(4)-Au(1)-S(1)
S(5)-Au(2)-S(2)
S(7)-Au(3)-S(3)
S(10)-Au(4)-S(6)
S(11)-Au(5)-S(8)
S(12)-Au(6)-S(9)
N(1)-Co(1)-N(3)
N(1)-Co(1)-N(2)
N(3)-Co(1)-N(2)
N(1)-Co(1)-S(1)
N(3)-Co(1)-S(1)
N(2)-Co(1)-S(1)
N(1)-Co(1)-S(3)
N(3)-Co(1)-S(3)
N(2)-Co(1)-S(3)
S(1)-Co(1)-S(3)
N(1)-Co(1)-S(2)
N(3)-Co(1)-S(2)
N(2)-Co(1)-S(2)

2.15(5) Co(10)-S(28)
2.19(4) Co(10)-S(30)
2.275(13) Co(11)-S(32)
2.335(16) Co(11)-S(31)
2.970(10) Co(11)-S(33)
2.135(14) Co(11)-Co(12)
2.141(12) Co(12)-S(33)
2.181(16) Co(12)-S(31)
2.253(14) Co(12)-S(32)
2.270(18) Co(12)-S(34)
2.291(14) Co(12)-S(36)
2.768(10) Co(12)-S(35)
1.96(3) Co(13)-S(35)
2.00(2) Co(13)-S(34)
2.05(4) Co(13)-S(36)
2.220(17)
Angles (°)
169.01(16) S(1)-Co(1)-S(2)
168.72(16) S(3)-Co(1)-S(2)
172.12(16) N(6)-Co(2)-N(4)
172.40(15) N(6)-Co(2)-N(5)
168.38(18) N(4)-Co(2)-N(5)
167.23(18) N(6)-Co(2)-S(6)
91.0(7) N(4)-Co(2)-S(6)
90.3(7) N(5)-Co(2)-S(6)
90.6(6) N(6)-Co(2)-S(4)
85.8(5) N(4)-Co(2)-S(4)
87.8(5) N(5)-Co(2)-S(4)
175.8(5) S(6)-Co(2)-S(4)
179.0(6) N(6)-Co(2)-S(5)
88.7(4) N(4)-Co(2)-S(5)
90.6(5) N(5)-Co(2)-S(5)
93.25(17) S(6)-Co(2)-S(5)
90.5(5) S(4)-Co(2)-S(5)
175.4(5) N(7)-Co(3)-N(9)
84.9(5) N(7)-Co(3)-N(8)
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2.247(12)
2.251(11)
2.12(5)
2.26(4)
2.47(4)
2.57(2)
1.83(4)
1.98(4)
2.12(5)
2.19(2)
2.39(3)
2.45(4)
2.22(4)
2.25(3)
2.37(4)

96.66(18)
89.89(18)
89.2(6)
91.9(6)
92.2(5)
88.0(4)
90.4(4)
177.4(4)
174.1(5)
85.3(4)
90.5(4)
89.81(17)
89.6(5)
176.6(4)
84.7(4)
92.66(17)
95.93(18)
90.4(6)
91.8(8)



Table 2-4. (continued)

N(9)-Co(3)-N(8)
N(7)-Co(3)-S(8)
N(9)-Co(3)-S(8)
N(8)-Co(3)-S(8)
N(7)-Co(3)-5(7)
N(9)-Co(3)-S(7)
N(8)-Co(3)-S(7)
S(8)-Co(3)-S(7)
N(7)-Co(3)-S(9)
N(9)-Co(3)-S(9)
N(8)-Co(3)-S(9)
S(8)-Co(3)-S(9)
S(7)-Co(3)-S(9)
N(11)-Co(4)-N(12)
N(11)-Co(4)-N(10)
N(12)-Co(4)-N(10)
N(11)-Co(4)-S(11)
N(12)-Co(4)-S(11)
N(10)-Co(4)-S(11)
N(11)-Co(4)-S(10)
N(12)-Co(4)-S(10)
N(10)-Co(4)-S(10)
S(11)-Co(4)-S(10)
N(11)-Co(4)-S(12)
N(12)-Co(4)-S(12)
N(10)-Co(4)-S(12)
S(11)-Co(4)-S(12)
S(10)-Co(4)-S(12)
N(13)-Co(5)-N(14)
N(13)-Co(5)-N(15)
N(14)-Co(5)-N(15)
N(13)-Co(5)-S(19)
N(14)-Co(5)-S(19)
N(15)-Co(5)-S(19)
N(13)-Co(5)-S(15)
N(14)-Co(5)-S(15)
N(15)-Co(5)-S(15)

92.0(8)
89.0(5)
178.1(5)
86.2(7)
87.6(5)
89.1(5)
178.7(7)
92.6(2)
174.7(5)
84.3(5)
88.4(7)
96.3(2)
92.3(2)
91.7(7)
90.6(7)
89.8(7)
85.3(5)
90.2(6)
175.9(5)
91.5(5)
175.8(6)
87.4(5)
92.86(19)
175.8(5)
84.4(6)
87.9(5)
96.1(2)
92.39(18)
95.8(11)
93.4(11)
93.8(11)
71.0(11)
126.5(10)
137.1(9)
170.8(8)
93.1(8)
88.1(7)
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S(19)-Co(5)-S(15)
N(13)-Co(5)-S(14)
N(14)-Co(5)-S(14)
N(15)-Co(5)-S(14)
S(19)-Co(5)-S(14)
S(15)-Co(5)-S(14)
N(13)-Co(5)-S(21)
N(14)-Co(5)-S(21)
N(15)-Co(5)-S(21)
S(19)-Co(5)-S(21)
S(15)-Co(5)-S(21)
S(14)-Co(5)-S(21)
N(13)-Co(5)-S(13)
N(14)-Co(5)-S(13)
N(15)-Co(5)-S(13)
S(19)-Co(5)-S(13)
S(15)-Co(5)-S(13)
S(14)-Co(5)-S(13)
S(21)-Co(5)-S(13)
N(13)-Co(5)-S(20)
N(14)-Co(5)-S(20)
N(15)-Co(5)-S(20)
S(19)-Co(5)-S(20)
S(15)-Co(5)-S(20)
S(14)-Co(5)-S(20)
S(21)-Co(5)-S(20)
S(13)-Co(5)-S(20)
S(22)-Co(6)-S(19)
S(22)-Co(6)-S(14)
S(19)-Co(6)-S(14)
S(22)-Co(6)-S(15)
S(19)-Co(6)-S(15)
S(14)-Co(6)-S(15)
S(22)-Co(6)-S(13)
S(19)-Co(6)-S(13)
S(14)-Co(6)-S(13)
S(15)-Co(6)-S(13)

101.9(6)
92.2(10)
92.8(8)

170.9(8)
39.3(6)
85.3(3)

125.5(10)

134.6(10)
68.4(10)
88.2(8)
47.0(6)

102.5(7)
87.3(8)

175.9(8)
88.7(8)
52.0(6)
83.7(3)
84.4(3)
43.7(6)

137.4(10)
74.4(9)

128.0(9)
81.9(7)
44.0(5)
48.4(5)
84.4(7)

101.5(5)

103.0(7)

137.6(6)
38.0(5)

128.2(6)
97.3(6)
83.0(3)
73.7(6)
51.4(6)
84.2(3)
83.4(3)



Table 2-4. (continued)

S(22)-Co(6)-S(23)
S(19)-Co(6)-S(23)
S(14)-Co(6)-S(23)
S(15)-Co(6)-S(23)
S(13)-Co(6)-S(23)
S(22)-Co(6)-S(21)
S(19)-Co(6)-S(21)
S(14)-Co(6)-S(21)
S(15)-Co(6)-S(21)
S(13)-Co(6)-S(21)
S(23)-Co(6)-S(21)
S(22)-Co(6)-S(18)
S(19)-Co(6)-S(18)
S(14)-Co(6)-S(18)
S(15)-Co(6)-S(18)
S(13)-Co(6)-S(18)
S(23)-Co(6)-S(18)
S(21)-Co(6)-S(18)
S(22)-Co(6)-S(17)
S(19)-Co(6)-S(17)
S(14)-Co(6)-S(17)
S(15)-Co(6)-S(17)
S(13)-Co(6)-S(17)
S(23)-Co(6)-S(17)
S(21)-Co(6)-S(17)
S(18)-Co(6)-S(17)
S(22)-Co(6)-S(16)
S(19)-Co(6)-S(16)
S(14)-Co(6)-S(16)
S(15)-Co(6)-S(16)
S(13)-Co(6)-S(16)
S(23)-Co(6)-S(16)
S(21)-Co(6)-S(16)
S(18)-Co(6)-S(16)
S(17)-Co(6)-S(16)
S(22)-Co(6)-S(20)
S(19)-Co(6)-S(20)

85.2(7)
171.0(7)
133.0(5)

80.4(6)
136.2(6)

89.2(8)

84.5(8)

99.3(6)

45.8(6)

43.6(6)

99.7(8)
103.1(6)
134.6(6)
101.4(3)

94.9(3)
173.9(3)

37.8(5)
132.2(6)

33.6(5)
133.0(5)
170.8(3)
102.4(3)

88.9(3)

55.9(5)

79.7(6)

85.7(3)

58.1(6)

81.6(6)

92.4(3)
173.7(3)
100.6(3)

99.8(6)
139.8(6)

81.6(3)

82.8(3)
172.2(7)

83.2(7)

S(14)-Co(6)-S(20)
S(15)-Co(6)-S(20)
S(13)-Co(6)-S(20)
S(23)-Co(6)-S(20)
S(21)-Co(6)-S(20)
S(18)-Co(6)-S(20)
S(17)-Co(6)-S(20)
S(16)-Co(6)-S(20)
S(22)-Co(6)-S(24)
S(19)-Co(6)-S(24)
S(14)-Co(6)-S(24)
S(15)-Co(6)-S(24)
S(13)-Co(6)-S(24)
S(23)-Co(6)-S(24)
S(21)-Co(6)-S(24)
S(18)-Co(6)-S(24)
S(17)-Co(6)-S(24)
S(16)-Co(6)-S(24)
S(20)-Co(6)-S(24)
N(18)-Co(7)-N(17)
N(18)-Co(7)-N(16)
N(17)-Co(7)-N(16)
N(18)-Co(7)-S(16)
N(17)-Co(7)-S(16)
N(16)-Co(7)-S(16)
N(18)-Co(7)-S(24)
N(17)-Co(7)-S(24)
N(16)-Co(7)-S(24)
S(16)-Co(7)-S(24)
N(18)-Co(7)-S(17)
N(17)-Co(7)-S(17)
N(16)-Co(7)-S(17)
S(16)-Co(7)-S(17)
S(24)-Co(7)-S(17)
N(18)-Co(7)-S(18)
N(17)-Co(7)-S(18)
N(16)-Co(7)-S(18)

49.8(5)
45.3(5)
107.3(6)
89.1(7)
86.6(8)
75.2(6)
138.8(5)
128.4(6)
86.7(8)
93.8(8)
82.0(6)
139.1(5)
132.2(6)
82.7(7)
175.1(8)
51.7(5)
98.2(6)
35.3(5)
97.8(7)
97.5(10)
92.8(10)
96.6(9)
87.6(8)
173.5(8)
87.3(7)
67.5(9)
142.1(8)
117.9(9)
37.0(5)
171.6(8)
87.9(8)
92.9(8)
86.6(3)
104.4(6)
85.9(7)
92.7(7)
170.6(7)



Table 2-4. (continued)

S(16)-Co(7)-S(18) 83.4(3) N(21)-Co(8)-S(27) 86.3(12)
S(24)-Co(7)-S(18) 53.1(6) S(26)-Co(8)-S(27) 83.3(6)
S(17)-Co(7)-S(18) 87.5(3) N(19)-Co(8)-S(27) 91.7(13)
N(18)-Co(7)-S(23) 118.9(9) N(20)-Co(8)-S(27) 166.4(12)
N(17)-Co(7)-S(23) 72.1(9) S(25)-Co(8)-5(27) 80.3(5)
N(16)-Co(7)-S(23) 147.1(9) N(21)-Co(8)-Co(9) 125.4(12)
S(16)-Co(7)-S(23) 101.8(5) S(26)-Co(8)-Co(9) 49.1(4)
S(24)-Co(7)-S(23) 84.9(8) N(19)-Co(8)-Co(9) 123.7(13)
S(17)-Co(7)-S(23) 56.7(5) N(20)-Co(8)-Co(9) 117.6(11)
S(18)-Co(7)-S(23) 37.5(5) S(25)-Co(8)-Co(9) 49.7(4)
N(18)-Co(7)-S(22) 143.4(9) S(27)-Co(8)-Co(9) 48.9(4)
N(17)-Co(7)-S(22) 118.6(9) S(28)-C0(9)-S(30) 88.8(5)
N(16)-Co(7)-S(22) 77.7(9) S(28)-Co(9)-S(29) 86.0(6)
S(16)-Co(7)-5(22) 57.0(5) S(30)-Co(9)-S(29) 84.8(5)
S(24)-Co(7)-S(22) 85.7(7) S(28)-C0(9)-S(26) 100.3(5)
S(17)-Co(7)-5(22) 33.1(5) S(30)-Co(9)-S(26) 98.5(5)
S(18)-Co(7)-S(22) 97.8(5) S(29)-Co(9)-S(26) 172.9(7)
S(23)-Co(7)-S(22) 81.0(7) S(28)-Co(9)-S(27) 174.9(7)
N(18)-Co(7)-Co(6) 119.5(8) S(30)-Co(9)-S(27) 95.1(6)
N(17)-Co(7)-Co(6) 121.4(8) S(29)-Co(9)-S(27) 91.1(6)
N(16)-Co(7)-Co(6) 122.6(7) S(26)-Co(9)-S(27) 82.4(6)
S(16)-Co(7)-Co(6) 52.2(2) S(28)-Co(9)-S(25) 94.9(5)
S(24)-Co(7)-Co(6) 53.2(6) S(30)-Co(9)-S(25) 176.1(6)
S(17)-Co(7)-Co(6) 52.1(2) S(29)-Co(9)-S(25) 96.7(6)
S(18)-Co(7)-Co(6) 51.3(2) S(26)-Co(9)-S(25) 79.6(5)
S(23)-Co(7)-Co(6) 50.9(5) S(27)-Co(9)-S(25) 81.3(6)
S(22)-Co(7)-Co(6) 47.4(5) N(22)-Co(10)-N(23)  105.3(16)
N(21)-Co(8)-S(26) 105.8(14) N(22)-Co(10)-N(24) 92.8(17)
N(21)-Co(8)-N(19) 78.9(18) N(23)-Co(10)-N(24)  100.4(16)
S(26)-Co(8)-N(19) 172.8(14) N(22)-Co(10)-S(29)  166.6(13)
N(21)-Co(8)-N(20) 105.6(17) N(23)-Co(10)-S(29) 83.2(12)
S(26)-Co(8)-N(20) 87.0(12) N(24)-Co(10)-S(29) 95.8(14)
N(19)-Co(8)-N(20) 97.0(16) N(22)-Co(10)-S(28) 86.8(11)
N(21)-Co(8)-S(25) 163.4(13) N(23)-Co(10)-S(28) 92.7(10)
S(26)-Co(8)-S(25) 82.2(5) N(24)-Co(10)-S(28)  166.5(12)
N(19)-Co(8)-S(25) 91.9(13) S(29)-Co(10)-S(28) 82.5(5)
N(20)-Co(8)-S(25) 89.0(12) N(22)-Co(10)-S(30) 89.6(13)
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Table 2-4. (continued)

N(23)-Co(10)-S(30)  164.4(12) S(32)-Co(12)-S(34) 89.9(14)
N(24)-Co(10)-S(30) 83.1(11) S(33)-Co(12)-5(36) 162.0(17)
S(29)-Co(10)-S(30) 81.3(5) S(31)-Co(12)-S(36) 85.9(15)
S(28)-Co(10)-S(30) 83.4(4) S(32)-Co(12)-S(36) 98.3(17)
S(32)-Co(11)-S(31) 78.2(15) S(34)-Co(12)-S(36) 78.7(12)
S(32)-Co(11)-S(33) 77.1(15) S(33)-Co(12)-S(35) 89.6(17)
S(31)-Co(11)-S(33) 82.4(13) S(31)-Co(12)-S(35) 109.2(16)
S(33)-Co(12)-S(31) 109.5(17) S(32)-Co(12)-S(35) 164.6(18)
S(33)-Co(12)-S(32) 92.6(17) S(34)-Co(12)-S(35) 74.9(12)
S(31)-Co(12)-S(32) 84.5(16) S(36)-Co(12)-S(35) 76.2(13)
S(33)-Co(12)-S(34) 87.1(14) S(35)-Co(13)-S(34) 78.7(14)
S(31)-Co(12)-S(34) 162.7(15) S(35)-Co(13)-S(36) 81.1(15)
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Table 2-5. Absorption and CD spectral data for (A.)2-Ks[1] and (A.)2-Ks[1] in
water.

Complex Absorption maxima: A/ nm (log ¢/ mol™ dm® cm™)

(Aw)-Ks[1] 553 (3.03), 254 (4.59), 230 (4.62)
(Aw)s-Ks[1] 561 (3.06), 255 (4.58), 230 (4.66)

Complex CD extrema: A/ nm (Ag/mol™ dm® cm™)

(Aw)-Ks[1] 573 (-19.56), 455 (+11.17), 389 (~17.31), 339 (+29.80), 311
(-46.67), 253 (+89.28)

(Aw)-Ks[1] 580 (+20.71), 458 (~10.30), 389 (+16.48), 359 (+22.01), 332
(+9.39), 284 (+42.22), 252 (~70.86)

Table 2-6. Absorption and CD spectral data for (Ai)2-[Cos(aet)s][1],
(ALLL)4-[C03(aet)6]2[2], (ALLL)4-[CORh2(aet)e]z[Z], and (ALLL)z-[CO(en)g][l] in a
NaNO; aqueous solution.

Complex Absorption maxima: A/ nm (log &/ mol™ dm?® cm™)

(ALLL)2-[Cos(aet)s][1] 560 (3.52), 437 (3.85), 339 (4.45), 280 (4.73), 257 (4.79)
(ALLL)s-[Cos(aet)s]o[2] 574 (3.74), 439 (4.15), 343 (4.70)
(ALLL)s-[CORh,(aet)s]o[2] 585 (3.02), 423 (3.77)

(ALLL)2-[Co(en)s][1] 573 (2.84), 443 (3.02)

Complex CD extrema: A/ nm (Ae/mol™ dm® cm™?)

(ALLL)2-[Cos(aet)s][1] 573 (-20.27), 520 (+1.80), 450 (+12.25), 385 (-21.17), 355
(-21.07), 311 (-48.94), 254 (+104.81), 234 (+8.59), 221
(-4.91), 207 (+48.81)

(ALLL)s-[Cos(aet)s]2[2] 561 (+39.90), 467 (—25.00), 392 (+29.15), 301 (+16.75),
288 (+17.46)

(ALLL)+-[CoRhy(aet)e]2[2] 619 (~7.80), 556 (+12.37), 469 (—10.66), 411 (+51.54), 365
(+21.00), 334 (+45.46)

(ALLL)2-[Co(en)s][1] 579 (+2.79), 457 (-1.85), 360 (+3.09)
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Table 2-7. Absorption and CD spectral data for (Au)2-Ks[1], (Aw)2-Ks[1],
(ALLL)Z-[Cog(aet)s] [1], (ALLL)4-[Cog(aet)6]2[2], (ALLL)4-[COha(aet)e]z[Z], and
(ALLL)2-[Co(en)s][1] in the solid state.

Complex Absorption: 4/ nm
(ALLL)Z'K3[1] 560, 434
(ALLL)Z'K3[1] 550, 434

(ALLL)2-[Cos(aet)s][1] 560, 437, 348
(ALLL)4-[Cos(aet)s]2[2] 580, 450, 360
(ALLL)s-[CoRhy(aet)s][2] 579, 539, 336
(ALc)2-[Co(en)s][1] 572, 436, 340

Complex CD extrema: A /10° nm
(ALi)2-Ka[1] 509 (-), 447 (+), 404 (-), 376 ()
(Au)2-Ks[1] 522 (+), 449 (-),411 (+), 377 ()

(A )2-[Cos(aet)e][1] 577 (-), 451 (+), 398 (-), 365 (-)
(ALLL)4-[Cos(aet)e]2[2] 560 (+), 460 (-), 395 (+), 355 (+)
(ALLL)s-[CoRhy(aet)s][2] 632 (-), 553 (+), 416 (+), 370 (+)
(Arcn)2-[Co(en)s][1] 520 (+), 450 (-), 410 (+), 375 (+), 320 (+)
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Chapter I11. Chiral Recognition Behavior of (AL )>-[M3Co"'s(L-cys)s]* toward
(A)2/(A)2-[Co"'5(aet)e]*" (M = Au', Ag')

I11-1 Introduction

In Chapter 1l, the unique multiple inversions and structural conversion in the
L-cysteinato  Au'Co"' system was demonstrated. The Au'sCo', pentanuclear
complex-anion  (Ari)>-[AusCoa(L-cys)s]*™  ((ALi)2-[1]°) was inverted to the
(ALL)2-[AusCoa(L-cys)s]*™ ((AiL)2-[1]F) retaining the pentanuclear structure by
controlling the solution pH, which were further converted to the Au'sCo",
decanuclear complex-anion (Ari)s-[AusCos(L-cys)12]® ((ALn)2-[2]°) upon the
crystallization with [Cos(aet)s]**. The detailed mechanism of the conversions was
discussed based on the spectral measurements.

In this chapter, the chiralselective behavior of the cocrystallized compounds,
(ALLL)2-[Cos(aet)g][1] and (ALLL)4-[Cos(aet)s]2[2], described in Chapter 11 is discussed
in detail (Scheme 3-1). As mentioned in Chapter I, the optical resolution of the
racemic compounds is one of the important subjects in the field of stereochemistry.
The separation of one enantiomer using a diastereomeric nature is an effective method.
The L-cysteinato multinuclear complexes are a good candidate for a resolving reagent
toward racemic complex-cations during the cocrystallization process because of their
structural features: (i) to have an anionic nature, (ii) to have multiple chiral centers on
the metal centers (A/A), the bridging S atoms (R/S), and the C atom of L-cys (R), and
(iii) to have free carboxylate groups available for the recognition site. Thus, the
chirality of the complex-cation in (A_LL)2-[Cos(aet)s][1] and (ALLL)s-[Cosz(aet)s]2[2]
was checked by the separation of the complex-anion and complex-cation using
column chromatography and the sequential absorption and CD spectral
measurements.

For the comparison, the chiral behavior using (AiLi)z-[AgsCoa(L-Cys)s]*
(AL )2-[31%),F which has a similar structure with (AL )>-[1]%, having a {Ag's}
moiety instead of the {Au's} moiety, was also investigated (Scheme 3-1). The
introduction of the {Ag's} moiety may lead to the formation of intermolecular
interactions using the Ag' ion besides the amine and carboxylate groups. The structure
of the obtained cocrystallized compound (AL.L).-[Coz(aet)s][3] was determined by
single-crystal X-ray analysis, and the chiralselectivity was investigated by the similar
way as (ArLL)2-[Cos(aet)s][1] and (ArLLL)s-[Cos(aet)s]2[2].

The structural differences in the three complex-anions, (AL)2-[11%, (AL)s-[2]°,
and (AL)2-[3]%, are the bridging metal ions (Au'/Ag'), the configuration around the
terminal Co" ions (ALL/ALLL), the orientation of the carboxylate groups
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(equatorial/axial), and nuclearity (pentanuclear/decanuclear). The key factors that
control the chiralselective behavior are discussed based on the X-ray crystal
structures.
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I111-2  Experimental Section

I11-2-1 Materials

All chemicals were of commercial grade and use without further purification. The
starting materials, (A)2/(A),-[Cos(aet)s](NO3) and (ApLL)2-Ks[AgsCoy(L-cys)s] were
prepared by the method or modified method described in the literature.'* The
preparation of (ApLL)2-[Cos(aet)s][AusCoz(L-cys)s] ((ALLL)2-[Cos(aet)s][1]) and
(ALLL)4-[Cos(aet)s]2[AuzCoz(L-cys)s] ((ALLL)4a-[Cos(aet)s]2[2]) is described in Chapter
.

111-2-2 Preparation ~ of  (ALii)-[Co"'3(aet)s][Ag'sCo""'5(L-Cys)s]
((ALLw)2-[Co"'3(aet)e][3])

To a solution containing 43 mg (0.051 mmol) of rac-[Cos(aet)s](NO3)3-H,0 in 10
mL of water was added a solution containing 50 mg (0.017 mmol) of
(ALLL)2-K3[AgsCoy(L-cys)s] -10H0  ((ALLL)2-K3[3]-10H,0) in 10 mL of water. The
black solution was allowed to stand at room temperature for 2 weeks. The resulting
black needle-like crystals of (A_L.).-[Cos(aet)s][3] were collected by filtration. Yield:
38 mg (53%). Calcd for [Coz(aet)s][AgzC0oz(L-Ccys)s] -8H20 = C3oHgaN12020S12C05Ag3:
C, 18.63; H, 4.27; N, 8.69%. Found: C, 18.53; H, 4.23; N, 8.69%. Electronic
absorption spectrum in a NaNOs aqueous solution [A/nm (loge/ mol™* dm® ecm™)]:
558 (2.62), 439 (2.96), 346 (3.51), 279 (3.94), 253 (3.93). CD spectrum in a NaNO;
aqueous solution [A/nm (Ae / mol™* dm® em™)]: 591 (—40.53), 537 (+33.27), 493
(-27.29), 346 (+55.11), 368 (—46.97), 326 (+56.71). One of the single crystals was
used for X-ray measurement.

111-2-3  Physical Measurements

The electronic absorption spectra were recorded with a JASCO V-660 or a JASCO
V-630 spectrophotometers using a 1 cm quartz cell at room temperature. The diffuse
reflectance spectra were recorded on a JASCO V-570 spectrophotometer at room
temperature by using MgSO,. The CD spectra were recorded with a J-820
spectrometer at room temperature using a 1 cm quartz cell for the solution state and
using KBr disks for the solid state. The IR spectra were recorded on a JASCO
FT/IR-4100 infrared spectrometer using KBr disks at room temperature. The
elemental analyses (C, H, N) were performed at Osaka University. X-ray fluorescence
analyses were made on a HORIBA MESA-500 or SHIMADZU EDX-720
spectrometer. The *H NMR spectra were recorded with a JEOL ECA500 (500 MHz)
spectrometer at room temperature in D0, using sodium
4,4’-dimethyl-4-silapentane-1-sulfonate (DSS) as the internal standard.
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I11-2-4  X-ray Structural Determination

The single-crystal X-ray diffraction measurements for (A_,).-[Cos(aet)s][3] were
performed on a Rigaku R-AXIS VII imaging plate area detector with a graphite
monochromated MoK radiation at —73°C. The intensity data were collected by the
w-scan technique and were empirically corrected for absorption. The structures were
solved by direct methods using SHELXS-97.% The structure refinements were carried
out using full-matrix least-squares (SHELXL-97).* All calculations were performed
using the Yadokari-XG software package.® For (A..)>-[Cos(aet)s][3], all
non-hydrogen atoms except the water molecule were refined anisotropically, while
the others are refined isotropically. Hydrogen atoms were included in calculated
positions except those of water molecules.
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I11-3 Results and Discussion

I11-3-1 Synthesis and Characterization
(@) (ALLL)2-[Co"'3(aet)s] [Au'sCo"'2(L-cys)s] ((ALLr)2-[Co"'3(aet)s][1])

As mentioned in Chapter |Il, the reaction of (A_L)-Ks[1] and
(A)2/(A)2-[Cos(aet)s](NOs)3 in a 1:2 ratio in water gave black block crystals of
(ALLL)2-[Cos(aet)s] [AusCoa(L-cys)e] ((ALLL)2-[Cos(aet)s][1]). The IR, absorption, CD,
and 'H NMR spectra, elemental analysis, and X-ray analysis demonstrated that
(ALLL)2-[Cos(aet)e][1] consists of (Aii).-[1]* and [Cos(aet)s]®* in a 1:1 ratio,
retaining the structure of both complex-anion and complex-cation. Focused on the
chirality of the [Cos(aet)s]** unit, both (A), and (A), isomers of [Cos(aet)s]*" are
contained in (A..)>-[Cos(aet)s][1], and low chiralselectivity of (A.)>-[1]* toward
[Cos(aet)s]** is suggested. In this section, the chiral behavior of (AL).-[Cos(aet)e][1]
is discussed in detail.

To investigate the chiral configuration of the incorporated complex-cation in the
bulk sample of (ALLL)2.-[Cos(aet)s][1], the bulk sample was dissolved in water by
adding a saturated NaClO, aqueous solution and chromatographed on a
cation-exchange column (SP-Sephadex C-25). When the column was treated with
water, a brown band containing (A, )»-[1]>" was eluted, while a brownish green band
containing [Cos(aet)s]*" was absorbed on the top of the column, which was eluted
with a 0.3 M aqueous solution of NaClO4. The absorption spectrum of the eluate
containing the complex-anion shows an absorption band at 567 nm and a shoulder at
440 nm (Figure S1-1, see appendix). Its CD spectrum shows negative bands at 562
and 382 nm and a positive band at 435 nm. These spectral features are coincident with
those of (AL )2-Ks[1], which indicates that the structure and chirality of the
complex-anion are retained during the reaction. The absorption spectrum of the eluate
containing the complex-cation shows an absorption shoulder at 590 nm and two sharp
absorption bands at 440 and 345 nm (Figure S1-1, see appendix). Its CD spectrum
shows quite weak negative bands at 610, 485, and 350 nm and positive bands at 540
and 435 nm (Figure S1-1, see appendix). This indicates that the (A), isomer of
[Cos(aet)]** is predominantly incorporated in (Ai).-[Cos(aet)s][1], but its
chiralselectivity is low.

(b) (ALLL)a-[Co"'3(aet)e]o[Au'sCo''a(L-Cys)12] (ALL)a[Co'"'s(aet)s]o[2])

As mentioned in Chapter |Il, the reaction of (A)-Ks[1] and
(A)2/(A)2-[Cos(aet)s] (NOs); in a 1:2 ratio in a basic aqueous solution, or the reaction
of (ALLL)2-Ks[1] and (A)2/(A)2-[Cos(aet)s](NO3)s in a 1:2 ratio in water, gave black
block crystals of (ALLL)s-[Cos(aet)e]2[ AueCos(L-Cys)12] ((ALL)a-[Coz(aet)e]2[2]). The
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IR, absorption, CD, and *H NMR spectra, elemental analysis, and X-ray analysis
demonstrated that (AL )s-[Cos(aet)s]2[2] consists of (AL)s-[2]° and [Cos(aet)s]** in
a 1:2 ratio, and it was found that the conversion from the Au'sCo"', pentanulear
structure to the Au'sCo""; decanuclear structure for the complex-anion was observed
with the retention of the structure of the complex-cation. Focused on the chirality of
the [Cos(aet)s]** cation, both (A), and (A), isomers of [Cos(aet)s]** are contained in
(AL )s-[Cos(aet)s]o[2], and similarly, low chiralselectivity of (A, )s-[2]° toward
[Cos(aet)s]** is suggested. In this section, the chiral behavior of (AL, )s-[Cos(aet)s]2[2]
is discussed in detail.

To investigate the chiral configuration of the incorporated complex-cation in the
bulk sample of (A_LL)s-[Coz(aet)s]2[2], the bulk sample was dissolved in water by
adding a saturated NaClO, aqueous solution and chromatographed on a
cation-exchange column (SP-Sephadex C-25). When the column was treated with
water, a brown band containing (A1 )s-[2]° was eluted, while a brownish green band
containing [Cos(aet)s]*" was absorbed on the top of the column, which was eluted
with a 0.3 M aqueous solution of NaClO4. The absorption spectrum of the eluate
containing the complex-anion shows an absorption shoulder at 565 nm and a sharp
absorption band at 301 nm (Figure 3-1). Its CD spectrum shows positive bands at 575
and 390 nm and a negative band at 453 nm. These spectral features are coincident
with those of (A...)2-K3[1], which indicates that the chirality of the complex-anion is
retained but the Au'sCo"'; decanuclear structure was converted to the Au'sCo"';
pentanuclear structure during the column chromatography process. The absorption
spectrum of the eluate containing the complex-cation shows three absorption bands at
590, 440, and 345 nm (Figure 3-1). Its CD spectrum shows negative bands at 610, 485,
and 350 nm and positive bands at 540 and 435 nm (Figure 3-1). This CD spectral
pattern is same as that of (A),-[Cos(aet)s]**, but their intensity is weak. This indicates
that the (A), isomer of [Cos(aet)s]** is predominantly incorporated in
(ALLL)4-[Cos(aet)s]2[2]. The calculation based on the absorption band at 440 nm and
the CD band at 540 nm confirmed that the enantiomeric excess (ee) for the
incorporated (A),-[Cos(aet)s]** in the bulk sample of (AL )s-[Cos(aet)e]2[2] is 22%.

(©) (ALi)2-[Co"'s(aet)s][Ag'sCo' 2 (L-cys)s] ((ALii)z-[Co"'s(aet)s][3])

Treatment of (A)2/(A)2-[Cos(aet)s](NO3z)s  with  (ApLL)2-Ks[AgszCoz(L-Cys)e]
((ALLL)2-K3[3]) in a 2:1 ratio in water, followed by allowing to stand at room
temperature, gave black needle-like crystals of (A_L)2-[Cos(aet)s][Ag3Co2(L-CyS)s]
((ALLL)2-[Cos(aet)s][3]). The IR spectrum of (Ap).-[Cos(aet)s][3] shows a strong
sharp C=0 stretching band at 1605 cm™, suggestive of the presence of L-cys with the
deprotonated carboxylate group (Figure 3-2). X-ray fluorescence spectroscopy
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indicates that this product contains Au, Ag, and Co atoms. The elemental analytical
data are in agreement with the formula for a 1:1 adduct of [Cos(aet)s]*" and [3]*". The
reflection and CD spectra in the solid state are shown in Figure 3-3. In the reflection
spectrum, three bands at 582, 443, and 352 nm are observed, which is similar with
those of (A)2-K3[3] and (A )2-[Cos(aet)s][1]. The CD spectrum shows a
complicated pattern with negative bands at 618, 513, and 392 nm and positive bands
at 555 and 459 nm, which is quite different from those of (A..).-K3[3] and
(ALL)2-[Cos(aet)s][1]. The absorption and CD spectra of the crystals in a NaNOj
aqueous solution are essentially the same as the reflection and CD spectra in the solid
state. The absorption spectrum shows three absorption bands at 580, 440, and 340 nm,
and the CD spectrum shows negative bands at 590, 490, and 370 nm and positive
bands at 535 and 435 nm (Figure 3-4). The *H NMR spectrum in a NaNOj3 solution of
D,O shows one set of L-cys signals attributed to (A ).-[3]° and one set of aet
signals attributed to [Cos(aet)s]**, of which integration ratio indicates the presence of
(AL)o-[3]F and [Cos(aet)s]** in a 1:1 ratio (Figure 3-5). The structure of
(ALLL)2-[Cos(aet)s][3] was established by X-ray structural analysis, which shows the
presence of a pentanuclear complex-anion and a trinuclear complex-cation in a 1:1
ratio, and only the (A_LL). and (A), isomers exist in crystal, respectively (vide infra).

To check the chirality of the complex-anion and the complex-cation in the bulk
sample, the cationic and anionic parts are separated by column chromatography, and
their absorption and CD spectra were measured. When the bulk sample of
(ALLL)2-[Cos(aet)s][3] was dissolved in a NaClO, aqueous solution and was
chromatographed on a cation-exchange column (SP-Sephadex C-25), a purple band
containing the complex-anion eluted with water, while a brownish green band
containing the complex-cation was adsorbed on the top of the column. This cationic
part was eluted with a 0.3 M aqueous solution of NaClO,. The absorption spectrum of
the purple band shows the bands at 570 and 440 nm, and its CD spectrum shows
negative bands at 565 and 380 nm and a positive band at 440 nm (Figure 3-6). These
spectral features are coincident with those of (A..),-[3]*, indicative of the retention
of the AL, configurational Ag'sCo"', pentanuclear structure during the reaction. For
the cationic part, the absorption spectrum suggests the presence of [Cos(aet)s]** based
on the bands at 590 and 440 nm (Figure 3-6). In the CD spectrum, the spectral pattern
and intensity are the same as those of (A),-[Cos(aet)s]** showing a negative band at
610 nm and a positive band at 540 nm (Figure 3-6), indicating that only the (A),
isomer of [Cos(aet)e]* is incorporated in (Ai).-[Cos(aet)s][3]. This chiralselective
uptake of [Cos(aet)s]*" is consistent with the X-ray structural analysis that showed the
presence of only the (A), isomer of [Cos(aet)s]** in crystal.
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111-3-2 Crystal  Structure of  (ALL)2-[Co"s(aet)s][Ag'sCo" 2 (L-Cys)e]
((ALLL)2-[Co""'5(aet)s][3])

X-ray crystallography demonstrated that (Ap.).-[Cos(aet)g][3] consists of a
trinuclear complex-cation ([Cos(aet)s]*") and a pentanuclear complex-anion
((ALLL)2>-[3]) besides water molecules of crystallization in the asymmetric unit. The
molecular and packing structures are shown in Figures 3-7, 3-8, 3-9, and 3-10. The
crystallographic data are summarized in Table 3-1 and the selected bond distances and
angles are listed in Table 3-2.

As shown in Figure 3-7, the complex-anion (A, )>-[3]> has an S-bridged
Ag'sCo"', pentanuclear structure, in which two [Co(L-cys)s]* units are bridged by
three linear Ag' atoms (av. Co-S = 2.242(86) A, Co—N = 1.995(6) A, Ag-S = 2.434(1)
A, S-Ag-S = 171.1°). As in (Au).-[1]%, the Co"' centers coordinated by three
bidentate-N,S L-cys ligands take a A configuration, and the bridging S atoms adopt
an S configuration to give only the (A_LL)2(S)s isomer. All six carboxylate groups in
(ALL)>-[3] take an equatorial orientation, and the N,S-chelate rings adopt a
thermodynamically stable lel (1 for A) conformation. Three S-Ag-S linkages are
twisted in a left-handed manner such that three Ag' atoms are close to each other (av.
Ag---Ag = 3.053 A). The complex-cation [Cos(aet)s]** incorporated in
(ALL)2-[Cos(aet)s][3] exclusively adopts the (A), configuration, indicative of the
chiralselective incorporation of the (A), isomer of [Cos(aet)s]** in crystal.

Each (A..)>-[3] anion is connected with four complex-anions; two of the four
complex-anions are connected through Ag-OOC coordination bonds with a
monodentate coordination mode (av. Ag-O = 2.619 A), and the other two
complex-anions are connected through hydrogen bonds between carboxylate and
amine groups (av. NH---O = 3.063 A), as shown in Figure 3-8. In addition, each
(A.)2>-[3] anion is also connected with four complex-cations [Cos(aet)s]*; four
carboxylate groups are hydrogen bonded with amine groups of the four
complex-cations (av. NH---O = 2.895 A), two of which coordinate to the Ag atoms of
the neighboring complex-anions simultaneously (Figure 3-8). Thus, each (AL )>-[3]*
anion is connected with four complex-anions and four complex-cations through the
NH---O hydrogen bonds and Ag-O coordination bonds. On the other hand, each
(A)-[Cos(aet)s]** cation is hydrogen-bonded with four adjacent complex-anions with
the average NH---O distance of 3.048 A (Figure 3-9). As a result, an anionic 2D sheet
and a cationic 2D sheet are arranged alternately to form a hydrogen-bonding 3D
network structure (Figure 3-10).
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111-3-3  Chiralselectivity of (A_L)2-[M'sCo"'2(L-cys)s]* (M' = Au', Ag')and
(ALLL)a-[AU'sCo"'4(L-cys)12]* toward (A)/(A),-[Co''s(aet)e]**

As described above, the chiralselectivity of L-cysteinato Au'Co" or Ag'Co
complex-anions toward the racemic [Cos(aet)s]*" complex-cation was investigated.
Treatment of (Ari)>-[AusCox(L-cys)s]® ((Aucn)2-[1]%) with (A)o/(A)2-[Cos(aet)e]’
gave the cocrystallized compound consisting of (A..L)2-[1]* and [Cos(aet)s]’ in a
1:1 ratio. In this compound, the (A), isomer of [Cos(aet)s]’ is preferentially selected,
but its chiralselectivity is low. When (Ari)>-[AusCoa(L-cys)s]* ((ALLL)--[1]7) was
treated with [Cos(aet)s]’ , the structural conversion of the complex-anion occurred to
afford the cocrystallized compound (ApLL)s-[Cos(aet)s]2[2]. In (ALLL)s-[Cos(aet)s]2[2],
the (A), isomer of [Cos(aet)s]’ is also preferentially incorporated with an
enantiomeric excess (ee) of 22%. On the other hand, the wuse of
(ALLL)2-[AgsCoa(L-cys)s]®  ((ALL)>-[3]F) resulted in the selective uptake of
(A)>-[Cos(aet)s]’ exclusively upon the cocrystallization. From these results, it is
speculated that the presence of Ag' or Au' centers in the complex-anions is the most
important factor for the selective behavior toward racemic [Cos(aet)s]*, and the
chirality of the Co"" centers as well as the nuclearity of the complex-anions also affect
the chiralselectivity but as minor factors.

To elucidate the structural features that cause the different chiralselective behavior,
the structures of the cocrystallized compounds are compared in detail, focused on the
number of the intermolecular interactions between the complex-anion and the
complex-caion. The carboxylate group of L-cys in the complex-anions can interact
with the amine group of aet in the complex-cation. In (A_LL)2-[Cos(aet)s][1], each
(ALLL)>-[1] unit are connected to two complex-anions using two of the six free
carboxylate groups, whereas other two carboxylate groups interact with the amine
groups of the two complex-cations. Thus, each (Aci1)--[1]° unit is hydrogen-bonded
with two complex-cations. In (ApLL)s-[Cos(aet)g]2[2], there exist twelve free
carboxylate groups in the complex-anion unit. Four axially oriented carboxylate
groups each forms an intramolecular hydrogen bond with the L-cys amine group, two
of which also interact with the neighboring two complex-anions. Other two
carboxylate groups are hydrogen bonded with the two complex-anions. Including the
amine-donating hydrogen bonded two complex-anions, each complex-anion is

connected with six complex-anions. Four carboxylate groups do not form a hydrogen
bond, but make a pocket for the complex-cation. The remaining two carboxylate
groups are hydrogen bonded with the amine groups of two complex-cations. Thus,
only two intermolecular hydrogen bonding interactions between the complex-anion
and complex-cation are formed in (ApLL)4-[Cos(aet)s]2[2]. On the other hand, in
(ALLL)2-[Cos(aet)s][3], intermolecular interactions not only through the hydrogen
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bonds between the amine and carboxylate groups but also through the coordination
bonds between the Ag' ion and carboxylate group are formed. Thus, each
complex-anion can be connected with many neighboring units. As a result, each
complex-anion is connected with four complex-anions and four complex-cations.

In (ALLL)2-[Cos(aet)s][1] that shows the low selectivity and (ApL)s-[Coz(aet)s]2[2]
that shows the better but still low selectivity, each complex-anion is connected with
only two complex-cations, whereas four complex-cations are connected with each
complex-anion in (A_L).-[Cos(aet)g][3] that shows the excellent chiralselectivity.
Thus, the number of the intermolecular interactions between the complex-anions and
complex-cations in the crystal structure is considered to be essential for the
chiralselective behavior upon the cocrystallization. Introduction of the Ag' ion leads to
the formation of the Ag—OOC coordination bonds besides hydrogen bonds, which
resulted in the increase in the number of the intermolecular interactions, and thus,
resulted in the excellent chiralselectivity in (AL )2-[Cos(aet)s][3].
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I11-4  Summary

In this chapter, the chiralselectivity of three L-cysteinato complex-anions toward
(A)o/(A)2-[Cos(aet)s]®* was investigated. Treatment of (ALi)a-[AusCoa(L-Cys)s]®
((ALLL)>-[11%) with [Cos(aet)s]’ in water gave the cocrystallized compound of the
starting materials, (A_ ).-[Cos(aet)s][1]. The separation of the complex-anion and
complex-cation by column chromatography and the sequential absorption and CD
spectral measurements showed that the (A), isomer of [Cos(aet)s]*" is preferentially
incorporated in the bulk sample with low selectivity. In (ApLL)s-[Cos(aet)s]2[2],
obtained by the treatment of (AL )o-[AusCox(L-cys)s]> ((An)2-[1]*) with
[Cos(aet)s]* in water, the (A), isomer of [Cos(aet)s]’ is also preferentially selected in
the bulk sample showing better chiralselectivity with the enantiomeric excess (ee) of
22%, which was confirmed by the column chromatography and the spectral
measurements. The treatment of (Aii)2-[AgsCoa(L-Cys)s]® ((Aui)--[3]°) with
[Cos(aet)e]’ in water afforded the similar cocrystallized compound
(ALL1)2-[Cos(aet)s][3]. Remarkably, the (A), isomer of [Cos(aet)s]’ was exclusively
incorporated in the bulk sample of (ALLL)2-[Coz(aet)s][3]. In (ALLL)2-[Cos(aet)s][1] and
(ALLL)4-[Cos(aet)s]2[2], the low selective incorporation of [Cos(aet)s]* was observed,
whereas (ApLL)2-[Cos(aet)s][3] showed the excellent selectivity. In the former two
compounds, the complex-anions contain the Au' linkers between the [Co(L-cys)s]*
units, and the latter compound contains the Ag' linkers in the complex-anion. Thus, it
is speculated that the chirality of the Co" centers in the complex-anions does not
affect the chiralselectivity toward [Cos(aet)s]*, instead, the presence of the Ag'
centers in the complex-anions might lead to the excellent chiralselectivity. From the
comparison of the packing structures of the three compounds, the number of the
intermolecular interactions between the complex-anions and complex-cations is
important for the chiralselective behavior. In the former two compounds containing
the Au' ions in the complex-anions, only two complex-cations are connected to each
complex-anion through the hydrogen bonds. On the other hand, each complex-anion
is surrounded by four complex-cations in (A.L)>-[Cos(aet)s][3] containing the Ag'
ions in the complex-anion. The presence of the Ag' ions instead of the Au' ions leads
to the formation of the Ag—OOC coordination bonds besides hydrogen bonds, which
resulted in the increase in the number of the intermolecular interactions between the
complex-anion and complex-cation, and thus resulted in the excellent chiralselectivity

in (ALLL)Z-[Cog(aet)e] [3]
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Scheme 3-1. Schematic representation of chiralselective crystallizations.
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Figure 3-1. Absorption and CD spectra of (a) [Cos(aet)s]** and (b) (ArLi)s-[2]%

incorporated in (ApLL)s-[Cos(aet)s]2[2]

(A)2-[Cos(aet)e]® (---).
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Figure 3-2.
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IR spectrum of (A1 )2-[Cos(aet)s][3] (KBr disk).
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Figure 3-3. Reflection and CD spectra of (ALL)2-[Cos(aet)s][l] (—),
(ALLL)2-[Cos(aet)s][3] (---), and (AL)2-Ks[3] (---) in the solid state. For
(ALLL)2-[Cos(aet)s][1], reflection spectrum [1 / nm]: 560, 437, 352; CD spectrum [A /
nm]: 610 (-), 550 (+), 459 (+), 398 (-). For (ALLL)2-[Cos(aet)s][3], reflection spectrum
[4 / nm]: 557, 440, 350; CD spectrum [A/ nm]: 576 (-), 450 (+), 398 (-), 340 (+). For
(ALLL)2-K3[3], reflection spectrum [A1 / nm]: 584, 355; CD spectrum [/ nm]: 579 (-),
482 (+),400 (+), 352 (+).
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Figure 3-4.  Absorption and CD spectra of (ApLL)2-[Cos(aet)s][3] in a NaNO;
aqueous solution.
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Figure 3-5.  *H NMR spectrum of (A.1).-[Cos(aet)s][3] in DO containing NaNOs.
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Figure 3-7. ORTEP drawings of (a) [Cos(aet)s]** and (b) (ALi)--[3]°
(ALLL)2-[Cos(aet)s][3]. Hydrogen atoms are omitted for clarity.
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Figure 3-8.  Perspective views of intermolecular interactions around each
complex-anion in (AL )2-[Cos(aet)s][3]. Interactions (a) with complex-anions, (b)
with complex-cations, and (c) with both complex-anions and complex-cations.
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Figure 3-9. Perspective view of
complex-cation in (A_)2-[Cos(aet)s][3].
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Figure 3-10. Packing structures of (Ap.L)2-[Cos(aet)s][3] viewing from (a) a axis
and (b) c axis. Dark gray and light gray molecules represent complex-cation and

complex-anion, respectively.
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Table 3-1. Crystallographic data of (A_L).-[Cos(aet)s][3].

(ALLL)Z' [Cog(aet)e] [3] 8H20

Empirical formula
Formula weight

Crystal system
Space group

alh

b/A

c/A

al®

pre

y!°

V/A®

Z

T/K

R(int)

Pealcd | 9 cm3

u(Mo Ka) / cm™
emax

total no. of data

no. of unique data
no. of parameters
R1, WR2 (I>25(1))**
R1, wR2 (all data)*”

C30HesAg3C0sN12012S12
1789.93

P1

triclinic
10.02596(18)
12.4445(2)
14.3300(3)
70.511(5)
71.151(5)
86.980(6)
1592.06(5)

1

200(2)
0.0211

1.867

2.621

54.98

12788

11385

297

0.0879, 0.2650

0.0890, 0.2679

*R1 = Z|(IFo-Fe)l / Z(Fol), " WR2 = [Zw(Fo*-F)? / Tw(Fo?)1"
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Table 3-2. Selected bond distances and angles of (AL ).-[Cos(aet)s][3].

Ag(1)-S(2)
Ag(1)-S(5)
Ag(1)-O(1)#1
Ag(2)-S(1)
Ag(2)-S(4)
Ag(3)-S(3)
Ag(3)-S(6)
Co(1)-N(2)
Co(1)-N(1)
Co(1)-N(3)
Co(1)-S(2)
Co(1)-S(1)
Co(1)-S(3)
Co(2)-N(4)
Co(2)-N(6)
Co(2)-N(5)
Co(2)-S(4)
Co(2)-S(5)
Co(2)-S(6)

S(2)-Ag(1)-S(5)

S(1)-Ag(2)-S(4)

S(3)-Ag(3)-S(6)

N(2)-Co(1)-N(1)
N(2)-Co(1)-N(3)
N(L)-Co(1)-N(3)
N(2)-Co(1)-S(2)
N(L)-Co(1)-S(2)
N(3)-Co(1)-S(2)
N(2)-Co(1)-S(1)
N(L)-Co(1)-S(1)
N(3)-Co(1)-S(1)
S(2)-Co(1)-S(1)

N(2)-Co(1)-S(3)

Distances (A)

2.444(2)
2.448(2)
2.501(8)
2.442(2)
2.447(3)
2.406(2)
2.416(2)
1.983(8)
1.983(9)
1.989(9)
2.225(3)
2.248(2)
2.256(3)
1.987(8)
1.996(8)
1.998(9)
2.227(3)
2.245(3)
2.252(2)

167.61(9)
168.85(9)
176.82(9)
90.7(4)
90.2(4)
89.7(4)
86.7(3)
177.2(3)
91.5(3)
91.3(3)
88.3(2)
177.5(3)
90.55(9)
175.7(3)
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O(1)-Ag(L)#2
Co(3)-N(7)
Co(3)-N(8)
Co(3)-N(9)
Co(3)-S(9)
Co(3)-S(7)
Co(3)-S(8)
Co(4)-S(9)
Co(4)-S(11)
Co(4)-5(12)
Co(4)-S(7)
Co(4)-5(10)
Co(4)-S(8)
Co(5)-N(12)
Co(5)-N(10)
Co(5)-N(11)
Co(5)-S(11)
Co(5)-S(12)
Co(5)-S(10)

Angles (°)

N(1)-Co(1)-S(3)
N(3)-Co(1)-S(3)
S(2)-Co(1)-S(3)

S(1)-Co(1)-S(3)

N(4)-Co(2)-N(6)
N(4)-Co(2)-N(5)
N(6)-Co(2)-N(5)
N(4)-Co(2)-S(4)
N(6)-Co(2)-S(4)
N(5)-Co(2)-S(4)
N(4)-Co(2)-S(5)
N(6)-Co(2)-S(5)
N(5)-Co(2)-S(5)
S(4)-Co(2)-S(5)

2.501(8)
1.991(10)
2.020(10)
2.024(10)
2.220(3)
2.241(3)
2.257(3)
2.235(2)
2.237(3)
2.246(3)
2.253(3)
2.270(3)
2.300(3)
1.977(10)
2.005(10)
2.013(10)
2.224(3)
2.235(3)
2.241(3)

92.1(3)
86.6(3)
90.51(10)
92.06(9)
88.9(4)
88.8(4)
90.3(4)
87.9(3)
89.9(3)
176.7(3)
90.9(3)
178.6(3)
88.3(3)
91.50(10)



Table 3-2. (continued).

N(4)-Co(2)-S(6)
N(6)-Co(2)-S(6)
N(5)-Co(2)-S(6)
S(4)-Co(2)-S(6)
S(5)-Co(2)-S(6)
N(7)-Co(3)-N(8)
N(7)-Co(3)-N(9)
N(8)-Co(3)-N(9)
N(7)-Co(3)-S(9)
N(8)-Co(3)-S(9)
N(9)-Co(3)-S(9)
N(7)-Co(3)-S(7)
N(8)-Co(3)-S(7)
N(9)-Co(3)-S(7)
S(9)-Co(3)-S(7)
N(7)-Co(3)-S(8)
N(8)-Co(3)-S(8)
N(9)-Co(3)-S(8)
S(9)-Co(3)-S(8)
S(7)-Co(3)-S(8)
S(9)-Co(4)-S(11)
S(9)-Co(4)-S(12)
S(11)-Co(4)-S(12)
S(9)-Co(4)-S(7)
S(11)-Co(4)-S(7)

175.5(3)
87.1(3)
93.3(3)
90.02(10)
93.12(10)
98.4(5)
91.2(4)
93.1(4)

171.4(3)
90.2(4)
88.1(3)
86.1(3)

171.4(4)
94.1(3)
85.42(10)
96.2(3)
88.6(3)

172.0(3)
84.13(10)
83.60(10)
95.09(10)
92.71(10)
84.28(10)
84.77(10)
92.81(11)

S(12)-Co(4)-S(7)
S(9)-Co(4)-S(10)
S(11)-Co(4)-S(10)
S(12)-Co(4)-S(10)
S(7)-Co(4)-S(10)
S(9)-Co(4)-S(8)
S(11)-Co(4)-S(8)
S(12)-Co(4)-S(8)
S(7)-Co(4)-S(8)
S(10)-Co(4)-S(8)
N(12)-Co(5)-N(10)
N(12)-Co(5)-N(11)
N(10)-Co(5)-N(11)
N(12)-Co(5)-S(11)
N(10)-Co(5)-S(11)
N(11)-Co(5)-S(11)
N(12)-Co(5)-S(12)
N(10)-Co(5)-S(12)
N(11)-Co(5)-S(12)
S(11)-Co(5)-S(12)
N(12)-Co(5)-S(10)
N(10)-Co(5)-S(10)
N(11)-Co(5)-S(10)
S(11)-Co(5)-S(10)
S(12)-Co(5)-S(10)

175.97(12)
174.45(12)
82.28(10)
82.19(10)
100.21(10)
82.82(10)
174.89(12)
100.45(10)
82.37(11)
100.19(11)
95.9(5)
94.8(5)
96.9(4)
172.1(4)
90.9(3)
88.4(3)
87.8(3)
169.7(3)
92.4(3)
84.82(10)
93.0(3)
87.1(3)
170.8(3)
83.21(10)
83.08(11)

Symmetry codes: (#1) x+1,y, z, (#2) x-1,y, z.
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Table 3-3. Absorption and CD spectral data for (A_ L)2-[Cos(aet)s][3] in @ NaNO;
aqueous solution.

Complex Absorption maxima: 4/ nm (log &/ mol™* dm® cm™)

(AL )2-[Cos(aet)s][3] 558 (2.62), 439 (2.96), 346 (3.51), 279 (3.94), 253 (3.93)

Complex CD extrema: A/ nm (Ae/ mol™ dm®cm™)

(A )o-[Cos(aet)s][3] 591 (-40.53), 537 (+33.27), 493 (-27.29), 346 (+55.11), 368
(-46.97), 326 (+56.71)

Table 3-4. Reflection and CD spectral data for (Ap 1)2-Ks[3] and (A..)2-[Cos(aet)s][3]
in the solid state.

Complex Reflection maxima: A/ nm

(AL)2-Ks[3] 584, 335
(ALL)2-[Cos(aet)s][3] 582, 443, 352

Complex CD extrema: A/ nm

(A)2-K3[3] 579 (-), 482 (+),400 (+), 352 (+)
(AL)2-[Cos(aet)s][3] 618 (-), 555 (+), 513(-), 459 (+), 392 (-), 352 (-)
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Chapter 1V. Chiral Recognition Behavior of (A_.).-[MsRh"(L-cys)s]* (M = Au',
Ag') toward (A),/(A),-[Co''3(aet)e]**

IV-1 Introduction

In the previous study and this study described in Chapter Ill, it was shown that
L-cysteinato multinuclear complex-anions act as a resolving reagent toward racemic
complex-cations  through  the  cocrystallization.  When  (A0)- and
(AL)2-[Cos(L-cys)s]>  were  treated  with  (A)o/(A)x-[Cos(aet)s]**  and
(A)2/(A)2-[AgsCoa(aet)e]™", (ALii)2-[Cos(L-cys)e]® selected the (A),-[Cos(aet)s]** and
(A)2-[AgsCos(aet)s]** with an excellent enantiomeric excess (ee) of ~100%, whereas
(ALLL)2-[Cos(L-cys)s]* showed only low chiralselectivity.! From the X-ray structural
analysis, the orientation of the carboxylate groups in the complex-anions is essential
for the chiralselective behavior. That is, in (ALL).-[Cos(L-cys)s]® having the
equatorially oriented carboxylate groups, the efficient hydrogen bonding interactions
between the complex-anions are formed, which leads to the less number of the
intermolecular interactions between the complex-anions and complex-cations. On the
other hand, in (ALL)>-[Cos(L-cys)s]® having the axially oriented carboxylate groups,
there exist much number of intermolecular interactions between the complex-anions
and the complex-cations, which resulted in the excellent chiralselectivity. In addition,
further structural inspection showed that the presence of the Ag' ion also contributes
to the good chiralselectivity, because the Ag' ion can form an additional interaction
with the carboxylate group. In fact, the use of (ALLi)--[AgsCox(L-cys)e]*
((ALLL)2>-[31) also led to the excellent chiralselectivity toward (A)o/(A).-[Cos(aet)s]*,
as shown in Chapter 1lIl. On the other hand, the complex-anion
(ALLL)2-[AusCoa(L-cys)s]® ((A)2-[1]%) only showed the low chiralselectivity in
spite of the similar structure, because the Au' ions cannot form a coordination bond.

In this chapter, the chiral behavior of two complex-anions,
(A [AusRhy(Lcys)e]* (A2 [41%)  and  (Ali)2-[AgsRha(L-cys)e]*
((ALL)>-[5)), is investigated. Both complex-anions were crystallized with
[Cos(aet)e]®* to form cocrystallized compounds, (AL..).-[Cos(aet)s][4] and
(ALLL)>-[Cos(aet)s][5] (Scheme 4-1). The chirality of the complex-cation [Cos(aet)]**
was checked by the similar method described in Chapter IIl. In addition, the
possibility of the chiral and structural conversions observed in the L-cysteinato
Au'Co"' system shown in Chapter 11 was also studied. The influence of the inert Rh""
centers to the chiral behavior such as chiral inversions and chiralselectivity is
discussed. And also, the important structural features for the excellent chiralselectivity
toward [Cos(aet)s]*" are proposed, by comparing the structures and chiralselectivity of
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the seven cocrystallized compounds, (AL L)2-[Cos(aet)s][1], (ALLL)a-[Cos(aet)s]2[2],
(ALL)2-[Cos(aet)e] [3], (ALLL)2-[Cos(aet)s][4], (ALLL)2-[Cos(aet)s][5],

(ALLL)2-[Cos(aet)s][Cos(L-cys)s], and (ALLL)2-[Cos(aet)s][Cos(L-cys)s], including two
reported compounds.
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IV-2 Experimental Section

IV-2-1 Materials

All chemicals were of commercial grade and use without further purification. The
starting material (A)./(A)>-[Coz(aet)s](NO3)3-H,O was prepared by the method
described in the literature.?

IV-2-2 Preparation of MsRh,"' (M = Au', Ag') Complexes
(@) (ALLL)2-Ks[Au'sRh"(L-cys)s] ((ALLL)2-Ks[4])

To a suspension of (A_)-Hs[Rh(L-cys-N,S)s] (0.30 g, 0.65 mmol) in 15 mL of water
was added an aqueous solution of KOH (0.5 M) until the suspension became a clear
solution. To the yellow solution was added a solution containing HAuCl, (0.40 g, 0.96
mmol) and 2,2’-thiodiethanol (0.1 mL) in 15 mL of water. The yellow solution was
stirred at room temperature for 2 h, and the resulting yellow powder was collected by
filtration. The yellow powder was dissolved in water by adding KOH aqueous solution
(0.5 M), to which was added a large amount of EtOH. The precipitated yellow powder
of (ALLL)2-K3[4]-11H,0 were collected by filtration. Yield: 0.48 g (81%). Anal. Calcd
for Ks[AusRhy(L-cys)s] -11H,0 = CigHs,AusRh,SeNgO23Ks: C, 11.83; H, 2.87; N,
4.60%. Found: C, 11.79; H, 2.76; N, 4.56%. IR (KBr, cm™): 1608 (vcoo-). Absorption
spectrum in H,O [A/ nm (loge/ mol ™ dm® cm™)]: 365 (3.37), 302 (3.87)™", 250 (4.65)"",
214 (4.84). CD spectrum in H,O [A/nm (Ae/ mol™ dm® cm™)]: 380 (-28.27), 343
(+10.68), 266 (~187.27), 226 (+221.81).

(b) (ALLL)2-Ha[Ag'sRh"'5(L-cys)s(NO3) ((ALLL)2-H4[5](NO3))

To a yellow suspension of (A )-Hs[Rh(L-cys-N,S)s] (0.10 g, 0.22 mmol) in 5 mL
of water was added an aqueous solution of KOH (0.5 M) until the suspension became a
clear solution. To the yellow solution was added a solution of AgNO; (0.056 g, 0.33
mmol) in 5 mL of water. The mixture was stirred at room temperature for 1 h. After
filtration, a HNO3 aqueous solution (1 M, 0.5 mL) was added to the yellow filtrate.
The precipitated yellow powder (A_LL)2-Hs[5]NO3 was collected by filtration. Yield:
105 mg (62%). Anal. Caled for HiAgsRhy(L-cys)s](NO3)-11H,O =
C1sHs6Ag3RN:SeN7O2: C, 14.35%; H, 3.75%; N, 6.51%. Found: C, 14.08%; H, 3.55%;
N, 6.57%. IR (KBr, cm™): 1717 (vcoon), 1605 (vcoo-), 1383 (vnos-). Absorption
spectrum in H,O [A/nm (loge/ mol™* dm® em™)]: 374 (3.21), 316 (3.6)", 275 (4.3)™",
228 (4.80). CD spectrum in H,O [A/nm (Ae/ mol™ dm?® cm™)]: 380 (—20.01), 338
(+11.33), 239 (-86.53), 219 (+155.1).
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IV-2-3 Preparation of Cocrystallized Compounds
(@) (ALLL)2-[C0""'s(aet)s][Au'sRN"5(L-cys)e] ((ALLL)2-[Co''s(aet)e][4])

To a solution containing 50 mg (0.027 mmol) of (ALLL).-K3[4]-11H,0 in 5 mL of
water was added a solution containing 46 mg (0.055 mmol) of
(A)2/(A)2-[Cos(aet)s] (NO3)3-H20 in 5 mL of water. The black solution was allowed to
stand at room temperature for 1 week. The resulting black crystals of
(ALLL)2-[Cos(aet)s][4] were collected by filtration. Yield: 44 mg (65%). Calcd for
[Cos(aet)s][AusRhy(L-cys)s] -17H,0 = C3oH100N12029S12C03RhAus: C, 14.69; H, 4.11;
N, 6.85%. Found: C, 14.73; H, 4.14; N, 6.83%. IR (KBr, cm™): 1603 (vcoo-).
Absorption spectrum in a NaNO3 aqueous solution [A/nm (loge/ mol™ dm® cm™)]:
575 (3.27), 432 (3.79), 345 (4.30), 289 (4.52). CD spectrum in a NaNO3 aqueous
solution [A/nm (Ae/ mol™ dm® cm™)]: 610 (-0.28), 545 (+1.67), 484 (-0.68), 379
(-30.48), 341 (+9.46), 265 (—185.40). One of the single crystals was used for X-ray
measurement.

(b) (ALLL)2-[Co"'s(aet)e][Ag'sR "5 (L-cys)e] (ALvL)2-[Co'"'s(aet)s][5])

To a yellow suspension containing 50 mg (0.033 mmol) of
(ALLL)2-H4[5](NO3) -11H,0 in 5 mL of water was added an aqueous solution of KOH
(0.1 M, 6.5 mL) until the suspension became a clear solution. To the yellow solution
was added a  solution containing 46 mg (0.055 mmol) of
(A)2/(A),-[Cos(aet)s] (NO3)3-H20 in 10 mL of water. The mixture was allowed to stand
at room temperature for 2 weeks. The resulting black crystals of (A .)2-[Cos(aet)s][5]
were collected by filtration. Yield: 40 mg (60%). Calcd for
[Cos(aet)s][AgsRha(L-cys)s] -9H,0 = C3pHgaN12021S1,CosRh,Ags: C, 17.68; H, 4.12;
N, 8.25%. Found: C, 17.69; H, 4.12; N, 8.20%. IR (KBr, cm™): 1596 (vcoo-).
Absorption spectrum in a saturated NaNOs aqueous solution [A/ nm (loge/ mol ™ dm?
cm )]: 585 (3.36), 439 (3.70), 346 (4.31), 276 (4.65). CD spectrum in a NaNO;
aqueous solution [A/nm (Ae / mol™ dm® ecm™)]: 606 (-3.69), 543 (+16.63), 487
(-8.47), 439 (+1.12), 376 (-19.69), 330 (+11.26), 304 (-9.28), 283 (+14.75), 241
(-56.74). One of single crystals was used for X-ray measurement.

IV-2-4  Physical Measurements

The electronic absorption spectra were recorded with a JASCO V-660 or a JASCO
V-630 spectrophotometers using a 1 cm quartz cell at room temperature. The diffuse
reflectance spectra were recorded on a JASCO V-570 spectrophotometer at room
temperature by using MgSO,. The CD spectra were recorded with a J-820
spectrometer at room temperature using a 1 cm quartz cell for the solution state and
using KBr disks for the solid state. The IR spectra were recorded on a JASCO
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FT/IR-4100 infrared spectrometer using KBr disks at room temperature. The
elemental analyses (C, H, N) were performed at Osaka University. X-ray fluorescence
analyses were made on a HORIBA MESA-500 or SHIMADZU EDX-720
spectrometer. The *H NMR spectra were recorded with a JEOL ECA500 (500 MHz)
spectrometer at room temperature in D0, using sodium
4,4’-dimethyl-4-silapentane-1-sulfonate (DSS) as the internal standard.

IV-2-5 X-ray Structural Determination

Single-crystal X-ray diffraction measurements for (ApLL)2-H4[5](NO3)-9H,0,
(ALL)2-[Cos(aet)s][4] -16H20, and (A, .)2-[Cos(aet)s][5]-6H2O were performed on a
Rigaku R-AXIS VII imaging plate area detector with a graphite monochromated Mo
Ko radiation at —73°C. The intensity data were collected by the @-scan technique and
were empirically corrected for absorption. The structures were solved by direct
methods using SHELXS-97.% The structure refinements were carried out using
full-matrix least-squares (SHELXL-97).% All calculations were performed using the
Yadokari-XG software package.® For (AL ).-Ha[5](NO3)-9H,0, non-hydrogen atoms
except the disordered atoms were refined anisotropically, while the others are refined
isotropically. Hydrogen atoms were included in calculated positions except those of
water molecules. A quarter of NO3;  was not refined because of the severe disorder.
For (A...)2-[Cos(aet)s][4], all non-hydrogen atoms except the C, O, and disordered N
atoms were refined anisotropically, while the others are refined isotropically.
Hydrogen atoms were included in calculated positions except those of aet ligands and
water molecules. For (A, )2-[Cos(aet)s][5], all non-hydrogen atoms except the water
molecule were refined anisotropically, while the others are refined isotropically.
Hydrogen atoms were included in calculated positions except those of water
molecules.
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IV-3 Results and Discussion

IV-3-1 Synthesis and Characterization
(@) (ALLL)2-Ks[AU'sRh"5(L-cys)s] ((ALLL)2-Ks3[4])

Treatment of A, -Hs[Rh(L-cys)s] with Au' in a 2:3 ratio in water in the presence of
KOH gave a yellow powder. This yellow crude product was dissolved in water by
adding a KOH aqueous solution, and then a large amount of EtOH was added to it to
give a yellow powder of (A_LL)2-Ks[4].

As shown in Figure 4-1, the IR spectrum of (Ap.L)2-K3[4] shows the band at 1608
cm* assigned to COO", suggestive of the presence of L-cys. The X-ray fluorescence
spectroscopy implies that (Ap..).-Ks[4] contains Au and Rh atoms, and elemental
analytical data are agreement with the formula for Ks[AusRh,(L-cys)] -11H,0. The *H
NMR spectrum in D,0O shows two methylene signals (6 3.17 and 3.29 ppm) and one
methine signal (6 3.00 ppm) attributed to the L-cys ligand (Figure 4-2). The presence
of single set of signals suggests that (A_)2-K3[4] has a symmetrical structure with all
L-cys ligands being equivalent. The absorption spectrum of (Ap.)2-Ks[4] in water
shows absorption bands at 365, 302, 250, and 214 nm (Figure 4-3, Table 4-5). The CD
spectrum shows negative bands at 380 and 266 nm and positive bands at 343 and 226
nm (Figure 4-3, Table 4-5). The absorption and CD spectral features are similar to
those of (ALLL)-Ha[S](NO3) (vide infra), suggesting that (Ai..).-[4]° has a similar
S-bridged Au'sRh"', pentanuclear structure with that of (A.1).-[5]° having a {Au's}
moiety instead of the {Ag's} moiety in (A)-[5]°, in which two A
configurational [Rh(L-cys)s]*>" units are triply bridged by three linear Au' ions.
Unfortunately, many attempts to obtain single crystals suitable for X-ray analysis
were unsuccessful.

(b) (ALLL)2-Ha[Ag'sRh"'5(L-cys)e] (NO3) ((ALLL)z-Ha[5](NO3))

Reaction of A -Hs[Rh(L-cys)s] with Ag' in a 2:3 ratio in water in the presence of
KOH gave a yellow solution. When a HNO; aqueous solution was added to it, a yellow
powder appeared immediately. The yellow product of (AppL)2-Hs[5](NO3) was
collected by filtration.

The IR spectrum of (ApLL)2-Hs[5](NO3) shows the presence of L-cys and NOjz~
based on the band at 1717 cm™ assigned to COOH and the band at 1605 cm™
assigned to COO™ for L-cys, and the band at 1383 cm™ for NO3 ", respectively (Figure
4-1). This indicates the presence of cationic species by the protonation on some of the
carboxylate groups. The X-ray fluorescence spectroscopy implies that
(ALLL)2-H4[5](NO3) contains Ag and Rh atoms, and elemental analytical data are
agreement with the formula for Ha[AusCo,(L-cys)s](NOs)-9H,O. The ‘H NMR
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spectrum in D,0 in the presence of base shows a single set of L-cys signals with two
methylene signals (62.78 and 3.32 ppm) and one methine signal (62.86 ppm) (Figure
4-2). Single crystals of (AL )2-H4[5](NO3) suitable for X-ray analysis were obtained by
the reaction of (ALLL)s-Ks[RhsZnsO(L-cys)12] with AgNOs; in water in an acidic
condition. The X-ray analysis demonstrated that (A_.)2-Hs[5](NO3) has an S-bridged
Ag'sRh", pentanuclear structure in  Hs[AgsRha(L-cys)s](NOs), in which two
ArLL-[5]* moieties are bridged by three linear Ag' atoms (vide infra). The absorption
spectrum of (ApL)2-H4[5](NO3) in water in the presence of base shows absorption
bands at 374, 316, 275, and 228 nm (Figure 4-3, Table 4-5). The CD spectrum shows
negative bands at 380 and 239 nm and positive bonds at 338 and 219 nm (Figure 4-3,
Table 4-5).

(©) (AL~ [Co™s(aet)e] [Au'sRNMo(L-cys)] ((Auii)-[Co'"'s(aet)e][4])

Treatment of (ALLL)2-K3[AuzRha(L-cys)s] ((ALLL)2-K3[4]) with
(A)2/(A)2-[Cos(aet)g](NOs)3 in a 1:2 ratio in water, followed by allowing to stand at
room temperature for 1 week, gave black block crystals of (A_.L)2-[Cos(aet)s][4]. The
similar reaction in a basic aqueous solution also gave the same compound
(ALLL)2-[Cos(aet)s][4], which is different from the reaction using (AL )>-[1]* that
showed the chiral and structural conversions, as described in Chapter II.

The IR spectrum shows a strong sharp C=0 stretching band at 1604 cm* assigned
to COO", suggestive of the presence of L-cys (Figure 4-4). X-ray fluorescence
spectroscopy indicates that this compound contains Au, Rh, and Co atoms, and the
elemental analytical data are in agreement with the formula for a 1:1 adduct of
[Cos(aet)e]** and [4]*. The *H NMR spectrum of (A1 ).-[Cos(aet)s][4] in a NaNOs
solution of D,O shows the presence of (Ai)>-[4]° and [Cos(aet)s]** in a 1:1 ratio
(Figure 4-5). The reflection and CD spectra of the crystals in the solid state are shown
in Figure 4-6. The reflection spectrum shows three bands at 607, 446, and 356 nm,
and the CD spectrum shows negative bands at 500, 356, 327, and 302 nm and positive
bands at 560 and 420 nm. The absorption spectrum of the crystals in a NaNO;
aqueous solution is similar to those of [Cos(aet)s]**, showing four absorption bands at
575, 432, 345, and 289 nm (Figure 4-7). The CD spectrum in the range of 700 to 400
nm is reminiscent of that of (A),-[Cos(aet)s]**, showing negative bands at 610 and 484
nm and a positive band at 545 nm, but the intensity is weak (Figure 4-7). On the other
hand, in the short wavelength region, the spectral pattern is similar to that of
(AL )[4, showing negative bands at 379 and 265 nm and a positive band at 341
nm with a reasonable intensity. These absorption and CD spectra indicate the presence
of (ALL)>-[4] and [Cos(aet)e]**, and the (A), isomer of the complex-cation is
incorporated preferentially. Single-crystal X-ray analysis demonstrated that

106



(ALLL)2-[Cos(aet)s][4] is composed of (Ari1).-[4]° and [Cos(aet)s]** in a 1:1 ratio
(vide infra), and the chiral preference of the [Cos(aet)s]** unit was not determined due
to the severe disorder of the (A), and (A), isomers of [Cos(aet)s]*".

To investigate the chiralselective incorporation of the complex-cation in
(ALLL)2-[Cos(aet)s][4], the bulk sample was dissolved in water by adding a saturated
NaClO, aqueous solution and chromatographed on a cation-exchange column
(SP-Sephadex C-25). When the column was treated with water, a yellow band
containing (A.u).-[4]° was eluted, while a brownish green band containing
[Cos(aet)s]*" was adsorbed on the top of the column. This adsorbed band was eluted
with a 0.3 M aqueous solution of NaClO4. The absorption spectrum of the eluate
containing the complex-anion shows a sharp absorption band at 363 nm (Figure S1-2,
see appendix). Its CD spectrum shows a negative band at 378 nm and a positive band
at 342 nm. These spectral features are coincident with those of (A..1).-[4]°", which
indicates that the structure and chirality of the complex-anion are retained during the
reaction. The absorption spectrum of the eluate containing the complex-cation shows
an absorption shoulder at 590 nm and two sharp absorption bands at 440 and 350 nm,
and the CD spectrum shows a negative band at 610 nm and positive bands at 540, 490,
435, and 350 nm (Figure S1-2, see appendix). This CD spectral pattern is same as that
of (A),-[Cos(aet)s]**, but the intensity is quite weak. This indicates that the (A),
isomer of [Cos(aet)s]*" is predominantly incorporated in (AL ).-[Cos(aet)s][4], but its
chiralselectivity is low.

(d) (A2~ [Co™'5(aet)e] [Ag'sRhM'a(L-cys)s] ((Air)z-[Co"'s(aet)e][5])

Treatment of the racemic (A)2/(A)2-[Cos(aet)s] (NO3)3 with
(ALL)2-Ha[AgsRha(L-Cys)s](NO3z)  ((ALLi)2-Ha[5](NO3)) in a 2:1 ratio in water,
followed by allowing to stand at room temperature, gave black needle-like crystals of
(AuL)2-[Cos(aet)s][AgsRh2(L-cys)e] ((Arii)2-[Cos(aet)s][5]).

The IR spectrum of (A.LL)2-[Cos(aet)s][5] shows a strong sharp C=0 stretching
band at 1597 cm™, suggestive of the presence of L-cys with the deprotonated
carboxylate group (Figure 4-4). X-ray fluorescence spectroscopy indicates that this
product contains Ag, Rh, and Co atoms. The elemental analytical data are in
agreement with the formula for a 1:1 adduct of [Cos(aet)s]** and [5]*. The *H NMR
spectrum in a NaNOj solution of D,O shows one set of L-cys signals attributed to
(AL )2-[5]% and one set of aet signals attributed to [Cos(aet)s]**, of which integration
ratio indicates the presence of (A.).-[5]° and [Cos(aet)s]** in a 1:1 ratio (Figure 4-5).
The reflection and CD spectra in the solid state are shown in Figure 4-6. In the
reflection spectrum, three bands at 600, 443, and 357 nm were observed, of which
pattern is similar to that of [Cos(aet)s]*". The CD spectrum shows a negative band at
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398 nm and positive bands at 560, 452, 340, and 285 nm. The CD pattern in the long
wavelength region is similar to that of (A),-[Cos(aet)s]**, whereas the pattern in the
short wavelength region is similar to that of (A..).-[5]°>". The absorption and CD
spectra of the crystals in a NaNO3 aqueous solution are essentially the same as the
reflection and CD spectra in the solid state. The absorption spectrum shows four
absorption bands at 580, 439, 346, and 276 nm, of which spectral pattern is similar to
that of [Cos(aet)s]**. The CD spectrum shows negative bands at 606, 487, 376, 304,
and 241 nm and positive bands at 543, 439, 330, and 283 nm (Figure 4-7). The CD
spectral pattern in the long wavelength region also resembles that of (A),-[Cos(aet)s]*",
indicating that (A..).-[Cos(aet)s][5] contains the (A), isomer of [Cos(aet)s]**
preferentially. X-ray structural analysis of (A_LL),-[Cos(aet)s][5] shows the presence
of (A )2-[5]° and [Cos(aet)s]®" in a 1:1 ratio, and only the (AL..), and (A), isomers
exist in crystal (vide infra).

To check the chirality of the complex-anion and the complex-cation in the bulk
sample, the cationic and anionic parts are separated by column chromatography, and
their absorption and CD spectra were measured. When the bulk sample of
(ALLL)2-[Cos(aet)s][5] was dissolved in a NaClO, aqueous solution and was
chromatographed on a cation-exchange column (SP-Sephadex C-25), a yellow band
containing the complex-anion eluted with water, and a brownish green band
containing the complex-cation was eluted with a 0.3 M aqueous solution of NaClO,.
The absorption spectrum of the yellow band shows a band at 375 nm, and its CD
spectrum shows a negative band at 379 nm and a positive band at 337 nm (Figure 4-8).
These spectral features are coincident with those of (A, ).-[5]°, indicative of the
retention of the A, configurational Ag'sRh"', pentanuclear structure during the
reaction. For the cationic part, the absorption spectrum suggests the presence of
[Cos(aet)s]** based on the bands at 590 and 440 nm (Figure 4-8). In the CD spectrum,
the spectral pattern and intensity are same as those of (A),-[Cos(aet)s]** showing the
bands at 610 and 540 nm (Figure 4-8), indicating that only the (A), isomer of
[Cos(aet)s]** is incorporated in (ALL.)>-[Cos(aet)s][5]. This excellent chiralselectivity
toward [Cos(aet)s]*" is consistent with the X-ray structural analysis that showed the
presence of only the (A), isomer of [Cos(aet)s]** in crystal.

IV-3-3 Crystal Structures of Complexes
(@) (ALLL)2-Ha[Ag'sRN'"'o(L-cys)e](NOs) ((ALLL)2-Ha[5](NO3))

The crystal structure of (A_)2-Ha[5](NO3)-9H,0 was established by single-crystal
X-ray crystallography. The asymmetric unit contains a half of (AL ).-H4[5]", a
quarter of nitrate anion, and water molecules. Another quarter nitrate anion was not
refined due to the severe disorder. The molecular and packing structures are shown in
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Figures 4-9, 4-10, and 4-11. The crystallographic data are summarized in Table 4-1,
and the selected bond distances and angles are listed in Table 4-2.

As shown in Figure 4-9, (A.1)2-Ha[5]" has an S-bridged Ag'sRh"; pentanuclear
structure. Each Rh"'atom has an octahedral geometry coordinated by three bidentate
L-cys-N,S ligands in a facial fashion (av. Rh-S = 3.146 A, Rh—N = 2.097 A), and
adopts a A configuration. In this mononuclear unit, two of the three L-cys ligands have
protonated carboxy groups and the other has a deprotonated carboxylate group. Two
AvrL-Ha[Rh(L-cys)s]™ units are linked by three linear Au' atoms through S atoms (av.
Ag-S =241 A, S-Ag-S = 172°). All six S atoms adopt an S configuration, and only
the (ALLL)2(S)s isomer exists in crystal. The L-cys N,S-chelate rings in the A
configurational [Rh(L-cys)s]>~ units adopt a lel (A for A) conformation with free COO™
groups pointing to an equatorial orientation. Three Ag' atoms are arranged in a
triangle form with the averaged Ag---Ag distance of 3.03 A , indicative of the presence
of an argyrophilic interaction,* These three S-Ag-S linkages are twisted to form a
triple-stranded helical structure with a left handedness. The (ALL)2-Ha[5]" units are
connected to each other through intermolecular Ag---Ag interactions (av. Ag---Ag =
2.935 A) to form a dimeric structure (Figure 4-10). In addition, two carboxylate
groups in each (ArLL)>-Ha[5]" unit bind to two Ag' atoms from two different adjacent
units (av. Ag-O = 2.65 A), which completes a 1D chain made up of the dimers
(Figure 4-10). The 1D chains are further connected to each other through
intermolecular COOH ---O0C hydrogen bonds (av. O---O = 2.49 A) to construct a
columnar structure with large cavities that accommodate water molecules (Figure
4-11).

(b) (ALL)z-[Co™3(aet)e] [Au'sRh 5 (L-cys)s] ((ALii)-[Co'"'s(aet)e][4])

The crystal structure of (ALLL)2-[Cos(aet)s][4] is isomorphous with
(ALL)>-[Cos(aet)s][1], consisting of a complex-cation [Cos(aet)s]** and a
complex-anion (AL )>-[4]° besides water molecules of crystallization. The molecular
and packing structures are shown in Figures 4-12, 4-13, 4-14, and 4-15. The
crystallographic data are summarized in Table 4-1 and the selected bond distances and
angles are listed in Table 4-3.

The complex-anion of (Aii)>-[4]° in (ALLL).-[Cos(aet)s][4] has an S-bridged
Au'sRh", pentanuclear structure (Figure 4-12). Each Rh"' center is in an N3S;
octahedral environment coordinated by three bidentate-N,S L-cys ligands (av. Rh-S =
2.335(8) A, Rh-N = 2.126(3) A). Two [Rh(L-cys)s]* units are linked by three Au'
ions, and each Au' center is in an S, linear coordination environment (av. Au-S =
2.305(6) A, S—Au-S = 173.4°). Two Rh" centers take a A_., configuration, and all
six S atoms adopt an S configuration to give only the (AL L)2(S)s isomer. The L-cys
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N,S-chelate rings in the A., configurational [Co(L-Cys)s]*™ units adopt a lel (. for A)
conformation with free COO™ groups pointing to an equatorial orientation. There exist
intramolecular aurophilic interactions between the triangular Au' ions (av. Au---Au =
3.034(6) A), and three S—Au-S linkages have a left-handed helical arrangement. For
the cationic part, the S-bridged Co""'; trinuclear structure is retained, and it was found
that the (A), and (A), isomers are disordered in a ca. 3:2 ratio. In the packing structure,
(ALL)2-[41° units are connected to each other through hydrogen bonds between the
amine and carboxylate groups (av. NH---O = 2.86 A) to form a hydrogen-bonded 1D
chain structure (Figure 4-13). The 1D chains are arranged in a parallel manner, and
the disordered [Cos(aet)s]** units are incorporated between the chains through
hydrogen bonds (av. NH---O = 2.31 A), such that each complex-cation is surrounded
by two complex-anions (Figure 4-14). Each complex-anion is surrounded by two
complex-anions and two complex-cations (Figure 4-14), and as a result,
complex-anions and complex-cations are alternately arranged to construct a 3D
hydrogen-bonding network structure (Figure 4-15).

(©) (M)~ [Co''3(aet)e] [Ag'sRh"'(L-cys)s] ((ALir)z-[Co"'s(aet)e] [5])

X-ray crystallography demonstrated that (A_.),-[Cos(aet)g][5] consists of a
complex-cation [Cos(aet)s]** and a complex-anion (AiiL)-[5]° besides water
molecules of crystallization in the asymmetric unit. The molecular and packing
structures are shown in Figures 4-16, 4-17, 4-18 and 4-19. The crystallographic data
are summarized in Table 4-1, and the selected bond distances and angles are listed in
Table 4-4.

As shown in Figure 4-16, the complex-anion (A..)2-[5]* has an S-bridged
Ag'sRh", pentanuclear structure, in which two [Rh(L-cys)s]* units are bridged by
three linear Ag' atoms (av. Rh-S = 2.316 A, Rh-N = 2.114 A, Ag-S = 2.421 A,
S-Ag-S = 171.54°). As in (A.)--[4]*, the Rh"™ centers coordinated by three
bidentate-N,S L-cys ligands adopt a A .. configuration, and the bridging S atoms
adopt an S configuration to give only the (ALLL)2(S)s isomer. All six carboxylate
groups in (ALLL)>-[5]° take an equatorial orientation, and the N,S-chelate rings adopt
a thermodynamically stable lel (1 for A) conformation. Three S—-Ag-S linkages are
twisted in a left-handed manner such that three Ag' atoms are close to each other (av.
Ag---Ag = 3.106 A). The complex-cation [Cos(aet)s]** incorporated in
(ALLL)2-[Cos(aet)s][D] exclusively adopts the (A), configurations, indicative of the
chiralselective uptake of the (A), isomer of [Cos(aet)s]*" in crystal.

Each complex-anion (A..L)»>-[5]° is connected with six complex-anions; two of the
six complex-anions are connected through Ag---OOC interaction bonds with a
monodentate coordination mode (av. Ag---OOC = 2.729 A), and the other four
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complex-anions are connected through hydrogen bonds between carboxylate and
amine groups (av. NH---O = 3.007 A), as shown in Figure 4-17. In addition, each
complex-anion (AL )»>-[5]° is also connected with four complex-cations [Cos(aet)s]**
through the hydrogen bonds between the carboxylate groups of (Ai.L)»-[5]° and the
amine groups of complex-cations (av. NH---O = 2.97 A) (Figure 4-17). Thus, each
(ALL)2-[5]° anion is connected with six complex-anions and four complex-cations
through the NH---O hydrogen bonds and Ag---O coordination bonds. Each
(A)-[Cos(aet)s]** cation is hydrogen-bonded with four adjacent complex-anions with
the average NH---O distance of 3.060(5) A (Figure 4-18). As a result, anionic and
cationic part alternately arranged to construct a 3D network structure (Figure 4-19).

IV-3-4 Chiralselectivity of (A_.).-[M'sRh'"5(L-cys)s]> (M' = Au', Ag') toward
(A)2/(A)2-[Co'"'3(aet)]**

The chiralselective behavior of two complex-anions, (Aci1)2-[4]° and (AL)-[5]°,
toward (A)o/(A)-[Cos(aet)s]®* was investigated. It was found that these two
complex-anions containing the [Rh(L-cys)s]*~ units showed the similar chiralselective
ability with those containing the [Co(L-cys)s]>™ units. When (AL )>-[4]° was reacted
with (A)2/(A)2-[Cos(aet)s]**, the cocrystallized compound (A1 )--[Cos(aet)s][4] was
obtained. In this compound, the (A), isomer of [Cos(aet)s]** was preferentially
incorporated, but its selectivity is low. The similar reaction using (AL ).-[5]* instead
of (ALLL)>-[4]° also gave the cocrystallized compound (AcL.).-[Cos(aet)s][5], but the
chiralselective behavior is quite different. In (AL )2-[Cos(aet)s][5], the (A), isomer of
[Cos(aet)s]*" was exclusively incorporated.

This difference can be also discussed by comparing the packing structures. In
(ALLL)2-[Cos(aet)s][4], each complex-anion is surrounded by two complex-anions and
two complex-cations through the hydrogen bonds between the amine and carboxylate
groups. Each complex-cation is surrounded by two complex-anions through hydrogen
bonds. On the other hand, in (A_LL)2-[Cos(aet)s][5], each complex-anion is connected
with six complex-anions and four complex-cations through the NH---O hydrogen
bonds and Ag-OOC coordination bonds, while each complex-cation is
hydrogen-bonded with four adjacent complex-anions. From the comparison of these
two packing structures, it was found that the number of the intermolecular interactions
is different to each other. In (A_.)>-[Cos(aet)s][5] containing the Ag' ion in the
complex-anion, the coordination bonds between the Ag' ion and carboxylate groups
were formed in addition to the hydrogen bonding interactions. Thus, the ten
complexes are connected to each complex-anion, and concomitantly, the four
complexes are connected to each complex-cation. As a result, the tight packing
structure was formed in (ApLLL)2-[Cos(aet)s][5], which leads to the excellent
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chiralselectivity. Namely, the effective chiral recognition toward (A),-[Cos(aet)s]**
was achieved by means of increasing the intermolecular interactions through the
introduction of the Ag' ions. On the other hand, in (AL..)>-[Cos(aet)s][4] containing
the Au' ion in the complex-anion, no significant intermolecular interaction using the
Au' ion was observed, and thus, the less number of the intermolecular interactions
were formed. As a result, the looser packing structure was formed in
(ALLL)>-[Cos(aet)s][4], which leads to the less chiralselective ability of (Aii)--[4]°
toward [Cos(aet)s]*".

IV-3-5 Chiralselectivity of Complex-anions Containing L-Cysteinate toward
(A)2/(A)2-[Co"'5(aet)e]*

Commonly, the L-cysteinato multinuclear complexes have (i) multiple chiral
centers on the metal centers (A/A), the bridging S atoms (R/S), and the C atom of
L-cys (R), (ii) an anionic nature, and (iii) several carboxylate groups available for the
chiral recognition sites. Thus, these complexes can act as a resolving reagent toward
racemic complex-cations. The chiralselective behavior of the seven L-cysteinato
multinuclear  complex-anions,  (AiL)>-[Cos(L-cys)s]®,  (ALLL)2-[Cos(L-cys)s]®,
(ALl [AusCox(L-cys)el® ((ALLL)2-[11%), (AcL)a-TAusCos(L-cys)i2]® ((ALci)a-[21%),
(ALL)2-[AgsCo2(L-cys)el® ((ALii)2-[31%), (ALn)2-[AusRho(L-cys)sl® ((A)z-[41%),
and  (Au)-[AgsRha(L-cys)s]*  ((AL)>-[5]°), toward the complex-cation,
(A)2/(A)2-[Cos(aet)s]**, was investigated up to now, including the literature.

Comparing the chiralselectivity of (ALLL)2-[Cos(L-cys)s]* and
(ALL)2-[Cos(L-cys)e]®, (ALLL)2-[Cos(L-cys)e]® selects the (A), isomer of [Cos(aet)s]*
exclusively (ee ~100%), whereas (Ar..)>-[Cos(L-Cys)s]® preferentially selects the
(A), isomer of [Cos(aet)s]** (ee ~20%). The factor that controls the excellent/poor
selectivity was considered as the different orientation of the free carboxylate groups.
The (AuL)2-[Cos(L-cys)s]> complex-anion has equatorially oriented carboxylate
groups, which leads to the formation of the efficient double hydrogen bonding
interactions between the complex-anions, and the further interaction with the
complex-cation is difficult to be formed. On the other hand, the
(ALL)2-[Cos(L-cys)s]® complex-anion has axially oriented carboxylate groups, and
thus, the hydrogen bonds between the complex-anions and between the
complex-anion and the complex-cation can be equally formed. As a result, each
complex-anion is surrounded by two complex-anions and three complex-cations. Thus,
the complex-anion having the AL configurational mononuclear units with axially
oriented carboxylate groups is a good candidate for a resolving agent compared with
that having the A__ configurational mononuclear units with equatorially oriented
carboxylate groups.
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The complex-anions, (Acu)2-[1]1* and (Auw)2-[4]%, containing a {Au's} unit
instead of the central Co"' ion in (ALLL).-[Cos(L-cys)s]® were found to show the poor
selectivity toward (A)o/(A)»-[Cos(aet)e]®”. In both cases, the (A), isomer of
[Cos(aet)s]*" were partially selected. This low selectivity is explained by the same
reason as (Au)a-[Cos(L-cys)s]®. In both cocrystallized compounds, the
complex-anions have the equatorially oriented carboxylate groups, and the efficient
double hydrogen bonding interactions are formed between the complex-anions, which
leads to the less number of the intermolecular interactions between the complex-anion
and the complex-cation, and the poor selectivity toward the complex-cation.

Considering the speculation that the Ay configurational multinuclear
complex-anions act as an efficient resolving reagent than the A., . configurational
complex-anions, the complex-anions (Ariu)>-[1]° and (AL).-[4]* should show the
good chiralselectivity. Unfortunately, the preparation of (A, ),-[4]* was failed by the
similar reaction with that of (AL ),-[1]%, because of the inertness of the Rh'"' centers
and the thermodynamical stability of both the lel conformation of the chelate ring and
the equatorial orientation of the carboxylate groups. As described in Chapter II,
(AL)2-[1]F was successfully prepared, but was structurally converted to
(AL)#-[2]% upon the crystallization with [Cos(aet)s]**. Thus, the chiralselective
behavior between (Aii)2-[1]* and (Av)-[1]* could not be compared, but the
investigation of the chiralselectivity of (A, )s-[2]® was performed. As a result, it was
found that (ALL1)s-[2]° selects the (A), isomer of [Cos(aet)s]* partially (ee 22%).
This chiralselectivity is lower than expected, although the slight increase in the
chiralselectivity of (AL )s-[2]° compared with (ALiL)>-[1]° was observed. This can
be explained by the orientation of the carboxylate groups. In (A.)s-[2]%, only four
of the twelve carboxylate groups orient an axial direction due to the steric hindrance,
and the remaining eight carboxlate groups orient an equatorial direction, which might
promote the formation of the intermolecular interactions between the complex-anions.
Thus, only two complex-cations connected to each complex-anion, and the chiral
recognition ability is not so good.

Finally, the influence of the introduction of the Ag' ions is discussed. Both
complex-anions (Ac)2-[3]* and (ALL)»-[5]° containing a {Ag's} unit between the
terminal (AL )>-[M(L-cys)s]> (M = Co"™, Rh"™) units showed the excellent
chiralselectivity toward (A)»/(A).-[Cos(aet)s]** in spite of the A.. configuration of the
terminal (ALLL)2-[M(L-cys)s]® units. The coordination geometry of the central Co""
center in (AL)>-[Cos(L-cys)s]® is satisfied by the six S atoms from two
(ALLL)2-[M(L-cys)e]* units, and the Au' ions in (Au).-[1]° is in a rigid linear
coordination geometry. Therefore, it is difficult to form another coordination bond to
the central Co" and Au' ions. On the other hand, the Ag' ions can take various
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coordination number and geometry like two-coordination, three-coordination, and
four-coordination, and thus, the the two-coordinated Ag' ions in (Ai1)--[3]° and
(AL )>-[5]° are easily coordinated by additional ligands. As a result, in both
(ALLL)2-[Cos(aet)s][3] and (ALcL)2-[Cos(aet)e][5], the Ag' ion is coordinated by the
carboxylate group in the neighboring complex-anion, and the hydrogen bonds
between the complex-anion and the complex-cation are easy to be formed considering
the Coulomb repulsion. In fact, each complex-anions are connected to four
complex-cations in both cocrystallized compounds.

From the above discussion, it was speculated that the following structural features
of the complex-anions with L-cysteinate are important for the excellent
chiralselectivity: (i) to have additional interaction sites, such as two-coordinated Ag'
centers, besides the amine and carboxylate groups and (ii) to have axially oriented
carboxylate groups.
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IV-4 Summary

In this chapter, the chiralselective behavior of (Ari).-[AusRhy(L-cys)e]*
(Aw)-[41)  and (AL [AgsRha(L-cys)sl®  ((AL)-[5]*)  toward
(A)o/(A)2-[Cos(aet)s]®* was investigated. The reaction of (AL)--[4]> with
(A)o/(A)-[Cos(aet)s]** in  water gave the cocrystallized  compound
(ALLL)>-[Cos(aet)s][4], and the similar reaction of (A ).-[5]F  with
(A)o/(A)-[Cos(aet)s]®* in  water also gave the cocrystallized compound
(ALLL)2-[Cos(aet)g][5]. These compounds consist of the complex-anion and
complex-cation in a 1:1 ratio, and it was found that the structures of both
complex-anion and complex-cation were retained during the reaction. The separation
of the complex-anion and complex-cation by column chromatography and the
sequential absorption and CD spectral measurements showed that the (A), isomer of
[Cos(aet)s]** was preferencially incorporated in (AL ).-[Cos(aet)s][4] with a low
chiralselectivity, whereas only the (A), isomer of [Cos(aet)s]*" was incorporated in
(ALLL)2-[Cos(aet)g][5] (ee ~100%). This difference is caused by the different
intermolecular interactions between the complex-anion and the complex-cation. In
(ALLL)2-[Cos(aet)g][4], each complex-anion is surrounded by two complex-anions and
two complex-cations, whereas in (A_ L)2-[Cos(aet)s][5], each complex-anion is
surrounded by six complex-anions and four complex-cations. In (AL )2-[Cos(aet)s][4],
only the hydrogen bonds between the carboxylate and amine groups are formed, and
the central {Au's} moiety does not contribute to the formation of the intermolecular
interactions. On the other hand, in (AL )2-[Cos(aet)s][5], the central {Ag's} moiety is
coordinated by the carboxylate group of the neighboring complex-anion, and the
intermolecular interactions were formed through coordination bonds as well as
hydrogen bonds. Thus, the different number of the intermolecular interactions
between (ALLL)2-[Cos(aet)s][4] and (ALLL)2-[Cos(aet)s][5] was observed, which leads
to the different chiralselective ability of (A )-[4] and (AL )--[5]° toward
(A)2/(A)2-[Cos(aet)s]*".

By comparing the chiralselective behavior of the L-cysteinato multinuclear
complex-anions, it was speculated that the factor that controls the selectivity is the
number of the intermolecular interactions between the complex-anion and the
complex-cation. The chiralselectivity becomes better as increasing the number of the
interactions. In order to increase the cation-anion interactions, the following structural
features of the complex-anions might be important: (i) to have additional interaction
sites, such as two-coordinated Ag' centers, besides the amine and carboxylate groups
and (i) to have axially oriented carboxylate groups.
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Figure 4-1. IR spectra of (a) (ALLL)2-Ks[4] and (b) (ALLL)2-H4[5]1(NO3) (KBr disk).
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Figure 4-2. *H NMR spectra of (a) (ALLL)>-Ks[4] in D20 and (b) (ALLL)2-Ha[5](NO3)
in D20 in the presence of base.
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Figure 4-3. Absorption and CD spectra of (AL )2-K3[4] in water (---) and
(ALLL)2-H4[5](NO3) in water in the presence of base (—).
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Figure 4-4. IR spectra of complex salts (a) (ALLL)2-[Cos(aet)g][4] and (b)
(ALiL)2-[Cos(aet)e] [5] (KBr disk).
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Figure 4-5. The *H NMR spectra of crystals of (a) (AL.L)>-[Cos(aet)s][4] and (b)
(ALLL)2-[Cos(aet)g][5] in a NaNOg solution of D,0.
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Figure 4-6. Reflection and CD spectra of (AL L)2-[Cos(aet)s][4] (---) and
(ALLL)2-[Cos(aet)g][5] (—) in the solid state. For (ApL).-[Cos(aet)g][4], reflection
spectrum [A / nm]: 607, 446, 356; CD spectrum [Z1 / nm]: 560 (+), 500 (-), 420 (+),
356 (-), 327 (-), 302 (-). For (ALLL)2-[Cos(aet)s][5], reflection spectrum [ / nm]: 600,
443, 357; CD spectrum [1 / nm]: 560 (+), 505 (+), 452 (+), 398 (-), 340 (+), 315 (+),
285 (+).
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Figure 4-7.  Absorption and CD spectra of (Ap1).-[Cos(aet)s][4] (---) and

(ALLL)2-[Cos(aet)g][5] (—) in a NaNO3 aqueous solution. For (ApLL)2-[Cos(aet)s][4],
absorption spectrum [A/nm (loge/ mol™ dm® cm™)]: 575 (3.27), 432 (3.79), 345
(4.30), 289 (4.52); CD spectrum [A/nm (Ae / mol™ dm?® cm™)]: 610 (-0.28), 545
(+1.67), 484 (-0.68), 379 (-30.48), 341 (+9.46), 265 (-185.40). For
(ALLL)2-[Cos(aet)s][5], absorption spectrum [A/nm (loge/ mol™ dm® cm™)]: 585
(3.36), 439 (3.70), 346 (4.31), 276 (4.65); CD spectrum [A/nm (Ae/ mol™* dm® cm™)]:
606 (-3.69), 543 (+16.63), 487 (-8.47), 439 (+1.12), 376 (-19.69), 330 (+11.26), 304
(-9.28), 283 (+14.75), 241(-56.74).
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Figure 4-8. Absorption and CD spectra of (a) [Cos(aet)s]* and (b) [5]* incorporated

in (ALLL)2-[Cos(aet)g][5] in water.
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Figure 4-9. A perspective view of (Ai1)2-[5]° in (ALLL)2-Ha[5](NOs) with the atomic
labeling scheme. Symmetry code: (#) —x+1,y, -z.

Figure 4-10. (a) A dimer structure formed by an Ag---Ag contact and (b) a 1D chain
structure formed by Ag—OOC bonds.

Figure 4-11. A 3D structure formed by COOH---OOC hydrogen bonds in
(ALLL)2-H4[5](NO3).
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Figure 4-12. ORTEP drawings of (a) [Cos(aet)s]*" and (b) (AL)>-[4] in
(ALLL)2-[Cos(aet)s][4]. Hydrogen atoms are omitted for clarity.

Figure 4-13. Perspective view of 1D chain structure of the complex-anion in
(ALLL)2-[Coz(aet)s][4]. Dashed lines represent hydrogen bonds.
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(@)

Figure 4-14. Intermolecular interactions (a) around each complex-anion and (b)
around each complex-cation in (Ap)2-[Coz(aet)s][4].

Figure 4-15. Packing structure of (Ap.L).-[Cos(aet)s][4] viewing from a axis. Dark
gray and light gray molecules represent complex-cation and complex-anion,
respectively.
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Figure 4-16. ORTEP drawings of (a) [Cos(aet)s]** and (b) (AL )>-[5]° in
(ALLL)2-[Cos(aet)s][5]. Hydrogen atoms are omitted for clarity.
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Figure 4-17. Perspective views of intermolecular interactions around each
complex-anion in (ApLL)2-[Cos(aet)s][5]. (a) Anion-anion interactions through the
Ag-OO0C coordination bonds, (b) all anion-anion interactions through the Ag-OOC
coordination bonds and NH---O hydrogen bonds, and (c) all anion-anion and
anion-cation intermolecular interactions.
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Figure 4-18. Perspective view of intermolecular interactions around each
complex-cation in (A_L)2-[Cos(aet)s][5].
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Figure 4-19. Packing structure of (A_ L)2-[Coz(aet)s][5]. Dark gray and light gray
molecules represent complex-cation and complex-anion, respectively.
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Table 4-1. Crystallographic data of complexes.
(ALLL)2-Ha[5](NO3) -9H,0

(ALLL)z-[C03(aet)5] [4] -17H,0

(ALLL)Z' [COg(aet)e] [5] -9H,0

Empirical formula C13H52Ag3N7024Rh286
Formula weight 2449.18
Crystal system Orthorhombic
Space group 1222

alh 10.024(2)
b/A 18.725(5)
c/A 24.813(7)
pre

VI/IA3 4657(2)

z 4

T/K 200(2)

R(int) 0.0337

pealea/ g €M 2.100

u(Mo Ka) / cm™ 2.285

Onax 54.96

total no. of data 5350

no. of unique data 5270

no. of parameters 249

R1, WR2 (1>20(1))*"
R1, wR2 (all data)*”

0.0337, 0.0344
0.0982, 0.0977

C3oH104AU3C03N12031RN,S12
2449.18
Monoclinic
P2,

12.902(9)
26.58(2)
13.130(10)
115.54(3)
4062(5)

2

200(2)

0.0588

2.002

6.771

54.96

31698

18194

590

0.0657, 0.1662
0.0824, 0.1738

C30H30Ag3C03N12020RN2S 15
1969.60
Monoclinic

C2

26.5781(5)
12.5092(3)
10.2204(2)
109.336(8)
3206.31(12)

4

200(2)

0.0183

1.813

2.615

54.96

12890

6988

359

0.0284, 0.0617
0.0312, 0.0622

"R1 = (Z|(|Fo| - [FeD/(ZIFol), "WR2 = [ {ZW(Fo” — F¢*)* }(Zw|Fo )]
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Table 4-2. Selected bond distances and angles of (AL 1)2-Hs[5](NO3).

Rh1-S1
Rh1-S2
Rh1-S3
Agl-S1
Ag2-S2
Agl-S3#1

N3-Rh1-N2
N3-Rh1-N1
N2-Rh1-N1
S3-Rh1-S2
S1-Rh1-S2
S3-Rh1-S1
N1-Rh1-S3
N2-Rh1-S1
N3-Rh1-S2

2.3161(14)
2.3222(12)
2.3062(13)
2.4184(15)
2.3865(12)
2.4198(14)

90.02(18)
91.06(18)
90.2(2)
92.16(5)
93.55(5)
92.25(5)
175.55(13)
175.34(17)
174.06(13)

Distances (A)

Rh1-N1
Rh1-N2
Rh1-N3
Agl-Ag2
Ag2-Ag2#2
Agl-Agl#l

Angles (9

N3-Rh1-S3
N2-Rh1-S3
N3-Rh1-S1
N1-Rh1-S1
N2-Rh1-S2
N1-Rh1-S2
Agl#1-Ag2-Agl
Ag2-Agl-Agl#l
Ag2#2-Ag2-Agl

2.101(4)
2.097(5)
2.093(4)
2.9889(8)
2.9354(13)
3.1095(10)

85.22(13)
92.27(17)
91.49(14)
85.39(13)
85.20(13)
92.48(13)
62.69(3)
58.656(12)
148.657(13)

Symmetry codes: (#1) —x+1,y, —z, (#2) x+1, -y, z.
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Table 4-3. Selected bond distances and angles of (A, ).-[Cos(aet)s]2[4].

AU(1)-S(5)
AU(1)-S(2)
AU(2)-S(1)
AU(2)-S(4)
AU(3)-S(3)
AU(3)-S(6)
Rh(1)-N(1)
Rh(1)-N(3)
Rh(1)-N(2)
Rh(1)-S(3)
Rh(1)-S(2)
Rh(1)-S(1)
Rh(2)-N(6)
Rh(2)-N(5)
Rh(2)-N(4)
Rh(2)-S(6)
Rh(2)-S(5)
Rh(2)-S(4)
Co(1)-N(8A)
Co(1)-N(7A)
Co(1)-N(9B)
Co(1)-N(8B)
Co(1)-N(9A)
Co(1)-N(7B)
Co(1)-S(8B)
Co(1)-S(9B)
Co(1)-S(7A)

S(5)-Au(1)-S(2)
S(1)-Au(2)-S(4)
S(3)-Au(3)-S(6)
N(L)-Rh(L)-N(3)
N(L)-Rh(1)-N(2)
N(3)-Rh(L)-N(2)

S(3)-Rh(1)-S(2)

Distances (A)

2.298(4) Co(1)-S(9A)
2.303(4) Co(1)-S(7B)
2.306(4) Co(1)-S(8A)
2.323(4) Co(2)-S(10B)
2.299(4) Co(2)-S(7A)
2.302(4) Co(2)-S(11A)
2.085(13) Co(2)-S(11B)
2.116(15) Co(2)-S(9A)
2.155(14) Co(2)-S(9B)
2.322(4) Co(2)-S(8A)
2.344(4) Co(2)-S(12B)
2.345(4) Co(2)-S(10A)
2.099(15) Co(2)-S(12A)
2.114(13) Co(2)-S(8B)
2.168(13) Co(2)-S(7B)
2.326(4) Co(3)-N(12B)
2.334(4) Co(3)-N(10B)
2.340(4) Co(3)-N(12A)
1.92(3) Co(3)-N(10A)
1.93(3) Co(3)-N(11B)
1.93(4) Co(3)-N(11A)
1.96(3) Co(3)-S(12A)
2.02(2) Co(3)-S(10A)
2.12(4) Co(3)-S(11A)
2.175(10) Co(3)-S(10B)
2.183(10) Co(3)-S(11B)
2.232(8) Co(3)-S(12B)
Angles (9
172.19(14) N(1)-Rh(1)-S(3)
174.47(14) N(3)-Rh(1)-S(3)
173.69(14) N(2)-Rh(1)-S(3)
89.6(6) N(1)-Rh(1)-S(2)
92.8(5) N(3)-Rh(1)-S(2)
89.0(6) N(2)-Rh(1)-S(2)
94.55(16) N(1)-Rh(1)-S(1)

2.233(8)
2.289(11)
2.317(8)
2.246(11)
2.253(8)
2.259(9)
2.260(11)
2.262(8)
2.275(10)
2.279(8)
2.282(10)
2.291(9)
2.301(8)
2.302(10)
2.328(11)
1.75(4)
1.86(4)
1.97(3)
2.01(3)
2.06(6)
2.13(4)
2.215(8)
2.240(8)
2.257(11)
2.267(11)
2.271(10)
2.293(12)

87.6(4)
85.8(5)
174.8(4)
177.3(4)
89.0(5)
85.0(4)
85.7(4)



Table 4-3. (continued)

N(3)-Rh(1)-S(1)
N(2)-Rh(1)-S(1)
S(3)-Rh(1)-S(1)
S(2)-Rh(1)-S(1)
N(6)-Rh(2)-N(5)
N(6)-Rh(2)-N(4)
N(5)-Rh(2)-N(4)
N(6)-Rh(2)-S(6)
N(5)-Rh(2)-S(6)
N(4)-Rh(2)-S(6)
N(6)-Rh(2)-S(5)
N(5)-Rh(2)-S(5)
N(4)-Rh(2)-S(5)
S(6)-Rh(2)-S(5)
N(6)-Rh(2)-S(4)
N(5)-Rh(2)-S(4)
N(4)-Rh(2)-S(4)
S(6)-Rh(2)-S(4)
S(5)-Rh(2)-S(4)
N(8A)-Co(1)-N(7A)
N(8A)-Co(1)-N(9B)
N(7A)-Co(1)-N(9B)
N(8A)-Co(1)-N(8B)
N(7A)-Co(1)-N(8B)
N(9B)-Co(1)-N(8B)
N(8A)-Co(1)-N(9A)
N(7A)-Co(1)-N(9A)
N(9B)-Co(1)-N(9A)
N(8B)-Co(1)-N(9A)
N(8A)-Co(1)-N(7B)
N(7A)-Co(1)-N(7B)
N(9B)-Co(1)-N(7B)
N(8B)-Co(1)-N(7B)
N(9A)-Co(1)-N(7B)
N(8A)-Co(1)-S(8B)
N(7A)-Co(1)-S(8B)
N(9B)-Co(1)-S(8B)

175.3(5)
90.8(4)
94.37(15)
95.71(15)
90.2(6)
89.1(6)
91.5(5)
86.1(4)
89.3(4)

175.1(4)

175.3(4)
85.4(4)
89.3(4)
95.57(16)
90.1(4)

177.6(4)
86.2(4)
93.02(16)
94.18(16)

100.3(11)

117.1(15)
53.1(14)
37.1(12)

112.2(12)
95.3(15)
88.9(11)
92.9(11)
47.0(14)
54.5(11)
65.5(13)
40.9(13)
89.3(16)
93.4(14)

111.9(13)
71.2(9)

125.2(8)

171.4(12)

135

N(8B)-Co(1)-S(8B)
N(9A)-Co(1)-S(8B)
N(7B)-Co(1)-S(8B)
N(8A)-Co(1)-S(9B)
N(7A)-Co(1)-S(9B)
N(9B)-Co(1)-S(9B)
N(8B)-Co(1)-S(9B)
N(9A)-Co(1)-S(9B)
N(7B)-Co(1)-S(9B)
S(8B)-Co(1)-S(9B)
N(8A)-Co(1)-S(7A)
N(7A)-Co(1)-S(7A)
N(9B)-Co(1)-S(7A)
N(8B)-Co(1)-S(7A)
N(9A)-Co(1)-S(7A)
N(7B)-Co(1)-S(7A)
S(8B)-Co(1)-S(7A)
S(9B)-Co(1)-S(7A)
N(8A)-Co(1)-S(9A)
N(7A)-Co(1)-S(9A)
N(9B)-Co(1)-S(9A)
N(8B)-Co(1)-S(9A)
N(9A)-Co(1)-S(9A)
N(7B)-Co(1)-S(9A)
S(8B)-Co(1)-S(9A)
S(9B)-Co(1)-S(9A)
S(7A)-Co(1)-S(9A)
N(8A)-Co(1)-S(7B)
N(7A)-Co(1)-S(7B)
N(9B)-Co(1)-S(7B)
N(8B)-Co(1)-S(7B)
N(9A)-Co(1)-S(7B)
N(7B)-Co(1)-S(7B)
S(8B)-Co(1)-S(7B)
S(9B)-Co(1)-S(7B)
S(7A)-Co(1)-S(7B)
S(9A)-Co(1)-S(7B)

93.1(9)
138.9(8)
92.5(11)
123.1(9)
133.1(9)
88.8(12)
95.6(10)
72.8(8)
170.9(11)
88.1(4)
93.7(9)
91.3(8)
134.7(12)
126.6(9)
174.6(8)
73.5(11)
38.6(4)
101.8(3)
169.4(8)
90.3(8)
69.4(12)
137.6(10)
90.5(8)
124.3(11)
102.8(3)
47.0(3)
86.1(3)
142.2(9)
69.0(8)
86.2(12)
178.5(10)
126.6(8)
86.9(11)
85.5(4)
84.1(4)
52.2(4)
42.7(3)



Table 4-3. (continued)
N(8A)-Co(1)-S(8A)
N(7A)-Co(1)-S(8A)
N(9B)-Co(1)-S(8A)
N(8B)-Co(1)-S(8A)
N(9A)-Co(1)-S(8A)
N(7B)-Co(1)-S(8A)
S(8B)-Co(1)-S(8A)
S(9B)-Co(1)-S(8A)
S(7A)-Co(1)-S(8A)
S(9A)-Co(1)-S(8A)
S(7B)-Co(1)-S(8A)
S(10B)-Co(2)-S(7A)
S(10B)-Co(2)-S(11A)
S(7A)-Co(2)-S(11A)
S(10B)-Co(2)-S(11B)
S(7A)-Co(2)-S(11B)
S(11A)-Co(2)-S(11B)
S(10B)-Co(2)-S(9A)
S(7A)-Co(2)-S(9A)
S(11A)-Co(2)-S(9A)
S(11B)-Co(2)-S(9A)
S(10B)-Co(2)-S(9B)
S(7A)-Co(2)-S(9B)
S(11A)-Co(2)-S(9B)
S(11B)-Co(2)-S(9B)
S(9A)-Co(2)-S(9B)
S(10B)-Co(2)-S(8A)
S(7A)-Co(2)-S(8A)
S(11A)-Co(2)-S(8A)
S(11B)-Co(2)-S(8A)
S(9A)-Co(2)-S(8A)
S(9B)-Co(2)-S(8A)
S(10B)-Co(2)-S(12B)
S(7A)-Co(2)-S(12B)
S(11A)-Co(2)-S(12B)
S(11B)-Co(2)-S(12B)
S(9A)-Co(2)-S(12B)

86.1(8)
171.8(8)
128.3(12)

76.0(9)

92.3(8)
141.2(11)

51.9(3)

43.3(3)

83.1(3)

83.3(3)
102.8(3)
135.1(4)
101.0(4)

99.3(3)

84.9(4)

78.2(3)

50.2(4)
132.5(4)

84.9(3)

94.1(3)
136.0(4)

95.7(4)

98.3(3)
133.7(4)
175.5(4)

45.6(3)

78.5(3)

83.5(3)
176.2(3)
133.3(3)

83.5(3)

42.9(3)

84.1(4)
134.3(4)

41.0(3)

84.8(4)

78.6(3)

S(9B)-Co(2)-S(12B)
S(8A)-Co(2)-S(12B)
S(10B)-Co(2)-S(10A)
S(7A)-Co(2)-S(10A)
S(11A)-Co(2)-S(10A)
S(11B)-Co(2)-S(10A)
S(9A)-Co(2)-S(10A)
S(9B)-Co(2)-S(10A)
S(8A)-Co(2)-S(10A)
S(12B)-Co(2)-S(10A)
S(10B)-Co(2)-S(12A)
S(7A)-Co(2)-S(12A)
S(11A)-Co(2)-S(12A)
S(11B)-Co(2)-S(12A)
S(9A)-Co(2)-S(12A)
S(9B)-Co(2)-S(12A)
S(8A)-Co(2)-S(12A)
S(12B)-Co(2)-S(12A)
S(10A)-Co(2)-S(12A)
S(10B)-Co(2)-S(8B)
S(7A)-Co(2)-S(8B)
S(11A)-Co(2)-S(8B)
S(11B)-Co(2)-S(8B)
S(9A)-Co(2)-S(8B)
S(9B)-Co(2)-S(8B)
S(8A)-Co(2)-S(8B)
S(12B)-Co(2)-S(8B)
S(10A)-Co(2)-S(8B)
S(12A)-Co(2)-S(8B)
S(10B)-Co(2)-S(7B)
S(7A)-Co(2)-S(7B)
S(11A)-Co(2)-S(7B)
S(11B)-Co(2)-S(7B)
S(9A)-Co(2)-S(7B)
S(9B)-Co(2)-S(7B)
S(8A)-Co(2)-S(7B)
S(12B)-Co(2)-S(7B)

99.6(4)
135.3(3)
50.4(4)
93.3(3)
83.7(3)
41.0(4)
176.9(3)
137.3(4)
98.8(3)
101.1(3)
39.1(4)
174.3(3)
83.3(3)
99.8(3)
100.1(3)
83.3(3)
94.1(3)
50.3(4)
81.9(3)
103.7(4)
37.3(3)
132.6(4)
92.6(4)
97.9(3)
82.9(4)
51.0(3)
171.6(4)
82.0(3)
138.2(4)
173.4(4)
51.4(4)
77.3(4)
98.6(4)
42.0(3)
81.2(4)
102.7(3)
90.6(4)



Table 4-3. (continued)
S(10A)-Co(2)-S(7B)
S(12A)-Co(2)-S(7B)
S(8B)-Co(2)-S(7B)
N(12B)-Co(3)-N(10B)
N(12B)-Co(3)-N(12A)
N(10B)-Co(3)-N(12A)
N(12B)-Co(3)-N(10A)
N(10B)-Co(3)-N(10A)
N(12A)-Co(3)-N(10A)
N(12B)-Co(3)-N(11B)
N(10B)-Co(3)-N(11B)
N(12A)-Co(3)-N(11B)
N(10A)-Co(3)-N(11B)
N(12B)-Co(3)-N(11A)
N(10B)-Co(3)-N(11A)
N(12A)-Co(3)-N(11A)
N(10A)-Co(3)-N(11A)
N(11B)-Co(3)-N(11A)
N(12B)-Co(3)-S(12A)
N(10B)-Co(3)-S(12A)
N(12A)-Co(3)-S(12A)
N(10A)-Co(3)-S(12A)
N(11B)-Co(3)-S(12A)
N(11A)-Co(3)-S(12A)
N(12B)-Co(3)-S(10A)
N(10B)-Co(3)-S(10A)
N(12A)-Co(3)-S(10A)
N(10A)-Co(3)-S(10A)
N(11B)-Co(3)-S(10A)
N(11A)-Co(3)-S(10A)
S(12A)-Co(3)-S(10A)
N(12B)-Co(3)-S(11A)
N(10B)-Co(3)-S(11A)
N(12A)-Co(3)-S(11A)
N(10A)-Co(3)-S(11A)

135.1(4)
134.3(4)
81.8(4)
97.7(19)
36.4(15)
112.1(15)
70.5(16)
30.8(14)
95.9(11)
96.4(18)
93(2)
63.0(16)
109.7(16)
118.1(18)
66.8(16)
92.2(13)
92.6(13)
33.1(19)
68.0(14)
120.3(13)
90.0(8)
95.8(9)
143.9(19)
171.0(11)
142.5(14)
73.3(13)
174.1(8)
87.8(9)
120.0(13)
92.3(11)
85.0(3)
116.6(14)
143.7(14)
91.5(8)
172.5(9)

N(11B)-Co(3)-S(11A)
N(11A)-Co(3)-S(11A)
S(12A)-Co(3)-S(11A)
S(10A)-Co(3)-S(11A)
N(12B)-Co(3)-S(10B)
N(10B)-Co(3)-S(10B)
N(12A)-Co(3)-S(10B)
N(10A)-Co(3)-S(10B)
N(11B)-Co(3)-S(10B)
N(11A)-Co(3)-S(10B)
S(12A)-Co(3)-S(10B)
S(10A)-Co(3)-S(10B)
S(11A)-Co(3)-S(10B)
N(12B)-Co(3)-S(11B)
N(10B)-Co(3)-S(11B)
N(12A)-Co(3)-S(11B)
N(10A)-Co(3)-S(11B)
N(11B)-Co(3)-S(11B)
N(11A)-Co(3)-S(11B)
S(12A)-Co(3)-S(11B)
S(10A)-Co(3)-S(11B)
S(11A)-Co(3)-S(11B)
S(10B)-Co(3)-S(11B)
N(12B)-Co(3)-S(12B)
N(10B)-Co(3)-S(12B)
N(12A)-Co(3)-S(12B)
N(10A)-Co(3)-S(12B)
N(11B)-Co(3)-S(12B)
N(11A)-Co(3)-S(12B)
S(12A)-Co(3)-S(12B)
S(10A)-Co(3)-S(12B)
S(11A)-Co(3)-S(12B)
S(10B)-Co(3)-S(128B)
S(11B)-Co(3)-S(128B)

72.7(13)
86.0(11)
85.3(3)
84.9(3)
93.5(14)
88.0(13)

125.7(8)
76.1(9)

169.8(9)

141.0(12)
39.7(4)
50.8(4)

100.5(3)

165.3(14)
96.7(14)

137.5(8)

122.6(9)
85.6(9)
70.6(11)

102.1(3)
41.3(4)
50.1(4)
84.2(4)
81.0(14)

171.2(13)
72.0(8)

143.4(9)
95.6(19)

121.5(11)
51.1(4)

102.3(3)
40.9(3)
83.4(4)
84.3(4)
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Table 4-4. Selected bond distances and angles of (A, ).-[Cos(aet)s]2[5].

Ag(1)-S(7)#1
Ag(1)-S(7)
Ag(1)-Ag(2)
Ag(1)-Ag(2)#1
Ag(2)-S(8)#1
Ag(2)-S(6)
Ag(2)-Ag(2)#1
Rh(11)-N(3)
Rh(11)-N(13)
Rh(11)-N(12)
Rh(11)-S(6)
Rh(11)-S(8)
Rh(11)-S(7)
Co(4)-S(9)#2
Co(4)-S(9)
Co(4)-S(10)
Co(4)-S(10)#2
Co(4)-S(29)

S(7)#1-Ag(1)-S(7)
S(7)#1-Ag(1)-Ag(2)
S(7)-Ag(1)-Ag(2)
S(7)#1-Ag(1)-Ag(2)#1
S(7)-Ag(1)-Ag(2)#1
Ag(2)-Ag(1)-Ag(2)#1
S(8)#1-Ag(2)-S(6)
S(8)#1-Ag(2)-Ag(1)
S(6)-Ag(2)-Ag(1)
S(8)#1-Ag(2)-Ag(2)#1
S(6)-Ag(2)-Ag(2)#1
Ag(1)-Ag(2)-Ag(2)#1
N(3)-Rh(11)-N(13)
N(3)-Rh(11)-N(12)
N(13)-Rh(11)-N(12)
N(3)-Rh(11)-S(6)

Distances (A)

2.4192(12) Co(4)-S(29)#2
2.4192(12) Co(4)-Co(5)
2.9782(6) Co(4)-Co(5)#2
2.9783(6) Co(5)-N(33)
2.4200(13) Co(5)-N(32)
2.4222(12) Co(5)-N(34)
3.3678(7) Co(5)-S(9)#2
2.104(4) Co(5)-S(10)#2
2.115(3) Co(5)-S(29)
2.121(4) S(6)-C(18)
2.3047(10) S(7)-C(15)
2.3239(12) S(8)-C(16)
2.3319(13) S(8)-Ag(2)#1
2.2338(15) S(9)-C(35)#2
2.2339(15) S(9)-Co(5)#2
2.2629(14) S(10)-C(36)#2
2.2629(14) S(10)-Co(5)#2
2.2723(15)
Angles (9
173.21(7) N(13)-Rh(11)-S(6)
80.82(3) N(12)-Rh(11)-S(6)
104.90(3) N(3)-Rh(11)-S(8)
104.90(3) N(13)-Rh(11)-S(8)
80.82(3) N(12)-Rh(11)-S(8)
68.860(19) S(6)-Rh(11)-S(8)
170.72(4) N(3)-Rh(11)-S(7)
97.17(3) N(13)-Rh(11)-S(7)
76.93(3) N(12)-Rh(11)-S(7)
75.12(3) S(6)-Rh(11)-S(7)
95.60(3) S(8)-Rh(11)-S(7)
55.570(9) S(9)#2-Co(4)-S(9)
89.52(16) S(9)#2-Co(4)-S(10)
92.80(15) S(9)-Co(4)-S(10)
91.12(16) S(9)#2-Co(4)-S(10)#2
90.09(11) S(9)-Co(4)-S(10)#2

2.2723(15)
2.8582(8)
2.8583(8)
1.992(5)
1.993(6)
2.012(5)
2.2139(16)
2.2341(15)
2.2423(17)
1.836(5)
1.838(5)
1.840(5)
2.4200(13)
1.826(6)
2.2140(16)
1.851(6)
2.2341(15)

176.84(12)
85.76(12)

175.58(11)
86.08(11)
87.65(12)
94.32(4)
86.06(12)
91.50(12)

177.14(12)
91.61(4)
93.68(4)
90.14(8)
95.98(5)
83.51(5)
83.51(5)
95.98(5)



Table 4-4. (continued)
S(10)-Co(4)-S(10)#2
S(9)#2-Co(4)-S(29)
S(9)-Co(4)-S(29)
S(10)-Co(4)-S(29)
S(10)#2-Co(4)-S(29)
S(9)#2-Co(4)-S(29)#2
S(9)-Co(4)-S(29)#2
S(10)-Co(4)-S(29)#2
S(10)#2-Co(4)-S(29)#2
S(29)-Co(4)-S(29)#2
N(33)-Co(5)-N(32)
N(33)-Co(5)-N(34)
N(32)-Co(5)-N(34)

179.27(9)
83.72(5)
173.75(6)
98.27(6)
82.19(5)
173.74(6)
83.72(5)
82.19(5)
98.27(6)
102.45(8)
92.4(2)
94.3(2)
97.4(2)

N(33)-Co(5)-S(9)#2
N(32)-Co(5)-S(9)#2
N(34)-Co(5)-S(9)#2
N(33)-Co(5)-S(10)#2
N(32)-Co(5)-S(10)#2
N(34)-Co(5)-S(10)#2
S(9)#2-Co(5)-S(10)#2
N(33)-Co(5)-S(29)
N(32)-Co(5)-S(29)
N(34)-Co(5)-S(29)
S(9)#2-Co(5)-S(29)
S(10)#2-Co(5)-S(29)

87.74(17)
171.5(2)
91.04(16)
171.97(18)
94.80(19)
88.38(15)
84.63(6)
93.33(17)
86.6(2)
171.22(15)
84.88(6)
83.51(6)

Symmetry codes: (#1) —x,y,~z, (#2) —x+1,y,—z+1.
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Table 4-5. Absorption and CD spectral data for (Ap.)2-Ks3[4] in water and
(ALLL)2-H4[5](NO3) in water in the presence of base.

Complex Absorption maxima: 4/ nm (log &/ mol™* dm® cm™)

(ALLL)2-Ks[4] 365 (3.37), 302 (3.87), 250 (4.65), 214 (4.84)
(AuLL)2-Ha[5](NO3) 374 (3.21), 316 (3.6), 275 (4.3), 228 (4.80).

Complex CD extrema: 2/ nm (Ae/ mol ™ dm* cm™)

(ALLL)2-Ks[4] 380 (-28.27), 343 (+10.68), 266 (~187.27), 226 (+221.81)
(ALL)>-Ha[5](NO3) 380 (-20.01), 338 (+11.33), 239 (~86.53), 219 (+155.1)

Table 4-6. Absorption and CD spectral data for (ApL).-[Cos(aet)g][4] and
(ALLL)2-[Cos(aet)g][5] in a NaNO3 aqueous solution.

Complex Absorption maxima: A/ nm (log £/ mol™* dm® cm™)

(Au)2-[Cos(aet)e][4] 575 (3.27), 432 (3.79), 345 (4.30), 289 (4.52)
(AuL)2-[Cos(aet)][5] 585 (3.36), 439 (3.70), 346 (4.31), 276 (4.65).

Complex CD extrema: A/ nm (Ae/ mol™ dm®cm™)

(AL )o-[Cos(aet)s][4] 610 (-0.28), 545 (+1.67), 484 (-0.68), 379 (-30.48), 341
(+9.46), 265 (~185.40)

(AL )o-[Cos(aet)s][5] 606 (~3.69), 543 (+16.63), 487 (-8.47), 439 (+1.12), 376
(-19.69), 330 (+11.26), 304 (~9.28), 283 (+14.75), 241
(-56.74)

Table 4-7. Reflection and CD spectral data for (A_.L).-[Cos(aet)s][4] and
(ALLL)2-[Cos(aet)g][5] in the solid state.

Complex Reflection maxima: A/ nm

(AL )>-[Cos(aet)s][4] 607, 446, 356
(AL)2-[Cos(aet)][5] 600, 443, 357

Complex CD extrema: A/ nm

(ALL)2-[Cos(aet)s][4] 560 (+), 500 (-), 420 (+), 356 (-), 327 (-), 302 (-)
(ALL)2-[Cos(aet)e][5] 560 (+), 505 (+), 452 (+), 398 (-), 340 (+), 315 (+), 285 (+)
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Chapter V. Conclusion

In this study, the chiral behavior of the L-cysteinato pentanuclear complex-anions,
(AL)z-[AusCoz(L-cys)el® ((Auci)2-[11%), (Au)2-[AgsCox(L-cys)sl® ((A)z-[3T%),
(A [AusRhy(Lcys)e]*  ((Au)a-[41%),  and  (AL)2-[AgsRha(L-cys)e]*
((ALLL)>-[5]%), was investigated. Since these complex-anions have multiple chiral
centers and free carboxylate groups available for metal-coordination donor or
hydrogen-bond acceptor, these complex-anions can act as a resolving reagent toward
cationic racemic metal complexes during the cocrystallization process. In this thesis,
the chiralselective behavior of the complex-anions toward (A)./(A)2-[Cos(aet)s]*",
together with the unique chiral and structural conversion of (AL .)>-[1]*, was reported.

In Chapter 11, it was demonstrated that the S-bridged Au'sCo", complex-anion,
(Au)>-[1], was converted to the S-bridged Au'sCo"s complex-anion,
(ALLL)a-[AusCoa(L-cys)12]® ((ALLL)s-[2]%), by the reaction with (A)o/(A)2-[Cos(aet)s]*
in a basic aqueous solution. The reaction of (A...)>-[1]* and [Cos(aet)s]*" in a neutral
aqueous solution gave black crystals of (A_ ).-[Cosz(aet)s][1] with retention of both the
cationic and anionic structures, whereas a similar reaction in a basic solution gave the
cocrystallized compound (A )4-[Cos(aet)s]2[2]. From the spectral measurements, it
was found that (AL )»-[1]° is subject to the multiple chiral inversion on the Co"
centers and bridging S atoms to give (A, ).-[1]*, which is induced by the pH control.
Subsequently, the structural conversion to (Ar)s-[2]° occurred upon the
crystallization with [Cos(aet)s]**, which might be promoted by the stabilization through
the formation of many intramolecular aurophilic interactions. The good shape matching
of the complex-cation and the complex-anion also contributes to the conversion. The
creation of such a unique coordination compound that has relatively inert metal centers
and shows a multiple chiral inversion and a structural conversion is unprecedented.
Furthermore, (ALL1)s-[2]® was converted back to (AL )>-[1]> by dissolution.

In Chapter 111, the chiralselective behavior of the Au'Co"" and Ag'Co"' multinuclear
complex-anions toward (A)»/(A)>-[Cos(aet)s]** was reported. The chirality of the
complex-cation [Cos(aet)s]** in the cocrystallized compound, (ALL).-[Cos(aet)s][1],
was checked by column chromatography and the subsequent absorption and CD
spectral measurements. As a result, the (A), isomer of [Cos(aet)s]’ is preferentially
incorporated with a low chiralselectivity. The chiralselectivity of the cocrystallized
compound, (ALLL)4-[Cos(aet)s]2[2], was also checked by a similar way, and it was found
that the (A), isomer of [Cos(aet)s]® is preferentially incorporated with an enantiomeric
excess (ee) of 22%. The chiralselectivity of (AL.)s-[2]° is better, but is still not so
good. The chiralselectivity of (ALi1)2-[AgsCoa(L-cys)e]® ((AuL)2-[3]%) was also
investigated for the comparison. Remarkably, the (A), isomer of [Cos(aet)s]’ was
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exclusively incorporated in the cocrystallized compound (AL )2-[Cos(aet)s][3]. From
the comparison of the structures of three compounds, it is speculated that the chirality
of the Co"" centers in the complex-anions does not affect the chiralselectivity toward
[Cos(aet)s]**, and the bridging metal ions (Au'/Ag') might lead to the different
chiralselectivity. The number of the intermolecular interactions between the
complex-anion and the complex-cation may be important for the chiralselective
behavior. In the two Au'Co"' compounds showing the low selectivity, only two
complex-cations are connected to each complex-anion through hydrogen bonds. On the
other hand, each complex-anion is surrounded by four complex-cations in the Ag'Co""
compound showing the excellent selectivity. The presence of the Ag' ions instead of
Au' leads to the formation of intermolecular Ag-OOC coordination bonds, besides
hydrogen bonds. This resulted in the increase in the number of intermolecular
interactions, and thus, resulted in the excellent chiralselectivity in
(ALL)2-[Cos(aet)s][3].

In Chapter 1V, (AL )>-[4]° and (ALLL).-[5]° were newly synthesized by the reaction
of (ALLL)--[Rh(L-cys)s]* with Au' and Ag', respectively, and their chiral behavior such
as the chiral inversion and the chiralselectivity toward (A)o/(A).-[Cos(aet)s]** was
investigated. Treatment of (AL ).-[4]° with base did not lead to the chiral inversion,
which is due to the inertness of Rh"' centers. For the chiralselectivity, both
complex-anions were cocrystallized with [Cos(aet)s]** to give (ALLL)>-[Cos(aet)s][4]
and (ALLL)2-[Cos(aet)s][5]. In (ALir)2-[Cos(aet)e][4], the (A) isomer of [Cos(aet)s]**
was preferencially incorporated, whereas only the (A), isomer of [Cos(aet)s]®" was
incorporated in (AL )2-[Cos(aet)s][5] (ee ~100%). This difference might be also caused
by the different intermolecular interactions between the complex-anion and the
complex-cation. In (ApLL)2-[Cos(aet)s][4], each complex-anion is hydrogen-bonded
with two complex-cations in addition to two complex-anions, whereas in
(ALLL)2-[Cos(aet)g][5], each complex-anion is surrounded by six complex-anions and
four complex-cations through hydrogen bonds and Ag—O coordination bonds.

By comparing the chiralselective behavior of the seven L-cysteinato multinuclear
complex-anions  including  the  previously  reported  complex-anions,
(ALLL)2-[Cos(L-cys)s]® and (ALLo)>-[Cos(L-Cys)s]®, it was assumed that the increase in
the number of the intermolecular interactions between complex-anions and
complex-cations is important for controlling the chiralselectivity. The chiralselectivity
becomes better as the increase in the intermolecular interactions. In order to increase
the cation-anion interactions, the following structural features of the complex-anions
might be important: (i) to have additional interaction sites, such as coordinated Ag'
centers, besides the amine and carboxylate groups and (ii) to have axially oriented
carboxylate groups.
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In summary, this study demonstrated the fascinating chiral behavior in the
L-cysteinato multinuclear complex-anions. As shown in Chapter 11, (AL )>-[1]° was
converted to (AiiL)>-[1]° by treatment with base, and then was converted to
(AL)#-[2]% upon the crystallization with [Cos(aet)s]*. It should be noted that the
cooperative multiple chiral inversion occurred from (AL 1)2(S)s to (ALLL)2(R)s retaining
the Au'sCo"', pentanuclear structure in the chiral inversion process. Thus, this system
belongs to "strongly correlated chiral system" that shows cooperative multiple chiral
inversion. In addition, the conversion from (Ai)2-[1]1* to (A )s-[2]% can be
considered as the aggregation of the chiral centers in one molecule. Thus, the
construction of the Au'Co" coordination system that shows the multiple chiral
inversion and enhancement was achieved. This system contains relatively inert metal
centers (Au' and Co"' centers) that lead to the formation of relatively stable structures
needed for the devices for use. Thus, this study provides not only the fundamental
understanding for the chiral behavior in coordination chemistry, but also the further
development of chiral switching systems in material science. Furthermore, the
investigation of the chiralselectivity of the multinuclear complex-anions toward the
multinuclear complex-cation showed that the increase in the intermolecular interaction
sites between complex-anions and complex-cations leads to the excellent
chiralselectivity. To achieve this, the introduction of several non-covalent bonding sites
into complexes should be required.
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