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Chapter I. General Introduction

Supramolecular chemistry is focusing on the aggregated structures supported by
non-covalent intermolecular interactions, such as hydrogen bonding, metallophilic, and
77 interactions. Such aggregates have attracted much attention because of their unique
structures and properties.? To create such interesting compounds, it is important to use
well-designed components showing suitable interactions. The use of coordination
compounds as a molecular building block has been studied greatly,® because the tuning
of molecular and supramolecular structures and their physical properties is easier than
those of organic compounds by the change of the subcomponents consisting of metal
ions and ligands.

One of the most popular methods for the creation of such metallosupramolecules is
the one-pot reaction of well-designed organic ligands and metal ions, which leads to the
formation of complexes composed of a single kind of metal ions and a single kind of
organic ligands. However, there is a problem for this method. That is, difficult organic
reactions are needed for the creation of organic ligands that have several functional
groups with different properties, such as hydrophobicity vs. hydrophilicity, because of
their different solubilities in solvents. The difficulty in the selection of a reaction
solvent also arises when ligands that have different functional groups are reacted with
metal ions in one step synthesis. The use of metalloligand with more than one kind of
ligands is an effective way for solving this problem. The metalloligand is generally
prepared by the stepwise addition of several ligands to metal ions. Therefore, this
synthetic methodology allows us to prepare heteroleptic metal complexes having a few
kinds of organic ligands with different functional groups. *

The metal complexes composed of bridging and terminal ligands are supposed to be
best metalloligands, in which a bridging ligand works as a linker and a terminal ligand
works as coordination donor sites for secondary metal ions (Chart 1-1). Even though a
number of metalloligands have been used for the creation of heteroleptic multinuclear
coordination compounds, examples of metalloligands composed of bridging and
terminal ligands have been less reported.®

Recently, our laboratory found that the Au'; metalloligand, [Au'>(dppe)(p-pen)2]%,
composed of one diphosphine bridging ligand and two amino acid terminal ligands,
leads to the creation of a unique supramolecular structure by the reaction with Co' in air
(dppe = 1,2-bis(diphenylphosphino)ethane, D-pen = D-penicillaminate. Scheme 1-1).%7
This reaction gave the divalent Au'4sCo"'; complex cation, [Au'4Co"'»(dppe)2(D-pen)s]**,
in which two metalloligands bridge two Co'" ions via the bis(tridentate-N,O,S) bridging
mode, and each Co'"" ions is situated in a cis(N)trans(O)cis(S)-N202S2 geometry formed



by two terminal D-pen ligands from two metalloligands (Figure 1-1a). It was found that
this cationic complex is crystallized with a variety of inorganic anions, such as nitrate,
perchlorate, chloride, bromide, azide, tetrafluoroborate, sulfate, and hexafluorosilicate.
As a representative among this class of complexes, the crystal structure of the nitrate
salt, [Au'sCo"'2(dppe)2(D-pen)s](NO3)2, is explained as follows.

In crystal, six complex cations are aggregated in an octahedral manner through
intermolecular 24 CH--m and 12 NH2--OCO hydrogen bonding interactions,
accommodating an NOz~ ion in the center (Figure 1-1b). These cationic supramolecular
octahedrons are packed in a face centered cubic (fcc) arrangement by CH-x
interactions. The fcc structure contains a single kind of octahedral interstice, in which
one NOs™ ion is accommodated. In addition, there are two kinds of larger tetrahedral
interstices, one of which is surrounded by amine groups and another is surrounded by
phenyl and methyl groups (Figure 1-1d). The former hydrophilic tetrahedral interstice
accommodates ten nitrate ions, forming an adamantane-like nitrate cluster (Figure 1-1c).
Another hydrophobic tetrahedral interstice accommodates water molecules. This is a
very rare metallosupramolecule that shows the separate aggregation of anionic and
cationic species in crystal (Scheme 1-1, Figure 1-1).

To investigate the importance of homochirality to the formation of such an
anomalous crystal structure, the effects of the chirality of metalloligand, the kind of
metal ions, and the molecular shapes have also been studied. The meso Au'sCo';
complex having DDLL-penicillaminate ligands, [Au'4Co"'2(dppe)2(D-pen)z(L-pen)2]?*,
showed the normal alternate arrangement of cations and anions in the crystal structure
of nitrate salt, which is in sharp contrast to the unique crystal structure found in the
homochiral salt, [Au'sCo'"'>(dppe)2(D-pen)2](NOs),, indicating the importance of
homochirality.®® The Au'sNi'"; complex, [Au'sNi'>(dppe)2(D-pen)s], which is a neutral
complex, showed the almost same molecular structure as that of
[Au'sCo"'2(dppe)2(D-pen)4]?*, but has a straight chain structure formed by the hydrogen
bonds between amine and carboxylate groups of D-pen, suggesting the importance of
the molecular charge (Scheme 1-1, Figures 1-2a, b).®° The Au'4Ni"; complex showed an
interesting reactivity: the single-crystal-to-single-crystal (SCSC) transformation from
the straight chain structure to the helical structure by soaking the crystals in water
(Figure 1-2c). The effect of the molecular shape on the metallosupramolecular structure
has been studied by the change of a phosphine linker. An analogous gold(l)
metalloligand having a triphosphine ligand, [Au's(tdme)(D-Hpen)s] (tdme =
1,1,1-tris(diphenylphosphinomethyl)ethane), led to the discrete multinuclear complexes,
[Au'sCo''3(tdme)2(D-pen)s], [Au'sCo"'s(tdme)2(D-pen)s]®*, and [Au'sCo""'(tdme)(D-pen)s]



by the reactions with Co" (Chart 1-2), while in the packing structures did not show the
non-alternate arrangement of cationic and anionic species as found in the crystal
structure of [Au'4Co"'>(dppe)2(D-pen)2](NO3)2.54t Thus, it was clarified that the
molecular structures containing tri- or mono-phosphines are very different from those
containing dppe ligand. In that circumstance, the study of different metalloligands
having a different diphosphine ligand with 2 carbon atoms (C2 linker) is highly
desirable to establish the effect of the diphosphine linker on the construction of
supramolecular structures and on the finely tuning of their physical properties.

In this thesis, to investigate the effect of a bridging diphosphine ligand on the
molecular and metallosupramolecular structures, two kinds of conformationally
constrained diphosphines with a C2 linker were used instead of dppe (Scheme 1-2). The
constrains originate from two distinct regions of a diphosphine ligand. One is the
bridging C2 linker unit (Chapter 1l and Ill), and another is the functional group on
phosphorus atoms (Chapter V).

In the Chapter Il and Ill, trans-dppee (trans-1,2-bis(diphenylphosphino)ethylene)
having a vinylene carbon chain (-CH=CH-) was used as the bridging diphosphine ligand
instead of dppe. The change from the single bond to the double bond in the C2 linker of
diphosphine ligand makes the molecular structure more rigid, which affects the
molecular and supramolecular structures of the resulting hexanuclear complexes,
[Au'sM;(trans-dppee)2(D-pen)s]™ (M = Co'" or Ni'""). The synthesis and the coordination
behavior of the analogue Au' metalloligand having the trans-dppee linker,
[Au'y(trans-dppee)(Hpen)2] (Hz[2]), toward Co'" and Ni'" ions were investigated and the
effect of chirality was also examined in these Chapters.

The reaction of the homochiral metalloligand (D2- or L.-[2]*) having trans-dppee
with  Co" gave the analogue cationic Au'sCo", complex, [Au'4sCo"
(trans-dppee)2(D-pen)4]>*. Upon the crystallization with nitrate ions, this complex
formed a similar charge-separate aggregation structure like the dppe system. However,
small differences were found in the molecular and supramolecular structures. The slight
difference in molecular structure made the hydrophilic interstices slightly smaller,
which forced the distance between the inorganic anions in the anionic cluster to be
shorter with a different orientation of anions.

Treatment of a racemic mixture of the metalloligands (D2- and L2-[2]%) with Co" in
the absence of oxidant gave the meso (bbLL) Au'sCo'; complex. On the other hand, a
similar treatment in the presence of PbO, gave not only the meso (ppbLL) Au'sCo'''
complex, but also a homochiral pair (pppp/LLLL) of Au'sCo''; complexes. This
chirality-dependent isolation of different oxidation states are discussed, together with



the resulting metallosupramolecular structures.

Reactions of a racemic mixture of the metalloligands (D2- and L2-[2]*") with Ni'' gave
three kinds of crystals; homochiral (bbpb) Au'sNi'; hexanuclear, homochiral (DD)
Au'>Ni" trinuclear, and heterochiral (ppLL) AulNi'; hexanuclear complexes. The
homochiral hexanuclear complex crystallized under acidic conditions, and they were
found to incorporate inorganic acids. Of note is that the acid-incorporated crystals can
absorb ammonia from both gaseous and aqueous media to neutralize crystals via a
single-crystal-to-single-crystal (SCSC) transformation. The removal of basic molecules
from the neutralized crystals also occurred with the retention of their single-crystallinity
to give the acid-incorporated crystal. The differences in molecular and supramolecular
structures and the reaction behavior with the basic molecule were discussed in terms of
the diphosphine linker unit (trans-dppee or dppe) and the coordinated metal ions
(Au'-Co'" or Au'-Ni™).

In the Chapter (\V4 the aliphatic diphosphine, dcpe
(1,2-bis(dicyclohexylphosphino)ethane), was used as a bridging ligand instead of dppe
(Scheme 1-3). The dcpe ligand has the same alkyl chain as dppe (-CH.CHz>-), but it has
cyclohexyl rings on the phosphorus atoms, instead of the phenyl rings in the dppe ligand.
The cyclohexyl rings are larger than phenyl rings, which causes steric hindrance on the
conformation of a bridging unit. Moreover, in terms of the interactions, the dcpe ligand
lacks the ability to form n--*w or CH:'m intermolecular interactions as found in the dppe
system because there is no 7 electrons on the cyclohexyl ring. Such differences in the
interaction ability may influence on the aggregation behavior. Thus, the metalloligands
with dcpe linker unit, D2, and bL-[Au'2(dcpe)(Hpen)2] (D2- and DL-H2[12]), were newly
synthesized, and their reactions with Co" or Ni"" were investigated. In homochiral
system, the reaction with Co" led to the formation of the cationic hexanuclear Au'sCo'"'
complex, [Au'sCo'"';(dcpe)2(D-pen)]?*. The molecular structure of the dcpe complex
was topologically the same as that of [Au'sCo'"'>(dppe)2(D-pen)]**, but the hexanuclear
Au'4Co"'; structure with dcpe possessed a metalloring with a bent structure, which is
different from that with dppe that has a twisted structure (Chart 1-3). By the reaction
with Co" or Ni" in the heterochiral system, the trinuclear complexes (Au'2Ni",
Au',Co") with a similar molecular structure were obtained. It was found that the
trinuclear structures are composed of meso-metalloligands, but they possess chirality on
the metal centers due to the coordination of the metalloligands. Despite their similarity
of the molecular structures, the aggregation behaviors were largely different from each
other. While the cationic Au'>,Co'"" complexes crystallized as a racemate, the neutral
Au’;Ni" complexes crystallized in a non-centrosymmetric space group because of the



spontaneous resolution. This is a rare example of spontaneous resolution of discrete
complexes with a meso-species. The differences in molecular and supramolecular
structures were discussed in terms of diphosphine linker units (dcpe or dppe) and the
reacting metal ions (AuCo or AuNi).
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(@) (b)

Figure 1-1. Separate  aggregation  of  cations and anions in
[Au'sCo'"';(dppe)2(D-pen)s](NOs). (a) Molecular structure of a divalent complex cation
[Au'4Co"'2(dppe)2(D-pen)s]?* with a twisted 18-membered metalloring, (b) 6 complex
cations are aggregated in an octahedral manner ([Au'sCo'">(dppe)2(D-pen)s]**)s, through
intermolecular interactions, accommodating an NOs™ ion in the center, (c) structure of
adamantane-like (NO3 )10 aggregate in [Au'4Co'"'2(dppe)2(D-pen)s](NOs)2, and (d) face
centered cubic (fcc) packing structure of [Au'sCo"'2(dppe)2(p-pen)s](NO3)a.
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Figure 1-2. Perspective views of [Au'4Ni'">(dppe)2(D-pen)s]. (a) Molecular structure of
[AulsNi">(dppe)2(D-pen)s], (b) straight linear  supramolecular  structure of
[Au'aNi">(dppe)2(D-pen)s]-0.5EtOH-0.5Et,0-7.25H,0, and (c) helical supramolecular
structure of [AusNi'"x(dppe)2(D-pen)s]-16H.0. The molecules shown in space-filling
models are the solvent molecules found in the crystal structure (ethanol and diethyl
ether molecules for Figure 1-2b and water for Figure 1-2c, respectively).
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Chapter Il. Coordination Behavior of Digold(l) Metalloligand with trans-dppee
toward Co"!

11-1. Introduction

trans-dppee  (trans-1,2-bis(diphenylphosphino)ethylene) is a  well-known
diphosphine ligand that acts as a bridging ligand.>!31415 This ligand is more rigid than
dppe owing to the sp? nature of the carbon chain linking two phosphorus atoms, and its
rigidity affects the crystal structures strongly.*® Although trans-dppee has been used as a
subcomponent of the metalloligands in some cases,>*®* no examples of the crystal
structures of the supramolecular complexes containing trans-dppee have been reported.

Recently, our group reported that the reaction of the metalloligand, [Au2(dppe)(D-
Hpen)], with cobalt(l1) in air led to the air oxidization of Co'' to Co'" to form the divalent
complex cation, [Au'sCo'"'>(dppe)2(D-pen)s]**. When the complex was crystallized with
a variety of inorganic anions, six complex cations were aggregated in an octahedral
manner and 10 monovalent anions were extraordinary aggregated in an adamantane-like
structure, constructing a unique separate aggregation of cationic and anionic species.5’
Furthermore, the crystallization of Co"' complexes with DL-terminal ligands, i.e. in
heterochiral conditions, caused two kinds of chiral aggregations dependent on the
counteranion. By the addition of hexafluorophosphate anion as a counteranions, only
heterochiral trinuclear complex cation was crystalized, while the nitrate anion promoted
the simultaneous crystallization of two homochiral and one heterochiral crystals.”®®

In this chapter, to investigate the effect of the bridging ligand in the metalloligand not
only on the molecular structures but also on the supramolecular structures, trans-dppee
was used as a bridging ligand instead of dppe. In comparison with dppe, trans-dppee has
the same C2 linker but the vinylene carbon chain, which is sterically restrained and more
rigid. This difference led us to expect a huge effect on the molecular structure and the
aggregation behavior of the resulting Au'-Co'"' complexes. For instance, the fixed trans
geometry on the linker carbon chain cannot have the chelate coordination mode, which is
found in the heterochiral dppe system, [Au'.Co""'(dppe)(D-pen)(L-pen)]*. Also, the lower
solubility of the complex with trans-dppee may lead to the precipitation of the novel
product which is different from the dppe system.

The reactions of the novel metalloligand, [Au'z(trans-dppee)(p-Hpen)z] (D2-Hz[2]),
with Co''in air gave single-crystals of a divalent hexanuclear Au'sCo"'; complex cation
with several inorganic anions ([Au'sCo''z(trans-dppee)z(D-pen)s]Xz ([31X2), X2 =
(NO3")2, (ClO4)2, (BF4)2 or SO4%). In the crystal, the aggregation behavior was almost
the same as those in the Au'sCo"'; crystals in the dppe system. However, the slight
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difference of molecular structures between the trans-dppee and dppe system resulted in
the different anion arrangement.

The aggregation behavior in the heterochiral system was also studied by mixing D-/L-
penicillaminate metalloligands, D2-Hz[2] and L2-H2[2] or DL-H2[2] in the reaction with
Co'. Unexpectedly, the heterochiral Au'sCo''> complex, [Au'sCo",(trans-dppee)2(D-
pen)2(L-pen)2] ([5]), was isolated by the fast crystallization before air oxidation. Such Co"
intermediate species have never been isolated in the dppe system. By adding PbO; as an
oxidizing agent, the corresponding Co"' species, [Au'sCo'";(trans-dppee)2(D-pen)z(L-
pen)2]?* ([6]?"), was obtained but the trinuclear complex, ([Au'.Co"'(trans-dppee)(p-
pen)(L-pen)]*), was not formed due to the fixed trans geometry.
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Experimental Section.
11-2-1. Materials.

All starting materials were commercially available and used without further
purification. All experiments were performed in the air.

11-2-2. Preparation of the Metalloligand and AuCo Complexes.
11-2-2-1. [Auz2Clz(trans-dppee)] ([1]).*°

A colorless solution containing 0.40 g (1.0 mmol) of trans-dppee in CHCI3z (6 mL) and
MeOH (1.4 mL) was added to a colorless solution containing 0.84 g (2.1 mmol) of
Na[AuCls]-2H20 and 0.80 g (6.6 mmol) of S(CH2CH20OH). in MeOH (11 mL) and water
(6.7 mL). The solution was stirred at room temperature for 1 h in the dark. The resulting
white precipitate of [1] was collected by filtration and washed with water and EtOH.
Yield: 0.76 g (88%). IR spectrum (cm™, KBr disk): 1436 (ve-pn), 1103, and 743-691 (ven).
'H NMR spectrum in CDCls (6, ppm from TMS): 7.72-7.46 (m, 20H), 7.21-7.11 (t, 2H).

11-2-2-2a. [Auz(trans-dppee)(D-Hpen)z] (D2-H2[2]).

To a white suspension containing 1.20 g (1.4 mmol) of [1] in EtOH (600 mL) was
added 0.48 g (3.2 mmol) of D-Hzpen and 0.1 M aqueous NaOH solution (32 mL). The
mixture was stirred at room temperature for 1.5 h in the dark to give a colorless solution,
the resulting solution of D2-H2[2] was evaporated to dryness and washed with water and
EtOH. Yield: 1.4 g (86%). Anal. Calcd for [Aux(trans-dppee)(D-Hpen).]-4.5H.0 =
Au2C3sHs51N20g 5P2S,: C, 37.03; H, 4.40; N, 2.40%. Found: C, 36.99; H, 4.22; N, 2.38%.
IR spectrum (cm™?, KBr disk): 1625 (vco), 1102, and 748-692 (ven). *H NMR spectrum in
CDs3OD (g, ppm from TMS): 7.68-7.64 (m, 8H), 7.58-7.53 (m, 12H), 7.33-7.25 (t, 2H),
3.51 (s, 2H), 1.75 (s, 6H), 1.39 (s, 6H). 3P NMR spectrum in CD30D (J, ppm from 85%
H3PO4) 32.9 (s). Colorless crystals of D2-H2[2] were obtained by standing the reaction
solution for a week in draft.

11-2-2-2b. [Auz(trans-dppee)(L-Hpen)z] (L2-H2[2]).

To a white suspension containing 0.40 g (0.46 mmol) of [1] in EtOH (200 mL) was
added 0.16 g (1.1 mmol) of L-Hzpen and 0.1 M aqueous NaOH solution (10.6 mL). The
mixture was stirred at room temperature for 2 h in the dark to give a colorless solution.
The resulting solution of Lo-H2[2] was evaporated to dryness and washed with water and
EtOH. Yield: 0.27 g (50%). Anal. Calcd for [Auz(trans-dppee)(L-Hpen).]-4.5H.0 =
Au2CzsH51N20g5P2S,: C, 37.03; H, 4.40; N, 2.40%. Found: C, 37.05; H, 4.13; N, 2.43%.
IR spectrum (cm™, KBr disk): 1623 (vco), 1102, and 742-693 (ven). *H NMR spectrum
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in CDs0D (6, ppm from TMS): 7.69-7.65 (m, 8H), 7.59-7.55 (m, 12H), 7.36-7.28 (t, 2H),
3.52 (s, 2H), 1.75 (s, 6H), 1.40(s, 6H).

11-2-2-3a. [AusCoz(trans-dppee)2(D-pen)s](NOs)2 ([3](NO3z)2).

Method A. To a white suspension containing 0.10 g (0.085 mmol) of D>-H2[2] in MeOH
(10 mL) was added 0.025 g (0.10 mmol) of Co(OAc)2-4H-0, which was stirred at room
temperature for 1 h. A NaNOz aqueous solution (1 M, 0.1 mL) was added to the resulting
orange solution. Purple crystals of [3](NOs). appeared by slow evaporation at room
temperature for 3 weeks, which were collected by filtration and washed with water and
MeOH. Yield: 0.090 g (80%). Anal. Calcd for [AusCo(trans-dppee)z(D-
pen)s](NO3)2:9H20 = C72H104AUsC02N6026P4S4: C, 33.60; H, 3.84; N, 3.27%. Found: C,
33.42; H, 3.79; N, 3.26%. IR spectrum (cm?, KBr disk): 1654 (vco), 1384 (vnos), and
748-692 (ven). *H NMR spectrum in CD30D/D,0 (1:2) (6, ppm from TMS): 7.66-7.44
(m, 22), 3.94 (s, 2H), 1.80 (s, 6H), 1.40 (s, 6H).

Method B. To a white suspension containing 0.10 g (0.085 mmol) of D>-H[2] in EtOH
(10 mL) was added 0.029 g (0.10 mmol) of Co(NOz)2-:6H20. The mixture was stirred at
room temperature for 2 h in the dark to give an orange solution. The solution was stood
at room temperature in the dark for 4 days. The resulting purple crystals of [3](NO3):
were collected by filtration and washed with water and EtOH. Yield: 0.042 g (37%). IR
spectrum (cm*, KBr disk): 1655 (vco), 1385 (vnos ), and 748-691 (ven).

11-2-2-3b. [AusCo2(trans-dppee)2(D-pen)4](ClOa4)2 ([3](ClO4)z2).

To a white suspension containing 0.050 g (0.042 mmol) of D2>-H2[2] in MeOH (7.5
mL) was added 0.012 g (0.049 mmol) of Co(OAc)2-4H20, which was stirred at room
temperature for 30 min. A NaClO4 aqueous solution (0.5 M, 0.1 mL) was added to the
resulting orange solution. Purple crystals of [3](CIO4). appeared by slow evaporation at
room temperature for 8 weeks, which were collected by filtration and washed with water
and EtOH. Yield: 0.023 g (43%). Anal. Calcd for [AusCoz(trans-dppee):(D-
pen)s](ClO4)2-7H20 = C72HasAusCl2C02N4023P4Ss: C, 33.10; H, 3.63; N, 2.14%. Found:
C,33.07; H, 3.68; N, 2.27%. IR spectrum (cm™, KBr disk): 1656 (vco), 1103 (vcios), and
748-692 (vpn).

11-2-2-3c. [AusCo2(trans-dppee)z(D-pen)s](BF4)2 ([3](BF4)2).

To a white suspension containing 0.050 g (0.042 mmol) of D2>-H2[2] in MeOH (7.5
mL) was added 0.013 g (0.050 mmol) of Co(OAc)2-4H,0, which was stirred at room
temperature for 1 h. A KPFs aqueous solution (0.5 M, 0.1 mL) was added to the resulting
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orange solution. Purple crystals of [3](BF4). appeared by slow evaporation at room
temperature for 2 weeks, which were collected by filtration and washed with water and
MeOH. Yield: 0.015 g (71%). Anal. Calcd for [AusCo(trans-dppee)z(D-
pen)s](BF4)2:9H20 = C72HosAusB2C02FsN4O17P4S4: C, 32.97; H, 3.77; N, 2.14%. Found:
C, 32.99; H, 3.74; N, 2.33%. IR spectrum (cm™, KBr disk):1653 (vco), 1103 (vers4?), and
747-692 (vph).

11-2-2-4. [AusCoz(trans-dppee)2(D-pen)s]SO4 ([3]SOa).

An orange solution containing 0.050 g (0.044 mmol) of D>-H2[2] and 0.014 g (0.055
mmol) of Co(OAC)2-4H20 in MeOH (5 mL) was stirred at room temperature for 1 h, to
which was added a KHSO4 aqueous solution (0.1 M, 0.45 mL). Purple precipitate of
[3]SO4 were obtained from the resulting white suspension by slow evaporation at room
temperature for 1 month. They were collected by filtration and washed with water. Yield
0.024 g (34 %). The crystals suitable for X-ray analysis were obtained by similar method
in a different batch, but the yield was very low. Anal. Calcd for [AusCo2(trans-dppee)2(D-
pen)s]SO4-8H20 = C72HesAusC02N4O20P4Ss: C, 33.21; H, 3.83; N, 2.22%. Found: C,
34.08; H, 3.73; N, 2.11%. IR spectrum (cm, KBr disk): 1656 (vco), 1103 (vsos?>), and
748-692 (vph).

11-2-2-5. [AusCoz(trans-dppee)2(L-pen)4](NO3z)2 ([4](NO3)2).

To a white suspension containing 0.050 g (0.044 mmol) of L>-H2[2] in MeOH (4 mL)
was added 0.012 g (0.047 mmol) of Co(OAc)2-4H20 and 25 mg (0.11 mmol) of PbOy,
which was stirred at room temperature for 80 min. A NaNOj3 aqueous solution (1 M, 0.06
mL) was added to the resulting purple suspension, and the suspension was filtered to
remove PbOz. The purple crystals of [4](NOz)2 were obtained by slow evaporation of the
filtrate at room temperature for a week. They were collected by filtration and washed with
water and MeOH. Yield 0.025 g (45%). IR spectrum (cm?, KBr disk): 1653 (vco), 1385
(vnoz"), and 747-691 (ven).

11-2-2-6. [Auz(trans-dppee)(p-Hpen)(L-Hpen)] (bL-H2[2])

To a white suspension containing 0.30 g (0.35 mmol) of [1] in EtOH (150 mL) was
added 0.12 g (0.80 mmol) of bL-Hzpen and 0.5 M aqueous NaOH solution (1.6 mL). The
mixture was stirred at room temperature for 1.5 h in the dark to give a white suspension.
The resulting white powder of DL-H>[2] was collected by filtration and washed with water.
From the filtrate, white crystalline powder of bL-H2[2] was obtained again by slow
evaporation at room temperature for a month. Total yield: 0.10 g (23%). Anal. Calcd for
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[Auz(trans-dppee)(Hpen)2]-6.5H20 = Au2CseHssN20105P2S2: C, 35.92; H, 4.60; N,
2.33%. Found: C, 35.70; H, 4.29; N, 2.32%. IR spectrum (cm™, KBr disk): 1625 (vco),
1101, and 745-692 (ven). *H NMR spectrum in CD3OD (8, ppm from TMS): 7.68-7.64(m,
8H), 7.55-7.53 (m, 12H), 7.36 (t, 2H), 1.69 (s, 6H), 1.33 (s, 6H). Colorless crystals of DL-
H>[2] were obtained by recrystallization from EtOH/water (1:1) with adding Mg(OAc)a.

11-2-2-7. Reaction of the metalloligand with Co'! in heterochiral condition.
Method A. To a white suspension containing 0.030 g (0.026 mmol) of b2-H>[2] and 0.030
g (0.026 mmol) of L»>-H2[2] in MeOH (2 mL) was added 0.015 g (0.060 mmol) of
Co(OAC)2-4H,0, which gave an orange solution with a small amount of white precipitate.
After decantation, the resulting solution was stood at room temperature overnight to
afford orange platelet crystals of [5], which were collected by filtration and washed with
water and MeOH. Yield: 0.033 g (54%). Anal. Calcd for [Au'sCo",(trans-dppee) (D-
pen)z2(L-pen)2]-7H20 = C72H9aN4AusC02015P4S4: C, 35.83; H, 3.93; N, 2.32%. Found: C,
35.58; H, 3.74; N, 2.34%. IR spectrum (cm, KBr disk): 1598 (vco), 748-694 (ven).
Method B. To a white suspension containing 0.050 g (0.042 mmol) of D>-H2[2] and 0.050
g (0.042 mmol) of Lo-H2[2] in EtOH (5 mL) and water (5 mL) was added 0.025 g (0.10
mmol) of Co(OAc)2-4H.0 to give an orange solution. The orange block crystals of [5]'
were obtained by slow evaporation at room temperature for a week, which were collected
by filtration and washed with water and EtOH. Yield: 0.051 g (50%). IR spectrum (cm™,
KBr disk): 1598 (vco) and 748-694 (ven).

11-2-2-8.  Reaction of the metalloligand with Co!' and PbO: in heterochiral
condition.

Method A. To a white suspension containing 0.015 g (0.013 mmol) of b2>-H>[2] and 0.015
g (0.013 mmol) of Lo-H2[2] in EtOH (2 mL) was added 0.007 g (0.029 mmol) of
Co(OAC)2:4H,0 in water (1 mL). To the resulting orange solution was added 0.020 g
(0.083 mmol) of PbO., and stirred at room temperature for 4 h. After filtration of
unreacted PbO2, 0.5 M NaNOs aqueous solution (0.12 mL) was added to the resulting
brown solution. The solution was divided into four vials. Purple triangular crystals of
[3](NO3). and [4](NOs)2 together with purple platelet crystals of [6](NO3)2 were grown
by slow evaporation at room temperature for a week in three vials, whereas only the
platelet crystals of [6](NO3). were obtained in another vial.

Method B. To a white suspension containing 0.030 g (0.026 mmol) of D2-H2[2] and 0.030
g (0.026 mmol) of Lo-H2[2] in t-BuOH (2.4 mL) was added 0.020 g (0.080 mmol) of
Co(OAC)2-4H20 in water (0.6 mL). To the resulting orange solution was added 0.020 g
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(0.083 mmol) of PbO2, which was stirred for 30 min. After filtration of unreacted PbO5,
a NaNOs aqueous solution (0.5 M, 0.3 mL) was added to the resulting brown solution.
Only the purple platelet crystals of [6](NO3). were obtained by slow evaporation at room
temperature for 2 days. The crystals were collected by filtration and washed with water.
Yield: 0.011 g (15%). Anal. Calcd for [Au'sCo"'z(trans-dppee)2(D-pen). (L-
pen)2](NO3)2:14H20 = C72H108NsAusC02028P4S4: C, 32.47; H, 4.09; N, 3.16%. Found: C,
32.31; H, 3.93; N, 2.99%. IR spectrum (cm~*, KBr disk): 1650 (vco), 1385 (vnos), and
747-693 (ven). *H NMR spectrum in CD30D/D20 (1:2) (6, ppm from TMS): 7.67-7.22
(m, 22), 3.99 (s, 1H), 3.95 (s, 1H), 1.98 (s, 3H), 1.87 (s, 3H), 1.51 (s, 3H), 1.41 (s, 3H).
Method C. To a white suspension containing 0.050 g (0.042 mmol) of bL-Hz[2] and in
1:1 mixture of EtOH and water (10 mL) was added 0.012 g (0.049 mmol) of
Co(OAC)2:4H,0. To the resulting orange solution was added 0.015 g (0.063 mmol) of
PbO,, which was stirred for 1 h. After filtration of unreacted PbO2, a NH4PFs aqueous
solution (0.1 M, 0.75 mL) was added to the resulting purple solution. The purple platelet
crystals of [6](PFe)2 were obtained by slow evaporation at room temperature for 4 days.
The crystals were obtained by separating white cloudy precipitate, and collected by
filtration and washed with water. Yield: 0.022 g (37%). Anal. Calcd for [Au'4Co'""'y(trans-
dppee)2(D-pen)2(L-pen)2](PFe)2:11H20 = C72H102N4AU4C02019F12P6S4: C, 31.16; H,
3.72; N, 2.06%. Found: C, 31.16; H, 3.70; N, 2.02%. IR spectrum (cm™, KBr disk): 1647
(vco), 842 (vers ), and 747-693 (ven).

11-2-3 Physical measurements.

The elemental analyses (C/H/N) were performed at Osaka University using a
YANACO CHN Coda MT-5 and MT-6 analyzers. The IR spectra were recorded on a
JASCO FT/IR-4100 infrared spectrometer using a KBr disk at room temperature. The
electric absorption spectra were recorded on a JASCO V-660 spectrometer, and the CD
spectra were recorded on a JASCO J-840 spectropolarimeter using a 1 cm quartz cell at
room temperature. Diffuse reflection spectra were recorded on a JASCO V-570
spectrometer, and the solid CD spectra were recorded on a JASCO J-840 or a JASCO J-
820 spectropolarimeter at room temperature. The *H and 3P NMR spectra were recorded
with a JEOL GSX400 (400 MHz), JEOL ECS400 (400 MHz), or JEOL ECA500 (500
MHz) spectrometer at room temperature, using tetramethylsilane (TMS) as the internal
standard for *H and 85% H3PO; as the external standard for 3P. The X-ray fluorescence
spectrometries were performed on HORIBA MESA-500 spectrometer or SHIMADZU
EDX-720. The emission and excitation spectra were recorded on a JASCO FP-8500
spectrofluorometer at 77K. The ESR spectrum was recorded on JEOL JES-FA200 at 4K.
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High-quality powder X-ray diffraction patterns were recorded at room temperature in
transmission mode [synchrotron radiation, A = 0.999698(2) A; 20 range = 0-78°; step
width = 0.01°; data collection time = 1 min] with a diffractometer equipped with a white
imaging plate detector at the SPring-8 BL02B2 beamline; these experiments were
conducted with the approval of the Japan Synchrotron Radiation Research Institute
(JASRI). The crystals were placed into 0.3 mm glass capillary tubes, which were rotated
during the measurements. The diffraction patterns were collected with a large Debye-
Scherrer camera. The powder simulation patterns were generated from the single-crystal
X-ray structures using the Mercury 3.5.1 program.

11-2-4 X-ray Structural Determination.

The single-crystal X-ray diffraction measurements for D>-Hz[2], [3](NO3)z2, [3](ClO4)2,
[3]1(BFa4)2, [3]SOs, [4](NO3)2, DL-H2[2], [5], and [5] were performed on a Rigaku RAXIS
VIl imaging plate and Vari-Max with graphite monochromated Mo-Ka radiation (A =
0.71075 A) at 200 K. The intensity data were collected by the m-scan technique and
empirically corrected for absorption. The single-crystal X-ray diffraction measurements
for [6](NO3)2 and [6](PFs)> were performed at 100 K with a Rigaku Mercury 2 CCD
detector with synchrotron radiation (A =0.7000 A) at the BLO2B1 beamline in “SPring-
8,” with the approval of the Japan Synchrotron Radiation Research Institute (JASRI).

The collected diffraction data were processed with the Rapid Auto software program.
The structures of the complexes were solved via direct methods using the SHELXS2014
program.'®2¢ The structure refinements were carried out using full-matrix least-squares
(SHELXL2014).1%2¢ All calculations were performed using the Yadokari-XG software
package.'® The interstices’ volumes were calculated using SQUEEZE in the PLATON
package.*6¢

For D2-H2[2], 2 complex molecules, and 14 water molecules were crystallographically
independent. All non-hydrogen atoms except the O atoms of water molecules were
refined anisotropically. Hydrogen atoms were included in calculated positions except
those of water molecules.

For [3](NOs), a half of [Au'sCo''y(trans-dppee)2(D-pen)s]?* units, water, and
disordered NO3™ molecules were crystallographically independent. One of the vinylene
linker and 2 phenyl rings were disordered. All non-hydrogen atoms except the C atoms
of the disordered region, N atoms of nitrate molecules, and O atoms of nitrate and water
molecules were refined anisotropically. Hydrogen atoms were included in calculated
positions except those of water molecules. DFIX restrains were used to model nitrate
anions.
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For [3](ClOs)2, a half of [Au'sCo"x(trans-dppee)z(D-pen)s]?* units, water, and
disordered CIO4 molecules were crystallographically independent. One of the vinylene
linker and 2 phenyl rings were disordered. All non-hydrogen atoms except the C atoms
of the disordered region, ClI atoms of perchlorate molecules, and O atoms of perchlorate
and water molecules were refined anisotropically. Hydrogen atoms were included in
calculated positions except those of water molecules. DFIX restrains were used to model
perchlorate anions.

For [3](BFs)2, a half of [Au'sCo"'y(trans-dppee)2(D-pen)s]®* units, water, and
disordered BFs molecules were crystallographically independent. All non-hydrogen
atoms except the C atoms of one of the phosphine linkers, O atoms of water molecules,
B atoms and F atoms of tetrafluoroborate anions were refined anisotropically. Hydrogen
atoms were included in calculated positions except those of water molecules. DFIX
restrains were used to model tetrafluoroborate anions.

For [3]SO4, a half of [Au'sCo'"'z(trans-dppee).(D-pen)]?* units, water, and disordered
S04> molecules were crystallographically independent. One of the vinylene linker and 2
phenyl rings were disordered. All non-hydrogen atoms except the C atoms of the
disordered region, S atoms of sulfate molecule, and O atoms of sulfate and water
molecules were refined anisotropically. Hydrogen atoms were included in calculated
positions except those of water molecules. DFIX restrains were used to model sulfate
anions.

For [4](NOs), a half of [Au'4Co"(trans-dppee)a(L-pen)s]?* units, water, and
disordered NOs~ molecules were crystallographically independent. One of the vinylene
linker was disordered. All non-hydrogen atoms except the C atoms of the disordered
region, N atoms of nitrate molecules and O atoms of nitrate and water molecules were
refined anisotropically. Hydrogen atoms were included in calculated positions except
those of water molecules. DFIX restrains were used to model nitrate anions.

For DL-H2[2], two halves of [Au'z(trans-dppee)(p-Hpen)(L-Hpen)] unit, water
molecules, and ethanol molecules were crystallographically independent. One of the
carboxylate group and amine group were disordered. All non-hydrogen atoms except the
C atoms of solvent molecules and atoms of disordered groups and solvent molecules were
refined anisotropically. Hydrogen atoms were included in calculated positions except
those of water molecules.

For [5], a half of [Au'sCo'>(trans-dppee).(D-pen)a(L-pen)s] units, water molecules,
and methanol molecules were crystallographically independent. All non-hydrogen atoms
except the C atoms and O atoms of solvent molecules were refined anisotropically.
Hydrogen atoms were included in calculated positions except those of water molecules.
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For [5]', one [Au'4Co'lz(trans-dppee)2(D-pen)a(L-pen)4] units, an ethanol molecule, and
water molecules were crystallographically independent. All non-hydrogen atoms except
the C atoms and O atoms of solvent molecules were refined anisotropically. Hydrogen
atoms were included in calculated positions except those of water molecules.

For [6](NOs)2, one half of [Au'4Co"(trans-dppee)a(D-pen)s(L-pen)s]?* unit, one
disordered nitrate anion, and disordered water molecules were crystallographically
independent. All non-hydrogen atoms except the N atoms of the anions, and O atoms of
anions and water molecules were refined anisotropically. Hydrogen atoms were included
in calculated positions except those of water molecules. DFIX restrains were used to
model nitrate anions and several water molecules.

For [6](PFs)2, a half of [Au'sCo"'y(trans-dppee)z(D-pen)s(L-pen)s]>* unit, one
hexafluorophosphate anion, disordered water molecules, and disordered ethanol
molecules were crystallographically independent. All non-hydrogen atoms except the C
and O atoms of solvent molecules were refined anisotropically. Hydrogen atoms were
included in calculated positions except those of water molecules. DFIX restrains were
used to model several water and ethanol molecules.
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11-3. Results and Discussion.
I1-3-1. Synthesis and Characterization of [Auz(trans-dppee)(D-Hpen)2] and
[Auz(trans-dppee)(L-Hpen)z] (D2-H2[2], L2-H2[2]).

Reaction of [Au.Clz(trans-dppee)]*® with D-Hzpen and NaOH in a 1:2:2 ratio in
EtOH/water at room temperature gave a colorless solution, from which white powder (D2-
H>[2]) was isolated by evaporation to dryness (Scheme 2-1). The crystals of D>-H>[2]
were obtained by standing the reaction solution for a week. Because the *H NMR and IR
spectra of the powder were similar to those of the crystals of D2-H[2], the powder was
used for the subsequent reaction. X-ray fluorescence spectroscopy indicated that D>-H>[2]
contains Au atom and its elemental analytical data was in agreement with the formula for
a 1:2 adduct of [Au(trans-dppee)]?* and D-Hpen. In the IR spectrum, a C=0 stretching
band for deprotonated carboxylate groups of D-pen at 1618 cm~2, P-Ph stretching band at
1100 cm™ and Ph bands at 742-693 cm~ were observed (Figure 2-1).1” The *H NMR
spectrum in CD30OD showed one set of proton signals at ¢ 1.45 and 1.80 ppm assigned to
methyl groups of D-pen, ¢ 3.56 ppm assigned to the methine group of D-pen, 6 7.31-7.38
ppm assigned to the vinylene group of trans-dppee, and ¢ 7.59-7.63, 7.69-7.73 ppm
assigned to phenyl groups of trans-dppee. The integration ratio suggested that b-pen and
trans-dppee exist in a 1:2 ratio in D2-H2[2] (Figure 2-2). The 3P NMR spectrum in
CD30D showed a singlet signal at ¢ 32.9 ppm (Figure 2-3). The absorption spectrum of
D2-H2[2] in MeOH showed no significant bands in the visible region (Figure 2-4). I1ts CD
spectrum showed a positive band at 301 nm and negative bands at 276 and 227 nm (Figure
2-4). This complex exhibited a weak orange luminescence under UV light irradiation at
room temperature. Solid-state emission spectrum of Do-Hz[2] at 77 K gave emission bands
at 435 nm with a vibrational substructure (Figure 2-5). Single-crystal X-ray analysis
revealed that the complex molecule was comprised of two D-Hpen ligands bridged by one
[Auz(trans-dppee)]?* moiety through S atoms, giving a linear structure of [Auz(trans-
dppee)(D-Hpen-S)2] (vide infra).

The metalloligand L>-H2[2], which was an enantiomeric isomer of D2-Hz[2] was
obtained by the similar reaction using L-Hzpen instead of D-Hzpen. X-ray fluorescence
spectroscopic data, IR spectrum (Figure 2-1), and *H NMR spectrum in CDsOD (Figure
2-2) were coincident with those of similar to D2-Hz[2]. Its CD spectrum showed an
opposite pattern to D2-Hz[2], showing a negative band at 305 nm and a positive band at
277 nm (Figure 2-6). These results support that Lo-H2[2] was the enantiomer of D2-H[2].

11-3-2. Crystal Structure of the Homochiral Metalloligand, D2-H2[2].
Crystal structure of D2-H2[2] was determined by single-crystal X-ray crystallography.
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Molecular and packing structures are shown in Figures 2-7, 2-8, and 2-9. The
crystallographic data are summarized in Table 2-1, and the selected bond distances and
angles are listed in Table 2-2. Crystal D2-H2[2] contained two [Auz(trans-dppee) (D-
Hpen).] units and 14 solvated water molecules in the asymmetric unit. The complex
molecule was comprised of two D-Hpen and one [Auz(trans-dppee)]?* moieties. Similar
to the dppe analog, [Auz(dppe)(p-Hpen)2], two D-Hpen ligands were bridged by one
[Au(trans-dppee)]?* moiety through S atoms, giving a linear structure of [Auz(trans-
dppee)(D-Hpen-S).]. Each Au atom was in a PS linear coordination geometry bound by
one D-pen and one trans-dppee (Av. Au-S = 2.30 A, Au-P = 2.26 A, and P-Au-S =
177.9°). The C—C distances of the vinylene linker (Av. C-C = 1.31 A) were shorter than
those of dppe analogous compound (Av. C-C =1.55 A), and the P-C—C angles of the
vinylene linkers (Av. P-C—-C = 124.8°) were larger compared with those of [Auz(dppe)(D-
Hpen)2] (Av. P-C—-C = 109.5°), because of the sp? character of the vinylene linker. These
structural differences between the diphosphine units caused the different lengths of the
diphosphine metalloligands (Av. intramolecular P--P = 4.41 A for p,-H,[2], 4.50 A for
[Auz(dppe)(D-Hpen)2]; Table 2-3, Scheme 2-2). In packing structure of D2-H[2], two
complex molecules were connected to each other through Au---Au interactions (Av.
Au--Au = 3.09 A) to form a discrete dimeric structure, which was different from the linear
chain packing structure found in the dppe analogous compound (Figure 2-8). The dimers
were further linked by hydrogen bonds between the carboxylate and amine groups (Av.
N--O = 2.83 A) to form a 1D chain packing structure (Figures 2-8, 2-9).

11-3-3. Synthesis and Characterization of [AusCoz(trans-dppee)z2(D-pen)a] Xz ([3]X2)
(X =NOs", ClO4~, BF4).

Reaction of multidentate-functionalized D2-H2[2] with Co(OAc)2-4H20 in a 1:1 ratio
in MeOH at room temperature gave an orange solution, which was stood for 3 weeks after
the addition of agueous NaNOs. Purple crystals with a trigonal-pyramid shape ([3](NOz)2)
were isolated from the resulting brown solution (Scheme 2-3). Reaction with
Co(NOz3)2-6H-0 in EtOH without the addition of nitrate anions also afforded the crystals
of [3](NOs).. X-ray fluorescence spectroscopy indicated the presence of Au and Co atoms
in [3](NO3)2, and its elemental analytical data was in agreement with a formula consisting
of [Auz(trans-dppee)(p-pen)2]* (D2-[2]>) , Co®', and NOs~ in a 1:1:1 ratio. In the IR
spectrum, a C=0 stretching band for deprotonated carboxylate groups of D-pen at 1654
cm~, an N-O stretching band for nitrate anion at 1384 cm™, and Ph bands at 748-692
cm~ were observed (Figure 2-10). The crystals of [3](NOs). were slightly soluble in
MeOH but insoluble in other common solvents. The *H NMR spectrum in CD30D/D,0
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(1:2) showed one set of proton signals at ¢ 1.40 and 1.80 ppm assignable to methyl groups
of D-pen, ¢ 3.94 ppm assignable to the methine group of D-pen, 6 7.66-7.44 ppm
assignable to vinylene and phenyl groups of trans-dppee. The integration ratio suggested
that D-pen and trans-dppee exist in a 1:2 ratio in [3](NOz3). (Figure 2-11). The fact that
the proton signals were observed in a diamagnetic region indicates that this complex had
a diamagnetic Co'' center. The absorption spectrum of [3](NOs). in MeOH showed
absorption bands at around 520 and 580 nm assigned to the d-d transitions of Co'"' center,
and a shoulder at ca. 350 nm. Its CD spectrum showed positive bands at 608 and 407 nm
and negative bands at 511 and 340 nm in the region of 700-300 nm (Figure 2-12). The
diffuse reflection spectrum in the solid state showed a band at 563 nm and its CD
spectrum showed negative bands at 640 and 511 nm and positive bands at 582 and 416
nm in the region of 700-400 nm (Figure 2-13). These diffuse reflection and CD spectra
in the solid state were essentially the same as the absorption and CD spectra in MeOH
solution, indicating that the structure of [3](NO3)2 in the solid state is retained in solution.
Single-crystal X-ray analysis revealed that [3]** was a hexanuclear cationic complex,
[Au'4Co";(trans-dppee)2(D-pen)a]?*, in  which two [Au'z(trans-dppee)(D-pen)2]*
moieties were bridged by two Co'" centers (vide infra).

When the other monovalent inorganic salts, NaClO4 or NH4BF4, instead of NaNOs,
were added to the orange reaction solution purple crystals with a trigonal-pyramid shape
of [3](ClOa4)2 or [3](BF4). were obtained, respectively.

For [3](ClOa4)2, the X-ray fluorescence spectroscopy indicated the presence of Au and
Co atoms, and its elemental analytical data was in agreement with a formula consisting
of [Auz(trans-dppee)(D-pen)2]* (D2-[2]%) , Co**, and CIO4 in a 1:1:1 ratio. The IR
spectrum showed the presence of D-pen and trans-dppee ligands based on the bands at
1656 cm for the carboxylate group and at 748-692 cm for the P—Ph moieties, and the
presence of ClOs were also confirmed by the band at 1103 cm= (Figure 2-10). This
complex is almost insoluble to common solvents, and the spectral measurements in
solution could not be performed. Single-crystal X-ray analysis revealed that [3]** was a
hexanuclear cationic complex, [Au'sCo"'>(trans-dppee)z(D-pen)s]**, in which two
[Au';(trans-dppee)(D-pen)2]> moieties were bridged by two Co'"' centers (vide infra).

For [3](BF4)2, the X-ray fluorescence spectroscopy indicated the presence of Au and
Co atoms, and its IR spectrum showed the band of the carboxylate group of D-pen at 1653
cm™t, the P—Ph bands of trans-dppee at 747-692 cm™, and the B—F stretching band of
BF4~at 1103 cm™ (Figure 2-10). This complex was almost insoluble to common solvents,
and the spectral measurements in solution could not be performed. Single-crystal X-ray
analysis revealed that [3]** was a hexanuclear cationic complex, [Au'4Co"(trans-
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dppee)2(D-pen)4]?*, in which two [Au'z(trans-dppee)(D-pen)2]>~ moieties were bridged by
two Co"' centers (vide infra). The powder X-ray diffraction patterns of these three salts
matched well with the simulated patterns based on the SC-XRD results, indicating high
crystalline purity (Figure 2-14).

11-3-4. Synthesis and Characterization of [AusCoz(trans-dppee)2(D-pen)4]SOa
([3]1S04).

Reaction of D2-H2[2] with Co(OAC)2-4H20 ina 1:1 ratio in MeOH at room temperature
gave an orange solution, which was stood at room temperature for 2 weeks after the
addition of an aqueous KHSO4 solution. Purple crystals with a trigonal-pyramid shape
([3]S0a) were isolated from the resulting brown solution (Scheme 2-3).

X-ray fluorescence spectroscopy of [3]SOs indicated the presence of Au and Co atoms,
and its elemental analytical data was in agreement with the formula consisting of
[Auz(trans-dppee)(p-pen)2]* (D2-[2]>) , Co®*, and SOs* in a 2:2:1 ratio. In the IR
spectrum, a C=0 stretching band for deprotonated carboxylate groups of D-pen at 1656
cm~?, an S-O stretching band for sulfate anion at 1103 cm=, and Ph bands at 748-692
cm~! were observed (Figure 2-10). The intensity of the band for the sulfate anion was
weaker than that for the perchlorate anion in [3](ClOa4)2, which corresponded to the fact
that only one sulfate anion per one cationic complex was needed to satisfy the charge
balance. Because this complex was almost insoluble to common solvents and the isolated
yield for the crystalline sample and solid crystallinity were poor, and the spectral
measurements both in the solution and in the solid states could not be performed. Single-
crystal X-ray analysis revealed that [3]*" was a hexanuclear cationic complex,
[Au'sCo"z(trans-dppee)2(D-pen)a]?*, in  which two [Au'z(trans-dppee)(D-pen)2]*
moieties were bridged by two Co'" centers (vide infra).

11-3-5. Synthesis and Characterization of [AusCoz(trans-dppee)2(L-pen)s](NOs)2
([41(NOs)z).

Reaction of Lo-H2[2] with Co(OACc)2-4H,0 in a 1:1 ratio in MeOH at room temperature
gave an orange solution, which was stood for a week after the addition of an aqueous
NaNOs solution. Purple crystals with a trigonal-pyramid shape ([4](NOz)2) were isolated
from the resulting brown solution (Scheme 2-3)

X-ray fluorescence spectroscopy indicated the presence of Au and Co atoms in
[4](NO3).. In the IR spectrum, a C=0O stretching band for deprotonated carboxylate
groups of D-pen at 1653 cm, an N—O stretching band for nitrate anion at 1385 cm~, and
Ph bands at 747-691 cm~! were observed (Figure 2-10). The diffuse reflection spectrum
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in the solid state was similar to that of [3](NOs3)., showing a band at 580 nm (Figure 2-
15). This suggests that the coordination geometry around the Co'"' center was
cis(N)trans(O)cis(S)-N202S, octahedral. The CD spectrum in the solid state showed
almost the opposite pattern compared with that of [3](NOs)2, showing positive bands at
636 and 509 nm, and negative bands at 575 and 429 nm in the region of 700-400 nm
(Figure 2-15). This CD spectrum suggested that the two pen ligands around Co'"' center
had opposite chirality from that of [3]?*. Based on these results, [4]** was supposed to
have the formula of [Au'sCo"'z(trans-dppee)2(L-pen)4]?*, the enantiomeric isomer of [3]%*.
Single-crystal X-ray analysis revealed that [4]?* was a hexanuclear cationic complex,
[Au'sCo"'y(trans-dppee)2(L-pen)s]?*, in  which two [Au'z(trans-dppee)(L-pen)z]*
moieties were bridged by two Co'" centers (vide infra).

11-3-6. Crystal Structures of the Homochiral Au'Co'"' Complexes.

Crystal structure of [3](NO3). was determined by single-crystal X-ray crystallography.
Molecular and packing structures are shown in Figures 2-16, 17, 18, 19, and 20. The
crystallographic data are summarized in Table 2-4, and the selected bond distances and
angles are listed in Table 2-5. Crystal [3](NO3). contains a half of [AusCox(trans-
dppee)2(D-pen)4]?* unit, two NOs~ ions with an occupancy of 1/12, one NOs~ion with an
occupancy of 1/3, one NOs~ion with an occupancy of 1/2, and 2 solvated water molecules
in the asymmetric unit. The cationic complex had an S-bridged Au'sCo'"'; hexanuclear
structure consisting of two [Auz(trans-dppee)(D-pen)2]>~ metalloligands that link two
Co''" atoms to form a twisted 18-menbered ring structure composed of Au, Co, S, P, and
C atoms (Figures 2-17, 18). The coordination geometry of each Au' atoms is nearly linear
bound with P and S atoms (Av. Au-S = 2.32 A, Au-P = 2.26 A, P-Au-S = 178.1°, and
Au--Au = 3.6044(5) A). The two D2-[2]* metalloligands each bound to two Co'"' atoms
in a bis(tridentate-N,0,S) mode such that each Co'"! atoms is in a cis(N)trans(O)cis(S)-
N20,S; octahedral environment (Av. Co-S = 2.29 A, Co-0 = 1.93 A, Co-N =1.97 A,
S-Co-S = 97.39(10)°, O-Co-0=177.2(3)°, N-Co—N = 93.1(3)°) (Figures 2-18a, b). All
S atoms adopt an R configuration.

In [3](NOs),, six cationic complexes were aggregated into an octahedral shaped
hexameric structure through intermolecular 24 CH---z and 12 NH>--OCO hydrogen
bonding interactions (shortest C--Ph = 3.62 A, N---O = 2.890(10) A), accommodating an
NOsz~ ion in the center (Figure 2-19a). A triangular CH--z linkage of three cationic
complexes sits in each of the eight triangular faces of the supramolecular octahedron
(Figure 2-19b), and a triangular NH»---OCO linkage sits on each of four triangular faces
of the octahedron (Figure 2-19c¢). In the crystal, the cationic supramolecular octahedrons
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were closely packed in a face centered cubic (fcc) structure connected by CH--m
interactions. This fcc structure contains a single kind of octahedral interstices, and two
kinds of larger tetrahedral interstices with one being hydrophilic surrounded by amine
groups and the other being hydrophobic surrounded by phenyl and methyl groups. While
one NOs~ ion was accommodated in each of the octahedral interstices, each of the
hydrophilic tetrahedral interstices accommodates ten NOs~ ions that were closely packed
to form a symmetrical adamantane-like cluster (Figures 2-20a, b). The closest O--O
distance between the neighbor NO3~ anions was 3.29 A and the N--N distance between
the neighbor NO3s~anions was 4.69 A. In the hydrophobic interstices, 24 O atoms of the
water molecules (4 water molecules for one complex cation) were accommodated, which
was less in the number as expected from the elemental analysis data, indicating the
disordering of further water molecules. The aggregated 10 nitrate anions could be divided
into 2 type, one was for 6 nitrate anions being settled in octahedral sites, and the other
was for 4 nitrate anions being settled in tetrahedral sites. The nitrate anions in the
octahedral site were ordered and were hydrogen bonded with the cationic complex (N---O
= 2.929(18) A). On the other hand, the nitrate ions in the tetrahedral site showed the
disordering into two parts. One part of the disordered nitrate anions forms hydrogen bonds
with the cationic complex (N--O = 2.95(6) A), while the other part forms no significant
interactions.

The crystal structure of [3](ClO4)2, obtained by the similar reaction using NaClO4
instead of NaNOs, was isomorphous with that of [3](NOs)2. The crystallographic data are
summarized in Table 2-4, the selected bond distances and angles are listed in Table 2-6,
and the molecular and packing structure are shown in Figures 2-21. Crystal [3](ClO4)2
contains a half of [AusCoq(trans-dppee)z(D-pen)s]** unit, two ClO4~ ions with an
occupancy of 1/12, one ClO4~ ion with an occupancy of 1/3, one CIO4~ ion with an
occupancy of 1/2, and 3/2 solvated water molecules in the asymmetric unit. In [3](ClOa4)2,
the Au'sCo'"'; hexanuclear structure, the hexameric octahedrally aggregated cationic
structure, and the fcc packing structure were formed, and these structures were similar to
those of [3](NOz)2 (Figures 2-21a, b, d). In the hydrophilic tetrahedral interstice, ten
ClO4~ ions were aggregated in an adamantane-like structure with the shortest Cl---Cl and
O---O distances of 4.50 A and 3.26 A, respectively (Figure 2-21c). The perchlorate anions
in the tetrahedral interstice were ordered, and form hydrogen bonds with the cationic
complex (N-+O = 3.061(18) A for octahedral site, and 3.659(7) A for tetrahedral site).

Crystal structure of [3](BF4)2, obtained by the similar reaction using NH4BF4 instead
of NaNOs, was isomorphous with those of [3](NOs)2 and [3](Cl1O4).. The crystallographic
data are summarized in Table 2-4, the selected bond distances and angles are listed in
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Table 2-7, and the molecular and packing structure are shown in Figure 2-22. Crystal
[3](BF4)2 contains a half of [AusCoz(trans-dppee)2(b-pen)s]?* unit, two BF4~ ions with an
occupancy of 1/12, one BF4  ion with an occupancy of 1/3, one BF4 ion with an
occupancy of 1/2, and 7/3 solvated water molecules in the asymmetric unit. Similarly, the
Au'sCo'"'; hexanuclear structure, the hexameric octahedrally aggregated cationic structure,
and the fcc packing structure were formed in [3](BF4)2 (Figures 2-22a, b, d). 10 BF4 ions
were aggregated in an adamantane-like structure with the closest F---F and B---B distances
of 3.39 A and 4.62 A, respectively, and this anionic decamer was accommodated in the
hydrophilic tetrahedral interstice of the cationic fcc structure (Figure 2-22c). The
tetrafluoroborate anions at the tetrahedral site in the tetrahedral interstice were disordered.

Crystal structure of [3]SOs, obtained by the similar reaction using KHSO4 instead of
NaNOs, was isostructural to that of [3](NOz)2. The crystallographic data are summarized
in Table 2-4, the selected bond distances and angles are listed in Table 2-8, and the
molecular and packing structure are shown in Figure 2-23. Crystal [3]SO4 contains a half
of [AusCog(trans-dppee)2(D-pen)s]?* unit, one SO4>~ ions with an occupancy of 1/2, and
17/6 solvated water molecules in the asymmetric unit. Similarly, the Au'sCo'';
hexanuclear structure and the hexameric octahedrally aggregated cationic structure were
formed, but in the center of the cationic hexamer, a water molecule was accommodated
(Figures 2-23a, b, d). The cationic octahedron forms the fcc packing structure, as in
[3](NO3)2, and its hydrophilic tetrahedral interstice accommodate six SO4%ions forming
an octahedral hexameric structure with the closest S-S and O--O distances of 6.79 A and
4.31 A, respectively (Figure 2-23c). The sulfate anions in the tetrahedral interstice were
disordered, and each anion was connected to the cationic complex through the hydrogen
bonds (N--O = 2.98(3), 2.99(3), 3.07(3) A).

Crystal structure of [4](NOz)2, obtained by the similar reaction using L>-H>[2] instead
of D2-H2[2], had an enantiomeric relationship to that of [3](NOz)2. The crystallographic
data are summarized in Table 2-4, the selected bond distances and angles are listed in
Table 2-9, and the molecular and packing structure are shown in Figure 2-24. Crystal
[4](NO3)2 contains a half of [AusCoz(trans-dppee)z2(L-pen)s]** unit, two NO3~ ions with
an occupancy of 1/12, one NO3~ ions with an occupancy of 1/3, one NOs™ ions with an
occupancy of 1/2, and 2 solvated water molecules in the asymmetric unit. The structures
of [3](NOz3)2 and [4](NOz)2 were similar, and the difference between two structures was
only the chirality of the pen ligands (Figure 2-24a). The coordination geometry of each
Au' atoms was nearly linear bound with P and S atoms (Av. Au-S=2.31 A, Au-P =2.24
A, and P-Au-S = 178.2°). The two L2-[2]*~ metalloligands each bound to two Co'"" atoms
in a bis(tridentate-N,0,S) mode such that each Co'"" atoms was in a cis(N)trans(O)cis(S)-
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N.0,S octahedral environment (Av. Co-S = 2.28 A, Co-0 = 1.93 A, Co-N = 1.94 A,
S-Co-S = 97.66(18)°, O—-Co-0= 177.0(5)°, N-Co-N = 92.1(6)°). All S atoms adopt an
S configuration. In [4](NOg)2, six cationic complexes were aggregated into an octahedral
shape supramolecular structure through intermolecular 24 CH--x and 12 NH,--OCO
hydrogen bonding interactions, accommodating a NOs™ ion in the center (Figure 2-24b).
A triangular CH---t linkage of three cationic complexes sits in each of eight triangular
faces of the supramolecular octahedron and a triangular NH---OCO linkage sits on each
of four triangular faces of the octahedron. In the crystal, the cationic supramolecular
octahedrons were closely packed in a fcc structure connected by CH--m interactions
(Figure 2-24d). This fcc structure contains a single kind of octahedral interstice, and two
kinds of larger tetrahedral interstices with one being hydrophilic surrounded by amine
groups and the other being hydrophobic surrounded by phenyl and methyl groups. While
one NOz~ ion was accommodated in each of the octahedral interstice, each of hydrophilic
tetrahedral interstice accommodates ten NOz~ ions that were closely packed to form a
symmetrical adamantane-like cluster (Figure 2-24c). The closest O--O and N---N
distances between the neighboring NO3~ anions was 3.29 A and 4.69 A, respectively. In
the hydrophobic interstices no atoms were found from the structural analysis, but the
water molecules should be disordered inside it. The nitrate ions at the tetrahedral site of
the tetrahedral interstice were disordered.

11-3-7. Comparison with the dppe system.

As described in 11-3-6 and introduction for the homochiral system, both
[Au'sCo"5(trans-dppee)2(D-pen)a]®* and [Au'sCo"'2(dppe)2(D-pen)a]?* had the similar
Au'4Co"'; hexanuclear structure, the hexameric octahedrally aggregated cationic structure,
the fcc packing structure, and the anion aggregation structures, but the small differences
were found between the two structures due to the effect of the carbon linkers in the
diphosphine ligands (dppe or trans-dppee). Firstly, trans-dppee in [3]>* had a longer P---P
distance than that in dppe analogous cationic complexes because of the larger P-C-C
angles of the linker site (Scheme 2-2, Table 2-10). Secondly, the longer P---P distance led
to the shorter distance between the phenyl rings in a diagonal position and the longer
distance between the Co ions, which meant that the overall shape of [3]?* had slightly
changed to be more slender (Scheme 2-4a, Figures 2-25). This slender shape means that
the [Au'sCo""'5(trans-dppee)2(D-pen)4]?* protrude in the hydrophilic interstices rather than
the case of [Au'4sCo"'z(dppe)2(D-pen)s]?* (Table 2-11), which in turn reduced the
hydrophilic interstices’ size, (Scheme 2-4b) and changed the anion aggregation structures
as a result.
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Focused on the aggregation structures of the inorganic anions, the small difference
between the trans-dppee in [3](NOs). and dppe in [AusCoz(dppe)2(D-pen)s](NOs).
complexes was found. In both , the nitrate anions in the octahedral sites were ordered,
and their positions and orientations were almost the same. On the other hand, the nitrate
anions in the tetrahedral sites were disordered in both crystals. The positions of these
anions were almost the same, but the orientations were slightly different between two
crystals, as shown in Figures 2-26 and 2-27. As a result, the minimum O---O distances
between the neighboring anions were different with the distances of 3.30 A for [3](NO3)2
and 3.38 A for [AusCoz(dppe)2(p-pen)s](NOs)2. Accordingly, the hydrogen bonding
interactions between the disordered anions in the tetrahedral site and the amine groups of
the cationic complexes showed a small difference (NHz+*Onos = 2.95(6) A, 3.13(5) A,
3.13(5) A, or 3.13(5) A for [3](NOs)2 and NH2:+-Onos = 2.96(7) A, 2.99(11) A, 2.99(11)
A, or 2.99(11) A for [AusCoz(dppe)2(D-pen)s](NOs)2; Figures 2-28).

In the perchlorate salts, [AusCoz(dppe)2(D-pen)s](Cl04)2 and [3](ClOs4)2, the difference
between two anionic aggregation structures were clearer. In [3](CIO4)2, the perchlorate
anions were more closely packed compared with [AusCoz(dppe)z2(D-pen)s](ClO4)2
(CI---C1 = 4.500(5) A for [3](ClO4),, and 4.765(7) A for the dppe analogous compound)
due to the smaller hydrophilic Td interstice’s size (993 A2 for [3](ClO4),, and 1184 A3
for the dppe analogous compound; Table 2-11). Such closer aggregation of anions
affected the orientation of perchlorate anions in tetrahedral site to minimize the OO
repulsion. In [3](ClOs),, the triangular faces of the two closer perchlorate ions were
arranged in a face-to-face fashion (O--O = 3.26(2) A; Figures 2-29 and 2-30), whereas in
the dppe analogous compound, each of three O atoms of the tetrahedrally arranged
perchlorate ion directed to the center of a triangular face of the adjacent perchlorate ion
(OO = 3.13(2) A). The anions in the octahedral sites had a similar orientation and a
hydrogen bonding mode with the dppe analogous compound (NHz:+-Ocios = 3.061(18) A
for trans-dppee system, and 3.00(2) A for dppe analogous compound, Figure 2-31).

In the tetrafluoroborate salts, the volume of the hydrophilic tetrahedral interstices also
decreased (990 A3 for [3](BF4)2, and 1074 A2 for the dppe analogous compound; Table
2-11), but the discussion about their orientation was difficult because the tetrafluoroborate
anions at the tetrahedral site in the tetrahedral interstices severely disordered (B--B =4.62
A for [3](BF4)2, and 4.61 A for the dppe analogous compound) and relatively poor SC-
XRD result for the dppe analogous [AusCoz(dppe)2(D-pen)s] (BF4)2 crystal (Figure 2-32).

Also in the sulfate complexes, the counter anions in [3]SOs were arranged in a slightly
different way from that of [AusCo2(dppe)2(D-pen)s]SOa. Although the direction and
disordering mode of O atoms of the sulfate anions were similar, the S---S distance was
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shorter than that of the dppe analogous compound (6.790(11) A for [3]SO4 and 6.914(15)
A for the dppe analogous compound). This meant that the sulfate anions in [3]SO4 were
more closely packed, which was consistent with the fact that [3]** had the smaller
hydrophilic tetrahedral interstices (Figure 2-33).

11-3-8. Synthesis and Characterization of [Auz(trans-dppee)(D-Hpen)(L-Hpen)] (DL-
H2[2]).

Reaction of [Au2Clx(trans-dppee)] with DL-Hzpen in a 1:2 ratio in EtOH at room
temperature gave a white suspension, from which white powder of bDL-H2[2] was isolated
(Scheme 2-1). X-ray fluorescence spectroscopy indicated that bL-H2[2] contains Au atom
and its elemental analytical data was in agreement with the formula for [Auz(trans-
dppee)(Hpen)2]-6.5H20. In the IR spectrum, a C=0 stretching band for deprotonated
carboxylate groups of pen at 1624 cm~, a P-Ph stretching band at 1101 cm~*and Ph
bands at 745-692 cm~* were observed (Figure 2-34). This complex was less soluble in
MeOH compared with D2-H[2], so quantitative absorption and 3P NMR spectra were
not measured. The *H NMR spectrum in CDsOD showed one set of proton signals at &
1.33 and 1.69 ppm assigned to methyl groups of pen, ¢ 7.36 ppm assigned to the vinylene
group of trans-dppee, and ¢ 7.68-7.64, 7.55-7.53 ppm assigned to phenyl groups of trans-
dppee. The integration ratio suggests that pen and trans-dppee exist in a 1:2 ratio. The
chemical shifts of the methyl signals were slightly different from those of D>-H2[2] (6
1.39, 1.75 ppm), indicating that D>-H>[2] or Lo-H2[2] were not dominant species in MeOH
solution. The methine peak of pen could not be observed probably because of the
overlapping with the MeOH signal (Figure 2-35). No signals in the 3'P NMR spectra in
CDsOD were detected because of the less solubility. Colorless single-crystals of DL-H2[2]
suitable for X-ray diffraction measurement were obtained by the recrystallization of the
powder sample of DL-H2[2] from EtOH/water (1:1) solution by adding Mg(OAC)..
Spectroscopic data of the crystals were coincident with those of the powder sample. This
complex exhibited a weak orange luminescence under UV light irradiation at room
temperature. Solid-state emission spectrum of DL-H2[2] at 77 K gave an emission band at
433 nm with the vibrational structure (Figure 2-36). Single crystal X-ray analysis revealed
that DL-H2[2] was comprised of D/L-Hpen ligands bridged by a [Auz(trans-dppee)]?*
moiety through S atoms, giving a linear structure of [Aux(trans-dppee)(D-Hpen-S)(L-
Hpen-S)] (vide infra). The Au'; metalloligands were connected to each other through
aurophilic interactions®® to form a 1D chain structure. This polymeric structure might lead
to the less solubility of bL-H2[2] in contrast to the soluble homochiral metalloligand, Do-
H>[2], having a dimeric packing structure.
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11-3-9. Crystal Structure of the Heterochiral Metalloligand, (DL-H2[2]).

The crystal structure of DL-H2[2] was determined by single-crystal X-ray
crystallography. Molecular and packing structures are shown in Figures 2-37, 2-38, and
2-39. The crystallographic data are summarized in Table 2-12, and the selected bond
distances and angles are listed in Table 2-13. Crystal of bL-Hz[2] contained 2 halves of
[Auz(trans-dppee)(p-Hpen)(L-Hpen)] units, 2 solvated EtOH molecules, and 6 solvated
water molecules in the asymmetric unit. One of the carboxylate groups in the pen moiety
was disordered.

The complex molecule was composed of one D-Hpen, one L-Hpen, and one
[Auz(trans-dppee)]?* moieties. As similar to the dppe analogous compound,
[Auz(dppe)(D-Hpen)(L-Hpen)], one b-Hpen ligand and one L-Hpen ligand were bridged
by a [Auz(trans-dppee)]?>* moiety through S atoms, giving a linear structure in [Auz(trans-
dppee)(D-Hpen-S)(L-Hpen-S)]. Each Au atom was in a PS linear coordination geometry
bound by one D-pen and one trans-dppee (Av. Au-S = 2.31 A, Au-P =2.27 A, P-Au-S
=175.1°). The C—C distances and P-C—C angles of the carbon linkers (Av. C-C = 1.28 A,
P—C-C =126.8°) were similar to those of chiral analogous complex D.-Hz[2] (Table 2-2,
Table 2-13). In DL-H2[2], two complex molecules were aggregated through an Au---Au
interaction (Au--Au = 3.0846(5) A) to form a linear 1D chain structure that was also
found in the dppe analogous compound ([Auz(dppe)(p-Hpen)(L-Hpen)]) (Figure 2-38).
The chains were linked by hydrogen bonds between the amine and carboxylate groups
(Av. N--O = 2.70 A) to form a 3D network structure (Figure 2-39).

11-3-10. Synthesis and Characterization of Heterochiral Neutral Complex
[Au'4Co''2(trans-dppee)2(D-pen)2(L-pen)2] ([5]).

Reaction of a racemic mixture of the metalloligands, D>-H2[2], and L2-H2[2], with
Co(OAC)24H20 in a 1:1 ratio in EtOH at room temperature without the addition of
oxidant gave an orange solution, from which orange crystals with a block shape ([5]) were
isolated (Scheme 2-4). X-ray fluorescence spectroscopy indicated the presence of Au and
Co atoms in [5], and its elemental analytical data was in agreement with a formula
consisting of [Auz(trans-dppee)(pen)2]%~ ([2]*) and Co?" in a 1:1 ratio. The absence of
anionic species such as acetate ion suggested that the Co atom was a divalent state. In the
IR spectrum, a C=0 stretching band for deprotonated carboxylate groups of pen at 1598
cm, and Ph bands at 748-694 cm~! were observed (Figure 2-40). The absorption
spectrum of [5] in MeOH/water (2:1) showed broad bands in the range of 600-450 nm,
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and the d-d transition band characteristic for the Co'"

center was not observed (Figure 2-
41). Its CD spectrum was silent in the region of 700-300 nm (Figure 2-41), which
indicated that [5] contains both D-pen and L-pen. The diffuse reflection spectrum in the
solid state showed only broad bands in the region of 700-400 nm (Figure 2-42).

The magnetic susceptibility data suggested the presence of the Co' centers in [5]. The
XmT value at room temperature was 6.27 cm® K mol, which was slightly larger than the
spin only value of 5.99 cm® K mol* for two high-spin Co'" centers (Figure 2-43). On
lowering the temperature, the XmT values retained, and then decreased gradually below
100 K. These magnetic behaviors were characteristic for the Co" complexes. It seemed
that there was no strong ferromagnetic interaction between two Co'' centers. The electron
spin resonance (ESR) spectrum at 4 K showed a band at g = 3.23 indicating the existence
of unpaired electron like Co' species (Figure 2-44). The Co" complex, bearing
triphosphine ligand [Au'sCo''3(tdme)2(D-pen)s],'! showed the characteristic ESR signals
for Co'. But it was not similar to the present signals, probably due to the different O—Co—
O and S-Co-S angles causing a different d-orbital energy splitting.

Single-crystal X-ray analysis revealed that [5] was a hexanuclear neutral complex,
[Au'4Co"(trans-dppee)2(D-pen)z(L-pen)z], in which two [Au'z(trans-dppee)(D-pen)(L-
pen)]* moieties were bridged by two Co'" centers (vide infra).

When EtOH/water (1:1) was used instead of MeOH, orange platelet crystals ([5]) were
produced. The IR spectrum was almost the same as that of [5], showing a C=0 stretching
band for deprotonated carboxylate groups of pen at 1598 cm2, and Ph bands at 748-694
cm™ (Figure 2-40). Single-crystal X-ray analysis revealed that [5]' had a hexanuclear
neutral complex, [Au'4Co'(trans-dppee)2(D-pen)2(L-pen)z], which was the same as that
in [5] (vide infra). The difference between [5] and [5]' was the solvated molecules and the
supramolecular structure of the complex molecules in the crystal structure.

11-3-11. Synthesis and Characterization of Heterochiral Cationic Complex
[Au'4Co"'2(trans-dppee)2(D-pen)2(L-pen)2]?* ([6]%).

Reaction of a racemic mixture of metalloligands, D2-H2[2] and L2-H2[2], with
Co(OAC)2-4H20 in a 1:1 ratio in EtOH/water at room temperature with adding an excess
amount of PbO> as an oxidant gave a brown suspension. After the removal of unreacted
PbO2, An NaNOs aqueous solution was added to the resulting brown solution, and then
the reaction solution was allowed to stand at room temperature overnight to give purple
crystal with a platelet shape ([6](NOs)2) and, in several cases, purple crystals with a
trigonal-pyramid shape ([3](NOz)2, [4](NO3).) (Scheme 2-5).
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Importantly, by using t-BuOH instead of EtOH/water as solvent, only purple platelet
crystals of [6](NOz). were isolated. X-ray fluorescence spectroscopy indicated the
presence of Au and Co atoms in [6](NOs)2, and its elemental analytical data was in
agreement with a formula consisting of [Auz(trans-dppee)(pen)2]* ([2]>) , Co"!, and
NOs™ in a 1:1:1 ratio. In the IR spectrum, a C=0 stretching band for deprotonated
carboxylate groups of pen at 1650 cm, an N-O stretching band for nitrate anions at 1385
cm™, and Ph bands at 747-693 cm were observed (Figure 2-40). The crystals of
[6](NO3). were slightly soluble in MeOH but insoluble in other common solvents. The
'H NMR spectrum in CD30D/D,0 (1:2) showed the two sets of proton signals at 5 1.41,
1.51, 1.87, and 1.98 ppm assigned to methyl groups of D-pen, ¢ 3.95 and 3.99 ppm
assigned to the methine group of D-pen, and 6 7.67-7.22 ppm assigned to vinylene and
phenyl groups of trans-dppee. From the integration ratio, it was supposed that two kinds
of species were present in solution in 1:1 ratio (Figure 2-45). Because one of the two
species showed the same NMR signals as that of the homochiral cationic complex [3]*
and another showed a different set of signals, the equilibrium between heterochiral and
homochiral complexes in solution was suggested(Scheme 2-6). The absorption spectrum
of [6](NOz3)2 in MeOH showed a band at around 550 nm assignable to the d-d transition
(Figure 2-46). Its CD spectrum showed no significant bands in the region of 700-300 nm
(Figure 2-46), which indicated that [6](NOz)2 contains equal molars of D-pen and L-pen.
The diffuse reflection spectrum in the solid state showed an absorption band at around
570 nm assigned to the d-d transition of Co'"' center in the region of 700-400 nm (Figure
2-47). Single-crystal X-ray analysis revealed that [6]** was a hexanuclear cationic
complex, [Au'sCo"'y(trans-dppee)2(D-pen)z(L-pen)2]®*, in which two [Au'a(trans-
dppee)(p-pen)(L-pen)]> moieties were bridged by two Co'"' centers (vide infra).

The hexafluorophosphate salt, [6](PFs)2, was also obtained by using
hexafluorophosphate as a counteranion. X-ray fluorescence spectroscopy revealed the
presence of Au and Co atoms in [6](PFe)2, and its elemental analytical data was in
agreement with a formula consisting of [Auz(trans-dppee)(pen)2]> ([2]>) , Co"!, and PFs
ina 1:1:1 ratio. In the IR spectrum, a C=0 stretching band for deprotonated carboxylate
groups of pen at 1647 cm~, a P—F stretching band for hexafluorophosphate anion at 842
cm~?, and Ph bands at 747-693 cm™ were observed (Figure 2-40). Single-crystal X-ray
analysis revealed that the cationic complex in [6](PFs)2 had a similar molecular structure
to that in [6](NOs) (vide infra). Interestingly, no crystals of homochiral [3]** and [4]**
appeared from this reaction solution. This was reasonably explainable as that the
hexafluorophosphate anion is too big to form the adamantane-like decamer as found in
the homochiral complex salts [3](NOz)2, [3](ClOs4)2, or [3](BFa4)2.
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The same results were obtained by using a meso metalloligand, bL-[H22], instead of
the racemic metalloligand D2/L>-[H22] or using the racemic metalloligand instead of a
meso metalloligand, indicating that the chiral scrambling occurs in solution.

11-3-12. Crystal Structures of Heterochiral Au'Co'' and Au'Co'"' Complexes.

The crystal structure of [5] was determined by single-crystal X-ray crystallography.
Molecular and packing structures are shown in Figures 2-48, 2-49, 2-50, and 2-51. The
crystallographic data are summarized in Table 2-14, and the selected bond distances and
angles are listed in Table 2-15. Crystal [5] contained a half of [AusCo>(trans-dppee)2(D-
pen)2(L-pen)2] unit, three solvated MeOH molecules, and a solvated water molecule in
the asymmetric unit. As shown in Figure 2-51, the complex molecule had a neutral S-
bridged Au'sCo'; hexanuclear structure consisting of two heterochiral [Auz(trans-
dppee)(p-pen)(L-pen)]>- metalloligands that linked two Co" atoms to form an 18-
menbered ring structure composed of Au, Co, S, P, and C atoms. Notably, the scrambling
of the metalloligands occurred to form DL-H2[2] from the racemic mixture of D-Hz[2]
and L2-H2[2] in the reaction solution (Scheme 2-7). The coordination geometry of each
Au' atoms was nearly linear bound with P and S atoms (Av. Au-S =2.32 A, Au-P = 2.27
A, and P-Au-S = 178.2°). The two pL-[2]?~ metalloligands each bound to two Co'" atoms
in a bis(tridentate-N,0,S) mode such that each Co' atoms was in a cis(N)trans(O)cis(S)-
N20,S; octahedral environment (Av. Co-S = 2.52 A, Co-O =2.08 A, Co-N = 2.16 A,
S-Co-S = 103.32(11)°, O-Co-0O= 171.1(3)°, N-Co-N = 100.7(3)°) (Figure 2-50a, 2-
50b). The aurophilic interactions were found in the complex molecule (Au--Au =
3.1214(9) A). In [5], no direct hydrogen bonding interactions between the complex
molecules were formed, but instead, a hydrogen bonding 1D straight chain structure
mediated by MeOH molecules was formed (HzN--Owmeon = 2.948(14) A, COO™-Omeon
=2.728(11) A) (Figure 2-51). It should be noted that the sulphur coordinated Coll species
in [5], isolated in the air is a rare example.1*?

The crystal structure of [5]" was determined by single-crystal X-ray crystallography.
Molecular and packing structures are shown in Figures 2-52 and 2-53. The
crystallographic data are summarized in Table 2-16, and the selected bond distances and
angles are listed in Table 2-17. Crystal [5]' contained one [AusCoz(trans-dppee).(D-
pen)2(L-pen)2] unit, one solvated EtOH molecules, and 16 solvated water molecule in the
asymmetric unit. The complex [5]" had a similar molecular structure to that of [5], but the
supramolecular structure was different. In [5]', the complex molecules were connected to
each other through hydrogen bonds between the amine and carboxylate groups (N---O =
3.222(15) A) to form a 1D zigzag chain structure (Figure 2-53).
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The crystal structure of [6](NOs). was determined by single-crystal X-ray
crystallography. Molecular and packing structures are shown in Figures 2-54, 2-55, 2-56,
and 2-57. The crystallographic data are summarized in Table 2-18, and the selected bond
distances and angles are listed in Table 2-19. Crystal [6](NOz3). contained a half of
[AusCoq(trans-dppee)2(D-pen)z(L-pen)2]#* unit, one disordered NOs™ ion, and 14 solvated
water molecules in the asymmetric unit. As shown in Figure 2-55, the cationic complex
had an S-bridged Au'sCo"'; hexanuclear structure consisting of two [Auz(trans-dppee)(D-
pen)(L-pen)]? units that linked two Co"' atoms to form an 18-menbered ring structure
composed of Au, Co, S, P, and C atoms. The coordination geometry of each Au' atoms
was nearly linear bound with P and S atoms (Av. Au-S =2.29 A, Au-P = 2.24 A, and P-
Au-S = 177.8°). The two DL-[2]> metalloligands each bound to two Co'' atoms in a
bis(tridentate-N,0,S) mode such that each Co"' atoms were in cis(N)trans(O)cis(S)-
N.0,S; octahedral environments (Av. Co-S = 2.28 A, Co-0 =1.92 A, Co-N = 1.98 A,
S-Co-S =99.7°, O—Co-0 = 176.7°, N-Co—-N = 94.5°) (Figure 2-56). The shorter bond
distances around the Co center in [6](NOz3). than those of [5] suggested that the oxidation
state of the Co ion was +3 (Co-S = 2.28 A for [6](NOs)2, and 2.52 A for [5]). There were
intramolecular aurophilic interactions in [6]>* (Au--Au = Av. 3.05 A), which was distinct
from the homochiral Au'4sCo"'; structure in [3]%* that had no aurophilic interaction with
the Au--Au distance of 3.6044(5) A. In [6](NOs)2, no direct hydrogen bonding
interactions were formed between the complex cations, and cationic complexes and
dimeric anions were arranged alternately without the formation of large anionic cluster
structure as found in homochiral systems (Figure 2-57).

In the crystal structure of [6](PFe)2, similar hexanuclear molecular structure to that in
[6](NO3). was found (Av. Co-S =2.26 A, Co-O =191 A Co-N=195A SCo-S=
98.6°, O-Co-O = 177.9°, N-Co-N = 94.6°, AuAu = 3.07 A), and the cationic
complexes and anions were also arranged alternatively. For detailed molecular and
packing structures, see Figures 2-58 and 2-59. The crystallographic data are summarized
in Table 2-20, and the selected bond distances and angles are listed in Table 2-21.

11-3-13. Chiral Behavior of the Heterochiral System.

The reaction of D2/Lo-H2[2] or bL-H2[2] with Co(OAc). without additional oxidant
afforded the Au'4Co'"; complex, [5], while the similar treatment with PbO, gave the
Au'sCo"'; complex, [6](NOs)2, together with a minor amount of homochiral [3](NO3).
and [4](NOz)2 (Schemes 2-5, 2-8, and 2-9, Figure 2-60). The production of the
heterochiral Au'4Co'"'; cationic complex (DDLL) from the mixture of D2-H2[2] and Lo-
H>[2] suggested that the chiral scrambling occurred in solution. To discuss the solution
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behavior in more detail, the NMR study was performed. The *H NMR spectrum of the
1:1 mixture of homochiral [3]** and [4]** was also almost the same as that of heterochiral
[6]%*, showing two sets of signals assignable to the homochiral and heterochiral Au'sCo'"';
structures (Figure 2-61). This result indicated that the chiral scrambling between [3]%* and
[4]?* to form [6]%* occurred even after the formation of hexanuclear Au'sCo"'; structures.

Based on the result, it was concluded that Au'sCo""'; cationic complex were in the chiral
scrambling equilibrium state in solution. (Scheme 2-9) Focusing on the chirality around
the Co'!" centers in [3]%*, [4]?*, and [6]%*, all of the obtained isomers had the homochiral
coordination geometry, that was, two pen ligands binding to a Co'"' center always had the
same chirality (DD or LL). Thus, the chiral scrambling might occur through the cleavage
and formation of the Au—S bonds. Of note was that only three isomers (DDDD, LLLL, and
DDLL) were formed even though the seven isomers were possibly formed (DDDD, LLLL,
DDDL, LLLD, DDLL, DLDL, and DLLD) (Scheme 2-10). Molecular modelling examination
revealed that the only all-trans or all-cis coordination modes around the cobalt center
were suitable for the pL-pen coordination environment due to the steric constrained
molecular backbone of penicillaminate. However, the all-trans coordination mode seems
to be unfavorable owing to the strong trans effect of thiolate-S atoms. In addition, in the
case of the all-cis coordination mode, the steric repulsions between phenyl rings of dppee
ligands appeared in DDDL-, LLLD-, DLDL-, and DLLD-[Au'sCo"'; (trans-dppee)z(pen)4]?*
model structures. This is the reason for selective formation of three isomers (DbDD, LLLL,
and DDLL).

For the Au'4Co''; complex, only the heterochiral (DbLL) complex, [5], was isolated.
Since [5] had a good crystallinity and a less solubility, probably owing to the rigid
bridging diphosphine, the intermediate Co' state might be isolated as [5]. Unfortunately,
the structures in solution state were difficult to be discussed by NMR analyses due to the
paramagnetic Co'' centers. The attempt for the isolation of homochiral Au'4sCo''; complex
such as the reaction under inert condition was failed. By comparing with the heterochiral
(obLL) and homochiral (DDDD or LLLL) hexanuclear structures, it was assumed that the
strong Au---Au intramolecular interactions found in the heterochiral hexanuclear structure
would contribute to the stabilization of the hexanuclear structure and the isolation of the
crystals.

Finally, the chiral behavior was compared with the dppe case. The similar chiral
scrambling behavior was found in the dppe systems; the mixing of the homochiral
metalloligands, D2- and L2-[Auz(dppe)(Hpen):], resulted in the formation of D2, L2, and DL
isomers of the Au'; metalloligands. The reaction of a mixture of Dz- and Lo-
[Auz(dppe)(Hpen)z] with Co'' also led to the formation of both homochiral and

37



heterochiral Au'Co'" structures, but the crystallization behavior was more complicated

than that in the case of trans-dppee system. After the addition of nitrate, three kinds of
crystals were obtained; two of them were the homochiral DDDD- or LLLL-
[Au'4Co"'>(dppe)2(pen)s](NO3)2 (Scheme 2-8) and the other was the heterochiral DDLL-
[Au'4Co"'2(dppe)2(pen)s](NOs). that had the similar molecular structure to that of [6]%*.
However, the addition of hexafluorophosphate anion instead of nitrate ions led to the
crystallization of another species, the heterochiral trinuclear Au'2Co"' complex,
[Au'2Co"!(dppe)(D-pen)(L-pen)]PFs, in  which  hexadentate  DL-metalloligand,
[Auz(dppe)(D-pen)(L-pen)]?, coordinated to one Co'"' center in a chelating mode, and the
dppe linker adopted a cis conformation (Figure 2-62).7 The flexible dppe ligand made it
possible to form such a cis conformational structure, while in the trans-dppee complex,
the rigidity of trans-dppee prevented from the formation of such a trinuclear complex,
and only the hexanuclear complex with a trans conformation was produced.

11-3-14. Comparison between Homochiral and Heterochiral AuCo Complexes.

As described before, both the homochiral and heterochiral Au'Co'"' complexes formed
an Au'4Co'"'; hexanuclear structure consisting of two metalloligands that linked two Co"!
atoms to form an 18-membered metalloring, but the whole structures of the cationic
complexes were different because of the steric influence (Figure 2-63). In the homochiral
complex cation, the metalloring had a twisted structure without an aurophilic
interaction, while in the heterochiral one, the metalloring had a normal untwisted structure
with aurophilic interactions (Table 2-22). Such a difference in the molecular shapes led
to the different intermolecular interactions and the different supramolecular structures. In
the homochiral complex, six of the homochiral cations were aggregated into the cationic
hexameric structure, and the hexamers were arranged in an fcc structure so as to form
large cavities. These supramolecular structures were supported by multiple CH:--z and
hydrogen bonding interactions. The inorganic anions were aggregated and incorporated
in the cavities. On the other hand, the heterochiral cationic complexes did not form any
cluster-like assemblies because of the different orientation of amine moieties, and the
common alternate arrangement for complex cation and inorganic anion was formed.

Next, the conversion between the homochiral and heterochiral Au'sCo"'; structures
was discussed. The *H NMR spectrum of the heterochiral cationic complex [6]?* in
D>0O/CD30D changed after dissolution, reaching to a set of signals for the homochiral
complex cations ([3]>" and [4]*") and the heterochiral cationic complex ([6]%") with an
almost same integration ratio after 12 h (Figures 2-45, 2-61). The same spectrum was
observed by dissolution of racemic mixture ([3]?* and [4]?* in 1:1 ratio) after 1 d. These
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results indicated that heterochiral [6]** and homochiral [3]** and [4]** were convertible
in solution. In addition, the final ratio between heterochiral and homochiral compounds
was 1:1, indicating that the stability of homochiral and heterochiral complex cations was
almost same in solution.

Finally, the stability of the oxidation states of the Co ions in the homochiral and
heterochiral complex cations was discussed. In the homochiral system, only the Au'4Co'"';
structure was formed in the reactions of D2-H2[2] with Co' ion both with/without oxidant.
On the other hand, the heterochiral reaction solution containing D2-Hz[2], L>-H2[2], and
Co' ion with oxidant gave the mixture of the homochiral and heterochiral Au'sCo'"';
structures (DDDD, LLLL, and DDLL; Scheme 2-9) and the reaction without oxidant gave
only the heterochiral Au'sCo'"; structure (bbLL). The bDDD/LLLL-AU'4Co"'; structures had
atwisted metalloring, of which two Au', diphosphine moieties were very close to each
other (the closest Cpn--Cpn = 3.18 A). This was the reason why the cobalt ion does not
adopt the +11 oxidation state with the same Au'sCo'""'; structures, in which the phenyl rings
in two Au', diphosphine moieties might contact to each other by the elongation of Co—S
bonds as illustrated in Scheme 2-11. On the other hand, in the bpLL-Au'sCo'"'; structures,
it had an untwisted metalloring, in which two Au', diphosphine moieties were far enough
(Cpn+-Cpn = 3.37 A) for Co"' and Co'" oxidation states.
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11-4. Summary.

In this chapter, the synthesis and coordination behavior of the novel metalloligand
which has trans-dppee as a bridging diphosphine toward Co" were investigated. By the
reactions of this metalloligand, [Au'2(trans-dppee)(D or L-Hpen)z] (D2-H2[2] or L2-H2[2])
with Co" in air, the Au'sCo"', hexanuclear complexes, [Au'4Co"'z(trans-dppee)2(D or L-
pen)s](X) ([3]X or [4]X; X = (NOgz)2, (ClO4)2, (BF4)2, SO4), were synthesized. Single
crystal X-ray analysis of these complexes revealed the presence of the Au'sCo"'; complex
cations and inorganic anions in a 1:2 ratio for the monovalent anions and in a 1:1 ratio for
the divalent anions. In the crystal structure, the six complex cations were aggregated into
the large octahedron-shaped supramolecular structure through multiple interactions.
These hexameric supramolecular octahedrons were closely packed in a face-centered
cubic (fcc) structure. In the fcc packing structure, there were four kinds of interstices, and,
ten monovalent anions with the adamantane-like aggregation structure or six divalent
anions with the octahedrally aggregation structure were found in one of the four
interstices. Such multistep aggregation of the complex cations accompanied with the
aggregation of inorganic anions was also found in the previous dppe system, but the
orientation of the inorganic anions was slightly different. The use of the rigid diphosphine
linker (trans-dppee), instead of the flexible linker (dppe), resulted in the formation of the
slightly elongated structure of the cationic complex with the more slender shape, which
led to the formation of the larger hexameric cation cluster. As a result, the smaller
hydrophilic tetrahedral interstices were formed in the trans-dppee system, and the anions
in the tetrahedral interstices were arranged more closely. Thus, the subtle control of the
anion-aggregation structures by changing the diphosphine linkers of the complex cations
was achieved.

Secondly, in this chapter, treatment of a racemic mixture of the chiral metalloligands
[Au'z(trans-dppee)(D or L-Hpen)2] (D2-H2[2], L2-H[2]) or meso heterochiral
metalloligand [Au'z(trans-dppee)(pL-Hpen)2] (DL-H2[2]) with Co" or Co'"' was executed
for investigating the effect of the chirality on the aggregation behavior and the physical
properties.

The reaction of a racemic mixture of the metalloligands with Co' in the presence of
PbO; as an oxidant led to the separate crystallization of heterochiral Au'4sCo'"'; complex,
[Au'sCo'"'5(trans-dppee)2(D-pen)2(L-pen)2] (NOs)2 - ([6](NOs)2), in  addition to the
homochiral Au'4Co"; complexes, [Au'4sCo"';(trans-dppee)2(D- or L-pen)s](NOs):
([3](NO3)2 and [4](NO3)2), as in the case of dppe system. The formation of the three
compounds must be accompanied by the chiral scrambling of the metalloligands. In
addition, the scrambling behavior was also observed after the coordination to Co'"' centers.
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The supramolecular structures of the homochiral ([3]**, [4]?") and heterochiral ([5]*")
Au'sCo'"'; complexes were quite different, although both the complexes have essentially
the same chemical formula. The unique separate aggregation of the cation and anion
species was found only in the homochiral complexes, indicating the importance of the
chirality on the supramolecular structure. Of note is that the trinuclear complexes having
a molecular structure similar to that in the dppe system ([Au'2Co'"'(dppe)(p-pen)(L-
pen)]PFe) were not crystalized in spite of almost the same reaction conditions. This fact
was reasonably concluded from the rigidity of the trans-dppee unit which prevented the
metalloligand to take a bent molecular structure, which is needed for the coordination in
a chelating mode.

The reaction of a racemic mixture of the metalloligand with Co'" in air in the absence
of oxidant gave the Au'sCo'; heterochiral complex, [Au'4Co"(trans-dppee)2(D-pen)z(L-
pen)2] ([5]). This is different from the dppe system where only the Au'-Co"' hexanuclear
or trinuclear complexes were isolated. The unusual isolation of the Co' species with the
S-donating ligand in air was achieved by the high crystallinity of the trans-dppee system.
Thus, it was found that the small change of bridging diphosphine unit affected not only
their molecular and supramolecular structures as explained in homochiral system, but also
their electrical structures.
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Table 2-1. Crystallographic data for D2-H2[2].

D2-H2[2]-7H20

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

B,°

v, A°

z

p(calc), g/cm?®
R1 (1>20(1)) @
WR2 (1>24(1))
R1 (all data) ¥
wR2 (all data)

C3sHs6AU2N2011P2S;
1212.82

colorless

0.13 x 0.05 x 0.05
monoclinic

P21

11.8903(2)
34.5587(6)
12.1706(2)
107.086(7)
4780.3(2)

4

1.685

0.0507

0.1055

0.0648

0.1114

a) R1 = X|(Fol-|Fc)/Z(|Fol)
b) WR2 = [Zu(|Fo*-|Fel?)/Zu(|Fol*)]"?

Table 2-2. Selected bond distances (A) and angles (°) for D,-H2[2].

Au(1)-S(1)
Au(3)-S(3)
Au(1)-P(2)
Au(3)-P(3)
C(21)-C(22)
Au(1)--Au(4)

P(1)-Au(1)-S(1)
P(3)-Au(3)-S(3)

P(1)-C(21)-C(22)
P(3)-C(47)-C(48)

bond distances

2.305(2) Au(2)-S(2)
2.297(3) Au(4)-S(4)
2.264(2) Au(2)-P(2)
2.264(2) Au(4)-P(4)
1.314(13) C(47)-C(48)
3.1233(5) Au(2)--Au(3)
angles
176.98(9) P(2)-Au(2)-S(2)
179.18(10) P(4)-Au(4)-S(4)
125.5(8) P(2)-C(22)-C(21)
125.0(8) P(4)-C(48)-C(47)

2.309(3)
2.295(3)
2.265(2)
2.260(3)
1.308(14)
3.0587(5)

178.86(10)
176.59(9)
124.1(8)
124.4(9)
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Table 2-3. Comparison of molecular structures between [Auz(dppe)(D-Hpen):] and

D2-H[2].
[Auz(dppe)(D-Hpen)2]  D2-H2[2]

Av. Au-P, A 2.26 2.26
Av. Au-S, A 2.31 2.30
Av. P-Au-S, ° 172.9 177.9
Av. C—C (in linker chain), A 1.55 1.31
Av. P-C—C (in linker chain), ° 109.5 124.8
Av. P---P (in linker chain), A 4.41 4.50
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Table 2-5. Selected bond distances (A) and angles (°) for [3](NOs)2.

bond distances

Au(1)-S(1) 2.317(2) Au(2)-S(2) 2.331(3)
Au(1)-P(2) 2.250(3) Au(2)-P(2) 2.271(3)
C(11)-C(12) 1.330(19) C(13)-C(13)' 1.222(19)
Co(1)-S(1) 2.293(2) Co(1)-S(2) 2.292(3)
Co(1)-0(2) 1.919(6) Co(1)-0(3) 1.943(6)
Co(1)-N(2) 1.961(8) Co(1)-N(2) 1.970(8)
Au(1)--Au(2) 3.6044(5) Co(1)--Co(2)' 11.3463(23)
angles
P(1)-Au(1)-S(1) 177.88(10) P(2)-Au(2)-S(2) 178.14(8)
P(1)-C(11)-C(12) 120.1(11) P(1)-C(12)-C(11) 121.1(11)
P(2)-C(13)-C(13)' 125.0(12) S(1)-Co(1)-S(2) 97.40(10)
S(1)-Co(1)-0O(1) 92.15(19) S(1)-Co(1)-0(3) 89.4(2)
S(1)-Co(1)-N(1) 85.3(2) S(1)-Co(1)-N(2) 172.5(3)
S(2)-Co(1)-0O(1) 91.0(2) S(2)-Co(1)-0(3) 91.0(2)
S(2)-Co(1)-N(1) 173.1(2) S(2)-Co(1)-N(2) 85.0(3)
O(1)-Co(1)-0(3) 177.88(10) O(1)-Co(1)-N(2) 82.6(3)
O(1)-Co(1)-N(2) 94.9(3) O(3)-Co(1)-N(1) 95.3(3)
0O(3)-Co(1)-N(2) 83.4(3) N(1)-Co(1)-N(2) 93.1(3)

Symmetry code: (') 3/2—x, 3/2-y, z.
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Table 2-6. Selected bond distances (A) and angles (°) for [3](CIOa)2.

Au(1)-S(1)
Au(1)-P(1)
C(11)-C(12)
Co(1)-S(1)
Co(1)-0(1)
Co(1)-N(1)
Au(l)--Au(2)

P(1)-Au(1)-S(1)
P(1)-C(11)-C(12)

P(2)-C(13)-C(13)'

S(1)-Co(1)-O(1)
S(1)-Co(1)-N(1)
S(2)-Co(1)-O(1)
S(2)-Co(1)-N(1)
O(1)-Co(1)-O(3)
O(1)-Co(1)-N(2)
0(3)-Co(1)-N(2)

bond distances

2.324(2)
2.261(3)
1.33(2)
2.289(2)
1.930(6)
1.962(8)
3.6364(5)

177.45(10)
118.7(12)
124.4(12)
92.43(18)
85.0(2)
91.3(2)
173.7(2)
175.7(3)
94.9(3)
81.5(3)

Au(2)-S(2)
Au(2)-P(2)
C(13)-C(13)'
Co(1)-S(2)
Co(1)-0(3)
Co(1)-N(2)
Co(1)--Co(2)

angles

P(2)-Au(2)-S(2)
P(1)'~C(12)-C(11)
S(1)-Co(1)-S(2)
S(1)-Co(1)-0(3)
S(1)-Co(1)-N(2)
S(2)-Co(1)-0(3)
S(2)-Co(1)-N(2)
O(1)-Co(1)-N(1)
0(3)-Co(1)-N(1)
N(1)-Co(1)-N(2)

2.337(2)
2.269(2)
1.191(19)
2.295(2)
1.922(6)
1.958(8)
11.2617(21)

178.46(8)
117.4(12)
96.90(9)
91.09(17)
172.2(2)
90.83(19)
85.9(3)
82.7(3)
95.1(3)
93.1(3)

Symmetry code: () —X, y, 1-z.
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Table 2-7. Selected bond distances (A) and angles (°) for [3](BFa)2.

Au(1)-S(1)
Au(1)-P(1)
C(11)-C(11y
Co(1)-S(1)
Co(1)-0(1)
Co(1)-N(1)
Au(l)--Au(2)

P(1)-Au(1)-S(1)
P(1)-C(11)-C(11)
P(2)'~C(13)-C(12)
O(1)-Co(1)-N(1)
0(1)-Co(1)-N(2)
N(1)-Co(1)-N(2)
0(3)-Co(1)-S(2)
N(2)-Co(1)-S(2)
0(3)-Co(1)-S(1)
N(2)-Co(1)-S(1)

bond distances

2.330(10)
2.269(10)
1.25(3)
2.297(10)
1.924(12)
1.951(14)
3.632

178.60(13)
124.8(16)

119.4(18)
81.9(4)
94.9(4)
92.8(5)
92.0(3)
85.3(3)
91.3(3)
173.7(4)

Au(2)-S(2)
Au(2)-P(2)
C(12)-C(13)
Co(1)-S(2)
Co(1)-0(3)
Co(1)-N(2)
Co(1)--Co(2)

angles

P(2)-Au(2)-S(2)
P(2)-C(12)-C(13)
0(1)-Co(1)-0(3)
0(3)-Co(1)-N(1)
0(3)-Co(1)-N(2)
0(1)-Co(1)-S(2)
N(1)-Co(1)-S(2)
O(1)-Co(1)-S(1)
N(1)-Co(1)-S(1)
S(2)-Co(1)-S(1)

2.326(10)
2.260(10)
1.30(3)

2.294(10)
1.934(12)
1.985(14)
11.295

177.42(16)
119.0(18)

176.0(4)
95.0(4)
82.7(4)
91.0(3)
172.4(4)
91.1(3)
85.9(4)
96.83(15)

Symmetry code: (') 1-x, 1-y, z.
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Table 2-8. Selected bond distances (A) and angles (°) for [3]SOa.

Au(1)-S(1)
Au(1)-P(1)
C(11)-C(12)
Co(1)-S(1)
Co(1)-0(1)
Co(1)-N(1)
Au(l)--Au(2)

P(1)-Au(1)-S(1)
P(1)-C(11)-C(12)

P(2)-C(13)-C(13)'

S(1)-Co(1)-O(1)
S(1)-Co(1)-N(1)
S(2)-Co(1)-O(1)
S(2)-Co(1)-N(1)
O(1)-Co(1)-O(3)
O(1)-Co(1)-N(2)
0(3)-Co(1)-N(2)

bond distances

2.325(3)
2.251(4)
1.24(2)
2.288(3)
1.939(7)
1.965(9)
3.6125(6)

177.59(12)
116.8(13)
126.4(15)
90.7(2)
84.7(3)
91.5(2)
173.0(3)
176.6(4)
96.6(4)
81.7(4)

Au(2)-S(2)
Au(2)-P(2)
C(13)-C(13)'
Co(1)-S(2)
Co(1)-0(3)
Co(1)-N(2)
Co(1)--Co(2)

angles

P(2)-Au(2)-S(2)
P(1)'~C(12)-C(11)
S(1)-Co(1)-S(2)
S(1)-Co(1)-0(3)
S(1)-Co(1)-N(2)
S(2)-Co(1)-0(3)
S(2)-Co(1)-N(2)
O(1)-Co(1)-N(1)
0(3)-Co(1)-N(1)
N(1)-Co(1)-N(2)

2.321(4)
2.264(4)
1.16(2)
2.304(3)
1.927(7)
1.949(9)
11.3625(29)

178.92(11)
121.9(14)
97.29(13)
90.8(2)
171.7(3)
91.5(3)
86.4(3)
81.7(4)
95.4(4)
92.5(4)

Symmetry code: (') 1-x, 1-y, z.
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Table 2-9. Selected bond distances (A) and angles (°) for [4](NOs)2.

Au(1)-S(1)
Au(1)-P(1)
C(11)-C(12)
Co(1)-S(1)
Co(1)-0(1)
Co(1)-N(1)
Au(l)--Au(2)

P(1)-Au(1)-S(1)
P(1)-C(11)-C(12)
P(2)-C(13)-C(13)
S(1)-Co(1)-O(1)
S(1)-Co(1)-N(1)
S(2)-Co(1)-O(1)
S(2)-Co(1)-N(1)
O(1)-Co(1)-O(3)
O(1)-Co(1)-N(2)
0(3)-Co(1)-N(2)

bond distances

2.303(4)
2.232(5)
1.30(3)
2.274(5)
1.937(10)
1.973(13)
3.5774(12)

177.86(18)
119.9(19)
123.2(19)
91.5(3)
85.0(4)
91.7(4)
172.4(4)
177.0(5)
95.1(6)
83.7(5)

Au(2)-S(2)
Au(2)-P(2)
C(13)-C(13)'
Co(1)-S(2)
Co(1)-0(3)
Co(1)-N(2)
Co(1)--Co(2)

angles

P(2)-Au(2)-S(2)
P(1)'~C(12)-C(11)
S(1)-Co(1)-S(2)
S(1)-Co(1)-0(3)
S(1)-Co(1)-N(2)
S(2)-Co(1)-0(3)
S(2)-Co(1)-N(2)
O(1)-Co(1)-N(1)
0(3)-Co(1)-N(1)
N(1)-Co(1)-N(2)

2.310(5)
2.248(5)
1.22(3)
2.285(5)
1.923(9)
1.908(13)
11.2464(47)

178.63(16)
122(2)
97.66(18)
89.5(3)
172.3(5)
91.0(3)
86.1(5)
81.0(5)
96.2(5)
92.1(6)

Symmetry code: () 1-x, -y, Z.

Table 2-10. Comparison of Au'sCo'"'; hexanuclear structures.

diphosphine dppe trans-dppee
counter anion NOs~ ClOs SOs | NOs~ ClOs S04
Av. P-C-C (in linker chain), ° 110 111 111 122 120 122
Av. P---P (in linker chain), A 443 443 444 | 446 447 447
Av. Au--Au (in linker chain), A 596 590 599 | 6.18 6.14 6.19
Co---Co (in molecule), A 11.09 1098 11.13| 11.35 1126 11.36
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Table 2-11. Comparison of fcc supramolecular structures.

diphosphine dppe trans-dppee

counter anion NOs~ ClOs SO | NO3 ClOs SO
cell axis, A 38.0 384 38.0 38.2 38.5 38.2
cell volume /104, A3 551 5.67 5.49 5.56 5.70 5.59
Max. Co-+-Co (in the hexamer), A 20.7 20.8 20.7 20.8 20.9 20.9
volume of hydrophobic Td interstice ¥, A3 1521 1860 1663 | 1701 1798 1679
volume of hydrophilic Td interstice®, A®> 912 1184 893 826 993 860
volume of interstice inside hexamer ¥ , A® 64 52 50 71 73 61
volume of octahedral interstice ¥, A> 67 81 45 66 80 72

a) The interstice volume is calculated by PLATON program.

Table 2-12. Crystallographic data for bL-Hz[2].

DL-H2[2]-2EtOH-4H,0

Formula
Formula weight
Crystal color
Crystal size, mm?3
Crystal system
Space group

a, A

b, A

c, A

a°

B,°

7, °

v, A°

z

p(calc), g/lem®
R1 (1>20(1)) @
WR2 (1>25(1))
R1 (all data) ¥
Rw2 (all data) ®

CaoHes2AU2N2010P2S>
1250.91

colorless

0.20 x 0.20 x 0.06
triclinic

P-1

12.1454(3)
14.0439(14)
15.753(3)
69.538(10)
80.992(6)
88.918(6)
2484.6(5)

2

1.672

0.0595

0.1787

0.0774

0.1891

a) R1 = Z|(|Fo|-|Fe[)l/Z(|Fol)
b) WR2 = [Zw(|Fo[?-|Fe[?)?/Zw(|Fo[?)?]¥?
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Table 2-13. Selected bond distances (A) and angles (°) for bL-H[2].

bond distances

Au(1)-S(1) 2.317(2) Au(2)-S(2) 2.303(2)
Au(1)-P(2) 2.286(3) Au(2)-P(2) 2.260(2)
C(11)-C(11) 1.252(18) C(12)-C(12)" 1.314(16)
Au(1)--Au(2) 3.0842(5)

angles
P(1)-Au(1)-S(1) 178.54(9) P(2)-Au(2)-S(2) 171.67(8)
P(1)-C(11)-C(11) 125.7(12) P(2)-C(12)-C(12)" 127.9(11)

Symmetry codes: (') 2-x, -y, -z, () 2-x, 1-y, -z.

Table 2-14. Crystallographic data for [5].
[5]-6MeOH-2H,0

Formula C78H108AU4C02N4016P4S4
Formula weight 2525.53

Crystal color orange

Crystal size, mm?3 0.15x 0.10 x 0.04
Crystal system triclinic

Space group P-1

a, A 13.084(3)

b, A 14.161(3)

c, A 14.442(3)

a, ® 65.189(17)

B, ° 80.376(7)

7, ° 74.526(14)

v, A? 2336.1(10)

z 1

p(calc), g/cm?® 1.788

R1 (1>26(1)) ¥ 0.0743

WR2 (1>24(1)) 0.1907

R1 (all data) ® 0.1141

wR2 (all data) 0.2399

a) R1 = Z|(|Fol-|Fc)l/(|Fol)
b) WR2 = [Zw(|Fo[?-|Fe[?)?/Zw(|Fo[?)?]?
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Table 2-15. Selected bond distances (A) and angles (°) for [5].

Au(1)-S(1)
Au(1)-P(2)
C(11)-C(12)
Co(1)-S(1)
Co(1)-0(2)
Co(1)-N(2)
Co(1)--Co(2)

P(1)-Au(1)-S(1)
P(1)-C(11)-C(12)
S(1)-Co(1)-S(2)
S(1)-Co(1)-0(3)
S(1)-Co(1)-N(2)
S(2)-Co(1)-0(3)
S(2)-Co(1)-N(2)
O(1)-Co(1)-N(1)
0(3)-Co(1)-N(1)
N(1)-Co(1)-N(2)

bond distances

2.311(3)
2.258(3)
1.298(14)
2.520(4)
2.087(8)
2.162(8)
12.6607(44)

176.91(11)
125.3(9)
103.32(11)
95.1(3)
174.5(3)
92.2(2)
78.0(3)
77.2(3)
97.1(3)
100.7(3)

Au(2)-S(2)
Au(2)-P(2)
Au(1)--Au(2)
Co(1)-S(2)
Co(1)-0(3)
Co(1)-N(2)

angles

P(2)-Au(2)-S(2)
P(2)'~C(12)-C(11)
S(1)-Co(1)-O(1)
S(1)-Co(1)-N(1)
S(2)-Co(1)-O(1)
S(2)-Co(1)-N(1)
0(1)-Co(1)-0(3)
O(1)-Co(1)-N(2)
0(3)-Co(1)-N(2)

2.325(3)
2.277(3)
3.1214(9)
2.520(3)
2.064(8)
2.154(9)

179.51(10)
123.7(10)
90.5(2)
79.03)
93.3(2)
170.3(2)
171.1(3)
94.7(3)
79.4(4)

Symmetry code: () 1-x, 1-y, 1-z.
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Table 2-16. Crystallographic data for [5]".
[5]EtOH-16H,0

Formula C724H128AU4C02N1025P4S4
Formula weight 2621.57

Crystal color orange

Crystal size, mm?® 0.20 x 0.12 x 0.07
Crystal system monoclinic

Space group P2;

a, A 12.944(11)

b, A 28.71(2)

c, A 13.042(10)

B, ° , 104.736(12)

Vv, A 4687(7)

Z 2

p(calc), g/cm?® 1.857

R1 (1>24(1)) ¥ 0.0557

WR2 (1>25(1)) 0.1298

R1 (all data) ¥ 0.0791

wR2 (all data) 0.1442

a) R1 = X|(Fol-|Fc)/Z(|Fol)
b) WR2 = [Zu(|Fo*-|Fel?)/Zu(|Fol*)]"?
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Table 2-17. Selected bond distances (A) and angles (°) for [5].

Au(1)-S(1)
Au(3)-S(3)
Au(1)-P(2)
Au(3)-P(3)
Au(l)--Au(2)
C(11)-C(12)
Co(1)-S(1)
Co(1)-0(2)
Co(1)-N(2)
Co(2)-S(3)
Co(2)-0(5)
Co(2)-N(3)
Co(1)--Co(2)

P(1)-Au(1)-S(1)
P(3)-Au(3)-S(3)
P(2)-C(11)-C(12)
P(4)-C(23)-C(24)
S(1)-Co(1)-S(2)
S(1)-Co(1)-0(3)
S(1)-Co(1)-N(2)
S(2)-Co(1)-0(3)
S(2)-Co(1)-N(2)
O(1)-Co(1)-N(1)
0(3)-Co(1)-N(1)
N(1)-Co(1)-N(2)
S(3)-Co(2)-0(5)
S(3)-Co(2)-N(3)
S(4)-Co(2)-0(5)
S(4)-Co(2)-N(3)
0(5)-Co(2)-0(7)
0(5)-Co(2)-N(4)
0(7)-Co(2)-N(4)

bond distances

2.308(4)
2.298(4)
2.255(4)
2.259(3)
3.0600(19)
1.294(16)
2.512(4)
2.058(9)
2.119(11)
2.507(5)
2.121(9)
2.106(11)

12.3117(80)

178.50(12)
177.74(13)
124.7(9)
126.8(11)
102.57(13)
91.9(3)
166.8(3)
90.8(3)
80.6(3)
76.5(4)
101.5(4)
101.2(5)
89.4(3)
81.5(4)
90.5(3)
166.0(3)
175.1(4)
99.3(4)
77.2(4)

Au(2)-S(2)
Au(4)-S(4)
Au(2)-P(2)
Au(4)-P(4)
Au(3)--Au(4)
C(23)-C(24)
Co(1)-S(2)
Co(1)-0(3)
Co(1)-N(2)
Co(2)-S(4)
Co(2)-0(7)
Co(2)-N(4)

angles

P(2)-Au(2)-S(2)
P(4)-Au(4)-S(4)
P(3)-C(12)-C(11)
P(1)-C(24)-C(23)
S(1)-Co(1)-O(1)
S(1)-Co(1)-N(1)
S(2)-Co(1)-O(1)
S(2)-Co(1)-N(1)
O(1)-Co(1)-O(3)
O(1)-Co(1)-N(2)
0(3)-Co(1)-N(2)
S(3)-Co(2)-S(4)
S(3)-Co(2)-0(7)
S(3)-Co(2)-N(4)
S(4)-Co(2)-0(7)
S(4)-Co(2)-N(4)
0(5)-Co(2)-N(3)
O(7)-Co(2)-N(3)
N(3)-Co(2)-N(4)

2.304(3)
2.299(3)
2.245(3)
2.243(3)
3.0200(19)
1.326(18)
2.465(4)
2.096(9)
2.149(10)
2.451(4)
2.073(9)
2.108(12)

178.73(12)
178.19(12)
121.2(9)
11.5(11)
91.7(3)
78.5(3)
91.0(3)
167.6(3)
175.4(4)
101.1(4)
75.1(4)
102.57(14)
93.9(3)
170.9(3)
92.2(3)
80.2(3)
76.1(4)
100.8(4)
97.8(5)
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Table 2-18. Crystallographic data for [6](NO3)..

[6]1(NO3)2-14H,0

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

a °

B,°

, °

v, A’

Z

p(calc), g/cm?®
R1 (1>24(1)) ¥
WR2 (1>24(1)) ®
R1 (all data) ¥
WR?2 (all data)

C72Hg0AU4C02N4028P4S4
2635.26

purple

0.06 x 0.06 x 0.02
triclinic

P-1

12. 5811(15)
12.8788(15)
16.1392(19)
104.679(7)
105.112(7)°
103.499(7)

2313.2(5)

1

1.892

0.0779

0.1910

0.1285

0.2313

a) R1 = Z|(|Fol-|Fc)l/Z(|Fol)

b) WR2 = [Zu(|Fol-|Fo2)2/Zu(|Fo2)21¥?
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Table 2-19. Selected bond distances (A) and angles (°) for [6](NO3)a.

Au(1)-P(1)
Au(2)-P(2)
Co(1)-0(3)
Co(1)-N(2)
Co(1)-S(2)
C(11)-C(12)
Co(1)-Co(2)'

P(1)-Au(1)-S(1)
0(3)-Co(1)-0(1)
O(1)-Co(1)-N(1)
0(1)-Co(1)-N(2)
0(3)-Co(1)-S(2)
N(1)-Co(1)-S(2)
0(3)-Co(1)-S(1)
N(1)-Co(1)-S(1)
S(2)-Co(1)-S(1)
P(2)-C(12)-C(L1)

bond distances

2.241(3)
2.248(3)
1.918(10)
1.973(13)

2.275(4)
1.341(17)
12.33

177.16(12)
176.7(4)
83.2(5)
94.8(5)
91.5(3)
171.0(4)
89.6(3)
83.0(4)
99.67(15)
121.5(10)

Au(1)-S(2)
Au(2)-S(2)
Co(1)-0(2)
Co(1)-N(2)
Co(1)-S(2)
Au(1)--Au(2)

angles

P(2)-Au(2)-S(2)
0(3)-Co(1)-N(1)
0(3)-Co(1)-N(2)
N(1)-Co(1)-N(2)
0(1)-Co(1)-S(2)
N(2)-Co(1)-S(2)
O(1)-Co(1)-S(1)
N(2)-Co(1)-S(1)

P(1)-C(11)-C(12)

2.291(3)
2.289(3)
1.923(9)
1.979(12)

2.291(4)
3.0189(7)

178.35(13)
97.1(5)
81.9(5)
94.5(5)
88.1(3)
84.1(4)
93.8(3)
170.8(4)
125.4(10)

Symmetry codes: (') —x, 1-y, 1-z.
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Table 2-20. Crystallographic data for [6](PFe)2.

[6](PFe)2-2EtOH-8H20

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

a °

B,°

, °

v, A’

Z

p(calc), g/cm?®
R1 (1>24(1)) ¥
WR2 (1>24(1)) ®
R1 (all data) ¥
WR?2 (all data)

C76Ho2AU2C02N4018PsS4F12
2797.32

purple

0.23x 0.15x0.05
triclinic

P-1

12.6888(15)
12.7235(15)
16.4451(19)
83.710(6)
73.252(5)
85.586(6)
2524.2(5)

1

1.840

0.0549

0.1430

0.0738

0.1572

a) R1 = Z|(|Fol-|Fc)l/Z(|Fol)

b) WR2 = [Zu(|Fol-|Fo2)2/Zu(|Fo2)21¥?
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Table 2-21. Selected bond distances (A) and angles (°) for [6](PFe)a.

Au(1)-P(2)
Au(2)-P(2)
C(11)-C(12)
Co(1)-0(12)
Co(1)-N(2)
Co(1)-S(2)
Au(l)--Au(2)

P(1)-Au(1)-S(1)
C(12)-C(11)-P(1)
0(1)-Co(1)-0(3)
0(3)-Co(1)-N(1)
0(3)-Co(1)-N(2)
0(1)-Co(1)-S(2)
N(1)-Co(1)-S(2)
0(1)-Co(1)-S(1)
N(1)-Co(1)-S(1)
S(2)-Co(1)-S(1)

bond distances

2.2438(18)
2.2485(18)
1.306(9)
1.895(6)
1.944(8)
2.253(2)
3.0671(5)

176.74(7)
123.6(5)
177.8(3)
95.3(3)
82.6(3)
89.38(19)
172.7(3)
93.3(2)
83.4(3)
98.59(8)

Au(1)-S(1)
AU(2)-S(2)
C(12)-C(11)
Co(1)-0(3)
Co(1)-N(2)
Co(1)-S(1)

angles

P(2)-Au(2)-S(2)
C(11)-C(12)-P(2)
O(1)-Co(1)-N(1)
0(1)-Co(1)-N(2)
N(1)-Co(1)-N(2)
0(3)-Co(1)-S(2)
N(2)-Co(1)-S(2)
0(3)-Co(1)-S(1)
N(2)-Co(1)-S(1)

2.2989(19)
2.3080(19)
1.306(9)
1.917(6)
1.949(8)
2.260(2)

178.15(7)
121.3(5)
83.5(3)
95.7(3)
94.6(3)
91.7(2)
84.5(2)
88.4(2)
170.5(2)

Symmetry codes: () 1-x, -y, 1-z.

Table 2-22. Comparison between homochiral and heterochiral Au'4Co"'; structures.

homochiral heterochiral
COIII CO“ CO“ COIII
[31(NO3)2 [5] [5I [61(NO3)2
Av. Co-S, A 2.3 2.5 2.5 2.3
Av. Co-0O, A 1.9 2.1 2.1 1.9
Av. Co-N, A 2.0 2.2 2.1 2.0
Au-Au (shortest), A 3.6044(5) 3.1214(9) 3.0200(19) | 3.0189(7)
Co--Co (in molecule), A 11.35 12.66 12.31 12.33
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Figure 2-1. IR spectra of (a) D2-H2[2] and (b) L2-H2[2] (KBr disk).
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Figure 2-2. *H NMR spectra of (a) D2-H2[2] and (b) L.- Hz[2] in CDsOD. Open squares
(o) and triangles (V) represent the methyl and the methine signals of pen moieties, and
filled triangles (A) and circles (®) represent the vinylene and the phenyl signals of
trans-dppee moieties. The * marks represent the signals of solvents and TMS signals.
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Figure 2-3. 3P NMR spectrum of D-H2[2] in CD30D.
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Figure 2-4. Absorption (AB) and CD spectra of D>-H2[2] in MeOH.
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Figure 2-5. Emission and excitation spectra of D>-H2[2] in the solid state. The solid and
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dashed lines describe the emission and excitation spectra, respectively.
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Figure 2-6. CD spectra of L2-H2[2] in MeOH.
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Figure 2-7. Perspective view of metalloligand D2-H2[2] with the atomic labeling
scheme. Hydrogen atoms are omitted for clarity. Thermal ellipsoids were drawn in a
50 % level.
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Figure 2-8. Perspective views of (a) dimeric structure connected by aurophilic
interaction, (b) 1D chain structure connected by hydrogen bonds in b2-H2[2], and (c) 1D
chain structure connected by aurophilic interactions in [Auz(dppe)(D-Hpen).]. Red
dotted lines and blue dotted lines represent aurophilic interactions and hydrogen
bonding interactions, respectively.
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Figure 2-9. Hydrogen bonding interactions in D2-H:[2]. Red dotted lines and blue
dotted lines represent aurophilic interactions and hydrogen bonding interactions,
respectively.
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Figure 2-10. IR spectra of (a) [3](NO3)z, (b) [3](C104)z, (c) [3](BFa4)z, (d) [3]SO4, and
(€) [41(NOs)2 (KBr disk).
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Figure 2-11. 'H NMR spectrum of [3](NOs); in CDs0D/D,0 (1:2). Open squares (o)
and triangles (V) represent the methyl and the methine signals of pen moieties, and
filled triangles (A) and circles (®) represent the vinylene and the phenyl signals of
trans-dppee moieties. The * marks represent the signals of solvents and TMS.
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Figure 2-12. Absorption (AB) and CD spectra of [3](NO3). in MeOH.
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Figure 2-13. Diffuse reflection (DR) and CD spectra of [3](NOs3) in the solid state.
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Figure 2-14. Powder X-ray diffraction patterns of (a) [3](NOz3)2, (c) [3](ClO4)2, and (e)
[3](BF4)2, and the simulated patterns based on the crystal structures of (b) [3](NOs3)2, (d)
[3](ClIO4)2, and (f) [3](BF4)2.
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Figure 2-15. Diffuse reflection (DR) and CD spectra of [4](NOs3) in the solid state.
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Figure 2-16. An ortep drawing of the complex cation in [3](NO3). with the atomic
labeling scheme. Hydrogen atoms are omitted for clarity. Minor part of the disordered
atoms is omitted. Symmetry code: (') 3/2—x, 3/2-y, z. Thermal ellipsoids were drawn in

a 50 % level.

Figure 2-17. Twisted 18-membered metalloring in [3](NO3)..
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Figure 2-18. (a) Bis(tridentate-N,O,S) coordination mode of the metalloligand and (b)
coordination geometry of Co'"" atom in [3](NOs)2.

(@) (b)

Figure 2-19. (a) Perspective views of the structures of octahedral hexamer
accommodating one nitrate anion, (b) a triangular CH---n linkage in the hexamer, and
(c) a triangular H2N---OCO linkage in the hexamer [3](NOs)2. Dashed lines indicate
hydrogen bonds in Figure 2-19c.
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(b)

Figure 2-20. Perspective views of (a) the supramolecular structure of [3](NOz3)2, and (b)
adamantane-like cluster composed of 10 nitrate anions inside the tetrahedral interstice.
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Figure 2-21. Perspective views of (a) complex cation with the atomic labeling scheme,
(b) hexameric supramolecular structure of the complex cations accommodating a
perchlorate anion, (c) adamantane-like cluster composed of 10 perchlorate anions inside
the tetrahedral interstice, and (d) packing structure in [3](ClO4)2. Symmetry code: () —X,
y, 1-z.
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Figure 2-22. Perspective views of (a) complex cation with the atomic labeling scheme,
(b) hexameric supramolecular structure of the complex cations accommodating a
tetrafluoroborate anion, (c) adamantane-like cluster composed of 10 tetrafluoroborate
anions inside the tetrahedral interstice, and (d) packing structure in [3](BFa4)2. Symmetry
code: (") 1-x, 1-y, z
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() (d)

Figure 2-23. Perspective views of (a) complex cation with the atomic labeling scheme,
(b) hexameric supramolecular structure of the complex cations accommodating one
water molecule, (c) octahedron-like cluster composed of 6 sulfate anions inside the
tetrahedral interstice, and (d) packing structure in [3]SO4. Symmetry code: (') 1-x, 1-y,

Z.
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Figure 2-24. Perspective views of (a) complex cation with the atomic labeling scheme,
(b) hexameric supramolecular structure of the complex cations accommodating a nitrate
anion, (c) adamantane-like cluster composed of 10 nitrate anions inside the tetrahedral

interstice, and (d) packing structure in [4](NOz).. Symmetry code: (') 1-x, -y, z.
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Figure 2-25. Comparison of the hexanuclear structures with dppe and trans-dppee. (a)
Top view and (b) side view. Dark gray and light gray units represent [3]>" and
[AusCoz(dppe)z2(D-pen)s]®* in  [3](NOs). and  [AusCoz(dppe)z(D-pen)s](NOs)z,
respectively.
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() (b)

Figure 2-26. Arrangements of four neighboring nitrate anions in the anion
supramolecular structure in (a) [3](NOs)2 and (b) [AusCoz(dppe)2(D-pen)s](NOs).. Each
of the four disordered anions is shown. The nitrate anions with light gray O atoms and
those with dark gray O atoms represent the nitrate anions in the octahedral site and in
the tetrahedral site, respectively.
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Figure 2-27. Structures of (NOz)w aggregates in (a) [3](NOs). and (b)
[AusCoz(dppe)2(D-pen)s](NOs).. Each of the four disordered anions are shown. The
nitrate anions with light gray O atoms and those with dark gray O atoms represent the
nitrate anions in the octahedral site and in the tetrahedral site, respectively.
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Figure 2-28. The NH2--Onoz hydrogen bonding interactions between the anions and
[Co(D-pen)z]™ units in (a) [3](NOs)2 and (b) [AusCoz(dppe)2(D-pen)s](NOs).. Each of
the four disordered anions are shown. The nitrate anions with pink O atoms and those
with red O atoms represent the nitrate anions in the octahedral site and in the tetrahedral
site, respectively. Dashed lines indicate hydrogen bonds.
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(b)

Figure 2-29. (a) Arrangement of two neighboring perchlorate anions in the anion
aggregation structure in [3](ClIO4), and (b) [AusCoz(dppe)2(D-pen)s](ClO4)2. The
perchlorate anions with pale blue O atoms and those with red O atoms represent the
perchlorate anions in the octahedral site and in the tetrahedral site, respectively.

(b)

Figure 2-30. Structures of the (ClOs)10 aggregates in (a) [3](ClIO4)2 and (b)
[AusCoz(dppe)2(D-pen)s](ClO4),. The perchlorate anions with pale blue O atoms and
those with red O atoms represent the perchlorate anions in the octahedral site and in the

tetrahedral site, respectively.
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(b)

Figure 2-31. The NH2--Ocios hydrogen bonding interactions between the anions and
the [Co(D-pen)z]™ units in (a) [3](ClO4)2 and (b) [AusCo2(dppe)2(D-pen)s](ClO4)2. The
perchlorate anions with pale blue O atoms and those with red O atoms represent the
perchlorate anions in the octahedral site and in the tetrahedral site, respectively. Dashed
lines indicate hydrogen bonds.

Figure 2-32. Structures of (BFs)i0 aggregate in (a) [3](BFs)2 and (b)
[AusCo2(dppe)2(D-pen)s](BF4)2. Both of the disordered parts are drawn.
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Figure 2-33. Structures of (SO4*)s aggregate in (a) [3]SOs and (b)
[AusCo2(dppe)2(D-pen)s]SOa.
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Figure 2-34. IR spectrum of bL-H2[2] (KBr disk).
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Figure 2-35. 'H NMR spectrum of bL-H2[2] in CD3OD. Open squares (o) and triangles
(\V) represent the methyl and the methine signals of pen moieties, and filled triangles
(A) and circles (o) represent the vinylene and the phenyl signals of trans-dppee

moieties. The * marks represent the signals of solvents and TMS.
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Figure 2-36. Emission and excitation spectra of bL-H>[2] in the solid state. The solid
and dashed lines describe the emission and excitation spectra, respectively. The
excitation wavelength was 340 nm.

Figure 2-37. Metalloligand bL-H>[2] with the atomic labeling scheme. Hydrogen atoms
and the minor part of the disordered atoms are omitted for clarity. Symmetry code: (')
2—X, 1-y, —z. Thermal ellipsoids were drawn in a 50 % level.
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Figure 2-38. Infinite chain structure in (a) bL-H2[2], and (b) [Au2(dppe)(D-pen)(L-pen)].
Only Au, P, S, and carbon atoms of linker chain are shown for clarity in dppe analogous
compound. Red dashed lines indicate aurophilic interactions.

(b)

Figure 2-39. Hydrogen bonds between the chain-like aggregates in DL-H2[2]. Red
dashed lines indicate aurophilic interactions. Blue dashed lines indicate hydrogen
bonds.

96



%T

(d)

4000 3000 2000 1000 400
wavenumber / cm™!

Figure 2-40. IR spectra of (a) [5], (b) [5]', (c) [6](NO3)2, and (d) [6](PFs)2 (KBr disk).
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Figure 2-41. Absorption (AB) and CD spectra of [5] in MeOH.
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Figure 2-42. Diffuse reflection (DR) spectrum of [5] in the solid state.
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Figure 2-43. Plots of XmT vs T for [Au'sCo'>(trans-dppee)2(D-pen)2(L-pen)2] ([5]).
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Figure 2-44. The ESR spectrum of [5].
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Figure 2-45. 'H NMR spectra of [6](NOs)2 (upper) and [3](NOs). (bottom) in CDsOD
solution (a) in the 0-8 ppm region and (b) in the methyl region. Open squares (o) and
triangles (V) represent the methyl and the methine signals of pen moieties, and filled
triangles (A) and circles (o) represent the vinylene and the phenyl signals of
trans-dppee moieties. The * marks represent the signals of solvents and TMS.
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Figure 2-46. Absorption (AB) and CD spectra of [6](NO3), in MeOH.
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Figure 2-47. Diffuse reflection (DR) spectrum of [6](NO3)2 in the solid state.
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Figure 2-48. An ortep drawing of the complex molecule in [5] with the atomic labeling
scheme. Hydrogen atoms are omitted for clarity. Symmetry code: () 1-x, 1-y, 1-z.
Thermal ellipsoids were drawn in a 50 % level.

Figure 2-49. An 18-membered metalloring in [5].
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Figure 2-50. (a) Bis(tridentate-N,O,S) coordination mode of the metalloligand and (b)
coordination geometry of Co'' atom.
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Figure 2-51. (a) 1D straight chain supramolecular structure of [5] and (b) hydrogen
bonding mode mediated by MeOH molecules.
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Figure 2-52. An ortep drawing of the complex cation in [5]' with the atomic labeling
scheme. Hydrogen atoms are omitted for clarity. Thermal ellipsoids were drawn in a
50 % level.

Figure 2-53. 1D zigzag chain structure of [5]".
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Figure 2-54. An ortep drawing of the complex cation in [6](NOs). with the atomic
labeling scheme. Hydrogen atoms are omitted for clarity. Symmetry code: () —x, 1-,
1-z. Thermal ellipsoids were drawn in a 50 % level.

Figure 2-55. 18-Membered metalloring in [6](NO3)2.
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Figure 2-56. (a) Bis(tridentate-N,O,S) coordination mode of the metalloligand and (b)
coordination geometry of Co'"" atom in [6](NOs)2.

107



Figure 2-57. A packing structure of [6](NO3)a.
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Figure 2-58. An ortep drawing of the complex cation in [6](PFe)2 with the atomic
labeling scheme. Hydrogen atoms are omitted for clarity. Symmetry code: (') 1-X, -y,
1-z. Thermal ellipsoids were drawn in a 50 % level.

108



'\ . .‘ ..‘
\‘ ’\ -

S

Figure 2-59. A packing structure of [6](PFs)2.
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Figure 2-60. Stepwise aggregation behavior in homochiral complex [3](NO3)2,
[4](NO3)a.
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Figure 2-61. 'H NMR spectral change of a 1:1 mixture of homochiral enantiomers
([3](NOs3)2 + [4]1(NOgz)2) in CD30D/D20 (2:1) solution (a) in 0-8 ppm region and (b) in
methyl region. Open squares (o) represent the signals of homochiral species and filled
circles (o) represent the signals of heterochiral species. The * marks represent the
signals of solvents and TMS.
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Figure 2-62. The molecular structure of [Au'.Co''(dppe)(D-pen)(L-pen)]* complex
cation.’
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Figure 2-63. Comparison of homochiral and heterochiral hexanuclear [Au'sCo"';]?*
cation structures. Structures of (a) homochiral [Au'sCo"';]?* cation and (b) heterochiral
[Au'sCo"',]?* cation.
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Chapter I11. Preparation and Aggregation Behavior of Au'Ni'' Complexes.
I11-1. Introduction.

In Chapter II, the reaction of [Auz(trans-dppee)(D-Hpen)] with Co'" in air was
', (trans-dppee)2(D-pen)4]?*,
crystallized in the unique supramolecular structure showing separate aggregation of

investigated. The resulting cationic complex, [Au'sCo

cationic complexes and inorganic anions. The molecular and supramolecular structures
were similar to those found in the dppe analogous crystal, [Au'4Co"'2(dppe)2(D-pen)s]?*,
but the slight change of the linker unit affected the orientation of anions in the aggregate.
In the dppe system, not only the cationic Au'sCo'"'; complex but also the neutral Au'sNi'!,
complex, [Au'sNi'"z(dppe)2(D-pen)s], which had a similar hexanuclear structure to that of
Au'4Co"'; complex was reported.5°. Therefore, the Au'sNi"; complex molecules formed
the hydrogen-bonded 1D chain arrangement and did not form the charge-separated
structure like the Au'sCo"', complex.

In this chapter, to get the insight into the effect of the bridging diphosphine linkers
on the supramolecular structure, the reactions of [Auz(trans-dppee)(pb-Hpen).] (D2-H2[2],
trans-dppee = trans-1,2-bis(diphenylphosphino)ethylene, D-Hzpen = D-penicillamine)
with Ni' were examined. Interestingly, a unique example of the strong-acid-templated
construction of a metallosupramolecular structure based on the digold(l) metalloligand,
(D2-H2[2]) was found (Scheme 2-1). Whereas the reaction of D.-H2[2] with basic
Ni(OAc), in methanol yielded the infinite {Au';Ni'}» 1D coordination polymer, i.e.
[Ni{Auz(trans-dppee)(D-pen)2}]n, a similar reaction with acidic Ni(ClO4)2 or Ni(NOz)2
produced the discrete hexanuclear Au'sNi'; complex, i.e. [Ni{Aux(trans-dppee)(D-
pen)2}2] ([7]), which co-crystallized with HCIO4 or HNO3z to yield [7]-2HCIO4 or
[7]-4/3HNO3, respectively (Scheme 3-1 and 3-2). In [7]-2HCIO4, six AuNi';
hexanuclear molecules were self-assembled into a neutral {[Au'sNi"2]}s supramolecular
octahedron, and ten ClIO4™ ions were aggregated into an anionic {ClO4 }10 adamantane-
like arrangement. A similar aggregation of inorganic anions was also found in
[7]-4/3HNOs. Remarkably, [7]-2HCIOs was found to absorb NHz molecules and
converted into [7]-2NH4CIlO4 when the crystals of [7]-2HCIO4 were soaked in aqueous
ammonia, with retention of its single crystallinity (Scheme 3-1). Such a construction of
the acidic supramolecular structure templated by a strong Brensted acid and its single-
crystal-to-single-crystal conversion to a neutral structure via absorption of base molecules
are unprecedented. The reverse, single-crystal-to-single-crystal conversion from
[7]-:2NH4ClO4 to [7]-2HCIO4 also occurred when the crystals of [7]-:2NHsCIlOs were
soaked in aqueous HCIOa.
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111-2. Experimental Section.
111-2-1. Materials.

The starting complexes (D2-H2[2], L2-H2[2], and DL-H2[2]) were prepared by the
methods described in Chapter Il. Synthesis of [Auz(dppe)(D-Hpen)2]-8H20O has been
described in the previous paper.b The reagents were commercially available and used
without further purification. All experiments were performed in the air.

111-2-2. Preparation of Au'Ni"' Complexes.
I11-2-2-1a. [AusNiz(trans-dppee)z(D-pen)s]-2HCIO4 ([7]-2HC1O4).

To a white suspension containing 0.050 g (0.043 mmol) of D2-H2[2] in MeOH (20
mL) was added 0.019 g (0.052 mmol) of Ni(ClO4)2-4H,0, which was stirred at room
temperature for 1 h. To the resulting pale yellow solution, an NHz aqueous solution (1
M, 0.1 mL) was added followed by standing at room temperature for 9 weeks with slow
evaporation to give green crystals of [7]-:2HC104, which were collected by filtration and
washed with water and MeOH. Yield: 0.022 g (39%). Anal. Calcd for [AusNiz(trans-
dppee)2(D-pen)s]- 2HC1046H20 = C72HaaN4AusCloNi202P4Ss: C, 33.31; H, 3.65; N,
2.16; Cl, 2.73%. Found: C, 33.20; H, 3.72; N, 2.35; Cl, 2.48%. IR spectrum (cm, KBr
disk): 1718 (shoulder, vco), 1591 (vco), 1101 (vcios), 746-691 (ven), and 623 (vcios).
111-2-2-1b. [AusNiz(trans-dppee)2(D-pen)s]-4/3HNOs ([7]-4/3HNO3).

To awhite suspension containing 0.050 g (0.043 mmol) of D2-H2[2] in MeOH (20 mL)
was added 0.016 g (0.055 mmol) of Ni(NOs)2:6H20, which was stirred at room
temperature for 1 h. To the resulting pale yellow solution, an NHz aqueous solution (1 M,
0.1 mL) was added followed by standing at room temperature for 9 weeks with slow
evaporation to give green crystals and green crystalline precipitate of [7]-4/3HNO3, which
were collected by filtration and washed with water and MeOH. Yield: 0.043 g (82%).
Anal. Calcd for [AusNiz(trans-dppee)2(D-pen)s]-4/3HNO3z-4H,O = C72Hgg.33Ns33
AusNi2016P4S4: C, 35.40; H, 3.69; N, 3.06%. Found: C, 35.38; H, 3.79; N, 3.23%. IR
spectrum (cm™, KBr disk): 1720 (shoulder, vco), 1591 (vco), 1385 (vnos), and.746-691

(Veh).

111-2-2-2. [AusNiz2(dppe)2(D-pen)4]-2HCIO4 ([8]:2HCIO4).

To a white suspension containing 0.050 g (0.040 mmol) of [Au(dppe)(D-Hpen)2]-8H20
in MeOH (10 mL) was added 0.018 g (0.048 mmol) of Ni(ClO4).-6H20. To the resulting
pale red solution, an NH3 aqueous solution (1 M, 0.04 mL) was added to give a green
solution followed by standing at room temperature for 5 weeks with slow evaporation to
give green crystals of [8]-:2HC104 and green residue. The crystals were picked up by hand
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and washed with water and MeOH. Yield: 0.005 g (9%). Anal. Calcd for
[AusNiz(dppe)z2(D-pen)s]-2HCIO04-6H20 = C72HogN4AusCI2Ni2O22 P4Ss: C, 33.26; H,
3.80; N, 2.15%. Found: C, 33.15; H, 3.86; N, 2.34%. IR spectrum (cm~, KBr disk): 1590
(vco), 1105 (vcios), 733-691 (veh), and 624 (vcioas).

111-2-2-3. [AuzNi(trans-dppee)(D-pen)z]- ([9]).

To a white suspension containing 0.01 g (0.009 mmol) of D>-H2[2] in MeOH (1.5 mL)
was added 0.003 g (0.01 mmol) of Ni(OAc)2-4H-0. Green plate-like crystals suitable for
X-ray analysis were obtained via the slow diffusion of MeCN vapor into the resulting
green solution. The crystals were collected via filtration and washed with MeOH. Yield:
0.009 g (82%). Anal. Calcd for [AuzNi(trans-dppee)(D-pen)2]:7H0 =
CasHsaN2AU2NIO11P2S;: C, 34.06; H, 4.29; N, 2.21%. Found: C, 34.04; H, 4.11; N, 2.25%.
IR spectrum (cm™, KBr disk): 1593 (vco), 1102 (vec), and 745-691 (ven).

111-2-2-4. Treatment of Acidic Crystals with Aqueous Basic Solution.
Reaction A-1

Freshly prepared crystals of [7]-:2HC104 (20 mg) were soaked in an aqueous solution
of NHz (0.1 M, 50 mL) and were subsequently allowed to stand at room temperature
overnight. The green crystals were collected via filtration and washed with water. Anal.
Calcd for [AusNiz(trans-dppee)z(D-pen)s]-2NH4ClO4-6H20 = C72H100NeAU4Cl2Ni2022
P4Ss: C, 32.88; H, 3.83; N, 3.20%. Found: C, 33.04; H, 3.88; N, 2.89%. IR spectrum (cm~
1 KBr disk): 1579 (vco), 1102 (vcios), 745-691 (ven), and 624 (vcios).
Reaction A-2

Freshly prepared crystals of [7]-:2HC104 (10 mg) were soaked in an aqueous solution
of MeNH> (0.1 M, 25 mL) and were subsequently allowed to stand at room temperature
overnight. The green precipitate was collected via filtration and washed with water. Anal.
Calcd for [AusNix(trans-dppee)2(D-pen)s]- 13H20 = C72H10sNsAUsNi2021P4S4: C, 34.30;
H, 4.24; N, 2.22%. Found: C, 34.23; H, 4.07; N, 2.26%. IR spectrum (cm™, KBr disk):
1595 (vco), and 742-689 (ven).
Reaction B

Freshly prepared crystals of [7]-4/3HNOs (10 mg) were soaked in an aqueous solution
of NH3 (0.1 M, 25 mL) and were subsequently allowed to stand at room temperature for
a day. The green precipitate was collected via filtration and washed with water. Anal.
Calcd for [AusNiz(trans-dppee)2(D-pen)s]-5H20 = C72HaoN4AUu4Ni2013P4 S4: C, 36.38; H,
3.82; N, 2.36%. Found: C, 36.26; H, 4.04; N, 2.24%. IR spectrum (cm™, KBr disk): 1590
(vco) and 744-692 (ven).
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Reaction C

Freshly prepared crystals of [8]-2HC104 (5 mg) were soaked in an aqueous solution of
NHs (0.1 M, 12.5 mL) and were subsequently allowed to stand at room temperature for a
day. The green precipitate was collected via filtration and washed with water. Anal. Calcd
for [AusNi2(dppe)2(D-pen)s]-12H20 = C72H108NaAUsNi2020P4S4: C, 34.49; H, 4.34; N,
2.23%. Found: C, 34.58; H, 4.18; N, 2.24%. IR spectrum (cm~, KBr disk): 1590 (vco)
and 727-690 (ven).
Reaction D

Crystalline powder of [9] (10 mg) were soaked in an aqueous solution of NHz (0.1 M,
12.5mL) and were subsequently allowed to stand at room temperature overnight. The
green precipitate was collected via filtration and washed with water. Anal. Calcd for
[AuzNi(trans-dppee)(D-pen)]- 9H20 = CazsHsaN2AU2NiO11P2S2: C, 34.06; H, 4.29; N,
2.21%. Found: C, 33.98; H, 4.24; N, 2.27%. IR spectrum (cm™, KBr disk): 1598 (vco)
and 744-691 (ven).
Reaction E

Crystals of [3](ClO4)2 (5 mg) were soaked in an aqueous solution of NHs (0.1 M,
12.5mL) and were subsequently allowed to stand at room temperature overnight. The
purple crystals were collected via filtration and washed with water. Anal. Calcd for
[AusCoq(trans-dppee)2(D-pen)s](ClO4)2-9H20 = C72HegNaAUsCl.C02025P4S4: C, 32.65;
H, 3.73; N, 2.12%. Found: C, 32.74; H, 3.93; N, 2.20%. IR spectrum (cm™, KBr disk):
1646 (vco), 1102 (vcios), 747-691 (veh), and 625 (vcioa).

111-2-2-5. Treatment of Acidic Crystals with Basic Gas.
Reaction A

Freshly prepared crystals of [7]-2HCIO4 (5 mg) were allowed to be kept with 4 mL of
concentrated aqueous solution of ammonia and 3 g of magnesium sulfate for absorbing
excess moisture in a vial at room temperature. The green crystals were collected after
standing for a week. Anal. Calcd for [AusNiz(trans-dppee)z2(D-pen)s]-2NH4Cl04-5H20 =
C72HesNsAUsNI2021P4S4Clo: C, 33.11; H, 3.78; N, 3.22%. Found: C, 33.20; H, 3.94; N,
3.18%. IR spectrum (cm?, KBr disk): 1593 (vco), 1100 (vcios), 743-690 (ven), and 625
(vcioa).
Reaction B

Freshly prepared crystals of [7]-4/3HNO3 (5 mg) were allowed to be kept with 4 mL of
concentrated aqueous solution of ammonia and 3 g of magnesium sulfate for absorbing
excess moisture in a vial at room temperature. The green crystals were collected after
standing for a week. Anal. Calcd for [AusNiz(trans-dppee)2(D-pen)a] -4/3NH4NO3-H20 =
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C72Hs7.33N6.67AUsNI2013P4S4: C, 35.86; H, 3.65; N, 3.87%. Found: C, 35.98; H, 3.82; N,
3.74%. IR spectrum (cm~, KBr disk): 1588 (vco), 1385 (vnos), and 746-692 (ven).
Reaction C

Freshly prepared crystals of [8]-2HCI1O4 (5 mg) were allowed to be kept with 4 mL of
concentrated aqueous solution of ammonia and 3 g of magnesium sulfate for absorbing
excess moisture in a vial at room temperature. The green crystals were collected after
standing for a week. Anal. Calcd for [AusNiz(dppe)2(D-pen)s]-2NH4CIO44H20 =
C72H100NsAUsNi2020P4S4Cl2: C, 33.29; H, 3.88; N, 3.23%. Found: C, 33.24; H, 4.05; N,
3.13%. IR spectrum (cm, KBr disk): 1577 (vco), 1105(vcios), 732-692 (ven), and 625

(vcio4).

111-2-2-7. Treatment of Neutralized Crystals with Acidic Solution.

Freshly prepared crystals of [7]-2NH4CIlO4 (2 mg) were soaked in an aqueous solution
of HCIO4 (0.01 M, 5 mL) and was subsequently allowed to stand at room temperature
overnight. The green crystals were collected via filtration and washed with water. Anal.
Calcd for [AusNiz(trans-dppee)z2(D-pen)s]- 2HC104-6H20 = C72HaaAusClo NaNi2O22P4S4:
C, 33.31; H, 3.65; N, 2.16%. Found: C, 33.13; H, 3.81; N, 2.38%. IR spectrum (cm™,
KBr disk): 1716 (shoulder, vco), 1590 (vco), 1103 (vcios), 746-691 (ven), and 624 (vcios).

111-2-2-4. [AusNiz(trans-dppee)2(D-pen)2(L-pen)z] ([10]).

To a white suspension containing 0.050 g (0.045 mmol) of bL-H2[2] in EtOH (2.5 mL)
and water (2.5 mL) was added 0.013 g (0.050 mmol) of Ni(OAc)2-4H20, which was
stirred at room temperature for 30 min to give a green solution. Green crystals of [10]
were obtained by slow evaporation at room temperature for 1 week, which were collected
by filtration and washed with water and EtOH. Yield: 0.020 g (38%). Anal. Calcd for
[AusNiz(trans-dppee)2(D-pen)2(L-pen)2]-14H20 = C72H108N4AUsNi2O22P4S4: C, 34.06; H,
4.29: N, 2.21%. Found: C, 33.86; H, 4.01; N, 2.10%. IR spectrum (cm™, KBr disk): 1599
(vco) and 746-693 (ven).

111-2-3. Physical Measurements.
The elemental analyses (C/H/N) were performed at Osaka University using a
YANACO CHN Coda MT-5 and MT-6 analyzers. The elemental analyses (CI) were
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performed at Kyoto University. The IR spectra were recorded on a JASCO FT/IR-4100
infrared spectrometer with a KBr disk at room temperature. Diffuse reflection spectra
were recorded on a JASCO V-570 spectrometer, and the solid CD spectra were recorded
on aJASCO J-840 or a JASCO J-820 spectropolarimeter at room temperature. The X-ray
fluorescence spectrometries were performed on HORIBA MESA-500 spectrometer or
SHIMADZU EDX-720. Normal-quality powder X-ray diffraction patterns were recorded
on Bruker D2-PHASER X-ray diffractometer system at room temperature in reflection
mode [Cu Ka (A = 1.5418 A); 26 range = 0—60°; step width = 0.01°; data collection time
= 0.5 h]. High-quality powder X-ray diffraction patterns were recorded at room
temperature in transmission mode [synchrotron radiation, A = 0.999115(18) A; 26 range
= 0-78°; step width = 0.01°; data collection time = 5 min for [9] and 3 min for [7]-2HCIO4
or [7]-2NH4Cl0O4] with a diffractometer equipped with a white imaging plate detector at
the SPring-8 BL02B2 beamline; these experiments were conducted with the approval of
the Japan Synchrotron Radiation Research Institute (JASRI). The crystals were placed
into 0.3 mm glass capillary tubes, which were rotated during the measurements. The
diffraction patterns were collected with a large Debye-Scherrer camera. The powder
simulation patterns were generated from the single-crystal X-ray structures using the
Mercury 3.5.1 program.

111-2-4 X-ray Structural Determination.

The single-crystal X-ray diffraction measurements for [7]-2HC1Os, [7]-4/3HNO3,
[8]-2HCIO4, [7]-2NH4ClO4, and [7]-4/3NH4NO3 were performed at 100 K with a Rigaku
Mercury 2 CCD detector with synchrotron radiation (A =0.7000 A) at the BL02B1
beamline in “SPring-8,” with the approval of the Japan Synchrotron Radiation Research
Institute (JASRI). The single-crystal X-ray diffraction measurements for [9] and
[8]-2NH4ClO4 were performed at 100 K with an ADSC Q210 CCD area detector with
synchrotron radiation (A =0.7000 A for [9] and A =0.6300 A for [8]-:2NH4CIlO4) at the 2D
beamline at the Pohang Accelerator Laboratory (PAL). The intensity data was processed
using the HKL3000 program.

The collected diffraction data was processed with the Rapid Auto software program.
The structures of the complexes were solved via direct methods using the SHELXS2014
program.?! The structure refinements were carried out using full-matrix least-squares
(SHELXL2014).2 All calculations were performed using the Yadokari-XG software
package.

For [7]-2HCIOq, a half of [Au'sNi'y(trans-dppee)z(D-pen)s] units, water, oxonium
cations, and four disordered CIO4~ molecules were crystallographically independent. One
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phenyl ring was disordered. Three of the phenyl rings, one vinylene linker and perchlorate
anions were fixed. All non-hydrogen atoms except the C atoms of the disordered region
and O atoms of 2 water molecules were refined anisotropically. Hydrogen atoms were
included in calculated positions except those of water molecules, oxonium cations, and
one vinylene linker.

For [7]-4/3HNOg, a half of [Au'sNi",(trans-dppee)2(D-pen)4] units, water, and three
NOs~molecules were crystallographically independent. One phenyl ring was disordered.
Three of the phenyl rings, one vinylene linker, nitrate anions, and water molecules were
fixed. All non-hydrogen atoms except the C atoms of the disordered region and a vinylene
linker unit, N and O atoms of nitrate anions were refined anisotropically. Hydrogen atoms
were included in calculated positions except those of water molecules, oxonium cations,
and one vinylene linker.

For [8]-2HCI1O4, a half of [Au'sNi'>(dppe)2(p-pen)4] units, water, oxonium, and four
disordered ClO4~molecules were crystallographically independent. All of the anions were
fixed. All non-hydrogen atoms except the Cl atoms of perchlorate molecules and O atoms
of perchlorate and water molecules were refined anisotropically. Hydrogen atoms were
included in calculated positions except those of water molecules and oxonium cations.

For [7]-2NH4ClO4 in section 111-2-2-5, a half of [Au'sNi"(trans-dppee)(D-pen)s] units,
2 ammonium cations, water, and four disordered ClOs~ molecules were
crystallographically independent. One phenyl ring was disordered. Three of the phenyl
rings, one vinylene linker and perchlorate anions were fixed. All non-hydrogen atoms
except the C atoms of the disordered region N atoms of ammonium cations, and O atoms
of water molecules were refined anisotropically. Hydrogen atoms were included in
calculated positions except those of water molecules, ammonium cations, and one
vinylene linker.

For [7]-4/3NH4NOs, a half of [Au'sNi's(trans-dppee)2(D-pen)s] units, 2 ammonium
cations, water, and three disordered NOs~ molecules were crystallographically
independent. One phenyl ring was disordered. The disordered phenyl ring, one vinylene
linker, and perchlorate anions were fixed. All non-hydrogen atoms except the C atoms of
the disordered region and a vinylene linker, N and O atoms of 2 of the nitrate molecules
were refined anisotropically. Hydrogen atoms were included in calculated positions
except those of water molecules and ammonium cations.

For [8]-2NH4ClO4, a half of [Au'sNi"2(dppe)2(D-pen)s] units, 2 ammonium cations,
water, and four disordered CIO4~ molecules were crystallographically independent. One
of the perchlorate anion was so highly disordered that the thermal ellipsoid was much
higher than other perchlorate anions. All of the anions were fixed. All non-hydrogen
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atoms except the Cl atoms of perchlorate molecules, N atoms of ammonium cations, and
O atoms of perchlorate and water molecules were refined anisotropically. Hydrogen
atoms were included in calculated positions except those of water molecules and
ammonium cations.

For [7]:2HCIO4 reverted from [7]-2NH4CIO4 in section I111-2-2-7, a half of
[Au'sNi";(trans-dppee)2(D-pen)s] units, water, oxonium cations, and four disordered
ClO4~molecules were crystallographically independent. One of the perchlorate anion was
so highly disordered to find all of the oxygen atoms on it. All of the phenyl rings and the
perchlorate anions were fixed. All non-hydrogen atoms except the C atoms of the
disordered region, Cl and O atoms of the two perchlorate anions and O atoms of water
molecules were refined anisotropically. Hydrogen atoms were included in calculated
positions except those of water molecules and oxonium cations.

For [9], 3 of [Au'2Ni''(trans-dppee)(D-pen).] units, water, and eleven MeOH molecules
were crystallographically independent. 3 of phenyl rings and all of MeOH molecules were
fixed. All non-hydrogen atoms except the C atoms and O atoms of the solvent molecules
were refined anisotropically. Hydrogen atoms were included in calculated positions
except those of solvent molecules.

For [10], one [Au'4Ni";(trans-dppee)z(D-pen)2(L-pen)2] units, water, and two EtOH
molecules were crystallographically independent. All non-hydrogen atoms except the O
atoms of water molecules were refined anisotropically. Hydrogen atoms were included in
calculated positions except those of water molecules.
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111-3. Results and Discussion.
111-3-1. Synthesis and Characterization of [AusNiz(trans-dppee)2(D-pen)s]-HX (HX
= 2HCIO40r 4/3HNO3).

Reaction of multidentate metalloligand D2-H2[2] with Ni(ClO4)2-4H20 in a 1:1 ratio in
MeOH at room temperature gave a yellow solution. The addition of a diluted NH3
aqueous solution to it led to the color change from yellowish green to green, from which
trigonal-pyramidal green crystals ([7]-:2HC1O4) were isolated (Scheme 3-2). X-ray
fluorescence spectroscopy indicated the presence of Au, Ni, and Cl atoms in [7]-2HCIOg,
and its elemental analytical data was in agreement with a formula consisting of
[Au(trans-dppee)(p-pen)2]> (D2-[2]%) , Ni?*, and HCIO4 in a 2:2:1 ratio. The IR
spectrum showed the presence of D-pen and trans-dppee ligands based on the bands of
COO~ and P-Ph groups at 1591 and 746-691 cm™, respectively, and also showed the
presence of ClO4~ based on the bands at 1101 and 623 cm~ (Figure 3-1). Notably, a small
shoulder at ca. 1718 cm~! was observed, and this was assigned as the band for protonated
carboxylate group. This was explained by the strong hydrogen bond between carboxylate
groups and oxonium cations inside the crystal as discussed below.

When Ni(NOz)2:6H20 was used instead of Ni(ClO4)2-4H20, trigonal-pyramidal green
crystals ([7]-4/3HNO3) were produced (Scheme 3-2). For [7]-4/3HNOz the X-ray
fluorescence spectroscopy indicated the presence of Au and Ni, and its elemental
analytical data was in agreement with a formula consisting of [Aux(trans-dppee) (D-
pen)2]> (D2-[2]%) , Ni?*, and HNOs3 in a 2:2:4/3 ratio. In the IR spectrum, a C=0
stretching band for deprotonated carboxylate groups of D-pen at 1591 cm™, an N-O
stretching band for nitrate anion at 1385 cm, and P—Ph stretching bands at 746-691 cm-~
! were observed (Figure 3-1). The shoulder for protonated carboxylate groups was also
detected at 1727 cm~* as well as [7]-2HCIO.a.

Single-crystal X-ray analysis revealed that [7] was a hexanuclear neutral complex,
[Au'4Ni";(trans-dppee)z(D-pen)s], in which two [Au'z(trans-dppee)(D-pen).]*>- moieties
were bridged by two Ni' centers. The supramolecular structure resembles to that of [3]?*
salts and the inorganic anion clusters (NOs™ or ClO4") were found, and considering the
charge compensation, oxonium cations also supposed to be incorporated into the flame.
The anions and the oxonium cations mediate the hydrogen bonds between the hexanuclear
molecules and work as a template (vide infra). These complexes were almost insoluble to
common solvents, and the spectral measurements in solution could not be performed.
Diffuse reflection spectra of [7]-2HCIO4 and [7]-4/3HNO:s in the solid state in the region
of 1200-400 nm showed two bands assignable to 3T2g«—3Azg and 3Tig«—3Ayg transitions
for the octahedral Ni" center at 1021 and 595 nm for [7]-2HCIO4, 1049 and 598 nm for
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[7]-4/3HNO3, respectively (Figures 3-2 and 3-3), which were similar to those observed
for [Au'sNi"2(dppe)2(D-pen)s] in previous papers showing the bands at 1034 and 601 nm
(Figure 3-4).° Solid state CD spectrum of [7]-2HCIOx in the region of 850-400 nm showed
a positive band at 679 nm and a negative band at 580 nm, which were also similar to those
of the dppe analogous compound showing positive and negative bands at 627 and 554
nm, respectively (Figure 3-5). In the syntheses for [7]-2HCIO4 and [7]-4/3HNOs, the
aqueous NHs was used as a base for deprotonating the carboxyl groups in the
metalloligand to form a hexa-coordinated Ni species, and after the deprotonation, NHs
was gradually volatilized into the atmosphere by standing the solution for a long time.
This volatilization was probably the reason why the crystals did not contain ammonia
and/or ammonium cations, and makes pH value suitable for both the incorporation of
perchlorate acid molecules and keeping the carboxylate groups deprotonated. The powder
X-ray diffraction patterns matched the patterns that were simulated from the crystal
structures determined by SC-XRD results well, and denoted the samples’ purity in terms
of crystallography (Figures 3-6, 3-7).

Many attempts to obtain single crystals of the complex by the similar crystallization
condition as [Au'4Ni'>(dppe)2(p-pen)s] afforded only crystalline powder, probably
because of the lower solubility of the complex caused by the rigidness of trans-dppee unit.
I11-3-2. Synthesis and Characterization of [AusNiz(dppe)2(D-pen)4]-2HCIO4
([8]-2HCIOs).

Reaction of multidentate metalloligand with dppe linker unit, [Auz(dppe)(D-Hpen)],
with Ni(ClO4)2-6H20 ina 1:1 ratio in MeOH at room temperature gave a yellow solution.
The addition of a diluted NH3z aqueous solution to it led to the color change from yellow
to green, from which trigonal-pyramidal green crystals ([8]-2HCIO4) were isolated
(Scheme 3-3). X-ray fluorescence spectroscopy indicated the presence of Au and Ni
atoms in [8]-2HCIOs. In the IR spectrum, a C=0 stretching band for deprotonated
carboxylate groups of p-pen at 1590 cm~?, CI-O stretching bands for perchlorate anion at
1105 and 624 cm™, and P—Ph stretching bands at 733-691 cm~* were observed (Figure 3-
8). Single-crystal X-ray analysis revealed that [8] was a hexanuclear neutral complex,
[Au'sNi"z(dppe)2(D-pen)4], in which two [Au'2(dppe)(p-pen)2]>~ moieties were bridged
by two Ni'' centers, and the perchlorate anions existed in their interstice (vide infra). This
complex was almost insoluble to common solvents, and the spectral measurements in
solution could not be performed. Diffuse reflection spectra of [8]:2HCIO4 in the region
of 1200-400 nm in the solid state showed two bands assignable to 3Tzg«>Azq and
3T19<3A transitions for the octahedral Ni" center at 1035 and 594 nm (Figure 3-8),
which were similar to those observed for [Au'sNi"x(dppe)2(D-pen)s] without
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incorporation of acid showing the bands at 1034 and 601 nm (Figure 3-9). Solid state CD
spectrum of [7]-2HCIOg4 in the region of 850-400 nm showed a positive band at 658 nm
and a negative band at 567 nm, which were also similar to those of the analogous crystal
without incorporation of acid showing positive and negative bands at 627 and 554 nm,
respectively (Figure 3-10). The powder X-ray diffraction pattern matched with the
patterns simulated from the single-crystal X-ray structures well, and denoted the
sample’s purity in terms of crystallography (Figure 3-11).

111-3-3. Synthesis and Characterization of [AuzNi(trans-dppee)(D-pen)z]» ([9]).

Reaction of multidentate metalloligand D2-H2[2] with Ni(OAc)2-4H20 in a 1:1 ratio in
MeOH at room temperature gave a green solution. Green crystals with a plate-like shape
([9]) were isolated from the reaction solution, after the diffusion of acetonitrile (Scheme
3-2). X-ray fluorescence spectroscopy indicated the presence of Au and Ni atoms in [9],
and its elemental analytical data was in agreement with a formula consisting of
[Auz(trans-dppee)(D-pen)2]> (D2-[2]%) , Ni?* in a 1:1 ratio. In the IR spectrum, a C=0
stretching band for deprotonated carboxylate groups of D-pen at 1593 cm™, and P—Ph
stretching bands at 745-691 cm~* were observed (Figure 3-12).

Single-crystal X-ray analysis revealed that [9] was an infinite neutral chain complex,
[Au'2Ni"(trans-dppee)(D-pen)2]», in which [Au'x(trans-dppee)(D-pen)2]> moieties and
Ni' centers arranged alternately, and the solvent molecules were found in the crystal (vide
infra). This complex was almost insoluble to common solvents, and the spectral
measurements in solution could not be performed. Diffuse reflection spectrum in the
region of 1200-400 nm in the solid state showed two bands assignable to 3Tog«3Azg and
3T1g«—3Aq transitions for the octahedral Ni'' center at 1025 and 599 nm, which were
similar to those observed for [Au'sNi'>(dppe)2(D-pen)s] (Figure 3-13). Solid state CD
spectrum in the region of 850-400 nm showed a positive band at 688 nm and a negative
band at 591 nm (Figures 3-10, 3-14), which were also similar to these for
[Au'sNi">(dppe)2(D-pen)s]. The powder X-ray diffraction pattern matched with the
patterns simulated from the single-crystal X-ray structures well, and no contamination of
the crystalline phase that was isostructural to [7]-2HCIO4 was observed (Figure 3-15).

I11-3-4. Synthesis and Characterization of [AusNiz(trans-dppee)z2(D-pen)s]-NHaX

([7]'NH4X, NH4X = 2NH4ClO4 or 4/3NHaNO:s).

To investigate whether [7]-2HCI104 exhibits absorption capability with respect to base
molecules, green single crystals of [7]-2HCIO4 were soaked in a 0.1 M aqueous solution
of NH3s overnight to give the crystals of [7]-2NH4ClO4 (Scheme 3-4). The shapes of the
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crystals remained unchanged, and the PXRD pattern of the crystals after this treatment
was essentially the same as those of [7]-:2HCIO4 (Figure 3-6). X-ray fluorescence
spectroscopy indicated the presence of Au, Ni, and Cl atoms in [7]-2NH4ClOa, and its
elemental analytical data was in agreement with a formula consisting of [Au(trans-
dppee)(D-pen)2]*>= (D2-[2]%) , Ni%*, NH4*, and ClOs in a 2:2:1:1 ratio. However, the
elemental analysis data showed that the observed weight % of nitrogen was smaller than
the calculated value by 0.31%. This result was explained by the release of a small amount
of the incorporated ammonia in [7]-2NH4ClOs4 during the filtration and washing with
water. Indeed, the elemental analysis data of [7]-2NH4CIO4 which was exposed to the
ammonia gas was good agreement with the hexahydrate form due to the avoidance of the
release of ammonia during the above processes (vide infra). The IR spectrum showed the
presence of D-pen and trans-dppee ligands based on the bands of COO~ and P—Ph group
at 1591 and 746-691 cm™, respectively, and also showed the presence of CIOs based on
the bands at 1101 and 623 cm~! but no shoulder for C=0 stretching as observed in the
spectrum of [7]-2HCI104 (Figure 3-1). Diffuse reflection spectra of [7]-:2NH4ClO4 in the
region of 1200-400 nm in the solid state showed two bands assignable to 3Tog«3Azg and
3T14<—3Ag transitions for the octahedral Ni'" center at 1037 and 599 nm (Figure 3-16),
which were similar to those observed for [7]-2HC104 showing the bands at 1035 and 594
nm (Figure 3-2). Solid state CD spectrum of [7]-2NH4ClO4 in the region of 850-400 nm
showed a positive band at 646 nm and a negative band at 557 nm (Figure 3-17), which
were also similar to those of [7]-2HC104 showing positive and negative bands at 658 and
567 nm, respectively. These similarities indicated the maintenance of the molecular
conformation. By single-crystal X-ray analysis, the single-crystal-to-single-crystal
(SCSC) incorporation of ammonia into [7]-2HC104 was confirmed (vide infra).

Standing the crystals of [7]-4/3HNOz in ammonia atmosphere for a week led to the
incorporation of ammonia into the crystal lattice. X-ray fluorescence spectroscopy
indicated the presence of Au, and Ni atoms in [7]-4/3NH4NOs, and its elemental analytical
data was in agreement with a formula consisting of [Auz(trans-dppee)(p-pen)z]*~ (Dz-
[2]%), Ni?*, NH4*, and NOs~ in a 2:2:4/3:4/3 ratio. The IR spectrum showed the presence
of D-pen and trans-dppee ligands based on the bands of COO~ and P—Ph group at 1588
and 746-692 cm1, respectively, and also showed the presence of NOs~ based on the band
at 1385 cm™ but no band for C=0 stretching shoulder observed in the spectrum of
[7]-4/3HNOs (Figure 3-1). Its powder X-ray diffraction pattern (Figure 3-7c) and the
result of single crystal X-ray diffraction experiment indicated that the ammonia molecules
were incorporated into the crystals in a SCSC manner (vide infra).

111-3-5. Synthesis and Characterization of [AusNi2(dppe)2(D-pen)s]-2NHsClO4 ([8]-
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2NH4ClOa).

Standing the crystals of [8]-2HCIO4 in ammonia atmosphere for a week led to the
incorporation of ammonia into the crystal lattice. X-ray fluorescence spectroscopy
indicated the presence of Au, Ni, and CI atoms in [8]-2NH4ClOs, and its elemental
analytical data was in agreement with a formula consisting of [Auz(trans-dppee)(D-
pen)2]> (D2-[2]%) , Ni?*, NH4", and ClO4 in a 2:2:1:1 ratio. The IR spectrum showed the
presence of D-pen and trans-dppee ligands based on the bands of COO~ and P—Ph group
at 1577 and 732-692 cm, respectively, and also showed the presence of CIO4~ based on
the bands at 1105 and 625 cm (Figure 3-8). Its powder X-ray diffraction pattern
indicated the retention of crystallinity after the ammonia molecules were incorporated
into the crystals (Figure 3-11, vide infra).

111-3-6. Reverse Ammonia Desorption Reaction for [AusNiz(trans-dppee)2(D-pen)4]

2NH4ClO4

Immersing [7]-2NH4ClO4 crystals into an aqueous solution of HCIO4 (0.01 M) overnight
led to the desorption of ammonia and reverted [7]-2HCIO4 crystals were obtained in a
SCSC manner (Scheme 3-4). X-ray fluorescence spectroscopy indicated the presence of
Au, Ni, and CI atoms in reverted [7]-2HCIOs, and its elemental analytical data was in
agreement with a formula consisting of [Auz(trans-dppee)(D-pen)2]*~ (D2-[2]%) , Ni?*,
and HCIO4 in a 2:2:1 ratio. The IR spectrum showed the presence of D-pen and trans-
dppee ligands based on the bands of COO~ and P—Ph group at 1590 and 746-691 cm™,
respectively, and also showed the presence of ClO4~ based on the bands at 1103 and 624
cm~ (Figure 3-1). A small shoulder at ca. 1716 cm™ re-appeared after the treatment and
this could be assigned as the band for protonated carboxylate group as in the initial
[7]1-2HCI1O4. Its powder X-ray diffraction pattern was essentially same as that of initial
[7]-2HCI104 (Figure 3-6e). The single crystal X-ray analysis was also carried out, and
some features in the crystal structure specific for [7]-:2HC104 were also found through the
data was not good enough (vide infra) .

111-3-7. Synthesis and Characterization of [AusNiz(trans-dppee)2(D-pen)z(L-pen)2]
([10D).

Reaction of a racemic mixture of metalloligands, D2-H2[2] and L»-H2[2], with
Ni(OAC)2-4H20 in a 1:1 ratio in EtOH/water (1:1) at room temperature gave a green
solution, from which green crystals with a block shape ([10]) were isolated by standing
for a week (Scheme 3-5). X-ray fluorescence spectroscopy indicated the presence of Au
and Ni atoms in [10], and its elemental analytical data was in agreement with a formula
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consisting of [Au(trans-dppee)(pen)2]> ([2]>) and Ni?* in a 1:1 ratio. In the IR spectrum,
a C=0 stretching band for deprotonated carboxylate groups of pen at 1599 cm~?, and P—
Ph stretching bands at 746-693 cm~ were observed (Figure 3-18). Diffuse reflection
spectrum in the region of 1200-400 nm in the solid state showed two bands assignable to
3Tog¢—3Azg and 3T1g«—3Ayg transitions for the octahedral Ni'" center at 1060 and 601 nm
(Figure 3-19), which were similar to those observed for the homochiral compounds. Solid
state CD spectrum in the region of 850-400 nm was silent, indicating that [10] was a meso
complex or a racemic mixture of two enantiomers (Figure 3-20). Single-crystal X-ray
analysis revealed that [10] was a hexanuclear neutral complex, [Au'4Ni'; (trans-
dppee)2(D-pen)2(L-pen)z], in which two [Au'z(trans-dppee)(D-pen)(L-pen)]?>~ moieties
were bridged by two Ni'" centers (vide infra). This complex was almost insoluble to
common solvents, and the spectral measurements in solution could not be performed.

I11-3-8. Crystal Structures of [AusNiz(trans-dppee)z(D-pen)s]-HX ([7]-HX, HX =

2HCIO4 or 4/3HNO:3).

The crystal structure of [7]-2HCIOs was determined by single-crystal X-ray
crystallography using synchrotron-radiation X-ray. Molecular and packing structures are
shown in Figures 3-21, 3-22, 3-23, 3-24, 3-25, and 3-26. The crystallographic data are
summarized in Table 3-1, and the selected bond distances and angles are listed in Table
3-2. Crystal [7]-:2HC104 contained a half of [AusNiz(trans-dppee)2(D-pen)a] unit, 4 ClO4~
ions with an occupancy of 1/2, 1/3, 1/12, and 1/12, respectively, and 14/3 solvated water
molecules in the asymmetric unit. As shown in Figure 3-22, the neutral complex molecule
had an S-bridged Au'4Ni''; hexanuclear structure consisting of two [Auz(trans-dppee)(D-
pen)2]?~ metalloligands that linked two Ni'' atoms to form a twisted 18-membered ring
structure composed of Au, Ni, S, P, and C atoms like the cationic homochiral Au'sCo"';
complexes described in Chapter 1l. The coordination geometry of each Au' atoms was
nearly linear bound with P and S atoms (Av. Au-S = 2.31 A, Au-P =2.25 A, P-Au-S =
178.4°). The two D,-[2]> metalloligands each bound to two Ni' atoms in a bis(tridentate-
N,0,S) mode such that each Ni' atoms was in a cis(N)trans(O)cis(S)-N202S, octahedral
environment (Av. Ni-S = 2.45 A, Ni-O =2.06 A, Ni-N = 2.08 A, S-Ni-S = 100.6°, O—
Ni-O = 174.9°, N-Ni-N = 96.5°) (Figure 3-23a, b). All S atoms adopted an R
configuration. The Au'sNi'"; hexanuclear structure in [7]-2HCIO4 was very similar to that
found in previously reported [AusNi2(dppe)2(D-pen)s] crystal incorporating no inorganic
acid (intramolecular Ni--Ni= 11.263(3) A for [7]-2HCIO4, 11.38 A for [AusNiz(dppe)2(p-
pen)s], Figure 3-4). ®° However, the aggregation mode of the Au'4Ni'; hexanuclear
molecules in [7]-:2HCIO differed substantially from that in [AusNi2(dppe)2(D-pen)a].
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That was, the hexanuclear molecules in [7]-2HCIO4 were self-assembled into a
supramolecular octahedron of {[Au'sNi"2]}s through 24 CH--n (C---Ph =3.43 A and 4.46
A) and 12 NH2---0OCO (N0 = 2.99 A) hydrogen-bonding interactions, accommodating
a ClO4 ion in the center (Figure 3-24a), whereas the Au'sNi'; hexanuclear molecules in
[AusNiz(dppe)2(D-pen)s] were connected with another through intermolecular
H2N--OCO hydrogen bonds, thus forming a 1D chain (Figure 3-4b, c).® In [7]-2HCIO4,
the supramolecular octahedra were closely packed in a face-centered cubic (fcc) structure
by forming intercluster CH-m interactions (Figure 3-24c). A similar fcc structure
composed of {[Au'sCo'""';]?*}s supramolecular octahedra has been found in inorganic salts
of the cationic Au'4Co"; complex, i.e., [AusCoz(trans-dppee)a(b-pen)s]>* ([3]?*) or
[AusCoz(dppe)2(D-pen)s]>*.5" The fcc structure involved a type of octahedral interstice
and two types of larger tetrahedral interstices, with one being hydrophilic, surrounded by
amine and carboxylate groups, and with the other being hydrophobic, surrounded by
phenyl and methyl groups (Figures 3-25a 3-26a). In [7]-2HCIO4, each octahedral
interstice, hydrophilic tetrahedral interstice, and hydrophobic tetrahedral interstice
accommodated a ClO4™ ion, ten ClO4™ ions that formed an adamantane-like arrangement,
and a number of water molecules that formed a large water cluster, respectively (Figures
3-25h, 3-26h).

A detailed inspection of the structure of [7]-:2HCI1O4 revealed the presence of oxygen
atoms on each of the four trigonal faces of the {{Au'4Ni'2]}s octahedron, forming strong
hydrogen bonds (O---O = 2.69 A) with three p-pen carboxylate groups from three
different Au'sNi'"; complex molecules (Figure 3-27a). Because of the strong hydrogen
bond, each carboxylate group had asymmetric C—O bonds (1.23 A, 1.27 A), consistently
with the IR spectral features. Moreover, four oxygen atoms were found inside each
{CIO4 }10 adamantane (Figure 3-28 b), each of which was hydrogen-bonded (O---O =
2.71 A) with three oxygen atoms from three different CIO4~ ions located at the octahedral
site (site A) of the adamantane (Figure 3-28a), rather than from those located at its
tetrahedral site (site B). The aforementioned oxygen atoms that formed hydrogen bonds
with three adjacent O atoms were assumed to be protonated to form HzO* ions. The
existence of additional four protons was required to compensate for the negative charge
of the ClO4 ions in [7]-:2HC104. We speculate that these protons were involved in the
water cluster. Although this crystal had similar crystal structure to that of [3](ClOs4)2,
closer look of the anion adamantane structure revealed that the ClO4~ anions were more
closely packed in the structure of [7]-2HC1O4 than that of [3](ClO4)2 (minimum CI---Cl =
4.31 A for [7]-:2HCI1O4, 4.50 A for [3](CIO4)2), and this result might be related to the
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presence of the oxonium in the {ClO4 }10 adamantane that weaken the coulombic
repulsion inside the anion aggregate.

The crystal structure of [7]-4/3HNOg3, obtained by the similar reaction using
Ni(NO3z)2:6H20 instead of Ni(ClO4):6H.0, was similar to that of [7]-2HNOa. Crystal
[7]-4/3HNO3 contained a half of [AusNix(trans-dppee)2(D-pen)s] unit, three NO3z™ ions
with an occupancy of 1/2, 1/12, and 1/12, and 31/6 solvated water molecules in the
asymmetric unit. In [7]-4/3HNOs, the Au'aNi'; hexanuclear structure, the hexameric
octahedrally aggregated neutral structure, and the fcc packing structure similar to those
of [7]-:2HC104 were formed (Table 3-3, Figures 3-29a, b, d). However, the number of
anions in the tetrahedral interstices was not 10 but 6, lacking anions in site B, which
resulted in the different number of incorporated Brensted acid per one complex molecule
(Figure 3-29c¢). This result was explained by the hydrophobic nature of CIO4™ anion. The
hydrophobic methyl groups of D-pen moieties existed near site B in the tetrahedral
interstices, which indicated the hydrophobicity of the site B, and we could suppose that
nitrate anions were less stabilized than more hydrophobic perchlorate anions, therefore
nitrate anions could not be accommodated in site B. As in the case of [7]-2HCIOg, there
were oxygen atoms on the four trigonal faces of the {[Au'sNi'"z]}s octahedron, forming
hydrogen bonds (O---O = 2.88 A) with three p-pen carboxylate groups from three
different Au'sNi'"; complex molecules, and these oxygen atoms were assumed to be
protonated to form HsO" ions as [7]-2HCIO4. In the tetrahedral interstices, 8 oxygen
atoms were found inside each {NO3s}s hexamer including these at site B, forming weak
hydrogen bonding (O---O = 3.48 A) with three oxygen atoms from three different NO3~
ions located at the octahedral site. For compensating for the negative charge of the NO3~
anions, other 4 protons were needed, and the possibility that some of these oxygen atoms
inside the {NOs}s hexamer were protonated for weakening the Coulombic repulsion
between the nitrate anions was unneglectable.

111-3-9. Crystal Structure of [AusNiz(dppe)2(D-pen)4]-2HC1O4 ([8]-:2HCIO4)

The crystal structure of [8]-2HCIO4, obtained by the similar reaction using
[Auz(dppe)(D-Hpen)2] instead of D2-H2[2] was isomorphous with that of [7]-2HCIOs..
Molecular and packing structures are shown in Figure 3-30. The crystallographic data are
summarized in Table 3-1, and the selected bond distances and angles are listed in Table
3-4. Crystal [8]-2HCIO4 contained a half of [AusNi2(dppe)2(D-pen)4] unit, five disordered
ClO4~ions with an occupancy of 1/2, 1/3, 1/12, and 1/12 and 8/3 solvated water molecules
in the asymmetric unit. In [8]-2HCIOa, the Au'sNi"'; hexanuclear structure, the hexameric
octahedrally aggregated neutral structure, and the fcc packing structure similar to those
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of [7]-:2HC104 were found (Figures 3-30a, b, d). In the hydrophilic tetrahedral interstice,
ten ClO4~ ions were accommodated in an adamantane-like structure with the oxonium
cations inside it like [7]-2HC1O4 (H3O*+Ocios = 2.76 A, minimum Cl---Cl = 4.25 A,
O---O = 2.64 A. Figure 3-30c). As described before, from the reaction of Ni" and
[Auz(dppe)(D-Hpen)2] without inorganic acid, crystals with same hexanuclear
[AusNi2(dppe)2(D-pen)a] structure were already obtained by our group, while their
aggregation was quite different from that of [8]-2HCIO4, and this fact supported the
importance of the inorganic anions as a template for the face-centered-cubic
supramolecular structures of [7].

111-3-10. Crystal Structure of [AuzNi(trans-dppee)(D-pen)2]- ([9]).

The crystal structure of [9] was determined by single-crystal X-ray crystallography.
Molecular and packing structures are shown in Figures 3-31, 3-32, 3-33, and 3-34. The
crystallographic data are summarized in Table 3-5, and the selected bond distances and
angles are listed in Table 3-6. Crystal [9] contained three of [AuxNi(trans-dppee)(D-pen)2]
unit, eleven solvated methanol molecules, and three solvated water molecules in the
asymmetric unit. As shown in Figure 3-32, the complex had an S-bridged Au';Ni" 1D
chain structure, in which [Auz(trans-dppee)(D-pen)2]>~ metalloligands and Ni'' atoms
were arranged in an alternate manner. The coordination geometry of each Au' atoms was
nearly linear bound with P and S atoms (Av. Au-S = 2.30 A, Au-P = 2.25 A, P-Au-S =
175.3°, Au--Au = 3.26 A). The two D,-[2]?>~ metalloligands each bound to two Ni' atoms
in a bis(tridentate-N,0,S) mode such that each Ni'' atoms was in a cis(N)trans(O)cis(S)-
N20,S; octahedral environment (Av. Ni-S = 2.44 A, Ni-0 =2.07 A, Ni-N =2.08 A, S—
Ni—S = 99.8°, O-Ni—0=172.7°, N-Ni—N = 98.4°) (Figure 3-33a, b). All S atoms adopted
an R configuration. In the crystal structure, the Au'2Ni" infinite chains were connected to
each other through the methanol and water mediated hydrogen bonding interactions to
form a 3D network structure, accommodating solvate molecules between them (Figure 3-
34). This infinite polymer structure in [9] containing open-bridged metalloligand was in
sharp contrast to the charge-separated supramolecular structure in the crystal of [7]-HX,
in which the metalloligands had closed-bridging mode, thus forming a discrete Au'4Ni'';
hexanuclear structure (Scheme 3-1).

111-3-11. Crystal Structures of [AusNiz(trans-dppee)z(D-pen)s]-NHsX ([7]'NHaX,

NH2X = 4/3NH4NOs3 or 2NH4ClOs4).
The crystal structure of [7]-:2NH4CIO4 was determined by single-crystal X-ray
crystallography using synchrotron-radiation X-ray. Molecular and packing structures are
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shown in Figures 3-35. The crystallographic data are summarized in Table 3-1, and the
selected bond distances and angles are listed in Table 3-7. Crystal [7]-2NH4CIO4
contained a half of [AusNiz(trans-dppee)2(D-pen)4] unit, four CIO4~ ions with occupancy
of 1/2, 1/3, 1/12, and 1/12, respectively, two ammonium cations with occupancy of 1/3
and 1/3, and 61/24 solvated water molecules in the asymmetric unit. The overall structure
in [7]:2NH4CIO4 was very similar to that in [7]-2HCIOs4, having an fcc structure
comprising the {[Au'sNi">]}s supramolecular octahedra (Figure 3-35b, 3-35¢). Moreover,
the octahedral interstices, the hydrophilic tetrahedral interstices, and the hydrophobic
tetrahedral interstices in [7]-2NH4ClO4 each accommodated one CIO4 ion, ten CIO4~ ions
with an adamantane-like arrangement, and a water cluster, respectively. However, in
[7]1:2NH4CIOs, the orientation of four CIO4~ anions located at site B of the {ClOs }10
adamantane appeared to be opposite that in [7]-2HCIO4 (Figures 3-28a, 3-28c). Four
nitrogen atoms inside the {ClO4 }10 adamantane were also found as the oxygen atoms in
the perchlorate cluster in the crystal structure of [7]-2HCIO4. However, each nitrogen was
hydrogen-bonded not only with the CIO4~ ions at site A (N---O = 2.95 A) but also with
those at site B (N---O = 2.77 A) (Figures 3-28b, 3-28d). This structural feature was
rationalized by the replacement of the H3O" ions inside the {ClO4 }10 adamantane with
symmetrical NH4" ions, which allowed for the formation of flexible hydrogen-bonding
interactions with all of the surrounding CIO4™ ions. A detailed structural comparison
between [7]-2HCIO4 and [7]-2NH4ClO4 also revealed that the hydrogen-bond distances
between the H3O" ion and the three p-pen carboxylate groups in [7]-2HCIOs (H30*---O
= 2.69 A) were elongated in [7]-2NHsClO4 (NH4*---O = 2.81 A) (Figure 3-27). This
elongation suggested that H3O* was replaced with NH4* given that N-H---O hydrogen
bonds are commonly weaker than O-H---O bonds.’® The disappearance of the C=0
stretching shoulder in the IR spectrum of [7]-2NH4CIO4 was consistent with this
possibility.

The crystal structure of [7]-4/3NH4NOs was determined by single-crystal X-ray
crystallography using synchrotron-radiation X-ray. Molecular and packing structures are
shown in Figure 3-36. The crystallographic data are summarized in Table 3-1, and the
selected bond distances and angles are listed in Table 3-8. Crystal [7]-4/3NH4NO3
contained a half of [AusNiz(trans-dppee)2(D-pen)s] unit, three NOs~ ions with an
occupancy of 1/2, 1/12, and 1/12, respectively, two ammonium cations with an occupancy
of 1/3 and 1/3, and two solvated water molecules in the asymmetric unit. The overall
structure in [7]-4/3NH4NO3s was also very similar to that in [7]-4/3HNOs (Figures 3-36a,
b, d). However, in [7]-4/3NH4NOs, there was no anions at site B and the change of the
orientation of anions located was not remarkable (Figure 3-36¢), the same tendency was
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found as [7]-2HCIO4 for the hydrogen bond distance and the hydrogen-bond distances
between the H3O" ion and the three D-pen carboxylate groups in [7]-4/3HNO3 (O---O =
2.88 A) were elongated in [7]-4/3NHsNOs (N---O = 2.92 A).

111-3-12. Crystal Structures of [AusNiz2(dppe)2(D-pen)s]-2NH4CIlOx ([8]-2NH4ClOa).
The crystal structure of [8]-2NH4ClO4 was determined by single-crystal X-ray
crystallography using synchrotron-radiation X-ray. Molecular and packing structures are
shown in Figure 3-37. The crystallographic data are summarized in Table 3-1, and the
selected bond distances and angles are listed in Table 3-9. Crystal [8]-:2NH4CIlO4
contained a half of [AusNiz(dppe)2(D-pen)s] unit, four disordered ClO4~ ions with an
occupancy of 1/2, 1/3, 1/12, and 1/12, two ammonium molecules with an occupancy of
1/3, and one solvated water molecule in the asymmetric unit. In [8]-2NH4ClOs, the
Au'4Ni'"; hexanuclear structure, the hexameric octahedrally aggregated neutral structure,
and the fcc packing structure similar to those of [7]-:2HCIO4 were formed (Figure 3-37a,
b, d). In the hydrophilic tetrahedral interstice, ten ClO4~ ions were accommodated in an
adamantane-like structure with four ammonium cations mediating the hydrogen bonding
between them, like [7]-:2NH4CIO4 (NH4*---Ocios = 2.79, 2.76 A, minimum Cl---Cl = 4.12
A, 0---0 =259 A Figure 3-37c). The shorter Cl---Cl length might be resulted from the
stronger hydrogen bonding ability of ammonium cation than that of oxonium cation.

I11-3-13. Crystal Structure of reverted [AusNiz(trans-dppee)2(D-pen)s]-2HCIO4

([7]1-2HCI1O3).

The crystal structure of reverted [7]-2HCI1O4 after the desorption of ammonia was also
investigated via single-crystal X-ray crystallography using synchrotron-radiation X-ray.
The crystallographic data are summarized in Table 3-1, and the selected bond distances
and angles are listed in Table 3-9. Molecular and packing structures are shown in Figure
3-38. While the single-crystal-to-single-crystal reverse conversion was proved, the data
was not so good and the oxygen atoms on perchlorate anions in site B could not be found
perfectly. Despite the comparably low data quality, the hydrogen-bond distances between
the oxonium cation and the three D-pen carboxylate groups in reversed [7]-2HC1O4
(H30*---0 = 2.71 A) were shorter than the distance between ammonium and carboxylate
in [7]-2NH4ClO4 (NH4*---O = 2.81 A), and similar to that in initial [7]-2HCIO4 (H30*-O
=2.69 A), indicating that reverse conversion occurred successfully (Figure 3-27).

111-3-14. Crystal Structure of [AuaNiz(trans-dppee)2(D-pen)2(L-pen)2] ([10]).
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The crystal structure of [10] was determined by single-crystal X-ray crystallography.
Molecular and packing structures are shown in Figures 3-39, 3-40, 3-41, and 3-42. The
crystallographic data are summarized in Table 3-10, and the selected bond distances and
angles are listed in Table 3-11. Crystal [10] contained one [AusNiz(trans-dppee): (D-
pen)z2(L-pen)2] unit, two EtOH molecules, and 18 solvated water molecules in the
asymmetric unit. As shown in Figure 3-40, the complex molecule had an S-bridged
Au'4Ni"; hexanuclear structure consisting of two heterochiral [Auz(trans-dppee)(D-pen)
(L-pen)]*>~ metalloligands that linked two Ni'" atoms to form an 18-membered ring
structure composed of Au, Ni, S, P, and C atoms. The coordination geometry of each Au'
atoms was nearly linear bound with P and S atoms (Av. Au-S = 2.32 A, Au-P =2.25 A,
P-Au-S = 176.8°). The two DL-[2]* metalloligands each bound to two Ni'"' atoms in a
bis(tridentate-N,0,S) mode such that each Ni" atoms was in a cis(N)trans(O)cis(S)-
N.O,S; octahedral environment (Av. Ni-S = 2.45 A, Ni-O = 2.06 A, Ni-N = 2.07 A, S-
Ni—S =99.9°, O-Ni-0=173.8°, N-Ni—N = 99.8°) (Figures 3-41a, b). The intramolecular
aurophilic interactions were found in the complex molecule (Au--Au = 3.0334(10),
3.0157(10) A) and these interactions probably stabilize the whole hexanuclear
heterochiral complex structure and prevent the formation of homochiral hexanuclear and
homochiral 1D chain structures. In [10], no direct hydrogen bonds between the complex
molecules were found, and the complex molecule arranged in parallel fashion (Figure 3-
42).

111-3-15. Aggregation Behavior of the Au'Ni'' Complexes.

In the reactions using homochiral trans-dppee metalloligand D2-H2[2], two kinds of
crystals with totally different structures were obtained depending on the presence of acid;
the 1D infinite chain structure incorporating no acid ([9]) and the discrete hexanuclear
complex with a hexameric supramolecular structure incorporating HCIOs or HNOs
molecules ([7]-:2HCIO4 and [7]-4/3HNOg3). In [7]-HX, the acid was incorporated
separately as an anionic form (NOs~ and ClO4") and a protonated oxonium form. The
inorganic anions formed an adamantane-like decameric or an octahedron-like hexameric
supramolecular structure and were accommodated in the tetrahedral interstices in the fcc
structure constructed by the hexamer of the neutral Au'sNi''; complex molecules. Each of
the anion was hydrogen bonded with amine groups of different complex molecules so as
to connect neighboring complex hexamers (Figures 3-43a, b, ¢). The presence of the
anions might contribute to the stabilization of this crystal structure as template. Such
behaviors that introducing strong Brgnsted acid as a template have been scarcely reported,
only weak acids, such as boronic acids and protonated nucleobases, have been used as a
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template,?® while the acid-incorporated materials have been proposed to be highly
applicable as acid catalysts, base scavengers and base-responsive sensors.?* On the other
hand, in [9], no acid was incorporated even though the acetate anions from the nickel
source Ni(OAc). had a possibility for the incorporation. Such differences might come
from the acidity of coexisting acids. The weaker acid (AcOH) might be in a protonated
form in the reaction solution, whereas the strong acids (HNOz and HCIO4) were
dissociated to form H3O" and the anions. Acetic acid does not have the same hydrogen
bonding ability as strong acids, enabling to act as a template for [7]-nHX.

In the case of homochiral dppe metalloligand, the molecular structure of the Au'Ni"
complexes was the same Au'sNi''; 18-membered twisted ring structure for both the crystal
with acid ([8]-2HCIO4) and without acid ([8]-0.5EtOH-0.5Et,0O-7.25H,0) which was
obtained by the reaction of [Auz(dppe)(D-Hpen)2] and Ni(OAc). without any additional
acid.® Although their molecular structures were same, their supramolecular structures
were completely different. In the previously reported complex, [8]-0.5EtOH-0.5Et.O
-7.25H,0, which incorporated no acid molecules, the hexanuclear units were connected
to each other only through the hydrogen bonds between the amine and carboxylate groups
to form a hydrogen bonded 1D chain-like arrangement (Figures 3-4a, b, c), On the other
hand, in [8]-2HCIOs, the hexanuclear units were connected to each other through the
CH---m and hydrogen-bonding interactions to form the hexameric structure and the
closely packed fcc structure incorporating the anions in its tetrahedral interstice. These
facts indicated the importance of the coexisting acid in the reaction solution on the
crystallization process. Similar to the trans-dppee case, the presence of the suitable
inorganic anions might stabilize the above-mentioned unique supramolecular structure.
In addition, the difference between the 1D coordination polymer of [9] with trans-dppee
ligands and the discrete hexanuclear structure of [8]-0.5EtOH-0.5Et20-7.25H,O with
dppe ligands. Due to the rigidness of trans-dppee, it was assumed that metalloligands
prefer a possible linear shaped structure. Furthermore, stronger Au---Au interactions
could be recognized in [9] (Av. Au-Au=3.26 A) than in [8]-0.5EtOH-0.5Et,0-7.25H.0
(Av. Au--Au = 3.42 A). This stabilization also contributed to form the coordination
polymer structure in [9].

In the dppe heterochiral system, the homochiral Au'sNi', hexanuclear complexes in
[AusNiz2(dppe)2(D-pen)s] and [AusNiz(dppe)2(L-pen)s] were formed, and these structures
were crystallized together to form a racemic crystal.”® In the crystal, the dimer structure
was formed through hydrogen bonds between the amine and carboxylate groups, which
were further connected through hydrogen bonds mediated by water molecules to
construct a chain structure (Figure 3-44a, b), which was different from that in the
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homochiral [8]-2HC104 crystals. For the heterochiral Au'sNi"; complex ([10]) with trans-
dppee ligands, the complexes formed a hydrogen-bonding 1D chain arrangement
structure which is, again, sharp contrast to the supramolecular structure found in
homochiral systems ([7]). These results indicated the importance of chirality for the
formation of the supramolecular structure, because the unique separate aggregation
behavior of complex molecules and anions were found only in homochiral crystals of
[7]-2HCIO4 and [8]-2HCIOs.

111-3-16. Reaction Behavior of the Acidic Au'Ni'' Crystals toward Base

The immersion of the crystals of [7]-2HC1O4 into an aqueous NHz solution led to the
SCSC incorporation of ammonia into [7]-2HC1O4 giving [7]-:2NH4ClO4 as reported in
111-3-3. Notably, [7]-2NH4ClO4 easily reverted back to [7]-:2HC1O4, with the retention
of crystallinity, by soaking the crystals in an aqueous solution of HCIO4 overnight (111-
3-5). These results indicated the robust crystal framework of [7]-2HCIOa.

Next, the absorption behavior to the methylamine (MeNH2) molecule was examined
in the similar conditions (I11-2-2-4-A-2). Unlike the treatment with NHs, the
crystallinity was lost during the treatment, confirmed by PXRD measurement of the
obtained pale green powder. The IR spectra indicated no existence of CIO4 anions
(Figures 3-45a, 3-46a). Since the tetrahedral interstices in [7]-2HCI1O4 were infinitely
connected via very narrow gates (2.90 x 0.97 A?), which were capped by two water
molecules (Figure 3-47a), it was conceivable that the MeNH; molecule (diameter ca.
3~4 A)? cannot pass through the crystal lattice. Only on the surface of the crystals, the
neutralization occurred leading to the proton transportation through the gate, which
resulted in the collapse of the crystal lattice caused by the large Coulombic repulsion
among ClO4™ ions in the adamantine-like aggregate.

The 1D coordination polymer in [9] did not absorb NHsz molecules by the same
treatment as [7]-2HCI1O4 (111-2-2-4-D) based on the elemental analytical data. The same
result was also obtained when the Au'4Co'"'; complex of [3](ClO4). was treated with an
aqueous NHs, although [3](CIO4). had nearly the same fcc structure as [7]-2HC1O4 (111-
2-2-4-E). Thus, the presence of H3O" ions was essential for the absorption of NHs
molecules in [7]-2HCIOa.

The NHz absorption behavior was also examined for [7]-4/3HNO3 (111-2-2-4-B) with
the treatment in aqueous NHs. Based on the IR spectrum, elemental analysis, and powder
X-ray diffraction, the green powder was found to incorporate neither nitrate nor ammonia
with the loss of crystallinity (Figures 3-45b, 3-46b). This result is explained by the size
difference between perchlorate and nitrate anions; the nitrate anion is smaller than
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perchlorate and the elusion of nitrate anion though the above-mentioned narrow gates
takes place more easily than perchlorate (Figure 3-46a). Eventually, the loss of inorganic
anions mediating the interaction between the complex molecules led to the loss of its
crystallinity.

Based on the failure of NHs incorporation experiment from an aqueous solution, the
incorporation of gaseous ammonia was undergone as described above (111-3-3). The
gaseous reaction led to the incorporation of ammonia into [7]-4/3HNO3 crystals to be
[7]-4/3NH4sNO3s with the retention of the crystallinity.

The incorporation of ammonia from gaseous phase was also successful in the case of
[7]-2HC104, which was confirmed by elemental analysis, IR spectra, and powder X-ray
diffraction pattern (111-2-2-5-A, Figures 3-45c, 3-46¢).

The NHs absorption behavior of [8]-2HCIO4 in an aqueous solution was also examined
(111-2-2-4-C). Based on the IR spectrum, elemental analysis, and powder X-ray
diffraction, the green powder was found to incorporate neither perchlorate nor ammonia
with the loss of crystallinity (Figures 3-45d, 3-46d). This result was sharp contrast to the
SCSC conversion of [7]-2HCIO4 with trans-dppee units. It was possible to explain the
difference by the flexibility of the diphosphine linker units; the dppe unit is less rigid than
trans-dppee unit. (Figure 3-47b) The narrow gate in [7]-2HCIO4 bearing rigid trans-
dppee units did not allow the perchlorate anion to be eluted, while the gate in [8]-2HCIO4
with dppe would flexibly open the gate for the pathway of perchlorate anions. Eventually,
the elusion of inorganic anions that mediate the hydrogen bonding interactions between
the complex molecules led to the loss of the crystallinity.

The incorporation of gaseous ammonia was also undergone (previously explained in
111-3-3). This experiment also led to the isolation of [8]-2NH4ClO4 with the retention of
its single-crystallinity.
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111-4. Summary.

In this chapter, the AusNi'> hexanuclear complexes, [Au'sNi"z(trans-dppee)z(p-
pen)s]-HX ([7]-HX; HX = 4/3HNOs, 2HCIO4), and the Au';2Ni"" 1D chain coordination
polymer, [Au';2Ni'(trans-dppee)(p-pen)2]- ([9]), were synthesized by the reactions of the
chiral metalloligand, [Au'z(trans-dppee)(p-Hpen)] (D2-H2[2]), with Ni" with and without
strong Brgnsted acids. In these complexes, the metalloligand, D.-H2[2], coordinated to
two Ni'" centers in a bis(tridentate-N,0,S) mode to form a twisted metalloring structure in
[7]-HX and a chain structure in [9]. In the crystal structures of [7]-HX, the six complex
molecules were aggregated into a large octahedron-shaped supramolecular structure
through multiple interactions, and these hexameric supramolecular octahedrons were
packed in a face-centered cubic (fcc) structure. Remarkably, inorganic anions (10CIO4-,
or 6NO3") were aggregated in each hydrophilic tetrahedral interstice in a fcc structure in
spite of the neutral nature of [7]. It is assumed that some of solvated water molecules are
protonated to balance the charge. The formation of the crystals by the incorporation of
acids indicates the importance of the inorganic anions during the crystallization process.
Its importance was also indicated by the successful crystallization of the isomorphous
dppe analogue ([8]-2HCIOs4), of which molecular structure was similar to the previously
reported crystal of [Au'aNi'>(dppe)2(D-pen)s], but its aggregation behavior was totally
different.

These crystals accommodating an inorganic acid showed a reversible reactivity toward
basic molecules, where the incorporation of NHz molecules underwent with the retention
of the single crystallinity. [7]-:2HCIO4 absorbed NHsz molecules from an aqueous
ammonia and produced [7]-2NH4ClOa4, which was easily reverted back to [7]-2HCIO4 in
a single-crystal-to-single-crystal conversion manner. The removal of ammonia from
aqueous media is an important issue in environmental and biological sciences.?® However,
to our best of knowledge, the system reported in this thesis represented the first example
of a coordination system that exhibits reversible absorption/desorption of NH3 molecules
in aqueous media; the reported incorporation of NHz molecules into metal-organic
frameworks has been achieved only from gaseous ammonia.?*

In the absence of inorganic acids in the synthetic conditions, the 1D chain coordination
polymer was formed in [9]. Such an infinite chain structure has never been found for the
Au'Co"" and Au'Ni'" analogous crystals.

In this chapter, the effect of the chirality on the molecular and supramolecular
structures of Au'Ni'' complexes was also investigated. The reaction of a racemic mixture
of the chiral metalloligands [Au'z(trans-dppee)(D or L-Hpen)z] (D2-Hz[2], L2-H2[2]) with
Ni" gave the Au'sNi'"; heterochiral complex, [Au'sNi'z(trans-dppee)z2(D-pen)2(L-pen)z]
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([10]). In [10], the heterochiral metalloligand (DL-H2[2]) was formed through the
scrambling of the racemic metalloligands in solution, which links two Ni ions in a
bis(tridentate-N,O,S) mode to make the 18-membered ring structure. The crystal packing
did not show the charge-separated type of supramolecular structure, indicating the
importance of chirality on the unique supramolecular aggregation. Thus, the study in this
chapter clarified the useful role of the trans-dppee units in the crystallinity, the rigidity,
and the novel SCSC conversion.
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Table 3-2. Selected bond distances (A) and angles (°) for [7]-2HCIOsa.

distances
Au(1)-P(1) 2.252(6) Au(1)-S(1) 2.305(5)
Au(2)-P(2) 2.251(4) Au(2)-S(2) 2.306(4)
Ni(1)-O(3) 2.041(9) Ni(1)-N(2) 2.069(13)
Ni(1)-O(1) 2.081(9) Ni(1)-N(1) 2.096(12)
Ni(1)-S(1) 2.437(4) Ni(1)-S(2) 2.463(4)
C(23)-C(23) 1.262(18) C(36)-C(36)’ 1.25(3)

angles

P(1)-Au(1)-S(1) 178.59(16) P(2)-Au(2)-S(2) 178.19(13)
O(3)-Ni(1)-N(2) 79.6(5) O(3)-Ni(1)-0(2) 174.9(4)
N(2)-Ni(1)-O(1) 98.2(5) O(3)-Ni(1)-N(1) 97.3(4)
N(2)-Ni(1)-N(1) 96.5(5) O(1)-Ni(1)-N(2) 78.4(4)
O(3)-Ni(1)-S(1) 91.8(3) N(2)-Ni(1)-S(1) 171.0(4)
O(1)-Ni(1)-S(2) 90.3(3) N(1)-Ni(1)-S(1) 82.0(4)
O(3)-Ni(1)-S(2) 90.1(3) N(2)-Ni(1)-S(2) 82.1(4)
O(1)-Ni(1)-S(2) 94.0(3) N(1)-Ni(1)-S(2) 172.0(3)
S(1)-Ni(1)-S(2) 100.60(16) C(23)’-C(23)-P(1) 141(2)
C(36)’-C(36)-P(2) 122.3(18)

Symmetry code: () x, 1-y, 1-z.
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Table 3-3. Selected bond distances (A) and angles (°) for [7]-4/3HNOs.

distances
Au(1)-P(1) 2.231(7) Au(1)-S(1) 2.305(6)
Au(2)-P(2) 2.251(6) Au(2)-S(2) 2.307(6)
Ni(1)-O(3) 2.043(13) Ni(1)-N(2) 2.045(18)
Ni(1)-N(1) 2.088(15) Ni(1)-0(1) 2.089(13)
Ni(1)-S(1) 2.446(6) Ni(1)-S(2) 2.466(6)
C(23)-C(23) 1.280(15) C(36)-C(36)’ 1.297(15)
angles

P(1)-Au(1)-S(1) 178.5(2) P(2)-Au(2)-S(2) 178.5(2)
O(3)-Ni(1)-N(2) 81.0(7) O(3)-Ni(1)-N(1) 97.4(6)
N(2)-Ni(1)-N(1) 96.4(6) O(3)-Ni(1)-0(2) 175.8(6)
N(2)-Ni(1)-O(1) 97.9(6) N(1)-Ni(1)-O(1) 78.6(5)
O(3)-Ni(1)-S(1) 90.7(4) N(2)-Ni(1)-S(1) 170.9(5)
N(1)-Ni(1)-S(1) 81.0(4) O(1)-Ni(1)-S(1) 90.1(4)
O(3)-Ni(1)-S(2) 90.1(4) N(2)-Ni(1)-S(2) 82.3(5)
N(1)-Ni(1)-S(2) 172.1(5) O(1)-Ni(1)-S(2) 93.8(4)
S(1)-Ni(1)-S(2) 101.5(2) C(23)-C(23)-P(1) 129(3)

C(36)-C(36)-P(2) 120.8(18)

Symmetry code: (') 1-x, y, 1-z.
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Table 3-4. Selected bond distances (A) and angles (°) for [8]-2HCIO..

distances
Au(1)-P(1) 2.261(2) Au(1)-S(1) 2.311(2)
Au(2)-P(2) 2.251(2) Au(2)-S(2) 2.312(2)
Ni(1)-O(1) 2.039(6) Ni(1)-O(3) 2.080(6)
Ni(1)-N(1) 2.069(8) Ni(1)-N(2) 2.090(7)
Ni(1)-S(2) 2.432(2) Ni(1)-S(1) 2.459(2)
C(11)-C(11) 1.521(17) C(12)-C(12y 1.52(2)

angles

P(1)-Au(1)-S(1) 177.98(8) P(2)-Au(2)-S(2) 177.73(8)
O(1)-Ni(1)-0(3) 173.6(3) O(1)-Ni(1)-N(2) 79.4(3)
O(3)-Ni(1)-N(2) 97.2(3) O(1)-Ni(1)-N(2) 96.6(3)
O(3)-Ni(1)-N(2) 78.2(3) N(1)-Ni(1)-N(2) 96.7(3)
O(1)-Ni(1)-S(2) 92.7 (2) O(3)-Ni(1)-S(2) 90.5 (2)
N(1)-Ni(1)-S(2) 171.9(3) N(2)-Ni(1)-S(2) 82.2(2)
O(1)-Ni(1)-S(2) 89.89(19) O(3)-Ni(1)-S(1) 95.05(19)
N(1)-Ni(1)-S(1) 81.6(2) N(2)-Ni(1)-S(1) 172.9(2)
S(2)-Ni(1)-S(1) 100.42(8) C(11)-C(11)-P(2) 110.5 (8)
C(12)-C(12)-P(2) 110.7(8)

Symmetry code: (') x, 3/2-y, 3/2—z.
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Table 3-5. Crystallographic data for [9].

[9]-11MeOH-5H20

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

v, A’

Z

p(calc), g/cm?®
R1 (1>24(1)) ¥
WR2 (1>24(1))
R1 (all data) ¥
WR2 (all data) ©

C30.67H40AU2NiIN20g.33P2S>
1272.77

green

0.14 x 0.14 x 0.05
orthorhombic
P212121
11.96520(10)
31.3254(2)
37.5942(2)
14090.86(17)

12

1.800

0.0781

0.2090

0.0897

0.2202

a) R1 = X|(|Fol-|Fel)l/=(|F)
b) WR2 = [Zu(|Fof>-|Fc/?)/Zw(|Fof?)?] M2
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Table 3-6. Selected bond distances (A) and angles (°) for [9].

P(1)-Au(1)
P(3)-Au(2)
P(4)-Au(3)
P(5)-Au(4)
P(6)-Au(5)
P(2)-Au(6)’
Ni(1)-O(5)
Ni(1)-N(3)
Ni(1)-S(3)
O(1)-Ni(2)
N(1)-Ni(2)
S(1)-Ni(2)
Ni(3)-0(9)
Ni(3)-N(5)
Ni(3)-S(5)
C(55)-C(56)
C(107)-C(108)
Au(3)-Au(4)

P(1)-Au(1)-S(1)
P(4)-Au(3)-S(3)
P(6)-Au(5)-S(5)
N(4)-Ni(1)-O(5)
O(5)-Ni(1)-0(7)
O(5)-Ni(1)-N(3)
N(4)-Ni(1)-S(3)
O(7)-Ni(1)-S(3)
N(4)-Ni(1)-S(4)
O(7)-Ni(1)-S(4)
S(3)-Ni(1)-S(4)

N(1)-Ni(2)-O(1)
N(1)-Ni(2)-N(2)

2.242(5)
2.247(4)
2.250(4)
2.244(5)
2.251(5)
2.258(5)
2.059(16)
2.102(16)
2.435(5)
2.087(14)
2.057(19)
2.429(6)
2.072(10)
2.078(16)
2.448(5)
1.22(4)
1.19(4)
3.2019(10)

172.3(2)
172.08(15)
176.68(18)
96.5(7)
173.8(6)
78.5(7)
171.6(5)
92.8(4)
82.2(5)
92.8(4)
100.90(17)
81.0(7)
99.3(8)

distances

S(1)-Au()
S(2)-Au(2)
S(3)-Au(3)
S(4)-Au(4)
S(5)-Au(5)
S(6)-Au(6)
Ni(1)-O(7)
Ni(1)-N(4)
Ni(1)-S(4)
O(3)-Ni(2)
N(2)-Ni(2)
S(2)-Ni(2)
Ni(3)-O(11)
Ni(3)-N(6)
Ni(3)-S(6)
C(81)-C(82)
Au(1)-Au(2)
Au(5)-Au(b6)

angles

P(3)-Au(2)-S(2)
P(5)-Au(4)-S(4)
P(2)"-Au(6)-S(6)
N(4)-Ni(1)-O(7)
N(4)-Ni(1)-N(3)
O(7)-Ni(1)-N(3)
O(5)-Ni(1)-S(3)
N(3)-Ni(1)-S(3)
O(5)-Ni(1)-S(4)
N(3)-Ni(1)-S(4)
N(1)-Ni(2)-O(3)
O(3)-Ni(2)-0(1)
O(3)-Ni(2)-N(2)

150

2.318(4)
2.301(4)
2.297(4)
2.304(5)
2.288(5)
2.308(4)
2.089(16)
2.044(16)
2.450(5)
2.060(13)
2.104(18)
2.413(6)
2.049(12)
2.079(13)
2.457(5)
1.30(2)
3.3094(11)
3.2772(11)

174.69(14)
177.71(19)
178.2(2)
79.1(7)
96.6(6)
97.6(7)
91.3(5)
81.8(5)
90.9(4)
169.1(6)
94.9(6)
173.2(6)
79.7(6)



0(1)-Ni(2)-N(2)
0(3)-Ni(2)-S(2)
N(2)-Ni(2)-S(2)
0(3)-Ni(2)-S(1)
N(2)-Ni(2)-S(1)
0(11)-Ni(3)-0(9)
0(9)-Ni(3)-N(5)
0(9)-Ni(3)-N(6)
O(11)-Ni(3)-S(5)
N(5)-Ni(3)-S(5)
0(11)-Ni(3)-S(6)
N(5)-Ni(3)-S(6)
S(5)-Ni(3)-S(6)
C(55)-C(56)-P(2)
C(81)-C(82)-P(4)
C(107)-C(108)-P(6)

95.5(7)
91.9(4)
79.6(5)
94.4(5)
173.9(5)
171.2(6)
79.3(5)
96.8(5)
93.3(4)
81.7(4)
91.0(5)
175.7(4)
99.33(16)
121.2(14)
121.4(12)
132(2)

N(1)-Ni(2)-S(2)
0(1)-Ni(2)-S(2)
N(1)-Ni(2)-S(1)
0(1)-Ni(2)-S(1)
S(2)-Ni(2)-S(1)
O(11)-Ni(3)-N(5)
O(11)-Ni(3)-N(6)
N(5)-Ni(3)-N(6)
0(9)-Ni(3)-S(5)
N(6)-Ni(3)-S(5)
0(9)-Ni(3)-S(6)
N(6)-Ni(3)-S(6)
C(56)-C(55)-P(1)
C(82)-C(81)-P(3)
C(108)-C(107)-P(5)

172.8(5)
91.9(6)
82.6(6)
90.5(6)
99.22(17)
93.2(6)
79.9(5)
99.4(6)
90.1(3)
173.1(4)
96.5(3)
80.2(4)
121.6(18)
123.4(12)
128(2)

Symmetry codes: (') —x-1/2, -y, z-1/2, (") x-1/2, -y, z+1/2.
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Table 3-7. Selected bond distances (A) and angles (°) for [7]-:2NH4ClO4.

distances
Au(1)-P(1) 2.255(7) Au(1)-S(1) 2.313(7)
Au(2)-P(2) 2.250(5) Au(2)-S(2) 2.306(5)
Ni(1)-O(1) 2.053(11) Ni(1)-O(3) 2.070(11)
Ni(1)-N(1) 2.075(17) Ni(1)-N(2) 2.081(15)
Ni(1)-S(1) 2.444(5) Ni(1)-S(2) 2.486(5)
C(23)-C(23) 1.287(19) C(36)-C(36)’ 1.19(3)

angles

P(1)-Au(1)-S(1) 177.98(18) P(2)-Au(2)-S(2) 178.20(16)
O(1)-Ni(1)-0(3) 175.2(5) O(1)-Ni(1)-N(2) 78.8(5)
O(3)-Ni(1)-N(2) 97.9(5) O(1)-Ni(1)-N(2) 96.5(5)
O(3)-Ni(1)-N(2) 80.3(5) N(1)-Ni(1)-N(2) 98.3(6)
O(1)-Ni(1)-S(2) 91.2(3) O(3)-Ni(1)-S(1) 91.8(3)
N(1)-Ni(1)-S(1) 81.2(5) N(2)-Ni(1)-S(1) 172.0(4)
O(1)-Ni(1)-S(2) 94.4(3) O(3)-Ni(1)-S(2) 88.7(4)
N(1)-Ni(1)-S(2) 172.9(4) N(2)-Ni(1)-S(2) 80.2(4)
S(1)-Ni(1)-S(2) 101.3(2) C(23)’-C(23)-P(1) 139(3)
C(36)’-C(36)-P(2) 123.4(18)

Symmetry code: () x, 1-y, 1-z.
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Table 3-8. Selected bond distances (A) and angles (°) for [7]-4/3NHsNOs.

distances
Au(1)-P(1) 2.253(6) Au(1)-S(1) 2.318(6)
Au(2)-P(2) 2.246(7) Au(2)-S(2) 2.303(6)
Ni(1)-O(1) 2.048(13) Ni(1)-N(1) 2.048(18)
Ni(1)-O(3) 2.078(12) Ni(1)-N(2) 2.083(18)
Ni(1)-S(2) 2.448(6) Ni(1)-S(1) 2.472(6)
C(11)-C(11y 1.25(4) C(12)-C(12) 1.13(4)

angles

P(1)-Au(1)-S(1) 178.55(19) P(2)-Au(2)-S(2) 178.4(2)
O(1)-Ni(1)-N(2) 80.6(7) O(1)-Ni(1)-0(3) 177.1(6)
N(1)-Ni(1)-O(3) 98.7(6) O(1)-Ni(1)-N(2) 99.5(6)
N(1)-Ni(1)-N(2) 96.3(7) O(3)-Ni(1)-N(2) 77.8(6)
O(1)-Ni(1)-S(2) 90.6(5) N(1)-Ni(1)-S(2) 170.4(5)
O(3)-Ni(1)-S(2) 89.9(4) N(2)-Ni(1)-S(2) 81.4(5)
O(1)-Ni(1)-S(2) 89.3(4) N(1)-Ni(1)-S(1) 82.0(5)
O(3)-Ni(1)-S(1) 93.4(4) N(2)-Ni(1)-S(1) 170.7(5)
S(2)-Ni(1)-S(1) 101.7(2) C(11)-C(11)-P(2) 124(2)
C(12)-C(12)-P(2) 140(5)

Symmetry code: (') 1-x, 1-y, z.
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Table 3-8. Selected bond distances (A) and angles (°) for [8]-:2NH4ClO4.

distances
Au(1)-P(1) 2.253(3) Au(1)-S(1) 2.310(3)
Au(2)-P(2) 2.251(3) Au(2)-S(2) 2.320(3)
Ni(1)-O(3) 2.038(9) Ni(1)-0(1) 2.048(9)
Ni(1)-N(1) 2.052(13) Ni(1)-N(2) 2.076(12)
Ni(1)-S(2) 2.439(3) Ni(1)-S(1) 2.478(3)
C(11)-C(11y 1.52(2) C(12)-C(12) 1.55(3)

angles

P(1)-Au(1)-S(1) 178.21(10) P(2)-Au(2)-S(2) 177.80(12)
O(3)-Ni(1)-0(2) 175.2(4) O(3)-Ni(1)-N(1) 96.4(5)
O(1)-Ni(1)-N(2) 80.9(5) O(3)-Ni(1)-N(2) 78.6(4)
O(1)-Ni(1)-N(2) 97.7(4) N(1)-Ni(1)-N(2) 97.3(5)
O(3)-Ni(1)-S(2) 90.8(3) O(1)-Ni(1)-S(2) 91.8(3)
N(1)-Ni(1)-S(2) 172.5(4) N(2)-Ni(1)-S(2) 81.9(4)
O(3)-Ni(1)-S(1) 94.3(3) O(1)-Ni(1)-S(2) 89.2(3)
N(1)-Ni(1)-S(1) 80.7(4) N(2)-Ni(1)-S(1) 172.5(3)
S(2)-Ni(1)-S(1) 101.06(12) C(11)-C(11)-P(2) 111.5(11)
C(12)-C(12)-P(2) 113.2(12)

Symmetry code: (') x, 3/2-y, 1/2—z.
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Table 3-9. Selected bond distances (A) and angles (°) for reverted [7]-2HCIO..

distances
Au(1)-P(1) 2.232(9) Au(1)-S(1) 2.301(8)
Au(2)-P(2) 2.253(7) Au(2)-S(2) 2.303(8)
Ni(1)-O(3) 2.061(17) Ni(1)-0(1) 2.070(16)
Ni(1)-N(2) 2.09(2) Ni(1)-N(1) 2.09(2)
Ni(1)-S(1) 2.436(8) Ni(1)-S(2) 2.467(8)
C(23)-C(23)’ 1.03(5) C(36)-C(36)’ 1.25(4)

angles

P(1)-Au(1)-S(1) 178.3(3) P(2)-Au(2)-S(2) 178.5(3)
O(3)-Ni(1)-0(2) 175.6(8) O(3)-Ni(1)-N(2) 80.2(9)
O(1)-Ni(1)-N(2) 99.0(9) O(3)-Ni(1)-N(1) 97.8(8)
O(1)-Ni(1)-N(2) 78.0(8) N(2)-Ni(1)-N(1) 96.2(8)
O(3)-Ni(1)-S(1) 90.3(6) O(1)-Ni(1)-S(2) 90.1(5)
N(2)-Ni(1)-S(1) 170.1(8) N(1)-Ni(1)-S(1) 82.1(6)
O(3)-Ni(1)-S(2) 90.5(6) O(1)-Ni(1)-S(2) 93.7(5)
N(2)-Ni(1)-S(2) 82.4(6) N(1)-Ni(1)-S(2) 171.3(6)
S(1)-Ni(1)-S(2) 100.7(3) C(23)’-C(23)-P(1) 142(4)
C(36)’-C(36)-P(2) 123(3)

Symmetry code: () x, 1-y, 1-z.
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Table 3-10. Crystallographic data for [10].

[10]-2EtOH-18H,0

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

a °

B,°

, °

v, A’

Z

p(calc), g/cm?®
R1 (1>20(1)) @
WR2 (1>20(1))
R1 (all data) ®
wR2 (all data)

C76H128AUsNi12N4O28P4S4
2703.23

green

0.24 x 0.15x 0.03
triclinic

P-1

12.873(3)
13.023(3)
31.145(7)
96.530(7)
96.972(7)
105.031(7)
4948(2)

2

1.815

0.1000

0.2272

0.1723

0.2620

a) R1 = Z|(IFol-IFcDIZ(|Fol)
b) WR2 = [Su(|Fof*-|Fel?)/Zw(|Fo?)?]"?
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Table 3-11. Selected bond distances (A) and angles (°) for [10].

Au(1)-S(1)
Au(3)-S(3)
Au(1)-P(2)
Au(3)-P(3)
Au(l)--Au(2)
C(11)-C(12)
Ni(1)-S(1)
Ni(1)-0(1)
Ni(1)-N(1)
Ni(2)-S(3)
Ni(2)-O(5)
Ni(2)-N(3)
Ni(1)--Ni(2)

P(1)-Au(1)-S(1)
P(3)-Au(3)-S(3)
P(2)-C(11)-C(12)
P(4)-C(23)-C(24)
S(1)-Ni(1)-S(2)
S(1)-Ni(1)-0(3)
S(1)-Ni(1)-N(2)
S(2)-Ni(1)-0(3)
S(2)-Ni(1)-N(2)
O(1)-Ni(1)-N(1)
0(3)-Ni(1)-N(1)
N(1)-Ni(1)-N(2)
S(3)-Ni(2)-0(5)
S(3)-Ni(2)-N(3)
S(4)-Ni(2)-0(5)
S(4)-Ni(2)-N(3)
0(5)-Ni(2)-0(7)
0(5)-Ni(2)-N(4)
O(7)-Ni(2)-N(4)

2.287(4)
2.283(4)
2.253(4)
2.239(4)
3.0333(10)
1.280(17)
2.479(4)
2.068(10)
2.062(11)
2.446(5)
2.057(12)
2.101(15)

12.1356(37)

176.01(14)
175.85(15)
127.5(11)
124.7(12)
98.67(13)
92.5(3)
171.2(3)
90.7(3)
81.9(3)
78.9(4)
98.4(4)
101.0(4)
93.6(4)
79.7(4)
92.0(4)
171.1(4)
174.4(5)
96.6(5)
79.3(5)

distances

Au(2)-S(2)
Au(4)-S(4)
Au(2)-P(2)
Au(4)-P(4)
Au(3)--Au(4)
C(23)-C(24)
Ni(1)-S(2)
Ni(1)-0(3)
Ni(1)-N(2)
Ni(2)-S(4)
Ni(2)-0(7)
Ni(2)-N(4)

angles

P(2)-Au(2)-S(2)
P(4)-Au(4)-S(4)
P(3)-C(12)-C(11)
P(1)-C(24)-C(23)
S(1)-Ni(1)-0(1)
S(1)-Ni(1)-N(1)
S(2)-Ni(1)-0(1)
S(2)-Ni(1)-N(1)
O(1)-Ni(1)-0(3)
O(1)-Ni(1)-N(2)
0(3)-Ni(1)-N(2)
S(3)-Ni(2)-S(4)
S(3)-Ni(2)-0(7)
S(3)-Ni(2)-N(4)
S(4)-Ni(2)-0(7)
S(4)-Ni(2)-N(4)
0(5)-Ni(2)-N(3)
O(7)-Ni(2)-N(3)
N(3)-Ni(2)-N(4)

2.310(4)
2.309(4)
2.245(4)
2.256(4)
3.0157(10)
1.312(19)
2.437(4)
2.040(11)
2.068(11)
2.439(5)
2.069(11)
2.080(14)

176.46(14)
178.81(14)
120.7(11)
121.9(11)
92.7(3)
79.8(3)
92.2(3)
170.9(3)
173.6(4)
96.0(4)
78.7(4)
101.06(14)
90.3(4)
169.3(4)
91.3(4)
81.9(5)
79.2(5)
97.5(6)
99.0(6)
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wavenumber / cm™’

Figure 3-1. IR spectra of (a) [7]-2HCIO4, (b) [7]-4/3HNOs, (c) [7]-2NH4ClOs, (d)
[7]-4/3NH4NO3, and (e) reverted [7]-:2HC104 (KBr disk).
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Figure 3-2. Diffuse reflection (DR) spectrum of [7]-2HCIOg in the solid state.
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Figure 3-3. Diffuse reflection (DR) spectrum of [7]-4/3HNOs in the solid state.
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Figure 3-4. Perspective views of (a) complex molecule [Au'sNi'>(dppe)2(D-pen)d], (b)
supramolecular structure in [AusNiz2(dppe)2(D-pen)s]-0.5EtOH-0.5Et20-25H20 crystal,
and (c) [AusNiz(dppe)2(D-pen)s]-16H20 in previously reported paper. The molecules
shown in space-filling models are the solvent molecules found in the crystal structure
(ethanol and diethyl ether molecules for Figure 3-4b and water for Figure 3-4c,
respectively).
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Figure 3-5.
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CD spectrum of [7]-2HCIOg4 in the solid state.
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Figure 3-6. High resolution powder X-ray diffraction patterns of (a) [7]-:2HCI1Os, ()
[7]1-2NH4ClOs, and (e) reverted [7]-2HC1O4, with simulated patterns calculated for the
crystal structure of (b) [7]-2HCIO4 and (d) [7]-2NH4ClOa.
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Figure 3-7. Powder X-ray diffraction patterns of (a) [7]-4/3HNOz and (c)
[7]-4/3NH4NOs, with simulated patterns calculated for the crystal structure of (b)
[7]-4/3HNO3 and (d) [7]-4/3NHsNOs.
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Figure 3-8. IR spectra of (a) [8]-:2HCIO4 and (b) [8]-2NH4ClO4 (KBr disk).
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Figure 3-9. Diffuse reflection (DR) spectrum of [8]-2HCIO4 in the solid state.
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Figure 3-10. CD spectrum of [8]-2HCIO4 in the solid state.
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Figure 3-11. Powder X-ray diffraction patterns of (a) [8]-2HC104 and (c) [8]-:2NH4ClOs4,
with simulated pattern calculated for the crystal structure of (b) [8]-2HCIO4 and (d)

[8]-2NH,4CIOx.
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Figure 3-12. IR spectrum of [9] (KBr disk).
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Figure 3-13. Diffuse reflection (DR) spectrum of [9] in the solid state.
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Figure 3-14. CD spectrum of [9] in the solid state.
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Figure 3-15. Powder X-ray diffraction patterns (a) observed for [9] with (b) simulated

patterns calculated for the crystal structure of [9].
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Figure 3-16. Diffuse reflection (DR) spectrum of [7]-2NH4ClO4 in the solid state.
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Figure 3-17. CD spectrum of [7]-:2NH4CIOg4 in the solid state.
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Figure 3-18. IR spectrum of [10] (KBr disk).
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Figure 3-19. Diffuse reflection (DR) spectrum of [10] in the solid state.
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Figure 3-20. CD spectrum of [10] in the solid state.

“caepyces

Figure 3-21. An ortep drawing of complex molecule in [7]-:2HCIO4 with the atomic
labeling scheme. Hydrogen atoms are omitted for clarity. One part of the disordered
atoms is omitted. Symmetry code: (') x, 1-y, 1-z. Thermal ellipsoids were drawn in a

50 % level.
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Figure 3-23. (a) Bis(tridentate-N,O,S) coordination mode of the metalloligand and (b)
coordination geometry of Ni'" atom in [7]-:2HC104.
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Figure 3-24. Perspective views of (a) hexameric supramolecular structure of the
complex molecules accommodating one perchlorate anion, (b) adamantane-like cluster
composed of 10 perchlorate anions with 4 oxonium cations inside the tetrahedral
interstice, and (c) packing structure in [7]-2HCI1Oa.
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Figure 3-25. Perspective views of hydrophilic tetrahedral interstice (a) without
accommodated molecules and (b) with accommodated molecules in the crystal structure
of [7]-2HCIOa.

(@) (b)

Figure 3-26. Perspective views of hydrophobic tetrahedral interstice (a) without
accommodated molecules and (b) with accommodated water molecules in the crystal
structure of [7]-2HCIOa.
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Figure 3-27. Perspective views of the hydrogen bonds on the face of supramolecular
octahedron ({[7]}s) in the crystal structure of (a) [7]-2HCI1O4, and (b) [7]-2NH4ClOa.
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Figure 3-28. Perspective views of (a) the {ClO4 }10 adamantane (space-filling and stick
models) and (b) the {ClO4 }10 adamantane with HzO" ions (pink balls) in [7]-:2HCIOa.
Perspective views of (c) the {ClO4 }10 adamantane (space-filling and stick models) and
(d) the {ClO4 }10 adamantane with NH4" ions (blue balls) in [7]-2NH4ClO4. The CI
atoms of ClO4™ ions at site A and site B are green and orange, respectively.
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Figure 3-29. Perspective views of (a) complex molecule with some of the atomic
labeling scheme, (b) hexameric supramolecular structure of the complex molecules
accommodating one nitrate anion, (c) octahedron-like cluster composed of 6 nitrate
anions and 8 oxonium cations / water molecules inside the tetrahedral interstice, and (d)
packing structure in [7]-4/3HNO3. Symmetry code: (') 1-X, y, 1-z.
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Figure 3-30. Perspective views of (a) complex molecule with the atomic labeling
scheme, (b) hexameric supramolecular structure of complex molecules accommodating
one water molecule, (c) adamantane-like cluster composed of 10 perchlorate anions
inside the tetrahedral interstice with accommodated oxonium cations, and (d) packing
structure in [8]-2HCIO4. Symmetry code: (') x, 3/2-y, 3/2—z. Thermal ellipsoids were
drawn in a 50 % level.
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Figure 3-31. An ortep drawing of complex chain in [9] with the atomic labeling scheme.
Hydrogen atoms are omitted for clarity. Thermal ellipsoids were drawn in a 50 % level.

Figure 3-32. S-Bridged Au'>Ni"' 1D chain structure in [9].
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Figure 3-33. (a) Bis(tridentate-N,O,S) coordination mode of the metalloligand, and (b)
coordination geometry of Ni' atom in [9].
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Figure 3-34. Supramolecular structure of the complex chain in [9] (a) without solvated
molecules and (b) with solvated molecules in space filling model.
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(a) (b)

Figure 3-35. Perspective views of (a) complex molecule with the atomic labeling
scheme, (b) hexameric supramolecular structure of complex molecules accommodating
one perchlorate anion, and (c) packing structure in [7]-:2NHsCIO4. Symmetry code: (') X,
1vy, 1z
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Figure 3-36. Perspective views of (a) complex molecule with the atomic labeling
scheme, (b) hexameric supramolecular structure of complex molecules accommodating
one nitrate anions, (c) octahedron-like cluster composed of 6 nitrate anions inside the
tetrahedral interstice with ammonium cations, and (d) packing structure in [7]
-4/3NH4NO3. Symmetry code: () 1-x, 1-y, z.
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Figure 3-37. Perspective views of (a) complex molecule with the atomic labeling
scheme, (b) hexameric supramolecular structure of complex molecules accommodating
one perchlorate anions, (c) adamantane-like cluster composed of 10 perchlorate anions
inside the tetrahedral interstice with accommodated ammonium cations, and (d) packing
structure in [8]-2NH4ClOs. Symmetry code: () x, 3/2-y, 1/2-z.
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Figure 3-38. Perspective views of (a) complex molecule with the atomic labeling
scheme, (b) hexameric supramolecular structure of complex molecules accommodating
one perchlorate anions, (c) adamantane-like cluster composed of 10 perchlorate anions
inside the tetrahedral interstice, and (d) packing structure in reverted [7]-2HCIO..
Symmetry code: () x, 1-y, 1-z.
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Figure 3-39. An ortep drawing of complex molecule in [10] with the atomic labeling
scheme. Hydrogen atoms and solvent molecules are omitted for clarity. Thermal
ellipsoids were drawn in a 50 % level.

Figure 3-40. 18-Membered metalloring in [10].
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Figure 3-41. (a) Bis(tridentate-N,O,S) coordination mode of the metalloligand, (b)
coordination geometry of Ni'' atom in [10].
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Figure 3-42. A packing structure of [10]. The EtOH molecules are represented as a
space fill model.
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Figure 3-43. Hydrogen bonds between the complex molecules and the anions (a) at
octahedral site (site A) in [7]-2HCIO4 (H2N--Ocios = 2.997(19), 2.996(19) A), (b) at
tetrahedral site (site B) in [7]-2HCIO4 (H2N---Ocios = 2.97(3), 3.15(3), 3.11(4) A), and
(c) in [7]-4/3HNO3 (H2N--Onos = 3.01(3), 3.07(3) A). Only one part of the disordered
region is drawn.
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Figure 3-44. Perspective views of previously synthesized

[AusNiz(dppe)2(D-pen)s][AusNiz(dppe)z(L-pen)s]-15H20.°  (a)  Dimer  structure
constructed by hydrogen bonds between the amine and carboxylate groups, and (b)
chain structure constructed by hydrogen bonds between the complex dimer and the
water molecule.
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Figure 3-45. IR spectra of (a) green powder after reaction of [7]-:2HC104 and aqueous
methylamine solution, (b) green powder after reaction of [7]-4/3HNOs and aqueous
ammonia solution, (c) green crystals after reaction of [7]-2HCIO4 and ammonia in
gaseous phase, and (d) green powder after reaction of [8]-2HCIO4 and aqueous
ammonia solution (KBr disk).
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Figure 3-46. Powder X-ray diffraction patterns of (a) green powder after reaction of
[7]-2HCIO4 and aqueous methylamine solution, (b) green powder after reaction of
[7]-4/3HNOs and aqueous ammonia solution, (c) green crystals after reaction of
[7]2HCIO4 and ammonia in gaseous phase, (d) green powder after reaction of
[8]-2HC104 and aqueous ammonia solution, and (e) simulated pattern calculated for the
crystal structure of [7]-2HCIOa.
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Figure 3-47. The narrow channel connecting the tetrahedral interstices in the crystal
structure of (a) [7]-:2HCI10O4, and (b) [8]-2HCIOa.
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Chapter IV. Coordination Behavior of Digold(l) Metalloligand with dcpe toward
Co"'/ Ni"
IV-1. Introduction.

In this chapter, the effect of the functional groups on the phosphorus atoms is
discussed. =~ To  figure out the role of the  substituent, dcpe
(1,2-bis(dicyclohexylphosphino)ethane) was chosen as the alternative bridging
diphosphine which has cyclohexyl groups instead of phenyl groups in dppe. The
molecular structures and physical properties of the complexes bearing dcpe units have
often been compared with the dppe analogous complexes.?® The introduction of a bulky
substituent (cyclohexyl group) instead of phenyl rings on the phosphorus atoms must
cause a steric hindrance,?®® which in turn, might make the conformation of the
metalloligand more constrained. Moreover, the loss of the phenyl rings on the
phosphorus atoms must change the complex arrangement drastically because of the lack
of intermolecular n:--w and CH---x interactions on the phenyl rings, which contribute to
the aggregation.

In this context, two kinds of metalloligands, [Auz(dcpe)(D-Hpen).] (D2-H2[12]) and
[Auz(dcpe)(D-Hpen)(L-Hpen)] (bL-H2[12]) were newly designed and prepared, from a
precursor [Auz(dcpe)Clz2] ([11]). The reaction of the homochiral metalloligand
(D2-H2[12]) with Co'" led to the crystallization of [AusCoz(dcpe)z(D-pen)a]?* ([13]%") as
a nitrate salt. The structure of the homochiral Au'sCo"'; complex cation [13]?* was
topologically the same as the dppe analogous complex, [AusCoz(dppe)2(D-pen)s]?*, but
the configuration of the complex was different, and [13]** had a bent molecular
structure. In the crystal structure of [13](NOz3)., inorganic anions were not aggregated,
which is different from the dppe system.

By the reaction of the heterochiral metalloligand, [Auz(dcpe)(p-Hpen)(L-Hpen)]
(DL-H2[12]), with cobalt(ll) and nickel(ll), [Au2Co(dcpe)(D-pen)(L-pen)]* ([14]") and
[AuzNi(dcpe)(D-pen)(L-pen)] ([15]) were isolated, respectively. These two complexes
had essentially the same molecular structures as that of the heterochiral dppe system,
[Au2Co(dppe)(p-pen)(L-pen)]*, which had a chirality on the secondary metal center
(Co" or Ni'). While the molecular structures were similar to each other, the chiral
aggregation behavior is quite distinct. The cationic Co"' complex [14]" led to the achiral
crystal packing as expected for the heterochiral nature of the reaction solution. On the
other hand, the neutral nickel(I) complex [15] showed a unique chiral crystal packing
consisting of the heterochiral meso molecules by the spontaneous resolution (Scheme
4-1, 4-4). The previous examples of the chiral crystallization of the discrete molecules
consisting of meso molecules are very limited and categorized into 2 types; one is the
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spontaneous resolution of purely organic meso isomeric species,?® and another is the
spontaneous resolution of metal complexes that have meso isomeric ligands.?® However,
in both cases, the meso molecule is an organic ligand, and the chiral scrambling is
hardly possible due to the requirement of the cleavage of covalent bonds. The use of the
meso isomeric metalloligand ([p—M-L]), which has one or more pairs of chiral ligands
(D or L, respectively) for the reaction with metal ions is an interesting idea, because the
metalloligand can show chiral scrambling behavior by the cleavage of relatively weak
coordination bonds (2[D-M-L] <+ [D-M-D] + [L—M-L]), and two kinds of
spontaneous resolution are possible after the reaction with the secondary metal ions
(M"): one is the spontaneous resolution of the homochiral complexes with in situ
produced homochiral metalloligands (M'[D-M-D] + M'[L-M-L]) as observed in the
previous dppe system,® and the other is the spontaneous resolution of the heterochiral
complex with heterochiral metalloligands, which has a chirality on the secondary metal
site (M"*[D-M-L] + M"*[L-M-D]). However, the metalloligand approach have rarely
been utilized for the spontaneous resolution.>® The first example of the spontaneous
resolution of the heterochiral molecules composed of an enantiomeric pair of chiral
subunits was provided by this work.
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IV-2. Experimental Section.
IV-2-1. Materials.

All starting materials were commercially available and used without further
purification. All experiments were performed in the air.

IV-2-2. Preparation of dcpe Complexes.
1V-2-2-1 [Au2Cl2(dcpe)] ([11]).

To a yellow solution containing 1.25 g (3.04 mmol) of HAuCl4-2H>0 in 10 mL of
MeOH and 2.5 mL of H,O was added to an 8 M S(C2H4OH). solution in methanol (1.5
mL, 12 mmol). The mixture was added to a colorless solution containing 0.50 g (1.18
mmol) of dcpe in CHCI3z (5 mL). The mixture was stirred at room temperature for 1 h.
in the dark after the addition of MeOH (4 mL) to give a white precipitate. The resulting
white precipitate of [11] was collected by filtration and washed with H.O and MeOH.
Yield 0.89 g (85%). Anal. Calcd for [Au2Cla(dcpe)]-0.5H20 = CogHagAu2P2Cl2005: C,
34.84; H, 5.51 %. Found: C, 34.86; H, 5.35 %. IR spectrum (cm™, KBr disk): 2926,
2849 (vcrz), 1447 (vec). *H NMR spectrum in CDCls (5, ppm from TMS): 2.02-1.75 (m,
24H), 1.57 (s, 4H), 1.42-1.25 (m, 18H). 3P NMR spectrum in CDCls (J, ppm from
H3POs): 48.8 (s). MS (ESI-neg) in MeOH, Calcd. for C2sHasAu2Cl3P [[11] + CI]: m/z
=921.1623, Found.: m/z = 921.1753 (100%).

Crystals suitable for single crystal X-ray analysis were obtained by the recrystallization
from CHClI> solution.

1V-2-2-2. [Auz(dcpe)(D-Hpen)z] (D2-H2[12]).

To a white suspension containing 0.50 g (0.55 mmol) of [11] in EtOH (100 mL) was
added 0.25 g (1.7 mmol) of b-Hzpen and 0.5 M aqueous NaOH solution (3.4 mL, 1.7
mmol). The mixture was stirred at room temperature for 10 min. in the dark to give a
colorless solution. The colorless solution was evaporated to dryness. The resulting white
crystalline residue of D>-H2[12] was washed with H2O. Yield 0.56 g (88%). Anal. Calcd
for [Auz(dcpe)(D-Hpen)2]-3H20 = CzeH74AU2N207P2S,: C, 37.05; H, 6.39; N, 2.40 %.
Found: C, 37.04; H, 6.38; N, 2.34 %. IR spectrum (cm™, KBr disk): 2925, 2850 (vcH),
1628 (vco), 1448 (vec). *H NMR spectrum in CD30OD (6, ppm from TMS): 3.47 (s, 2H),
1.77 (s, 6H), 1.36 (s, 6H), 2.46-1.28 (m). 3P NMR spectrum in CDCls (J, ppm from
H3POs): 47.2 (s). MS (ESI-neg) in MeOH, Calcd. for CasHesAu2N204P2S2 [D2-H2[12]
—H™: m/z =1111.3343, Found.: m/z = 1111.2707 (100%).
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1VV-2-2-3. [Auz(dcpe)(D-Hpen)(L-Hpen)] (bL-H2[12]).

To a white suspension containing 0.50 g (0.55 mmol) of [Au2Clz(dcpe)] in EtOH

(100 mL) was added 0.25 g (1.7 mmol) of bL-Hzpen and 0.5 M aqueous NaOH solution
(3.4 mL, 1.7 mmol). The mixture was stirred at room temperature for 10 min. in the
dark to give a colorless solution. The colorless solution was evaporated to dryness. The
resulting white crystalline residue of DL-H2[12] was washed with H>O. Yield 0.55 g
(87%). Anal. Calcd for [Auz(dcpe)(bL-Hpen)2]-3H20 = CzsH7aAU2N207P2S,: C, 37.05;
H, 6.39; N, 2.40%. Found: C, 37.04; H, 6.52; N, 2.34%. IR spectrum (cm~, KBr disk):
2925, 2849 (vcrz), 1626 (veo), 1447 (vec). *H NMR spectrum in CD3OD (6, ppm from
TMS): 3.47, 3.48 (d, 2H), 1.76 (s, 6H), 1.35, 1.37 (d, 6H), 2.35-1.16 (m). 3P NMR
spectrum in CDClIz (6, ppm from H3POa): 47.3 (s). MS (ESI-neg) in MeOH, Calcd. for
CasHeaAU2N204P2S, [DL-H2[12] — H*]: m/z = 1111.3343, Found.: m/z = 1111.3455
(100%).
By the recrystalzation of bL-H2[12] from solution in methanol after the addition of 0.1
equivalent of HCIO4 aqg. , a racemic crystal suitable for single crystal X-ray analysis
(D2/L2-H3[12]CIO4) was obtained. The spectral measurements were not performed
because the yield was too low.

IV-2-2-4. [AusCoz(dcpe)z(D-pen)s](NO3)2 ([13](NO3)2).

To a solution containing D2-H2[12] (50 mg, 0.04 mmol) in MeOH (2 mL) and H.0 (1
mL) was added Co(OAc).-4H>O (12 mg, 0.05 mmol), which was stirred at room
temperature for 0.5 h. A 1 M NaNOs aqueous solution (0.05 mL) was added to the
resulting brown solution. After the slow evaporation at room temperature for a week,
brown stick crystals of [13](NOz). were obtained, which were collected by filtration and
washed  with H-O. Yield 34 mg (55%). Anal. Caled for
[AusCoz(dcpe)2(D-pen)s](NOz)2-MeOH -19H20 = C73H174AUsC02Ne0324P4S4: C, 30.89;
H, 6.18; N, 2.96%. Found: C, 30.94; H, 5.95; N, 2.72%. IR spectrum (cm™, KBr disk):
2925, 2851 (vchz), 1652 (vco), 1384 (vno), 1447 (vec). *H NMR spectrum in CD3OD (6,
ppm from TMS): 3.69 (s, 2H), 1.82 (s, 6H), 1.44 (s, 6H), 2.37-1.28 (m). *'P NMR
spectrum in CDClI3 (8, ppm from H3POs): 47.9 (S).

1V-2-2-5. [Au2Co(dppe)(D-pen)(L-pen)]NOs ([14]NOs3).

To a solution containing bL-H2[12] (50 mg, 0.04 mmol) in MeOH (0.75 mL) was
added Co(OAcC)2:4H20 (11 mg, 0.05 mmol). To the resulting purple solution was added
a 1 M NaNOz aqueous solution (0.05 mL) was added. After the slow evaporation at
room temperature for a week, purple small crystals of [14]NOs were obtained, which
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were collected by filtration and washed with H»O. Yield 31 mg (55%). Anal. Calcd for
[Au-Co(dcpe)(D-pen)(L-pen)]NO3-3/2MeOH-3H20 = C375H78AU2C01N30115P2S2: C,
33.76; H, 5.89; N, 3.15%. Found: C, 33.88; H, 5.72; N, 2.96%. IR spectrum (cm~, KBr
disk): 2925, 2851 (vcrz), 1651 (vco), 1384 (vno), 1448 (vec). 'H NMR spectrum in
CD30D (g, ppm from TMS): 3.70(s, 2H), 1.64(s, 3H), 1.62(s, 3H), 1.57 (s, 3H), 1.55 (s,
3H), 2.62-1.17 (m). 3P NMR spectrum in CDCls (5, ppm from HzPO.): 48.0 (s, 1P),
47.1 (s, 0.74P).

1VV-2-2-6. [Au2Co(dppe)(D-pen)(L-pen)]CIO4 ([14]ClOa4).

To a suspension containing bL-H2[12] (50 mg, 0.04 mmol) in MeOH (1.5 mL) was
added Co(OAC)2:4H20 (12 mg, 0.05 mmol). To the resulting brown solution was added
a 1 M NaClO4 aqueous solution (0.075 mL). After the slow evaporation at room
temperature for 4 days, purple crystals of the [14]CIOs were obtained, which were
collected by filtration and washed with H20. Yield: 28 mg (49%). Anal. Calcd for
[Au2Co(dcpe)(D-pen)(L-pen)]ClO4-1/4NaCl-2H,0 =
CssH70AU2C0N2010P2S2Cl1 25Nao.2s: C, 32.76; H, 5.35; N, 2.12%. Found: C, 32.92; H,
5.64; N, 2.06%. IR spectrum (cm™?, KBr disk): 2926, 2851 (vcr), 1650 (vco), 1448 (vec),
and. 1092, 622 (vcio). *H NMR spectrum in CD30D (8, ppm from TMS): 3.70 (s, 2H),
1.64 (s, 3H), 1.62 (s, 3H), 1.57 (s, 3H), 1.55 (s, 3H), 2.54-1.17 (m). 3P NMR spectrum
in CDCls (0, ppm from H3POa): 48.0 (s,1P), 47.2(s, 2.8P)

1VV-2-2-7. [AuzNi(dppe)(D-pen)(L-pen)] ([15]).

To a suspension containing bL-H2[12] (50 mg, 0.04 mmol) in MeOH (10 mL) was
added Ni(OAc)2-4H20 (12 mg, 0.05 mmol), and the resulting blue solution was slowly
evaporated at room temperature for 2 weeks to yield blue stick crystals of [15] or [15]’,
which is the enantiomeric crystals of [15]. The crystals were then collected by filtration
and washed with H2O. Yield: 32 mg (60%). Anal. Calcd for
[Auz2Ni(dcpe)(D-pen)(L-pen)]-3H20 = CssH72AU2NiIN2O7P2S,: C, 35.34; H, 5.93; N,
2.29%. Found: C, 35.17; H, 5.98; N, 2.16%. IR spectrum (cm, KBr disk): 2925, 2850
(vcH2), 1604 (vco), 1447 (vec). By measuring the single crystal X-ray diffraction
measurements for more than ten crystals picked from the mixture of the crystals of [15]
or [15]', the single crystal of [15]" were picked and the single crystal X-ray diffraction
measurement was done for not only [15] but also [15]'.

IV-2-3. Physical Measurements.
The elemental analyses (C, H, N) were performed at Osaka University by a
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YANACO CHN coder MT-5 or MT-6. The IR spectra were recorded on a JASCO
FT/IR-4100 infrared spectrometer using a KBr disk at room temperature. The *H NMR
spectra were recorded with a JEOL ECA500 (500 MHz) spectrometer at room
temperature, using tetramethylsilane (TMS) as the internal standard. The 3P NMR
spectra were recorded with a JEOL ECA500 (500 MHz) spectrometer at room
temperature, using triphenyl phosphate as the external standard. The electronic
absorption spectra were recorded on a JASCO V-570 or V-660 spectrophotometer at
room temperature. The diffuse reflection spectra in solid state were recorded on a
JASCO V-570 spectrophotometer. The CD spectra were recorded on a JASCO J-820
spectropolarimeter. The X-ray fluorescence spectrometries were performed on
SHIMADZU EDX-720 spectrometer. The ESI-mass spectra were recorded with a
Bruker micrOTOF Il mass spectrometer in MeOH solvent, and the concentration was
0.1 mM.

IV-2-4. X-ray Structural Determination.

The single-crystal X-ray diffraction measurements for D2/L2-H3[12]ClO4, [13](NO3)2
[15], and [15]" were performed at 200 K with a Rigaku FR-E Superbright rotating-anode
X-ray source with a Mo-target (A = 0.71075 A); a Rigaku RAXIS VII imaging plate was
used as the detector. The intensity data were collected by using the w-scan technique
and were empirically corrected for absorption. The collected diffraction data were
processed with the Rapid Auto software program.

The single-crystal X-ray diffraction measurement for [14]CIO4) was performed at
100 K with a Rigaku Mercury 2 CCD detector with synchrotron radiation (A = 0.7000
A) at the BL02B1 beamline in SPring-8. The collected diffraction data were processed
with the Rapid Auto software program.

The single-crystal X-ray diffraction measurements for [11] and [14]NOs were
performed at 100 K with an ADSC Q210 CCD area detector with synchrotron radiation
(A = 0.7000 A) at the 2D beamline at the Pohang Accelerator Laboratory (PAL). The
intensity data were processed using the HKL3000 program.

The structures of the all complexes were solved via direct methods using the
SHELXS2014 program. The structure refinements were carried out using full-matrix
least-squares (SHELXL2014). All calculations were performed using the Yadokari-XG
software package.

For [11], a half of [Au'2Clx(dcpe)] unit was crystallographically independent. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in
calculated positions.
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For D2/L2-H3[12]ClO4, a D2/Lo-[Au'2(dcpe)2(Hpen)(Hzpen)]* unit, water, and one
ClO4 molecules were crystallographically independent. All non-hydrogen atoms except
the O atoms of water molecules were refined anisotropically. Hydrogen atoms were
included in calculated positions except those of a protonated carboxyl group and water
molecules. DFIX restrains were used to model one penicillaminate unit, the anion
molecules, and water molecules.

For [13](NOs3)2, a [Au'4Co'"'»(dcpe)2(D-pen)s]* unit, water, and two NO3~ molecules
were crystallographically independent. All non-hydrogen atoms except the O atoms of
water molecules were refined anisotropically. Hydrogen atoms were included in
calculated positions except those of water molecules. DFIX restrains were used to
model nitrate anions, and water molecules.

For [14]NOs, one [Au'2Co"(dcpe)(D-pen)(L-pen)]* unit, water molecules, and one
NOs™ molecule were crystallographically independent. All non-hydrogen atoms except
one N atom of nitrate anion and O atoms of water and nitrate molecules were refined
anisotropically. Hydrogen atoms were included in calculated positions except those of
water molecules. DFIX and SIMU restrains were used to model nitrate anion and pen
moieties.

For [14]CIO4, one [Au'2Co"!(dcpe)(p-pen)(L-pen)]* unit, water molecules, a sodium
cation, a chloride anion, and three disordered CIO4~ molecules were crystallographically
independent. All non-hydrogen atoms except some O atoms of water molecules were
refined anisotropically. Hydrogen atoms were included in calculated positions except
those of water molecules. DFIX restrains were used to model perchlorate anions.

For [15], one [Au'2Ni"(dcpe)(p-pen)(L-pen)] unit and five methanol molecules were
crystallographically independent. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in calculated positions except those of hydroxyl groups
of methanol molecules. DFIX restrains were used to model methanol molecules.

For [15]', one [Au'2Ni''(dcpe)(D-pen)(L-pen)] unit and five methanol molecules were
crystallographically independent. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in calculated positions except those of hydroxyl groups
of methanol molecules. DFIX restrains were used to model methanol molecules.
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IVV-3. Results and Discussion.
IV-3-1. Synthesis and Characterization of [Au2Cl2(dcpe)] ([11])

The reaction of Au' with dcpe in a 3:1 ratio under the presence of CI~ anion, in a
mixed solvents of chloroform/methanol/water gave a white crystalline powder of [11]
(Scheme 4-2). The equivalent of the Au' ion is much more than the stoichiometric
equivalent (2 equiv.). The ethylene carbon linkers between the phosphorus atoms in
dcpe can take bent configuration and thus, dcpe ligand tend to coordinate in chelate
mode with one or two dcpe ligands coordinating to each metal ions. For preventing the
formation of such an undesired complex with lesser ligand to metal ratio (0.5 equiv. or 1
equiv.), 3 equivalents of Au' ions were used. X-ray fluorescence spectroscopy indicated
that [11] contained Au atom and its elemental analytical data was in agreement with the
formula for a 1:2 adduct of [Auz(dcpe)]?* and CI-. In the IR spectrum, a P-Cy stretching
band at 1447 cm~, and CH, bands in the range of 2926-2849 cm~! were observed
(Figure 4-1a). The 'H NMR spectrum in CDCls showed many signals & 2.02-1.25
assigned to cyclohexyl and ethylene groups of dcpe (Figure 4-2). The P NMR
spectrum in CDCl3z showed one set of signal at ¢ 48.8 ppm (Figure 4-3). These NMR
spectrum features are in agree with the expected C, symmetrical structure. The
ESI-mass spectrum suggested the existence of [12]CI™ species in a dilute MeOH
solution (Figure 4-4). The structure of [11] in the crystal was fully characterized by
single crystal X-ray diffraction analysis (vide infra).

IV-3-2. Synthesis and Characterization of [Auz(dcpe)(D-Hpen)z] and [Auz(dcpe)
(DL-Hpen)2] (D2-H2[12], bL-H2[12]).

Reaction of [AuxClz(dcpe)] with D-Hzpen in a 1:2 ratio in EtOH/water with base at
room temperature gave a colorless solution, from which white powder (D2-H2[12]) was
isolated by evaporation to dryness (Scheme 4-2). X-ray fluorescence spectroscopy
indicated that D»>-H2[12] contained Au atom and its elemental analytical data was in
agreement with the formula for a 1:2 adduct of [Auz(dcpe)]** and D-Hpen~. In the IR
spectrum, a C=0 stretching band for deprotonated carboxylate groups of D-pen at 1628
cm™, a P-Cy stretching band at 1448 cm=!, and CH; bands for 2925-2850 cm™ were
observed (Figure 4-1b). The *H NMR spectrum in CD3OD showed one set of proton
signals at ¢ 1.36 and 1.77 ppm assigned to the methyl groups of D-pen, 6 3.47 ppm
assigned to the methine group of D-pen, and many signals at 6 2.46-1.28 assigned to
cyclohexyl and ethylene groups of dcpe (Figure 4-5a). The 3P NMR spectrum in
CD30D showed a singlet signal at 6 47.2 ppm (Figure 4-6a). The ESI-mass spectrum
suggested the existence of Do-H[12] species in a dilute MeOH solution (Figure 4-7a).
The absorption spectrum of D2-H2[12] in MeOH showed an absorption band around 261

200



nm in the region of 700-200 nm (Figure 4-8). Its circular dichroism (CD) spectrum
showed a positive band at 310 nm and negative bands at 270 and 236 nm (Figure 4-8).

Reaction of [AuxClz(dcpe)] with DL-Hzpen in a 1:2 ratio in EtOH at room
temperature gave a white suspension, from which white powder of DL-H2[12] was
isolated (Scheme 4-2). X-ray fluorescence spectroscopy indicated that DL-H2[12]
contained Au atom and its elemental analytical data was in agreement with the formula
for [Auz(dcpe)(Hpen)2]-3H20. In the IR spectrum, a C=O stretching band for
deprotonated carboxylate groups of pen at 1626 cm, a P—Cy stretching band at 1447
cm, and CH. bands at 2925-2849 cm~! were observed (Figure 4-1c). The *H NMR
spectrum in CD3OD showed two sets of proton signals at ¢ 1.37 and 1.35 ppm assigned
to the methyl groups of pen, ¢ 3.47, 3.38 ppm assigned to the methine group of pen, one
set of proton signals at 6 1.76 at the methyl groups of pen, 2.35-1.16 ppm assigned to
cyclohexyl and ethylene groups of dcpe (Figure 4-5b). This complicated result
suggested that the solution contained two species that had almost same chemical shift
values, and the existence of both meso and raceme-isomers of the metalloligands are
implied. The 3'P NMR measurement in CDsOD showed a singlet signal at § 47.3 ppm
(Figure 4-6b). The mass spectrum suggested the existence of bL-H[12] species in dilute
MeOH solution (Figure 4-7b). The absorption spectrum of D2-H2[12] in MeOH shows
an absorption band around 260 nm in the region of 700-200 nm (Figure 4-9). Its CD
spectrum was silent, as expected for heterochiral nature of the meso compound (Figure
4-9). From these results, the isolation of heterochiral metalloligand was confirmed, but
as expected from the result in previous studies, the chiral scrambling occurred in its
solution to be the mixture of D2-H2[12], DL-H2[12], and L2-H2[12].

The recrystallization of bDL-H2[12] from methanol solution in the presence of small
amount of perchloric acid led to the formation of racemic crystals of the perchlorate salt
of protonated ligand (D2/L2-H3[12]ClO4) instead of meso metalloligand as in the case of
the crystallization of analogous heterochiral metalloligand in dppe or trans-dppee
system (vide infra). The yield of this crystal was too small and no other analyses were
performed.

IV-3-3. Synthesis and Characterization of [AusCoz(dcpe)z(D-pen)s](NO3):2
([13](NO3)2).

Reaction of metalloligand D2-H2[12] with Co(OAc)2-4H20 in a 1:1 ratio in MeOH at
room temperature gave a brown solution by air-oxidation of cobalt center, to which was
added a NaNOs aqueous solution. Purple stick crystals ([13](NOz)2) were isolated from
the brown reaction solution (Scheme 4-3). X-ray fluorescence spectroscopy indicated
the presence of Au and Co atoms in [13](NOz)2, and its elemental analytical data was in
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agreement with a formula consisting of [Auz(dcpe)(p-pen)2]* (D2-[12]%) , Co**, and
NOs™ in a 1:1:1 ratio. In the IR spectrum, a C=0 stretching band for deprotonated
carboxylate groups of D-pen at 1652 cm™, an N-O stretching band for nitrate anion at
1384 cm™, and a P—Cy stretching band at 1447 cm™ were observed (Figure 4-1d). The
'H NMR spectrum in CDsOD showed one set of proton signals at § 1.44 and 1.82 ppm
assigned to the methyl groups of D-pen, 6 3.69 ppm assigned to the methine group of
D-pen, and many signals ¢ 2.37-1.28 assigned to cyclohexyl and ethylene groups of
dcpe (Figure 4-10a). The 3P NMR spectrum in CD3OD showed a singlet signal at ¢
47.9 ppm (Figure 4-11a). The NMR spectra showing the signals in the normal region
without paramagnetic shifts suggested that [13]?* is not a paramagnetic Co" species, but
a diamagnetic Co'" species. The absorption spectrum of [13](NOs)2 in MeOH showed
absorption bands at around 525 and 590 nm assigned to the d-d transition of Co'" center,
and a shoulder at ca. 360 nm. Its CD spectrum showed positive bands at 608 and 398
nm and negative bands at 511 and 346 nm in the region of 700 to 300 nm (Figure 4-12).
The absorption and CD spectra of [13]?* and [AusCoz(dppe)2(D-pen)s]?* in d-d
transition region were essentially similar (Figure 4-13), suggesting that the [13]%" have
Co'"  centers  with  trans(O)cis(N)cis(S)  coordination  geometry  like
[AusCoz(dppe)2(D-pen)s]>*. The diffuse reflection spectrum in the solid state showed a
band at 520 nm and the CD spectrum in the solid state showed a negative band at 501
nm and a positive band at 639 nm in the region of 700-400 nm (Figure 4-14). These
diffuse reflection and CD spectra in the solid state were essentially the same as the
absorption and CD spectra in MeOH solution, indicating that the structure of [13](NO3):
in the solid state was retained in solution. Single-crystal X-ray analysis revealed that
[13]?* was a hexanuclear divalent cationic complex, [Au'4Co"2(dcpe)2(D-pen)]?*, in
which two [Au'2(dcpe)(D-pen).]*>~ moieties were bridged by two Co'' centers (vide
infra).

IV-3-4. Synthesis and Characterization of [Au2Co(dppe)(D-pen)(L-pen)]NOs
([14INOs) and [AuzCo(dppe)(D-pen)(L-pen)]CIO4 ([14]CIO4).

The reaction of a methanol solution of bL-H2[12] with Co(OAc)2-4H20 in a 1:1 ratio
gave a brown solution. Purple crystals of [14]NOs were isolated by adding 1 equivalent
amount of NaNOs (Scheme 4-4). X-ray fluorescence spectroscopy suggested that
[5]NOs contained Co and Au atoms and its elemental analysis data was in agreement
with a 1:1:1 adduct of pL-[Auz(dcpe)(pen)2]*~, Co* ion, and NOs . In the IR spectrum,
a C=0 stretching band for deprotonated carboxylate groups of p-pen at 1651 cm™, a
N-O stretching band for nitrate anion at 1384 cm™, and a P—Cy stretching band at 1448
cm were observed (Figure 4-1e). The *H NMR spectrum in CDsOD showed two set of
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proton signals at 6 1.64, 1.62, 1.57 and 1.55 ppm assigned to the methyl groups of b-pen,
0 3.70 and 3.69 ppm assigned to the methine group of D-pen, and many signals at
2.62-1.17 assigned to cyclohexyl and ethylene groups of dcpe (Figure 4-10b). All the
four signals assigned as the methyl groups possessed different chemical shifts from the
two signals assigned as the methyl groups in the spectrum of [13]%, and this fact
suggested the formation of the complex with lower symmetry. The 3P NMR spectrum
in CD3OD showed two set of signals at 0 48.0 and 47.1 ppm (Figure 4-11b). The
absorption spectrum of [14]NOs in MeOH showed an absorption band at around 564 nm
assigned to the d-d transition of Co"' center, and a shoulder at ca. 400 nm. The whole
spectral pattern was different from that of [13](NOz3). in the d-d transition region, which
indicate the difference in the coordination environment around Co'' center (Figure
4-15). The diffuse reflection spectrum in the solid state showed a band at 569 nm in the
region of 700-400 nm, and it was essentially the same as the absorption spectra in
MeOH solution, indicating that the structure of [14]NOs in the solid state was retained
in solution (Figure 4-16). The CD spectra in solution and in the solid state were both
silent (Figures 4-15, 4-16), indicating its heterochirality in solution and solid state.
Single-crystal X-ray analysis revealed that [14]" was a trinuclear complex monocation
with C1 symmetry, [Au'>Co"'(dcpe) (D-pen)(L-pen)]*, in which
[Au'z(dcpe)(D-pen)(L-pen)]> moiety coordinated to one Co"' center in a
cis(O)cis(N)cis(S) chelating mode (vide infra).

The addition of NaClO4 instead of NaNOz into the reaction solution containing
DL-H2[12] and Co(OAc)2-4H20 in a 1:1 ratio led to the isolation of the crystals of
[Au2Co(dppe)(D-pen)(L-pen)]CI0s ([14]Cl0s) (Scheme 4-4). IR spectrum showed
strong bands at 1650 cm™*and 1092 cm™, indicative the presence of carboxyl groups
and perchlorate ions, respectively (Figure 4-1f). The 'H and 3P NMR spectra in
CD30D were similar to these of [14]NOs (Figure 4-10c, 4-11c). X-ray fluorescence
spectroscopy suggested that [14]ClOs contained Co and Au atoms and its elemental
analysis data was in agreement with a 4:4:4:1 adduct of [Auz(dcpe)(p-pen)(L-pen)]*,
Co®" ion, ClO4~, and NaCl. The absorption spectrum of [14]CIO4 in MeOH and its
diffuse reflection spectrum in the solid state were almost the same as these of [14]NOs,
which indicate the same coordination mode to the cobalt center in solution and solid
state (Figure 4-17, 4-18). Single-crystal X-ray analysis revealed that [14]CIO4 was a
perchlorate salt of the trinuclear complex monocation, [Au'2Co"'(dcpe)(D-pen)(L-pen)]*,
crystallized with accommodated NaCl salt (vide infra).

IVV-3-5. Synthesis and Characterization of [AuzNi(dppe)(D-pen)(L-pen)] ([15]).
The reaction of a methanol solution of bL-H2[12] with Ni(OAc)2-4H20 in a 1:1 ratio
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gave a pale green solution, from which blue crystals of [15] were isolated (Scheme 4-4).
X-ray fluorescence spectroscopy suggested that [15] contained Ni and Au atoms and its
elemental analysis data was in agreement with a 1:1 adduct of
[Auz(dcpe)(D-pen)(L-pen)]*>~ and Ni?* ions. In the IR spectrum, a C=0 stretching band
for deprotonated carboxylate groups of D-pen at 1604 cm™ and a P—Cy stretching band
at 1447 cm™ were observed (Figure 4-1g). The absorption spectra in the region of
1200-400 nm showed two bands assignable to 3Tag«3Azg and 3T1g«—3Agg transitions for
the octahedral Ni'" center at 1039 and 591 nm, and its CD spectrum was silent in the
region of 1000 to 400 nm (Figure 4-19). The diffuse reflection spectrum in the solid
state showed two bands at 1074 and 606 nm in the region of 1200-400 nm (Figure 4-20).
Single-crystal X-ray analysis revealed that [15] was a trinuclear neutral complex
molecule, [Au'2Ni'"(dcpe)(p-pen)(L-pen)], in which [Au'z(dcpe)(D-pen)(L-pen)]?>~ moiety
coordinated to one Ni' center in a cis(O)cis(N)cis(S) chelating mode. Notably, the space
group of the crystal was a non-centrosymmetric one, which meant the spontaneous
resolution behavior was observed. The crystal [15]" with the opposite chirality to that of
[15] crystallized simultaneously and the CD spectra of the single crystal in the solid
state in the region of 900 to 300 nm was almost mirror image of that of [15] ([15]
showed two positive bands at 561 and 423 nm and one negative band at 368 nm, while
[15]’" showed one positive band at 373 nm, two negative bands at 548 and 413 nm were
observed. Figure 4-21) (vide infra).

Despite many attempt for the reaction of D2-[12]% and Ni'"', no crystals of homochiral
complex with Ni' have been obtained yet.

IVV-3-6. Crystal Structures of the dcpe Complexes.

Single-crystal X-ray diffraction analysis revealed that [11] crystallized in an
orthorhombic space group of Pbca. Molecular and packing structures are shown in
Figures 4-22 and 4-23. The crystallographic data are summarized in Table 4-1, and the
selected bond distances and angles are listed in Table 4-2. The asymmetric unit
contained a half of [Au2Cl2(dcpe)] molecule and no solvent molecules were found. The
complex molecule was comprised of two chlorido ligands and one [Auz(dcpe)]?* moiety
(Figure 4-22). Like a dppe analogous compound [Au2Cl2(dppe)],*! two chlorido ligands
were bridged by a [Auz(dcpe)]?>* moiety, giving a linear structure in [Au.Cl(dcpe)].
Each Au atom was in a PCI linear coordination geometry bound by one chlorido and
one dcpe (Au-Cl = 2.30 A, Au-P = 2.24 A, and P-Au-Cl = 177.0°). There is neither
intramolecular nor intermolecular aurophilic interactions (minimum Au-Au = 6.77 A).
Furthermore, it seemed that there were no strong interactions between the complex
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molecules in the crystal, and the molecules were aggregated by only Van-Der-Waals
interactions to a dense packing structure (Figure 4-23). In the crystal structure of dppe
analogs, the [Au2Cl2(dppe)] molecules had intermolecular CH - interactions between
each other, however the change of phenyl rings to cyclohexyl rings led to the loss of
such interaction in dcpe system. The linker carbon unit had a trans configuration, which
was the same feature as the previously reported crystal structure of the dppe analogous
complex, [Auz2Clz(dppe)]. This structure is one of the rare example of the dcpe complex
that was found to have dcpe moiety in bridging coordination mode, because only nine
crystal structures have been reported to have dcpe bridged structure in CCDC
database, 2526032

Single-crystal X-ray diffraction analysis revealed that D2/L,-H3[12]CIO4 crystallized
in a monoclinic C2/c which was a centro symmetric space group. Molecular and
packing structures are shown in Figures 4-24, 4-25, and 4-26. The crystallographic data
are summarized in Table 4-3, and the selected bond distances and angles are listed in
Table 4-4. The asymmetric unit contained a pair of homochiral molecules of
[Auz(dcpe)(D-Hpen)(D-Hzpen)] / [Auz(dcpe)(L-Hpen)/L-Hzpen)], one independent
perchlorate, and 7/2 solvated water molecules (Figure 2-24). The number of protonation
was estimated to be three base on the charge compensation from the composition of the
crystal which was found to contain perchlorate anion and metalloligand in 1:1 ratio by
single crystal X-ray analysis, which led to the assumption that not only the amine
groups of all pen units, but also one of the two carboxyl groups of pen units must be
protonated to be Hpen ("SC(CH3)2CH(NH3")CO0") and Hzpen
('SC(CH3).CH(NH3*)COOH), although the data was not good enough to distinguish
whether carboxyl group was protonated. The cationic complex was comprised of one
D/L-Hpen, one D/L-Hgpen, and one [Auz(dcpe)]?* moieties. Like a dppe analogous
compound [Auz(dppe)(D-Hpen)2],%" two penicillaminate ligands were bridged by a
[Aux(dcpe)]**  moiety through S atoms, giving a linear structure in
[Auz(dcpe)(Hpen-S)(H2pen-S)]. Each Au atom was in a PS linear coordination geometry
bound by one penicillaminate and one dcpe (Av. Au-S = 2.31 A, Au-P = 2.26 A, and
P—Au-S = 178.4°). In D2/L>-H3[12]CIOy4, the cationic complexes were connected to each
other through NHs:-OCO hydrogen bonding interaction (Av. N---O = 3.00 A) to form an
1D infinite arrangement which contained both enantiomers (Figure 4-25). The 1D
infinite arrangements were heterochiral and the metalloligands in the infinite structure
were arranged in [---D2-H3[12]"--D2-H3[12] - L2-H3[12] " --Lo-H3[12] -] order that the
pairs of metalloligands with same chirality (D2-H3[12]"--D2-H3[12]") were alternatively
settled with the pairs with opposite chirality (Lo-H3[12]"--L2-H3[12]"). The perchlorate
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anions were accommodated between these 1D infinite arrangements, and aggregated
into dimer (Figure 4-26). There were no direct interactions between the infinite
arrangements of the metalloligands.

Single-crystal X-ray diffraction analysis revealed that [13](NOs). crystallized in an
orthorhombic space group of P2:2:2: which was a non-centro symmetric space group.
Molecular and packing structures are shown in Figures 4-27, 4-28 4-29, and 4-30. The
crystallographic data are summarized in Table 4-5, and the selected bond distances and
angles are listed in Table 4-6. The asymmetric unit contained a whole cationic complex
of [AusCoz(dcpe)2(D-pen)4]?*, two independent nitrate, and 29 solvated water molecules.
In the [AusCoz(dcpe)2(D-pen)s]** complex, the two D2-[12]% metalloligands each bound
to two Co'" atoms in a bis(tridentate-N,0,S) mode such that each Co'"' atoms was in a
cis(N)trans(O)cis(S)-N202S; octahedral environment (Av. Co-S = 2.27 A, Co-0 = 1.92
A, Co-N =1.96 A, S-Co-S = 94.5°, 0-Co-O= 174.9°, N-Co-N = 95.5°) to form a
cyclic 18-membered ring composed of AusC02S4P4Cs (Figure 4-28, 4-29a) with the R
configurational asymmetric bridging S atoms. The geometric configurations having
trans(O) in the [Co(D-pen-N,0,S).]” octahedral units and the bond lengths around the
cobalt centers were essentially the same as those in the reported
[AusCoz(dppe)2(D-pen)s]** (Figure 4-29b) and supporting the similarity of their ABCD
spectra in the visible region in the solution.®” On the other hand, the shape of cyclic
18-membered ring in [13]%* was bent on the diphosphinoethane parts with the relatively
close Au-Au distances (3.380(2) and 3.349(2) A), indicative of the presence of a weak
aurophilic interaction.'® This bent structural feature was distinct from straight one in a
[AusCoz(dppe)2(D-pen)s]** cation. The nitrate anions were located between the cationic
complexes alternatively, and no aggregation of the cationic complexes and inorganic
anions like that in the crystal of [AusCoz(dppe)2(D-pen)s](NOs). was found (Figure
4-30), probably due to the loss of CH---m interaction that formed the cationic
aggregation in dppe analogs.

By single-crystal X-ray diffraction analysis, [14]NO3z was found to crystallize in an
achiral triclinic space group of P-1. Its molecular and packing structures are shown in
Figures 4-31, 4-32, 4-33, and 4-34. The crystallographic data are summarized in Table
4-7, and the selected bond distances and angles are listed in Table 4-8. The asymmetric
unit contained a cationic complex of [Au>Co(dcpe)(D-pen)(L-pen)]*, one nitrate anions,
and one water molecule (Figure 4-31). Methanol molecules were not found by
single-crystal X-ray analysis possibly because of low data quality. Both
D/L-penicillamine moieties of [Auz(dcpe)(D-pen)(L-pen)]*~ coordinate an octahedral
Co'" center in a bis(tridentate-N,0,S) mode such that each Co'' atoms was in a
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cis(N)cis(0)cis(S)-N20-S; octahedral environment (Av. Co-S = 2.24 A, Co-O = 2.06 A,
Co-N=1.85A, S-Co-S =98.0 °, 0-Co-O= 88.8°, N-Co-N = 113.7°) to form a cyclic
9-membered ring composed of Au2C01S:P2C: in trinuclear complex, in which the
metalloligand acts as a chelating ligand (Figure 4-32). Its geometric configuration in the
octahedral Co unit was optically active all cis type (Discriminated by the N,S-chelate
ring, 4 and A4 configurations are determined. For detailed scheme of nomenclature, see
Figure 4-33), which was different from that of the [AusCoz(dppe)2(D-pen)s]?* with
trans(O). Because of centrosymmetric space group, P-1, a unit cell contained a pair of
enantiomers, 4 and 4. Indeed, solid state CD spectra showed silent. It should be noted
that the strong intramolecular aurophilic interaction with the close Au--Au distance
(AuAu = 2.9334(9) A) works to support the formation of the Au>Co trinuclear
complex. In the packing structure the cations and anions were arranged in an alternative
way (Figure 4-34). There were no hydrogen bonding interaction between pen moieties
and anion, and the cationic complexes formed dimeric structure via weak NH---COO
hydrogen bonds (Av. N--O = 3.24 A).

Single-crystal X-ray diffraction analysis revealed that [14]CIO4 crystallized in a
tetragonal space group of P4/n which was also centrosymmetric space group as
[14]NOs. Molecular and packing structures are shown in Figures 4-35 and 4-36. The
crystallographic data are summarized in Table 4-9, and the selected bond distances and
angles are listed in Table 4-10. The asymmetric unit contained a cationic complex of
[Au2Co(dcpe)(D-pen)(L-pen)]*, three perchlorate anions which were disordered into
three parts, CI-, Na*, and 8 solvated water molecules (Figure 4-35). The molecular
structure of the cationic complex was similar to that of [14]NOg, but the supramolecular
structure was completely different. Interestingly, in the crystal structure of [14]CIOg,
four 4-[14]" complexes or four A-[14]" complexes aggregate to form tetrameric
assembly around chloride anion via hydrogen bonds (N--Cl™: 3.294 A, N--0: 2.797(9)
A and N--O: 2.852(9) A), which was indicative of the anion templating effect (Figure
4-36a). The tetrameric assembly composed of 4-[14]" arranged on the ab plane to form
a sheet structure (Figure 4-36b). Further, the sheet structures stack along ¢ axis to form
an alternate 4 and 4 stacking structure (Figure 4-36¢).

Single-crystal X-ray diffraction analysis revealed that [15] crystallized in an
orthorhombic space group of P2:2:2: which was a non-centrosymmetric space group.
Molecular and packing structures are shown in Figures 4-37, 4-38, 4-39, and 4-40. The
crystallographic data are summarized in Table 4-11, and the selected bond distances and
angles are listed in Table 4-12. The asymmetric unit contained a whole molecule of
[Auz2Ni(dcpe)(D-pen)(L-pen)], and five solvated methanol molecules (Figure 4-37). Both
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Dp/L-penicillamine moieties of [Auz(dcpe)(D-pen)(L-pen)]*~ coordinate an octahedral
Ni2* center in a bis(tridentate-N,O,S) mode to form a cyclic 9-membered ring composed
of AuzNi1S,P.C; (Figure 4-38a). Its geometric configuration in the octahedral Ni?* unit
was optically active all cis type with the 4 form (Figure 4-39a). Indeed, the absorption
and solid CD spectra showed a different feature from the reported
[AusNiz(dppe)2(D-pen)s]?* with trans(O) (Figure 4-19).%° In a similar way to [14]*, the
intramolecular aurophilic interaction with the close Au--Au distance (2.9693(6) A)
worked strongly for the formation of the Au2Ni trinuclear complex. The
crystallographic data for [15]’, enantiomeric crystal of [15] were summarized in Table
4-11, and the selected bond distances and angles were listed in Table 4-13. The absolute
configurations of [15] and [15]' were confirmed by flack parameters in X-ray
crystallography (Table 4-11). In the [15] crystal, the homochiral trinuclear complexes
formed an aggregation of 1D right-handed helical chain along a axis via NHz---OCO
hydrogen bonds (Figure 4-40a, N--O = 2.97, 3.04 A). The enantiomeric crystal [15]’
had trinuclear complexes with opposite chirality around Ni center (Figure 4-38b, 4-39b),
and the trinuclear complexes aggregated into hydrogen bonded left-handed helical
chains, which was enantiomeric to that in [15] (Figure 4-40b).

IVV-3-7. Aggregation Behavior of the Trinuclear Complexes.

It is worth to pay attention to the fact that the similar molecules, bL-Au,Co and
DL-AuzNi, formed totally different types of the packings. While bL-Au2Co complexes
[14]" crystallized in centrosymmetric space groups (P-1 for nitrate salt and P4/n for
perchlorate salt) and a crystal of [14]NOz or [14]CIOs contained both 4- and
A-DL-Au2Co complexes, DL-Au2Ni complexes crystallized in non-centrosymmetric
P212:2; space group and a crystal of [15] contained only one kind of A-DL-Au2Ni
complexes. As a result, in [15], only 4 forms crystallized in a crystal though [15] had an
enantiomer. Therefore, a spontaneous resolution was expected and other crystals which
contained the optically active complex having the opposite geometric configuration, A,
should be found. As we expected, we succeeded in picking up another crystal [15]’
which contained optically active 4 complexes, which was confirmed by single crystal
X-ray diffraction analysis and flack parameter. Each single crystal of [15] (4) and [15]’
(4) showed CD spectra enantiomeric to each other as already explained.

In general, a meso isomer crystallizes in not a non-centrosymmetric but a
centrosymmetric space group. However, in this study, we generated the chirality on the
achiral meso isomers by coordination to metal centers (metalloligand approach), which
led to the chiral crystal packing. To the best of our knowledge, this was the first
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example of spontaneous resolution composed of an achiral meso isomeric metalloligand.
Considering both results of [15] and [14]X (X~ = NOs", ClO47), we assumed that the
presence of coulombic interaction affected the distinct difference in whether
spontaneous resolution takes place in [15] or not in [14]X (X~ = NOs", ClO4"). Because
[14]" was a cationic species, coulombic interaction between [14]" and achiral anion
worked for an assist of aggregation, resulting in an achiral packing, also, there must be
coulombic repulsions between the Co centers in each cation, which may lead to the
formation of weaker hydrogen bonding interactions than these in neutral Ni species,
contributing to the construction of the chiral helical chain-like aggregate found in the
crystal structure of [15]. On the other hand, in [15] owing to all neutral species, no
coulombic interaction worked during crystallization. As a result, in [15], only 4 forms
crystallized in a crystal and the same was the case with 4 forms in [15]". In the end, we
showed a serendipity of spontaneous resolution controlled by coulombic interaction.

1VV-3-8. Comparison with dppe Complexes.

In the molecular structure of homochiral [13]** determined by single crystal X-ray
diffraction analysis, the cyclic 18-membered metalloring was distorted on the bridging
diphosphinoethane part to form a bent structure while that of [AusCoz(dppe)2(D-pen)s]?*
which crystallized in Cubic F23 formed a straight shape. It was implied that the bent
structure was affected by the less flexibility of the restricted bridging diphosphinoethane
part in dcpe due to the steric hindrance of cyclohexyl group compared with phenyl
group. In addition, the molecular structure of [AusCoz(dppe)2(D-pen)s]?* was carefully
checked with focusing on the intramolecular interactions. In [AusCoz(dppe)2(D-pen)4]?*,
it was found that intramolecular CH--n interactions in two parts played an important
role to form a straight molecular shape (Figure 4-41). Considering the bulkiness of
cyclohexyl group which cannot form CH-m interaction, it is easy to imagine that the
replacement of phenyl group with cyclohexyl group is impossible. As a result, [13]*
preferred a bent structure to a straight one to avoid the steric repulsion. It was concluded,
in this discussion part, that the steric hindrance of cyclohexyl group in dcpe had an
influence on the flexibility on the bridging diphosphinoethane part as well as
intramolecular interactions, which led a bent form of [13]%*.

In dppe coordination system, the crystals of not only homochiral hexanuclear
structure ([AusCoz(dppe)2(D-pen)s]?*) but also the homochiral trinuclear structure
([Au2Co(dcpe)(p-pen)2]*) were found in the different crystallization conditions. On the
other hand, the dcpe homochiral system could produce only the hexanuclear structure
[AusCoz(dcpe)2(D-pen)a]?* ([13]%"). Based on the molecular modeling examinations of
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homochiral trinuclear and homochiral hexanuclear structure, it was found that the
homochiral trinuclear structure had a distorted tetrahedral geometry around bridging S
atoms rather than the case for homochiral hexanuclear structure (Figure 4-42).
Therefore, the homochiral trinuclear structure is less homochiral hexanuclear structure.
In spite of the less stability, the crystals containing [Au2Co(dcpe)(D-pen)2]* cations
could be isolated probably due to the increment of crystallinity by CH--'n and n--n
interactions of phenyl groups in dppe ligands, which are not present in dcpe systems.
The less supramolecular interaction ability of dcpe systems probably induced the
different result from dppe systems.

In our previous work, we found that, in dppe system, chiral-scrambling reaction
produced the mixture of homochiral Ds- and Ls-AusCo2 hexanuclear complexes and a
heterochiral DsL2-AusCo. hexanuclear complex, whereas heterochiral DL-trinuclear
complex was also obtained in some conditions. To clarify the factor in controlling the
formation of hexanuclear or trinuclear complexes, the careful comparison of the crystal
structures of these complexes were attempted. It was found that in
[Au2Co(dppe)(p-pen)(L-pen)]*, the bridging diphosphinoethane part was closed to form
9-membered ring. On the other hand, in [AusCoz(dppe)2(D-pen)s?*, the bridging
diphosphinoethane part was expanded to form the 18-membered ring and sterically
more constrained than in a trinuclear complex. Against the constraint, the
intramolecular interactions such as CH-m interactions from phenyl group assisted in
forming a hexanuclear complex more preferentially than a trinuclear complex in dppe
system. This structural feature implied that the motion of the bridging phosphinoethane
part and the interactivity of ligands directly affected the selectivity of the formation of
hexanuclear or trinuclear complexes.

As described in the above discussion, it is clear that the steric hindrance of
cyclohexyl group in dcpe strongly restricts the motion of the bridging
diphosphinoethane part. Therefore, it was expected that in dcpe system the formation of
a trinuclear complex was preferred to that of a hexanuclear one. As we expected, in this
thesis, the reaction of heterochiral metalloligand, [Auz(dcpe)(D-Hpen)(L-Hpen)], with
Co"" and Ni'" formed only heterochiral trinuclear complexes, [14]* and [15] respectively.
Therefore, we succeeded in the selective formation of trinuclear complexes from
heterochiral metalloligand. Also, in the previous discussion, we demonstrated that a
hexanuclear complex, [AusCoz(dcpe)z(D-pen)s]?* was obtained from the reaction of
homochiral metalloligand, [Aux(dcpe)(D-Hpen)2]. From these results, we revealed that
the chirality control of penicillaminate govern the selectivity of the formation of
hexanuclear and trinuclear complexes.
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Considering the result of chiral scrambling in our previous work,%® the synthetic
conditions in which using racemic mixture of [Auz(dcpe)(D-Hpen)(L-Hpen)] for [14]"
and [15] might produce three possible isomers of trinuclear pD-/LL-/DL-Au.Co and
AuzNi, respectively. However, only heterochiral bL-form was obtained in both systems.
The formation of the heterochiral trinuclear complex, [14]*, containing the
[Co(D-pen)(L-pen)]” unit, in addition to the expected homochiral trinuclear complex
containing the [Co(D-pen)2]~ unit, was presumably caused by the thermodynamic
stability, that is, the Co"' center in an all-cis-N2O,S; octahedral environment might be
more stable than that in a trans(O)-N202S2 environment. In previous works, the DFT
calculation revealed the stability of the all-cis isomer of heterochiral species compared
with the trans(O) isomer of homochiral species by 1.13 kcal/mol (Table 4-14 and
Figure 4-43)5¢, which supported the selective formation of the heterochiral trinuclear
complex.
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IV-4. Summary.

In this chapter, a new heteroleptic digold(l) metalloligand with mixed diphosphine
and penicillaminate, [Auz(dcpe)(pen)2]*-, was developed and its coordination behavior
was explored to identify the factors in controlling the formation of trinuclear vs.
hexanuclear structure by focusing on the homo- and hetero-chirality of penicillaminate.
It was found that the homochiral metalloligand formed the AusM: hexanuclear
complexes, while the heterochiral metalloligand formed the Au2M trinuclear complexes
(M = Co"', Ni"). It is likely that the homochiral metalloligand prefers a bent form of the
hexanuclear structure rather than a straight one, as found in the dppe hexanuclear
complex, due to the steric hindrance and the less interactivity of cyclohexyl groups. The
difference in the molecular shapes and interactivities probably prevents the hexanuclear
complex cations ([Au'sCo'"';(dcpe)2(D-pen)s]**) from constructing the unusual separate
supramolecular structure of inorganic anions and complex cations, which was found in
the dppe analogous complex, [Au'4sCo"'2(dppe)2(D-pen)4]?*.

Furthermore, the steric hindrance of the cyclohexyl groups restricted the motion of
the bridging diphosphinoethane part, which led to the formation of the trinuclear
structure rather than the hexanuclear one in the heterochiral system. In trinuclear
complexes, the neutral Au;2Ni'" complex showed a spontaneous resolution, whereas the
cationic Au',Co'""' complex did not. We assume that the coulombic interaction between
the cationic Au',Co'"' complex and the achiral anions induces a templating effect to be
aggregated into the achiral structure, and thus does not show spontaneous resolution
behavior. The spontaneous resolution behavior in [15] was the first example found in
discrete heterochiral molecules composed of an enantiomeric pair of chiral subunits.
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Table 4-1. Crystallographic data for [11].

[11]
Formula CasHasAu2PoCl2
Formula weight 887.41
Crystal color colorless
Crystal size, mm?® 0.067 x 0.061 x 0.097
Crystal system orthorhombic
Space group Pbca
a, A 11.38480(10)
b, A 15.54040(10)
c, A 16.37190(10)
v, A 2896.59(4)
Z 4
p(calc), g/cm?® 2.035
R1 (1>24(1)) ¥ 0.0215
WR2 (1>20(1)) ® 0.0744
R1 (all data) ¥ 0.0230

WR2 (all data) © 0.0762

2) RL = 3|([Fo-Fe)l/2(Fo)
b) WR2 = [Zul[Fof?-IFoP/ZulIFo )12

Table 4-2. Selected bond distances (A) and angles (°) for [11]

distances
Au(1)-P(1) 2.2392(4) Au(1)-CI(1) 2.2965(4)
C()-C(1y 1.540(3)
angles
P(1)-Au(1)-CI(1) 177.022(15) C(1)’-C(1)-P(1) 114.23(14)

Symmetry code: (') 2-x, -y, 1-z.
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Table 4-3. Crystallographic data for D2/L>-H3[12]ClOa4.

D2/L2-H3[12]Cl04-3.5H.0

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

B,°

v, A°

z

p(calc), g/cm?®
R1 (1>20(1)) @
WR2 (1>25(1))
R1 (all data) ¥
wR2 (all data)

CasH77AU2N2011.5P2SCl
1277.43

colorless

0.50 x 0.20 x 0.03
monoclinic

C2lc

9.6195(2)
46.3440(11)
23.6728(6)
99.505(7)
10408.6(5)

8

1.630

0.0861

0.2192

0.1454

0.2431

a) R1 = Z|(|Fol-|Fc)l/Z(|Fol)
b) WR2 = [Zw(IFol*-|Fcf)*/Zw(IFol?)*1"

Table 4-4. Selected bond distances (A) and angles (°) for Da/L2-H3[12]CIO4

Au(1)-P(1)
Au(2)-P(2)
Au(1)--Au(2)

P(1)-Au(1)-S(1)
C(12)-C(11)-P(1)

distances
2.252(3) Au(1)-S(1)
2.261(3) Au(2)-S(2)
3.1083(7) C(11)-C(12)
angles

178.94(12) P(2)-Au(2)-S(2)
114.8(9) C(11)-C(12)-P(2)

2.312(4)
2.299(4)
1.575(17)

177.90(13)
116.1(9)
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Table 4-5. Crystallographic data for [13](NOs)..

[13](NO3)2:29H20

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

v, A’

Z

p(calc), g/cm?®
R1 (1>20(1)) @
WR2 (1>20(1))
R1 (all data) ®
wR2 (all data)

C72H132AU4C02N6042P4S4
2911.67

brown
0.15x0.10x 0.10
orthorhombic
P212121
13.769(12)
22.278(19)
38.81(4)
11904(18)

4

1.625

0.0737

0.1363

0.1393

0.1573

a) R1 = X|(|Fol-|Fel)l/=(|F)
b) WR2 = [Zu(|Fof>-|Fc/?)/Zw(|Fof?)?] M2
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Table 4-6. Selected bond distances (A) and angles (°) for [13](NO3)s.

Au(1)-P(4)
Au(2)-P(1)
Au(3)-P(2)
Au(4)-P(3)
Co(1)-0(1)
Co(1)-N(1)
Co(1)-S(2)
Co(2)-0(7)
Co(2)-0(5)
Co(2)-S(4)
C(21)-C(22)

P(4)-Au(1)-S(1)
P(2)-Au(3)-S(3)
0(1)-Co(1)-0(3)
0(3)-Co(1)-N(1)
0(3)-Co(1)-N(2)
0(1)-Co(1)-S(2)
N(1)-Co(1)-S(2)
O(1)-Co(1)-S(1)
N(1)-Co(1)-S(1)
S(2)-Co(1)-S(1)
0(7)-Co(2)-0(5)
0(7)-Co(2)-N(3)
0(5)-Co(2)-N(3)
N(4)-Co(2)-S(4)
N(3)-Co(2)-S(4)
N(4)-Co(2)-S(3)
N(3)-Co(2)-S(3)
C(22)-C(21)-P(1)
C(24)-C(23)-P(3)

2.276(5)
2.277(6)
2.271(5)
2.270(6)
1.913(13)
1.980(15)
2.260(5)
1.904(14)
1.923(13)
2.240(6)
1.58(3)

179.57(18)
178.43(18)
174.5(6)
94.4(6)
81.9(6)
91.8(4)
173.7(5)
91.1(4)
84.1(5)
94.62(19)
175.2(7)
94.5(7)
81.8(7)
84.2(5)
173.6(6)
174.6(6)
86.9(6)
114.3(14)
117.1(14)

distances

Au(1)-S(1)
Au(2)-S(2)
Au(3)-S(3)
Au(4)-S(4)
Co(1)-0(3)
Co(1)-N(2)
Co(1)-S(1)
Co(2)-N(4)
Co(2)-N(3)
Co(2)-S(3)
C(23)-C(24)

angles

P(1)-Au(2)-S(2)
P(3)-Au(4)-S(4)
0(1)-Co(1)-N(1)
0(1)-Co(1)-N(2)
N(1)-Co(1)-N(2)
0(3)-Co(1)-S(2)
N(2)-Co(1)-S(2)
0(3)-Co(1)-S(1)
N(2)-Co(1)-S(1)
0(7)-Co(2)-N(4)
N(4)-Co(2)-O(5)
N(4)-Co(2)-N(3)
0(7)-Co(2)-S(4)
0(5)-Co(2)-S(4)
0(7)-Co(2)-S(3)
0(5)-Co(2)-S(3)
S(4)-Co(2)-S(3)
C(21)-C(22)-P(2)
C(23)-C(24)-P(4)

2.348(5)
2.346(5)
2.341(5)
2.324(5)
1.936(11)
1.980(14)
2.289(6)
1.917(16)
1.943(15)
2.285(6)
1.57(3)

177.59(18)
173.38(19)
82.1(7)
94.3(6)
95.8(6)
91.8(4)
86.0(4)
92.7(4)
174.6(5)
83.4(8)
93.9(8)
95.1(8)
91.7(5)
92.0(5)
91.5(5)
91.3(5)
94.4(2)
112.9(13)
114.9(14)
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Table 4-7. Crystallographic data for [14]NOs.

[14]NOs-H20

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

a °

B,°

, °

v, A’

Z

p(calc), g/cm?®
R1 (1>24(1)) ¥
WR2 (1>24(1)) ®
R1 (all data) ¥
WR2 (all data) ©

C3sHesAu2CoN308P2S2
1247.84

purple

0.104 x 0.041 x 0.028
triclinic

P-1

9.3019(5)

12.9421(7)
20.2034(11)
88.753(3)

88.106(5)

82.750(3)

2411.1(2)

2

1.719

0.0959

0. 2658

0.1580

0.2851

a) R1 = Z|(|Fol-|Fc)l/Z(|Fol)
b) WR2 = [Zw(IFol*-|Fcf)*/Zw(IFol*)*1"*
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Table 4-8. Selected bond distances (A) and angles (°) for [14]NOs.

distances
Au(1)-P(1) 2.258(4) Au(1)-S(1) 2.318(4)
Au(2)-P(2) 2.254(5) Au(2)-S(2) 2.290(8)
Co(1)-N(2) 1.65(3) Co(1)-0(2) 1.98(2)
Co(1)-N(2) 2.04(4) Co(1)-0(3) 2.14(3)
Co(1)-S(1) 2.192(7) Co(1)-S(2) 2.292(12)
C(11)-C(12) 1.53(3) Au(1)--Au(2) 2.9334(9)
angles

P(1)-Au(1)-S(1) 177.11(18) P(1)-Au(1)-Au(2) 94.53(11)
S(1)-Au(1)-Au(2) 87.81(14) P(2)-Au(2)-S(2) 179.1(3)
P(2)-Au(2)-Au(1) 95.63(13) S(2)-Au(2)-Au(l) 85.3(2)
N(1)-Co(1)-O(1) 84.7(14) N(1)-Co(1)-N(2) 113.7(15)
O(1)-Co(1)-N(2) 82.1(12) N(1)-Co(1)-O(3) 173.1(14)
0O(1)-Co(1)-0(3) 88.8(13) N(2)-Co(1)-O(3) 67.6(16)
N(1)-Co(1)-S(1) 86.6(8) O(1)-Co(1)-S(2) 85.2(9)
N(2)-Co(1)-S(1) 154.8(14) 0O(3)-Co(1)-S(1) 90.5(10)
N(1)-Co(1)-S(2) 95.4(12) 0O(1)-Co(1)-S(2) 176.8(10)
N(2)-Co(1)-S(2) 94.9(10) 0O(3)-Co(1)-S(2) 91.2(8)
S(1)-Co(1)-S(2) 98.0(3) C(12)-C(11)-P(2) 115.7(14)

C(11)-C(12)-P(2) 112.1(14)
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Table 4-9. Crystallographic data for [14]CIOa.
[14]Cl104-0.25NaCl-5.25H.0

Formula C3sHes AU2CON2013.25P2S2Cl1 25Nap 25
Formula weight 1367.89

Crystal color purple

Crystal size, mm®  0.39 x 0.39 x 0.03
Crystal system tetragonal

Space group P4/n

a, A 22.119(2)

c, A 21.9664(12)

v, A° 10747(2)

z 8

p(calc), g/cm?® 1.691

R1 (1>24(1)) ¥ 0.0582

WR2 (1>25(1)) 0.1389

R1 (all data) @ 0.0947

WR2 (all data) © 0.1564

a) R1 = Z|(|Fo|-|Fe)l/Z(|Fol)
b) WR2 = [Zw(IFol*-|Fcf)*/Zw(IFol*)*1"*
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Table 4-10. Selected bond distances (A) and angles (°) for [14]ClOa.

distances
Au(1)-P(1) 2.271(2) Au(1)-S(1) 2.324(2)
Au(2)-P(2) 2.258(2) Au(2)-S(2) 2.324(2)
S(1)-Co(1) 2.276(2) S(2)-Co(1) 2.242(2)
O(1)-Co(2) 1.951(6) 0O(3)-Co(2) 1.928(5)
N(2)-Co(1) 1.948(7) N(1)-Co(1) 1.941(7)
C(11)-C(12) 1.536(13) Au(1)--Au(2) 2.9651(4)

angles

P(1)-Au(1)-S(1) 175.91(7) P(2)-Au(2)-S(2) 178.61(8)
0O(3)-Co(1)-N(1) 176.0(3) 0O(3)-Co(1)-N(2) 80.9(3)
N(1)-Co(1)-N(2) 97.4(3) 0O(3)-Co(1)-0(12) 94.1(2)
N(1)-Co(1)-O(1) 82.2(3) N(2)-Co(1)-O(1) 88.9(3)
0O(3)-Co(1)-S(2) 89.92(18) N(1)-Co(1)-S(2) 93.6(2)
N(2)-Co(1)-S(2) 88.4(2) 0O(1)-Co(1)-S(2) 174.67(18)
0O(3)-Co(1)-S(2) 94.49(18) N(1)-Co(1)-S(1) 86.9(2)
N(2)-Co(1)-S(1) 172.3(2) O(1)-Co(1)-S(2) 85.33(18)
S(2)-Co(1)-S(1) 97.80(8) C(12)-C(11)-P(2) 113.8(7)
C(11)-C(12)-P(2) 116.5(7)
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Table 4-11. Crystallographic data for [15] and [15]'.

[15]-5MeOH

[15]-5MeOH

Formula
Formula weight
Crystal color
Crystal size, mm?®
Crystal system
Space group

a, A

b, A

c, A

v, A’

Z

p(calc), g/cm?®
R1 (1>24(1)) ¥
WR2 (1>24(1)) ®
R1 (all data) ¥
WR2 (all data) ©

Ca1HssAu2NIN20gP2S;
1329.82

blue

0.30 x 0.27 x 0.27
orthorhombic
P212121

10.249(3)
20.838(6)
24.500(6)
5232(2)

4

1.688

0.0368

0.0754

0.0509

0.0812

Ca1HssAu2NIN20gP2S;
1329.82

blue

0.30 x 0.10 x 0.08
orthorhombic
P212121
10.1952(2)
20.8062(4)
24.5344(5)
5204.32(18)

4

1.697

0.0353

0.0754

0.0411

0.0776

a) R1 = X|(|Fol-|Fel)l/=(|F)
b) WR2 = [Zu(|Fof>-|Fc/?)/Zw(|Fof?)?] M2
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Table 4-12. Selected bond distances (A) and angles (°) for [15].

Au(1)-P(1)
Au(2)-P(2)
Ni(1)-0(3)
Ni(1)-0(1)
Ni(1)-S(1)
Au(l)--Au(2)

P(1)-Au(1)-S(1)
0(3)-Ni(1)-N(1)
N(1)-Ni(1)-O(1)
N(2)-Ni(1)-N(2)
0(3)-Ni(1)-S(1)
O(1)-Ni(1)-S(1)
0(3)-Ni(1)-S(2)
O(1)-Ni(1)-S(2)
S(1)-Ni(1)-S(2)
C(11)-C(12)-P(2)

2.2607(19)
2.2520(18)
2.057(5)
2.084(6)
2.443(2)
2.9660(7)

176.61(7)
170.2(3)
78.3(3)
100.2(3)
97.17(16)
86.39(17)
89.65(18)
172.61(17)
100.57(7)
118.1(5)

distances

Au(1)-S(1)
Au(2)-S(2)
Ni(1)-N(1)
Ni(1)-N(2)
Ni(1)-S(2)
C(11)-C(12)

angles

P(2)-Au(2)-S(2)
0(3)-Ni(1)-0(1)
0(3)-Ni(1)-N(2)
O(1)-Ni(1)-N(2)
N(L)-Ni(1)-S(1)
N(2)-Ni(1)-S(1)
N(L)-Ni(1)-S(2)
N(2)-Ni(1)-S(2)
C(12)-C(11)-P(1)

2.3079(18)
2.3095(19)
2.065(6)
2.087(6)
2.445(2)
1.539(10)

177.47(7)
91.9(2)
78.8(2)
90.8(3)
83.21(18)
175.0(2)
99.9(2)
82.4(2)
116.8(5)
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Table 4-13. Selected bond distances (A) and angles (°) for [15]".

distances
Au(1)-P(1) 2.263(2) Au(1)-S(1) 2.316(2)
Au(2)-P(2) 2.258(2) Au(2)-S(2) 2.316(2)
Ni(1)-O(3) 2.058(6) Ni(1)-N(1) 2.072(7)
Ni(1)-N(2) 2.090(7) Ni(1)-0(1) 2.101(6)
Ni(1)-S(2) 2.441(3) Ni(1)-S(1) 2.449(3)
Au(1)--Au(2) 2.9692(5) C(11)-C(12) 1.531(12)
angles

P(1)-Au(1)-S(1) 177.05(8) P(1)-Au(1)-Au(2) 93.64(6)
S(1)-Au(1)-Au(2) 89.19(5) P(2)-Au(2)-S(2) 177.64(9)
P(2)-Au(2)-Au(1) 92.00(6) S(2)-Au(2)-Au(l) 89.56(6)
O(3)-Ni(1)-N(2) 170.0(3) O(3)-Ni(1)-N(2) 78.7(3)
N(1)-Ni(1)-N(2) 100.4(3) O(3)-Ni(1)-0(2) 92.0(3)
N(1)-Ni(1)-O(1) 78.0(3) N(2)-Ni(1)-O(1) 91.0(3)
O(3)-Ni(1)-S(2) 89.7(2) N(1)-Ni(1)-S(2) 100.1(2)
N(2)-Ni(1)-S(2) 82.5(2) O(1)-Ni(1)-S(2) 172.9(2)
O(3)-Ni(1)-S(1) 96.52(18) N(1)-Ni(1)-S(1) 83.7(2)
N(2)-Ni(1)-S(1) 174.0(2) O(1)-Ni(1)-S(2) 85.5(2)
S(2)-Ni(1)-S(1) 101.17(8) C(12)-C(11)-P(2) 117.3(6)

C(11)-C(12)-P(2) 118.2(6)
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4000 3000 2000 1000 400
wavenumber / cm-1

Figure 4-1. IR spectra of (a) [11] (b) D2-H2[12], (c) DL-H2[12], (d) [13](NOs)2, (e)
[14]NOs, (f) [14]ClO4, and (g) [15] (KBr disk).
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Figure 4-2. 'H NMR spectrum of [11] in CDCls. Filled circles (e) represent the
methylene and the methine signals of Cy moieties and filled triangles (A) represent the
methylene signals of linker C2 chain moieties. The * marks represent the signals of
solvents and TMS signals.

80 40 0 —40 -80
ppm from 85% H5PO,

Figure 4-3. 3'P NMR spectrum of [11] in CDCls.
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921.1753, [Au,Cl;(dcpe)]”
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Figure 4-4. ESI-MS spectrum of [11]. Signals from [Au2Cls(dcpe)]~ were magnified.
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4 3 2 1 0
ppm from TMS

Figure 4-5. 'H NMR spectra of (a) D2-H[12] and (b) DL-H2[12] in CDsOD. Filled
diamonds (4) represent the signals of dcpe moieties, open squares (o) represent the
methyl signals of pen moieties and open reversed triangles (\/) represent the methine
signals of pen moieties. The * marks represent the signals of solvents and TMS signals.

(1) g i i

e

I I I I ! I I I I |
80 40 0 —40 -80
ppm from 85% HsPO,

Figure 4-6. 3'P NMR spectra of (a) D2-H2[12] and (b) bL-H2[12] in CD3OD.
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(a)
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(b)
1111.3455, [Au,(dcpe)(Hpen)(pen)]~

| | | |

0 500 1000 1500 2000
mlz

5 QOQD g,

+H3N S—AU—P—"P—Au—S

1111.3455” m/z=1111.3343

1111.3343ﬂ

JL o

J ‘ | ‘ /\ R ‘ Simu.

1111 1112 1113 1114 1115 1116
m/z

Figure 4-7. ESI-MS spectra of (a) D2-H2[12] and (b) pL-H2[12] with simulated spectra.

The signals from [Auz(dcpe)(Hpen)(pen)]‘ were magnified for each spectrum.
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Figure 4-8. Absorption (AB) and CD spectra of Do-H2[12] in MeOH.
5
4
£ 3
Lo
=
L2 - 20
S
- 15
AB
1 4 - 10 _
| 5 5
0 {w 1 : : | 0o 2
CD | 5 &
- -10
- 15
T T T T -20
200 300 400 500 600 700

wavelength / nm

Figure 4-9. Absorption (AB) and CD spectra of bDL-H2[12] in MeOH.
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Figure 4-10. 'H NMR spectra of (a) [13](NOa3)2, (b) [14]NOs, and (c) [14]CIO4 in
CD30D. Filled diamonds (4) represent the signals of dcpe moieties, open squares (o)
represent the methyl signals of pen moieties and open reversed triangles (V) represent
the methine signals of pen moieties. The * marks represent the signals of solvents and

TMS signals.
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Figure 4-11. *'P NMR spectra of (a) [13](NO3), (b) [14]NOs, and (c) [14]ClO4 in
CDsOD.
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Figure 4-12. Absorption (AB) and CD spectra of [13](NO3), in MeOH.
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Figure 4-13. Absorption (AB) and CD spectra of [AuszCo2(dppe)2(D-pen)s]Clz in
MeOH.’
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Figure 4-14. Diffuse reflection (DR) and CD spectra of [13](NOs3) in the solid state.
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Figure 4-15. Absorption (AB) and CD spectra of [14]NOz in MeOH.
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Figure 4-16. Diffuse reflection (DR) and CD spectra of [14]NOz in the solid state.
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Figure 4-17. Absorption (AB) and CD spectra of [14]CIO4 in MeOH.
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Figure 4-18. Diffuse reflection (DR) spectrum of [14]ClO4 in the solid state.
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Figure 4-19. Absorption (AB) and CD spectra of [15] in MeOH.
1.5
1.0
=
X
0.5 A
0 I I I 1
400 600 800 1000 1200

wavelength / nm

Figure 4-20. Diffuse reflection (DR) spectrum of [15] in the solid state.
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Figure 4-21. CD spectra of a single crystal of (a) [15] and (b) [15]' in the solid state.

Figure 4-22. A drawing of complex molecule in [11] with some of the atomic labeling
scheme. Hydrogen atoms are omitted for clarity. One part of the disordered atoms is

omitted. Symmetry code: (') x, 1-y, 1-z.
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Figure 4-23. A closely packed structure of complex molecules in the crystal [11].

Figure 4-24. A drawing of two complex molecules in D2/L2-H3[12]CIO4 with the atomic
labeling scheme. The complex molecule in the asymmetrical unit is D2-H3z[12]" but the
enantiomeric Lo-Hz[12]" molecule also appeared by symmetrical expansion. Hydrogen
atoms are omitted for clarity. Symmetry code: () 2—x, -y, 2-z.
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D-H3[12]"  D,-H3[12]"  Dy-H,[12]*

L-Ha[12]"  Ly-H3[12]* L-H;[12]*

Figure 4-25. A hydrogen bonded chain-like aggregate of the complex cation in
D2/L2-H3[12]ClO4. Dashed lines indicate hydrogen bonds.

Figure 4-26. A packing structure of complex cations and perchlorate anions in the
crystal of D2/L2-H3[12]ClO..
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Figure 4-27. An ortep drawing of complex cation in [13](NOz)> with the atomic
labeling scheme. Hydrogen atoms are omitted for clarity. Thermal ellipsoids were
drawn in a 50 % level.

12+

Figure 4-28. A bent 18-membered metalloring structure in [13](NO3)2.
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(b)

Figure 4-29. (a) Bis(tridentate-N,O,S) coordination mode of the metalloligand, and (b)
trans-O coordination geometry of Co'"" atom in [13](NO3)..
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Figure 4-30. A packing structure of complex cations and nitrate anions in the crystal of
[13](NO3)2.

Figure 4-31. An ortep drawing of complex cation in [14]CIO4 with the atomic labeling
scheme. Hydrogen atoms are omitted for clarity. Thermal ellipsoids were drawn in a
50 % level.
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Figure 4-32. A 9-membered metalloring structure of [14]".

o o
e, 0,.6 ‘.,,C d.“‘
NG o 1 g

Figure 4-33. Schematic drawings of cis-O coordination geometry of Co'' atom in
enantiomeric pair of the trinuclear complexes in [14]" with the definition of the
configuration around Co by SN chelation.
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Figure 4-34. A packing structure of complex cations and nitrate anions in the crystal of
[14]NOs.

Figure 4-35. An ortep drawing of complex cation in [14]CIO4 with the atomic labeling
scheme. Hydrogen atoms are omitted for clarity. Thermal ellipsoids were drawn in a
50 % level.
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Figure 4-36. Crystal structure of [14]ClO4. (a) Hydrogen bond interaction between
trinuclear complexes. (b) Tetrameric assembly (44 or 44) around CI”™ via hydrogen bond.
The atom represented by space-filling model is the chloride anion. (c) Alternative
stacking layers of two kinds of diastereomers (4 layer (pink) and 4 layer (light blue)).
The dashed lines indicate the hydrogen bonds.
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Figure 4-37. Ortep drawings of complex cation in (a) [15] and (b) [15]" with the atomic
labeling scheme. Hydrogen atoms are omitted for clarity. Thermal ellipsoids were
drawn in a 50 % level.

(a) (b)

Figure 4-38. 9-membered metalloring structures in (a) [15] and (b) [15]'.
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Figure 4-39. Schematic drawings of cis-O coordination geometry of Ni'"' atom in (a)
[15] and (b) [15]" with the definition of the configuration around Ni by SN chelation.
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Figure 4-40. The 1D chain structure composed of hydrogen bond along a axis in (a)
[15] and (b) [15]'.

Figure 4-41. Perspective views of (a) [4]** with emphasizing diphosphine ligand by
colored transparent space filling model and (b) [AusCoz(dppe)z(D-pen)s]?>* with
emphasizing two parts of CH-r interactions by colored transparent space filling model.
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Figure 4-42. Perspective views of the structures of (a) [Au2Co(dppe)(D-pen)2]* and (b)
[AusCoz(dppe)2(D-pen)]?*, with the conformation of b-pen moieties around a Co center
in (c) trinuclear, and (d) hexanuclear complex cations.”

Figure 4-43. Perspective views of the optimized structures of (a)
[AuCo(dpmp)(D-pen)2]* and (b) [Au2Co(dpmp)(D-pen)(L-pen)]” (dpmp =
1,2-bis(dimethylphosphino)ethane).”
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Chapter V. Conclusion.

In this thesis, the crystal structures of the complexes composed of the digold(l)
metalloligands were thoroughly investigated with the aim of discussing about the effect
of the conformationally constrained bridging ligand on the resulting supramolecular
structures. For this purpose, two kinds of diphosphines were used as a bridging ligand
for the comparison with dppe; one was trans-dppee with a rigid C=C double bond
between the two P atoms and another was dcpe with bulky cyclohexyl substituents on
the P atoms (dppe = 1,2-bis(diphenylphosphino)ethane), trans-dppee = trans-
1,2-bis(diphenylphosphino)ethylene, and dcpe = 1,2-bis(dicyclohexylphosphino)ethane).
As a result, large differences were found not only in the molecular and supramolecular
structures but also in the physical properties. In the reaction of the trans-dppee bridged
metalloligand with cobalt(ll), the rearrangement of inorganic anions in the anionic
cluster was found, and furthermore the metastable Co" species were successfully
isolated. The reaction of the trans-dppee bridged metalloligand with nickel(ll) led to the
construction of two kinds of structures; one was the 1D infinite polymer structure that
has never been found in the dppe system, and another was the discrete molecular
structure that is crystallized with inorganic acids, in which the reverse
absorption/desorption behavior toward ammonia in single-crystal-to-single-crystal
manner was observed for the acid-incorporated crystals. By the reaction using
metalloligands bridged by dcpe, the unique chiral behavior depending on the charge of
the complexes was observed, together with the spontaneous resolution from the achiral
meso isomer.

In the Chapter I, it was found that the reaction of the homochiral metalloligand, D,-
or Lo-[Au'z(trans-dppee)(Hpen)z] (D2-[2] or L2-[2]), with Co' led to the formation of the
Au'sCo"; hexanuclear complex [Au'sCo''l;(trans-dppee).(D-pen)s]**  ([3]**) or
[Au'4Co"'(trans-dppee)2(L-pen)s]?* ([4]?"), by air oxidization. In the crystal structure,
the six cations were aggregated to form hexamers that are closely packed in a
face-centered cubic (fcc) arrangement. These aggregation structures were formed
through multiple CH---nm and hydrogen bonding interactions. In the hydrophilic
interstice in the fcc structure, there were ten monovalent anions with an
adamantane-like aggregation structure or six divalent anions with an octahedral
aggregation structure. Such a multistep aggregation of the complex cation accompanied
by the aggregation of inorganic anions was also found in the dppe system,® but the
aggregation structures of the inorganic anions were slightly different in terms of the
molecular orientation. The use of the rigid diphosphine linker (trans-dppee), instead of
the flexible linker (dppe), resulted in the formation of the complex cation with the
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longer Co---Co distance, which led to the formation of the larger hexameric cation
cluster. As a result, smaller hydrophilic tetrahedral interstices were formed in the
trans-dppee complexes, and inorganic anions in the tetrahedral interstice were arranged
more closely. Thus, the subtle control of the anion aggregation structures by the change
of diphosphine linkers was achieved. In the latter half of Chapter Il, the effect of the
chirality on the aggregation behavior and the physical properties was investigated, by
the reactions of a racemic mixture of the chiral metalloligands, D2- or
Lo-[Au'z(trans-dppee) (Hpen)2] (D2-[2] or L2-[2]), with Co'' or Co"!. The reaction with
Co'" with PbO; gave the heterochiral Au'sCo"; complex, DaL2-[Au'sCo'";
(trans-dppee)2(pen)s](NOz)2 ([6](NO3)2), which showed no specific supramolecular
aggregation behavior. In this reaction, the homochiral Au'4Co"'; complexes, Ds- or
La-[Au'sCo'";(trans-dppee)2(pen)s] (NOs)2 ([3](NOs)2 and [4](NOs)2), were also formed,
in addition to [6](NOz3).. The reaction of a racemic mixture of the metalloligands with
Co" in air gave the Au'4Co"; heterochiral complex, DaLo-[Au'sCo'z(trans-dppee)z(pen)s]
([5]). This reaction was different from that of the homochiral case; the reaction of the
homochiral metalloligand with Co" in air gave only the Au'sCo'"'; homochiral complex
through the air oxidation. Thus, it was found that the chirality affects not only their
structures (the unique separate aggregation behavior was found only in the homochiral
complex), but also their physical properties (the stabilization of the Co" oxidation state
in the heterochiral complex).

In Chapter 11, the Au"Ni'; hexanuclear complexes, [Au'sNi'y(trans-dppee);
(D-pen)s]-HX ([7]-HX; HX = 2HCIO4, 4/3HNOs), and the Au>Ni" chain complex,
[Au'2Ni'(trans-dppee)(D-pen)z]- ([9]), were synthesized by the reactions of the chiral
metalloligand, [Au'x(trans-dppee)(p-Hpen)z] (D2-H2[2]), with Ni' in the presence of
different inorganic anions. In these complexes, the metalloligand coordinated to two Ni'
ions to form the twisted metalloring structure in [7]-HX and the chain structure in [9].
The 1D neutral chain structure observed in [9] has never been found for the dppe system.
Interestingly, the crystal of [7]'HX was isostructural to that of
[Au'4Co"'(trans-dppee)2(D-pen)a]** ([3]?*), and six inorganic anions formed an anionic
cluster as found in [3]Xz in spite of the neutral charge of [7], indicating that the
inorganic acids were incorporated into the neutral crystal lattice composed of [7]. This
result stimulated us to investigate the reactivity of [7] to the basic molecules via
acid-base reactions. The crystals accommodating an inorganic acid showed the
incorporation of NHsz molecules from the exposed atmosphere with the retention of the
crystallinity. Importantly, [7]-2HCIO4 absorbed NH3z molecules not only from gaseous
ammonia, but also from an aqueous ammonia, transforming to [7]-2NH4ClO4, which
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was reversibly changed to [7]-:2HCIOs4 in a single-crystal-to-single-crystal conversion
manner. The analogous compound having dppe ligands, [Au'sNi'2(dppe)z(D-pen)d]
2HCIO4 ([8]-2HCIO4), was also prepared by a similar method, but its reactivity toward
ammonia was quite different from that of [7]-2HCIOa4. This result was explained via the
rigid nature of the bridging moiety in the trans-dppee system, which made the overall
packing structure stable.

In Chapter 1V, diphosphine dcpe was applied as a bridging ligand instead of dppe,
and the effect of functional groups on the phosphorus atom to the structure was
examined. The reaction of the homochiral metalloligand with Co" produced the
AusCo"; hexanuclear complex, [Au'4sCo">(dcpe)2(D-pen)s]?*, while the heterochiral
metalloligand gave the Au;M trinuclear complexes, [Au2M(dcpe)(D-pen)(L-pen)]™ (M
= Co'" or Ni"). The homochiral metalloligand is assumed to prefer a bent form of the
hexanuclear structure to a straight form as observed in the dppe system, due to the steric
hindrance and the less interactivity of the cyclohexyl group in the dcpe ligand. The
differences in the molecular shape and the interactivity probably prevent the
hexanuclear complex cation from constructing the unusual separate aggregation
structure of inorganic anions and complex cations. Furthermore, the steric hindrance of
the cyclohexyl groups restricted the motion of the bridging diphosphinoethane part,
which led to the formation of the trinuclear complex rather than the hexanuclear
complex in the heterochiral system. The heterochiral Au2Ni complex showed
spontaneous resolution behavior, and this is a rare example of the discrete heterochiral
molecule that undergoes spontaneous resolution.

Finally, in this study, the crystal structures and physical properties of the multinuclear
complexes composed of the digold(l) metalloligands ([Au'2(dppx)(Hpen).], dppx =
trans-dppee or dcpe) and metal ions (Co", Co'"', Ni'"") were thoroughly investigated, and
it was found that the molecular and supramolecular structures were indeed affected by
the diphosphine linkers (trans-dppee, dcpe vs. dppe), the metal ions (Co'", Co'', Ni'"),
and the chirality (homochiral vs. heterochiral). Small changes in these building parts
gave a large influence on the resulting crystal structures and their properties, which
were rationally explained from the view of the molecular structures of the building units.
The author believes that these results contribute to the development of the
supramolecular chemistry from the point of view of the control of supramolecular
aggregation structures. Based on the present synthetic and structural chemistry, in the
near future, the unique physical properties and the reactivity originating from the
separate aggregation of cations and anions should be explored.
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