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ABSTRACT: The presence of lone pairs on the Pt and S
atoms of [Pt(Bdt)(DTBbpy)] (1) (Bdt = 1,2-benzenedithio-
lato and DTBbpy = 4,4′-di-tert-butyl-2,2′-bipyridine) and
[Pt(Bdt)(C13bpy)] (2) (C13bpy = 4,4′-ditridecyl-2,2′-bipyr-
idine) led to selective dative bond formation with Cd(II).
Complexes 1 and 2 show no binding interaction with Zn(II),
while they bind selectively with Cd(II) to give a twisted
trinuclear complex, [Cd{Pt(Bdt)(DTBbpy)}2(ClO4)(H2O)]-
(ClO4) (3), and a shuttlecock-shaped tetranuclear complex,
[Cd{Pt(Bdt)(C13bpy)}3(H2O)](ClO4)2·CH2Cl2 (4), respec-
tively, depending upon the alkyl groups substituted on the 2,2′-bipyridine. The two platinum moieties in 3 are connected to the
seven-coordinated Cd atom through Pt → Cd (2.7331(7) and 2.7936(7) Å) and S → Cd (2.690(3), 2.940(3), and 3.067(3) Å)
dative bonds, while the three moieties in 4 are connected to the tetrahedral Cd atom only by S→ Cd (2.552(4) Å) dative bonds.
These structural variations found in 3 and 4 are caused not only by steric hindrance of the t-Bu groups but also by the
microsegregation effect derived from the tridecyl chains. The three platinum moieties in 4 align so as to form a parallel
orientation of their dipole moments, in contrast to the twisted arrangement found in 3. The dative bonds formed in 3 and 4 are
commonly stable in the solid state and in less coordinative solvents such as dichloromethane, while dissociation behavior of
platinum moieties with Cd(II) was observed in more coordinative THF. UV−vis and NMR spectroscopy unsealed the
characteristic association/dissociation properties depending on the coordination abilities of solvents. Finally, the present study
revealed that the formation of dative bonds between the platinum moieties with Cd(II) plays important roles not only in
stabilizing the ground states, which leads to blue shifts in both absorption and emission energies, but also in electronic
interactions between the moieties, which are revealed by electrochemical studies.

■ INTRODUCTION
A family of square-planar [Pt(L)(R-bpy)] complexes, where L
is an anionic ligand such as Cl−, CN−, NCS−, and R-bpy refers

to an alkyl-substituted-2,2′-bipyridine, has been known to show
not only intriguing photochemical properties, including
chromic and luminescence behavior,1 but also photosensitizing
properties in photocatalytic hydrogen production reactions.1b,2

These characteristics are inherently based on electronic
interactions between a central platinum ion with a heavy

metal effect and two different coordinating ligands, L- and R-
bpy, for both ground states and long-lived excited states.
Furthermore, the physicochemical properties of these

complexes have been modulated and/or improved by
constructing supramolecular assemblies via intermolecular
interactions: these complexes have a tendency to assemble via
intermolecular Pt(II)···Pt(II) interactions,3 dipole−dipole
interactions,4 π···π interactions of ligands,3c,5 hydrogen
bonding,6 and bridging ligands such as bis(diphenyl-
phosphino)methane.7 The formation of supramolecular
assemblies resulted in significant variations in physical proper-
ties compared with those in discrete states, for example,
enhancement in luminescence intensities,3a variations in phase
behaviors,4 and increases in hydrogen evolution efficiency.2a

In addition to the aforementioned supramolecular assem-
blies, our group has investigated a series of platinum complexes
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Scheme 1. Lone pair electrons on [Pt(Bdt)(R-bpy)]
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such as [Pt(Bdt)(R-bpy)] shown in Scheme 1, where Bdt refers
to redox-active 1,2-benzenedithiolato.8a In particular, the
introduction of two 3-octyltridecyl groups on the 4,4′-positions
of bpy led to the formation of a hexagonal columnar ordered
liquid crystal phase constructed from dipole−dipole inter-
actions based on the asymmetric molecular shape. These
complexes show interesting integrated functions derived from
thermally fluctuating structures and photochemical and redox
activity on the mesogen.8

Here we refocused on the molecular structure of the
complexes. The asymmetric molecular shape contributes to a
dipole-driven self-assembly process of the complexes both in
crystalline phases in [Pt(Bdt)(C13bpy)] (C13bpy = 4,4′-
ditridecyl-2,2′-bipyridine)4 and in liquid crystalline phases in
[Pt(Bdt)(C8,10bpy)] (C8,10bpy = 4,4′-di(3-octyltridecyl)-
2,2′-bipyridine).8a In contrast, lone pair electrons in a dz2
orbital of the Pt and on the coordinating S atoms of the Bdt
remain active toward the organization of the moieties. It is
noteworthy that such localized lone pairs have been known to
form a dative bond with Lewis acids:9 Yamaguchi et al. reported
a Pt → Cd-type dative bond in [{Pt(CH3)2(bpy)}{Cd-
(cyclen)}](ClO4)2 (cyclen = 1,4,7,10-tetraazacyclododecane),9a

while Chen et al. found dative bonding between the S atoms of
3,4-toluenedithiolato (tdt) with the Ag and Au atoms in
[PtAg2(dmbpy)(tdt)(dppm)2](SbF6)2 (dmbpy = 4,4′-dimeth-
yl-2,2′-bipyridine and dppm = bis(diphenylphosphino)-
methane) and [PtAu2(dmbpy)(tdt)(dppm)2](SbF6)2.

9b,c In
contrast, no example has been reported on the integration of
two or more [Pt(Bdt)(R-bpy)] moieties via dative bonds. The
integration of such functional moieties would show facilitating
assembled effects in their optoelectronic properties as a result
of interactions between the moieties through dative bonds.
In this paper, we first investigated the selectivity in dative

bond formation of [Pt(Bdt)(DTBbpy)] (1) (DTBbpy = 4,4′-
di-tert-butyl-2,2′-bipyridine) and [Pt(Bdt)(C13bpy)] (2) with
Zn(II) and Cd(II), which possess different softness.10 In
addition to the different nature of these two metal ions,
alternative effects were expected because of the differences in
the size of the t-Bu (1) and tridecyl (2) alkyl groups on the
4,4′-positions of bpy. They serve as important structural
parameters that may alter the assembling fashions of the
moieties and Lewis acid, by which their spectroscopic and
redox properties would be tuned.

■ EXPERIMENTAL SECTION
General Procedures. 1,2-Benzenedithiol (BdtH2), DTBbpy, and

zinc perchlorate hexahydrate were purchased from Sigma-Aldrich
Chemicals. Potassium tetrachloroplatinate(II) (K2[PtCl4]) was
purchased from Furuya Metal Co., Ltd. Cadmium perchlorate
hexahydrate and sodium hydroxide (NaOH) were purchased from
Wako Pure Chemical Industries. C13bpy11 and [PtCl2(C13bpy)]

8b

were synthesized by the literature methods. All of the solvents for the
syntheses and the measurements were distilled by standard methods
under N2 atmosphere. All synthetic operations were performed under
N2 atmosphere using Schlenk line techniques.
Syntheses. [PtCl2(DTBbpy)].

2c 13.5 mL of 3 M HCl and 10 mL of
CHCl3 were added to a mixture of K2[PtCl4] (4.1598 g, 10.021 mmol)
and DTBbpy (2.7001 g, 10.060 mmol). The mixture was heated at 95
°C for 24 h to afford a yellow precipitate. The product was filtered and
washed with H2O, MeOH, and n-hexane. Yield 5.1722 g (9.6787
mmol, 96.6%) FAB-MS: m/z = 534 [M + H]+. 1H NMR (CDCl3, 270
MHz): δ = 9.53 (d, 2H, J = 6.3 Hz), 7.87 (d, 2H, J = 2.0 Hz), 7.50 (dd,
2H, J = 6.3, 2.0 Hz), 1.46 (s, 18H). Calcd. for C18H24Cl2N2Pt: C,
40.46; H, 4.53; N, 5.24. Found: C, 40.31; H, 4.34; N, 5.07.

[Pt(Bdt)(DTBbpy)] (1).2c BdtH2 (169.5 mg, 1.192 mmol), NaOH
(126.5 mg, 3.163 mmol), and [PtCl2(DTBbpy)] (568.8 mg, 1.064
mmol) were combined in a mixed solvent of THF (60 mL) and
MeOH (20 mL). The mixture was stirred at room temperature for 5 h,
producing a deep-violet solution. After evaporation of the solvent, the
product was washed with H2O and dissolved in 10 mL of CH2Cl2 and
then filtered. Addition of 40 mL of n-hexane afforded a reddish-violet
precipitate. Removal of the solvent yielded a reddish-violet solid. Yield
535.8 mg (0.8875 mmol, 83.4%). FAB-MS: m/z = 603 [M]+. 1H NMR
(CD2Cl2, 270 MHz): δ = 9.07 (d, 2H, J = 5.9 Hz), 7.93 (d, 2H, J = 2.0
Hz), 7.46 (dd, 2H, J = 5.9, 2.0 Hz), 7.24 (m, 2H), 6.66 (m, 2H), 1.36
(s, 18H). Calcd. for C24H28N2PtS2: C, 47.75; H, 4.67; N, 4.64. Found:
C, 47.61; H, 4.65; N, 4.66.

[Pt(Bdt)(C13bpy)] (2).4 80 mL of CH2Cl2 and 20 mL of MeOH
were added to a mixture of BdtH2 (0.3425 g, 2.409 mmol), NaOH
(0.1956 g, 4.890 mmol), and [PtCl2(C13bpy)] (1.795 g, 2.281 mmol).
The mixture was heated at 80 °C for 24 h, affording a deep-violet
solution. After evaporation of the solvent, the product was dissolved in
45 mL of CH2Cl2 and filtered. Addition of 200 mL of n-hexane
afforded a reddish-violet precipitate. Removal of the solvent yielded a
reddish-violet solid. Yield 1.121 g (1.309 mmol, 57.4%). FAB-MS: m/z
= 856 [M + H]+. 1H NMR (CD2Cl2, 270 MHz): δ = 8.94 (d, 2H, J =
5.9 Hz), 7.77 (d, 2H, J = 1.4 Hz), 7.24 (m, 4H), 6.67 (dd, 2H, J = 6.0,
3.3 Hz), 2.65 (t, 4H, J = 7.7 Hz), 1.64 (m, 4H), 1.19 (m, 40H), 0.80 (t,
6H, J = 6.6 Hz). Calcd. for C42H64N2PtS2: C, 58.92; H, 7.53; N, 3.27.
Found: C, 58.78; H, 7.55; N, 3.30.

[Cd{Pt(Bdt)(DTBbpy)}2(ClO4)(H2O)](ClO4) (3). Twenty milliliters of
CH2Cl2 and 5 mL of acetone were added to a mixture of
Cd(ClO4)2·6H2O (119.03 mg, 0.28381 mmol) and 1 (339.9 mg,
0.5630 mmol). The mixture was stirred at room temperature for 30
min, affording a red solution. After evaporation of the solvent, the
product was dissolved in 20 mL of CH2Cl2 and filtered.
Recrystallization from CH2Cl2/benzene led to the formation of
orange-colored single crystals of 3. Yield 260.85 mg (0.16974 mmol,
60.3%). FAB-MS: m/z = 1419 [3-H2O-ClO4]

+. 1H NMR (CD2Cl2,
270 MHz): δ = 9.01 (d, 4H, J = 8.1 Hz), 8.69 (d, 4H, J = 2.7 Hz), 7.87
(dd, 4H, J = 8.1, 2.7 Hz), 7.24 (br, 4H), 6.76 (br, 4H), 1.47 (s, 36H).

Table 1. Crystallographic Data for 3 and 4

3 4

formula C48H58CdCl2N4O9Pt2S4 C126H194CdCl2N6O9Pt3S6
fw 1536.74 2897.90
crystal size (mm3) 0.37 × 0.13 × 0.08 0.20 × 0.20 × 0.20
crystal system triclinic trigonal
space group P1̅ (No. 2) R3̅ (No. 148)
a (Å) 12.791(2) 17.1836(9)
b (Å) 14.991(2) 17.1836 (9)
c (Å) 15.375(2) 83.273(6)
α (°) 104.643 (2) 90
β (°) 91.6930(13) 90
γ (°) 107.7570(13) 120
V (Å3) 2698.0(6) 21294(0.2)
T (K) 223 213
Z 2 6
Dcalc (g cm−3) 1.891 1.356
F(000) 1496 8856
μ(Mo Kα) (cm−1) 58.523 32.598
measured reflns 21890 15609
unique reflns 11779 8046
refined parameters 631 466
GOF on F2 1.094 1.041
Rint 0.0465 0.0856
R1
a 0.0516 0.0861

wR2
b (all data) 0.1528 0.2754

aR1 = Σ||Fo| − |Fc||/Σ|Fo|. bwR2 = {[Σw(Fo2 − Fc
2)2]/[Σw(Fo2)2]}1/2.
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Calcd. for C48H58CdCl2N4O9Pt2S4: C, 37.52; H, 3.80; N, 3.65. Found:
C, 37.42; H, 3.79; N, 3.52.
[Cd{Pt(Bdt)(C13bpy)}3(H2O)](ClO4)2·CH2Cl2 (4). Ten milliliters of

CH2Cl2 and 3 mL of acetone were added to a mixture of
Cd(ClO4)2·6H2O (9.064 mg, 0.02161 mmol) and 2 (47.85 mg,
0.05589 mmol). The mixture was stirred at room temperature for 30
min, affording a red solution. After evaporation of the solvent, the
product was dissolved in 8.5 mL of CH2Cl2 and filtered. Addition of 30
mL of n-hexane afforded orange precipitate. Recrystallization from
CH2Cl2/n-hexane led to the formation of orange-colored single
crystals of 4. Yield 45.36 mg (0.01503 mmol, 81.6%). 1H NMR
(CD2Cl2, 270 MHz): δ = 8.54 (d, 6H, J = 5.8 Hz), 7.84 (s, 6H), 7.23
(d, 6H, J = 5.8 Hz), 6.98 (dd, 6H, J = 6.1, 3.1 Hz), 6.74 (dd, 6H, J =
6.1, 3.1 Hz), 2.66 (t, 12H, J = 7.6 Hz), 1.60 (m, 6H), 1.19 (m, 126H),
0.80 (m, 18H). Calcd. for C127H196CdCl4N6O9Pt3S6: C, 51.14; H,
6.62; N, 2.82. Found: C, 51.12; H, 6.57; N, 2.83.
Physical Measurements. 1H NMR spectroscopy was performed

using a JEOL EX-270 spectrometer. Elemental analyses and mass
spectra were measured at the analysis center in Hokkaido University.
Microphotographs were taken using an Olympus BX51 with a DP70
digital camera. Electrochemical measurements were carried out with an

ALS model 650A electrochemical analyzer. A standard three-electrode
system (a glassy carbon working electrode, platinum-wire counter
electrode, and Ag/Ag+/CH3CN electrode as reference) was used in
solution. Absorption spectra of the solid and solution were measured
using a Hitachi U-4100 spectrophotometer. Emission spectra in the
solid at 77 K were obtained using a JASCO FP-6600 spectrometer
under N2 atmosphere with a quartz cell. For emission spectra in the
solid states at 77 K, the samples were fixed to the inside of a quartz cell
using grease and cooled with liquid N2 in a dewar. Emission quantum
yields were measured on a Hamamatsu C9920-01 system. Emission
spectra in degassed CH2Cl2 at 77 K were collected with a JASCO FP-
6600 spectrometer under N2 atmosphere using a quartz tube. The IR
spectra were recorded on a Nicolet 6700 ET-IR spectrometer
equipped with a Smart-Orbit (Diamond) ATR accessory.

Crystallographic Data Collection and Refinement of
Structures. The crystallographic measurements were performed
using a Rigaku AFC-7R diffractometer with a Mercury CCD area
detector and graphite monochromated Mo Kα radiation (λ = 0.71069
Å). Specimens of suitable size and quality were selected and mounted
on a loop. The structures were solved by direct methods (SIR2004)12

and expanded using Fourier techniques (DIRDIF99),13 which

Figure 1. Job plots for 1 with (a) Zn(II) and (b) Cd(II), and those for 2 with (c) Zn(II) and (d) Cd(II) in CH2Cl2/acetone solutions (9:1, v/v).
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successfully located non-hydrogen atoms. All calculations were
performed using the CrystalStructure crystallographic software
package14 except for refinement, which was performed using
SHELXL-97.15 The crystallographic data for 3 and 4 are summarized
in Table 1. Several X-ray diffraction experiments for 4 suggested two
ClO4

− counteranions being heavily disordered. Therefore, all two
ClO4

− were refined by disordered model and all O atoms of ClO4
−

were refined isotropically. Solvated CH2Cl2 molecule could not be
refined because of the limited quality of the data set and the large unit
cell parameters together with lability of the solvated CH2Cl2
molecules. On the other hand, the elemental analysis and IR spectrum
of 4 strongly support the presence of ClO4

− counteranions, which is
consistent with the above formula (see the Supporting Information
(SI)). For 4, it was found that there are heavy disorders especially for

C(32)−C(34). Full crystallographic details have been deposited with
the Cambridge Crystallographic Data Centre. CCDC-907568 for 3
and CCDC-927566 for 4.

■ RESULTS AND DISCUSSION

Selective Binding Behaviors of [Pt(Bdt)(R-bpy)] with
Lewis Acids. The selectivity in the binding behaviors of
[Pt(Bdt)(R-bpy)] (1 and 2) with Lewis acids and the
stoichiometry of the resulting complexes were determined by
Job plots. Stock CH2Cl2:acetone solutions (9:1, v/v) of 1 and 2
and each Lewis acid (Zn(ClO4)2·6H2O and Cd(ClO4)2·6H2O)
were prepared. In 11 separate cells, portions of the two
solutions were added such that their ratio changed from 0 to 1

Figure 2. (a) Side (ellipsoid at 50% probability) and (b) top views of the trinuclear cation in 3 for Cd (green), Pt (magenta), S (yellow), N (blue-
purple), O (red), Cl (blue), and C (gray). (c) Representation of two twisted-chiral enantiomers (water and perchlorate anion are omitted), and (d)
the columnar structure of the cations in 3. (e) View of the packing structure of 3 along the column.
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while maintaining a total volume of 4 mL. Experimental Job
plots for different total concentrations of 1 and 2 and both
Lewis acids are shown in Figure 1. The absorbances of 1 or 2
with Zn(II) decrease linearly, indicating that neither complex
has an interaction with Zn(II) (Figure 1a,c). However, in the
case of titration of 1 with Cd(II), the Job plot shows a
maximum value for the absorbance at 444 nm when the mole
fraction of Cd(II) reaches 0.33, which is a signature of a 1:2
binding between Cd(II) and 1 (Figure 1b). In contrast, in the
case of 2, the Job plot demonstrates a maximum value for the
absorbance at 458 nm when the mole fraction of Cd(II)
reaches to 0.25, which is a signature of a 1:3 binding between
Cd(II) and 2 (Figure 1d). As seen above, the selective binding
of the Lewis acid is clear from the Job plots, which also reveals
that the bindings depend not only on the Lewis acids but also
on the alkyl substituents of the R-bpy. The observed selectivity
in binding behaviors can be rationalized in terms of the
differences in softness of Zn(II) and Cd(II).10

Molecular Structures of 3 and 4. Structure of [Cd{Pt-
(Bdt)(DTBbpy)}2(ClO4)(H2O)](ClO4) (3). Complex 3 was crystal-
lized from CH2Cl2/benzene, and the crystallographic study
revealed that the complex consists of one trinuclear cation,
composed of two platinum moieties and one Cd(II), one H2O
molecule, and two ClO4

− counteranions, as shown in Figure
2a,b. Selected bond distances and angles are listed in Table 2.
The platinum moieties maintain a square-planar Pt center
coordinated by two S atoms from the Bdt and two N atoms
from the DTBbpy. One of the two platinum moieties
designated as I is connected to the Cd atom through a Pt →
Cd bond together with two S → Cd bonds, while the other

moiety (II) is bound to the Cd atom by one longer Pt → Cd
and one shorter S → Cd bond than those of I. The Cd atom is
further coordinated by two O atoms from ClO4

− and H2O to
give a seven-coordinated structure. Here, we note that the
observed Pt → Cd bond distances (2.7331(7) and 2.7936(7)
Å) are shorter than the sum of the van der Waals radii of Cd
and Pt atoms (3.38 Å),16 indicating apparent dative bond
formation. Therefore, this is, to the best of our knowledge, the
first example of a Pt → Cd dative bond without strong σ-donor
ligands or bridging ligands.17 Regarding the intramolecular
structural influences, the bond distances and angles around the
Pt atoms in the platinum moieties are rarely different from 1
(Table 2).2c In contrast, the binding of the platinum moieties
with the Cd(II) leads to a distortion of the moieties from the
ideal planar shape. The dihedral angle (η) between the Bdt
(C6S2) and the PtS2N2 planes listed in Table 2 demonstrates
that the η value for II is calculated to be 4.73°, which is close to
that of the parent 1, while a larger distortion, 12.34°, is found
for I, which binds to the Cd atom through two S → Cd
bonding interactions. Here we also noted that the presence of
the bulky DTB groups leads to a twisted structure, giving rise to
a twisted dipole alignment, as shown in Figure 2b, where the
opened spaces are filled by ClO4

− and H2O molecules.
Eventually, the cation in 3 displays chirality (Figure 2c), even
though the parent platinum complex, 1, itself is an achiral
molecule. The enantiomers stack alternatively on each other to
form a one-dimensional columnar assembly (Figure 2d) in
which each cation cancels out its chirality and dipole with the
neighboring cation. The two adjacent platinum moieties stack
alternatively on each other with mean plane-to-plane distances
of 3.466 and 3.432 Å for I···I′ and II···II′, respectively. Finally,
the other ClO4

− anion is involved within hydrophobic pockets
made by the DTB groups (Figure 2e).

Structure of [Cd{Pt(Bdt)(C13bpy)}3(H2O)](ClO4)2·CH2Cl2 (4).
Figure 3a shows the molecular structure of the cation in 4,
which was crystallized from CH2Cl2/n-hexane. Complex 4
contains a dicationic, tetranuclear structure, consisting of three
platinum moieties and one Cd atom, one H2O molecule, and
two ClO4

− counteranions. Selected bond distances and angles
are summarized in Table 2. The Cd atom lies on the symmetry
center, and thus the three platinum moieties are crystallo-
graphically equivalent. Similar to 3, each platinum atom
possesses a four-coordinated square-planar geometry, where
each two S and N atoms from Bdt and C13bpy, respectively,
coordinate to the Pt atom. In addition to the difference in the
compositions of 3 and 4, the most striking structural difference
between them is found in the binding modes of the platinum
moieties to the Cd atom. In contrast to the dual dative bonds
(Pt→ Cd and S→ Cd) found in 3, the three platinum moieties
in 4 connect to the Cd atom only by S → Cd bonds (2.552(4)
Å), which are shorter than all of the three S → Cd bonds found
in 3 (Table 2). Along with the significant distortion of the
platinum moieties found in 3, the dihedral angle for 4 is
calculated to be only 8.15°. The S3O-type tetrahedral
coordination sphere is formed around the Cd atom by
additional coordination of the O atom from H2O (Figure
3a). As a whole, the cation of complex 4 forms a shuttlecock-
shaped structure in which the three platinum moieties align in
the same direction so that the dipole moments derived from the
moieties are parallel to each other. The view along the Cd−
OH2O bond reveals that the complex forms two cyclic
enantiomers, where one molecule has the three platinum

Table 2. Selected Bond Distances (Å), Angles (°), and
Dihedral Angles (°) of 3 and 4

3 4

Pt(1)−S(1) 2.261(4) 2.258(3)
Pt(1)−S(2) 2.266(3) 2.252(4)
Pt(1)−N(1) 2.054(7) 2.081(10)
Pt(1)−N(2) 2.057(8) 2.036(9)
Pt(2)−S(3) 2.271(3)
Pt(2)−S(4) 2.244(4)
Pt(2)−N(3) 2.054(9)
Pt(2)−N(4) 2.051(7)
Cd(1)−Pt(1) 2.7331(7)
Cd(1)−Pt(2) 2.7936(7)
Cd(1)−S(1) 3.067(3) 2.552(4)
Cd(1)−S(2) 2.940(3)
Cd(1)−S(3) 2.690(3)
Cd(1)−O(1) 2.286(8) 2.289(12)
Cd(1)−O(2) 2.446(9)
S(1)−Pt(1)−S(2) 88.15(10) 89.52(11)
N(1)−Pt(1)−N(2) 78.3(3) 79.8(4)
S(1)−Pt(1)−Cd(1) 75.12(7)
S(2)−Pt(1)−Cd(1) 71.35(6)
Pt(1)−S(1)−Cd(1) 59.45(6) 88.20(12)
Pt(1)−S(2)−Cd(1) 61.74(6)
S(3)−Pt(2)−S(4) 89.15(10)
N(3)−Pt(2)−N(4) 78.7(4)
S(3)−Pt(2)−Cd(1) 63.19(6)
S(4)−Pt(2)−Cd(1) 99.31(7)
Pt(2)−S(3)−Cd(1) 67.93(7)
Bdt(I, C6S2)/Pt(1)N(1)N(2)S(1)S(2) 12.34 8.15
Bdt(II, C6S2)/Pt(2)N(3)N(4)S(3)S(4) 4.73
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moieties arranged in a clockwise fashion, and the other
molecule has the three platinum moieties arranged in an
anticlockwise fashion (Figure 3c). The findings in Figure 3c
also allowed us to exclude the possibility of formation of the
corresponding tetranuclear structure for 3 and Cd(II) ion
because of the steric hindrance of the DTB groups in 3. In the
six tridecyl chains in 4, of which two chains are crystallo-
graphically independent, all methylenes show a trans con-
formation. As Figure 3b shows, each tridecyl chain is closely
packed and paired with that of the adjacent platinum moieties
to induce a microsegregated structure. Furthermore, each
tetranuclear complex stacks with the adjacent molecule by

alternating its dipole orientation and chirality to form a two-
dimensional honeycomb layer, reflecting the morphology of a
single crystal (Figure 3d). The layers are further integrated by
means of aliphatic interactions between the tridecyl chains of
heterochiral molecules to the direction normal to the
honeycomb layer as shown in Figure 3e. As a whole, the
complex forms a layer-by-layer structure consisting of two-
dimensional layers of the assembled platinum moieties and the
aliphatic tridecyl chains. An overview of the molecular and
assembled structures of 4 leads to the conclusion that the
presence of tridecyl chains drives parallel alignment of each
dipole derived from the platinum moieties in the molecule, and

Figure 3. (a) Side (ellipsoid at 50% probability) and (b) top views of the tetranuclear cation in 4 for Cd (green), Pt (magenta), S (yellow), N (blue-
purple), O (red), and C (gray). (c) Representation of two forms of the cyclic chiral molecules (clockwise (left) and anticlockwise (right)
enantiomers). The tridecyl chains are omitted for clarity. (d) The projection of the two-dimensional honeycomb layer of the cations along the c-axis
together with a microphotograph of a hexagonal-shaped single crystal of 4. (e) A projection of the three-dimensional structure of 4 along the b-axis.
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at the same instant, it leads to antiparallel alignment of the
molecules through the intermolecular interactions.
Finally, it is quite important to compare the roles of the

dative bonds in the formation of the assembled structures of 3
and 4 with those in the previous examples, for instance,
[PtAg2(dmbpy)(tdt)(dppm)2](SbF6)2 and [PtAu2(dmbpy)-
(tdt)(dppm)2](SbF6)2.

9b,c In the latter, only one parent Pt
moiety bound with the Lewis acids center because of the
coordinatively saturated Ag and Au centers, while the presence
of the coordinatively unsaturated Cd atom in the present cases
resulted in the integration of two (3) and three (4) parent
platinum moieties around the Cd center. Such integrations led
not only to structural variations, as shown above, but also to
spectrochemical and electrochemical properties with respect to
the corresponding parent moieties, as shown below.
Solvent-Dependent Binding Behaviors of the Plati-

num Moieties with Cd(II) Ion. In contrast to durable dative
bonding in the solid state, we found that complexes 3 and 4
demonstrate dynamic behavior in solution. The UV−vis and 1H
NMR spectra of 1−4 measured in THF and CH2Cl2 are shown
in Figures 4 and 5, respectively, and the relevant data are listed
in Table 3. Complexes 3 and 4 commonly show a blue color in
THF and exhibit the most characteristic absorption bands at

590 and 591 nm, respectively, which could be assigned to
mixed-metal/ligand-to-ligand charge-transfer (MMLL′CT)
bands similar to parents 1 and 2 (Figure 4a,b).1b,18 In contrast,
the absorption spectra of 3 and 4 in CH2Cl2 demonstrate bands
at 449 and 461 nm, respectively, which are significantly blue-
shifted from those of 1 and 2 (Figure 4c,d). Consistent with the
electronic absorption spectra, the chemical shifts of 3 and 4 in
THF-d8 coincide with those of 1 and 2 (Figure 5a,b). The
spectral similarities of 1−4 in THF thus indicate that the
platinum moieties and the Cd atom are in dissociating states,
suggesting a contribution of coordinative THF molecules.
With regard to the 1H NMR spectra of 3 and 4 in CD2Cl2,

the significant differences are found in contrast to the behaviors
observed in THF-d8. The chemical shifts of the Ha (Bdt), Hd
(bpy), and He (bpy) for 3 and 4 commonly shifted downfield
compared with those of 1 and 2, while those of Hb and Hc
demonstrate upfield shifts compared with the parent complexes
(Figure 5c,d). Contrary to the expectation that aromatic
protons in 3 and 4 would shift to lower magnetic field because
of the loss of the electron density due to the bound Cd(II), the
Hb and Hc assigned to Bdt and bpy, respectively, are shifted to
higher magnetic field. This may be due to the shielding effect of
the Cd atom with its large atom radius, which becomes larger in

Figure 4. UV−vis absorption spectra of (a) 1 at 1 × 10−4 M (black line) and 3 at 5 × 10−5 M (red line), and (b) 2 at 1 × 10−4 M (black line) and 4
at 3 × 10−5 M (red line) in THF. UV−vis absorption spectra of (c) 1 at 1 × 10−4 M (black line) and 3 at 5 × 10−5 M (red line), and (d) 2 at 1 ×
10−4 M (black line) and 4 at 3 × 10−5 M (red line) in CH2Cl2.
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magnitude than the electron withdrawing effect through the
dative bond. Here, we note that the magnitude of the upfield
shifts of Hb is smaller than that of Hc. This would be due to lack
of direct interaction between the bpys and the Cd atom;
thereby, the shielding effect becomes far larger than the
electron-withdrawing effect in the case of Hc.

19 In contrast, in
the case of Hb, each Bdt binds directly with the Cd atom;
therefore, the shielding effect could not respond significantly to
the chemical shift as the case of Hc because of the electron-
withdrawing effect derived from the S → Cd dative bond
formation.19 In addition, the 1H NMR spectra demonstrate
each single signal assignable to Ha-He protons, which indicates
that each Ha-He proton in the platinum moieties is magnetically
equivalent in CD2Cl2, although the crystallographic analyses
indicate the magnetically nonequivalent Ha-He protons. It may
be reasonable to propose the possible fast association/
dissociation equilibria and/or migration of the Cd atom
between the S atoms of the platinum moieties takes place
through a symmetrical transition state.19 In contrast to the
behaviors in THF, these results indicate that the platinum

moieties maintain the dative bonds with Cd(II), which is
consistent with the negligible coordination ability of CH2Cl2.
Therefore, it can be said that the association/dissociation
behaviors of the platinum moieties with Cd(II) in 3 and 4 can
be modulated by the nature of the solvent molecules.

Luminescence Properties of Lewis-Acid-Bound Com-
plexes. The emission spectra of 1−4 in the solid state at 77 K
are shown in Figure 6 together with UV−vis spectra measured
at room temperature, and the relevant data are listed in Table 4.
Complexes 1−4 show absorption bands at 450−600 nm, which
can be assigned to MMLL′CT bands.1b,18 The charge-transfer
bands of 3 and 4 are blue-shifted in comparison with those of 1
and 2 in solution, indicating the stabilization of the ground
states by the dative bonds. Upon excitation of the MMLL′CT
bands, complexes 1−4 show emission bands at 600−700 nm
assigned to emissions from the 3MMLL′CT states.1b,18 The
emission bands of 3 and 4 are also blue-shifted in comparison
with those of 1 and 2, in agreement with the blue-shifted
absorption bands. In both absorption and emission spectra,
complexes 3 and 4 give rise to broad bands in contrast to the
vibronic structured bands for 1 and 2 in the visible region. It
was shown that the emission quantum yield (Φem) of 1 at 77 K
is 0.13, while the yield slightly decreases to 0.08 for 3. In
contrast, the emission quantum yield tends to increase to 0.35
for 4 in comparison with 0.26 for 2. This would have resulted
from a suppressed radiationless deactivation process in 4 as a
consequence of the effective integration of the platinum
moieties around the Cd atom.

Redox Properties of Lewis-Acid-Bound Complexes.
The cyclic voltammograms of 1−4 measured in CH2Cl2 are
shown in Figure 7, and the relevant data are listed in Table 5.
Complexes 1 and 2 commonly undergo a quasireversible
reduction at −1.662 and −1.702 V vs Ag/Ag+, respectively,
corresponding to R-bpy-based reduction processes (Figure 7).8

Figure 5. 1H NMR spectra of (a) 1 at 2 × 10−4 M (black line) and 3 at
1 × 10−4 M (red line) and (b) 2 at 3 × 10−4 M (black line) and 4 at 1
× 10−4 M (red line) in THF-d8.

1H NMR spectra of (c) 1 at 2 × 10−4

M (black line) and 3 at 1 × 10−4 M (red line) and (d) 2 at 3 × 10−4 M
(black line) and 4 at 1 × 10−4 M (red line) in CD2Cl2.

Table 3. Absorption Spectral Data of 1−4 in THF and in
CH2Cl2

complex solvent
concentration/10−4

mol·L−1 λabs/nm (ε/M−1·cm−1)a

1 THF 1.11 259 (32,400), 295sh (21,800),
303 (24,000)

356sh (2,960), 589 (8,040)
CH2Cl2 0.971 258 (28,400), 291sh (21,500),

301 (23,700)
346sh (2,340), 555 (6,810)

2 THF 1.00 258 (32,900), 294sh (22,100),
303 (24,800)

354sh (2,820), 591 (8,080)
CH2Cl2 0.996 259 (32,200), 293sh (23,700),

303 (27,600)
347sh (2,900), 555 (7,020)

3 THF 0.497 259 (31,600), 295sh (21,500),
303 (23,700)

354sh (2,850), 590 (7,810)
CH2Cl2 0.482 305sh (12,900), 319sh (9,690)

396sh (2,830), 449 (3,500),
553sh (720)

4 THF 0.335 259 (33,700), 295sh (23,000),
303 (25,300)

357sh (2,900), 591 (8,090)
CH2Cl2 0.345 290 (17,500), 299 (17,400),

317sh (10,500)
393sh (2,500), 461 (3,200),
558sh (2,290)

aEach extinction was calculated based on the Pt moiety.
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In addition, complexes 1 and 2 show oxidation processes on the
Pt/Bdt part at Epa

Ox = 0.247 and 0.169 V, respectively.8a

Complexes 3 and 4 demonstrate a quasireversible reduction
at −1.692 and −1.747 V, respectively, similar to those found in
1 and 2. In contrast to common features of the R-bpy-based
reduction processes, complexes 3 and 4 demonstrate multistep
irreversible reduction peaks around −1.0 to −1.5 V, dissimilar
from 1 and 2. The durable dative bonds in CH2Cl2, proved by
the above-mentioned spectroscopic studies, lead us to
tentatively assign these new reduction processes as electro-
chemical reductions on the Pt(II) center. With regard to the
oxidation processes of 3 and 4, complex 3 exhibits two

irreversible anodic peaks at 0.438 and 0.629 V, while complex 4
shows three irreversible anodic peaks at 0.199, 0.399, and 0.584
V (Figure 7). It is noteworthy that the numbers of multistep
oxidation processes for 3 and 4 correspond to the numbers of
platinum moieties. Thus, these results suggest that the platinum
moieties in 3 and 4 have electronic interactions through the Cd
atom, plausibly leading to the formation of one and two mixed-
valent species during the oxidation processes. Furthermore,
significant positive shifts of the first oxidation potentials are
observed for 3 and 4 compared with those for 1 and 2,
indicating that the redox properties of the platinum moieties
could be modulated not only by the alkyl groups substituted on
the bpy but also by the bindings of the Lewis acid.

■ CONCLUSIONS
The present study has shown a new approach to assembling
functional moieties, [Pt(Bdt)(R-bpy)], through dative bond
interaction with Cd(II). This study proved that complexes 1
and 2 commonly act as a metalloligand toward Cd(II) to form
trinuclear or tetranuclear complexes 3 and 4, respectively,
where remarkable alkyl group dependence was observed.
Through their binding interaction with Cd(II), significant
blue shifts in both absorption and emission spectra were

Figure 6. UV−vis absorption (room temperature) and emission spectra (77 K) of (a) 1 (black line) and 3 (red line) and (b) 2 (black line) and 4
(red line) in the solid state.

Table 4. Photoluminescence Properties of 1−4 in the Solid
States at 77 K

complex λabs/nm (room temperature)
λem/nm (λex/nm)

(77 K)
Φem

(77 K)

1 263, 305, 360sh, 490sh, 534,
578

638, 659, 681 (578) 0.13

2 259, 293, 365sh, 490sh, 526,
568

625, 665, 679,
687 (526)

0.26

3 294, 480 646 (480) 0.08
4 293, 483 599 (483) 0.35

Figure 7. Cyclic voltammograms of (a) 1 (black line) and 3 (red line) and (b) 2 (black line) and 4 (red line) in CH2Cl2 in the presence of 0.1 M n-
Bu4NClO4 under Ar at 100 mV/s.
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observed. The present study also revealed for the first time that
integration of the moieties also leads enrichment of the redox
properties, where multistep oxidation processes are observed
corresponding to the number of platinum moieties. These
results represent the electronic communications between the
platinum moieties through the Cd atom. We also found that
modification of the alkyl parts on the R-bpy gives rise to a
variation in the assembled structures; thereby, structural,
spectroscopic, and redox properties can be varied. It is expected
that further physicochemical properties of [Pt(Bdt)(R-bpy)]
can be controlled by connection with specific Lewis acids.
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