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Assemblies between pseudo-enantiomers with different d8 metal centers, Δ-[M(bpy){Co(aet)2(R-
pn)}]3+ (M = Pd or Pt, bpy = 2,2′-bipyridine, aet = 2-aminoethanethiolate, pn = 1,2-propanediamine),
and Λ-[M′(bpy){Co(aet)2(S-pn)}]

3+ (M′ ≠ M, M′ = Pd or Pt), have been examined from stereo- and
spectrochemical aspects. A mixture of equimolar amounts of the optically active sulfur-bridged dinu-
clear complex, Δ-[M(bpy){Co(aet)2(R-pn)}](NO3)3·7H2O, and its pseudo-enantiomer, Λ-[M′(bpy)
{Co(aet)2(S-pn)}](NO3)3·7H2O, in H2O crystallizes as [M(bpy){Co(aet)2(R-pn)}][M′(bpy){Co
(aet)2(S-pn)}](NO3)6·4H2O, in which two complex cations with imperfect enantiomorphisms form a
1 : 1 π–π stacked unit.
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1. Introduction

It has been demonstrated that an octahedrally coordinated metal chelated by multiple
β-aminoalkylthiolate ligands acts as a S-donating bidentate metalloligand toward
[MX2(bpy)] (M = Pd(II) or Pt(II), X = Cl− or NO3

−, and bpy = 2,2′-bipyridine), in which
the two X− ligands are labile toward substitution by other ligands, resulting in the forma-
tion of a dinuclear complex composed of a [M(μ-S)2(bpy)] framework and an octahedral
metal unit [1–7]. In the reaction of fac(S)-[Co(aet)3] (aet = 2-aminoethanethiolate) with
[PtCl2(bpy)], for instance, a dinuclear dication, [Pt(bpy){Co(aet)3}]

2+, is formed [1]. A
similar reaction of [Ni{Co(aet)2(en)}2]

4+ (en = ethylenediamine), in which the two terminal
cis(S)-[Co(aet)2(en)]

+ units can be regarded as bidentate S-donors, with [PtCl2(bpy)] gives
[Pt(bpy){Co(aet)2(en)}]

3+ [1]. Two absolute configurations, Δ and Λ, are possible for such
octahedral S-donating metal units and, hence, these dinuclear complexes are obtained as
racemic crystals. In contrast to the above racemic [Ni{Co(aet)2(en)}2]

4+, an optically
active trinuclear analog, ΔΔ-[Ni{Co(aet)2(R-pn)}2]

4+ (pn = 1,2-propanediamine), reacts
with [MX2(bpy)] to form Δ-[M(bpy){Co(aet)2(R-pn)}]

3+ stereoselectively [2, 3]. A similar
optically active S-bridged dinuclear complex, [M(bpy){Co(D-pen)2}]

+ (pen = penicillami-
nate), is preferentially derived from the bidentate metalloligand, trans(N,O,S)-[Co(D-pen)2]
[3]. While these optically active complexes exist as monomers in the crystalline state, the
racemic complexes afford dimeric or long linear-chain structures due to π–π stacking of
the bpy frameworks in the dinuclear units [1–7]. This implies enantioselective interactions
between the π frameworks, which are rather distant from the chiral center of the octahe-
dral metal unit in these dinuclear complexes. In fact, an equimolar mixture of Δ-[Pt(bpy)
{Co(aet)2(R-pn)}]X3 (X = NO3

− or ClO4
−) and Λ-[Pt(bpy){Co(aet)2(S-pn)}]X3 crystallizes

from an aqueous solution as racemic [Pt(bpy){Co(aet)2(R-pn)}]0.5[Pt(bpy){Co(aet)2
(S-pn)}]0.5X3 with a dimeric π–π stacking structure between the two enantiomeric complex
cations [5]. In the same way, racemic [Pt(bpy){Co(D-pen)2}]0.5[Pt(bpy){Co(L-pen)2}]0.5Cl,
with a linear-chain π–π stacking structure in which the two enantiomeric complex cations
are arranged alternatingly, preferentially crystallizes from an aqueous solution containing
equimolar amounts of [Pt(bpy){Co(D-pen)2}]Cl and [Pt(bpy){Co(L-pen)2}]Cl [4].
Providing such stereospecific interactions is applicable between optically active complexes
with imperfect enantiomorphisms, it leads the way to methodological development in the
construction of assemblies with heterometallic building blocks. Furthermore, the resulting
assemblies could promise combined and concerted functions from the building-blocks. In
the present investigation, we have examined assemblies between pseudo-enantiomers with
different d8 metal centers, Δ-[M(bpy){Co(aet)2(R-pn)}]

3+ (M = Pd or Pt) and Λ-[M′(bpy)
{Co(aet)2(S-pn)}]

3+ (M′ ≠ M, M′ = Pd or Pt), from stereo- and spectrochemical aspects.

2. Experimental

2.1. Materials

2-Aminoethanethiol hydrochloride, 2,2′-bipyridine, 1,2-propanediamine, L-(+)-tartaric acid,
AgNO3, Ca(OH)2, CoCl2·6H2O, PdCl2, and K2PtCl4 were commercially available and
were used as received. ΔΔ-[Ni{Co(aet)2(R-pn)}2]Cl4·6H2O, ΛΛ-[Ni{Co(aet)2(S-pn)}2]
Cl4·6H2O, [PdCl2(bpy)], and [PtCl2(bpy)] were prepared using the modified literature
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methods [5, 8–11]. Δ-[Pt(bpy){Co(aet)2(R-pn)}](NO3)3·7H2O (RPt·7H2O) and Λ-[Pt(bpy)
{Co(aet)2(S-pn)}](NO3)3·7H2O (SPt·7H2O) were synthesized by previously reported pro-
cedures [5].

2.2. Preparation of Δ-[Pd(bpy){Co(aet)2(R-pn)}](NO3)3 (RPd)

This complex was prepared by a method similar to that used for RPt·7H2O [5] using
[PdCl2(bpy)] instead of [PtCl2(bpy)]. [PdCl2(bpy)] (0.17 g, 0.5 mM) was added to a reddish
brown solution of ΔΔ-[Ni{Co(aet)2(R-pn)}2]Cl4·6H2O (0.22 g, 0.25 mM) in 50 cm3 of H2O.
The reaction was stirred at 55 °C for 1 h, whereupon it became dark red. The solution was
cooled to room temperature and AgNO3 (0.34 g, 2 mM) in 5 cm3 of H2O was added. After
removing precipitated AgCl by filtration, the filtrate was evaporated to one-tenth of its origi-
nal volume under reduced pressure. After the addition of ca. 20 cm3 acetone, the solution
was allowed to stand at 25 °C for several days. The resulting dark red microcrystalline pow-
der (0.31 g, 72% yield based on Co) was collected by filtration. Anal. Calcd for
C17H44N9O16S2CoPd (RPd·7H2O): C, 23.74; H, 5.16; N, 14.66%. Found: C, 23.76; H,
5.15; N, 14.60%. 1H NMR (300MHz, D2O), δ = 1.40 (s, 3H, pn), 2.15 (t, 2H, J = 13.9 Hz,
aet), 2.43 (t, 1H, J = 13.6 Hz, pn), 2.63 (d, 2H, J = 13.9 Hz, aet), 3.00 (d, 2H, J = 13.7 Hz,
pn), 3.52 (d, 2H, J = 13.6 Hz, aet), 3.66 (t, 2H, J = 13.2 Hz, aet), 7.83 (t, 2H, J = 6.0
Hz, bpy), 8.33 (t, 2H, J = 7.9 Hz, bpy), 8.43 (d, 2H, J = 7.9 Hz, bpy), 8.91 (d, 2H, J = 5.3
Hz, bpy). UV–Vis spectrum in H2O [νmax, 10

3 cm−1 (log ε/M−1 dm3 cm−1)]: 20.00 (2.41),
26.1 (3.2)sh (shoulder), 29.5 (3.9)sh, 31.1 (4.3)sh, 32.47 (4.40), 35.7 (4.3)sh, 43.9 (4.8)sh. CD
spectrum in H2O [νmax, 10

3 cm−1 (Δ ε)]: 19.57 (−8.63), 26.18 (+7.50), 30.58 (+19.56), 31.6
(+17.4)sh, 33.33 (+16.48), 36.76 (−32.30), 43.67 (−47.54), 46.1 (−41.0)sh, 49.02 (+36.45).
Diffuse reflectance spectrum [νmax, 10

3 cm−1]: 19.65, 25.3sh, 28.5sh, 30.1sh, 31.34.

2.3. Preparation of Λ-[Pd(bpy){Co(aet)2(S-pn)}](NO3)3 (SPd)

This complex was prepared by a method similar to that used for RPd·7H2O using ΛΛ-[Ni
{Co(aet)2(S-pn)}2]Cl4·6H2O instead of ΔΔ-[Ni{Co(aet)2(R-pn)}2]Cl4·6H2O. Yield: 0.33 g
(77% based on Co). Anal. Calcd for C17H44N9O16S2CoPd (SPd·7H2O): C, 23.74; H, 5.16;
N, 14.66%. Found: C, 23.73; H, 5.17; N, 14.58%. 1H NMR (300MHz, D2O), δ = 1.40 (s,
3H, pn), 2.14 (t, 2H, J = 13.9 Hz, aet), 2.43 (t, 1H, J = 13.6 Hz, pn), 2.63 (d, 2H, J = 13.9
Hz, aet), 3.00 (d, 2H, J = 13.7 Hz, pn), 3.52 (d, 2H, J = 13.6 Hz, aet), 3.66 (t, 2H, J = 13.2
Hz, aet), 7.83 (t, 2H, J = 6.0 Hz, bpy), 8.33 (t, 2H, J = 7.9 Hz, bpy), 8.43 (d, 2H, J = 7.9 Hz,
bpy), 8.91 (d, 2H, J = 5.3 Hz, bpy). UV–Vis spectrum in H2O [νmax, 10

3 cm−1 (log ε/M−1

dm3 cm−1)]: 20.04 (2.41), 26.1 (3.2)sh, 29.5 (3.9)sh, 31.2 (4.3)sh, 32.47 (4.41), 35.7 (4.3)sh,
43.9 (4.8)sh. CD spectrum in H2O [νmax, 10

3 cm−1 (Δ ε)] 19.57 (+8.50), 26.32 (−8.09),
30.58 (−19.58), 31.6 (−17.2)sh, 33.33 (−16.18), 36.76 (+34.71), 43.86 (+49.84), 46.1
(+43.1)sh, 49.02 (−34.83). Diffuse reflectance spectrum [νmax, 10

3 cm−1]: 19.65, 25.2sh,
28.5sh, 30.1sh, 31.25.

2.4. Preparation of [Pd(bpy){Co(aet)2(R-pn)}][Pt(bpy){Co(aet)2(S-pn)}](NO3)6 (RPdSPt)

SPt·7H2O (0.24 g, 0.25 mM) in 20 cm3 of H2O was added to a dark red solution containing
RPd·7H2O (0.22 g, 0.25 mM) in 20 cm3 of H2O. After the reaction was allowed to stand at
25°C for several days, reddish brown crystals (0.36 g, 88% yield based on Co) were

Co(III)–Pd(II) and Co(III)–Pt(II) 1641
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collected by filtration. Anal. Calcd for C34H68N18O22S4Co2PdPt (RPdSPt·4H2O): C, 25.07;
H, 4.21; N, 15.48%. Found: C, 25.08; H, 4.19; N, 15.43%. 1H NMR (300MHz, D2O),
Δ = 1.41 (s, 6H, pn/RPd + pn/SPt), 2.12–2.32 (m, 4H, aet/RPd + aet/SPt), 2.40–2.49
(m, 2H, pn/RPd + pn/SPt), 2.64 (d, 2H, J = 13.4 Hz, aet/RPd), 2.76 (d, 2H, J = 12.8 Hz, aet/
SPt), 2.97–3.06 (m, 4H, pn/RPd + pn/SPt), 3.38 (d, 2H, J = 13.6 Hz, aet/SPt), 3.54 (d, 2H,
J = 13.6 Hz, aet/RPd), 3.63–3.77 (m, 4H, aet/RPd + aet/SPt), 7.83–7.93 (m, 4H, bpy/RPd +
bpy/SPt), 8.32–8.49 (m, 8H, bpy/RPd + bpy/SPt), 8.92 (d, 2H, J = 5.5 Hz, bpy/RPd), 9.11
(d, 2H, J = 5.5 Hz, bpy/SPt). UV–Vis spectrum in H2O [νmax, 10

3 cm−1 (log ε/M−1 dm3

cm−1)]: 20.00 (2.71), 26.0 (3.4)sh, 29.0 (4.0)sh, 31.35 (4.60), 32.47 (4.64), 35.7 (4.5)sh, 38.2
(4.6)sh, 41.7 (4.8)sh, 44.0 (4.9)sh. CD spectrum in H2O [νmax, 103 cm−1 (Δ ε)]: 25.64
(+13.32), 28.90 (−1.68), 30.49 (+5.63), 31.25 (+4.81), 32.8 (−4.6)sh, 36.36 (−45.34), 40.32
(+8.56), 42.92 (−13.19), 46.0 (+13.8)sh, 48.78 (+64.36). Diffuse reflectance spectrum [νmax,
103 cm−1]: 19.76, 27.0sh, 30.58, 31.7sh.

2.5. Preparation of [Pt(bpy){Co(aet)2(R-pn)}][Pd(bpy){Co(aet)2(S-pn)}](NO3)6 (RPtSPd)

The same synthetic procedure as for the preparation of RPdSPt was employed, except that
equimolar amounts of RPt·7H2O and SPd·7H2O were used instead of equimolar amounts
of RPd·7H2O and SPt·7H2O. Yield = 0.34 g (84% based on Co). Anal. Calcd for
C34H68N18O22S4Co2PdPt (RPtSPd·4H2O): C, 25.07; H, 4.21; N, 15.48%. Found: C, 25.10;
H, 4.21; N, 15.41%. 1H NMR (300MHz, D2O), δ = 1.42 (s, 6H, pn/RPt + pn/SPd),
2.13–2.32 (m, 4H, aet/RPt + aet/SPd), 2.40–2.49 (m, 2H, pn/RPd + pn/SPt), 2.65 (d, 2H,
J = 13.4 Hz, aet/SPd), 2.77 (d, 2H, J = 12.8 Hz, aet/RPt), 2.97–3.06 (m, 4H, pn/RPd + pn/
SPt), 3.38 (d, 2H, J = 13.6 Hz, aet/RPt), 3.54 (d, 2H, J = 13.6 Hz, aet/SPd), 3.64–3.77
(m, 4H, aet/RPt + aet/SPd), 7.83–7.93 (m, 4H, bpy/RPt + bpy/SPd), 8.33–8.49 (m, 8H,
bpy/RPt + bpy/SPd), 8.92 (d, 2H, J = 5.5 Hz, bpy/SPd), 9.11 (d, 2H, J = 5.5 Hz, bpy/RPt).
UV–Vis spectrum in H2O [νmax, 10

3 cm-1 (log ε/M−1 dm3 cm−1)]: 19.96 (2.71), 26.0 (3.4)sh,
29.0 (4.0)sh, 31.35 (4.61), 32.47 (4.64), 35.7 (4.5)sh, 38.2 (4.6)sh, 41.7 (4.8)sh, 44.0 (4.9)sh.
CD spectrum in H2O [νmax, 10

3 cm−1 (Δ ε)]: 25.64 (−13.31), 28.99 (+1.53), 30.58 (−5.57),
31.2 (−4.3)sh, 32.8 (+6.0)sh, 36.50 (+46.79), 40.16 (−8.10), 43.10 (+13.57), 46.0 (−12.2)sh,
48.78 (−59.85). Diffuse reflectance spectrum [νmax, 10

3 cm−1]: 19.76, 27.0sh, 30.58, 31.7sh.

2.6. Measurements

Electronic absorption spectra were recorded on a Perkin-Elmer Lambda 19 spectrophotome-
ter and the CD spectra were recorded on a JASCO J-720 spectropolarimeter. These mea-
surements were carried out in aqueous solutions at room temperature. Solid-state CD
spectra were measured as KBr disks on a JASCO J-800 spectropolarimeter. Diffuse reflec-
tance spectra were measured with a Perkin-Elmer Lambda 900 spectrophotometer equipped
with an integrating sphere apparatus. 1H NMR spectra were recorded on a JEOL JNM-
AL300 NMR spectrometer in D2O using sodium 4,4-dimethyl-4-silapentane-1-sulfonate
(DSS) as an internal reference. C, H and N elemental analyses were performed with a
Perkin-Elmer 2400 CHN Elemental Analyzer.

2.7. X-ray structure determination

Single crystals of RPdSPt·4H2O and RPtSPd·4H2O were used for data collection on a
Rigaku AFC5S automated four-circle diffractometer with graphite-monochromated Mo Kα

1642 T. Nagasaki et al.
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(λ = 0.71069 Å) radiation. Cell constants and an orientation matrix for data collection were
obtained from a least-squares refinement using the setting angles of 25 carefully centered
reflections in the range 14° < θ < 15°. The data were collected at 296 ± 1 K using the ω-2θ
scan technique to a maximum 2θ value of 55°. The weak reflections (I < 10.0σ(I)) were re-
scanned (maximum of three scans) and the counts were accumulated to ensure good count-
ing statistics. Stationary background counts were recorded on each side of a reflection. The
ratio of peak counting time to background counting time was 2 : 1. The intensities of three
representative reflections were measured after every 150 reflections. Over the course of data
collection, the standards decreased by <0.4%. Polynomial correction factors were applied to
the data to account for this phenomenon. Empirical absorption corrections based on azi-
muthal scans of several reflections were applied. The data were corrected for Lorentz and
polarization effects. The crystal data and structural refinement parameters are summarized
in table 1. The structures were solved by direct methods and expanded using Fourier tech-
niques [12, 13]. Non-hydrogen atoms were refined anisotropically. All hydrogens, except
those of waters which were not included in any of the structural models because their posi-
tions could not be determined precisely, were placed in calculated positions and were
refined with a riding model. The final cycle of full-matrix least-squares refinement on F2

was based on observed reflections and variable parameters, and converged with the
unweighted and weighted agreement factors R and Rw. The absolute structure was deduced
based on the Flack parameter, refined using Friedelspairs [14]. Neutral atom scattering fac-
tors were taken from Cromer and Waber [15]. Anomalous dispersion effects were included
in Fc; the values for Δf′ and Δf″ were those of Creagh and McAuley [16–18]. All calcula-
tions were performed using the CrystalStructure crystallographic software package of
Molecular Structure Corporation [19, 20]. Relevant bond distances and angles are listed in
table 2.

Table 1. Crystallographic data for RPdSPt·4H2O and RPtSPd·4H2O.

RPdSPt·4H2O RPtSPd·4H2O

Formula C34H68Co2N18O22PdPtS4 C34H68Co2N18O22PdPtS4
Formula weight 1628.62 1628.62
Space group P1 P1

a (Å) 7.948(2) 7.946(2)
b (Å) 12.046(2) 12.047(2)
c (Å) 15.739(3) 15.734(3)
α (°) 104.03(2) 104.01(2)
β (°) 91.54(2) 91.56(2)
γ (°) 98.30(2) 98.29(2)
V (Å3) 1443.7(6) 1443.1(5)
Z 1 1
Dc (g cm−3) 1.873 1.874
μ (cm−1) 35.101 35.116
Tot. reflections 13288 13288
No. of variables 800 800
R1 [I > 2σ(I)] 0.0303 0.0276
R (all data) 0.0323 0.0290
wR2 (all data) 0.0749 0.0699
Goodness-of fit on F2 1.018 1.030
Flack parameter −0.002(2) −0.003(2)

Co(III)–Pd(II) and Co(III)–Pt(II) 1643

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

40
 0

9 
D

ec
em

be
r 

20
14

 



Table 2. Selected bond distances (Å) and angles (°) for
RPdSPt·4H2O and RPtSPd·4H2O.

RPdSPt·4H2O RPtSPd·4H2O

Co(1)–S(1) 2.233(2) 2.2311(18)
Co(1)–S(2) 2.251(2) 2.2531(19)
Co(1)–N(1) 1.972(5) 1.977(5)
Co(1)–N(2) 1.988(5) 1.982(5)
Co(1)–N(3) 1.997(5) 1.983(5)
Co(1)–N(4) 1.990(5) 1.984(5)
Co(2)–S(3) 2.233(3) 2.237(3)
Co(2)–S(4) 2.258(3) 2.255(3)
Co(2)–N(7) 1.980(5) 1.981(5)
Co(2)–N(8) 1.988(5) 1.990(5)
Co(2)–N(9) 1.988(5) 1.992(5)
Co(2)–N(10) 1.992(5) 2.002(5)
Pd(1)–S(1) 2.275(2) 2.2746(18)
Pd(1)–S(2) 2.3012(19) 2.3022(17)
Pd(1)–N(5) 2.069(6) 2.070(5)
Pd(1)–N(6) 2.068(6) 2.065(5)
Pt(1)–S(3) 2.281(3) 2.278(3)
Pt(1)–S(4) 2.298(3) 2.296(2)
Pt(1)–N(11) 2.030(8) 2.035(7)
Pt(1)–N(12) 2.054(8) 2.054(8)

S(1)–Co(1)–S(2) 85.41(8) 85.42(7)
S(1)–Co(1)–N(1) 87.85(14) 87.92(12)
S(1)–Co(1)–N(2) 89.52(14) 89.54(13)
S(1)–Co(1)–N(3) 93.56(15) 93.73(13)
S(1)–Co(1)–N(4) 178.81(17) 179.00(15)
S(2)–Co(1)–N(1) 89.32(14) 89.32(13)
S(2)–Co(1)–N(2) 88.20(15) 88.00(14)
S(2)–Co(1)–N(3) 178.64(16) 178.59(15)
S(2)–Co(1)–N(4) 95.70(16) 95.50(15)
N(1)–Co(1)–N(2) 176.5(2) 176.45(19)
N(1)–Co(1)–N(3) 91.5(2) 91.77(19)
N(1)–Co(1)–N(4) 91.7(2) 91.70(19)
N(2)–Co(1)–N(3) 90.9(2) 90.9(2)
N(2)–Co(1)–N(4) 90.9(2) 90.88(19)
N(3)–Co(1)–N(4) 85.3(2) 85.36(19)
S(3)–Co(2)–S(4) 85.31(9) 85.26(8)
S(3)–Co(2)–N(7) 88.32(14) 88.24(13)
S(3)–Co(2)–N(8) 89.51(15) 89.47(13)
S(3)–Co(2)–N(9) 94.14(15) 94.08(14)
S(3)–Co(2)–N(10) 178.43(17) 178.20(15)
S(4)–Co(2)–N(7) 89.63(15) 89.51(14)
S(4)–Co(2)–N(8) 88.18(16) 88.32(14)
S(4)–Co(2)–N(9) 178.49(17) 178.76(15)
S(4)–Co(2)–N(10) 96.19(16) 96.43(15)
N(7)–Co(2)–N(8) 177.0(2) 176.97(18)
N(7)–Co(2)–N(9) 91.8(2) 91.52(19)
N(7)–Co(2)–N(10) 91.2(2) 91.16(18)
N(8)–Co(2)–N(9) 90.4(2) 90.6(2)
N(8)–Co(2)–N(10) 91.0(2) 91.19(19)
N(9)–Co(2)–N(10) 84.4(2) 84.24(19)
S(1)–Pd(1)–S(2) 83.32(7) 83.30(6)
S(1)–Pd(1)–N(5) 96.51(17) 96.86(16)
S(1)–Pd(1)–N(6) 176.07(16) 176.26(15)
S(2)–Pd(1)–N(5) 179.54(19) 179.47(16)
S(2)–Pd(1)–N(6) 100.11(15) 99.98(14)

(Continued)
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3. Results and discussion

3.1. Crystal structures

A mixture of equimolar amounts of RPd·7H2O and SPt·7H2O in H2O crystallized as
RPdSPt·4H2O in the acentric space group of triclinic P1, in contrast to the centric space
group of monoclinic P21/c or triclinic Pī for crystals of racemic [Pt(bpy){Co(aet)2
(R-pn)}]0.5[Pt(bpy){Co(aet)2(S-pn)}]0.5X3·2H2O (X = ClO4

−, NO3
−) [5]. An X-ray structural

analysis of RPdSPt·4H2O revealed the presence of two kinds of discrete trivalent complex
cations, six nitrates, and four crystallization waters. As shown in figure 1(a), one of these
trivalent complex cations is [Pd(bpy){Co(aet)2(R-pn)}]

3+ and the other is [Pt(bpy){Co
(aet)2(S-pn)}]

3+. The absolute configuration of the Co(III) unit in [Pd(bpy){Co(aet)2(R-
pn)}]3+ is Δ, while that in [Pt(bpy){Co(aet)2(S-pn)}]

3+ is Λ. This indicates no rearrange-
ment in dinuclear structures during the crystallization of RPdSPt·4H2O. In Δ-[Pd(bpy){Co
(aet)2(R-pn)}]

3+, the dihedral angle between the PdS2 and PdN2 planes is 2.058°, indicating
an approximately square-planar Pd(II). Additionally, the dihedral angle between the PdS2N2

square-plane and the CoS2N2 equatorial plane is 0.9°. This implies that these two planes are
almost coplanar. In Λ-[Pt(bpy){Co(aet)2(S-pn)}]

3+, analogously, the PtN2S2 chromophore
forms nearly a square-plane (dihedral angle between PtS2 and PtN2 planes, 2.041°), and the
PtS2N2 square-plane and CoS2N2 equatorial plane retain coplanarity (dihedral angle, 2.1°).
These structural characteristics are essentially identical to those for other doubly sulfur-
bridged dinuclear Co(III)–M(II) complexes [1–7]. The bpy framework of Δ-[Pd(bpy){Co
(aet)2(R-pn)}]

3+ is placed in a face-to-face arrangement with that of Λ-[Pt(bpy){Co(aet)2(S-
pn)}]3+. As a result, these two complex cations with imperfect enantiomorphisms form a
1 : 1 π–π stacked unit, in which the interplanar distance and angle between two bpy frame-
works are 3.52 Å and 2.1°, respectively. The interplanar distance between the two bpy
frameworks in RPdSPt·4H2O is somewhat elongated as compared with that in racemic [Pt
(bpy){Co(aet)2(R-pn)}]0.5[Pt(bpy){Co(aet)2(S-pn)}]0.5(NO3)3·2H2O (3.47 Å) [5]. This may
suggest that the stereospecific π–π stacking interactions in pseudo-enantiomers with differ-
ent d8 metal centers are slightly weaker compared with those in the genuine enantiomers.
On the other hand, the 1 : 1 π–π stacked unit between pseudo-enantiomeric complex cations,
Δ-[Pd(bpy){Co(aet)2(R-pn)}]

3+ and Λ-[Pt(bpy){Co(aet)2(S-pn)}]
3+, does not develop into a

linear chain with further π–π stacking contacts like that in racemic [Pt(bpy){Co(aet)2
(R-pn)}]0.5[Pt(bpy){Co(aet)2(S-pn)}]0.5X3·2H2O [5]. A similar trend in structural

Table 2. (Continued).

RPdSPt·4H2O RPtSPd·4H2O

N(5)–Pd(1)–N(6) 80.1(3) 79.9(2)
S(3)–Pt(1)–S(4) 83.29(9) 83.40(8)
S(3)–Pt(1)–N(11) 97.0(3) 96.7(3)
S(3)–Pt(1)–N(12) 176.5(3) 176.2(2)
S(4)–Pt(1)–N(11) 178.6(3) 178.8(3)
S(4)–Pt(1)–N(12) 100.0(3) 100.05(19)
N(11)–Pt(1)–N(12) 79.7(4) 79.9(3)
Pd(1)–S(1)–Co(1) 96.24(7) 96.32(6)
Pd(1)–S(2)–Co(1) 95.01(7) 94.94(6)
Pt(1)–S(3)–Co(2) 96.27(9) 96.16(8)
Pt(1)–S(4)–Co(2) 95.10(8) 95.15(8)
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characteristics is also observed for RPtSPd·4H2O with an interplanar distance of 3.52 Å
between the two bpy frameworks [figure 1(b)]. It can be concluded, therefore, that
stereospecific π–π stacking interactions, which have been demonstrated for enantiomeric
complex cations with perfect mirror images, are applicable to assemblies between pseudo-
enantiomers with different d8 metal centers, Δ-[M(bpy){Co(aet)2(R-pn)}]

3+ (M = Pd or Pt)
and Λ-[M′(bpy){Co(aet)2(S-pn)}]

3+ (M′ ≠ M, M′ = Pd or Pt).

3.2. Characterization

In D2O, RPdSPt exhibited 1H NMR signals in the region of 1.3–9.2 ppm. Over the
whole region, the signals of RPd considerably overlap with those of SPt, and hence
most signals of RPdSPt were observed as multiplets or were unresolved. However, the
signals due to 6- and 6′-protons of the bpy frameworks in RPd and SPt were well-
resolved and appear as doublets at δ = 8.92 and 9.11. The former signal at δ = 8.92 is
assigned to the bpy ligand coordinated to Pd(II) in RPd and the latter signal is ascribed
to the one coordinated to Pt(II) in SPt [1, 5]. Integrated intensities for these two signals
coincide well with each other and bear out the 1 : 1 pseudo-racemic crystal formula for

Figure 1. Perspective views of the 1 : 1 π–π stacked units between the pseudo-enantiomeric complex cations in
(a) RPdSPt·4H2O and (b) RPtSPd·4H2O. Thermal ellipsoids are shown at 50% probability.
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RPdSPt. Additionally, the spectral profile of RPdSPt is closely related to that of both
RPd and SPt. There are no significant shifts and broadenings in any of the remaining
bpy proton signals. A similar trend is also observed for the 1H NMR spectrum of
RPtSPd. It seems, therefore, that each of the complex cations in RPdSPt or RPtSPd is
free from π–π stacking interactions in solutions with a concentration of 10−2 M dm−3. As
the measurements for the electronic absorption and CD spectra were collected on further
diluted concentrations of 10−2–10−5 M dm−3, it is predictable that each of the complex
cations in RPdSPt or RPtSPd exists independently with respect to such intermolecular
interactions. It can be rationally considered therefore that the observed electronic
absorption and CD spectra of RPdSPt (RPtSPd) are reproducible by the arithmetic

Figure 2. Electronic absorption spectra of (a) RPd·7H2O (solid line) and SPt·7H2O (broken line), and (c)
RPdSPt·4H2O, together with (b) estimated electronic absorption spectrum by superimposition of the observed ones
for RPd·7H2O and SPt·7H2O. The path length was 1.0 cm and the concentrations were 10−2–10−5 M dm−3.
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superimposition of corresponding spectra from the two constituent complex cations, RPd
and SPt (RPt and SPd). As shown in figures 2 and 3, in fact, the electronic absorption
and CD spectra of RPdSPt (RPtSPd) are almost identical with the calculated ones. In
addition, the CD spectral profiles of RPdSPt (RPtSPd) in solution are essentially consis-
tent with those in the solid state (see figure S1, see online supplemental material at
http://dx.doi.org/10.1080/00958972.2014.919387). This result supports the stereoselectivi-
ties of RPdSPt (RPtSPd) in solution as well as in the solid state. In particular, the CD
signals of these pseudo-racemic crystals sharply contrast with the corresponding
spectra of the racemic crystals such as [Pt(bpy){Co(aet)2(R-pn)}]0.5[Pt(bpy){Co(aet)2
(S-pn)}]0.5X3·2H2O, in which the two enantiomeric complex cations negate the CD
signals of the other [5].

Figure 3. CD spectra of (a) RPd·7H2O (full line) and SPt·7H2O (broken line), and (c) RPdSPt·4H2O (full line)
and RPtSPd·4H2O (broken line), together with (b) estimated CD spectrum by superimposition of the observed
ones for RPd·7H2O and SPt·7H2O. The path length was 1.0 cm and the concentrations were 10−2–10−5 M dm−3.
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The diffuse reflectance spectrum of RPdSPt·4H2O (RPtSPd·4H2O) roughly corresponds
to its absorption spectrum in H2O, but some essential differences can be seen between the
two spectra (figure 4). In the reflectance spectrum of RPdSPt·4H2O (RPtSPd·4H2O), for
instance, the π–π* bands due to the localized electronic transitions from bpy are consider-
ably shifted toward lower energy in spite of the slightly lower-energy shift of the d–d band.
In the 25–29 × 103 cm−1 region, furthermore, the absorption spectrum of RPdSPt·4H2O
(RPtSPd·4H2O) showed two well-resolved shoulders at 26.0 and 29.0 × 103 cm−1, while
the reflectance spectrum had one broad shoulder at 27.0 × 103 cm−1. A similar trend was
observed for racemic crystals of [Pt(bpy){Co(aet)2(R-pn)}]0.5[Pt(bpy){Co(aet)2(S-
pn)}]0.5X3·2H2O (X = NO3, ClO4) and [Pt(bpy){Co(D-pen)2}]0.5[Pt(bpy){Co(L-
pen)2}]0.5X·nH2O (X = I, NO3, ClO4, BF4) with dimeric π–π stacking arrangements [5, 6,
21]. In addition, analogous bands were also observed for doubly sulfur-bridged d8 metal
aromatic diimine complexes with intra- and/or intermolecular π–π stacking arrangements

Figure 4. Diffuse reflectance spectra of RPd·7H2O (dotted line), SPt·7H2O (broken line), and RPdSPt·4H2O (full
line).
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[22–24]. It seems, therefore, that the broad band around 27 × 103 cm−1 originates from the
formation of a 1 : 1 π–π stacked unit between the pseudo-enantiomeric complex cations,
Δ-[Pd(bpy){Co(aet)2(R-pn)}]

3+ and Λ-[Pt(bpy){Co(aet)2(S-pn)}]
3+, in RPdSPt·4H2O (Δ-[Pt

(bpy){Co(aet)2(R-pn)}]
3+ and Λ-[Pd(bpy){Co(aet)2(S-pn)}]

3+, in RPtSPd·4H2O).

4. Conclusion

The reaction of [Ni{Co(aet)2(R-pn)}2]
4+ ([Ni{Co(aet)2(S-pn)}2]

4+), in which Δ-cis(S)-[Co
(aet)2(R-pn)]

+ (Λ-cis(S)-[Co(aet)2(S-pn)]
+) units are bidentate metalloligands with

[PdCl2(bpy)] in the presence of nitrate anions, gave an optically active S-bridged dinuclear
complex, Δ-[Pd(bpy){Co(aet)2(R-pn)}](NO3)3 (Λ-[Pd(bpy){Co(aet)2(S-pn)}](NO3)3), whose
structure is similar to the previously reported complex, Δ-[Pt(bpy){Co(aet)2(R-pn)}](NO3)3
(Λ-[Pt(bpy){Co(aet)2(S-pn)}](NO3)3). Mixing these pseudo-enantiomers with different d8

metal centers, Δ-[M(bpy){Co(aet)2(R-pn)}]
3+ (M = Pd or Pt) and Λ-[M′(bpy){Co(aet)2(S-

pn)}]3+ (M′ ≠ M, M′ = Pd or Pt) in molar ratio 1 : 1 in H2O led to the formation of pseudo-
racemic crystals, [M(bpy){Co(aet)2(R-pn)}][M′(bpy){Co(aet)2(S-pn)}](NO3)6·4H2O. In
these pseudo-racemic crystals, Δ-[M(bpy){Co(aet)2(R-pn)}]

3+ and Λ-[M′(bpy){Co(aet)2(S-
pn)}]3+ interact stereospecifically with each other through π-conjugated systems to form
pseudo-dimeric structures. These structural characteristics are reflected in their spectral
behaviors.

Supplementary material

CCDC-960228 for RPdSPt·4H2O and 960229 for RPtSPd·4H2O contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free of charge at www.
ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336 033; E-mail: deposit@ccdc.
cam.ac.jk].
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