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a b s t r a c t

Neutral trinuclear metallomacrocycles, [Cp*RhCl(l-4-PyS)]3 (3) and [Cp*IrCl(l-4-PyS)]3 (4) [Cp* = pen-
tamethylcyclopentadienyl, 4-PyS = 4-pyridinethiolate], have been synthesized by self-assembly reactions
of [Cp*RhCl2]2 (1) and [Cp*IrCl2]2 (2) with lithium 4-pyridinethiolate, respectively. In situ reaction of com-
plex 3 with three equivalent of lithium 4-pyridinethiolate resulted in [Cp*Rh(l-4-PyS)(4-PyS)]3 (5) con-
taining both skeleton and pendent 4-PyS groups. Chelating coordination of 2-pyridinethiolate broke
down the triangular skeleton to give mononuclear metalloligands Cp*Rh(2-PyS)(4-PyS) (6) and Cp*Ir-
(2-PyS)(4-PyS) (7) [2-PyS = 2-pyridinethiolate], which could also be synthesized from Cp*RhCl(2-PyS)
(10) and Cp*IrCl(2-PyS) (11) with lithium 4-pyridinethiolate. The coordination reactions of 6 with com-
plexes 1 and 2 gave dinuclear complexes [Cp*Rh(2-PyS)(l-4-PyS)][Cp*RhCl2] (8) and [Cp*Rh(2-PyS)-
(l-4-PyS)][Cp*IrCl2] (9), respectively. Molecular structures of 3, 4, 6 and 11 were determined by X-ray
crystallographic analysis. All the complexes have been well characterized by elemental analysis, NMR
and IR spectra.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The coordination chemistry of pyridinethiolate ligands is of
great importance in a variety of reactions [1], due to the unusual
coordination geometry, variety of bonding, and interesting spectral
and electrochemical behavior of these complexes [2–4]. The prod-
ucts of such ligands with metal atoms are found to have special
properties for many applications, such as, antitumor potential with
gold and platinum [5], dimerization catalyst of alkynes with irid-
ium [6], vitro potency against trypanozoma cultures with tin [7],
and control of the behavior of nucleic acids as tautomeric systems
[8]. However, the half-sandwich complexes, which have cobalt,
rhodium, or iridium centers with the pyridinethiolate ligands, are
still under comprehensive investigation [9,10]. In our previous
work, we reported the reactivity of half-sandwich Cp*Co complexes
with 1,2-dicarba-closo-dodecaborane (12)-1,2-dithiolato ligand,
pyridinethione ligand, heterocyclic thione ligand and benzenethi-
olate ligand [11–13].

In this paper, we would like to communicate on the reactivity of
half-sandwich Cp*Rh or Cp*Ir complexes towards pyridinethiolate.
Mono-, di-, and tri-nuclear organometallic compounds are
described.
All rights reserved.

: +86 21 65641740.
2. Results and discussion

2.1. Self-assembly reactions of 1 and 2 with 4-pyridinethiolate

The treatment of [Cp*RhCl2]2 (1) with two equivalent of lithium
pyridine-4-thiolate in THF afforded [Cp*RhCl(l-4-PyS)]3 (3) as a
red solid in moderate yield (Scheme 1). Complex 3 is air stable,
and soluble in THF and CH2Cl2. The 1H NMR spectrum of 3 shows
three signals for the ring-methyl groups of C5Me5 (d 1.43, 1.41,
1.39), which is indicative of unsymmetrical cyclic structure.

Crystals of complex 3 were obtained by slow diffusion of hex-
ane into a concentrated solution of the complex in dichlorometh-
ane at low temperature. The structure of complex 3 crystallizes
as an approximately equilateral triangle with Rh(1)���Rh(2),
Rh(2)���Rh(3) and Rh(3)���Rh(1) distances of 8.157, 8.098, and
8.083 Å, respectively, which means a C1 structure. By now, only a
few half-sandwich organometallic triangular complexes have been
explored [14–24], in which using bridging ligands with S and N as
coordinating atoms are extremely rare. As depicted in Fig. 1a, the
molecular structure consists of alternating Cp*Rh vertices and pyr-
idine-4-thiolate edges. For the Cp*Rh half-sandwich tripod moiety,
two of the three ‘‘legs” are S and N atoms from two different pyr-
idine-4-thiolato bridges, and the third one is a chlorine atom. The
angles between three ‘‘legs” are around 90� (N(3)–Rh(1)–S(1) =
93.1(2)�, N(3)–Rh(1)–Cl(1) = 88.3 (2)�, Cl(1)–Rh(1)–S(1) =
96.46(8)�). Here, the C–S–Rh angles are less than 120� (117.4(3)�,
115.0(3)� and 113.8(3)� for C(3)–S(1)–Rh(1), C(8)–S(2)–Rh(2) and
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Fig. 1. Molecular structure of 3, ellipsoids at the 30% probability level. H atoms are
omitted for clarity. (a) Global view. (b) Side view (the Cp* groups have been omitted
for clarity). Selected bond lengths (Å) and angles (�): Rh(1)–Cl(1) 2.406(2), Rh(1)–
N(3) 2.120(6), Rh(1)–S(1) 2.362(2), S(1)–C(3) 1.737(8). N(3)–Rh(1)–S(1) 93.1(2),
N(3)–Rh(1)–Cl(1) 88.3 (2), Cl(1)–Rh(1)–S(1) 96.46(8), Rh(1)–S(1)–C(3) 117.4(3).

N

SLi

NS

N

S

M M

M

N

S

Cl
Cl

Cl

[Cp*RhCl2]2 (1)
[Cp*IrCl2]2(2)

M=Rh(3)
M= Ir (4)

Scheme 1. Synthesis of complex 3 and 4.
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C(13)–S(3)–Rh(3), respectively), which appears to be crucial to the
formation of the molecular triangle. The Rh–N and Rh–S
interactions are slightly out of the trirhodium plane (Fig. 1b). Inter-
estingly, the three chlorine atoms are in different fashion to the
plane (two-up, one-down), which makes the 4-PyS group between
the two-up ones a little different. That is, from the trirhodium
plane, the angle to this 4-PyS unit is 86.3�, while the other two
are 76.7� and 72.2�. Another interesting feature of 3 is its packing
pattern. As illustrated in Fig. 2, there are triangular channels run-
ning along the a-axis.

The reaction of [Cp*IrCl2]2 (2) with lithium pyridine-4-thiolate
in THF afforded [Cp*IrCl(l-4-PyS)]3 (4) as an orange solid in 52%
yield. The X-ray crystallographic analysis reveals that, the molecu-
lar structure of 4 is similar to the rhodium complex 3, except that
the rhodium atoms are replaced by the iridium atoms (Fig. 3). And
the Ir���Ir distances are 8.173, 8.110 and 8.148 Å, respectively,
which are a little longer than the Rh���Rh distances. Besides, there
are CH2Cl2 molecules found outside the triangular channels in
the crystal structure of 4�CH2Cl2. A similar Ir complex was very re-
cently published by Han et al. [25].

2.2. In situ reactions of complex 3 with 4-pyridinethiolate or 2-
pyridinethiolate

Since there were residual chlorine atoms in the trinuclear
metallomacrocycle, we realized that useful functional groups could
be induced by replacing the Cl atoms in situ. Treating complex 3
with three equivalent of lithium pyridine-4-thiolate in THF affor-
ded [Cp*Rh(l-4-PyS)(4-PyS)]3 (5) as a red solid in moderate yield
(Scheme 2).

The 1H NMR spectrum of 5 also shows three signals for the ring-
methyl groups of C5Me5 (d 1.43, 1.42, 1.40) just like that of its start-
ing complex 3. In the 13C NMR spectrum, there are two groups of
signals between 150 and 120 ppm. Signals at d 149.90, 143.58,
128.05 for the suspending PyS groups show stronger intensity than
signals for the skeleton l-PyS groups at d 148.70, 127.11, 120.04.
So, complex 5 has a similar structure with 3, in which three chlo-
rine atoms are replaced by three pyridine-4-thiolato groups.

When we brought 2-pyridinethiolate ligand into our triangle 3,
we got red crystals 6 in high yield (Scheme 3). In the 1H NMR spec-
trum of 6, four different signals at 8.03, 7.21, 6.69, 6.67 ppm are
very close to those of complex 10 in our early work [11], showing
that the metal center of 6 coordinates to one 2-PyS ligand in biden-
tate mode. Another two signals at 8.58 and 7.81 ppm, which are
identified as the hydrogen atoms of the 4-PyS ligand, were also de-
tected obviously. All these data suggested that the chelating coor-
dination mode of 2-pyridinethiolate took a priority, breaking down
the triangular skeleton, which were consistent with the structure
established by X-ray diffraction.

Single crystals of complex 6 were cultivated from CH2Cl2/hex-
ane system. Its crystallographic structure (Fig. 4) shows that the
two different pyridine circles are at the same side from the S(1)–
Rh(1)–S(2) plane. Because of the different coordination modes,
Rh(1)–S(1) distance (2.551(5) Å) is longer than Rh(1)–S(2)
(2.214(5) Å). The Rh(1)–S(2)–C(6) angle is 107.4(6)� here, leaving
the N atom of 4-pyridinethiolate ligand away from the metal cen-
ter, which shows the potential metalloligand role of 6.

The similar reaction using complex 4 instead of 3 gave Cp*Ir(2-
PyS)(4-PyS) (7) as an orange solid. In the 1H NMR spectrum, 8.20,
7.20, 6.73, 6.58 ppm for 2-PyS ligand and 8.48, 7.80 ppm for 4-
PyS ligand, together with other detailed analysis of the spectro-
scopic data (13C NMR and IR spectra), show that complex 7 has a
same structure with complex 6.

2.3. Coordination reactions of metalloligand 6 with 1 and 2

With the metalloligand 6 in hand, we tried its coordinating abil-
ity with the half-sandwich iridium(III) and rhodium(III) fragments
1 and 2 (Scheme 4).

The coordination reaction of metalloligand 6 with complex 1 in
CH2Cl2, after recrystallized in CH2Cl2/hexane system, gave dinucle-
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Fig. 2. Crystal structures of 3, viewed from the a-axis.

Fig. 3. Molecular structure of 4, ellipsoids at the 30% probability level. H atoms and
solvent molecules are omitted for clarity. Selected bond lengths (Å) and angles (�):
Ir(1)–Cl(1) 2.435(3), Ir(1)–N(1) 2.115(9), Ir(1)–S(3) 2.353(4), S(3)–C(13) 1.729(12).
N(1)–Ir(1)–S(3) 90.3(3), N(1)–Ir(1)–Cl(1) 88.2(3), Cl(1)–Ir(1)–S(3) 96.6(1), Ir(1)–
S(3)–C(13) 115.4(4).
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ar compound [Cp*Rh(2-PyS)(l-4-PyS)][Cp*RhCl2] (8) as red crystals
in 79% yield. Similar peaks can be identified in the 1H NMR spec-
trum of the 2-PyS and l-4-PyS region as complex 6. And in partic-
ular, we found two kinds of peaks appeared at 1.73 and 1.83 ppm,
which could be assigned to the two Cp* groups.

The hetero-nuclear complex 9 could also be synthesized as or-
ange crystals in a same way. The solubility of this compound in
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common organic solvent is not as good as its analog 8, which influ-
enced its yield as only 56%.

2.4. Another method to get metalloligands 6 and 7

Since we got complex 6 from the reaction of starting material 1
with 4-pyridinethiolate to give triangle 3 and then with 2-pyridin-
ethiolate ligand, we believed that it could also be synthesized if we
changed the reaction order of these two pyridinethiolate ligands.

As we had already got complex 10 in our early work [11], we
used it to react with 4-pyridinethiolate ligand directly (Scheme
5). When the complex 10 reacted with one equiv of the lithium salt
of 4-pyridinethione in THF at �78 �C, 4-PyS ligand replaced the
chlorine atom to give the red product Cp*Rh(2-PyS)(4-PyS) (6) in
high yield. Its structure was confirmed by 1H NMR.
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Fig. 4. Molecular structure of 6, ellipsoids at the 30% probability level. H atoms are
omitted for clarity. Selected bond lengths (Å) and angles (�): Rh(1)–N(1) 2.22(1),
Rh(1)–S(1) 2.551(5), Rh(1)–S(2) 2.214(5), N(1)–C(5) 1.359(8), N(1)–C(1) 1.359(8),
S(1)–C(1) 1.71(1), S(2)–C(6) 1.74(1); N(1)–Rh(1)–S(1) 63.9(4), N(1)–Rh(1)–S(2)
91.8(3), S(1)–Rh(1)–S(2) 86.8(2), N(1)–C(1)–S(1) 111.3(9), C(6)–S(2)–Rh(1)
107.7(6).

Fig. 5. Molecular structure of 11, ellipsoids at the 30% probability level. H atoms are
omitted for clarity. Selected bond lengths (Å) and angles (�): Ir(1)–N(1) 2.107(10),
Ir(1)–S(1) 2.419(3), Ir(1)–Cl(1) 2.401(3), N(1)–C(5) 1.319(15), N(1)–C(1) 1.340(14),
S(1)–C(1) 1.726(12); N(1)–Ir(1)–S(1) 67.0(3), N(1)–Ir(1)–Cl(1) 84.2(3), S(1)–Ir(1)–
Cl(1) 90.43(13), N(1)–C(1)–S(1) 109.4(8).
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Following this route, the reaction of 2-pyridinethione with one
equivalent of n-BuLi, followed by addition of one equivalent of
[Cp*IrCl2]2 (2) in THF gave complex Cp*IrCl(2-PyS) (11) as an or-
ange solid (Scheme 5). The crystallographic structure (Fig. 5) shows
that complex 11 possesses a half-sandwich tripod structure, with
2-PyS ligand chelating to the metal center in a N, S-bidentate
mode. The reaction of complex 11 with lithium pyridine-4-thiolate
gave metalloligand 7 in the yield of 64%.

3. Conclusions

In this article, we have described a simple and efficient method
to synthesize trinuclear half-sandwich iridium(III) and rho-
dium(III) macrocycles ([Cp*IrCl(l-4-PyS)]3 (3) and [Cp*RhCl(l-4-
PyS)]3 (4) with bidentate ligand pyridine-4-thiolate. In these two
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complexes, all the C–S–M angles are between 110� and 120�, which
is crucial to the formation of the molecular triangles. And the resid-
ual chlorine atoms could be used to bring in useful functional
groups by in situ replacement reactions, such as pyridine-4-thio-
late to get complex [Cp*Rh(l-4-PyS)(4-PyS)]3 (5). Bringing in 2-
pyridinethiolate ligand would destroy the triangular structure to
give mononuclear metalloligands Cp*Rh(2-PyS)(4-PyS) (6) and
Cp*Ir(2-PyS)(4-PyS) (7). In these two complexes, 2-pyridinethiolate
seizes two coordinating sites as a chelating ligand and 4-pyridin-
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ethiolate adopts a monodentate mode with S atom, leaving pyri-
dine N atom away from the metal center. The coordination reac-
tions of 6 with [Cp*RhCl2]2 (1) and [Cp*IrCl2]2 (2) give dinuclear
complexes 8 and 9 in high yield. The complexes 3, 4, 5, 6 and 7
are useful derivatives for further investigations.
4. Experimental

4.1. General procedures

All reactions and manipulations were carried out using stan-
dard Schlenk techniques under nitrogen atmosphere. Solvents
were dried and deoxygenated by M. Braun Solvent Purification Sys-
tem (4464) and collected just before use. [Cp*RhCl2]2 [26] and
[Cp*IrCl2]2 [26] were prepared according to the procedures de-
scribed in the literature. 2-Mercaptopyridine and 4-mercaptopyri-
dine were used as purchased without further purifications. The
element analyses were performed on Elementar III Vario EI Ana-
lyzer. Infrared spectra were recorded on a Nicolet AVATAR-360IR
spectrometer. 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra
were obtained using Bruker DMX-500 spectrophotometer in CDCl3,
respectively.

4.2. Preparation of [Cp*RhCl(l-4-PyS)]3 (3)

A solution of n-BuLi (1.6 M, 0.32 ml, 0.5 mmol) in hexane was
added dropwise to a solution of 4-mercaptopyridine (55 mg,
0.5 mmol) in 8 ml of THF at 0 �C. The suspension was stirred for an-
other 1 h at room temperature. Then the solution was slowly
added to a solution of [Cp*RhCl2]2 (155 mg, 0.25 mmol) in THF
(20 ml) at �78 �C. After it had been stirred for one day, the solvent
was removed under reduced pressure, and the residue was ex-
tracted with CH2Cl2. The filtrate was concentrated to about 5 ml
and hexane was added, to give 3 as a red solid. Yield: 146 mg,
76%. Anal. Calc. for C45H57N3Rh3Cl3S3: C, 46.95; H, 4.99; N, 3.65.
Found: C, 46.90; H, 5.04; N, 3.61%. 1H NMR (500 MHz, CDCl3,
ppm): d 8.61 (d, 3H, l-4-PyS), 7.74 (d, 3H, l-4-PyS), 1.43 (s, 15H,
Cp*), 1.41 (s, 15H, Cp*), 1.39 (s, 15H, Cp*). 13C NMR (125 MHz,
CDCl3, ppm): d 149.29, 129.05, 120.01 (l-4-PyS), 95.47, 95.43,
95.40, 9.20, 9.16, 9.01 (Cp*). IR (KBr disk): m = 2962, 2918, 2847,
1587, 1462, 1378, 1261, 1103, 1023, 803, 729, 508 cm�1.

4.3. Preparation of [Cp*IrCl(l-4-PyS)]3 (4)

The procedure is similar to the preparation of complex 3. Using
n-BuLi (1.6 M, 0.32 ml, 0.5 mmol), 4-mercaptopyridine (55 mg,
0.5 mmol) and [Cp*IrCl2]2 (200 mg, 0.25 mmol) to give 4 as an or-
ange solid. Yield: 123 mg, 52%. Anal. Calc. for C45H57N3Ir3Cl3S3: C,
38.05; H, 4.05; N, 2.96. Found: C, 38.11; H, 4.03; N, 2.91%. 1H
NMR (500 MHz, CDCl3, ppm): d 8.76 (d, 6H, l-4-PyS), 7.90 (d, 6H,
l-4-PyS), 1.42 (s, 15H, Cp*), 1.41 (s, 15H, Cp*), 1.39(s, 15H, Cp*).
13C NMR (125 MHz, CDCl3, ppm): d 149.29, 128.49, 119.22 (PyS),
90.69, 90.15, 87.48, 9.00, 8.55, 8.51 (Cp*). IR (KBr disk): m = 2962,
2921, 2852, 1592, 1464, 1377, 1261, 1102, 1023, 803, 731, 702,
502 cm�1.

4.4. Preparation of [Cp*Rh(l-4-PyS)(4-PyS)]3 (5)

A solution of n-BuLi (1.6 M, 0.08 ml, 0.12 mmol) in hexane was
added dropwise to a solution of 4-mercaptopyridine (13 mg,
0.12 mmol) in 8 ml of THF at 0 �C. The suspension was stirred for
another 1 h at room temperature. Then the solution was slowly
added to a solution of [Cp*RhCl(4-PyS)]3 (3) (46 mg, 0.04 mmol)
in THF (15 ml) at �78 �C. After it had been stirred at room temper-
ature for one day, the solvent was removed under reduced pres-
sure, and the residue was extracted with CH2Cl2. The filtrate was
concentrated to about 5 ml and hexane was added, to give 5 as a
red solid. Yield: 29 mg, 53%. Anal. Calcd for C60H69N6Rh3S6: C,
52.40; H, 5.06; N, 6.11. Found: C, 52.34; H, 5.10; N, 6.06%. 1H
NMR (500 MHz, CDCl3, ppm): d 8.68 (d, 6H, l-4-PyS), 7.73 (d, 6H,
l-4-PyS), 8.51 (d, 6H, 4-PyS), 7.37 (d, 6H, 4-PyS), 1.43 (s, 15H,
Cp*), 1.42 (s, 15H, Cp*), 1.40 (s, 15H, Cp*). 13C NMR (125 MHz,
CDCl3, ppm): d 149.90, 143.58, 128.05 (4-PyS), 148.70, 127.11,
120.04 (l-4-PyS), 98.94, 98.89, 98.62, 8.59, 8.23, 8.06 (Cp*). IR
(KBr disk): m = 2963, 2910, 2853, 1613, 1586, 1561, 1460, 1383,
1262, 1102, 1020, 804, 729, 700, 505 cm�1.

4.5. Preparation of Cp*Rh(2-PyS)(4-PyS) (6)

Method A. A solution of n-BuLi (1.6 M, 0.13 ml, 0.2 mmol) in
hexane was added dropwise to a solution of 2-mercaptopyridine
(22 mg, 0.2 mmol) in 8 ml of THF at 0 �C. The suspension was stir-
red for another 1 h at room temperature. Then the solution was
slowly added to a solution of [Cp*RhCl(4-PyS)]3 (3) (77 mg,
0.067 mmol) in THF (15 ml) at �78 �C. After it had been stirred
for one day, the solvent was removed under reduced pressure,
and the residue was extracted with CH2Cl2. The filtrate was con-
centrated to about 5 ml and hexane was added, to give 6 as a red
solid. Yield: 63 mg, 69%.

Method B. A solution of n-BuLi (1.6 M, 0.13 ml, 0.2 mmol) in
hexane was added dropwise to a solution of 4-mercaptopyridine
(22 mg, 0.2 mmol) in 8 ml of THF at 0 �C. The suspension was stir-
red for another 1 h at room temperature. Then the solution was
slowly added to a solution of Cp*RhCl(2-PyS) (10) (77 mg,
0.2 mmol) in THF (15 ml) at �78 �C. After it had been stirred for
one day, the solvent was removed under reduced pressure, and
the residue was extracted with CH2Cl2. The filtrate was concen-
trated to about 5 ml and hexane was added, to give 6 as a red solid.
Yield: 74 mg, 81%.

Anal. Calc. for C20H23N2RhS2: C, 52.40; H, 5.06; N, 6.11. Found:
C, 52.35; H, 5.11; N, 6.08%. 1H NMR (500 MHz, CDCl3, ppm): d
8.58 (d, 2H, 4-PyS), 7.81 (d, 2H, 4-PyS), 8.03 (d, 1H, 2-PyS), 7.21
(t, 1H, 2-PyS), 6.69 (t, 1H, 2-PyS), 6.67 (d, 1H, 2-PyS), 1.73(s, 15H,
Cp*). 13C NMR (125 MHz, CDCl3, ppm): d 167.98, 147.01, 127.42
(4-PyS), d 178.68, 146.45, 135.45, 127.52, 116.85 (2-PyS), 95.54,
9.51 (Cp*). IR (KBr disk): m = 2958, 2918, 2851, 1569, 1449, 1420,
1261, 1101, 1020, 809, 760, 706, 500 cm�1.

4.6. Preparation of Cp*Ir(2-PyS)(4-PyS) (7)

The procedure is similar to the preparation of complex 6.
Method A. Using n-BuLi (1.6 M, 0.13 ml, 0.2 mmol), 2-mercapto-

pyridine (22 mg, 0.2 mmol) and [Cp*IrCl(4-PyS)]3 (4) (95 mg,
0.067 mmol) to give 7 as an orange solid. Yield: 56 mg, 51%.

Method B. Using n-BuLi (1.6 M, 0.13 ml, 0.2 mmol), 4-mercapto-
pyridine (22 mg, 0.2 mmol) and Cp*IrCl(2-PyS) (11) (95 mg,
0.2 mmol) to give 7 as an orange solid. Yield: 70 mg, 64%.

Anal. Calc. for C20H23N2IrS2: C, 43.80; H, 4.23; N, 5.11. Found: C,
43.76; H, 4.20; N, 5.16%. 1H NMR (500 MHz, CDCl3, ppm): d 8.48 (d,
2H, 4-PyS), 7.80 (d, 2H, 4-PyS), 8.20 (d, 1H, 2-PyS), 7.20 (t, 1H, 2-
PyS), 6.73 (t, 1H, 2-PyS), 6.58 (d, 1H, 2-PyS), 1.80 (s, 15H, Cp*).
13C NMR (125 MHz, CDCl3, ppm): d 164.98, 151.02, 128.78 (4-
PyS), d 179.52, 145.95, 134.48, 129.44, 116.76 (2-PyS), 92.37, 9.47
(Cp*). IR (KBr disk): m = 2980, 2959, 2913, 1591, 1445, 1423, 1264,
1111, 1027, 815, 759, 734, 494 cm�1.

4.7. Preparation of [Cp*Rh(2-PyS)(l-4-PyS)][Cp*RhCl2] (8)

Complex 6 (23 mg, 0.05 mmol) and 1 (15 mg, 0.025 mmol) in
CH2Cl2 (15 ml) was stirred for 12 h at room temperature. The sol-
vent was concentrated to about 3 ml and hexane was added, to



Table 1
Crystallographic data for compounds 3, 4�CH2Cl2, 6 and 11.

3 4�CH2Cl2 6 11

Empirical formula C45H57Cl3N3Rh3S3 C46H59Cl5Ir3N3S3 C20H23N2RhS2 C15H19ClIrNS
Formula weight 1151.2 1503.99 458.43 473.02
Crystal system Triclinic Triclinic Orthorhombic Monoclinic
Space group P�1 P�1 Pnma P2(1)/c
a (Å) 8.775(3) 8.826(2) 11.215(5) 12.620(8)
b (Å) 17.390(6) 17.371(5) 17.455(7) 7.684(5)
c (Å) 18.549(6) 18.512(5) 10.273(4) 16.184(10)
a (�) 110.181(5) 110.211(4) 90 90
b (�) 94.324(5) 94.183(4) 90 91.666(8)
c (�) 90.304(5) 90.071(4) 90 90
Volume (Å3) 2647.8(15) 2655.3(12) 2010.9(14) 1568.7(17)
Z 2 2 4 4
F(0 0 0) 1164 1440 936 904
Crystal size (mm) 0.15 � 0.10 � 0.08 0.12 � 0.08 � 0.08 0.15 � 0.10 � 0.06 0.30 � 0.25 � 0.15
h Range (�) 1.25–27.18 1.39–27.14 2.30–27.15 1.61–25.01
Dcalc (Mg m�3) 1.444 1.881 1.514 2.003
l (mm�1) 1.225 7.902 1.062 8.801
Number of reflections collected 12932 13469 9202 6199
Number of independent reflections 10949 11360 2248 2759
Rint 0.0415 0.042 0.0712 0.0986
Number of data/restraints/parameters 10949/0/527 11360/1/541 2248/18/162 2759/0/178
Goodness-of-fit (GOF) on F2 0.852 0.927 1.142 1.038
R Indices(I > 2r(I))a R1 = 0.0644 R1 = 0.0608 R1 = 0.0633 R1 = 0.0700

wR2 = 0.1273 wR2 = 0.1313 wR2 = 0.1335 wR2 = 0.1769
R indices (all data) R1 = 0.1270 R1 = 0.1222 R1 = 0.1250 R1 = 0.0779

wR2 = 0.1431 wR2 = 0.1530 wR2 = 0.1436 wR2 = 0.1845
Largest difference in peak and hole (e Å�3) 1.229 and �0.440 2.209 and �1.047 0.410 and �0.617 4.681 and �4.348

a R1 =
P

||Fo|�|Fc||/
P

|Fo|; Rw = [
P

w(|F2
o|�|F2

c |)2/
P

w|F2
o|2]1/2.
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give 8 as a red solid. Yield: 30 mg, 79%. Anal. Calc. for
C30H38N2Rh2Cl2S2: C, 47.00; H, 5.00; N, 3.66. Found: C, 46.94; H,
5.08; N, 3.64%. 1H NMR (500 MHz, CDCl3, ppm): d 8.50 (d, 2H, l-
4-PyS), 7.75 (d, 2H, l-4-PyS), 7.98 (d, 1H, 2-PyS), 7.52 (t, 1H, 2-
PyS), 6.80 (t, 1H, 2-PyS), 6.74 (d, 1H, 2-PyS), 1.73 (s, 15H, Cp*),
1.83 (s, 15H, Cp*). 13C NMR (125 MHz, CDCl3, ppm): d 169.00,
150.42, 127.82 (4-PyS), d 176.26, 145.77, 135.69, 130.58, 116.77
(2-PyS), 97.91, 94.16, 9.43, 9.18 (Cp*). IR (KBr disk): m = 3063,
2961, 2912, 1624, 1585, 1449, 1412, 1376, 1207, 1157, 1022,
819, 766, 725, 616, 581, 519 cm�1.

4.8. Preparation of [Cp*Rh(2-PyS)(l-4-PyS)][Cp*IrCl2] (9)

The procedure is similar to the preparation of complex 8. Using
6 (23 mg, 0.05 mmol) and 2 (20 mg, 0.025 mmol) to give 9 as an or-
ange solid. Yield: 24 mg, 56%. Anal. Calc. for C30H38N2RhIrCl2S2: C,
42.05; H, 4.47; N, 3.27. Found: C, 42.01; H, 4.52; N, 3.25%. 1H NMR
(500 MHz, CDCl3, ppm): d 8.49 (d, 2H, l-4-PyS), 7.79 (d, 2H, l-4-
PyS), 7.93 (d, 1H, 2-PyS), 7.18 (t, 1H, 2-PyS), 6.79 (t, 1H, 2-PyS),
6.70 (d, 1H, 2-PyS), 1.78 (s, 15H, Cp*), 1.80 (s, 15H, Cp*). 13C NMR
(125 MHz, CDCl3, ppm): d 170.12, 148.95, 127.56 (4-PyS), d
175.04, 145.35, 135.67, 129.51, 116.87 (2-PyS), 97.62, 94.40, 9.35,
9.12 (Cp*). IR (KBr disk): m = 3065, 2962, 2915, 1619, 1585, 1465,
1411, 1382, 1214, 1108, 1025, 911, 819, 727, 614, 507 cm�1.

4.9. Preparation of Cp*IrCl(2-PyS) (11)

A solution of n-BuLi (1.6 M, 0.32 ml, 0.5 mmol) in hexane was
added dropwise to a solution of 2-mercaptopyridine (55 mg,
0.5 mmol) in 8 ml of THF at 0 �C. The suspension was stirred for an-
other 1 h at room temperature. Then the solution was slowly
added to a solution of 2 (200 mg, 0.25 mmol) in THF (20 ml) at
�78 �C. After it had been stirred for one day, the solvent was re-
moved under reduced pressure, and the residue was extracted with
CH2Cl2. The filtrate was concentrated to about 5 ml and hexane
was added, to give 11 as an orange solid. Yield: 187 mg, 79%. Anal.
Calc. for C15H19NIrClS: C, 38.08; H, 4.05; N, 2.96. Found: C, 38.02; H,
4.16; N, 2.87%. 1H NMR (500 MHz, CDCl3, ppm): d 8.58 (d, 1H, 2-
PyS), 7.76 (t, 1H, 2-PyS), 6.78 (t, 1H, 2-PyS), 6.68 (d, 1H, 2-PyS),
1.71 (s, 15H, Cp*). 13C NMR (125 MHz, CDCl3, ppm): d 179.2,
146.6, 136.2, 128.2, 118.1 (PyS), 90.54, 10.19 (Cp*). IR (KBr disk):
m = 3062, 1623, 1578, 1443, 1418, 1377, 1257, 1141, 1113, 1082,
1027, 765 cm�1.

4.10. Crystal structure determinations

Diffraction data of complexes 3, 4�CH2Cl2, 6 and 11 were mea-
sured at room temperature on a Bruker SMART APEX CCD diffrac-
tometer with graphite-monochromated Mo Ka radiation
(k = 0.71073 Å). These structures were solved by the direct
methods, and refined on F2 by a full-matrix least-squares method
(SHELXL) [27,28]. The non-hydrogen atoms were refined anisotropi-
cally and hydrogen atoms were included but not refined. Com-
pound 3 crystallized with highly disordered interstitial solvent
molecules. The diffuse electron density created by the interstitial
molecules in 3 was analyzed using the program SQUEEZE in the
PLATON software package [29]. Details of crystal data for complexes
3, 4�CH2Cl2, 6 and 11 are summarized in Table 1.
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Appendix A. Supplementary material

CCDC 689381, 689380, 716885 and 716884 contain the supple-
mentary crystallographic data for complexes 3, 4�CH2Cl2, 6 and 11.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif. Supplementary data associated with this article can be

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
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