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Reaction of the 16-electron half-sandwich rhodium and iri-
dium complexes [Cp*M{S2C2(B10H10)}] [M = Rh (1a), Ir (1b)]
with multidentate ligands (L) such as 5,10,15,20-tetra(4-pyri-
dyl)porphyrin) (H2TPyP), 2,4,6-tri(4-pyridyl)-1,3,5-triazine
(tpt), and 4,4�-azopyridine, gave the corresponding multi-
cluster complexes [Cp*MS2C2(B10H10)]n(L) [M = Rh, Ir; n = 4,
L = H2TPyP (2); 3, L = tpt (3); 2, L = 4,4�-azopyridine (4), N,N�-
bis(4-pyridinylmethylene)biphenyl-4,4�-diamine (5), pyr-
azine, (6), 2,5-di(4-pyridyl)-1,3,4-oxadiazole (7), 1,2-di(4-pyr-
idyl)ethylene) (8), diisonicotinic acid 1,4-phenylene diester
(9), 4,4�-bipyridine (10)]. The X-ray structure of 2a reveals
that an H2TPyP unit bridges four [Cp*RhS2C2(B10H10)] frag-
ments to form a tetranuclear [Cp*RhS2C2(B10H10)]4(H2TPyP)
complex and the [Cp*RhS2C2(B10H10)] units adopt a tail-to-

Introduction

During the last decade, a series of mononuclear 16-
electron Cp* half-sandwich complexes of Co, Rh, and Ir
have been prepared that contain didentate, chelating 1,2-
dicarba-closo-dodecaborane(12)-1,2-dichalcogenolate li-
gands [(B10H10)C2E2]2– (E = S, Se).[1] These complexes exhi-
bit a rich coordination chemistry due to both their unsatu-
ration at the metal atom and the bridging or chelating prop-
erties of the sulfur or selenium atoms.[2] Among the types
of target structures attracting attention are highly symmet-
rical, aesthetically appealing architectures such as star-
shaped molecules.[3] The efforts to build cluster-supported
molecular or supramolecular structures are expected to of-
fer many fascinating research problems with potentially sig-
nificant ramifications.[4] To the best of our knowledge, only
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tail contact mode, rather than a head-to-tail mode, in spite of
the large steric repulsion between the two carborane ligands.
In complex 3a, three [Cp*RhS2C2(B10H10)] units are symmet-
rically arranged around the periphery of one tpt core, thus
forming a “bowl-shaped” structure. In 4a, 5a, 6a, 8b, and 9b,
two [Cp*RhS2C2(B10H10)] fragments take a trans conforma-
tion around the linear or pseudo-linear pyridyl-based ligand
core, while in 7a they are in a cis conformation. All new com-
plexes 2–10 were characterized by 1H and 11B NMR spec-
troscopy, and X-ray structural analyses are reported for com-
plexes 2a, 3a, 4a, 5a, 6a, 7a, 8b, and 9b.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

a few examples of ortho-carboranyl-functionalized highly
branched molecules have been reported in the search for
efficient methods for assembling suitable organic or inor-
ganic linkers into desired target metallodendrimers.[5–7]

Carboranes are obvious candidates for such applications
because of their synthetic versatility and well-developed
derivative chemistry. Our laboratory and Herberhold
et al. have already reported the synthesis of the 16-
electron “pseudo-aromatic” half-sandwich complexes
[Cp*M{E2C2(B10H10)}] (M = Co, Rh, Ir; E = S, Se),[8] and
a recent publication from our laboratory suggests that this
species may be promising for further transformations owing
to its electron deficiency at the metal center.[9] This has al-
lowed the construction of a polycarborane molecular archi-
tecture that takes advantage of special attributes, such as an
addition reaction at the metal center in a dichalcogenolato
metal heterocycle.[8]

Here, we describe the assembly of soluble, air-stable
supramolecular structures based on the metal-containing
moieties [Cp*M{S2C2(B10H10)}] (M = Rh 1a; M = Ir 1b),
bridged by nitrogen-based, star-shaped organic spacers
(Scheme 1).
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Scheme 1. Reaction of [Cp*MS2C2(B10H10)] with a pyridyl-based ligand to give complexes 2–10.

Results and Discussion

Synthesis and Characterization

We recently reported the reaction of the iridium precur-
sor [Cp*IrS2C2(B10H10)] (1b) with 2,4,6-tri(4-pyridyl)-1,3,5-
triazine (tpt) and 4,4�-bipyridine, which leads to the forma-
tion of the multi-cluster [Cp*IrS2C2(B10H10)]n(L) [n = 3, L
= tpt; 2, L = 4,4�-bipyridine].[6] By using different metal
complexes (1a, 1b) and the linear or pseudo-linear pyridyl-
based ligand that have been used as building blocks for dis-
crete supramolecular assemblies[10] as starting materials,
further neutral star-shaped molecules with [Cp*MS2C2-
(B10H10)] (M = Rh or Ir) units can be synthesized.
Scheme 1 shows the formation of star-shaped molecules 2–
10, which were characterized by single-crystal X-ray analy-
sis, elemental analysis, and 1H NMR, 11B NMR and IR
spectroscopy.

Stirring a mixture of [Cp*Rh{S2C2(B10H10)}] (1a) and
5,10,15,20-tetra(4-pyridyl)porphyrin (H2TPyP) in CH2Cl2
at room temperature for 24 h produced a red solution of
2a in high yield. The IR spectrum shows a strong band at
approximately 2559 cm–1 due to the carborane group. The
formation of 2a was confirmed by the appearance of signals
at δ = –2.89, 1.78, 8.20, 9.02, and 9.38 ppm in the 1H NMR
spectrum, which are ascribed to the H2TPyP and Cp* li-
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gands; the 11B NMR spectrum exhibits carborane (B–H)
resonances at δ = –5.8, –8.2, –9.0, and –10.8 ppm.

Trinuclear complex 3a, formulated as [Cp*Rh-
{S2C2(B10H10)}]3(tpt) from elemental analysis and 1H
NMR spectroscopy, was formed when 1a was treated with
tpt in a 3:1 molar ratio in CH2Cl2 at room temperature
(Scheme 1). The 1H NMR spectrum shows two kinds of
resonances for each of the Cp* and tpt ligands, at δ =
1.77 ppm and δ = 8.67, 8.96 ppm respectively, suggesting
the presence of configurational isomers. The signals at δ =
–7.9 and –10.3 ppm in the 11B NMR spectrum suggest B–
H activation.

The 16-electron “pseudo-aromatic” half-sandwich com-
plexes 1a and 1b react readily with two equivalents of 4,4�-
azopyridine to give dimeric complexes formulated as
[Cp*M{S2C2(B10H10)}]2(C10H8N4) (M = Rh 4a, Ir 4b). The
IR spectra of 4a and 4b show B–H bands for the carboranes
at 2568 and 2562 cm–1, respectively. The 1H NMR spectrum
of 4a shows a singlet at δ = 1.77 ppm due to the methyl
groups of the Cp* ligands and resonances at about δ = 7.76
and 8.85 ppm due to the 4,4�-azopyridine protons; that for
4b has a singlet at δ = 1.87 and δ = 7.80 and 8.92 ppm. The
11B NMR spectrum exhibits a carborane (B–H) resonance
at δ = –6.1, –7.5, –8.7, and –10.9 ppm for 4a and δ = –6.2,
–7.5, –8.6, and –10.5 ppm for 4b. Detailed structures were
confirmed by X-ray analysis of 4a (see below), which re-
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vealed that the complex is a dimer bridged by a 4,4�-azopyr-
idine molecule.

Analogously, treatment of 1a or 1b with N,N�-bis(4-pyri-
dinylmethylene)biphenyl-4,4�-diamine, pyrazine, 2,5-di(4-
pyridyl)-1,3,4-oxadiazole, 1,2-di(4-pyridyl)ethylene, diiso-
nicotinic acid 1,4-phenylene diester, or 4,4�-bipyridine also
generated the dinuclear complexes [Cp*Rh{S2C2(B10H10)}]2-
(C24H18N4) (5a), [Cp*M{S2C2(B10H10)}]2(C4H4N2) (M =
Rh 6a, Ir 6b), [Cp*Rh{S2C2(B10H10)}]2(C12H8N4O) (7a),
[Cp*M{S2C2(B10H10)}]2(C12H10N2) (M = Rh 8a, Ir 8b),
[Cp*Rh{S2C2(B10H10)}]2(C18H12N2O4) (M = Rh 9a, Ir 9b),
[Cp*M{S2C2(B10H10)}]2(C10H8N2) (M = Rh 10a, Ir 10b),
respectively. All the 1H NMR spectra in CDCl3 show two
resonances for each of the Cp* and pyridyl or pyrazine li-
gands and the 11B NMR spectra in CDCl3 exhibit a carbor-
ane (B–H) resonance. In the IR spectra, the B–H vibration
bands of the carborane group appear at 2575–2580 cm–1 for
all of the complexes, and the C=O band appears at
1690 cm–1 for 9a and 1692 cm–1 for 9b.

Molecular Structures

The crystal structure of 2a consists of quadridentate
units in which there are two crystallographically indepen-
dent RhIII atoms and the H2TPyP ligand adopts a bridging
mode (Figure 1, a). All of the rhodium centers adopt a
three-legged piano-stool conformation with a six-coordi-
nate geometry, assuming that the Cp* ligand functions as a
three-coordinate ligand. The angles between adjacent atoms
around the rhodium atoms are nearly 90°. All of the Cp*
atoms fall in a fairly good plane, and the Cp* ligands are
symmetrically bound to the rhodium atoms. The distances
between Rh and the least-squares plane of the Cp* ring are
1.78 and 1.82 Å, which compare well with those for other
rhodium complexes containing Cp*.[11,12] The dihedral an-
gle along the S···S vector in the rhodadithiolato metallacy-
cle (RhS2C2) is about 173° and 169°, compared to 180° in
1a.[8b] An H2TPyP unit bridges four [Cp*RhS2C2(B10H10)]
fragments to form the tetranuclear [Cp*RhS2C2(B10H10)]4-
(H2TPyP) complex. An interesting feature of this solid-state
structure is that the [Cp*RhS2C2(B10H10)] units adopt a
tail-to-tail contact mode, rather than a head-to-tail mode,
in spite of the large steric repulsion between the two carbor-
ane ligands, similar to that reported previously.[5] In the
crystal lattice, molecules of 2a form an extended two-di-
mensional layered structure. Within each layer, the mole-
cules of 2a interdigitate through the four legs, as depicted
inpart b of Figure 1. The dihedral angle between neigh-
boring porphyrins is 46.8°. The shortest distance between
Cp* ligands in the same layer is 3.75 Å, and there is a very
weak π–π interaction between the molecules. In addition,
four dendrimer complexes in the same layer form a paral-
lelogram with dimensions 15.4×18.0 Å2. As illustrated in
Figure 1 (b), there are channels running along the b axis.
The overall free voids are 35.0% of the cell volume, omit-
ting solvent molecules and hydrogen atoms.
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Figure 1. (a) Molecular unit of [Cp*RhS2C2(B10H10)]4(H2TPyP)
(2a). (b) Stacking of the molecules in crystals of 2a, as viewed along
the b axis. Selected distances [Å] and angles [°]: Rh(1)–N(3)
2.127(7), Rh(1)–S(1) 2.358(3), Rh(1)–S(2) 2.360(3), Rh(2)–N(4)
2.134(7), Rh(2)–S(4) 2.353(3), Rh(2)–S(3) 2.357(3), S(4)–C(4)
1.803(10), S(1)–C(1) 1.788(10), S(2)–C(2) 1.769(11), S(3)–C(3)
1.795(11), C(1)–C(2) 1.655(14), C(3)–C(4) 1.658(14); N(3)–Rh(1)–
S(1) 89.3(2), N(3)–Rh(1)–S(2) 89.7(2), S(1)–Rh(1)–S(2) 90.62(10),
N(4)–Rh(2)–S(4) 88.6(2), N(4)–Rh(2)–S(3) 91.9(2), S(4)–Rh(2)–
S(3) 90.28(10), C(4)–S(4)–Rh(2) 106.4(3), C(1)–S(1)–Rh(1)
105.7(3), C(2)–S(2)–Rh(1) 106.0(3), C(3)–S(3)–Rh(2) 106.3(3).

Changing the ligand from H2TPyP to tpt gives 3a, whose
structure was established by X-ray structure analysis (Fig-
ure 2) and is very similar to that of [Cp*IrS2C2(B10H10)]3-
(tpt).[6] Three [Cp*RhS2C2(B10H10)] units are symmetrically
arranged around the periphery of one tpt core to form a
“bowl-shaped” structure. All of the rhodium centers adopt
a three-legged piano-stool conformation, which has six-co-
ordinate geometry, assuming that the Cp* ligand functions
as a three-coordinate ligand. The Rh–N bond lengths are
2.125(6)–2.144(9) Å, which are similar to those of 2a. Each
tpt ligand connects three Rh atoms related by crystallo-
graphic threefold symmetry in the tetragonal space group
P42/ncm. It is interesting that the tpt ligand acts in a bifunc-
tional tridentate fashion in 3a through three N-donor
atoms of the oligopyridyl and one triazine group. Two



Multi-Clusters Containing Half-Sandwich Rh and Ir Complexes FULL PAPER
neighboring molecules of 3a are paired and staggered in a
face-to-face fashion, with the separation between the cen-
tral triazine rings being 3.46 Å, which is indicative of the
presence of π–π stacking interactions. The two neighboring
molecules within the stack are rotated by about 60° with
respect to each other, just like two buckled bowls.

Figure 2. (a) Molecular unit of [Cp*RhS2C2(B10H10)]3(tpt) (3a). (b)
Two units of 3a in a staggered disposition. Selected distances [Å]
and angles [°]: Rh(1)–N(1) 2.125(6), Rh(1)–S(1) 2.361(2), Rh(1)–
S(2) 2.371(2), Rh(2)–N(2) 2.144(9), Rh(2)–S(3a) 2.360(3), Rh(2)–
S(3) 2.360(3), S(1)–C(1) 1.765(8), S(2)–C(2) 1.776(8), S(3)–C(3)
1.760(11), C(1)–C(2) 1.690(12), C(3)–C(3a) 1.65(2); N(1)–Rh(1)–
S(1) 90.72(18), N(1)–Rh(1)–S(2) 90.54(17), S(1)–Rh(1)–S(2)
91.05(8), N(2)–Rh(2)–S(3a) 90.0(2), N(2)–Rh(2)–S(3) 90.0(2),
S(3a)–Rh(2)–S(3) 90.66(15), C(1)–S(1)–Rh(1) 106.0(3), C(2)–S(2)–
Rh(1) 105.8(3), C(3)–S(3)–Rh(2) 105.7(4); symmetry transforma-
tion for the generation of equivalent atoms a: –x+2, –y, –z +1.

Another remarkable feature of 3a is the packing pattern
along the c axis. These “buckled bowls” stack along the c
axis to form an interesting stacking structure. As shown in
Figure 3, each of the eight molecules of 3a is paired up to
form two types of channels with the dimensions ranging
from 3.6–4.0 Å. In other words, each molecule of 3a is
locked into position by pairing up with neighboring mole-
cules in the crystal lattice. The packing in the crystals is
such as to create infinite tunnels. It is interesting that such
channels are constructed with a double-stranded helix,
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which consists of repeating “buckled bowl” molecules.
Overall, the free voids form 40.1% of the cell volume, omit-
ting hydrogen atoms.

Figure 3. Crystal structure of 3a viewed down the c axis. All hydro-
gen atoms have been omitted for clarity.

A perspective drawing of 4a is given in Figure 4. The
crystal unit has a crystallographically imposed inversion
center in the middle of the Rh···Rh vector. The molecule
has a dimeric structure connected by a 4,4�-azopyridine li-
gand. The plane of the rhodacycle has a dihedral angle of

Figure 4. (a) Molecular unit of [Cp*Rh{S2C2(B10H10)}]2(C10H8N4)
(4a). (b) Crystal structure of 4a viewed down the b axis. Selected
distances [Å] and angles [°]: Rh(1)–N(1) 2.121(3), Rh(1)–S(2)
2.3487(11), Rh(1)–S(1) 2.3526(11), S(1)–C(1) 1.781(4), S(2)–C(2)
1.781(3), C(1)–C(2) 1.658(5); N(1)–Rh(1)–S(2) 90.23(9), N(1)–
Rh(1)–S(1) 90.50(9), S(2)–Rh(1)–S(1) 91.06(4), C(1)–S(1)–Rh(1)
105.71(12), C(2)–S(2)–Rh(1) 106.30(13).
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Figure 5. (a) Molecular unit of [Cp*Rh{S2C2(B10H10)}]2(C24H18N4) 2(CHCl3) (5a). All hydrogen atoms have been omitted for clarity.
Selected distances [Å] and angles [°]: Rh(1)–N(1) 2.140(4), Rh(1)–S(2) 2.3530(17), Rh(1)–S(1) 2.3553(17), S(1)–C(1) 1.778(6), S(2)–C(2)
1.785(6), C(1)–C(2) 1.661(8); N(1)–Rh(1)–S(2) 91.32(14), N(1)–Rh(1)–S(1) 89.90(14), S(2)–Rh(1)–S(1) 91.30(6), C(1)–S(1)–Rh(1) 105.7(2),
C(2)–S(2)–Rh(1) 105.7(2).

102.3° with 4,4�-azopyridine, and the Rh···Rh distance is
13.195 Å. Two neighboring molecules of 4a are staggered
in a face-to-face fashion, with the separation between the
central Cp* rings being 3.64 Å, which is indicative of the
presence of weak π–π stacking interactions (Figure 4, b).

The crystal structures of 5a and 6a are similar to that of
4a, and also consist of [Cp*RhS2C2(B10H10)] and N,N�-
bis(4-pyridinylmethylene)biphenyl-4,4�-diamine or pyrazine
adducts in a 2:1 molar ratio. As shown in Figures 5 and 6,
each Rh is also in a three-legged piano-stool conformation.
The Rh–N bond lengths are 2.129(3)–2.140(4) Å, similar to
those of 2a, 3a, and 4a. The crystal unit has a crystallo-
graphically imposed inversion center in the middle of the
Rh···Rh vector. The molecule has a dimeric structure con-
nected by a N,N�-bis(4-pyridinylmethylene)biphenyl-4,4�-di-
amine or pyrazine ligand, respectively. The plane of the rho-
dacycle has a dihedral angle of 100.7° with N,N�-bis(4-pyri-
dinylmethylene)biphenyl-4,4�-diamine for 5a and 86.7° with
pyrazine for 6a, and the Rh···Rh distance is 23.980 Å for 5
and 7.019 Å for 6a.

Figure 6. Molecular unit of [Cp*Rh{S2C2(B10H10)}]2(C4H4N2)
(6a). All hydrogen atoms have been omitted for clarity. Selected
distances [Å] and angles [°]: Rh(1)–N(1) 2.129(3), Rh(1)–S(2)
2.3528(12), Rh(1)–S(1) 2.3662(12), S(1)–C(1) 1.784(4), S(2)–C(2)
1.769(4),C(1)–C(2), 1.665(5); N(1)–Rh(1)–S(2) 89.32(8), N(1)–
Rh(1)–S(1) 91.26(9), S(2)–Rh(1)–S(1) 90.01(5), C(1)–S(1)–Rh(1)
105.97(14).
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As shown in Figure 7, there are two crystallographically
independent rhodium(III) atoms in the crystal of complex
7a, and the stoichiometry of [Cp*Rh{S2C2(B10H10)}]2-
(C12H8N4O) is 2:1. Each RhIII is also located in a three-
legged piano-stool conformation. The two metal atoms
Rh(1) and Rh(2) are interconnected by 2,5-di(4-pyridyl)-
1,3,5-oxadiazole groups to form a dimeric structure. The
plane of each rhodacycle forms a dihedral angle of 88.4°
and 91.6° with 2,5-di(4-pyridyl)-1,3,5-oxadiazole, respec-
tively; the Rh(1)···Rh(2) distance is 13.820 Å. It is interest-
ing to note that the two [Cp*RhS2C2(B10H10)] fragments

Figure 7. (a) Molecular unit of [Cp*Rh{S2C2(B10H10)}]2-
(C12H8N4O)·(THF) (7a). (b) Two units of 7a in a staggered disposi-
tion. All hydrogen atoms have been omitted for clarity. Selected
distances [Å] and angles [°]: Rh(1)–N(1) 2.148(7), Rh(1)–S(1)
2.356(3), Rh(1)–S(2) 2.363(2), Rh(2)–N(2) 2.126(7), Rh(2)–S(4)
2.343(3), Rh(2)–S(3) 2.369(3), S(1)–C(1) 1.792(9), S(2)–C(2)
1.782(10), S(3)–C(3) 1.785(9), S(4)–C(4) 1.766(9), C(1)–C(2)
1.687(13), C(3)–C(4) 1.637(12); N(1)–Rh(1)–S(1) 91.7(2), N(1)–
Rh(1)–S(2) 88.94(19), S(1)–Rh(1)–S(2) 90.38(10), N(2)–Rh(2)–S(4)
91.5(2), N(2)–Rh(2)–S(3) 88.8(2), S(4)–Rh(2)–S(3) 90.30(9), C(1)–
S(1)–Rh(1) 106.7(3), C(2)–S(2)–Rh(1) 107.2(3), C(3)–S(3)–Rh(2)
105.7(3), C(4)–S(4)–Rh(2) 106.6(3).
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are in a cis conformation, which is different from the trans
conformation in 4a, 5a, and 6a. It is also interesting that
the 2,5-bis(4-pyridyl-1,3,5-oxadiazole) ligand is bifunctional
didentate in 7a through two N-donor atoms of the oligopy-
ridyl and one oxadiazole group. Two neighboring molecules
of 7a are paired and staggered in a face-to-face fashion,
with the separation between the central oxadiazole rings be-
ing 3.15 Å, which is indicative of the presence of strong π–
π stacking interactions (Figure 7, b). The two neighboring
molecules within the stack are rotated by about 180° with
respect to each other, just like two buckled boxes.

The crystal structures of complexes 8b and 9b are quite
similar to those of 4a, 5a, and 6a. As shown in Figures 8
and 9, respectively, X-ray crystallographic analysis reveals
that the complexes are dimers bridged by pyridyl ligands
with an Ir···Ir distance of 13.461 Å for 8b and 19.654 Å for
9b. The plane of the iridacycle forms a dihedral angle with

Figure 8. Molecular unit of [Cp*IrS2C2(B10H10)]2(C12H10N2) (8b).
All hydrogen atoms have been omitted for clarity. Selected dis-
tances [Å] and angles [°]: Ir(1)–N(1) 2.115(5), Ir(1)–S(1) 2.3568(14),
S(1)–C(1) 1.774(5), C(1)–C(1a) 1.662(10); N(1)–Ir(1)–S(1)
87.70(11), N(1)–Ir(1)–S(1a) 87.70(11), S(1)–Ir(1)–S(1a) 90.79(7),
C(1)–S(1)–Ir(1) 105.50(17).

Figure 9. Molecular unit of [Cp*IrS2C2(B10H10)]2(C18H12N2O4)·
2(CH2Cl2) (9b). All hydrogen atoms have been omitted for clarity.
Selected distances [Å] and angles [°]: Ir(1)–N(1) 2.132(8), Ir(1)–S(2)
2.3551(18), Ir(1)–S(1) 2.359(3), S(1)–C(1) 1.782(8), S(2)–C(2)
1.768(10), C(1)–C(2) 1.652(13); N(1)–Ir(1)–S(2) 90.35(17), N(1)–
Ir(1)–S(1) 88.2(3), S(2)–Ir(1)–S(1) 90.71(7), C(1)–S(1)–Ir(1)
106.3(3), C(2)–S(2)–Ir(1) 105.6(3).
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the pyridyl ring of 107.7° for 8b and 97.5° for 9b. It is inter-
esting to note that the two [Cp*IrS2C2(B10H10)] fragments
in 8b and 9b are in a trans conformation, similar to 4a, 5a,
and 6a.

In summary, a new set of multi-cluster molecules has
been synthesized from half-sandwich rhodium(III) and iri-
dium(III) complexes bearing 1,2-dicarba-closo-dodeca-
borane(12)-1,2-dithiolate chelate ligands and different
multidentate pyridyl ligands. This synthetic approach,
which is based upon stepwise building-up of metal clusters
with organic fragments, offers the potential for exquisite
control over the detailed architecture of the materials,
which may lead to a variety of unusual shapes.

Experimental Section
All manipulations were performed under nitrogen using standard
Schlenk techniques or in a glove box. Solvents were dried by re-
fluxing over sodium/benzophenone ketyl (toluene, hexane, cyclo-
hexane) and distilled just before use. [Cp*Rh{S2C2(B10H10)}]
(1a),[12] [Cp*Ir{S2C2(B10H10)}] (1b),[13] 2,4,6-tri(4-pyridyl)-1,3,5-tri-
azine,[14] 4,4�-azopyridine,[15] N,N�-bis(4-pyridinylmethylene)bi-
phenyl-4,4�-diamine,[16] diisonicotinic acid 1,4-phenylene diester,[17]

2,5-di(4-pyridyl)-1,3,4-oxadiazole[18] were prepared by methods re-
ported previously. IR spectra were recorded with a Nicolet AVA-
TAR-360IR spectrometer, whereas 1H (500 MHz) and 11B
(160 MHz) NMR spectra were obtained with a Bruker DMX-500
spectrometer in CDCl3 solution. Elemental analyses were per-
formed with an Elementar vario EI Analyzer.

Caution! Perchlorate salts are explosive (especially when dry) and
should be handled with care.

Synthesis of [Cp*Rh{S2C2(B10H10)}]4(H2TPyP) (2a): A mixture of
1a (178 mg, 0.4 mmol) and H2TpyP (62 mg, 0.1 mmol) in CH2Cl2
(30 mL) was stirred for 24 h, whereupon the green-colored mixture
gradually changed to red. The solvent was then evaporated under
vacuum. The residue was washed with toluene to give a violet solid
of 2a (190 mg, 79%). C88H126B40N8Rh4S8 (2396.6): calcd. C 44.10,
H 5.30, N 4.68; found C 43.85, H 5.16, N 4.57. 1H NMR
(500 MHz, CDCl3, 20 °C): δ = –2.89 (s, porphine NH, 2 H), 1.78
(s, C5Me5, 60 H), 8.20 (d, 3JH,H = 5 Hz, 3,5-pyridyl, 8 H), 9.02 (m,
pyrrole, 8 H), 9.38 (d, 3JH,H = 5 Hz, 2,6-pyridyl, 8 H) ppm. 11B
NMR (160 MHz, CDCl3, 20 °C): δ = –5.8, –8.2, –9.0, –10.8 ppm.
IR (KBr pellet): ν̃ = 2581, 2559 (νB–H), 1578, 1420, 986, 792 cm–1.

Synthesis of [Cp*Rh{S2C2(B10H10)}]3(C18H12N6) (3a): A solution of
1a (133 mg, 0.3 mmol) in CH2Cl2 (30 mL) was added to tpt (31 mg,
0.1 mmol) in CH2Cl2 (30 mL). The green-colored mixture was
stirred for 24 h, whereupon it gradually changed to violet. The sol-
vent was then evaporated under vacuum. The residue was washed
with toluene to give a violet solid of 3a (143 mg, 82%).
C54H87B30N6Rh3S6 (1645.8): calcd. C 39.41, H 5.33, N 5.11; found
C 39.28, H 5.27, N 5.10. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.77 (s, 30 H, C5Me5), 8.67 (br., 6 H, 3,5-pyridyl), 8.96 (br., 6 H,
2,6-pyridyl) ppm. 11B NMR (160 MHz, CDCl3, 20 °C): δ = –7.9,
–10.3 ppm. IR (KBr pellet): ν̃ = 2573, 2559 cm–1 (νB–H).

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C10H8N4) (4a): A solution of
1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 4,4�-azopyr-
idine (21 mg, 0.1 mmol) in CH2Cl2 (30 mL). The green-colored
mixture was stirred for 24 h, whereupon it gradually became dark
red. The solvent was then evaporated under vacuum. The residue
was washed with toluene to give a red solid of 4a (85 mg, 79%).
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C34H58B20N4Rh2S4 (1073.1): calcd. C 38.05, H 5.45, N 5.22; found
C 37.87, H 5.39, N 5.17. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.77 (s, 30 H, C5Me5), 7.76 (d, 3JH,H = 5 Hz, 4 H, 3,5-pyridyl),
8.85 (d, 3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz,
CDCl3, 20 °C): δ = –6.1, –7.5, –8.7, –10.9 ppm. IR (KBr pellet): ν̃
= 2568 (νB–H), 1657, 1600, 1491, 1450 cm–1.

Synthesis of [Cp*Ir{S2C2(B10H10)}]2(C10H8N4) (4b): A solution of
1b (106 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 4,4�-azopyr-
idine (21 mg, 0.1 mmol) in CH2Cl2 (30 mL). The blue-colored
mixture was stirred for 24 h, whereupon it gradually became dark
red. The solvent was then evaporated under vacuum. The residue
was washed with toluene to give a red solid of 4b (100 mg, 80%).
C34H58B20Ir2N4S4 (1251.8): calcd. C 32.62, H 4.67, N 4.48; found
C 32.39, H 4.61, N 4.43. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.87 (s, 30 H, C5Me5), 7.80 (d, 3JH,H = 5 Hz, 4 H, 3,5-pyridyl),
8.92 (d, 3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz,
CDCl3, 20 °C): δ = –6.2, –7.5, –8.6, –10.5 ppm. IR (KBr pellet): ν̃
= 2562 (νB–H), 1653, 1610, 1491, 1438 cm–1.

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C24H18N4) (5a): A solution of
1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to N,N�-bis(4-
pyridinylmethylene)biphenyl-4,4�-diamine (36 mg, 0.1 mmol) in
CH2Cl2 (30 mL). The green-colored mixture was stirred for 24 h,
whereupon it gradually became dark red. The solvent was then
evaporated under vacuum. The residue was washed with toluene to
give a red solid of 5a (91 mg, 73%). C48H68B20N4Rh2S4 (1251.4):
calcd. C 46.07, H 5.48, N 4.48; found C 45.77, H 5.39, N 4.41. 1H
NMR (500 MHz, CDCl3, 20 °C): δ = 1.76 (s, 30 H, C5Me5), 7.2–
7.5 (m, 8 H, biphenyl), 7.69 (s, 2 H, CH), 8.25 (br., 4 H, 3,5-pyri-
dyl), 9.12 (br., 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz, CDCl3,
20 °C): δ = –6.1, –7.5, –8.9, –10.6, –12.2 ppm. IR (KBr pellet): ν̃ =
2551, 2573 cm–1(νB–H).

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C4H4N2) (6a): A solution of
1a (178 mg, 0.4 mmol) in CH2Cl2 (30 mL) was added to pyrazine
(17 mg, 0.2 mmol) in CH2Cl2 (30 mL). The green-colored mixture
was stirred for 24 h, whereupon it gradually became dark red. The
solvent was then evaporated under vacuum. The residue was
washed with toluene to give a red solid of 6a (159 mg, 82%).
C28H54B20N2Rh2S4 (969.03): calcd. C 34.70, H 5.62, N 2.89; found
C 34.59, H 5.58, N 2.83. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.79 (s, 30 H, C5Me5), 8.80 (s, 4 H, pyrazine) ppm. 11B NMR
(160 MHz, CDCl3, 20 °C): δ = –7.7, –10.2 ppm. IR (KBr pellet): ν̃
= 2563 cm–1 (νB–H).

Synthesis of [Cp*Ir{S2C2(B10H10)}]2(C4H4N2) (6b): A solution of
1b (213 mg, 0.4 mmol) in CH2Cl2 (30 mL) was added to pyrazine
(17 mg, 0.2 mmol) in CH2Cl2 (30 mL). The green-colored mixture
was stirred for 24 h, whereupon it gradually became dark red. The
solvent was then evaporated under vacuum. The residue was
washed with toluene to give a red solid of 6b (197 mg, 86%).
C28H54B20Ir2N2S4 (1147.66): calcd. C 29.30, H 4.74, N 2.44; found
C 29.01, H 4.71, N 2.42. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.86 (s, 30 H, C5Me5), 8.81 (s, 4 H, pyrazine) ppm. 11B NMR
(160 MHz, CDCl3, 20 °C): δ = –7.3, –10.1 ppm. IR (KBr pellet): ν̃
= 2558 cm–1 (νB–H)

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C12H8N4O) (7a): A solution
of 1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 2,5-di(4-
pyridyl)-1,3,5-oxadiazole (22 mg, 0.1 mmol) in CH2Cl2 (30 mL).
The green-colored mixture was stirred for 24 h, whereupon it grad-
ually became dark red. The solvent was then evaporated under vac-
uum. The residue was washed with toluene to give a red solid of
7a (86 mg, 77%). C36H58B20N4ORh2S4 (1113.2): calcd. C 38.84, H
5.25, N 5.03; found C 38.49, H 5.17, N 4.98. 1H NMR (500 MHz,
CDCl3, 20 °C): δ = 1.76 (s, 30 H, C5Me5), 7.67 (d, 3JH,H = 5 Hz, 4
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H, 3,5-pyridyl), 8.76 (d, 3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B
NMR (160 MHz, CDCl3, 20 °C): δ = –5.7, –7.3, –8.9, –10.6 ppm.
IR (KBr pellet): ν̃ = 2555, 2576 cm–1 (νB–H).

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C12H10N2) (8a): A solution of
1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 1,2-di(4-
pyridyl)ethylene (18 mg, 0.1 mmol) in CH2Cl2 (30 mL). The green-
colored mixture was stirred for 24 h, whereupon it gradually be-
came dark red. The solvent was then evaporated under vacuum.
The residue was washed with toluene to give a red solid of 8a
(76 mg, 71%). C36H60B20Rh2N2S4 (1071.2): calcd. C 40.37, H 5.65,
N 2.62; found C 40.19, H 5.53, N 2.55. 1H NMR (500 MHz,
CDCl3, 20 °C): δ = 1.77 (s, 30 H, C5Me5), 7.20 (m, 2 H, CH), 7.56
(br., 4 H, 3,5-pyridyl), 8.81 (m, 4 H, 2,6-pyridyl) ppm. 11B NMR
(160 MHz, CDCl3, 20 °C): δ = –5.8, –7.2, –8.5, –10.3 ppm. IR (KBr
pellet): ν̃ = 2559, 2580 cm–1 (νB–H).

Synthesis of [Cp*Ir{S2C2(B10H10)}]2(C12H10N2) (8b): A solution of
1b (106 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 1,2-di(4-
pyridyl)ethylene (18 mg, 0.1 mmol) in CH2Cl2 (30 mL). The blue-
colored mixture was stirred for 24 h, whereupon it gradually be-
came dark red. The solvent was then evaporated under vacuum.
The residue was washed with toluene to give a red solid of 8b
(94 mg, 75%). C36H60B20Ir2N2S4 (1249.8): calcd. C 34.60, H 4.84,
N 2.24; found C 34.31, H 4.79, N 2.21. 1H NMR (500 MHz,
CDCl3, 20 °C): δ = 1.87 (s, C5Me5, 30 H), 7.26 (m, CH, 2 H), 7.71
(br., pyridyl, 4 H), 8.92 (br., pyridyl, 4 H) ppm. 11B NMR
(160 MHz, CDCl3, 20 °C): δ = –5.9, –7.1, –8.5, –10.5 ppm. IR (KBr
pellet): ν̃ = 2561, 2579 cm–1 (νB–H).

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C18H12N2O4) (9a): A solution
of 1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to diisonico-
tinic acid 1,4-phenylene diester (32 mg, 0.1 mmol) in CH2Cl2
(30 mL). The green-colored mixture was stirred for 24 h, where-
upon it gradually became dark red. The solvent was then evapo-
rated under vacuum. The residue was washed with toluene to give
a red solid of 9a (98 mg, 81%). C42H62B20N2O4Rh2S4 (1209.2):
calcd. C 41.72, H 5.17, N 2.32; found C 41.59, H 5.08, N 2.25. 1H
NMR (500 MHz, CDCl3, 20 °C): δ = 1.78 (s, C5Me5, 20 H), 7.26
(s, phenyl, 4 H), 7.79 (d, 3JH,H = 5 Hz, 4 H, 3,5-pyridyl), 8.95 (s,
3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz, CDCl3,
20 °C): δ = –3.2, –5.3, –7.0, –8.2, –9.7, –12.8 ppm (signal overlap).
IR (KBr pellet): ν̃ = 2563, 2575 cm–1 (νB–H), 1692 (νC=O).

Synthesis of [Cp*Ir{S2C2(B10H10)}]2(C18H12N2O4) (9b): A solution
of 1b (106 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to diisonico-
tinic acid 1,4-phenylene diester (32 mg, 0.1 mmol) in CH2Cl2
(30 mL). The blue-colored mixture was stirred for 24 h, whereupon
it gradually became dark red. The solvent was then evaporated un-
der vacuum. The residue was washed with toluene to give a red
solid of 9b (115 mg, 83%). C42H62B20Ir2N2O4S4 (1387.9): calcd. C
36.35, H 4.50, N 2.02; found C 36.07, H 4.39, N 1.93. 1H NMR
(500 MHz, CDCl3, 20 °C): δ = 1.89 (s, C5Me5, 20 H), 7.31 (s,
phenyl, 4 H), 7.89 (d, 3JH,H = 5 Hz, 4 H, 3,5-pyridyl), 9.01 (d,
3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz, CDCl3,
20 °C): δ = –3.2, –5.3, –7.0, –8.2, –9.7, –12.8 ppm (signal overlap).
IR (KBr pellet): ν̃ = 2562, 2575 cm–1 (νB–H), 1690 (νC=O).

Synthesis of [Cp*Rh{S2C2(B10H10)}](C10H8N2) (10a): A solution of
1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 4,4�-bipyri-
dine (16 mg, 0.1 mmol) in CH2Cl2 (30 mL). The green-colored mix-
ture was stirred for 24 h, whereupon it gradually became dark red.
The solvent was then evaporated under vacuum. The residue was
washed with toluene to give a red solid of 10a (85 mg, 81%).
C34H58B20N2Rh2S4 (1045.1): calcd. C 39.07, H 5.59, N 2.68; found
C 38.92, H 5.46, N 2.60. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.78 (s, C5Me5, 30 H), 7.53 (d, 3JH,H = 5 Hz, 2,6-pyridyl, 4 H),
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8.71 (d, 3JH,H = 5 Hz, 3,5-pyridyl, 4 H) ppm. 11B NMR (160 MHz,
CDCl3, 25 °C): δ = –6.5, –7.7, –8.1, –10.8 ppm. IR (KBr pellet): ν̃
= 2582, 2571 cm–1 (νB–H).

Synthesis of [Cp*Ir{S2C2(B10H10)}](C10H8N2) (10b): A solution of
1b (106 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 4,4�-bipyri-
dine (16 mg, 0.1 mmol) in CH2Cl2 (30 mL). The blue-colored mix-
ture was stirred for 24 h, whereupon it gradually became dark red.
The solvent was then evaporated under vacuum. The residue was
washed with toluene to give a red solid of 10b (106 mg, 87%).
C34H58B20Ir2N2S4 (1223.75): calcd. C 33.37, H 4.78, N 2.29; found
C 32.98, H 4.57, N 2.23. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.86 (s, C5Me5, 30 H), 7.57 (d, 3JH,H = 5 Hz, 3,5-pyridyl, 4 H),

Table 1. Crystallographic data for compounds 2a, 3a, and 4a.

2a 3a 4a

Empirical formula C47H68B20Cl6N4Rh2S4 C54H87B30N6Rh3S3 C34H58B20N4Rh2S4

M 1452.01 1645.68 1073.10
Crystal size [mm] 0.20×0.18×0.15 0.36×0.25×0.18 0.15×0.12×0.10
Crystal system monoclinic tetragonal monoclinic
Space group P21/n P42/ncm C2/c
a [Å] 17.054(5) 35.361(8) 18.589(6)
b [Å] 19.400(6) 35.361(8) 13.115(4)
c [Å] 21.333(6) 16.106(5) 21.696(8)
β [°] 103.470(5) 107.890(5)
V [Å3] 6864(3) 20139(9) 5034(3)
Z 4 8 4
ρcalcd. [g cm–3] 1.405 1.086 1.416
µ(Mo-Kα) [mm–1] 0.872 0.642 0.854
Collected reflections 28432 81749 12471
Unique 12021 9069 5506
Parameters 748 464 304
Goodness of fit 1.040 1.092 0.779
R1

[a] [I � 2σ(I)] 0.0928 0.0835 0.0404
wR2

[a] [I � 2σ(I)] 0.2144 0.2436 0.0639
Max./min. residual density [eÅ–3] 2.006/–0.812 1.144/–0.502 0.575/–0.430

[a] R1 = Σ||Fo| – |Fc|| (based on reflections with Fo
2 � 2σF2). wR2 = [Σ{w(Fo

2 –Fc
2)2}/Σ{w(Fo

2)2}]1/2; w = 1/[σ2(Fo
2)+(0.095P)2]; P =

[max(Fo
2, 0)+2Fc

2]/3 (also with Fo
2 � 2σF2).

Table 2. Crystallographic data for compounds 5a, 6a, and 7a.

5a 6a 7a

Empirical formula C25H37B10Cl3N2RhS2 C28H54B20N2Rh2S4 C40H62B20N4O2Rh2S4

M 747.05 968.99 1181.20
Crystal size 0.20×0.16×0.10 0.20×0.15×0.10 0.10×0.10×0.08
Crystal system monoclinic triclinic monoclinic
Space group P21/n P1̄ P21/c
a [Å] 11.530(2) 8.0300(16) 12.213(4)
b [Å] 12.845(3) 11.270(2) 18.241(6)
c [Å] 24.066(5) 13.560(3) 25.984(8)
α [°] 95.82(3)
β [°] 99.272(3) 90.96(3) 94.340(6)
γ [°] 109.54(3)
V [Å3] 3517.7(12) 1148.8(4) 5772(3)
Z 4 1 4
ρcalcd. [g cm–3] 1.411 1.401 1.359
µ(Mo-Kα) [mm–1] 0.853 0.926 0.754
Collected reflections 14548 4868 24082
Unique 6213 4000 10171
Parameters 398 268 654
Goodness of fit 1.020 1.038 0.704
R1

[a] [I � 2σ(I)] 0.0615 0.0371 0.0520
wR2

[a] [I � 2σ(I)] 0.1395 0.0857 0.1141
Max./min. residual density [eÅ–3] 0.905/–0.578 0.338/–0.440 0.996/–0.472

[a] R1 = Σ||Fo| – |Fc|| (based on reflections with Fo
2 � 2σF2). wR2 = [Σ{w(Fo

2 –Fc
2)2}/Σ{w(Fo

2)2}]1/2; w = 1/[σ2(Fo
2)+(0.095P)2]; P =

[max(Fo
2, 0)+2Fc

2]/3 (also with Fo
2 � 2σF2).
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8.77 (d, 3JH,H = 5 Hz, 2,6-pyridyl, 4 H) ppm. 11B NMR (160 MHz,
CDCl3, 25 °C): δ = –6.3, –8.1, –8.7, –10.3 ppm. IR (KBr pellet): ν̃
= 2583, 2571 cm–1 (νB–H).

X-ray Crystallographic Analysis: Diffraction intensity data were
collected with a Bruker Smart Apex CCD diffractometer. The de-
termination of the unit cell and the collection of intensity data were
performed with graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). All the data were collected at room temperature using
the ω-scan technique. The structures were solved by direct methods
using Fourier techniques, and refined on F2 by a full-matrix least-
squares method. SADABS[19] absorption corrections were applied
to the data. All non-hydrogen atoms were refined with anisotropic
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Table 3. Crystallographic data for compounds 8b and 9b.

8b 9b

Empirical formula C19H32B10Cl2IrNS2 C44H66B20Cl4Ir2N2O4S4

M 709.78 1557.63
Crystal size 0.30×0.18×0.15 0.12×0.10×0.06
Crystal system orthorhombic orthorhombic
Space group Pnnm Pbca
a [Å] 14.804(4) 17.865(6)
b [Å] 18.493(5) 15.210(5)
c [Å] 10.485(3) 22.950(7)
V [Å3] 2870.4(14) 6236(3)
Z 4 4
ρcalcd. [g cm–3] 1.642 1.659
µ(Mo-Kα) [mm–1] 4.995 4.611
Collected reflections 11645 5575
Unique 2694 3395
Parameters 200 376
Goodness of fit 1.097 0.719
R1

[a] [I � 2σ(I)] 0.0303 0.0319
wR2

[a] [I � 2σ(I)] 0.0799 0.0447
Max./min. residual density [eÅ–3] 1.546/–1.030 0.556/–0.570

[a] R1 = Σ||Fo| – |Fc|| (based on reflections with Fo
2 � 2σF2). wR2 = [Σ{w(Fo

2 –Fc
2)2}/Σ{w(Fo

2)2}]1/2; w = 1/[σ2(Fo
2)+(0.095P)2]; P =

[max(Fo
2, 0)+2Fc

2]/3 (also with Fo
2 � 2σF2).

displacement coefficients, expect the solvent molecules in 2a and
7a. Hydrogen atoms were used in calculated positions. All the cal-
culations were carried out using the program SHELXTL.[20] All
figures were produced with the PLATON program.[21] Crystal data,
data-collection parameters, and the results of the analyses of com-
pounds 2a, 3a, and 4a (Table 1), 5a, 6a, and 7a (Table 2), and 8b
and 9b (Table 3) are given below.
CCDC-298247, -298248, -298249, -298250, -298251, -298252,
-298253, and -298254 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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