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Hydrogen bonds involving sulfur atoms as both donor and
acceptor have currently attracted much interest, because of the
potential importance in a variety of systems ranging from inorganic
to organic and biological chemistry.1 While the existence of S-H‚‚‚
S hydrogen bonds was established in the 1960s,2 well-characterized
structures showing these interactions are limited in number.3 The
S-H‚‚‚S hydrogen bonds are generally very weak, and thus, strong
thiol-thiolate hydrogen bonds are extremely rare; the intermolecular
thiol-thiolatehydrogenbondfoundinapairofHSCH2CH2SCH2CH2S-

anions is the only example of a very strong S-H‚‚‚S bond.3a For
transition metal compounds, strong thiol-thiolate hydrogen bonds
have been little recognized, although a relatively strong intermo-
lecular S-H‚‚‚S hydrogen bond, which is formed between H2S and
thiolate ligands bound to RuII, has been presented.4

In the course of studying the reactivity of coordinated thiolato
groups,5 we noticed that an aqueous suspension offac(S)-[M(aet)3]
(M ) CoIII , RhIII , IrIII ; aet) 2-aminoethanethiolate) turns to a clear
solution by the addition of acid, despite the sparing solubility in
neutral water. This fact suggested that the coordinated thiolato
groups infac(S)-[M(aet)3] have an affinity for protons to form some
positively charged species, which may possess S-H‚‚‚S hydrogen
bonds. In this communication, we report on the first isolation and
characterization of a proton adduct, which is derived fromfac(S)-
[Rh(aet)3] and aqueous HBF4 under aerobic conditions.6 It was
found that this adduct is a rhodium(III) dimer ([1](BF4)3) having a
strong triple thiol-thiolate S-H‚‚‚S hydrogen bond. While a triple
ol-olate O-H‚‚‚O hydrogen bond that bridges two metal centers
was reported more than 40 years ago,7 the corresponding thiol-
thiolate hydrogen bond has never been discovered. Interestingly,
similar treatment offac(Se)-[Rh(aes)3] (aes ) 2-aminoethane-
selenolate) was found to produce an unique rhodium(III) dinuclear
complex with bridging selenocystamine ligands ([2](BF4)6) (Scheme
1). The formation and characterization of [2]6+, which represents
the first example of a triple coordinated diselenide bond, are also
communicated.

Treatment of an aqueous suspension offac(S)-[Rh(aet)3] with
HBF4 in air gave an orange-yellow clear solution, from which
orange-yellow crystals ([1](BF4)3) were isolated.8 The FT-IR
spectrum of1 showed a broad, intense band at∼1050 cm-1

characteristic of the BF4- stretches, and its elemental analysis was
in agreement with the formula for a 2:3 adduct of [Rh(aet)3] and
HBF4.8 Single-crystal X-ray analysis of [1](BF4)3 revealed the
presence of two octahedralfac(S)-[Rh(aet)3] units and three BF4-

anions.8 The three S atoms in one RhIII unit faces to those in the
other RhIII unit with three short S‚‚‚S intermolecular distances of

3.440(2), 3.579(2), and 3.773(3) Å. This arrangement of the two
fac(S)-[Rh(aet)3] units in [1]3+ is reminiscent of the pentanuclear
structure of [Ag3{Rh(aet)3}2]3+, in which twofac(S)-[Rh(aet)3] units
are linked by three linear AgI ions through sulfur bridges.9 The
bond distances and angles concerning thefac(S)-[Rh(aet)3] units
in [1]3+ are very similar to those in [Ag3{Rh(aet)3}2]3+. Further-
more, the twofac(S)-[Rh(aet)3] units in [1]3+ have the same chiral
configuration to give theracemicform (∆∆/ΛΛ), like the two units
in [Ag3{Rh(aet)3}2]3+. Thus, it is assumed that three protons exist
between the two trigonal S3 faces in [1]3+, in place of the three
AgI atoms in [Ag3{Rh(aet)3}2]3+.

The existence of three H atoms between the twofac(S)-
[Rh(aet)3] units was established by X-ray analysis for an optically
active crystal (∆∆-[1](BF4)3), which was obtained from∆-fac(S)-
[Rh(aet)3] and HBF4.8 As shown in Figure 1, each H atom
unsymmetrically connects two S atoms from the two∆-fac(S)-[Rh-
(aet)3] units with one short and the other long S-H distances (Table
1). Thus, the complex cation [1]3+ is formulated as [{Rh(aet)2-
(Haet)}{Rh(aet)(Haet)2}]3+, rather than [H3{Rh(aet)3}2]3+. The short
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Figure 1. ORTEP drawing of∆∆-[1]3+. Hydrogen atoms attached to
carbon and nitrogen atoms are omitted for clarity.

Scheme 1

Table 1. S-H‚‚‚S Hydrogen Bonding Geometry (Å, deg ) in
∆∆-[1]3+

S−H‚‚‚S S−H H‚‚‚S S‚‚‚S S−H‚‚‚S

S2-H1‚‚‚S5 1.32(6) 2.21(6) 3.504(1) 166(4)
S4-H2‚‚‚S1 1.32(4) 2.08(4) 3.378(1) 165(3)
S6-H3‚‚‚S3 1.17(5) 2.64(5) 3.750(1) 158(4)
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S‚‚‚S distances, together with the roughly linear S-H‚‚‚S angles,
is suggestive of relatively strong S-H‚‚‚S hydrogen bonds. In
particular, the S4-H2‚‚‚S1 hydrogen bond with S‚‚‚S distance of
3.378(1) Å and S-H‚‚‚S angle of 165(3)°, which is comparable to
a very strong S-H‚‚‚S hydrogen bond found in a pair of
HSCH2CH2SCH2CH2S- anions (S‚‚‚S ) 3.454(2) Å, S-H‚‚‚S )
176(2)°),3a would be considerably strong. It is interesting to note
that in∆∆-[1]3+ the protonated Haet chelate rings uniformly adopt
the δ conformation, while the deprotonated aet chelate rings have
the λ conformation. In addition, note that the shorter S1‚‚‚S4 and
S2‚‚‚S5 linkages involve the longer S-H bonds, compared with
the S-H bond in the longer S6‚‚‚S3 linkage (Table 1). This
observation evidences that a stronger S-H‚‚‚S hydrogen bond
requires a bridging H atom to be more equally shared between two
S atoms.2c

Similar treatment of an aqueous suspension offac(Se)-[Rh(aes)3]
with HBF4 in air produced an orange-red reaction solution, from
which orange crystals ([2](BF4)6) were isolated.8 The FT-IR
spectrum of [2](BF4)6 showed a broad, intense band at∼1050 cm-1,
indicative of the presence of BF4

- anions. However, its elemental
analysis was not consistent with the 2:3 stoichiometry of [Rh(aes)3]
and HBF4, but with the 2:6 one.8 Furthermore, [2](BF4)6 was soluble
in water, which is in contrast to the fact that dissolution of [1]-
(BF4)3 in water immediately caused the precipitation offac(S)-[Rh-
(aet)3] because of the rapid uptake of the bridging protons.10 X-ray
analysis of [2](BF4)6 indicated the presence of an asymmetric unit
consisting of one octahedralfac(Se)-[Rh(aes)3] unit and three BF4-

anions.8 As illustrated in Figure 2, the symmetry operation revealed
a dinuclear rhodium(III) structure of [Rh2(selenocystamine)3]6+, in
which two RhIII octahedra are joined by a triple diselenide bond
(av 2.387(2) Å). While several mono(diselenide)-bridged dinuclear
complexes have been structurally characterized,11 as far as we know,
[2]6+ is the first example of a tris(diselenide)-bridged structure,
which was created by autoxidation of coordinated selenolato groups
by air. It should be noted that in [2]6+ the chirality at Co and Se
centers, as well as the conformation ofN,Se-chelate rings, is unified
to give a pair of enantiomers, (∆)2(δ)6(R)6 and (Λ)2(λ)6(S)6; the
former isomer is selected in Figure 2. Consistent with this, the13C
NMR spectrum in CD3CN gives only two sharp signals (δ 45.08
for CH2Se andδ 51.36 for CH2N) for 12 carbon atoms in the
complex. The cyclic voltammogram (CV) of [2](BF4)6 in aqueous
0.1 M NaBF4 displayed a broad 2e reduction wave at+0.28 V (vs
Ag/AgCl), while its coupled 2e oxidation wave was observed at
+0.73 V. This result implies that the electrochemical interconver-
sion between [Rh2(diselenide)3]6+ and [Rh2(diselenide)2(selenolato)2]4+

species occurs in solution.

In summary, thiolato and selenolato groups bound to a RhIII

center showed dramatically distinct reactivity toward aqueous HBF4,
leading to a dimeric structure in [1]3+ aggregated by a triple S-H‚‚‚
S hydrogen bond and a dinuclear structure in [2]6+ connected by a
triple Se-Se diselenide bond, respectively. The CV offac(Se)-
[Rh(aes)3] dissolved in aqueous 10% HBF4/0.1 M NaBF4 showed
a reversible 1e redox couple at+0.68 V (vs Ag/AgCl,Epa ) +0.71
V, Epc ) +0.65 V), which is assignable to a RhIII /RhIV redox
process. On the other hand, an irreversible 2e oxidation wave,
presumably due to the oxidation at sulfur, was observed at+0.94
V for fac(S)-[Rh(aet)3] under the same conditions. Thus, in acidic
media the RhIII center infac(Se)-[Rh(aes)3] is more easily oxidized
to RhIV, which is responsible for the facile formation of a
coordinated diselenide bond. Finally, the present results should
contribute significantly to our understanding of the nature of thiolato
and selenolato groups, which have received considerable attention
in connection with the important roles of cysteine and selenocysteine
residues in biological systems.12

Supporting Information Available: Synthetic procedures and
summary of X-ray crystallographic data (PDF). X-ray crystallographic
file in CIF format. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Figure 2. ORTEP drawing of [2]6+; the∆∆ isomer is selected. Hydrogen
atoms attached to carbon and nitrogen atoms are omitted for clarity.
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