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In the quest to control noncovalent interactions, S�H ¥¥¥ S
hydrogen bonds are attracting great interest. Despite the
prevalence of the thiol group in cysteine residues and the
potential importance of S�H ¥¥¥ S bridging bonds in biology,
little is known about this interaction.[1] Intermolecular
S�H ¥¥¥ S chains that play an organizing role in the solid state
were found in X-ray structures of several compounds
containing S�H groups.[2] The S�H ¥¥¥ S hydrogen bonds are
typically very weak, but may become moderately strong in
particular compounds. Resonance[3] and charge[4] assistances
have been put forward as being responsible for strong
intramolecular S�H ¥¥¥ S bonds. The greater acidity of dithiols
relative to their monothiol analogues has been attributed to
enhanced stabilization of the thiolate anion by an intra-
molecular RS� ¥ ¥ ¥ HSR hydrogen bond.[5] Evidence of
S�H ¥¥¥ S interactions in transition metal compounds are
scarce,[6] although the acidity of the SH group should be
enhanced when the sulfur atom is coordinated to a transition

metal. Indeed, Sellmann et al. found strong intermolecular
S�H ¥¥¥ S bridges in the crystal structure of [Ru(SH2)(PPh3)
™S4∫].[6a] An influence of these bridges on the reactivity of the
metal complexes has not been demonstrated, although intra-
molecular M�SH ¥¥¥ hydride interactions have been proposed
in the initial stage of the mechanism of hydride protonation.[7]

Here we show that a fast S�H ¥¥¥ S proton exchange takes
place in bimetallic platinum complexes with bridging SH� and
S2� ligands.

Sulfide-bridged aggregates with the Pt2S2 core have a rich
chemistry.[8, 9] We proved that the reactivity of the Pt2S2 core is
highly dependent on the nature of the terminal ligands.[9, 10]

We have now synthesized of the monoprotonated complexes
[Pt2{Ph2P(CH2)nPPh2}2(�-S)(�-SH)]ClO4 (n� 2, dppe (1);
n� 3, dppp (2)) by adding HClO4 to a solution of the
corresponding [Pt2(�-S)2P�P)2] (P�P� dppe or dppp) com-
plex in benzene. The most remarkable spectroscopic feature
of 1 and 2 is the equivalence of the four phosphorus nuclei at
room temperature according to the 31P NMR spectrum
(Figure 1). The only analogous monoprotonated compound

Figure 1. Variable-temperature 31P{1H} NMR spectra of 1.

previously reported, namely, [Pt2(�-S)(�-SH)(PPh3)4]PF6, has
two distinct environments about the P nuclei, as the SH group
is cis to two phosphorus atoms and trans to the other two.
Consequently, at room temperature, it shows two 31P NMR
signals with two distinct 1JPt,P coupling constants.[8b, 11] Surpris-
ingly, each of the monoprotonated complexes 1 and 2 shows
only one pseudotriplet with the following apparent spectro-
scopic parameters in [D6]acetone: �P� 42.8 ppm and 1JPt,P�
3108 Hz for 1, and �P��3.3 ppm and 1JPt,P� 2960 Hz for 2.

We optimized the geometry of the model compounds
[Pt2{H2P(CH2)nPH2}(�-S)(�-SH)]� (n� 2, dhpe (1 t); n� 3,
dhpp (2 t)) by B3LYP calculations.[12] Two conformations with
a hinged Pt2S2 skeleton were found as minima in both
complexes; they differ in the endo (e) or exo (x) orientation
of the thiol proton (see Figure 2). As expected, two different
Pt�P and two different Pt�S distances were found in all cases
(e.g., in 1 t(x) Pt�P(trans-S) 2.338, Pt�P(trans-SH) 2.279, Pt�S
2.389, Pt�SH 2.465 ä), and this reflects the different trans
influences of the sulfide and thiol ligands. The exo form is
slightly more stable than the endo form, although the exo/
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Figure 2. Optimized geometries of the exo and endo conformations and
transition states for proton transfer in 1t, 2 t, 5C, and 7C with bond
lengths [ä] and angles [�].

endo interconversion, which takes place through ring inver-
sion,[13] is usually a very fast process. The S�H/S disposition in
the exo conformations is compatible with the presence of a
weak S�H ¥¥¥ S hydrogen bond. Comparing the Pt-S-H angle
in 1 t(x) (93.3�) with the Pt-S-C angle in the optimized
geometry of the methylthiolate analogue (102.1�) reaveals
that the S�H proton is tilted towards the sulfide. The energy
difference between the exo and endo forms (Table 1) can be
taken as a rough estimate of the hydrogen-bond strength.

Similar values (1 ± 2 kcalmol�1) have been reported for weak
S�H ¥¥¥ S hydrogen bonds.[14]

The X-ray crystal structures[15] of 1 and 2 show that the
Pt2(�-S)(�-SH) ring is nonplanar, with a dihedral angle
between the two PtS2 planes of 138.3� in 1 and 127.4� in 2
(Figure 3), and it is comparable to that in the singly proton-

Figure 3. X-ray structure of 2. Selected bond lengths [ä] and angles [�]:
Pt1-S1 2.356(2), Pt1-S2 2.343(2), Pt2-S1 2.350(2), Pt2-S2 2.345(2); S1 ¥¥ ¥ S2
3.004, Pt1-S1-Pt2 86.92(7), Pt1-S2-Pt2 87.36(7). Selected bond lengths [ä]
and angles [�] for 1: Pt1-S1 2.374(3), Pt1-S2 2.339(3), Pt2-S1 2.365(3), Pt2-
S2 2.343(3); S1 ¥¥ ¥ S2 3.057, Pt1-S1-Pt2 89.94(11), Pt1-S2-Pt2 91.37(10).

ated complex cation [Pt2(PPh3)4(�-S)(�-SH)]� .[11, 16] The H
atom attached to S was not directly located in the structures of
1 and 2, owing to the presence of heavy atoms and actual or
possible disorder. Comparison of the Pt2S2 cores in 1 and 2
with those of their deprotonated precursors [Pt2(�-S)2-
(dppe)2][9a] and [Pt2(�-S)2(dppp)2],[10] shows that the S ¥¥¥ S
distance is shorter (by about 0.1 ä) and the dihedral angle
smaller (by ca. 2� (1) and 7� (2)). However, these distortions
do not allow a definite proposal for a unequivocal binding
situation of the thiol proton in crystals of 1 or 2. According to
theoretical calculations both endo or exo conformations are
possible, and thus weak interactions may determine the
prevalence of one orientation over the other. In fact, an endo
conformation for the thiol proton in 1 and 2 allows S�H ¥¥¥ Ph
hydrogen bonding.[17] Regarding the acidity of the S�H group
in 1 and 2, NMR data allowed the corresponding pKa values to
be estimated. Both should be within the range 7 ± 9 on the
aqueous scale, as they are deprotonated by 4-aminopyridine
(pKa of the conjugated acid 9.11) but not by 2,4-lutidine (pKa

of the conjugated acid 6.99). This represents a decrease of ten
pKa units from the free SH� ligand (pKa� 17 ± 19).

Hydrogen bonds can be regarded as incipient proton-
transfer reactions.[1b] Thus, the equivalence of the phosphorus
nuclei in 1 and 2 could be attributed to a fast SH ¥¥¥ S proton
transfer. To shed light on this process, variable-temperature
NMR experiments were carried out (Figure 1). At low
temperature, two distinct phosphorus environments were
observed for 1 and 2 with the following parameters in
[D6]acetone: �P(A)� 44.1, �P(B)� 41.4 ppm, 1JPt,P(A)� 2626,
1JPt,P(B)� 3608 Hz for 1, and �P(A)��1.8, �P(B)��4.9 ppm,
1JPt,P(A)� 3401, 1JPt,P(B)� 2408 Hz for 2. Determination of the
coalescence temperature allowed an estimation of the energy

Table 1. B3LYP relative energies [kcalmol�1] of the exo (x) and endo (e)
conformations and the transition states (TS) for intramolecular proton
transfer. In parentheses: MP2 values.

Gas phase (�� 1) Acetone (�� 20.7)
x e TS x e TS

1t 0.0 (0.0) 0.9 (1.5) 19.7 (17.3) 0.0 (0.0) � 0.4 (�0.3) 19.5 (17.2)
2t 0.0 (0.0) 1.5 (2.3) 19.3 (16.1) 0.0 (0.0) � 0.2 (0.8) 18.0 (13.7)
5C 0.0 2.0 11.3 0.0 1.4 11.4
7C 0.0 2.2 2.3 0.0 1.0 1.6
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barrier of the SH ¥¥¥ S proton-transfer process. The values thus
obtained are Tc� 221 K and �G�� 10.7 kcalmol�1 for 1, and
Tc� 240 K and �G�� 10.6 kcalmol�1 for 2.

We also performed calculations on the intramolecular
S�H ¥¥¥ S proton-transfer process. The transition state was
located and characterized for both complexes (TS1 and TS2,
respectively). Both TSs show a trigonal S-H-S arrangement, in
which the partial rupture of the S�H bond is compensated by
the partial formation of the new S�H bond (Figure 2). The
moderate energy barriers found (Table 1) are consistent with
the fast process observed on the NMR timescale. We carried
out additional calculations to assess the validity of the
theoretical values: 1) single-point MP2 calculations on the
B3LYP optimized geometries (Table 1, values in parenthe-
ses); 2) inclusion of solvent effects by means of the PCM
continuum model.[18] The energy barriers are only slightly
modified. Thus, theoretical calculations clearly show that
intramolecular S�H¥¥¥ S proton transfer can occur in 1 and 2
with a low energy barrier. We also considered the possibility of
an intermolecular solvent-assisted proton transfer, as defined in
Equation (1). The values obtained for the activation energy of
this reaction in acetone (32.2 kcalmol�1 for 1t and
32.0 kcalmol�1 for 2t, respectively) rule out this possibility.

exo-[(P�P)2Pt2(�-S)(�-SH)]��CH3COCH3 �
[(P�P)2Pt2(�-S)(�-S)]� (CH3)2COH� (1)

To compare the S�H ¥¥¥ S interaction in 1 and 2with those in
other compounds, in which stereochemical constraints place
the S-H-S unit in a similar disposition, we performed
calculations on dithiotropolone (7C) and the parent species
with a five-membered ring 5C (Figure 2, Table 1). The results
obtained show that the structural and energetic parameters of
the organic systems are similar to those of the platinum
complexes, although the magnitude of the SH ¥¥¥ S interaction
decreases in the order 7C� 5C� 1� 2.

In conclusion, the combined evidence from experimental
and theoretical studies demonstrates the potential of a metal-
coordinated thiol ligand to transfer its proton to a metal
bound sulfide.

Experimental Section

1: HClO4 (20 �L, 11.6�) was added to a solution of [Pt2(�-S)2(dppe)2]
(200 mg, 0.16 mmol) in benzene (50 mL). After 2 h, a pale yellow solid
appeared. The solid product was collected by filtration, washed with
benzene and water, and dried with diethyl ether. Yield: 146 mg (68%).
X-ray quality crystals of 1 were obtained by slow evaporation of a solution
in methanol. 31P{1H} NMR (162.1 MHz, [D6]acetone, 295 K):
�P(apparent)� 42.8 ppm, 1JPt,P(apparent)� 3108 Hz. ESI-MS: m/z : 1251.

2 : The same procedure as for 1 gave a yellow solid from the reaction of
[Pt2(�-S)2(dppp)2] (200 mg) and of HClO4 (20 �L, 11.6�) Yield: 70%.
Recrystallization of 2 from methanol gave X-ray quality crystals. 31P{1H}
NMR (162.1 MHz, [D6]acetone, 295 K): �P(apparent)��3.3 ppm,
1JPt,P(apparent)� 2960 Hz. ESI-MS: m/z : 1280.
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