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Heterolytic cleavage of dihydrogen on transition metal
sulfides/thiolates has been regarded as the key reaction in
hydrogen metabolism in nature[1] and in catalytic desulfuriza-
tion of fossil fuel.[2] Although there are numerous reports of
heterolytic dihydrogen activation,[3, 4] that occurring at metal–
sulfur bonds is still limited. A representative example is the
reaction of [{Rh(triphos)}2(m-S)2]

2+ (triphos = tris(diphenyl-
phosphanylethyl)methane) with H2 to generate [{RhH-
(triphos)}2(m-SH)2]

2+.[4a,b] Heterolytic H2 cleavage was also
reported to be promoted by sulfido/thiolato-bridged dinu-
clear Mo–Mo,[4c–e] Ir–Ir,[4f] and W–Ir[4g] complexes and mono-
nuclear sulfido/thiolato complexes of Ti,[4h-i] Ni, Ru, and
Rh.[4j–n] In the course of our studies on transition metal
sulfide/thiolate complexes,[5] we found that sulfido-bridged
W–Ru complexes activate H2 in a heterolytic manner.[5c]

Here we report heterolytic cleavage of H2 by the sulfido-
and oxo-bridged heterodinuclear germanium–ruthenium
complex [(dmp)(dep)Ge(m-S)(m-O)Ru(PPh3)] (1; dmp = 2,6-
dimesitylphenyl, dep = 2,6-diethylphenyl). As we showed
previously, the m-S ligand of 1 prefers softer acids, and the
m-O ligand harder acids.[6] The synergetic m-sulfide and m-
oxide pair plays an important role in H2 heterolysis by 1.

Heterodinuclear complex 1 was prepared from [(dmp)-
(dep)Ge(SH)(OH)], [RuCl2(h6-p-cymene)], and PPh3

according to Scheme 1.[6] No H2 activation by 1 took place
under an atmospheric pressure of dihydrogen even at 90 8C.
However, complex 1 was converted slowly to anti and syn
isomers of hydroxy hydride complex 2 when heated to 75 8C in
toluene under 10 atm of H2 (Scheme 1, Table 1). As is obvious
from the structures of anti-2 and syn-2, H2 was cleaved
heterolytically by 1 into a hydroxy-bound proton on Ge and a
hydride ligand on Ru.

Dihydrogen activation was examined under various con-
ditions to obtain insight into the reaction mechanism.
Intriguingly, anti-2 is the favored product in the early stage
of the reaction (Table 1, entry 1). The relative ratio of syn-2 to anti-2 slowly increases as the reaction proceeds, and even-

tually syn-2 becomes the exclusive product at 90 8C after
3 days under 7.5 atm H2 (Table 1, entry 5). The results suggest
that the kinetically favored product is anti-2, which gradually
isomerizes to the more thermodynamically stable syn-2.

Addition of 10 equiv PPh3 hardly affects the reaction of 1
with H2. No significant deceleration of the consumption of 1
was observed, either for the reactions at 75 8C for 6 h (Table 1,
entries 1 and 2) or for those at 24 h (Table 1, entries 3 and 4),
that is, the rate-determining step does not include PPh3

dissociation. On the other hand, the subsequent isomerization
from anti-2 to syn-2 is clearly decelerated by addition of PPh3,
as is manifested in the results at 90 8C and 72 h (Table 1,
entries 5 and 6). The isomerization appears to be accompa-
nied by dissociation of PPh3.

Scheme 1. Synthesis of 1 and the H2 activation.

Table 1: Product ratio for H2 activation by 1.

Entry Reaction conditions Product ratio[a]

T
[8C]

t
[h]

p(H2)
[atm]

Additive 1 anti-2 syn-2 anti-2/syn-2

1 75 6 10 – 32 52 16 3.3
2 75 6 10 PPh3

[b] 36 49 15 3.3
3 75 24 10 – 2 73 25 2.9
4 75 24 10 PPh3

[b] 2 71 27 2.6
5 90 72 7.5 – 0 0 100 0.0
6 90 72 7.5 PPh3

[b] 0 34 66 0.5

[a] The product ratio was estimated by 1H NMR spectroscopy. Com-
plexes 1 and/or anti-2, syn-2 were exclusively observed by 1H NMR
spectroscopy. [b] 10 equiv PPh3.
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On the basis of these facts, we propose the mechanism of
H2 heterolysis summarized in Scheme 2. As a premise, H2

activation between two molecules of 1 is excluded, because of
the steric bulk of 1.[6] The activation of H2 may occur stepwise

via initial coordination to the Ru atom with slippage of the h6-
arene and successive heterolytic cleavage.[7] On the other
hand, the H2 molecule could undergo a straightforward s-
bond metathesis.[8] We do not have any evidence to support
either pathway.

If H2 heterolysis occurs at the Ru�O bond (path b), it
straightforwardly affords syn-2. However, path b does not
account for the formation of anti-2 as the kinetic product. The
most conceivable pathway affording anti-2 proceeds by H2

heterolysis at the Ru�S bond (path a). This pathway should
form X, which would be further transformed into anti-2 by
migration of the SH proton to the m-oxo ligand with
concomitant Ru�S bond formation and Ru�O bond dissoci-
ation. The proposed intermediate X has not been detected.
We examined H2 activation with a bis(m-S) analogue of 1,
namely, [(dmp)(dep)Ge(m-S)2Ru(PPh3)] (3), at 90 8C under
10 atm H2, anticipating the formation of the m-S analogue of
X. However, complex 3 was recovered quantitatively
[Eq. (1)]. This result suggests that H2 activation at Ru�S
bonds is reversible, and furthermore that intermediate X and
its m-S analogue are considerably less stable than 1 and 3,
respectively. It seems that the key to H2 activation via path a is
subsequent proton migration onto the hard m-oxo ligand to
generate stable anti-2.

The hard nature of the m-oxo ligand of 1 was demonstrated
by m-O-protonation of 1.[6] The preference for path a could be
due to the softness of the m-S compared to the m-O moiety, as
was also observed in the reaction of 1 with MeOTf.[6]

Isomerization of anti-2 to syn-2 proceeds via dissociation
of the phosphine ligand. Although the mechanism of this
isomerization process is not entirely clear, it may involve
weak H2 coordination at Ru to compensate for PPh3

dissociation. In fact, isomerization of preformed anti-2 is
even slower in the absence of H2, for example, requiring
9 days in toluene at 90 8C. A basis for the relative thermody-
namic stability of syn-2 compared to that of anti-2 can be
deduced from their crystal structures (Figure 1).[9] The

strained m-terphenyl arrangement of dmp in anti-2 is
reflected in the significantly smaller dihedral angle of 678
between the central arene ring of dmp and its Ru-coordinated
mesityl ring, while those for both 1 and syn-2 are 878. The
strained dmp conformation in anti-2 is attributable to intra-
molecular steric congestion between the triphenylphosphine
ligand and the hydroxy group, whereas the conformational
strain in dmp is relieved in the structure of syn-2. The
GeOH···HRu interaction for syn-2 also contributes to its
relative thermodynamic stability. The H···H interaction is
indicated by the H54�H55 and O1�H54 distances of 2.25(3)
and 2.95(2) B, respectively, as derived from X-ray data.[10]

This nonclassical hydrogen bonding is also manifested in the
1H NMR spectrum. An nOe measurement on syn-2 showed
17% enhancement of GeOH at d = 2.73 ppm on irradiation
of RuH at d = �9.04 ppm in C6D6. In the IR spectrum, the
lower frequency of the Ru�H stretching band of syn-2 at

Scheme 2. Proposed mechanism of H2 heterolysis by 1. Some of the
substituents on Ge and Ru are omitted for clarity.

Figure 1. ORTEP drawings of a) anti-2 and b) syn-2.
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1940 cm�1 relative to that of anti-2 at 2015 cm�1 may also
indicate a nonclassical hydrogen-bonding interaction.

In conclusion, the S/O-bridged dinuclear germanium–
ruthenium complex 1 activates H2 heterolytically at the
ruthenium–chalcogen bonds. Cooperation of the m-S and m-O
atoms is significant in the mechanism of H2 activation.

Received: October 23, 2007
Revised: November 23, 2007
Published online: January 25, 2008

.Keywords: germanium · heterometallic complexes · oxo ligands ·
ruthenium · sulfido ligands

[1] a) M. W. W. Adams, E. I. Steifel, Science 1998, 282, 1842; b) R.
Cammack, Nature 1999, 397, 214.

[2] H. Topsoe, B. S. Clausen, F. E. Massoth, Hydrotreating Catalysis,
Science and Technology, Springer, Berlin, 1996.

[3] Recent reports: a) S. Ogo, R. Kabe, K. Uehara, B. Kure, T.
Nishimura, S. C. Menon, R. Harada, S. Fukuzumi, Y. Higuchi, T.
Ohhara, T. Tamada, R. Kuroki, Science 2007, 316, 585; b) C. M.
Nagaraja, P. Parameswaran, E. D. Jemmis, B. R. Jagirdar, J. Am.
Chem. Soc. 2007, 129, 5587; c) A. D. Wilson, R. K. Shoemaker,
A. Miedaner, J. T. Muckerman, D. L. Dubois, M. Rakowski
Dubois, Proc. Natl. Acad. Sci. USA 2007, 104, 6951; d) A. D.
Wilson, R. H. Newell, M. J. McNevin, J. T. Muckerman, M.
Rakowski Dubois, D. L. Dubois, J. Am. Chem. Soc. 2006, 128,
358; e) G. C. Welch, R. R. S. Juan, J. D. Masuda, D. W. Stephan,
Science 2006, 314, 1124; f) G. C. Welch, D. W. Stephan, J. Am.
Chem. Soc. 2007, 129, 1880.

[4] a) C. Bianchini, C. Mealli, A. Meli, M. Sabat, Inorg. Chem. 1986,
25, 4617; b) C. Bianchini, A. Meli, Inorg. Chem. 1987, 26, 4268;
c) J. C. R. Laurie, L. Duncan, R. C. Haltiwanger, R. T. Weberg,
M. Rakowski DuBois, J. Am. Chem. Soc. 1980, 102, 7456; d) M.
Rakowski DuBois, Chem. Rev. 1989, 89, 1; e) J. C. V. Laurie,
L. D. Duncan, R. C. Haltiwanger, R. T. Weberg, M. Rakowski
DuBois, J. Am. Chem. Soc. 1986, 108, 6234; f) R. C. Linck, R. J.

Pafford, T. B. Rauchfuss, J. Am. Chem. Soc. 2001, 123, 8856;
g) H. Kato, H. Seino, Y. Mizobe, M. Hidai, J. Chem. Soc. Dalton
Trans. 2002, 1494; h) Z. K. Sweeney, J. L. Polse, R. A. Andersen,
R. G. Bergman, M. G. Kubinec, J. Am. Chem. Soc. 1997, 119,
4543; i) Z. K. Sweeney, J. L. Polse, R. G. Bergman, R. A.
Andersen, Organometallics 1999, 18, 5502; j) D. Sellmann, R.
Prakash, F. W. Heinemann, M. Moll, M. Klimowicz, Angew.
Chem. 2004, 116, 1913; Angew. Chem. Int. Ed. 2004, 43, 1877;
k) D. Sellmann, F. Geipel, M. Moll, Angew. Chem. 2000, 112,
570; Angew. Chem. Int. Ed. 2000, 39, 561; l) D. Sellmann, A.
FNrsattel, Angew. Chem. 1999, 111, 2142; Angew. Chem. Int. Ed.
1999, 38, 2023; m) D. Sellmann, T. Gottschalk-Gaudig, F. W.
Heinemann, Inorg. Chem. 1998, 37, 3982; n) D. Sellmann, G. H.
Rackelmann, F. W. Heinmann, Chem. Eur. J. 1997, 3, 2071.

[5] a) Z. Li, Y. Ohki, K. Tatsumi, J. Am. Chem. Soc. 2005, 127, 8950;
b) Y. Ohki, H. Sadohara, Y. Takikawa, K. Tatsumi, Angew.
Chem. 2004, 116, 2340; Angew. Chem. Int. Ed. 2004, 43, 2290;
c) Y. Ohki, N. Matsuura, T. Marumoto, H. Kawaguchi, K.
Tatsumi, J. Am. Chem. Soc. 2003, 125, 7978; d) Y. Ohki, Y.
Sunada, M. Honda, M. Katada, K. Tatsumi, J. Am. Chem. Soc.
2003, 125, 4052.

[6] T. Matsumoto, Y. Nakaya, K. Tatsumi, Organometallics 2006, 25,
4835.

[7] The mechanism of H2 heterolysis over [{Rh(triphos)}2(m-S)2]
2+

was studied by DFT calculations: A. Ienco, M. J. Calhorda, J.
Reinhold, F. Reineri, C. Bianchini, M. Peruzzini, F. Vizza, C.
Mealli, J. Am. Chem. Soc. 2004, 126, 11954.

[8] S. Niu, M. B. Hall, Chem. Rev. 2000, 100, 353.
[9] The metric parameters are included in the Supporting

Information. CCDC-610035 (anti-2) and -610036 (syn-2) contain
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif

[10] The typical range of nonclassical hydrogen-bond lengths is
reported to be 1.7–2.2 B: “Hydrides and Hydrogen Bonding:
Combining Theory with Experiment”: E. Clot, O. Eisenstein, D.-
H. Lee, R. H. Crabtree in Recent Advances in Hydride Chemistry
(Eds.: M. Peruzzini, R. Poli), Elsevier, Amsterdam, 2001, p. 75.

Angewandte
Chemie

1915Angew. Chem. Int. Ed. 2008, 47, 1913 –1915 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1126/science.282.5395.1842
http://dx.doi.org/10.1038/16601
http://dx.doi.org/10.1126/science.1138751
http://dx.doi.org/10.1021/ja069044j
http://dx.doi.org/10.1021/ja069044j
http://dx.doi.org/10.1073/pnas.0608928104
http://dx.doi.org/10.1021/ja056442y
http://dx.doi.org/10.1021/ja056442y
http://dx.doi.org/10.1126/science.1134230
http://dx.doi.org/10.1021/ja067961j
http://dx.doi.org/10.1021/ja067961j
http://dx.doi.org/10.1021/ic00246a004
http://dx.doi.org/10.1021/ic00246a004
http://dx.doi.org/10.1021/ic00272a025
http://dx.doi.org/10.1021/cr00091a001
http://dx.doi.org/10.1021/ja00280a021
http://dx.doi.org/10.1021/ja010603q
http://dx.doi.org/10.1039/b108227m
http://dx.doi.org/10.1039/b108227m
http://dx.doi.org/10.1021/ja970168t
http://dx.doi.org/10.1021/ja970168t
http://dx.doi.org/10.1021/om9907876
http://dx.doi.org/10.1002/ange.200453717
http://dx.doi.org/10.1002/ange.200453717
http://dx.doi.org/10.1002/anie.200453717
http://dx.doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C570::AID-ANGE570%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C570::AID-ANGE570%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C561::AID-ANIE561%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3757(19990712)111:13/14%3C2142::AID-ANGE2142%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C2023::AID-ANIE2023%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C2023::AID-ANIE2023%3E3.0.CO;2-9
http://dx.doi.org/10.1021/ic971068r
http://dx.doi.org/10.1002/chem.19970031224
http://dx.doi.org/10.1021/ja051590+
http://dx.doi.org/10.1002/ange.200353611
http://dx.doi.org/10.1002/ange.200353611
http://dx.doi.org/10.1002/anie.200353611
http://dx.doi.org/10.1021/ja029941x
http://dx.doi.org/10.1021/ja029383m
http://dx.doi.org/10.1021/ja029383m
http://dx.doi.org/10.1021/om060449m
http://dx.doi.org/10.1021/om060449m
http://dx.doi.org/10.1021/ja047992j
http://dx.doi.org/10.1021/cr980404y
http://www.angewandte.org

