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Summary: Reaction of Cp*RuH(COD) with HBF4‚OEt2
at -76 °C produced [Cp*Ru(H2)(COD)]BF4, which trans-
formed to [Cp*Ru(η6-1,3,5-COT)]BF4 on warming to
room temperature. Reaction of Cp*RuH(NBD) with
HBF4‚OEt2 produced a mixture of nortricyclene and the
novel bimetallic complex [(Cp*Ru)2(µ-H)(µ-C5H5-CHd
CH2)]BF4.

Since the first report of dihydrogen complexes by
Kubas et al. in 1984,1 this unique class of complexes
have been intensively investigated, especially their
preparation, characterization, and structural and cata-
lytic properties.2 A relatively less explored aspect of the
chemistry of dihydrogen complexes is their reactivities
toward organic ligands (e.g., alkyls, vinylidenes, olefins,
and acetylenes), although such a study should help to
clarify the mechanisms of reactions mediated by dihy-
drogen complexes and to further develop new catalytic
reactions based on dihydrogen complexes. Previous
studies have shown that a coordinated dihydrogen
ligand in LnM(H2)R could transfer one of the protons of
the dihydrogen ligand to the R-carbons of alkyl or vinyl
ligands R to form LnMH and RH. Such a reactivity has
been invoked to explain the catalytic activity of [FeH-
(H2)(PP3)]+ (PP3 ) P(CH2CH2PPh2)3)3 and RuHCl-
(PPh3)3

4 for hydrogenation of acetylenes and olefins and
to account for the reactions of some d0 alkyl complexes
with H2 to give hydride complexes and alkanes.5 Proton
transfer from coordinated H2 to the R-carbon of the
acetylide ligand in [Ru(H2)(CtCPh)(dippe)2]+ (dippe )
(i-Pr)2PCH2CH2P(i-Pr)2) has been observed.6 Proton
transfer from H2 to â-carbons of vinylidene ligands has
been proposed for the reaction of OsH2Cl2(P(i-Pr)3)2 with
HCtCR to give the carbyne complexes OsHCl2(≡C-
CH2R)(P(i-Pr)3)2 via the intermediates OsCl2(H2)(Cd
CHR)(P(i-Pr)3)2.7

In principle, a coordinated dihydrogen ligand may also
undergo oxidative coupling reactions with unsaturated
substrates such as olefins and acetylenes as illustrated
in eq 1. The reaction is analogous to the well-known

oxidative coupling reactions of coordinated olefins and
acetylenes as illustrated in eq 2.8 Although interesting,
examples of reactions shown in eq 1 or even olefin
dihydrogen complexes are still very rare. The complexes
M(H2)(NBD)(CO)3 (M ) Cr, Mo, and W) and M(H2)-
(NBD)(CO)4 (M ) Mo and W), which have been detected
by IR spectroscopy, have been proposed as the inter-
mediates for photocatalytic hydrogenation of norborna-
diene using M(CO)6.9 Olefin dihydrogen complexes have
also been proposed (but not detected) as the intermedi-
ates in the catalytic hydrogenation of olefins using
[TpRu(PPh3)x(CH3CN)3-x]+ (Tp ) hydrotris(pyrazolyl)-
borate, x ) 1, 2).10 To model the reactions shown in eq
1, we have investigated the protonation reaction of Ln-
MH(olefin) complexes, with the hope of detecting the
olefin dihydrogen complexes [LnM(H2)(olefin)]+ or of
observing the subsequent proton-transfer reactions
between coordinated dihydrogen and olefin ligands. In
this paper we wish to report the protonation reactions
of Cp*RuH(diene) (diene ) COD, NBD).

As many complexes of the type [(η5-C5R5)RuH2(L)-
(L′)]+11-14 are known to contain a dihydrogen ligand,
especially when L or L′ is a π-accepting ligand such as
CO or CNR, it is expected that protonation of Cp*RuH-
(COD) and Cp*RuH(NBD) might lead to dihydrogen
complexes [Cp*Ru(H2)(COD)]+ and [Cp*Ru(H2)(NBD)]+,
respectively. Reaction of Cp*RuH(COD)15 (1) in CD2-

† The Hong Kong University of Science and Technology.
‡ The Hong Kong Polytechnic University.
(1) Kubas, G. J.; Ryan, R. R.; Swanson, B. I.; Vergamini, P. J.;

Wasserman, H. J. J. Am. Chem. Soc. 1984, 106, 451.
(2) (a) Crabtree, R. H. Angew. Chem., Int. Ed. Engl. 1993, 32, 789.

(b) Heinekey, D. M.; Oldham, W. J., Jr. Chem. Rev. 1993, 93, 913. (c)
Jessop, P. G.; Morris, R. H. Coord. Chem. Rev. 1992, 121, 155. (d)
Esteruelas, M. A.; Oro, L. A. Chem. Rev. 1998, 98, 577.

(3) Bianchini, C.; Meli, A.; Peruzzini, M.; Frediani, P.; Bohanna, C.;
Esteruelas, M. A.; Oro, L. A. Organometallics 1992, 11, 138.

(4) Crabtree, R. H. The Organometallic Chemistry of the Transition
Metals, 2nd ed.; John Wiley & Sons: New York, 1994; p 221.

(5) Ziegler, T.; Folga, E.; Berces, A. J. Am. Chem. Soc. 1993, 115,
636, and references therein.

(6) Tenorio, M. T.; Puerta, M. C.; Valerga, P. J. Chem. Soc., Chem.
Commun. 1993, 1750.

(7) Espuelas, J.; Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A.; Ruiz, N.
J. Am. Chem. Soc. 1993, 115, 4683.

(8) Crabtree, R. H. The Organometallic Chemistry of the Transition
Metals, 2nd ed.; John Wiley & Sons: New York, 1994; pp 155-158.

(9) (a) Jackson, S. A.; Hodges, P. M.; Poliakoff, M.; Turner, J. J.;
Grevels, F. W. J. Am. Chem. Soc. 1990, 112, 1221. (b) Thomas, A.;
Haake, M.; Grevels, F. W.; Bargon, J. Angew. Chem., Int. Ed. Engl.
1994, 33, 755.

(10) Chan, W. C.; Lau, C. P.; Chen, Y. Z.; Fang, Y. Q.; Ng, S. M.;
Jia, G. Organometallics 1997, 16, 34.
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Cl2 with HBF4‚OEt2 at -76 °C indeed produced [Cp*Ru-
(H2)(COD)]BF4 (2)16 (Scheme 1). In the 1H NMR
spectrum at 200 K, the signal assignable to Ru(H2) was
observed as a broad singlet at δ -4.81 ppm, which has
a T1 value of 12 ms at 200 K and 9.9 ms at 180 K (on
300.13 MHz). The short T1 values for the hydride signal
are a good indication of the presence of the dihydrogen
ligand in 2. In support of the dihydrogen formation, a
1J(HD) value of 29.3 Hz was observed for the isotopomer
[Cp*Ru(η2-HD)(COD)]BF4, which was synthesized by
protonation of Cp*RuH(COD) with DBF4. The presence
of the COD ligand in 2 is clearly indicated by the 1H
and13C NMR spectra. The dihydrogen complex 2 rep-
resents a very rare example of dihydrogen complexes
with only hydrocarbon ligands. Previously reported
dihydrogen complexes usually contained auxiliary ligands
such as phosphines, CO, CNR, hydrides, and halides.2

The dihydrogen complex [Cp*Ru(H2)(COD)]BF4 is
only stable at low temperature. Warming a solution of
2 in CD2Cl2 to room temperature led to the formation
of the dehydrogenated complex [Cp*Ru(η6-1,3,5-COT)]-
BF4 (3). No hydrogenated COD products could be
detected by NMR spectroscopy. Complex 3, which could
also be synthesized by treatment of Cp*RuCl(COD) with
AgBF4 in ethanol, has 1H and 13C NMR data very
similar to those of the known compound [Cp*Ru((η6-

1,3,5-COT)]Cl, which was prepared by the reaction of
[Cp*RuCl2]x with 1,3-COD in ethanol in the presence
of Zn.17

The previously unknown complex Cp*RuH(NBD) (5)18

was prepared by the reaction of [Cp*Ru(OH2)(NBD)]BF4
(4)19 with sodium formate in THF (Scheme 2). In this
reaction, the hydride complex 5 was presumably formed
via extrusion of CO2 from the formate intermediate
Cp*Ru(O2CH)(NBD).20 Protonation of Cp*RuH(NBD)
in dichloromethane with HBF4‚OEt2 produced a 1:1
mixture of nortricyclene (8) and the novel bimetallic
complex 7, in which the two ruthenium centers are
bridged by vinylcyclopentadiene formed by skeletal
rearrangement of NBD involving C-C/C-H bond cleav-
age reactions. The expected dihydrogen complex [Cp*Ru-
(H2)(NBD)]BF4 (6), which could be the intermediate for
the formation of 7 and 8, was not detectable by NMR
even though the reaction was carried out at -76 °C.

The nortricyclene produced in this reaction has been
isolated and characterized by 1H and 13C NMR spec-
troscopy.21 The structure of the bimetallic complex 7
was deduced from its 1H, 13C NMR (including 1H-1H,
1H-13C COSY experiments), and MS spectroscopic data
and elemental analysis.22 The bimetallic nature of the
compound is indicated by elemental analysis and the
FAB MS, which showed the molecular ion peak at m/z
565, corresponding to (Cp*Ru)2C7H9

+. Consistent with
the proposed structure, the 1H NMR spectrum displayed
two Cp* signals at 1.81 and 1.87 ppm, the bridging
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hydride signal at -14.24 ppm (d, J(HH) ) 2.4 Hz), the
agostic proton signal at -9.16 ppm (td, J(HH) ) 5.4,
2.4 Hz), the sp3 methine CH signal at 3.49 ppm, and
six additional signals assignable to the protons of the
coordinated olefins in the region 2.08-3.91 ppm. The
coupling constants among the CHH(agostic) protons and
the bridging hydride for 7 are close to those observed
for Cp*Ru(µ-H)(µ-η3,η1-i-PrNCC(Me)dCHH(agostic))-
RuCp* reported by Caulton et al.23 The presence of the
bridging vinylcyclopentadiene ligand is further evi-
denced by the appearance of seven carbon signals in the
region 9.8-76.3 ppm in the 13C NMR spectrum. The
framework of the vinylcyclopentadiene ligand in com-
plex 7 is fully supported by the 1H-1H and 1H-13C
COSY spectra.

The nortricyclene and the bimetallic complex 7 are
likely formed via the dihydrogen complex [Cp*Ru(H2)-
(NBD)]+ (6), although the latter complex was not
detected in the NMR experiments. Intramolecular
transfer of H2 to NBD in [Cp*Ru(H2)(NBD)]+ would lead
to the formation of nortricyclene (8). Transferring
proton(s) from H2 to NBD in 6 would generate coordi-
natively unsaturated ruthenium species, which could
attack Cp*RuH(NBD) to cause the skeletal rearrange-
ment of NBD to give the bimetallic complex 7. Skeletal
rearrangements of NBD or norbornenyl ligands on
coordinated unsaturated metal centers to form organic
ligands with a five-membered ring are known, for

example, in the reaction of Cp*RuCl(NBD) with AgBF4
to give Cp*Ru(η6-C5H4dCHCH3)]BF4

19 and in the reac-
tion of CpCo(NBD) with HBF4 to form [CpCo(C5H6-
CHdCH2)]BF4.24 Initial formation of the dihydrogen
intermediate [Cp*Ru(H2)(NBD)]+ is reasonable espe-
cially in view of the fact that the analogous dihydrogen
complex [Cp*Ru(H2)(COD)]+ has been observed from the
protonation reaction of Cp*RuH(COD). Intramolecular
transfer of H2 to NBD has been proposed for the
photocatalytic hydrogenation of NBD to give nortri-
cyclene with Mo(CO)6.9 Consistent with the involve-
ment of the [Cp*Ru(H2)(NBD)]+ intermediate in the
formation of nortricyclene, it was demonstrated by NMR
experiments that [Cp*Ru(H2O)(NBD)]+ also reacted
with pressurized H2 gas (50 bar) to give nortricyclene.
In addition, [Cp*Ru(H2O)(NBD)]+ was observed when
Cp*RuH(NBD) was protonated with aqueous HBF4.

In summary, reaction of Cp*RuH(COD) with HBF4‚
OEt2 at -76 °C produced [Cp*Ru(H2)(COD)]BF4, a very
rare example of dihydrogen complexes with only hydro-
carbon ligands. In contrast, reaction of Cp*RuH(NBD)
with HBF4‚OEt2 produced a mixture of nortricyclene
and the novel bimetallic complex [(Cp*Ru)2(µ-H)(µ-
C5H5-CHdCH2)]BF4, which are likely formed via the
intermediate [Cp*Ru(H2)(NBD)]BF4. We are in the
process of investigating the detailed mechanism for the
latter reaction and studying the protonation reactions
of other olefin hydride complexes with the aims of
preparing olefin dihydrogen complexes [LnM(H2)(olefin)]+

and observing proton-transfer reactions between coor-
dinated dihydrogen and olefin ligands.
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