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ABSTRACT

We describe how alkenes and alkynes can be hydrogenated under mild conditions by hydrogen transfer from water mediated by titanocene(III)
and a substoichiometric quantity of one of the late transition metals usually employed as hydrogenation catalysts. This process proceeds
presumably by H-atom transfer from Ti III-coordinated water to the late transition metal partner (depicted in the drawing above), a mechanism
in support of which we provide theoretical and experimental evidence.

The catalytic hydrogenation of alkenes and alkynes, one of
the most important reactions in organic chemistry, is usually
carried out with hydrogen gas.1 Metal-promoted hydrogen
transfer from accessible hydrogen donors has been widely
used in the reduction of other functional groups.2 Thus,
hydrogen transfer from water, mediated by diiodosamarium3

or titanocene(III),4 can be successfully applied to the

reduction of ketones. To the best of our knowledge, however,
this procedure has not yet been extended to the hydrogenation
of simple alkenes or alkynes. Here we present evidence to
show that hydrogen transfer from water mediated by TiIII

and late transition metals can be used for the hydrogenation
of alkenes and alkynes under mild conditions. More impor-
tantly, we also provide evidence for the hitherto unreported
transfer of formal hydrogen atoms from Ti-aqua complexes
to other transition metals via the homolytic cleavage of
H-OH bonds.

We have recently observed that, in the presence of Cp2-
TiCl,5 water can be used as the H-atom source for the
effective reduction of carbon radicals, presumably via aqua
complex1.6 On the basis of this observation we anticipated
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Bäckval, J.-E.J. Am. Chem. Soc.2006,128, 14293-14305 and references
therein.

(3) (a) Girard, P.; Namy, J. L.; Kagan, H. B.J. Am. Chem. Soc.1980,
102, 2693-2698. For a recent overview on SmI2 chemistry, see: (b) Kagan,
H. B. Tetrahedron2003,59, 10351-10372.

(4) (a) Barrero, A. F.; Rosales, A.; Cuerva, J. M.; Gansäuer, A.; Oltra,
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that this aqua complex might facilitate the H-atom transfer
from water to late transition metals usually employed as
hydrogenation catalysts (2) to give metal-dihydride species
such as3.7 These species could subsequently bring about
alkene (and alkyne) hydrogenation as depicted in Scheme
1. In this way, formation of the expected hydrogenation

products might additionally serve to prove the occurrence
of H-atom transfers from TiIII-aqua complexes to other
transition metals, a phenomenon that has not been reported
to date.

To check our hypothesis we treated a series of alkenes
and alkynes with Cp2TiCl (2.5 equiv),5 H2O (10 equiv), and
a substoichiometric quantity (0.1 equiv) of different hydro-
genation catalysts, including Pd/C, Pd/alumina, Pd(dba)2,8

Rh/alumina and Wilkinson, and Lindlar catalysts. All these
experiments gave us the expected hydrogenation products
(Table 1),9 supporting the anticipated hydrogen-transfer
process depicted in Scheme 1.

Furthermore, when we treated ethyl cinnamate (9) with
D2O instead of H2O we obtained the double-deuterated
derivative21with a 75% incorporation of deuterium (Scheme
2), thus confirming that the incoming hydrogen atoms came

from water. The results obtained with the Wilkinson catalyst
also open up the possibility of using well-established rhodium
chiral catalysts for enantioselective H2O/Cp2TiCl-based al-
kene hydrogenations.10

The cis configuration of reduction products19 and 20
coincided with that expected for conventional alkyne hy-
drogenation with the Lindlar catalyst.1,7b These results
provided additional support for our hypothesis that the
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Scheme 1. Anticipated Hydrogen Transfer from
TiIII -Coordinated H2O to Alkenes Catalyzed by Late Transition

Metals

Table 1. H2O/Cp2TiCl-Based Hydrogenation of Alkenes and
Alkynes Catalyzed by Late Transition Metals

a Besides14 we obtained 15% decanal, presumably deriving from Pd-
induced alkene isomerization.7b

Scheme 2. Synthesis of Double-Deuterated Derivative21
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process took place via H-atom transfer to the transition metal
(as depicted in Scheme 1) and not through electron transfer
from TiIII to the alkyne followed by proton transfer, which
would presumably have led totrans alkenes, as occurs in
alkyne reduction by dissolving metals.11

Once we were confident about hydrogen transfer from
water, we carried out new experiments to gain more
information about the unprecedented mechanism presumably
involved in this process. Thus, when we treated4 with Cp2-
TiCl and water in the absence of any hydrogenation catalyst
the starting alkene was recovered unchanged, thus confirming
the indispensable hydrogen-carrier role played by the transi-
tion-metal catalyst in Scheme 1. Furthermore, the recovery
of the unchanged starting alkene when we treated4 with
Pd/C, Mn dust, and water in the absence of titanium
confirmed that not only a late transition metal but also the
titanium-aqua complex was essential for the process, thus
providing new support in favor of the successive hydrogen
transfer from1 to 2 and from3 to the corresponding alkene
(or alkyne) set out in Scheme 1.

All the experiments summarized in Table 1, however, were
performed in the presence of an excess of Mn dust.5 This
metal shows a considerable standard reduction potential
(-1.185 V)12 and, therefore, we also considered the pos-
sibility of an alternative mechanism via the generation of
H2 by a slow reaction between Mn(0) and water, despite the
results of a control experiment in the absence of titanium
(see above) which suggested that this was not the case. In
this scenario we performed an additional experiment that
definitively excluded the possibility of a hydrogenation
process deriving from H2 generation via a reaction between
Mn and water. We generated Cp2TiCl by stirring Cp2TiCl2
and Mn dust in THF.5 Subsequently stirring was stopped,
all excess manganese precipitated, and the Mn0-free super-
natant solution of Cp2TiCl was transferred to a second flask
in which, after the addition of H2O and Pd/C,4 underwent
hydrogenation to13. It is therefore unlikely that the
hydrogenation of4 derives from the generation of H2 under
these conditions. In fact, the additional possibility of H2

generation via a reaction between Cp2TiCl and water was
ruled out by Barden and Schwartz when they stated that,
“Inexpensive and easy to prepare green titanocene chloride,
[Cp2TiIIICl]2, readily hydrolyzes to give blue [Cp2TiIII (H2O)]+

which is stable in water in the absence of oxygen.”13 In this
context we have recently provided evidence to support the
idea that the structure of the species generated from Cp2-
TiCl and water probably has the form shown in1.6 Over the
last 5 years we have been working with this species and, in
agreement with Barden and Schwartz, have never observed

the evolution of hydrogen gas or any other sign of
decomposition.4,5d,k,6 Finally, the unlikely possibility of H2
being generated via a reaction between Pd/C and water can
also be ruled out in the light of the failure of4 to hydrogenate
in the control experiment made in the absence of titanium
(see above).

Under these circumstances, the H-atom transfer from1 to
2 depicted in Scheme 1 seemed to be the most plausible
mechanism to rationalize the hydrogenation reactions sum-
marized in Table 1. Nevertheless, we could not find any
precedent for this crucial transfer, so we made a computa-
tional study to explore the feasibility of this process. To this
end we studied the H-atom transfer from Ti-coordinated
water to Pd under homogeneous conditions, using Pd-
(acrolein)2 as a model for Pd(dba)2, in order to avoid the
considerable difficulties inherent in theoretical studies of
systems involving metals in a heterogeneous phase. Thus,
by means of calculations at the DFT level we could locate
a transition state (Figure 1) that showed moderate activation

energy (17.3 kcal mol-1),14 suggesting that this H-atom
transfer could be the rate-limiting step in the overall
hydrogenation process. For the D2O analogue of1 we
calculated a substantially higher energy barrier, suggesting
an isotope effect of more than 7 at 298 K, in accordance
with experimental observations.15

The concordance between theoretical calculations and
experimental observations about a strong isotope effect is
another solid argument in support of the mechanism depicted
in Scheme 1, especially because hydrogenation processes
with hydrogen gas showKH/KD ratios near 1.16

Finally, a second H-atom transfer to the Pd(I) intermediate
would afford a Pd dihydride derivative such as that repre-
sented in3.

The above calculations provided theoretical evidence in
support of the mechanism depicted in Scheme 1. There is a
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Figure 1. Calculated transition state for the H-atom tranfer from
1 to Pd(acrolein)2 (DFT level, see the Supporting Information).
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precedent proposal for a H-atom transfer from a metal-aqua
complex to another transition metal,17 the simplest atom
transfer between two metals described. To the best of our
knowledge, however, this is the first time that this transfer
is supported by both theoretical and experimental evidence.

In conclusion, we demonstrate here for the first time that
alkenes and alkynes can be hydrogenated under mild
conditions by hydrogen transfer from water mediated by
titanocene(III) and a substoichiometric quantity of one of
the late transition metals usually employed as hydrogenation
catalysts. This process proceeds presumably by H-atom
transfer from TiIII -coordinated water to the late transition
metal partner. At the moment, we are analyzing the effects
of temperature and solvents on the process and studying the
potential hydrogen transfer from theoretically predicted ZrIII-
and HfIII -aqua complexes6 to different transition metals,
including recently developed gold catalysts.18 Moreover,
bearing in mind that the calculated dissociation energy of
the O-H bond of aqua complex1 (49.4 kcal mol-1)6 is
considerably lower than that of H2 (104.2 kcal mol-1),19 we

are exploring the possibility of taking advantage of this
complex to facilitate hydrogen transfer from water to metal-
organic frameworks used for chemical hydrogen storage.20
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