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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(lll)
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
in support of which we provide theoretical and experimental evidence.

-coordinated water to the late transition metal partner (depicted in the drawing above), a mechanism

The catalytic hydrogenation of alkenes and alkynes, one of reduction of ketones. To the best of our knowledge, however,
the most important reactions in organic chemistry, is usually this procedure has not yet been extended to the hydrogenation

carried out with hydrogen gdsMetal-promoted hydrogen

of simple alkenes or alkynes. Here we present evidence to

transfer from accessible hydrogen donors has been widelyshow that hydrogen transfer from water mediated b Ti

used in the reduction of other functional grodp$hus,
hydrogen transfer from water, mediated by diiodosamatium
or titanocene(lll} can be successfully applied to the
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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-agua complexes
to other transition metals via the homolytic cleavage of
H—OH bonds.

We have recently observed that, in the presence ¢f Cp
TiCl,> water can be used as the H-atom source for the
effective reduction of carbon radicals, presumably via aqua
complex1.2 On the basis of this observation we anticipated
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that this aqua complex might facilitate the H-atom transfer || GGG
from water to late transition metals usually employed as 1 pje 1. H,0/Cp,TiCl-Based Hydrogenation of Alkenes and

hydrogenation catalyst®) to give metal-dihydride species  aiynes Catalyzed by Late Transition Metals
such as3.” These species could subsequently bring about substrate catalyst product (yield)

alkene (and alkyne) hydrogenation as depicted in Scheme COMe CO,Me

1. In this way, formation of the expected hydrogenation MeO,C N paiC MeO,C
4 13 (88%)
4 Pd/alumina 13 (62%)
| 4 Rialumin 13 (70%)
. d(dba), 13 (53%)
Scheme 1. Anticipated Hydrogen Transfer from 4 P
Ti""-Coordinated HO to Alkenes Catalyzed by Late Transition /HG}/\/OH PA/C /(’%\/\/OH
Metals 5 14 (53%)2
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ery o 7 Pd/alumina 16 (38%)
3 0+ /:\ —_— H + ML, 7 Pd(dba)s 16 (99%)
Ph Ph
products might additionally serve to prove the occurrence Ph>: Pd/C ph;
of H-atom transfers from Ti—aqua complexes to other 8 17 (27%)
transition metals, a phenomenon that has not been reported ph X~ CO2E Wil pp~ - COaEt
HKImson
to date. 9 18 (52%)
To check our hypothesis we treated a series of alkenes COMe

and alkynes with CfTiCl (2.5 equiv)? H,O (10 equiv), and
a substoichiometric quantity (0.1 equiv) of different hydro-

/
/
MeOZC)1?/ Lindlar 4(79%)

genation catalysts, including Pd/C, Pd/alumina, Pd(gfba) Ph——— Lindlar Ph/_\
Rh/alumina and Wilkinson, and Lindlar catalysts. All these " 19 (81%)
experiments gave us the expected hydrogenation products ph?OH Lindlar ph/Z\_OH
(Table 1)? supporting the anticipated hydrogen-transfer 12 20 (69%)

process depicted in Scheme 1. i i o
2 Besidesl4 we obtained 15% decanal, presumably deriving from Pd-

induced alkene isomerizatidh.
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process took place via H-atom transfer to the transition metalthe evolution of hydrogen gas or any other sign of
(as depicted in Scheme 1) and not through electron transferdecompositiort:>*¢&6é Finally, the unlikely possibility of H

from Ti" to the alkyne followed by proton transfer, which being generated via a reaction between Pd/C and water can
would presumably have led twans alkenes, as occurs in  also be ruled out in the light of the failure éto hydrogenate
alkyne reduction by dissolving metdfs. in the control experiment made in the absence of titanium

Once we were confident about hydrogen transfer from (see above).
water, we carried out new experiments to gain more Under these circumstances, the H-atom transfer ftam
information about the unprecedented mechanism presumably2 depicted in Scheme 1 seemed to be the most plausible
involved in this process. Thus, when we treadesith Cp,- mechanism to rationalize the hydrogenation reactions sum-
TiCl and water in the absence of any hydrogenation catalystmarized in Table 1. Nevertheless, we could not find any
the starting alkene was recovered unchanged, thus confirmingprecedent for this crucial transfer, so we made a computa-
the indispensable hydrogen-carrier role played by the transi-tional study to explore the feasibility of this process. To this
tion-metal catalyst in Scheme 1. Furthermore, the recoveryend we studied the H-atom transfer from Ti-coordinated
of the unchanged starting alkene when we treatesith water to Pd under homogeneous conditions, using Pd-
Pd/C, Mn dust, and water in the absence of titanium (acrolein) as a model for Pd(dbg)in order to avoid the
confirmed that not only a late transition metal but also the considerable difficulties inherent in theoretical studies of
titanium—aqua complex was essential for the process, thussystems involving metals in a heterogeneous phase. Thus,
providing new support in favor of the successive hydrogen by means of calculations at the DFT level we could locate
transfer froml to 2 and from3 to the corresponding alkene  a transition state (Figure 1) that showed moderate activation
(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 &ugtis
metal shows a considerable standard reduction potential cHO OR
(—1.185 V)2 and, therefore, we also considered the pos-  CeTiROR + CJ o[ — 15—~ Gt _
sibility of an alternative mechanism via the generation of R=H,D =,
H, 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 figeneration via a reaction between
Mn and water. We generated gjiCl by stirring CpTiCl,
and Mn dust in THP. Subsequently stirring was stopped,
all excess manganese precipitated, and thé&-ivée super-
natant solution of CfTiCl was transferred to a second flask
in which, after the addition of kD and Pd/C4 underwent  Figyre 1. Calculated transition state for the H-atom tranfer from
hydrogenation tol13. It is therefore unlikely that the 1 to Pd(acrolein) (DFT level, see the Supporting Information).
hydrogenation oft derives from the generation of;inder
these conditions. In fact, the additional possibility of H ) )
generation via a reaction between,Ti€l and water was ~ €nergy (17.3 kcal mot),'* suggesting that this H-atom
ruled out by Barden and Schwartz when they stated that, transfer co_uld be the rate-limiting step in the overall
“Inexpensive and easy to prepare green titanocene chloride Nydrogenation process. For the,® analogue ofl we
[Cp.Ti"'Cl],, readily hydrolyzes to give blue [GPi" (H,0)]" calc_ulated a substantially higher energy barr_ler, suggesting
which is stable in water in the absence of oxyg&hisi this an isotope effect of more than 7 at 298 K, in accordance
context we have recently provided evidence to support the With experimental observations. _ .
idea that the structure of the species generated from Cp The concordance between theoretical calculations and
TiCl and water probably has the form showrtif Over the experiment_al observatigns about a strong isotqpe effe_ct is
last 5 years we have been working with this species and, in another solid argument in support of the mechanism depicted

agreement with Barden and Schwartz, have never observedn Scheme 1, especially because hydrogenation processes
with hydrogen gas show/Kp ratios near 18
(11) Carey, F. A.; Sundberg, R. Advanced Organic Chemistry, 4th Finally, a second H-atom transfer to the Pd(l) intermediate
ed.; Kluwer Academic/Plenum Publishers: New York, 2001; Part B, p 295. would afford a Pd dihydride derivative such as that repre-
(12) Handbook of Chemistry and Physi&th ed.; Lide, D. R. Ed.; CRC .
Press; Boca Raton, FL, 2004; p 8-25. sented in3.

(13) Barden, M. C.; Schwartz, J. Am. Chem. S0d.996,118, 5484— The above calculations provided theoretical evidence in

5485. The sentence referred to in this report can be understood to mean, ; ; ; ;
that the reaction between &pCl and HO generates the cationic [€f- support of the mechanism depicted in Scheme 1. There is a

(H20)]"species and the corresponding chloride counterion, but not H

Moreover, if the [CpTi(H,0)]* species is “stable in the absence of oxygen”, (14) For detailed calculation procedures see the Supporting Information.
this obviously means that under these conditions, which were employed in ~ (15) CpTiCl-mediated hydrogenation &f with a 1:1 mixture of RO

all our experiments, this species does not decompose to givar lny and HO gavel3, whereas deuterium-labeled products were not detected.
other product. (16) Siegel, S.; Ohrt, D. WChem. Commurl971, 1529—1530.
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precedent proposal for a H-atom transfer from a medglua are exploring the possibility of taking advantage of this
complex to another transition mefdlthe simplest atom  complex to facilitate hydrogen transfer from water to metal
transfer between two metals described. To the best of ourorganic frameworks used for chemical hydrogen stofége.
knowledge, however, this is the first time that this transfer
is supported by both theoretical and experimental evidence. Acknowledgment. We thank the Spanish MEC for
In conclusion, we demonstrate here for the first time that financial support (Projects CTQ2005-08402 and CTQ2004-
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catalysts. This process proceeds presumably by H-atom

transfer from Ti'-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 th
potential hydrogen transfer from theoretically predicteti-Zr
and Hf'—aqua complexésto different transition metals,
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