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Kinetic deuterium isotope effects and racemization studies
indicate that dehydrogenation of an amine by a (cyclopenta-
dienone)ruthenium complex occurs via a slow f-hydride
elimination of coordinated amine followed by a proton
transfer from nitrogen to carbonyl oxygen.

Transition metal-catalyzed hydrogen transfer reactions have
attracted considerable attention recently, in particular the
enantioselective version of the reaction.x-3 Many metal com-
plexesof ruthenium, rhodium and iridium have been found to be
active catalystsin hydrogen transfer reactions and some of these
catalysts have been applied to asymmetric transfer hydro-
genation.23 The metal-catalyzed hydrogen transfer reaction is
typically used for reductions of ketones* and imines® with a
hydrogen donor but it can al so be used for oxidation of acohols®
and amines’ employing a hydrogen acceptor and for racemiza-
tion of acohols in combination with enzymes for dynamic
kinetic resolution (DKR).8

In the original mechanism for transition metal-catalyzed
hydrogen transfer, e.g. from an alcohol to a ketone, it was
suggested that formation of metal akoxide followed by f-
hydride elimination occurs.* The metal hydride formed would
then add to the ketone via a pathway which is the microscopic
reverse of the first step (Scheme 1).

OH M

(0] B-elimination
)L MH, or (0}
R” "R M—H + H* )k

Scheme 1 Mechanism of transition metal catalyzed hydrogen transfer.
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More recently, however, it was proposed that with certain
ruthenium complexes hydrogen transfer proceeds via a Six-
membered transition state in a concerted reaction without
coordination of either the alcohol or ketone to the metal .® Also,
a concerted pathway was proposed for hydrogen transfer from
the hydroxycyclopentadienyl ruthenium hydride 2 to an alde-
hyde to give 3 and the acohol (egn. 1).10 Experimental support
for this mechanism was obtained from the kinetic deuterium
isotope effects of 2(OD), 2(RuD) and 2(OD, RuD).
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The monodeuterated complexes 2(OD) and 2(RuD) gave
isotope effects of 2.2 and 1.5, respectively and dideuterated

T Electronic supplementary information (ESI) available: genera kinetic
procedures used. See http://www.rsc.org/suppdata/cc/b3/b303258b/
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Mechanism of ruthenium-catalyzed hydrogen transfer reactions.
Evidence for a stepwise transfer of CH and NH hydrogens from an
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complex 2(0OD, RuD) afforded an isotope effect of 3.6 close to
the product of the isotope effect of 2(OD) and 2(RuD).

We have recently studied ruthenium-catalyzed transfer
hydrogenation of imines and transfer dehydrogenation of
amines employing the dimeric Shvo catalyst (1), which
dissociates under thermal conditionsto an 18-electron species 2
and a 16-electron complex 3.57 In the present communication
we have studied the deuterium isotope effect for hydrogen
transfer from an amine using 1 asthe catalyst and found that the
two hydrogens are transferred to 3 in separate steps with the C—
H bond cleavage being the slow step. Our results indicate that
the reaction proceeds via coordination of the amine followed by
B-hydride elimination.

One of the objectives of the present study was to measure the
deuterium isotope effect for the two hydrogensin the hydrogen
transfer from an amine to ruthenium complex 3. Thisisdifficult
to do in a stoichiometric reaction since complex 3 cannot be
isolated, and also because the reaction is reversible with the
equilibrium shifted towards the amine. One way to circumvent
this problem is to study the corresponding catalytic dehydroge-
nation of the amine involving ruthenium complex 3. By using
2,6-dimethoxybenzoquinone (5) as hydrogen acceptor, the
reaction can be studied in a catalytic fashion, as the 18e—
complex formed, 2, is quickly recycled back to 3 after delivery
of the hydride and proton to quinone 5 (Scheme 2). Thereaction
chosen for this purpose is shown in Scheme 2 and involves a
ruthenium-catalyzed hydrogen transfer from amine 4a to
quinone 5.

We have recently shown that the rate limiting step of this
process is the dehydrogenation of the amine, which is an
irreversible step when an excess of quinone5isemployed.” The
kinetic deuterium isotope effect of the hydrogen transfer from
amine 4a to ruthenium complex 3 can therefore be obtained
from the overall isotope effect of the catalytic reaction.

The deuterated amines 4b, 4c and 4d were used for the
different kinetic isotope effect studies. Amine 4b was prepared
from the corresponding imine by reduction with LiAID4. To
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Scheme 2 Coupled catalytic system for dehydrogenation of amines.
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obtain deuterated amines 4c and 4d NH was exchanged to ND
by shaking a solution of 4a and 4b, respectively, with amixture
of D,O/MeOD.
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The dehydrogenation reaction of amines 4 was studied by 1H
NMR spectroscopy in toluene-dg at 100 °C using > 2.5 equiv. of
quinone 5 as the hydrogen acceptor. The overall reaction
proceeds with afirst order dependence on amine concentration,
as determined by observing the disappearance of the amine that
followed pseudo-first-order kinetics to over 90% conversion.
Therate of the overall hydrogen transfer from amine to quinone
was measured. As discussed above the rate limiting step in the
overal reaction is the hydrogen transfer from amine 4 to
complex 3. Therefore the rate of this step should be equal to that
of the overal process. Determination of the observed rate was
done by plotting the formation of the imine versus time and
fitting the curve to a non-linear least squares fit. The observed
rate constants for non-deuterated 4 and deuterated species 4b,
4c and 4d are given in Table 1 with the different kinetic isotope
effectsin Table 2.

It isinteresting to note that there is a large isotope effect for
the cleavage of the C—H bond of the amine with kepynn/Kepnm
= 3.24. This individua isotope effect is equal (within
experimental error) to the combined isotope effect Kepynn/
keono = 3.26, obtained from simultaneous deuteration at both
positions of the amine (4d). This clearly shows that the rate-
limiting step is the cleavage of the C-H bond and that the
transfer of the hydrogens from the amine to the ruthenium
catalyst isnot aconcerted reaction. Thekineticisotope effect for
the transfer of the hydrogen from the nitrogen to the oxygen is
dependent on whether the «-carbon of the amineisdeuterated or
not. Thus, with «-deuterated amine kcpnw/Kepno = 1.01
whereas with non-deuterated amine kcpnn/Kennp = 1.39. An
explanation for this discrepancy is that although transfer of
hydrogen from carbon to ruthenium is significantly slower than
that from nitrogen to oxygen, the difference is not large. For the
C-D derivative, in which the cleavage of the carbon-hydrogen
bond is retarded by the isotope effect, the difference is large
enough so that no kinetic isotope effect for the N-H transfer to
oxygen is observed. However, for the C—H derivative the
difference has become small enough to give a small observable
isotope effect for the N—H transfer to oxygen.

To obtain further support for the proposed mechanism we
studied the enantiomerically pure chira amine complex (S)-6
and its tendency to racemize. If the complex can undergo
racemization in the absence of free amine it would be good
support for a -elimination. A solution of (S-6 (>98% ee€) in
toluenewas stirred under argon at 80 °C and after 3 hours partial
racemization had occurred and 6 was found to be 70% ee. After
another 21 hours of stirring at 80 °C the recovered complex was
amost racemic (4% ee).1! The proposed mechanism for the
racemization is given in Scheme 3. Slow $-hydride elimination
via n2-coordinated cyclopentadiene followed by proton transfer

Table 1 Observed rate constants at 100 °C for dehydrogenation of N-
phenyl-N-(1-phenylethylamine)

Kernm (9.85+0.03) X 10-4s-1
Keonm (3.04+£0.14) x 104s1
KcHnD (7.05+ 0.64) X 10-4s1
Keono (3.02+0.22) x 10-4s1

Table 2 Kinetic deuterium isotope effects for the dehydrogenation of N-
phenyl-N-(1-phenylethylamine)

Kernn/Keonm 3.24+0.16
Kernn/Kerno 1.39+0.13
Kernn/Keono 3.26 + 0.25
Keonr/Keono 1.01+0.12
Kerno/Keono 2.33+0.38
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Scheme 3 Racemization of amine complex (S)-6.

would give imine complex 7 with an m3-coordinated cyclo-
pentadienyl ring. This imine complex may aso be in equilib-
rium with n2-coordinated imine. Insertion of the imine into the
Ru-H bond will give (rac)-6. It islikely that the imine complex
7 isin equilibrium with free imine and complex 2.

In conclusion, we have shown that hydrogen transfer from an
amine 4 to ruthenium complex 3 occurs in two discrete steps
most likely via a slow p-hydride elimination followed by a
proton transfer from the imine to the oxygen of the cylcopenta-
dienoneligand. Theracemization of complex (S)-6 supportsthis
mechanism.

Financial support from the Swedish Natural Science Re-
search Council, and the U. S. National Science Foundation (J.
B. J.) is gratefully acknowledged. We thank Prof. C. P. Casey
for fruitful discussions.

Notes and references

1 (a) S. Gladiai and G. Mestroni, in Transition Metals for Organic
Synthesis, eds. M. Beller and C. Bolm, Wiley VCH, Weinheim, 1998,
pp. 97-119; (b) J-E. Backvall, R. L. Chowdhury, U. Karlsson and G.-Z.
Wang, in Prespectives in Coordination Chemistry, eds. A. F. Williams,
C. Floriani and A. E. Merbach, Verlag Helvetica Chimica Acta, Basel,
1992, p. 463.

2 (a) R. Noyori and S. Hashiguchi, Acc. Chem. Res., 1997, 30, 97; (b) S.
Hashiguchi, A. Fujii, J. Takehera, T. Ikariya and R. Noyori, J. Am.
Chem. Soc., 1995, 117, 7562; (c) M. J. Pdmer and M. Wills,
Tetrahedron: Asymmetry, 1999, 10, 2045; (d) D. A. Alonso, S. J. M.
Nordin, P. Roth, T. Tarnai and P. G. Andersson, J. Org. Chem., 2000,
65, 3116.

3 (a) K. Murata, R. Ikariyaand R. Noyori, J. Org. Chem., 1999, 64, 2186;
(b) D. Mller, G. Umbricht, B. Weber and A. Pfaltz, Helv. Chim. Acta,
1991, 74, 232; (c) D. G. I. Petra, C. P. J. Kamer, A. L. Spek, H. E.
Schoemaker and P. W. N. M. van Leeuwen, J. Org. Chem., 2000, 65,
3010.

4 R. L. Chowdhury and J.-E. Béckvall, J. Chem. Soc., Chem. Commun.,
1991, 1063.

5 J. S. M. Samec and J-E. Béckvall, Chem. Eur. J., 2002, 8, 2955.

6 (a) M. L. S. Almeida, P. Kocovsky and J.-E. Backvall, J. Org. Chem,,
1996, 61, 6587; (b) M. L. SAlmeida, M. Beller, G.-Z. Wang and J.-E.
Béckvall, Chem. Eur. J., 1996, 2, 1533; (c) S. Hashiguchi, A. Fujii, K.-J.
Haack, K. Matsumura, T. Ikariyaand R. Noyori, Angew. Chem., Int. Ed.
Engl., 1997, 36, 288.

7 A. H. Ell, J S. M. Samec, C. Brasse and J-E. Béckvall, Chem.
Commun., 2002, 1144.

8 (a) F. F. Huerta, A. B. E. Minidis and J.-E. Béckvall, Chem. Soc. Rev.,
2001, 30, 321; (b) B. A. Persson, A. L. E. Larsson, M. Le Ray and J.-E.
Béckvall, J. Am. Chem. Soc., 1999, 121, 1645; (c) O. Pamies and J.-E.
Backvall, J. Org. Chem., 2002, 67, 1261; (d) J. H. Chai, Y. H. Kim, S.
H.Nam, S. T. Shin, M. J. Kim and J. Park, Angew. Chem.,, Int. Ed., 2002,
41, 2373.

9 (a) R. Noyori, M. Yamakawa and S. Hashiguchi, J. Org. Chem., 2001,
66, 7931; (b) D. G. . Petra, J. N. H. Reek, J.-W. Handgraaf, E. J. Méijer,
P. Dierkes, P. C. J. Kamer, J. Brussee, H. E. Schoemaker and P. W. N.
M. van Leeuwen, Chem. Eur. J., 2000, 6, 2818; (c) D. A. Alonso, P.
Brandt, S. J. M. Nordin and P. G. Andersson, J. Am. Chem. Soc., 1999,
121, 9580.

10 C.P.Casey, S. W. Singer, D. R. Powell, R. K. Hayashi and M. Kavana,
J. Am. Chem. Soc., 2001, 123, 1090.

11 The recovery of complex 6 after 24 hours was 52% indicating some
decomposition on long reaction times.

CHEM. COMMUN., 2003, 1652-1653

1653




