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Summary: The ruthenium—acetamido complex, pre-
pared from the reaction of [(PCys3)2(CO)(CH3CN),RuH]*-
BF,~ with KOH in 2-propanol, was found to be an
effective catalyst for the transfer hydrogenation of car-
bonyl compounds and imines. Observation of both the
inverse deuterium isotope effect and the competitive
inhibition by added phosphine provided strong evidence
for a stepwise mechanism of proton and hydride transfer
via a coordinatively unsaturated ruthenium—amido
species.

The transition-metal-catalyzed transfer hydrogena-
tion of ketones and imines has been shown to be an ef-
fective method for forming chiral alcohols and amines.1—3
For example, Noyori achieved highly enantioselective
transfer hydrogenation reactions of ketones and imines
by using chiral Ru''-TsDPEN catalysts, and recently
proposed a concerted mechanism of hydrogen transfer
involving metal-to-ligand “bifunctional” hydrogen acti-
vation on the basis of both experimental and computa-
tional results.? Several other Ru and Rh catalysts with
chiral nitrogen ligands have also been shown to give
high enantioselectivity toward the hydrogenation of
ketones and imines.® The “N—H effect” of the amide
ligand has been suggested as an important factor for
promoting the catalyst activity for these systems.* On
the basis of a detailed Kinetic and mechanistic study of
benzaldehyde reduction mediated by Shvo’s bimetallic
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HOCsPh,—Ru''—hydride complex, Casey recently pro-
posed a concerted transfer mechanism of proton and
hydride via a monomeric ruthenium—hydride complex.®
As part of ongoing efforts to study ruthenium-catalyzed
hydrogenation reactions,® we have begun to explore the
catalytic activity of coordinatively unsaturated ruthe-
nium—amido complexes. Here we report the synthesis
of the ruthenium—acetamido complex [(PCy3)2(CO)(CHs-
CONH)(i-PrOH)RuH] (1) and its catalytic activity to-
ward the transfer hydrogenation of carbonyl compounds
and imines.

The acetamido complex 1 was prepared from the
nucleophilic addition of OH~ to the cationic complex
[(PCy3)2(CO)(CH3CN),RuH]"BF4~ (2) (eq 1).” Thus, the
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treatment of 2 (200 mg, 0.23 mmol) with KOH (26 mg,
2.0 equiv) in 2-propanol at room temperature cleanly
formed the ruthenium—acetamido complex 1, which was
isolated in 75% yield as a colorless crystalline solid after
recrystallization in 2-propanol at 0 °C. The initially
colorless crystals of 1 slowly turned to a pale yellow
powder, apparently due to desolvation at room temper-
ature, but the desolvated complex 1 was found to exhibit
the same spectral features as the solvent-coordinated
one. The 'H NMR spectrum of 1 in CD,Cl, at room
temperature showed a broad metal—hydride peak at ¢
—18.38 (wy2, = 102 Hz), which split into a 10:1 ratio of
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Figure 1. Molecular structure of 1 drawn with 30%
thermal ellipsoids.

distinct peaks 6 —18.31 (t, Jpy = 20.4 Hz) and 6 —14.25
(t, Jpp = 19.2 Hz) at —50 °C.%8 These peaks were
assigned to syn-1 and anti-1 rotational isomers, respec-
tively. The amide C—N bond rotational barrier esti-
mated from the !H and 3P VT NMR analysis (AG* =
15.0 kcal/mol at 35 °C) was found to be similar to
organic carbonyl amides.®

The molecular structure of 1 showed the syn config-
uration of the amido carbonyl group with respect to the
coordinated 2-propanol ligand (Figure 1). The syn con-
figuration was apparently facilitated by a strong hy-
drogen-bonding interaction between the carbonyl oxygen
and the alcohol groups, as evidenced by a relatively
short distance between two oxygen atoms (O(3)—0(4)
= 2.580(4) A). Also, a relatively short C—N bond
distance (C(2)—-N = 1.322(5) A) along with a low
carbonyl amide stretching frequency (vc—o = 1545 cm™1)
suggested the extensive sw-delocalization of the amide
ligand.

The complex 1 was found to be an effective catalyst
for the transfer hydrogenation of carbonyl compounds
and imines (Table 1, Supporting Information). For
example, the treatment of acetophenone (120 mg, 1.0
mmol) with 1 (4 mg, 0.5 mol %) in 2-propanol (1 mL)
cleanly produced the alcohol 3a in >95% isolated yield
after 6 h at 80 °C. Both aryl- and alkyl-substituted
ketones and imines were readily hydrogenated at 80 °C.
For trans-4-phenyl-3-buten-2-one, alkene hydrogenation
was initially favored over carbonyl reduction at 50 °C
to give 4-phenyl-2-butanone (95% selectivity), but the
alcohol product 3c was eventually formed at 80 °C after
12 h (entry 3). In general, the reaction rate was found
to be very slow at low temperature, but it can be
substantially increased by adding 10 equiv of CuCl for
acetophenone with 0.5 mol % of 1 (95% yield after 2 days
at room temperature).1°
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The following preliminary results were obtained from
probing the catalytic hydrogenation of acetophenone. (1)
The presence of an acetamido ligand was found to
greatly promote the catalytic activity of 1, since neither
the chloride complex [(PCy3)2(CO)RUHCI] nor the ac-
etate complex (PCys)2(CO)(CH3CO2)RuUH (4) was effec-
tive under similar reaction conditions. These results,
along with recent revelations on the Ru—amido com-
plexes,!! confirmed the importance of a basic amide
ligand to catalytic activity. (2) The product Ph(CHj3)-
CDOH (95% D) was exclusively formed when (CHj;),-
CDOH (98% D, Cambridge lIsotopes) was employed,
while Ph(CD3)CHOD (>90% D) with extensive deute-
rium incorporation on both the hydroxy and methyl
groups resulted from (CH3),CHOD.!? These results
showed the regiospecific hydrogen transfer from 2-pro-
panol to acetophenone. (3) The reaction was found to
be strongly inhibited by added PCys. For example, the
addition of 2 equiv of PCyj; to the reaction mixture led
to ca. 90% rate reduction compared to the reference
reaction. Furthermore, the double-reciprocal plots of the
initial rate vs [PhCOCHj3] with added PCy; (0.2 and 0.5
equiv) showed that the catalyst was competitively
inhibited by PCy; (Figure 1, Supporting Information).
(4) The rate of the reaction was found to be first order
in [PhCOCHg;] (0.2—2.8 M) and zero order in [2-pro-
panol] (0.4 M-4.0 M) in C¢De. Unexpectedly, a nonlinear
rate dependence on [1] was observed under these
reaction conditions; thus, a modest rate increase (~60%)
resulted upon increasing [1] from 1.7 to 27 mM.22 The
reaction rate was virtually independent of [1] under the
relatively low catalyst concentrations (1.7—5 mM), and
a simple empirical rate law was obtained in this case
(—d[PhCOCHg]/dt = kons[PhCOCHS3] with kops = 1.3 x
1074 st at 80 £+ 1 °C in CgDg).'* (5) An inverse
deuterium isotope effect was observed from both (CHs),-
CHOH/(CH3),CHOD and (CH3),CHOH/(CD3),CDOD for
the hydrogenation of acetophenone in the presence of
1.0 mol % of 1 (kOH/kOD =0.7 £ 0.1 and kCHOH/kCDOD =
0.7 £ 0.2 at 80 °C). In contrast, a normal deuterium
isotope effect was observed for a 1:1 mixture of (CH3),-
CHOH and (CH3),CDOH under the competitive reaction
conditions (Kcu/kep = 1.9 4+ 0.2 at 80 °C).

While a detailed reaction mechanism still remains to
be established, these results are consistent with a
stepwise mechanism of proton and hydride transfers via
an unsaturated ruthenium—amido species (Scheme 1).
An inverse deuterium isotope effect has been commonly
observed for stepwise hydrogen transfer reactions,®
particularly in specific acid- and enzyme-catalyzed
hydrogen transfer reactions'® and in C—H bond activa-
tion reactions,'” where the reaction mechanism is typi-
cally characterized by a fast and reversible step followed
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by a rate-limiting step. The observed inverse isotope
effect (kon/kop = 0.7) is consistent with a stepwise
mechanism involving a rapid and reversible proton
transfer followed by a rate-determining step of hydride
transfer. The observation of both competitive rate
inhibition by added PCy; and a normal isotope effect
(kch/kep = 1.9) further suggests a Michaelis—Menten
type of kinetics with the hydride transfer from the metal
center to the carbonyl substrate as the rate-determining
step.!8 Previously, ruthenium—dihydride complexes have
been commonly proposed as key intermediate species
in hydrogenation reactions,’® and in our case, the
formation of the dihydride species 5 can be envisioned
from the initial dissociation of the PCy; ligand followed
by hydrogen transfer from 2-propanol. Recently, normal
deuterium isotope effects have been observed for con-
certed hydrogenation transfer reactions, such as in the
dehydrogenation of 2-propanol by the Ru''-TsDPEN
catalyst?® and in the reduction of benzaldehyde by the
hydroxy—ruthenium—hydride complex (Kcn/kep = 1.5—
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for the proposed stepwise mechanism. Also, the fact that PhCHDOH
(95% D) without significant loss of deuterium atom was formed from
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with a mechanism involving reversible hydride transfer.
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1.6), with an additive effect for the latter example
(Kchon/Kcpop = 3.6).5 The observation of an inverse
isotope effect is clearly different from these results. In
a related ionic hydrogenation of ketones and imines,
Bullock and Norton proposed a stepwise mechanism of
proton transfer followed by a rate-limiting hydride
transfer for the catalytic reaction.?°

When the complex 1 was treated with excess (CD3),-
CDOD at room temperature, a facile H/D exchange of
the NH proton was observed (>95% D after 10 min),
whereas the incorporation of 90% deuterium in the
metal hydride required over 10 days. This result, along
with the observation of hydrogen bonding between two
oxygen atoms (O(3)—0(4)), further implies that the
proton transfer may be facilitated by a hydrogen-
bonding interaction between the acetamido group and
the carbonyl substrate, possibly via an iminol-to-amide
tautomerization of the acetamido ligand. Crabtree
showed that a similar iminol-to-amide tautomerization
led to strong Ir—H---H—X intramolecular hydrogen-
bonding interactions (X = O, N) for the cationic iri-
dium—acetamido complexes.?! We also believe that the
catalyst’'s ability to form unsaturated species is an
important factor for promoting the stepwise mechanism.
For both Noyori's Ru''-TsDPEN and Shvo’s complexes,
the concerted mechanism was favored because the
generation of coordinatively unsaturated species for
these complexes would require energetically unfavorable
ring slippage and/or dissociation of a chelating ligand.
Further research is currently underway to probe the
effect of catalyst-to-substrate hydrogen bonding on the
transfer hydrogenation reactions.
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