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Summary: The stercochemical course and pattern of deuterium incorporation of the
hydrogenation of unsaturated carboxylic acids catalyzed by Ru(OCOCH3)2(binap)
indicate operation of a mechanism involving metal monohydride complexes.

We have reported that BINAP—Ru(II) complexes (BINAP = 2,2'-
bis(diphenylphosphino)-1,1'-binaphthyl) serve as excellent catalysts for asymmetric
hydrogenation of a series of functionalized olefins and ketones.] The scope is wider
than that of hydrogenations with any other chiral transition-metal complexes so far
reported.2 The mechanism of the hydrogenation catalyzed by d® Ru(ll) species differs
from that of the well studied d8 Rh(I)-promoted reaction.3 We here describe some
experimental results relevant to the mechanism of the asymmetric hydrogenation of
unsaturated carboxylic acids4 catalyzed by BINAP—Ru dicarboxylate complexes.5

First, we examined stereochemistry of the hydrogenation. When reaction of (E)-
cinnamic acid was performed under Dy atmosphere (4 atm) in CH30D containing 0.9
mol % of Ru(OCOCH3)2[(S)-binap] for 168 h at 20 °C, threo-3-phenylpropionic acid-2,3-
d26.7 was obtained in quantitative yield. The threo configuration determined by the
2D noise-decoupled 'H NMR spectrum giving Jc(2)H-C(3)H = 6.4 Hz (cf. 9.1 Hz for
the erythro stereoisomer)6 indicates that deuterium addition across the olefinic bond
occurs with cis stereochemistry. Similarly, deuteration of tiglic acid (1) gave the cis
product 2 having 2R,3R configuration in 91% ee.8 The relative configuration was
confirmed by comparison of the 1H NMR spectrum with that of a sample obtained by
reaction using RhCI[P(C¢Hs)3]3 as catalyst® and the 2R configuration was deduced from
the structure of the product obtained with Hy and CH3OH.42
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In order to elucidate the origin of hydrogens incorporated in the products, the
reaction of unsaturated acids was carried out under H2 or D> atmosphere in CH30H or
CH30D.10 The extent of deuterium incorporation was determined by !H NMR analysis
after distillation of the products. Although the results listed in Chart I are somewhat
complicated because of kinetic isotope effects, substituent effects on stability and
reactivity of intermediates, Ru-catalyzed isotope exchange between hydrogen gas and
methanol,11 etc., it is clear that, in the hydrogenation of acrylic acid derivatives,
gaseous hydrogens are mainly introduced to the o positions and protons from solvents
are incorporated into the P positions.12 As the hydrogen pressure increases, the
extent of incorporation of gaseous hydrogen at the P position increases. Notably, the
pattern of hydrogenation of (Z)-3-methyl-3-pentenoic acid, a B,y-unsaturated acid, is
different; y-hydrogens originate from gaseous hydrogens and B-hydrogens from protic
molecules.

Chart 1. Pattern of Hydrogen Incorporation

COOH COOH OOH CeHs,  COOH
AL

H0.95 Do0.84 D1.06 HO0.71 D 0.62 HO.68 D0.90 H1.00
D,, 4 atm Hz, 4 atm Hz, 100 atm Hy, 4 atm
CH30H CH30D CH30D CH;0D

COOH COOH \-—<—COOH \_<—COOH
AN ) ‘\;"”s ) )

H0.64 DO0.97 D 0.50 HO0.94 D0.90 HO.82 H0.97 DO0.72
D2, 145 atm H2, 145 atm D3, 20 atm Hj, 20 atm
CH30H CH,;0D CH30H CH,;0D

These facts suggest that the reaction of acrylic acids proceeds by a mechanism
involving monohydride complexes!c.13,14 and five-membered chelate complexes with
alkyl—Ru bonds, as outlined in Chart II. The Ru diacetate complex 3 (R = CHj3) acting
as catalyst precursor readily undergoes ligand exchange with acrylic acid substrate
forming 4.12,15 Reaction of the dicarboxylate complex and dihydrogen eliminates a
carboxylic acid molecule to generate Ru monohydride 5, which in turn rearranges to
form the olefin/RuH complex 6. The olefin insertion leads to Ru—alkyl compound 7
having a five-membered structure,16 whose metal—carbon bond is cleaved by either
coordinated methanol or carboxylic acid to afford 8. Reaction of the dicarboxylate
complex 8 and dihydrogen gives the saturated product and 5§, completing the catalytic
cycle. Under high hydrogen pressure, intermediate 7 may suffer hydrogenolysis to
give 9. The latter could undergo ligand exchange with unsaturated substrate giving
back § or, altei'natively, react with a carboxylic acid to regenerate the dicarboxylate
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complex 4. In any event, the reaction is characterized by the operation of the
monohydride mechanism. As a consequence, two hydrogen atoms are introduced to
olefinic faces in a cis fashion from different sources (dihydrogen and solvent or two
different dihydrogen molecules), in sharp contrast to the Rh(I) catalyzed reaction
causing successive delivery of hydrogen atoms from the same hydrogen molecules.3

Chart II. Possible Reaction Pathway
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spectrum of a mixture of Ru(OCOCH3)2(binap) and tiglic acid (1:1.5 mole ratio) in
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