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Complex metal hydrides are among the most widely used
reagents in organic synthesis.! NaBH, is particularly appreci-
ated because of its high chemoselectivity for conversion of
aldehydes and ketones to alcohols, leaving olefinic or acetylenic
bonds intact. Development of reliable hydrogenation catalysts
with excellent carbonyl selectivity is highly desirable, especially
for large-scale reactions for practical reasons. Most existing
homogeneous and heterogeneous catalyses using molecular
hydrogen, however, saturate carbon—carbon multiple bonds
preferentially over a carbonyl moiety.'>? Although some
catalyst systems have been claimed to effect carbonyl-selective
hydrogenation,2d their scopes remain unclear, except for the
reaction of conjugated enals.* We demonstrate here that the
recently discovered RuCl,[P(CgHs)3]3—NH,(CH,),NH,—KOH
ternary catalyst system’ meets this requirement (eqs 1 and 2).
This hydrogenation is very general and practical. A wide variety
of conjugated and unconjugated enal or enone substrates are
selectively convertible to the corresponding unsaturated alcohols.
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RuCl,[P(CgHs)sls is an excellent catalyst for olefin hydroge-
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Table 1. Chemoselective Hydrogenation of Unsaturated Aldehydes
and Ketones Catalyzed by a
RuClL[P(CsHs)31s—NH(CHz2),NH,—KOH System?

product distribution, %*

H,, time, unsatd  satd satd
substrate solvent atm h % yield® alcohol alcohol ketone
1a PT 4 03 (8) 100 0 0
1b PT 4 05 99795 998 0 0.2
citral® PT 4 03 (92 100¢ 0 0
2 PIT 4 2 97.4(95) 986 1.4 0
3 PT 4 07 100097) 98.2 1.8 0
4 P 4 1.5 995(98) 100 0 0
5 P 1 3 99.6 (96) 994 0 0.6
54 P 4 18 100(97) >999 0 <0.1
6b P 4 1.5 982(190) 996 0.4 0
7a PIT 4 1 100 70 30 0
7b PT 8 1.5 99898 >999 <0.1 0
carvone P 4 7 100 (95) 92.8¢ 7.2 0
JB-ionone P 4 1 >99(96) 100 0 0

@ Reaction was conducted at 28 °C using a 0.4—1.0 M solution of
substrate (5.0 mmol) in a 6:1 2-propanol—toluene mixture (P/T) or
2-propanol (P). Substrate:RuCl,[P(C¢Hs)s]5:NHx(CH,),NH;:KOH =
500:1:1:2. # Determined by GC and/or 200-MHz 'H NMR analysis.
Isolated yield after short-path chromatography on silica gel is given in
parentheses. ¢ E:Z = 67:33. ¢ A 30 g scale reaction in a 1.5 M solution
of substrate. Substrate:RuCl,[P(C¢Hs)3)5:NH2(CH,),NH»:KOH =
10 000:1:1:2. ¢ Cis:trans = 81:19. f 2-Methyl-5-(2-propenyl)cyclohex-
anol.

nation® but very poor for carbonyl hydrogenation. In fact, a
competition experiment using a mixture of heptanal and 1-octene
with the Ru complex (aldehyde:olefin:Ru molar ratio = 500:
500:1, 0.7 M solution in 6:1 2-propanol—toluene, 28 °C, 4 atm
of H,) revealed that the terminal olefin is saturated 250 times
faster than the aldehyde. However, when NH,(CH,),NH; and
KOH (1 and 2 equiv with respect to Ru, respectively) were
present under otherwise identical conditions, heptanal was
hydrogenated 1500 times faster than l-octene (eq 1, R! =
n-CeHi3; R? = H). Thus, the combined effects of NH>(CH:),NH,
and KOH decelerate olefin hydrogenation catalyzed by
RuCl,[P(C¢Hs)3]3 and in turn accelerate carbonyl hydrogena-
tion. The amine additive, in an amount of only 1 equiv with
respect to the catalyst (0.0014 M) or 0.002 equiv with respect
to the substrate,” together with KOH changes the selectivity
profile by a factor of 375000! In a similar manner, the
hydrogenation of an equimolar mixture of acetophenone and
o-methylstyrene under standard conditions proceeded with
1500:1 selectivity to give, after 30 min, 1-phenylethyl alcohol
and cumene in >99.9% and 0.5% yields, respectively (eq 1, R!
= C6H5; R2 = CH3).

This selective hydrogenation is applicable to a range of
carbonyl compounds possessing an olefinic or acetylenic bond
(eq 2). Both unconjugated and conjugated enals or enones can
be used. Table | lists some representative results. The excellent
C==0 vs C=C selectivity is reminiscent of that attained by the
stoichiometric NaBH; reduction. In most cases, unsaturated
alcohols are obtainable with 98—100% purity and in a near-
quantitative yield. The hydrogenation took place smoothly at
room temperature under 1—8 atm, and very rapidly at 50 atm,
with a substrate/catalyst molar ratio (S/C) ranging from 500 to
10 000. In order to obtain high catalytic activity, particularly
in a reaction with a high S/C value, contamination by acidic
impurities should carefully be avoided. Thus, the hydrogenation
of conjugated enals 1 and citral gave selectively the allylic
alcohols. The aliphatic or aromatic ketone, 2 or 3, with an
unconjugated terminal olefinic bond was hydrogenated prefer-
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entially at the carbonyl site to give the unsaturated alcohol of
>98% purity. The olefinic bond did not migrate to internal
positions. In a similar manner, the acetylenic ketone 4 was
hydrogenated to the benzylic alcohols without saturation of the
C=C bond.? Benzalacetone (5), an open-chain ¢,8-unsaturated
ketone, afforded the corresponding allylic alcohol in a nearly
quantitative yield and with >99.9% chemoselectivity.>'® 1-Ace-
tylcycloalkenes (6), another class of enones, also show very
high keto selectivity. The 1,2 vs 1,4 selectivity of the reaction
of cyclic enones is, as in the NaBH. reduction,'' highly
dependent on the substitution mode. Hydrogenation of 2-cy-
clohexenone (7a) gave a 70:30 mixture of 2-cyclohexenol and
cyclohexanol. However, 3-methyl derivative 7b was hydroge-
nated with perfect chemoselectivity to give only allylic alcohol.
Carvone, possessing a conjugated and an isolated olefinic bond,
is hydrogenated predormnantly at the keto group. J-Ionone
exhibited perfect selectivity, giving only S-ionol, a dienol.

0 0
R/\/U\H )J\/\/\/\/\/
1a,R=nCgHyy
1b, R = CeHg

b o,

6a,R= CHQ
6b, R = (CH,)2 7a,R=H
6¢,R = (CHo) 7b,R = CH3

Table 2 lists some examples of the asymmetric hydrogenation
attained with a catalyst system’ consisting of RuCly(binap)-
(dmf),,'? a chiral diamine,'*> and KOH. The extent of the
enantioselection is dependent on the structures of the ketonic
substrates and chiral elements, while the chemoselectivity and
chemical yield are consistently high. The hydrogenation of the
enone 11 catalyzed by a RuCl;[(R)-binap}(dmf),—(R)-9—KOH
system gave the unsaturated alcohol (S)-12 in 94% ee, a key
intermediate for the synthesis of anthracyclin antibiotics.'*

The carbonyl-selective hydrogenation of unsaturated alde-
hydes and ketones has been a long-sought synthetic operation.
Now, the RuCly(phosphine),—1,2-diamine—KOH combined
system provides a simple, general solution to this problem. This
catalytic hydrogenation is accomplished smoothly at room
temperature under 1—8 atm of H, with high substrate and low
catalyst concentration.'’ This procedure is particularly useful
for a large-scale reaction because of the low cost of the catalyst,
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Table 2. Enantioselective Hydrogenation of Unsaturated Ketones
by a RuCly(binap)(dmf),—Diamine—KOH System®
alcohol product

H,, time, % %
enone chiral elements atm h % yield® selectivity’c ee? config®

3 (5)-8/(5)-9 8 3 99697 989 90 R
5 (5)-8/(5)-9 8 1 99898 998 70 R
6a (5)-8/(5)-9 4 5 100 987 91 Rt
6b (5)-8/(5)-9 8 5 99601 >999 98 R
6¢ (5)-8/(5)-9 4 2 100(95) 995 81 h
1 (R)-8/(R)-9 8 15 >99(1000 >99 94 §
B-ionone (R)-8/(R.R-10 8 200 >99(95) >99 92§

@ Reaction was conducted at 28 °C using a 0.4—1.3 M solution of
substrate (2.0—5.0 mmol) in 2-propanol. Substrate:RuCly(binap)(dmf),:
diamine:KOH = 500:1:1:2 * Determined by GC and/or 200-MHz 'H
NMR analysis. Isolated yield after short-path chromatography on silica
gel is given in parentheses. © Content of an unsaturated alcohol in the
whole product. ¢ Determined by HPLC analysis using a chiral stationary
column, ¢ Determined by sign of rotation. / Substrate:RuCly(binap)(dmf),:
9:KOH = 250:1:1:2. ¢ Determined by conversion to 1-cyclopentyl-
ethanol. # Not determined. The five- to seven-membered analogues
show the same sign of rotation. ! At —20 °C.
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operational simplicity, and environmental consciousness. The
asymmetric version is also possible by selection of appropriate
chiral phosphine and diamine ligands.
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