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The chemoselective reduction of α,β-unsaturated cyclic ke-
tones 1−7 to the corresponding saturated ketones 8−12 was
shown to proceed mainly by 1,4-addition of hydrogen to the
activated double bond, resulting in enolic species. These
entities could be selectively protonated in the presence of

Introduction

The heterogeneous metal-catalysed hydrogenation of the
double bond of α,β-unsaturated ketones is a traditional
method widely used in organic chemistry,[1] the mechanism
of which has been extensively studied.[1,2] Depending on the
solvent and the acidic/basic character of the medium, it has
been proposed[1,2] that the reaction could involve either dir-
ect 1,2-addition of hydrogen to the double bond or 1,4-ad-
dition to the conjugated system. The existence of the latter
mechanism has been clearly demonstrated in a couple of
cases, since stable enols have been isolated and character-
ized from the hydrogenation of the corresponding α-enones
on supported palladium or platinum (Scheme 1).[3]

Our interest in the enantioselective ketonisation of enol
species[4,5] led us to speculate that the transformation of an
α-substituted α,β-unsaturated ketone into an optically act-
ive saturated ketone might be readily accomplished by het-
erogeneous palladium-catalysed hydrogenation in the pres-
ence of substoichiometric amounts of an enantiopure am-
ino alcohol (AH*), which would mediate the tautomeriz-
ation of the enol intermediate.[6]

Such a subject was challenging.[7] Indeed, enantioselec-
tive heterogeneous hydrogenation of C�C bonds of α,β-
unsaturated ketones has barely been documented; to the
best of our knowledge, the enantiomeric excesses reported
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enantiopure amino alcohols to afford the corresponding sat-
urated ketones with ee values of up to 47%.

( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Scheme 1 . Examples of enols generated by the heterogeneous hy-
drogenation of α-enones

in the literature essentially concern the hydrogenation of
cyclic enones in which a stereogenic centre was created in
the β-position (ee values of up to 85%).[8�11] When the ste-
reogenic centres have been in the α-position, in contrast,
the reduction of cyclic or acyclic enones has resulted in
practically no ee.[8,12] Here we report results obtained with
1�7 as substrates [Equation (1)] under various experi-
mental hydrogenation conditions, these substrates having
been chosen for purposes of comparison with our previ-
ous methodologies.[4,5]
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(1)

Results

Enantioselective hydrogenation conditions have been
studied in particular detail with (E)-2-benzylidene-1-tetra-
lone (1) as substrate and (�)-ephedrine (13) as AH*. In the
course of previous studies on the formation of optically act-
ive ketones produced from a cascade reaction involving de-
protection, decarboxylation and enantioselective pro-
tonation steps in the presence of Pd catalysts,[5] we estab-
lished that:

i. the enantiomeric excesses could be strongly dependent
on the nature of the heterogeneous catalyst[5b,5c] and the
temperature,[5d,5e]

ii. 0.3 equiv. of the amino alcohol was the optimum
amount for the protonation of enolic species,[5b,5c]

iii. acetonitrile was a suitable solvent.[5c]

We therefore firstly examined the influence of these fac-
tors on the hydrogenation of 1 (Figure 1, Tables 1 and 2).

Figure 1. Influence of the quantity of (�)-ephedrine on the ee of
2-benzyl-1-tetralone; experimental conditions: 0.03 equiv. of 10%
palladium on charcoal (Janssen, ref. no. 19.503.06) was added to a
solution containing 1 and different quantities of 13 in anhydrous
acetonitrile (30 mL per mmol of 1); the suspension was saturated
with dihydrogen and stirred for 40 min at room temperature under
hydrogen (rubber balloon); compound (S)-8 was isolated in
84�98% chemical yields; the (S) configuration was attributed to
the main enantiomer by comparison of its optical rotation with
literature data;[13] the ee was determined by HPLC analysis

From Figure 1,[13] in which the obtained ee values of 8
are plotted against the amounts of 13 added, it appeared
that the enantioselectivity increased from 26 to 31% when
the quantity of the amino alcohol was varied from 0.1 to
0.5 equiv., and then remained unchanged.
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In contrast to previous observations,[5b,5c,14] the results
summarized in Table 1 show that the nature of the sup-
ported palladium catalyst[15] had no effect on the ee of 8
for reactions carried out at room temperature (Entries 2, 6,
8, 10 and 11). We observed that the ee was slightly de-
creased when the reaction temperature was 40 °C and
slightly improved when the reaction was carried out at 0 °C
(Entries 1�4). Reduction of the reaction temperature below
0 °C, however, did not increase the enantioselectivity (Entry
5) but eventually inhibited the process (Entry 7). No racem-
ization of the resulting ketone occurred under the experi-
mental conditions, as its optical activity was not modified
with the reaction time (Entries 2 and 3). An increase in the
reaction time (Entry 3) or the temperature (Entry 1), how-
ever, induced overreduction, resulting in cis- and trans-2-
benzyltetrahydro-1-naphthols (14 and 15, respectively). We
should note that the presence of the amino alcohol reduces
this overreduction; indeed, hydrogenation of 1 in the ab-
sence of AH* under the conditions of Entry 2 reduced the
yield of 8 to 78%, and 18% of 14 � 15 were isolated. Thus,
to avoid excessive carbonyl reduction, it was necessary to
add an amino alcohol to the medium and not to prolong
the reaction time. Actually, 14 and 15 were detected by TLC
in the other experiments, but only in minute amounts. The
order of introduction of the reagents was also important,
the ee of 8 being reduced from 32 to 22% when the sup-
ported palladium was introduced as the first reagent instead
of the last one (Entries 8 and 9); this is discussed below.
Note also that the use of rhodium on alumina powder in
ethyl acetate in place of a Pd catalyst in acetonitrile also
afforded 8, but with no enantioselectivity, and the reaction
was slower (Entry 12). We also examined the use of soluble
catalysts such as Pd(PPh3)4, PdCl2(PPh3)2 and Pd(ephedrin-
ate)2 (16)[16] (PdII catalysts have already been efficiently
used in hydrogenation reactions[17]). Neither of the first two
catalysts promoted hydrogenation of 1, whereas on use of
16 the saturated ketone was produced in a good chemical
yield, but was almost racemic (Entry 13).

After these results, further experiments concerning solv-
ent effects were carried out at room temperature with 0.03
equiv. of Pd/C and 0.5 equiv. of (�)-ephedrine (Table 2). In
reduction reactions, the use of polar solvents may favour
stereoselectivity[18] or the 1,4-addition process.[2b] From the
results in Table 2,[19] no correlation could be found between
the polarity of the solvent and the ee of 8. Use of acetonitr-
ile as solvent provided the best ee values even in the pres-
ence of water (Entries 2 and 14). In contrast, addition of
water to DMF decreased the ee, and the substrate was not
completely consumed after 1 h (Entries 15 and 16); further-
more, the hydrogenation process under these aqueous con-
ditions was accompanied by (E)/(Z) isomerization of 1. In
protic solvents, the ee in methanol was lower than that in
ethanol (Entries 20, 21).

The hydrogenation of 1 was also carried out in the pres-
ence of the enantiopure additives 17 to 26 (Scheme 2) to
examine the influence of their structures on the selectivity
of the reaction (Table 3). As was to be expected, a change
from (�)-ephedrine (Entry 2) to (�)-ephedrine (Entry 22)
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Table 1. Effects of the support and catalyst on the enantioselective reduction of 1

Entry[a] Catalyst Temp. Time 8
Yield (%) ee (%)[b]

1 10% Pd/C (Janssen) 40 °C 40 min 87 26
2 10% Pd/C (Janssen) room temp. 30 min 86 31
3 10% Pd/C (Janssen) room temp. 2 h 78[c] 30
4 10% Pd/C (Janssen) 0 °C 1 h 82 36
5 10% Pd/C (Janssen) �10 °C 6 h 90 33
6 5% Pd/C (Engelhard 5105) room temp. 40 min 90 32
7 5% Pd/C (Engelhard 5105) �20 °C 19 h 0[d] �
8 5% Pd/C (Engelhard 5011) room temp. 45 min 89 32
9 5% Pd/C (Engelhard 5011)[e] room temp. 40 min 89 22
10 10% Pd/C (Johnson Matthey 490) room temp. 40 min 90 30
11 5% Pd/BaSO4 (Aldrich) room temp. 1.7 h 86 31
12[f] 5% Rh/Al2O3 room temp. 22 h 66 0[g]

13[h] 16 room temp. 3.5 h 78 2[i]

[a] Experimental: 0.03 equiv. of the metal catalyst was added to a solution of 1 and 0.5 equiv. of (�)-ephedrine in anhydrous acetonitrile
(30 mL per mmol of 1); the suspension was saturated with hydrogen and stirred under hydrogen (rubber balloon). [b] Determined by
HPLC analysis, the main enantiomer having the (S) configuration.[13] [c] Also isolated: 14 (9%) and 15 (4%). [d] No reaction. [e] The
supported catalyst was introduced into the flask before the other reagents. [f] Carried out with 0.02 equiv. of catalyst in ethyl acetate.
[g] Determined by polarimetry. [h] In the absence of (�)-ephedrine, 0.1 equiv. of 16 was used. [i] Compound 8 had the (R) configuration.

Table 2. Influence of the nature of the solvent on the enantioselec-
tive reduction of 1

Entry[a] Solvent ε[b] Time Yield ee
(%) (%)[c]

2 MeCN 37.5 30 min 86 31
14 MeCN/H2O (98:2) 38.4[d] 30 min 80 30
15 DMF 37 50 min 90 24
16 DMF/H2O (4:1) 45.7[d] 1 h 67[e] 12
17 EtOAc 6.02 50 min 98 28
18 Et2O 4.34 50 min 85 17
19 PhMe 2.38 1 h 83 11[f]

20 EtOH 24.5 30 min 86 15
21 MeOH 32.7 20 min 85 3

[a] General conditions: see Table 1; the Pd/C catalyst was obtained
from Janssen (ref. no. 19.503.06) or Engelhard (type 5011). [b] Di-
electric constant of the pure solvent at 25 °C.[19] [c] Determined
by HPLC analysis. [d] Deduced from a linear effect of the volume
composition. [e] Compound 2 also isolated (16%). [f] Determined
by polarimetry.

resulted in the same degree of enantioselectivity, but in the
opposite sense. Lower ee values were obtained with (�)-
pseudoephedrine (Entry 23) and (�)-norephedrine (Entry
24). Derivatives of (�)-cinchonidine have often been used
as chiral modifiers in heterogeneous enantioselective hydro-
genations,[7] but in our case the ee values dropped dramatic-
ally when cinchonidine was used (Entries 25 and 26).
Higher ee values were observed with bornyl and azabicyclo
compounds 20, 21 and 23 (Entries 27, 28 and 30). The en-
antioselectivity observed with the azabicyclo compounds 22
and 23, which present the same bicyclic geometry and no
hydroxylic stereogenic centre, was greatly dependent on the
configuration of the carbon atom bearing the nitrogen atom
(Entries 29 and 30). Either no or very low enantioselectivity
was obtained from the use of chiral inductors such as a
diacid (Entry 31), an amine (Entry 32) or an amino acid
(Entry 33).
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Scheme 2. Chiral inducing entities

The study was extended to the hydrogenation of α,β-un-
saturated ketones 2�7 in the presence of (�)-ephedrine
(Table 4).[20] The hydrogenation of a mixture of (E)- and
(Z)-2-benzylidene-1-tetralones containing mainly the (Z)
isomer afforded (S)-8 (28% ee, Entry 34), the (Z)-enones 2
and 4 reacting more sluggishly than their corresponding (E)
isomers 1 and 3 (Entries 2 and 34�38). It is fruitful to com-
ment that both geometrical isomers afforded the same ma-
jor enantiomer of the corresponding saturated ketone, with-
out isomerization of the double bond of the starting unsat-
urated ketone under the reaction conditions (Entries 35 and
37). Hydrogenation of α-alkylideneindanones 6 and 7 (Ent-
ries 40�42) was less enantioselective than that of the tetra-
lone derivatives. Aminoborneol 20, which had been efficient



C. Thorey, S. Bouquillon, A. Helimi, F. Hénin, J. MuzartFULL PAPER

Table 3. Influence of the structure of the enantiopure additives on
the enantioselectivity of the reduction of 1

Entry[a] Additive Time 8
(C*O,C*N)[b] Yield ee Config.[c]

(%) (%)[c]

2 13 (R,S) 40 min 86 31 (S)
22 ent-13 (S,R) 30 min 90 32 (R)
23 17 (S,S) 30 min 91 22 (S)
24 18 (R,S) 20 min 86 22 (S)
25[d] 19 (R,S) 30 min 91 6 (R)
26[e] 19 (R,S) 40 min 62 4[f] (R)
27 20 (R,S) 45 min 87 47 (S)
28 21 (S,S) 35 min 89 38 (S)
29 22 (�,S) 35 min 89 4 (S)
30 23 (�,R) 30 min 85 41 (R)
31 24 1.5 h 69 0[f] �
32 25 (�,S) 40 min 69 2 (S)
33 26 (�,S) 40 min 65 3 (S)

[a] Experimental conditions: see Table 1. [b] Absolute configuration
of the C�O and C�N stereogenic centres of amino alcohols.
[c] Configuration and ee determined as for Figure 1. [d] Reaction
carried out at 50 °C to increase the solubility of cinchonidine. [e]

Reaction carried out in a 99:1 acetonitrile/H2O mixture as solvent.
[f] Determined by polarimetry.

as an inductor of good enantioselectivities from 1, gave dis-
appointing results when other substrates were used (Entries
38 and 42).

Discussion

In this study, the first comments concern the chemoselec-
tivity of the double-bond reduction of these α,β-unsatur-
ated ketones under heterogeneous conditions. In the literat-
ure, the obtention of this chemoselectivity from this type of
substrate either was easily attained[7d] or needed a particu-
lar solvent and the presence of an amine as additive.[21] The
ability of an amine to poison the catalyst is well docu-
mented,[21,22] and our own results were quite well in agree-
ment with that. Actually, AH* partially inhibited the car-

Table 4. Enantioselective reduction of α,β-unsaturated ketones 1�7 in the presence of (�)-ephedrine

Entry[a] Unsaturated ketone Time Conversion Saturated ketone
Yield (%) ee (%) Config.

2 1 1 h 100% 8 86 31[b] (S)[c]

34 1 � 2[d] 0.5 h 100% 8 93 28[b] (S)[c]

35 3 1 h 70%[e] 9 67 30[b] (S)[f]

36 3 3 h 100% 9 73 30[b] (S)[f]

37 3[g] 0.70 h 76% 9 60 12[b] (S)[f]

38 4 14.5 h 88%[h] 9 48 20[b] (S)[f]

39 5 3 h 72% 10 68 28[b] (R)[c]

40 6 0.75 h 100% 11 50 19[b] (R)[c]

41 7 0.75 h 100% 12 77 3 (R)[i]

42[g] 7 0.75 h 100% 12 65 3 (R)[i]

[a] Experimental conditions: see Table 1. [b] Determined by HPLC analysis. [c] Configuration attributed by comparison of specific rotations
with literature data.[13,20] [d] A 15:85 mixture of 3 and 4 was used. [e] Pure (E) isomer was recovered. [f] The (�)-enantiomer was mainly
obtained, its (S) configuration being attributed by circular dichroism studies.[5d] [g] Aminoborneol 20 was used instead of ephedrine. [h]

Pure (Z) isomer was recovered. [i] Configuration established by HPLC comparison.[5d]
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bonyl reduction, as hydrogenation of 1 usually resulted in
minute amounts of alcohols 14 and 15, detected by TLC
analysis of the crude hydrogenation mixtures. The yields of
14 and 15 were increased in the absence of any amino alco-
hol (18% instead of traces) or the compounds started to
appear mainly only after complete saturation of the C�C
double bond (Entry 3). These remarks suggest a similarity
with the chemoselective heterogeneous reduction of iodoar-
enes bearing other reducible functions,[23] with reduction of
the other functions beginning only after complete hydro-
genolysis of the iodide; this was explained as a consequence
of the high affinity of the iodide for the catalyst. In our
case, the amino alcohol additive did not react with hydro-
gen and so did not compete with the substrate; because of
its adsorption, however, it probably reduced the affinity of
the catalyst for the π-electrons of the conjugated en-
one.[24,25] The adsorption of the chiral amino alcohol onto
the support has been verified by circular dichroism experi-
ments,[25] and it seemed to prevent the carbonyl reduction
of α,β-unsaturated ketones.

As far as stereoselectivity is concerned, various possibil-
ities have to be explored to try to identify the mechanism
that allows the formation of optically active ketones under
our hydrogenation conditions. This aim is very ambitious if
we consider, for example, the great deal of work that has
been devoted to the enantioselective heterogeneous hydro-
genation of ethyl pyruvate, which is still a subject of intens-
ive debate.[26] Firstly, we evaluated the possible participa-
tion of a diastereoselective process in the discriminating
step (Scheme 3).

Evidence for such a scheme has been found in the reduc-
tion of isophorone, and was termed ‘‘substrate-modifier in-
teractions’’.[8,10] It has also been proposed in some cases to
explain the heterogeneous reduction of ethyl pyruvate in the
presence of amine derivatives.[27] Here, the process would
involve the condensation of the amino group of AH*, which
would be the modifier, with the substrate to produce enim-
ine I1 (or an iminium ion when AH* is a secondary amine)
in equilibrium with its oxazolidine tautomer. The diastereo-
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Scheme 3. Diastereoselective hydrogenation process

selective hydrogenation of I1 to I2 would be followed by the
regeneration of the carbonyl group, resulting in the nonra-
cemic saturated ketone. This possibility prompted us to
study the chemoselectivity of the hydrogenation of enimine
27 [Equation (2)]. We chose to study the reactivity of an
enimine such as 27 [Equation (2)] rather than I1 (Scheme 3)
since I1 would be in equilibrium with the oxazolidine tauto-
mer I�1, and even if the C�C double bond of both I1 or I�1

could be saturated, an oxazolidine has been observed to
undergo reductive cleavage of the OC�N bond under palla-
dium-catalysed hydrogenation conditions;[28] such a reac-
tion could not generate a ketone such as 8.

(2)

Hydrogenation of the labile compound 27[29] for 5 min,
20 min or 24 h furnished approximately similar results as
indicated by GC/MS analysis: 10�15% of 1 (this was prob-
ably due to the instability of 27 under not strictly anhydrous
conditions), 16�20% of saturated ketone 8,[30] 10�15% of
the corresponding alcohols 14 and 15 and about 20% of
the hydrocarbon 29. Benzylamine was also formed in each
experiment, whereas the amine 28 was identified only in the
short-time experiment (5 min). These results clearly showed
that the saturation of the C�N double bond was much faster
than that of a C�C bond under our conditions, while the
hydrogenolysis of the benzylic C�N single bond[29] was also
efficient, explaining the concomitant formation of 29 and
benzylamine. In contrast, during hydrogenation of 1 in the
presence of amino alcohols, we never observed the forma-
tion of the saturated amine that would result from the hy-
drogenation of an intermediate such as I2; furthermore, it
was possible in these experiments to recover the starting
amino alcohol in nearly quantitative yield. These reasons
ruled out a diastereoselective process for the formation of
enantioenriched saturated ketone under our experimental
conditions.[31] This was in agreement with the observation
of enantioselection when water was present in the medium
(Entries 14 and 16), while such selectivity would disappear
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if chiral iminium intermediates were produced.[8�10] On the
other hand, if diastereoselective interactions were respons-
ible for the selectivity obtained during the creation of a ste-
reogenic centre in the hydrogenation of conjugated carbonyl
compounds, the double bond geometry would have a great
influence: most examples have reported that (Z) and (E)
isomers give rise to opposite configurations at the new
asymmetric carbon atom;[32] if (Z) and (E) compounds both
afford the same enantiomer, this is at least in part a con-
sequence of in situ (Z)/(E) isomerisation.[33] In our case, the
(Z)- and (E)-unsaturated ketones did not isomerize in the
medium, and afforded the same enantiomer with similar ee
values, but at different rates[33,34] (Entries 2 and 34�37).
This could be interpreted as resulting from a common enol
intermediate obtained at different rates from each of the (Z)
and (E) isomers.

It is also interesting to note that saturation of the C�C
double bond of 2-benzyl-3,4-dihydronaphthalene (29), not
conjugated with a carbonyl group, did not occur even after
prolonged reaction times [Equation (2)], while the activated
olefinic bond of 1 was saturated easily (Tables 1 and 2).
Consequently, the presence of a chelating oxygen func-
tionality seems to be a relevant factor in regard to the sat-
uration of the conjugated double bond; the same observa-
tion has been made for the hydrogenation of enones cata-
lysed by Ru/Binap complexes.[33]

In heterogeneous enantioselective reductions, the nature
of the support and its alteration by the modifier have been
often invoked as crucial parameters influencing the ob-
served stereodifferentiation.[1,2,7,25] From Table 1, we have
seen that the nature of the support had no effect on the ee
of 8. However, we noticed a decrease in the ee when Pd/C
was introduced as the first reactant in the medium rather
than as the last one (Entry 9). The good affinity of the polar
amino alcohol for the catalyst surface[26] could explain this
decrease: indeed, the amino alcohol added at first was an-
chored to the support, and the resulting decrease in its con-
centration in solution resulted in a lower ee. This observa-
tion indicates that the enantioselective step took place in
solution. In agreement with this proposal, the enantioselec-
tivity was nearly zero when (�)-ephedrine was engaged in
a complex such as 16 (Entry 13).

Our proposed mechanism for the selective reduction of
enones (Scheme 4) includes a classical heterogeneous
Horiuti�Polanyi[1b] process giving intermediates 30 and 31.
The competitive formation of a (hydrido)palladium inter-
mediate such as 32 also has to be considered, since it has
been shown that palladium hydrides are involved in hetero-
geneous hydrogenation with palladium on activated
carbon.[35�37] Intermediate 30 is a precursor that should
allow the generation of the saturated ketone, probably
racemic or nearly racemic, due to the poor influence of
AH*, even though it could play some role as a chiral ligand
of palladium. Intermediates 31 and 32 could afford the enol
species 33 through hydrogenation/desorption processes or
reductive elimination of Pd, respectively. As proposed in
our other previous studies,[4,5] this enol species could be
asymmetrically protonated in the presence of AH*. An in-
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termediate such as 32 could also be stabilized by coordina-
tion of the nitrogen atom of AH* to the metal centre to
afford 34, the intramolecular protonation of the double
bond of which by the hydroxy group of the coordinated
amino alcohol would generate the corresponding ketone
and an (alkoxy)(hydrido)palladium(II) complex, the sub-
sequent reductive elimination of palladium regenerating
AH*.

Scheme 4. Proposed mechanism for the enantioselective hydrogena-
tion process

For reasons of steric constraints, the formation of inter-
mediates 30�32 from the (E) geometrical isomer of the en-
one would be easier than from its (Z) counterpart; this
would explain the slower reaction of 2 and 4 relative to 1
and 3 (Entries 2 and 34�38). Since the combination of 1,2-
and 1,4-processes is probably unavoidable under the hydro-
genation conditions, even by changing the nature of the
solvent, high ee values could not be attained. In fact the ee
values were lower than those previously observed by use
of procedures that would afford enol species selectively.[4,5]

Furthermore, comparison of our results with those in the
literature concerning the reduction of analogous com-
pounds shows ee values in our work lower than those re-
ported in homogeneous medium with a (chiral ligand)Ru
complex,[33] but higher than those obtained under hetero-
geneous conditions.[12,31]

Correlation between the Absolute Configurations of the
Inductor and of the Product

From our results, it appears that:
i. an amino alcohol is required to obtain some degree of

discrimination between the Si and Re faces of the enolic
species,

ii. the chiral inducing entity must be free in solution (Ent-
ries 9 and 13),

iii. the hydroxy group of the amino alcohol does not
necessarily have to be bound to an asymmetric carbon atom
to obtain fair ee values (Entry 30), and

iv. a strong correlation between the configuration of the
new stereogenic centre of the ketone and the absolute con-
figuration of the carbon atom bearing the nitrogen atom
(C*N) of the amino alcohols is observed: when the amino
group is primary or secondary, an (S) configuration of C*
N mainly gives rise to (S)-8 from 1 and 2.
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Similar observations have previously been established for
the tautomerization of the enols produced by other proced-
ures.[4,5] (�)-Cinchonidine, which bears two tertiary amino
groups, does not fit into these correlations, as previously
noted in the other procedures;[4,38] and so the mechanism
involved for discrimination between the enantiofaces of
prochiral enol species is probably particular to this alkaloid.

Nature of the Interactions of Amino Alcohol/Enolic Species

For the tautomerization of photoenols, we have proposed
a nine-membered ring intermediate formed by polar inter-
actions between the enol and the two functionalities of the
amino alcohol.[4b] Such a scheme would be operative if the
amino alcohol were coordinated to the palladium centre
and the metal atom were to replace the enol proton in the
nine-membered ring.[4b] Recent studies on the protonation
of ammonium photoenolates[39] have encouraged us to pro-
pose that the current reaction might involve the formation
of an ammonium enolate as a possible intermediate, with
the amino group of AH* acting as a base (Scheme 5). In
this hypothesis, the stereochemical control could be due to
the β-substituents[39,40] of the enol, as shown in Scheme 5
with 20 as AH*, the auxiliary remaining external to the
enolic species substituents during Re face approach,
whereas the other Si face approach is highly hindered.

Scheme 5. Major Re face protonation of the enol

Conclusion

This heterogeneous hydrogenation of prostereogenic α,β-
unsaturated ketones uses two catalysts � palladium and an
enantiopure amino alcohol � which are involved in the pro-
cess separately rather than forming an enantioselective cata-
lyst in situ. The resulting enantioselectivity therefore does
not correlate solely with the ability of the amino alcohol to
induce chirality, but also with the 1,2/1,4 adsorption ratio,
this depending on the substrate and the reaction medium.
This procedure constitutes a new addition to the formation
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of optically active ketones with a stereogenic centre in the
α-position.[41]

Experimental Section

General: Solvents were distilled under argon before use: toluene,
THF and diethyl ether from Na/benzophenone, DMF and hexane
from CaH2, EtOH from sodium and acetonitrile successively from
P2O5 and CaH2. HPLC analyses were carried out with a Waters or
Shimadzu (C-10AS) chromatograph with UV (SPD-10A) detection
(254 nm) and chiral columns � Chiralcel OD or OB-H � from
Daicel. NMR spectra were recorded in CDCl3 with an AC 250
Bruker spectrometer, the coupling constants (J) are in Hz. IR spec-
tra were recorded with an SP3-300 Philips spectrometer. Optical
rotations were measured with a Perkin�Elmer 241 polarimeter.
Mass spectra were recorded with a D 300-JEOL apparatus at the
U.F.R of Pharmacy of this University. Literature procedures were
used to prepare enones 1�4 and 7,[42] and methylene ketones 5
and 6.[43] The preparation of the enimine 27 has been described
previously,[29] as have those of the noncommercially available chiral
catalysts 20,[44] 21�23[45] and 24.[46]

Enantioselective Hydrogenations. Typical Procedure: Acetonitrile
(30 mL/mmol of substrate) and then the Pd catalyst (32 mg for the
10% Pd catalyst, 0.03 mmol) were added to a mixture of substrate
(1 mmol) and amino alcohol (0.5 mmol) in a two-necked, round-
bottomed flask. The flask was purged by a gentle flow of hydrogen
without stirring for about 1 min. The flask was then connected to
a rubber balloon filled with hydrogen, and stirring was started. At
the end of the reaction time, the catalyst was immediately removed
by filtration through a small pad of silica. After evaporation of
the solvents under reduced pressure, the residue was purified by
preparative TLC, eluting with EtOAc/petroleum ether (5:95 or
10:90). The spectroscopic data of the saturated ketones are in agree-
ment with the literature: 8,[47] 9,[4b] 10 and 11.[20] HPLC analyses
of 10 and 11 were carried out with chiral columns as previously
reported.[5d] For other ketones: 8: Chiralcel OB-H; 2-propanol/hex-
ane (10:90); flow rate: 1 mL/min; retention times: (R) enantiomer:
7.09 min, (S) enantiomer: 10.96 min; [α] � �1.92. 9: Chiralcel OD;
2-propanol/hexane (1:99); flow rate: 0.6 mL/min; retention times:
(R) enantiomer: 10.72 min, (S) enantiomer: 11.34 min; [α] � �1.16.
12: Chiralcel OB-H; 2-propanol/hexane (1:99); flow rate: 0.5 mL/
min; retention times: (S) enantiomer: 11.13 min, (R) enantiomer:
12.31 min; [α] � �1.25.

2-Isobutyl-1-tetralone (9): Liquid. [α]D� �1.6 (c � 1.62, CH2Cl2)
for an (S)-configured sample of 30% ee, the CD spectrum of this
compound being analogous to that of 2-(S)-benzyl-1-tetralone (8).

2-Isobutyl-1-indanone (12): 155 mg, 77%. 1H NMR: δ � 0.90 (d,
J � 5.0 Hz, 6 H, CH3 of iBu), 1.50 (m, 2 H, CH2 of iBu), 1.55 (m,
1 H, CH of iBu), 2.06 (d, J � 9.0 Hz, 2 H, 3-H2), 3.45 (m, 1 H, 2-
H), 7.10�7.50 (m, 4 H, aromatic) ppm. 13C NMR (CDCl3): δ �

20.3 (CH3 of iBu), 24.9 (CH of iBu), 27.1 (C-3), 35.2 (CH2 of iBu),
48.2 (C-2), 124.4�138.5 (aromatic), 199.7 (C-1) ppm. C13H16O
(188.3): calcd. C 82.9, H 8.6; found C 82.4, H 8.4

cis-2-Benzyl-1-tetrahydronaphthol (14): This compound is partially
described in ref.[48] From a reaction carried out in methanol as
solvent without any amino alcohol: 28 mg, 12%; liquid. 1H NMR:
δ � 1.5 (s large, 1 H, OH), 1.64�2.13 (3 H, 3-H2 and 2-H), 2.76
(m, 3 H and dd, J � 7.4, 13.5 Hz, 4-H2 and 11-H), 2.90 (dd, J �

13.5, 7.8 Hz, 1 H, 11-H), 4.5 (d, J � 2.8 Hz, 1 H, 1-H), 7.05�7.36
(9 H, Ph) ppm. 13C NMR: δ � 22.6 (C-4), 29.2 (C-3), 38.2 (C-
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11), 41.7 (C-2), 69.4 (C-1), 125.9�130 (aromatic CH), 136.9�140.7
(quaternary C) ppm. IR (CHCl3): ν̃ � 1454, 1495, 1603, 2930,
3013, 3607 cm�1. MS (70 eV): m/z (%) � 239 (42) [M� � 1], 238
(35), 147 (100), 91 (98).

trans-2-Benzyl-1-tetrahydronaphthalenol (15): This compound is
partially described in ref.[48] 38 mg, 16%; white solid, m.p. 110 °C.
1H NMR: δ � 1.51 (m, 2 H, 3-H), 1.69 (1 H, wide s, OH), 2.02
(m, 2 H, 2-H and 3-H), 2.51 (dd, J � 13.4, 8.8 Hz, 1 H, 11-H),
2.75 (m, 2 H, 4-H2), 3.0 (dd, J � 13.4, 5.2 Hz, 1 H, 11-H), 4.47 (d,
J � 6.9 Hz, 1 H, 1-H), 7.02�7.6 (9 H, Ph) ppm. 13C NMR: δ �

22.6 (C-4), 29.2 (C-3), 38.2 (C-11), 41.7 (C-2), 69.4 (C-1),
125.9�130 (aromatic CH), 136.9�140.7 (quaternary C) ppm. IR
(CHCl3): ν̃ � 1455, 1493, 1603, 2926, 3013, 3592 cm�1. MS
(70 eV): m/z (%) � 239 (5) [M� � 1], 238 (12), 146 (100), 91 (78).

Hydrogenation of 27: The imine 27 (1 mmol), the palladium on
charcoal (0.03 equiv.) and 30 mL of acetonitrile were placed in a
two-necked, round-bottomed flask. The flask was purged by a
gentle flow of hydrogen without stirring for about 1 min and con-
nected to a rubber balloon filled with hydrogen. Stirring for the
specified reaction time was then started. At the end of the reaction,
the palladium was immediately removed by filtration through Cel-
ite. After evaporation of the solvent, the residue was analysed by
GC/MS. Flash chromatography (petroleum ether/EtOAc, 90:10)
followed by preparative TLC (petroleum ether/EtOAc/MeOH,
90:5:5) allowed the separation of 1, 8, 14, 15 and 29, identified by
comparison with the described compounds.[49] GC-MS (EI) ana-
lyses were carried out with a Thermoquest Trace GC 2000 Series
apparatus under the following conditions: Column Chrompack
CP-Sil 5 CB-DB 1-125-1032 (0.53 mm i.d., 30 m length, film); tem-
perature range: 100�250 °C, 15 °C/min. Under these conditions,
the alcohols 14 and 15 were dehydrated and the corresponding sig-
nal was common with that of 29 (verified by injection of these
alcohols separately).

5-min Experiments

Compound 8: 38 mg, 16%; Tr � 12.43 min. MS (70 eV): m/z (%) �

236 (47) [M�], 145 (85) [M� � C6H5CH2], 91 (100) [C6H5CH2].

Compound 27: Not isolated, Tr � 22.11 min. MS (70 eV): m/z (%) �

323 (100) [M�], 246 (87) [M� � C6H5], 128 (63) [M� � C6H5CH2

� C6H5CH2N], 91 (82) [C6H5CH2].

Compound 28: Not isolated, Tr � 21.33 min. MS (70 eV): m/z (%) �

325 (8) [M�], 234 (53) [M� � C6H5CH2], 91 (100) [C6H5CH2].

Compound 29: 29 mg, 13%; Tr � 12.34 min. MS (70 eV): m/z (%) �

220 (36) [M�], 129 (100) [M� � C6H5CH2], 91 (36) [C6H5CH2].

BnNH2: Tr � 7.93 min. MS (70 eV): m/z (%) � 105 (42) [M� � 2
H], 77 (100) [C6H5].
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