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Abstract

Selective ionic hydrogenation of�,�-unsaturated carbonyl compounds with alkanes (cyclohexane and others) was previously known to proceed
only in superacidic conditions due to the necessity of dicationic, superelectrophilic activation of the enones. In present paper we disclose that H-form
zeolites with acidity well below superacidity, are able however to induce the reduction of�,�-unsaturated carbonyl compounds with cyclohexane
in strong analogy to the “parent”, superacid mediated reactions. The probable interpretation of these results in terms of highly electrophilic
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superelectrophilic) intermediates on the solid is discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

�,�-Unsaturated carbonyl compounds possess two sites
hich can undergo reduction: the carbonyl group and the adja-
ent C,C-double bond. While an abundant literature is available
n the selective reduction of the carbonyl group, often achieved
ith relative ease, the selective hydrogenation of the double
ond suffers from the lack of simple methods using practi-
al chemicals. As a rare exception, 1,4-hydrometallation has
een exhaustively studied and recent methods using metallic or
rganometallic hydrides are available[1]. In an effort to render

his reaction more “eco-friendly” one can also quote catalytic
ydrogenation over catalyst grafted on mesoporous material

2] as well as selective reduction using organocatalysis[3].
mong other practical applications, Jacquesy et al. have found
0 years ago that�,�-unsaturated ketones undergo selective,
,C-double bond ionic hydrogenation with alkanes (methylcy-
lopentane, cyclohexane) in superacid HF–SbF5 (Ho =−20 to
25) [4]. As shown later, these and analogous reactions can
e performed in milder but still superacidic media (Ho∼ −18

[4b,5]) using >2.5 molar excess of AlCl3 or AlBr3 promoted
with traces of water (source of protonic acidity)[6]. Further-
more, relative 2-naphthol, dihydroxynaphthalenes, 2-quino
and 3-isoquinolinol exhibit similar reactivity in liquid supera
CF3SO3H–SbF5 (Ho∼ −18), as well as in the presence of a
minum halides, giving practically important 2-tetralones
saturated heterocycles[7]. It is also recognized that the key int
mediates of these reactions are superelectrophilic[8] dicationic
speciesA, while monocationic formsB are inert (Scheme 1)
[9]. This explains the necessity of superacidic conditions. H
ever, from a synthetic point of view, to replace large exces
superacid by easily regenerable solid acid is obviously desi
for the development of this method of reduction, the intere
which resides in the exceptional selectivity and readily a
able source of hydride ions (alkane). In a similar context
reported recently that H-zeolites, sulfated zirconia and Na
despite of comparatively low protonic acidity can be succ
fully applied in superelectrophilic activation to initiate so
electrophilic aromatic substitution reactions, known previo
to proceed only in superacidic conditions[10]. Worth to note
the effective excess of acidic sites appeared to be essentia
∗ Corresponding author. Tel.: +33 390241488; fax: +33 390241487.
E-mail address: wals@chimie.u-strasbg.fr (S. Walspurger).

dition to provide these results. Inspired by this work, herein
we disclose that H-form zeolites with acidity Ho∼ −6 [11],
well below superacidity[4b], are able to induce the reduction
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Scheme 1. Dicationic speciesA and their monocationic precursorsB as observed in liquid superacids[8].

of �,�-unsaturated carbonyl compounds with cyclohexane in
strong analogy to “parent”, superacid mediated reactions.

2. Experimental

Zeolite USY (Si/Al = 2.5, CBV500, Zeolyst International)
in NH4

+ form was activated at 550◦C overnight under air.
For quantitative estimation of Broensted acid sites, see[12].
The starting compounds1a–d and3a–c are purchased. Amides
1e–f are obtained as previously[6b]. All products are known
compounds and their analytical data are convincing with those
previously reported[6,7].

2.1. Typical procedure

2a: The activated zeolite (0.8 g,∼3.7 mmol protonic sites),
compound1a (0.035 g, 0.24 mmol) and cyclohexane (4 ml) were
loaded in 15 ml pressure tube. The resulting suspension was
magnetically stirred at 130◦C for 6 h. After cooling, water (4 ml)
was introduced to the reaction mixture followed by continuous
solid–liquid extractions with ether. The combined organic phase
was dried (Na2SO4) and concentrated to provide the residue
(0.031 g), which was analysed by NMR to give the conversion
yield of 2a stated inTable 1. The subsequent chromatographic
purification (silica gel, benzene/acetone) gave2a (0.025 g, 70%)
as individual product.1H NMR (300 MHz, CDCl ): δ = 2.14 (s,
3
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zeolite afforded the saturated derivatives2a–c (Table 1, entries
1–3). The reaction required 130◦C providing∼15 molar excess
of acidic sites to be carried out in appropriate time, for several
hours. Decreasing of the amount of acid slowed significantly
the reaction (Table 1, entry 1). That is in accord with our previ-
ous observations[10]. Amides1d–f also underwent the reaction
under similar conditions to give2d–f (Table 1, entries 4–6). What
is remarkable, the HUSY mediated reduction of compounds1a–f
generally appeared even more successful than that in superacidic
media. On the other hand, the reaction of 2-naphthol (3a) as
well as 2-quinolinol (3b) is notably less efficient, even after pro-
motion by preliminary saturation of the reaction mixture with
gaseous HCl (Table 1, entries 7 and 8). The negligible yield of
products4a and 4b (<20%) is in accord with relatively poor
reactivity of3a and3b in the presence of aluminum halides[7],
most probably due to reversibility of these reactions (which is
already known for superacid mediated reactions of3a and3b
with benzene[7d,14]). Compound4a, for example, gives3a
in ∼30% yield in the presence of HUSY (15 equiv. of acidic
sites) and cyclohexane over 20 h at 130◦C, while no reaction
occurs when CCl4 was used instead of cyclohexane, consid-
ered as a source of C6H11

+. This demonstrates some limitations
of the ionic reduction using zeolites, which can be related to
the elevated temperature conditions along with decreased con-
centration of reactive electrophiles, shifting the equilibrium to
starting compounds.
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H), 2.76 (t, 2H), 2.89 (t, 2H), 7.15–7.3 (m, 5H)[13]; 13C NMR
75 MHz, CDCl3): δ = 29.7, 30.1, 45.2, 126.1, 128.3, 128
40.4, 208[13].

The catalyst can be regenerated by filtration from the aqu
hase followed by dryness and calcination at 500◦C without loss
f activity.

. Results and discussion

First, the reactivity of model ketones1a–c was investigated
heir treatment with cyclohexane in the presence of HU
s

It should be also noted, that regioselectivity of reduction o3b
n HUSY is the same as in the presence of AlCl3, whereas in th
resence of the protonic superacid, CF3SO3H–SbF5 reduction
ccurs on the carbocyclic ring[7d]. That may be due to a stro

nvolvement of Lewis acid sites in the activation on zeolite
uggested previously[10].

Isoquinolinol3c, which is rather reactive towards cycloh
ne in superacidic conditions[7c] appeared to be inert in th
resence of HUSY (Table 1, entry 9). Moreover, at similar co
itions 3c does not react with (more reactive[7c]) benzene
resently we cannot explain this result, which however se
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Table 1
Ionic hydrogenation of compounds1a–f and3a–c with cyclohexane

Entry Substrate Product Reaction conditions, referred/studied %Yield Ref.

1 1a 2a AlCl3, CH2Cl2, 25◦C, 1 h 18 [6a]
CF3SO3H, 25◦C, 5 h No reaction
CF3SO3H–SbF5, 25◦C, 10 min 9
HUSY, 130◦C, 6 ha 83b, 70c

HUSY, 130◦C, 15 hd 58b

HUSY, 130◦C, 15 he 5b

2 1b 2b HUSY, 130◦C, 5 ha 85b

3 1c 2c AlCl3, CH2Cl2, 25◦C, 3 h 85 [6a]
CF3SO3H-SbF5, 25◦C, 5 min 80
HUSY, 130◦C, 6 ha 95b

4 1d 2d AlCl3, CH2Cl2, 25◦C, 1 h –f [6b]
HUSY, 130◦C, 50 ha 67b

5 1e 2e HUSY, 130◦C, 24 ha 50b,g

6 1f 2f AlCl3, CH2Cl2, 25◦C, 7 h 78 [6b]
CF3SO3H, 25◦C, 3 h –f

HUSY, 130◦C, 40 ha 91b

7 3a 4a AlCl3-HCl, CH2Cl2, 25◦C, 7 h 19 [7a]
HUSY, 130◦C, 60 ha,h 10g

HUSY/HCl, 130◦C, 18 ha,h 20g

8 3b 4b AlCl3, 90◦C, 24 h 80 [7d]
HUSY, 130◦C, 20 ha,h 7g

HUSY/HCl, 130◦C, 18 ha,h 15g

9 3c 4c AlCl3, 90◦C, 3 h 67 [7c]
HUSY, 130◦C, 20 ha,h No reactioni

HUSY/HCl, 130◦C, 40 ha,h

The comparison of HUSY and superacid mediated reactions
a The molar ratio of HUSY acid sites and substrate is∼15:1, respectively.
b Conversion yield, based on1H NMR data.
c Isolated yield.
d The molar ratio of HUSY acid sites/1a is ∼6:1.
e The molar ratio of HUSY acid sites/1a is ∼ 3:1.
f Complex mixture.
g Significant recovery of starting material was observed.
h No changes for the longer reaction time.
i Recovery of starting material after workup with aqueous HCl followed by neutralisation with Na2CO3 and extraction with chloroform.

to be connected with comparatively high basicity of3c, close
to that of pyridine. For example, we have found, that relatively
basic 8-hydroxyquinoline and 3-pyridinecarboxaldehyde, easily
producing dicationic species in superacids and thus reacting with
cyclohexane and aromatics[9c,15]are also inert in the presence
of HUSY.

The difference between superacid and HUSY mediated reac-
tions is the production of stoichiometric amount of isomeric
alkanes, C12H22 (in result of cyclohexane alkylation by the
released C6H11

+ [6,7]) in former reactions. The absence or neg-
ligible presence of these alkanes in reaction mixtures in the case
of HUSY mediated reactions can probably be explained by quick
deprotonation of C6H11

+ to give cyclohexene followed by a

complex series of oligomerization, rearrangement, cracking and
hydride transfer reactions[16]. For the relevant example, con-
cerning ionic reduction of benzaldehyde with cyclohexane on
HUSY see also[15b].

Monocationic species such asB′ have been observed in zeo-
lites by NMR when the equimolar ratio of acidic sites/carbonyl
substrate was provided[11]. Nevertheless it has also been shown
under superacidic condition that the electrophilicity of this type
of monocations is not sufficient to abstract a hydride from cyclo-
hexane[9]. For this reason we suppose that, under our conditions
the reactivity of these ions is further enhanced via protosolva-
tion or complexation in the confined space of the zeolite (species
A′, Scheme 2) [17]. The nature of the binding of cations to the
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Scheme 2. Mechanistic proposal.

zeolite structure has been investigated recently by Tuma and
Sauer[18].

In this connection it should be stressed, that the suggested
mechanism cannot be supported by direct spectroscopic obser-
vation of protosolvated ionsA′ due to both their short life time
and low concentration. Real dications such asA (Scheme 1)
could only be observed as long living species in extremely acidic
HF(HSO3F)–SbF5–SOClF systems at−80 to−40◦C [9]. Nev-
ertheless, the scope of presently available results including the
data for superacid mediated reactions as well as the data from
[10] suggests the involvement of intermediatesA′ as the best
rationale of the found reactivity.

4. Conclusions

In conclusion, we have shown that a variety of�,�-
unsaturated carbonyl compounds can be regioselectively
reduced with cyclohexane in the presence of a solid acid, HUSY-
zeolite. That presents a new remarkable example of the unusual
catalytic ability of the solid acid which, despite of comparatively
low protonic acidity is able to perform reactions only expected
to occur under superacidic conditions.
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