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Abstract

Co-entrapment of palladium nanoparticles and soluble [Rh(pe@)j], in a silica sol-gel matrix forms a catalyst that
promotes exhaustive hydrogenation and hydrogenolysis of various aromatic ketones. While the hydrogenation of acetophenone
may proceed by initial formation @f-phenylethanol followed by dehydration to styrene and further reduction of the olefinic
and aromatic C—C bonds, the reaction of benzophenone and related compounds does not involve the intermediary of a carbinol.
The immobilized combined catalyst is leach-proof and perfectly recyclable in at least five consecutive runs. Its unique catalytic
activity is attributed to a synergistic effect between the different metal atoms.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction of polycyclic aromatic compounds. We have now
found that this immobilized combined catalyst pro-
Although the direct conversion of carbonyl com- motes the total hydrogenation and hydrogenolysis of
pounds into hydrocarbons can be accomplished by aromatic ketones in many cases to give the corre-
alkali metals in liguid ammonia, by Lewis acid sponding oxygen-free hydrocarbons.
promoted metal-hydride reduction, by the classical
Clemmensen and Wolff-Kishner type reactions and
by electrochemical transformatiofi,2], only a few
cases have been reported on catalytic hydrogenolysis
of C=0 to CH, groups|[3]. Recently[4], we have
shown that the catalytic activity of the combined
system composed of metallic palladium and soluble
[Rh(cod)CI} is considerably increased upon entrap-
ment in a silica sol-gel matrix, and consequently the
ceramic material promotes exhaustive hydrogenation

2. Experimental
2.1. General procedure for hydrogenation of ketones

The sol-gel encapsulated combined Pd-[Rh(cod)-
Cl]2, prepared by co-entrapment of metallic pal-
ladium particles [from 95mg N#&dClL, 67mg
NaBH; and 0.8ml HN(CH,)3Si(OCHs)3)] and
30mg (0.06 mmol) [Rh(cod)Cl]in a silica matrix
from 5ml of Si(OCH)4 [4] was introduced into a
fax: 1972.2-6513832. mini-autoclave together with 6 mmol of the ketonic
E-mail addresses: jblum@chem.ch.huiji.ac.il, gubstrate and 10ml orh-heptane_. The s_ealed reac-
david@chem.ch.huiji.ac.il (D. Avnir). tion vessel was flushed (three times) with hydrogen

1 Tel.: +972-2-6585332; fax:+972-2-6520099. and pressurized to 400 psi. The reaction mixture was
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Table 1
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Hydrogenation of some ketones in the presence of the sol-gel entrapped combined Pd-[RACt]g)¢atalyst

Entry Substrate Reaction time (h) Product (yield %)

1 @-cocm 24 <:>-C2H5 (19)

2 CH:;Q_COCHB 24 CH3<:>—C2H5 (cis-52, trans-48)
H »

O : O
-COCH3 -CoHs  (88)

; el 2 Srereter:

C Qe e Oy

v
6 @O 36 CO (cis-46, trans-9)
OH
@O (10) (j:j/ (cis,cis-form-32)

Q

74 o 36 OH

(cis,cis-form-217, cis,trans-form-12)
L0
(trans-60)
8 [@_Cﬂz] Co 36 [O-CHQ] CH2 (2D [<:>ACH2] co (32
2 2 2
[<:>—CH2] CHOH
2

9 @-CHZCOCH_; 24 <:>—CH2CH(OH)CH3 47 <:>—CH2COCH3 1)

10 F3C®-COCH3 36 F3C©—CH(OH)CH3 ©5)°

11 CH;CO(CH)sCHs 4 CHzCH(OH)(CH)sCH3 (100)

@Reaction conditions: 6 mmol substrate, catalyst containing 0.06 mmol Rh and 0.32mmol Pd, 10 ml heptane, 408@sCH

b The missing percentage reflects usually on the unreacted starting material.

¢The mixture of the six isomers was separated on a 30013 mm DB-5 GC column operated between 50 and 3Dq4°C/min)
into 28.5% cis, syn, cis-perhydrofluorene, 58%is, anti, cis-perhydrofluorene, 3.2%rans, anti, cis-perhydrofluorene, 2.1%is, syn,
trans-perhydrofluorene, 6%rans, syn, trans-perhydrofluorene and 2.2%ans, anti, trans-perhydrofluorene.

dIn 1,2-dichloroethane.

€ Contaminated with traces of an alicyclic compound.
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stirred magnetically at a rate of 150 rpm at°@for a capillary DB-5 column under the conditions given
the required length of time. After cooling to room in Table 1 [7]) Introduction of a second carbonyl
temperature, the catalyst was filtered, sonicated andfunction as in benzil gave upon hydrogenation solely
washed with CHCI,, dried and reused in a second bibenzyl derivatives. The cyclic ketone, 2-tetralone
run. The filtrate was concentrated and the reaction (entry 6), was converted under the conditions of
products separated if necessary by GC, and eitherTable 1 into cis- and trans-decaline, tetraline and
compared with authentic samples, or their IR, MS and 2-tetralol. The latter was formed as ttis, cis-form as
NMR spectra compared with the data given in the lit- a single isomer, as evidenced by the IR spectf@m
erature. Hydrogenation, experiments of representative No other oxygen-containing compounds were traced
carbonyl compounds are summarizedrable 1 in this reaction. 1,2-Naphthalenequinone, which is
sparingly soluble in heptane, was hydrogenated in
1,2-dichloroethane. The oxygen in the benzylkig (
3. Results and discussion position underwent complete hydrogenolysis, but the
carbonyl group in thg position remained partly un-
The catalyst system was composed of sol-gel changed and partly became a carbinol functionisf
co-entrapped palladium nanoparticles (prepared by cis- andcis, trans-2-decalol (entry 7). The hydrogena-
reduction of methanolic N#dCl, with NaBH,; tion of dibenzyl ketone, in which the carbonyl group
in the presence of $N(CH2)2Si(OCHg)s [5]) and is in the homobenzyl position, gave only 21% of the
[Rh(cod)@-Ch)]2. IR analysis revealed that during fully hydrogenated 1,3-dicyclohexylpropane, along
the entrapment process, the rhodium complex retainswith 77% of oxygenated products (entry 8) and the re-
its original structure. The major peaks are not shifted duction of benzyl methyl ketone (entry 9) did not fur-
by more than 1-2cmt. However, the COD bands nish oxygen-free products at all. Oxygen-containing
disappear gradually during the hydrogenation. products were also obtained in the hydrogenation
In the presence of the entrapped combined cat- of acetophenone derivatives with electron-attracting
alyst, a heptane solution of acetophenone was hy- substituents (e.g. 4-trifluoromethylacetophenone, en-
drogenated at 8QC and 400psi K to give within try 10) as well as in the reduction of non-cyclic
24h 79% of ethylcyclohexane (s€gble 1 entry aliphatic ketones (entry 11). It is worth noting that
1). Likewise, alkyl-substituted acetophenones, such in experiment 10, the GFgroup prevents not only
as 4-methylacetophenone (entry 2) gave exclusively the direct reduction of the carbonyl to a ghhoi-
the fully hydrogenated hydrocarbon. Non-entrapped ety, but interferes also with the hydrogenation of
Pd-Rh combined catalysts with similar structures the aromatic C—-C bonds. Thus, in this experiment
promoted the conversion of these acetophenonesl-(4-trifluoromethylphenyl)ethandd] is practically
mainly into cyclohexyl methyl carbinol$6]. Par- the only product.
tially hydrogenated products were not formed in Apparently, the hydrogenolysis of the various ke-
experiments 1 and 2. However, ketones derived from tones listed in entries 1-8 @kble 1can be rational-
phenols were transferred into the keto-tautomers of ized by initial reduction of the CO moieties to CHOH
1-cyclohexenols. Thus, 2-hydroxyacetophenone after functions, followed by dehydration and addition of hy-
24 h gave 2-ethylcyclohexanone in 88% vyield (entry drogen to the double bond so formed. Thus, the con-
3). After a prolonged reaction period, benzophenone version of acetophenone into ethylcyclohexane could
formed both dicyclohexylmethane and the isomeric proceed via initial formation of 1-phenylethanol, de-
perhydrofluorenes (entry 4). (Separation of the six iso- hydration to styrene and gradual hydrogenation of the
mers of perhydrofluorene was accomplished by GC on side chain and the aromatic ring as showSaheme 1

OO OO0

Scheme 1.
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Scheme 2.
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Scheme 3.

The hydrogenation of benzophenone that does not benzophenone is unlikely. Thus, the hydrogenation
have any non-aromatic hydrogen atoms, would then of benzophenone probably takes place by the route
have to follow the route outlined iBcheme 2 This outlined in Scheme 3In analogy to benzophenone
pathway is in line with the formation of dicyclohexyl-  also, fluoroenone underwent direct hydrogenation and
methane in the final stage of the process, and doesgave after 10 h under the conditions Tdble 1, 29%
not contradict the production of perhydrofluorenes, of fluorene.
which may result from an intramolecular alkylation The sol-gel entrapped Pd-Rh catalyst is per-
in a transient cyclohexenylphenylmethane intermedi- fectly leach-proof and can be recycled at least
ate. Its features are also in agreement with the fact five times without the loss in the catalytic activ-
that benzhydrol yields after 36 h the same two hy- ity. Its unusual catalytic potency is attributed to
drocarbons as benzophenone in 80 and 18% vyield,a synergetic effect between the different metal
respectively. However, in the initial stages of the re- atoms as neither the entrapped palladium nor the
actions, the ketone and the carbinol give different immobilized [Rh(cod)g-Cl)]2 promote exhaus-
products. While the reaction mixture of benzophe- tive hydrogenation and hydrogenolysis of aromatic
none consists after 10 h of 35% of diphenylmethane, ketones.

27% of cyclohexylphenylmethane, 7% of dicyclo-
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