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Abstract

Ž .Pd OAc undergoes easy and quantitative coordination to a cross-linked styrenerdivinylbenzene resin functionalized2
Ž .with bis diphenylphosphino methane ligands to yield a supported palladium complex which behaves as a versatile and

recyclable heterogenized catalyst for the hydrogenation of nitrocompounds and a ,b-unsaturated aldehydes under mild
conditions. Whereas nitrobenzene is converted only into aniline, cinnamaldehyde is selectively converted into hydrocin-
namaldehyde. q 1999 Elsevier Science B.V. All rights reserved.

Ž . ŽKeywords: Hydrogenation; Nitrobenzene; Cinnamaldehyde; Polymer-bound palladium II complexes; Heterogenized catalysts; Bis diphen-
.ylphosphino methane ligand

1. Introduction

Transition metal complexes have been suc-
cessfully applied as homogeneous catalysts in a
large variety of chemical reactions. On the other
hand, immobilisation of homogeneous catalysts
on insoluble reactive supports to yield well-de-
fined heterogenized molecular complexes and
their catalytic performances have recently been

w xthe focus of a great deal of interest 1,2 . In-
deed, the main advantages of polymer-sup-
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ported metal complexes are related to their en-
hanced stability as well as easy recovery and
reuse in subsequent catalytic cycles, several
benefits typical of the homogeneous counter-
parts, such as high selectivity and activity, being
still retained.

Many palladium complexes are known to
behave as highly efficient hydrogenation cata-
lysts in homogeneous phase. In this context,
particular attention has been devoted to mono-
w x w x3–5 and di-phosphine 6–10 modified com-

Ž .plexes. Indeed, complexes of palladium II and
Ž .0 in combination with different tertiary phos-
phines have been employed as homogeneous
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hydrogenation catalysts and although the identi-
ties of the active species remained unresolved, it
was generally assumed that the active sites con-
sist of palladium-derivatives, where ancillary
phosphine ligands are permanently coordinated
to the metal atom during the whole catalytic

w xcycle 11,12 .
Several attempts have been reported to afford

heterogenized palladium complexes by anchor-
ing the metal derivatives to polymer-based ben-

w xzyl-diphenylphosphine ligands 13–15 , to
amino- and N-heterocyclic macromolecular lig-

w xands 16 , to 2-amino-butanol functionalized
w xstyrene-divinylbenzene resins 17 or to a macro-

porous acrylate polymer network with pendant
w xisocyanopropyl groups 18 , the resulting het-

w Ž . xerogeneous analogues of PdCl PR and2 3 2
w Ž . xPdCl CNR displaying enhanced hydrogena-2 2

tion activity and high selectivity.
On the other hand, immobilised catalysts were

also prepared by contacting solutions of palla-
w xdium-phosphine complexes with silica 19,20

or other inorganic supports such as pillared
w x w xclays like montmorillonite 21 or zeolites 22 ;

even in the above cases, heterogenization of-
fered enhanced stability and activity.

Very recently, the synthesis and molecular
characterization of a novel diphosphine poly-
mer-bound palladium complex was described by

w xus 23 . The organic support was obtained by a
functionalization pathway involving the reaction
between a macroporous chloromethylated sty-

Žrene-divinylbenzene resin and lithium bis di-
.phenylphosphinyl methanide and subsequent re-

duction of the anchored phosphinoxide moieties
Ž .to yield a polymeric bis diphenylphosphino -

methane ligand. The above anchored palladium
Ž .diphosphine complex Dow-DPPM-Pd OAc 2

Ž .Chart 1 has been found to catalyse 1,3-
butadiene telomerization with methanol to give
with high activity and selectivity octadienyl

w xethers 24 . Moreover, the fact that catalytic
performances remained unchanged after re-
peated reaction cycles and the recycled liquid
reaction mixture was substantially inactive, al-
lowed the conclusion that the above polymer-

bound palladium catalyst really works in hetero-
geneous phase. Therefore, it also appeared inter-
esting to study the catalytic activity and selec-

Ž .tivity of the Dow-DPPM-Pd OAc complex in2

the hydrogenation of different organic sub-
strates, as well as to check the really heteroge-
neous nature of the above catalytic system.

2. Experimental

2.1. Materials

All manipulations were carried out under dry
purified argon or nitrogen using standard
Schlenk techniques.¨

Ž .The heterogenized Dow-DPPM-Pd OAc 2
Žcatalyst precursor 2.83 wt.% of Pd, correspond-

.ing to 0.266 meq Pdrg of resin was obtained,
w xas previously reported 23 , by reacting

Ž .Pd OAc with a macroporous cross-linked2
Ž . Ž . Žstyrene St rdivinylbenzene DVB resin Dow-

. Ž 2 .B specific surface areas45 m rg containing
4.5 mol% of DVB co-units and functionalized

Ž . Ž .with bis diphenylphosphino methane DPPM
Ž .moieties 3.5 mol% of St-DPPM co-units .

Ž . Ž .Toluene Baker and n-hexane Merck were
refluxed and distilled under dry argon over
sodium and sodium–potassium alloy, respec-

Ž .tively. Nitrobenzene Merck was treated with
decolourising animal charcoal and purified by
fractional distillation under reduced pressure in
atmosphere of argon.

Ž . ŽDecalin Carlo Erba , cinnamaldehyde Al-
. Ž .drich , hydrocinnamaldehyde Aldrich were dis-
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tilled under reduced pressure immediately prior
Ž .to the use; cinnamyl alcohol Aldrich was stored

under argon and used as received.

2.2. Catalytic experiments and analyses

Catalytic experiments were carried out in a
300 ml mechanically stirred stainless steel auto-
clave, equipped with a glass inner beaker, a
substrate inlet stopcock, a liquid sampling valve
and a thermocouple for inner temperature con-
trol. In a typical procedure, the desired amount
of catalyst precursor was introduced under inert
atmosphere in the argon purged autoclave. The
autoclave was then evacuated up to 0.5 mm Hg

Ž .and the desired amounts of solvent if required ,
substrate and toluene or n-hexane as internal
standard were introduced inside. The autoclave
was then pressurized with hydrogen and heated
in a thermostatic oil bath.

Reaction mixture samples were periodically
removed via the liquid sampling valve, col-
lected in capped vials and immediately analysed
by temperature-programmed GC.

When a pre-reduction of palladium catalyst
was required, the desired amount of heteroge-
nized complex and the solvent were introduced
under argon atmosphere in the autoclave. The
system was then pressurized with hydrogen and
kept at the required temperature in a oil bath for
the assigned time. Solvent was then removed
via the liquid sampling valve and the autoclave
was evacuated and charged again with solvent,
unsaturated substrate and internal standard for
GC analyses, pressurized with hydrogen and
finally heated at the required temperature in a
thermostatic oil bath.

Recycling experiments of the heterogenized
catalyst were carried out in a similar manner;

Table 1
Hydrogenation of nitrobenzene in the presence of the heteroge-

Ž . anized Dow-DPPM-Pd OAc catalyst2

bŽ .Entry Nitrobenzene conversion mol% T.N.
y1Ž .hŽ .Time h 0.5 1 1.5 2 12

1 1st cycle 33.3 80.5 97.0 100.0 – 566
2 2nd cycle 32.3 77.5 93.2 99.6 – 545
3 3rd cycle 33.8 68.2 85.6 99.6 – 479
4 4th cycle 36.5 59.7 82.2 95.9 – 420
5 5th cycle 36.5 67.3 80.5 95.7 – 473

c6 liquid phase – – – ;0 – 0
recycle

d7 – – – – 22.1 283

aReaction conditions: Pd: 1.38=10y2 mmol; solvent: methanol
Ž .25 ml ; nitrobenzenerpalladium: 700 molrmol; temperature:
258C; P s1 MPa.H 2b Turn over numbers evaluated after 1 h of reaction and expressed

Žas: moles of converted nitrobenzener moles of palladium per
.hour .

c Recycle of the liquid reaction mixture from entry 1, joined to a
fresh amount of nitrobenzene, in the absence of solid catalyst.
dRun carried out in the absence of solvent; nitrobenzenerpal-
ladium: 15,500 molrmol; T.N. evaluated after 12 h of reaction.

after removing through the liquid sampling valve
the liquid reaction mixture, the autoclave con-
taining the heterogenized catalyst was evacuated
and charged again for the subsequent catalytic
cycle.

When the recycle of the liquid phase was
investigated, the liquid reaction mixture was
collected under inert atmosphere, joined to a
fresh amount of unsaturated substrate, trans-
ferred in an evacuated autoclave free of the
heterogenized catalyst, pressurised with hydro-
gen and heated at the desired temperature; the
conversion obtained in the recycle experiment
was evaluated by analysing the liquid mixture
before and after the catalytic cycle and subtract-
ing the amount of products formed in the pre-
ceding cycle.

Scheme 1. Hydrogenation of nitrobenzene to aniline.
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Scheme 2. Hydrogenation of cinnamaldehyde.

Quantitative analyses of the reaction products
were performed with a Perkin Elmer SIGMA
3B gas-chromatograph equipped with a P.C. PE
NELSON integrator, a 2 m-Tenax packed col-
umn and a flame ionization detector. The identi-
fication of the single reaction products was
performed by using authentic samples.

Palladium content in the heterogenized cata-
lyst was determined by UV–VIS spectrophoto-
metric analysis at 408 nm, according to the

w xliterature 25 . The calibration curve was ob-
tained with five standard solutions of sodium
tetraiodopalladate at different concentrations.

2.3. Data presentation

Conversions and selectivities are defined by
the following equations:

Conv.%s moles of initial substrateŽ
ymoles of residual substrate.
r moles of initial substrate =100Ž .

Sel.%s moles of the individual productŽ .

r moles of total products =100Ž .

3. Results and discussion

3.1. Hydrogenation of nitrobenzene

Ž .The Dow-DPPM-Pd OAc complex was2

tested for its catalytic activity in the hydrogena-
tion of nitrobenzene as a model reaction
Ž .Scheme 1 .

Nitrobenzene was hydrogenated in methanol
solution at room temperature and low pressure
Ž . Ž .P s1 MPa with a turnover number T.N.H2

Ž .as high as 566 entry 1, Table 1 . As the
solubility of hydrogen is rather high in methanol
w x26 , all experiments were confined to this
medium, despite the swelling of the catalyst
polymer matrix in methanol is very low.

Table 2
Ž . aHydrogenation of cinnamaldehyde in the presence of the heterogenized Dow-DPPM-Pd OAc catalyst2

bŽ . Ž .Entry T 8C Reaction time min T.N.
y1Ž .h30 60 90 120 150 180 210 240 300

Ž .8 70 Conversion mol% 10.6 13.7 – 19.3 – 32.0 – 38.1 46.7 247
Ž .Selectivity mol% I 79.0 82.1 – 85.9 – 86.4 – 86.6 86.8

III 21.0 17.9 – 14.1 – 13.6 – 13.4 13.2
c Ž .9 70 Conversion mol% 14.9 26.7 31.5 44.6 51.4 60.0 61.9 72.2 85.5 481

Ž .Selectivity mol% I 87.1 89.7 90.1 90.2 90.4 90.5 90.5 90.5 90.6
III 12.9 10.3 9.9 9.8 9.6 9.5 9.5 9.5 9.4

c Ž .10 100 Conversion mol% 42.6 46.8 59.4 71.2 80.5 93.2 – – – 842
Ž .Selectivity mol% I 88.3 88.5 88.9 89.7 89.9 89.9 – – –

III 11.7 11.5 11.1 10.3 10.1 10.1 – – –

a y2 Ž .Reaction conditions: Pd: 1.38=10 mmol; solvent: decalin 25 ml ; cinnamaldehyderpalladium: 1800 molrmol; P s0.5 MPa.H 2b Ž .Turnover numbers evaluated after 1 h of reaction and expressed as: moles of converted cinnamaldehyder moles of palladium per hour .
c Ž .Pre-reduction conditions: solvent: decalin 25 ml ; P s0.5 MPa; time: 2 h.H 2
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Fig. 1. Hydrogenation of cinnamaldehyde in decalin at 708C and
Ž .0.5 MPa in the presence of the Dow-DPPM-Pd OAc pre-re-2

Ž . Ž .duced catalyst entry 9 : mole % vs. time. cinnamaldehyde ^ ;
Ž . Ž .hydrocinnamaldehyde ` ; 3-phenyl-1-propanol I .

As the main goal of the anchorage of a metal
catalyst on a polymer is the possibility of its
recovery and recycle, the above catalytic system
was employed in subsequent cycles and the
analysis of the metal content was carried out
after several cycles of use.

Ž .As shown in Table 1 entries 2–5 , the het-
erogenized catalyst was recycled with a substan-
tial retainment of activity; moreover, when the
liquid phase was separated from the heteroge-
nized catalyst and fresh nitrobenzene was added,
no further conversion of the nitro-compound

Ž .was observed entry 6, Table 1 , thus confirm-
ing the absence of metal leaching and hence a
really heterogeneous nature of the Dow-DPPM-

Ž .Pd OAc complex. Indeed, even after five cat-2

alytic cycles, the catalyst showed a palladium
Žloss ranging from 0.5 to 1% in the limits of the

.experimental error , so that metal content in the
catalyst could be assumed substantially un-
changed with respect to the initial amount.

Besides, these experiments were particularly
useful to test the stability of the catalyst towards
water and aromatic amines. In fact, it was re-
ported that addition of N-donors to palladium-
phosphine homogeneous catalysts caused deac-

w xtivation 27 , thus suggesting that the availabil-
ity of coordination sites is of critical impor-
tance. In this case no deactivation occurred in
the presence of water and aniline, which are the
hydrogenation products; moreover, when the
hydrogenation of nitrobenzene was carried out
in absence of solvent, thus increasing the con-
centration of the substrate and hence of the
reaction products, an appreciable hydrogenation
activity towards reduction of nitro-groups to

Žamine moieties was still observed entry 7, Table
.1 .

3.2. Hydrogenation of cinnamaldehyde

With the aim of studying the chemoselectiv-
ity of the supported palladium complex Dow-

Ž .DPPM-Pd OAc , a typical bifunctional sub-2

strate such as cinnamaldehyde has been submit-
ted to catalytic hydrogenation.

Table 3
Ž . Ž . Ž . aHydrogenation of cinnamyl alcohol II and hydrocinnamaldehyde I in the presence of the heterogenized Dow-DPPM-Pd OAc catalyst2

bŽ .Entry Substrate Reaction time min T.N.
y1Ž .h30 60 120 180 240 300

Ž .11 Cinnamyl alcohol Conversion mol% 14.3 25.7 50.3 74.5 92.9 – 463
Ž .Selectivity mol% I 11.8 6.5 5.0 3.1 2.7 –

III 88.2 93.5 95.0 96.9 97.3 –
Ž .12 Hydrocinnamaldehyde Conversion mol% 5.7 7.4 8.6 11.7 12.7 15.3 133
Ž .Selectivity mol% II 10.1 9.8 8.1 8.7 6.1 5.3

III 89.9 90.2 91.9 91.3 93.9 94.7

a Ž . y2Pre-reduction conditions: solvent: decalin 25 ml ; P s0.5 MPa; time: 2 h. Reaction conditions: Pd: 1.30=10 mmol; solvent: decalinH 2
Ž .25 ml ; substraterpalladium: 1800 molrmol; P s0.5 MPa; temperature: 708C.H 2b Ž .Turnover numbers evaluated after 1 h of reaction and expressed as: moles of converted substrater moles of palladium per hour .
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Fig. 2. Hydrogenation of cinnamyl alcohol in decalin at 708C and
Ž .0.5 MPa in the presence of the Dow-DPPM-Pd OAc pre-re-2

Ž . Ž .duced catalyst entry 11 : mole % vs. time. cinnamyl alcohol ^ ;
Ž . Ž .hydrocinnamaldehyde I ; 3-phenyl-1-propanol ` .

Indeed, hydrogenation of cinnamaldehyde
may give rise, in principle, to three products,

Ž .namely hydrocinnamaldehyde I , cinnamyl al-
Ž . Ž .cohol II and 3-phenyl-1-propanol III as re-

ported in Scheme 2.
Table 2 lists the hydrogenation experiments

of cinnamaldehyde at 0.5 MPa pressure in de-
calin; the results are presented as percent con-
version of cinnamaldehyde and selectivity to

Ž .either hydrocinnamaldehyde I or 3-phenyl-1-

Ž .propanol III . All the data clearly indicate that,
under the adopted conditions, hydrogenation was
preferentially directed towards the conjugated
C5C double bond, yielding hydrocinnamalde-
hyde with high productivity, while no cinnamyl
alcohol was detected in the reaction mixture.
Better performances were obtained when cat-
alytic precursor was pre-reduced under hydro-
gen atmosphere, both activity and selectivity

Žresulting substantially increased entry 9, Table
.2 . Moreover, the increase of reaction tempera-

Ž . Ž .ture from 70 entry 9 to 1008C entry 10
causes a remarkable improvement of activity
Ž .T.N. is almost doubled , the selectivity to hy-
drocinnamaldehyde being substantially retained.

As shown in Fig. 1, during the hydrogenation
at 708C of cinnamaldehyde by the pre-reduced

Ž .Dow-DPPM-Pd OAc catalyst the relative2

amount of hydrocinnamaldehyde with respect to
that of 3-phenyl-1-propanol progressively in-
creases in the reaction mixture; in fact, as re-
ported in Table 2 for all the experiments, the
selectivity to hydrocinnamaldehyde slightly
increases on increasing the conversion of cin-
namaldehyde, the reverse occurring for 3-
phenyl-1-propanol. The above data clearly indi-
cate that 3-phenyl-1-propanol does not seem to
be originated from hydrocinnamaldehyde.

Ž .Fig. 3. Hydrogenation of hydrocinnamaldehyde in decalin at 708C and 0.5 MPa in the presence of the Dow-DPPM-Pd OAc pre-reduced2
Ž . Ž . Ž . Ž .catalyst entry 12 : mole % vs. time. hydrocinnamaldehyde ^ ; 3-phenyl-1-propanol ` ; cinnamyl alcohol I .



( )F. BenÕenuti et al.rJournal of Molecular Catalysis A: Chemical 145 1999 221–228 227

Scheme 3. Proposed reaction pathways for the hydrogenation of cinnamaldehyde.

In order to confirm this point, separate hydro-
genation experiments on cinnamyl alcohol and
hydrocinnamaldehyde were carried out, under
the same conditions, over the heterogenized cat-

Ž .alyst Table 3 . Cinnamyl alcohol was readily
hydrogenated to 3-phenyl-1-propanol, with neg-
ligible isomerization to hydrocinnamaldehyde
Ž .Fig. 2 , with a turnover number as high as 463
hy1. On the contrary, hydrocinnamaldehyde was
very slowly converted into 3-phenyl-1-propanol
Ž .Fig. 3 , these results evidencing a higher cat-

Ž .alytic activity of Dow-DPPM-Pd OAc to-2

wards C5C double bond hydrogenation rather
than C5O reduction. These observations can be
explained in terms of greater affinity of palla-

w xdium for C5C bonds than for C5O bonds 28 ;
indeed palladium catalysts are known to selec-

w xtively adsorb and reduce alkenes 29 . There-

fore, it may be concluded that the hydrogena-
tion of cinnamaldehyde substantially proceeds
as reported in Scheme 3. Indeed, the hydrogena-
tion of cinnamaldehyde affords hydrocin-

Ž . Ž .namaldehyde I and cinnamyl alcohol II , I
Ž .being the major product k 4k ; however, II1 2

is not detectable because it is very quickly
Ž .transformed k 4k into 3-phenyl-1-propanol3 2

Ž .III , which in turn is not appreciably obtained
Ž .by subsequent hydrogenation of I k f0 .4

Finally, in order to test the stability of the
catalyst and its really heterogeneous behaviour,

Ž .the Dow-DPPM-Pd OAc precursor was used2

in subsequent catalytic cycles, the results being
summarised in Table 4.

Due to the fact that the catalyst was em-
ployed without a pre-reduction step, its perfor-
mances appeared to improve cycle by cycle, up

Table 4
Ž . aHydrogenation of cinnamaldehyde in the presence of the heterogenized Dow-DPPM-Pd OAc catalyst2

bŽ . Ž .Entry Conversion mol% Selectivity mol% T.N.
y1Ž .hHydrocinnamaldehyde 3-Phenyl-1-propanol

13 1st cycle 38.1 86.6 13.4 172
14 2nd cycle 48.8 91.5 9.5 220
15 3rd cycle 60.9 92.3 7.7 274
16 4th cycle 61.0 92.7 7.3 274
17 5th cycle 60.8 92.6 7.4 274

c18 liquid phase recycle ;0 – – ;0

a y2 Ž .Reaction conditions: Pd: 1.38=10 mmol; solvent: decalin 25 ml ; cinnamaldehyderpalladium: 1800 molrmol; P s0.5 MPa;H 2

temperature: 708C; time: 4 h.
b Ž .Turnover numbers evaluated after 4 h of reaction and expressed as: moles of converted cinnamaldehyder moles of palladium per hour .
c Recycle of the liquid reaction mixture from entry 1, joined to a fresh amount of cinnamaldehyde, in the absence of solid catalyst.
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to a nearly steady state with a conversion of
about 60% after 4 h of reaction and a selectivity
towards hydrocinnamaldehyde higher than 92
mol%. Negligible metal leaching was evidenced
after five catalytic cycles; accordingly, the liq-
uid reaction mixture of the 1st cycle, after sepa-
ration from the solid catalyst, when joined to a
fresh amount of substrate did not evidence any
further cinnamaldehyde conversion.

4. Concluding remarks

On the basis of the obtained results the fol-
lowing concluding remarks can be drawn.

Ž . Ž .i The heterogenized Dow-DPPM-Pd OAc 2

catalyst precursor is able to hydrogenate ni-
trobenzene to aniline, under very mild condi-
tions, with good productivity, no evidence of
intermediate compounds being observed. More-
over, recycle experiments allow the conclusion
that the catalyst retains its activity after several
cycles, no metal leaching being substantially
found. The lack of activity of the recycled
liquid reaction products nicely confirms that the
catalyst really works in the heterogeneous phase.

Ž . Ž .ii Dow-DPPM-Pd OAc is also able to2

hydrogenate a ,b-unsaturated aldehydes, such as
cinnamaldehyde, to hydrocinnamaldehyde, with
high activity and selectivity, thus indicating that,
at least under the adopted mild conditions, the
above palladium catalyst has greater affinity for
carbon–carbon double bonds rather than for
carbonyl groups. All the obtained results sug-
gest that the observed minor amount of 3-
phenyl-1-propanol is substantially derived from
cinnamyl alcohol rather than from hydrocin-
namaldehyde. Recycle experiments again show
that the catalyst maintains its activity after sev-
eral cycles and above all retains its heteroge-
neous character.
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