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Abstract—The superadditivity of the catalytic properties of various bimetallic Pd-Ni, Pd-Co, and Pd—Fe com-
plexes with oligodimethylallene ligands was studied. Palladium—nickel catalysts of an equimolar composition
exhibited the highest activity. The complexes were studied by IR spectroscopy. Conceivable structures were
proposed for the complexes. The main kinetic features of the isoprene hydrogenation reaction under the action
of palladium and palladium—nickel systems were studied. A two-center mechanism, which takes into account
the presence of properly arranged palladium and nickel atomsin the active center of the catalyst, was considered
as a probable reason for the appearance of a synergistic effect.

INTRODUCTION

The catalytic hydrogenation of organic compounds
forms the basis of many large-scale processes in petro-
chemical synthesis; basic organic synthesis, and the
synthesis of vitamins, pharmaceuticals, etc. The selec-
tive hydrogenation of diene hydrocarbons to olefinsis
of interest. This process is used for the purification of
lower olefins in order to remove diene traces and to
obtain pure monomers for polymerization. As a rule,
the catalytic systems in current use require high tem-
peratures and pressures. Therefore, studies of homoge-
neous metal complex catalysts based on palladium with
ligands of different natures are of particular interest.
These catalysts provide an opportunity to perform
hydrogenation reactionswith high activity and selectiv-
ity under mild conditions.

Many of the palladium-based metal complex cata-
lysts for hydrogenation described in the literature were
prepared with the use of expensive and toxic organo-
phosphorus and organonitrogen compounds. At the
sametime, the search for highly active and sel ective Pd-
containing catalysts with less toxic and more readily
available ligands, which make it possible to perform
hydrogenation processes at sufficiently low tempera-
tures and pressures, is of scientific and applied impor-
tance.

Previoudly [1], we found that the oligoallene com-
plexes of paladium prepared by the reaction of
bis(acetylacetonato)palladium(l1) with triisobutylalu-
minum in the presence of alene or 1,1-dimethylallene
(DMA) in an aromatic solvent are highly active and
highly selective catalysts for the hydrogenation of
dienes to olefins. Henceforth, complexes with an oli-
godimethylallene ligand will be designated as
M(DMA)®, where M = Pd, Ni, Co, or Fe.

Bimetallic complexes were prepared by the interac-
tion of equimolar amounts of Pd and Ni, Pd and Co, or
Pd and Fe acetylacetonates with triisobutylaluminumin
the presence of 1,1-dimethylalene[2, 3].

The apparent catalytic activity of complexesin the
hydrogenation of a number of unsaturated compounds
(in particular, isoprene) is very high. In terms of the
turnover frequency of a hydrogenation reaction, itisas
high as tens of thousand of inverse hours. A clearly
defined synergistic effect takes place: bimetallic com-
plexes containing a nonnoble transition metal in addi-
tion to palladium greatly surpass palladium complexes
in activity, whereas the complexes of honnoble metals
are completely inactive. Selectivity for isopentenes at
near-100% conversions was 98%, and it was somewhat
lower only in the case of Pd—Fe and Pd—Co systems.

This work was devoted to the further study of the
superadditivity of the catalytic properties of bimetallic
complexes. It includes an IR-spectroscopic study of
palladium and palladium-nickel oligoallene com-
pounds and a study of the main kinetic features of the
reaction of isoprene hydrogenation under the action of
these systems.

EXPERIMENTAL

The synthesis of mono- and bimetallic complex cat-
alysts based on transition metal (Pd, Ni, Co, and Fe)
acetylacetonates was performed with intense stirring in
an argon atmosphere at 20°C and a total metal (Pd,
Pd + Ni, Pd + Co, or Pd + Fe) concentration [Ms] =
2 x 103 mol/l. A calculated amount of 1,1-dimethyla-
llene (8 x 103 mol/l) was added to a salt solution;
next, a required amount of a triisobutylaluminum
solution in toluene (4 x 10~ mol/l) from a dropping
funnel was added. The ratios between reactants were
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Fig. 1. Specific activities (A) of catalysts in the reaction of
isoprene hydrogenation as functions of the palladium con-
tent of bimetallic complexes: (1) Pd—Ni(DMA)O', (2) Pd-
Fe(DMA)?, and (3) Pd-Co(DMA)°. [Ms] =2 x 10~* mol/l;
isoprene amount, 3 mmol.

(is0-C,Hy);Al/Ms = 2 and DMA/M5 = 4. The synthesis
time was 8 h. For amore detailed study of the synergis-
tic effect, complexes with other ratios between metals
were synthesized in addition to the systems of an
equimolar composition.

The resulting complexes were activein diene hydro-
genation without additionally adding an organoalumi-
num compound.

The hydrogenation of dienes was performed in a
long-necked flask reactor at 20°C and a constant pres-
sure of hydrogen equal to 68 kPain toluene as a solvent
(V =17 ml) with intense stirring.

The specific activity of a catalyst was calculated as
the number of moles of asubstrate reacted in 1 h (1 mol
of hydrogen per 1 mol of a substrate) per g-atom of a
metal at 20°C and a hydrogen pressure of 0.1 MPa.

RESULTS AND DISCUSSION

Figure 1 demonstrates the dependence of the activ-
ity of catalystsin the hydrogenation reaction of amodel
substrate, isoprene, on the percentage of palladium in
the palladium—nonnoble metal system (the activity was
calculated on atotal metal basis). The activity of indi-
vidual nickel, cobalt, and iron complexes corresponds
to a zero value of this quantity. The activity of a palla-
dium complex corresponds to 100%. A maximum cor-
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Fig. 2. Rates of isoprene hydrogenation (w) in the presence
of (1) Pd(DMA)® and (2) Pd—Ni(DMA)® of an equimolar
composition as functions of complex concentration. 1so-
prene amount, 3 mmol.

respondsto an approximately equimolar composition; a
bimetallic complex of palladium and nickel exhibited
the highest activity (42000 mol (g-atomM)~* h™1). The
lowest activity was found in a complex of palladium
and cobalt; an analogous system with iron occupies an
intermediate position.

Itisof interest that the synergistic effect also clearly
manifested itself in a comparison between the rates of
isoprene hydrogenation on an individual complex of
paladium and a bimetalic Pd-Ni complex of an
equimolar composition as functions of catalysts con-
centration (Fig. 2). The monometallic system exhibited
amonotonic increase in the rate of reaction with palla-
dium concentration (curve 1). At [Pd] > 6 x 10~ mal/l,
the rate of reaction remained constant; this can be
explained by a decrease in the fraction of the most
active centers due to their association into coarser and
less active particles.

Curve2 inFig. 2isintricate, and it passes through a
maximum at a total concentration of the metals (3.2 x
10~* mol/l), which is followed by a portion character-
ized by a negative kinetic order with respect to [M5]. It
islikely that these complexes participate in equilibrium
association reactionsto result in an increase or decrease
in the amount of catalytically active centersin different
concentration ranges. At [Pd + Ni] >7 x 10~ mol/l, the
rate of the process does not depend on [Ms].
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Fig. 3. Kinetic curves of isoprene hydrogenation at the fol-
lowing initial isoprene concentrations, mol/l: (1) 0.18, (2)

0.36, and (3) 0.54. Catalysts: Pd(DMA)°! (P, =68 kPa)
and Pd-Ni(DMA)® (Py, =44KkPa). [Mz] =2 x 10~ mol/l.

At low concentrations of complexes (<1 x 10+ mol/l),
the rate of hydrogenation is directly proportional to
[M]; that is, afirst order with respect to the catalyst is
observed under these conditions.

Figure 3 demonstrates the kinetic curves of isoprene
hydrogenation at various initial concentrations of iso-
prene. A zero order of the reaction with respect to the
substrate was found, which isindicative of a maximum
degree of coordination of isoprene molecules at the
active centers. Figure 4 suggests a first order of the
hydrogenation reaction with respect to hydrogen.

The activation energies calculated with consider-
ation for hydrogen dissolution in toluene are equal to
14.7 £ 0.9 and 17.2 + 1.8 kJ/mol for Pd(DMA)° and
Pd-Ni(DMA)® catalysts, respectively.

The complexes were studied by IR spectroscopy in
order to characterize their structures.

The product of the reaction of bis(acetylaceto-
nato)palladium(ll) with triisobutylaluminum in the
presence of 1,1-dimethylallene exhibited absorption
bandsin the region 280-425 cm, which rapidly disap-
peared on exposure to air; this fact suggests the pres-
ence of Pd—C bonds. Intense bands at 1376 (split),
1424, 1456, and 2952—2882 cm! can be attributed to
the deformation and stretching vibrations of CH groups
in CH, and CH; [4].

The metal-containing center at which a polymer
chain grows by the insertion of allene monomer mole-
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Fig. 4. Rates of isoprene hydrogenation (w) in the presence
of (1) Pd(DMA)® and (2) Pd-Ni(DMA)® as functions of
hydrogen pressure. [Ms] =2 x 10~* mol/l.

cules into the Pd—C bond can be schematically repre-
sented as the following fragment:

—ECHZ—(I.I‘,th—(Acac)

C
HsC~  ~CHs

The presence of a t-alkenyl structure isimprobable
because of the absence of corresponding absorption
bands.

The above metal-containing center can be stabilized
by the rtcoordination of double bondsintheoligoallene
ligand. A band at 1605-1615 cm! (which disappeared
in air) can be attributed to the stretching vibrations of
the C=C double bond Ttrcoordinated to palladium
(Ve_c) in the oligomer fragment. The occurrence of
bands at 820, 1068, and 1136 cmr! in the IR spectrum,
whose intensities dramatically decreased upon oxida-
tion of the sample in air, can be ascribed to a Pd-con-
taining fragment of the following type:

R~ C/CH\z o CH~R

CHi— N 'c-CHs
N\

CHs 7 N TCHs

where R = is0-C4Ho, R' = _ECHZ_({HF—Z

/C\
HsC” “CHs
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The IR spectrum of the mixed (bimetallic) pala
dium—nickel complex exhibited bands characteristic of
atrakenyl group at ametal [4, 5]: 550, 910, 1490, and
1540-1555 cmr!. Because they were observed in the
individual oligoallene complex of nickel, they should
be attributed to a nickel-containing fragment in the case
of the mixed complex. The bands due to a palladium-
containing fragment in the mixed complex were some-
what shifted: 815, 1065, and 1120 cm'.

According to data obtained by chromatography—
mass spectrometry, hydrocarbons with molecular
weights corresponding to the dimeric, trimeric, and tet-
rameric (which was predominant) forms of oligo-1,1-
dimethylallene were detected in the acidolysis products
of the mixed complex of palladium and nickel.

It is believed that a bimetallic complex, which
exhibits an activity synergism, is formed by the in situ
interaction of atr-alkenyl complex of nickel withan oli-
godienyl compound of palladium. We cannot exclude
the possibility of the formation of a polynuclear active
center, whose constituents are the atoms of both of the
metals (palladium and nickel).

Note that we did not observe an increase in activity
with the use of amixture of separately prepared Pd and
Ni complexes in isoprene hydrogenation.

The occurrence of a two-center mechanism in the
presence of properly arranged Pd and Ni atoms in the
active center of acatalyst isaconceivabl e reason for the
appearance of asynergistic effect on the reaction of iso-
prene hydrogenation under the action of a palladium—
nickel complex. The reaction scheme of diene hydroge-
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nation in the presence of a bimetallic Pd-Ni complex
can be represented as follows: hydrogen is coordinated
to apalladium center; the coordination and activation of
a diene occur at a nickel center of the catalyst. The
transfer of activated hydrogen to the substrate resultsin
the formation of areaction product. The assumption of
the coordination of hydrogen at a palladium center is
based on the greater affinity of palladium to hydrogen
than to nickel.

It is probable that the complex ligand environment
of metals stabilizes the resulting hydride species, which
are active intermediates in the hydrogenation reactions
of unsaturated compounds.

Thus, we found a pronounced synergistic effect
(whichisunusual for metal complex catalysis) on activ-
ity with the use of bimetallic systems containing, in
addition to palladium, a Group VIII nonnoble metal,
which dramatically increases the activity of catalysts
for liquid-phase hydrogenation.
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