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Abstract—The mechanism of the formation and the nature of microheterogeneous catalysts for hydrogenation
are discussed using acetylacetonate compl exes of palladium with phosphine ligands as an exampl e. Polynuclear
palladium complexes with phosphide and phosphinidene ligands are obtained, and their role in the formation
of hydrogenation catalystsis found. As distinct from phosphide complexes, amide complexes of palladium are
unstable in a hydrogen atmosphere and undergo reduction to form highly dispersed palladium black.

INTRODUCTION

Phosphine complexes of palladium(l1) are the pre-
cursors of catalysts for various processes of organic
synthesis. The nature and the mechanism of the forma-
tion of catalytically active complexes are one of the
most important problems in catalysis. In this work, the
results of a study on the transformations of -diketo-
nate phosphine complexes of palladium under the
action of various reducing agents are presented. The
aim of this study was to reveal the nature of microhet-
erogeneous hydrogenation catalysts and to develop
new methods for the synthesis of active and selective
catalytic systems.

EXPERIMENTAL

Solvents were purified according to conventional
procedures used in operations with organometallic
compounds [1]. The Pd(acac),PPh; complex was syn-
thesized according to [2]. For this complex the data of
elemental analysis are: Anal. calcd. (%): Pd, 18.72; C,
59.32; H, 5.12; P, 5.64. Found (%): Pd, 17.59; C, 61.15;
H, 5.23; P, 4.95.

Trioctylphosphine was synthesized according to the
procedure described in [3]; T, = 210°C/5 torr ('P NMR:
0=-41ppm). Diphenylphosphine was prepared
according to [4]; T, = 152°C/13 torr (3P NMR: & =
=41 ppm; Jp y = 210 HZ).

Synthesis of catalysts based on the Pd(acac), +
nPPh; system. A 0.9740-g portion of Pd(acac),
(3.2 mmol) and 0.2112 g (0.8 mmol) of triphenylphos-
phine were placed into a thermostatically controlled
vessel connected to avolumetric system; the vessel was
evacuated and then filled with hydrogen. A 20-ml por-
tion of toluene (or DMF) was added in ahydrogen flow.
The resulting solution was stirred in a hydrogen atmo-
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sphere at a gauge pressure of 1 atm and a temperature
of 80°C for 24 h until the quantitative formation of
acetylacetone. After reaction completion, the solution
became colorless, and a black precipitate was formed.
The precipitate was decanted, washed severa times
with diethyl ether, and dried in a vacuum. Experiments
at other PPh,/Pd(acac), ratioswere performed in asim-
ilar manner.

Acetylacetone and benzene in the cadyzate were
determined by GL C after preliminary recondensation from
the liquid phase on a vacuum setup (20°C/1 x 107 torr) to
prevent the formation of these substances from the cat-
alyzate in a chromatographic column during analysis.
A Chrom-5 chromatograph with a 3.6-m column
packed with SE-30 and a flame-ionization detector was
used; the analysistemperature was 120°C, and nitrogen
was a carrier gas. Errorsin the determination of acety-
lacetone and benzene were at most 10%.

NMR spectra were measured on aVXR-500S pulse
spectrometer (Varian). The chemical shifts of 3'Pare
given with reference to 85% phosphoric acid. Positive
values correspond to downfield shifts. The IR spectraof
samples in mineral oil were measured in the region
4000-400 cm! on a Specord |R-75 instrument.

Analysis of catalyst samples by transmission elec-
tron microscopy (TEM) and scanning electron micros-
copy (SEM) was performed using BS-300 and BS-540
microscopes (Czech Republic). The samples were pre-
liminarily dispersed in hexane for 1 min using a
UZDN-A ultrasonic processor (power input of 100 W).
A drop of the resulting suspension was applied to asup-
porting net coated with a carbon film and dried in an
argon atmosphere. The conditions of measurements
prevented the test samples from melting and decom-
posing under exposure to an electron beam.

The X-ray diffraction analysis of catalyst samples
was performed using a DRON-3 diffractometer with
CoK, radiation.
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RESULTS AND DISCUSSION

The formation of hydrogenation catalysts by the
reduction of (3-diketonate complexes of palladium was
examined using molecular hydrogen or sodium hypo-
phosphite as a reducing agent.

In contrast to carboxylate complexes[5], acetylaceto-
nate complexes of palladium are reduced by hydrogen in
gprotic solvents under more savere conditions (T = 80°C).
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Inthiscase, it wasfound [6] that bis(acetylacetonato)palla
dium, the oligomeric structure of which is aso retained
upon dissolving in benzene, is not reduced by hydrogenin
gprotic solvents in the absence of water. Similar behavior
was also found for paladium acetate. The role of water is
that it degrades the oligomeric structures [Pd(acac),],, and
facilitates the heterolytic cleavage of ahydrogen molecule.
For example, at n = 3:
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The activity of Pd black formed by reduction islow in the
hydrogenation of unsaturated hydrocarbons, ~0.2 mol
phenylacetylene (mol Pd)~' min~!. The addition of ater-
tiary phosphine in even a small amount to the reaction
system before the treatment with hydrogen resulted in
adramatic increase in the specific activity [7, 8]. Figure 1
indicates that this activity reached a maximum at
P/Pd ~ 0.4 and then decreased.

This fact motivated our study of the modifying
effect of atertiary phosphine on the formation of hydro-
genation catalystsin the system Pd(acac), + nPPh; + H,
(n=0.25,0.5,0.75, and 1.0).

Nature of Microheterogeneous Catalysts
Based on Pd(acac), + nPPh; + H,

The reaction between equimolar amounts of a ter-
tiary phosphine PR; (triphenylphosphine, tributyl phos-
phine, or trioctylphosphine) and Pd(acac), affects the
nature of abond in an acetylacetonate ligand. A chelate
coordination bond is transformed into a covalent C—Pd
bond to form a complex of the composition
Pd(acec),PR; [9, 10]. At P/Pd < 1, amixture of Pd(acec),
and Pd(acac),PR; occurs in the reaction system. Note
that a tertiary phosphine in the presence of water can
exhibit reducing propertiesto form a Pd(PR;),, complex

with a low hydrogenation activity and P(O)R; [11]
according to the reaction

Pd(acac), + 5SPR; + H,O

— Pd(PR;), + P(O)R; + 2acacH.

Therefore, the dryness of solvents is of particular
importance.

First, let us consider the reactions of the individual
complex Pd(acac),PPh, under exposure to hydrogen in
atoluene or DMF medium.

The interaction of Pd(acac),PPh, with hydrogen is
characterized by an induction period, the duration of
which is 40 or 5-10 min in toluene or DMF, respec-
tively [7, 8]. The S-shaped curve of hydrogen absorp-
tion indicates the autocatal ytic reaction. Acetylacetone
is formed at the beginning of the interaction of
Pd(acac),PPh, with hydrogen, and benzene is formed
thereafter (Fig. 2).

According to NMR- and |R-spectroscopic data, the
hydrogenolysis of the C-bonded acetylacetonate ligand
takes place at this stage to form the unstabl e intermedi-
ate [Pd(acac)PPh;], (1) asfollows:

2Pd(acac)PPh, + H, — [Pd(acac)(PPh,)], + 2acacH.
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The subsequent transformation of | results in the
mixed-ligand binuclear complex [Pd(acac)PPh,], (11):
[Pd(acac)(PPhy)], + H, — [Pd(acac)PPhy ], + 2C4Hs.
The trinuclear palladium complex
[Pd;(PPh,);(PPh;);]*acac™ (I11) was also detected by
NMR spectroscopy. It is well known [12] that analo-
gous complexes result from a reaction between
Pd(PPh,), and [PdCI,(PPh,),(PHPh,),] in a hydrogen
atmosphere. We did not detect the direct formation of a
Pd(0) complex under these conditions. However, it was
found earlier [13] that the extremely unstable complex
[Pd(PPh,)], was formed in the reaction between
Pd(acac),PPh; and formic acid in equimolar amounts.
In excess formic acid (HCOOH/Pd > 1), the complex
[Pd(PPh;)Pd(PPh,)] was formed. These results suggest
the formation of [Pd(PPh;)], as an intermediate in the
reaction of Pd(acac),PPh; with hydrogen. Thus, the
formation of |11 can be expressed by the equation

2[Pd((PPhy)], + [Pd(acac)PPhy], + H,

= [Pd3(PPh2)3(PPh3)3]+acaC7 + 3Pd + C6H6 + acaCH.

The mechanism of Pd(acac),PPh, reduction by hydro-
gen in toluene or DMF is analogous [7, 14].

When the process was performed in DMF, a dark
brown precipitate poorly soluble in DMF was formed
in the reaction system after the quantitative formation
of acetylacetone. The empirical formula of this precip-
itate is Pd;P,CscH5,. The precipitate is X-ray amor-
phous; it is characterized by a halo with a maximum at
2.231 A. The coherent-scattering region calculated by
the Selyakov—Scherrer equation [15] is~10 A.

The IR spectrum of the precipitate exhibits inade-
guately resolved absorption bands in the region
690750 cnr!, which are related to out-of-plane defor-
mational C—H vibrations in monosubstituted benzene
rings. The 3'P NMR spectrum of aDMF solution of the
sample exhibits a number of signals from —20 to
40 ppm, which can be attributed to both diphenylphos-
phine ligands in polynuclear palladium complexes and
triphenylphosphine phosphorus nuclei coordinated to
palladium atoms. A portion of triphenylphosphine is
oxidized and the rest of it remains as PPh, ligands; the
yield of benzene is approximately 0.8-0.9 mol per
1 mol of palladium. Consequently, more than one Ph
group undergoes dephenylation, and the precipitate
consists of a set of palladium compounds with organo-
phosphorus ligands, which can generally be described
as [Pds(PPh,),(PPh),] or [Pds(PPh);PPh;].

According to TEM data, the precipitate consists of
regularly shaped spherical globules 0.2-1.2 um in
diameter. The high contrast, which points to a high
level of interactions between the globules and an elec-
tron beam, isindicative of a high palladium concentra-
tion in the globules. Palladium is uniformly distributed
over the entire volume (Fig. 3).

According to SEM data, the precipitate al so consists
of regularly shaped spherical microglobules, mostly
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Fig. 1. Specific rate of phenylacetylene hydrogenationin
the presence of the catalytic system Pd(CgH;05), +
nPPh; as a function of the molar ratio P/Pd (T = 80°C;

solvent, DMF; PH2 =1am; a P/Pd =0, w= 0.2 mol phenyl-
acetylene (mol Pd)~t min2.
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Fig. 2. Relative concentrations (C) of (1) acetylacetone and
(2) benzene as functions of time in the reduction of
Pd(acac),PPh; by hydrogen in DMF a 80°C and mpy =
6 mmol.

0.5-1.0 umin diameter. The formation of spherical par-
ticlesat alevel of 1 umis possible only under the con-
ditions of phase separation in the system. The agglom-
eration of globules primarily occurs by the coalescence
of finer particles from 0.1-0.2 um and above. This
mechanism is supported by the broad statistical parti-
cle-size distribution. The shape of globules (regular
sphere) and the mechanism of growth (coalescence)
indicate that a nascent phase enriched in palladium
exhibits alow viscosity closeto that of coacervate sys-
tems (coacervation is the separation of a newly formed
phase as droplets enriched in solute). Coacervate sys-
tems are most typical of high-molecular compounds
with low molecular weights or of the polymer—solvent
system enriched in solvent [16]. Taking into account a
low thermodynamic affinity of the precipitate to sol-
vent, which manifests itself in the low solubility, we
believe that this type of phase separation results from a
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Fig. 3. Electron micrograph of a precipitate isolated from
the system Pd(acac),PPh; + H, (TEM data; 1 cm in the
micrograph corresponds to 1.43 um).

low molecular weight of the reaction product (at alevel
of oligomers). The subsequent reaction of the formed
polymeric phase with hydrogen and deeper dephenyla-
tion of organophosphorus ligands result in polymer
structuring and transition to asolid state of aggregation.

The above data suggest that the precipitate formed in
the Pd(acac),PPh; + H, system is the following pala
dium-containing organophosphorus polymer, which con-
ssts of polynuclear paladium complexes with bridging
diphenylphosphide and phenylphosphinidene ligands
linked to each other by donor—acceptor interactions:

I?d(O)n
PPh PPh
N KON SN ¥
Pd Pd Pd
AN AN
PPh, I|3Ph2
Pd
N\

On the other hand, dissolving this precipitate in
DMF followed by centrifuging the solution did not
result in precipitate formation. These results indicate
that, on dissolving the sample, the constituent globules
underwent degradation to form finer particles with a
largest size of 3 nm. This data interpretation can asso-
ciate an increase in the catalytic activity upon diluting
the solution with the dissociation of oligomeric struc-
tures by coordinating a solvent (DMF) [8].

Complexes I, Il, and Il exhibit no catalytic
activity in hydrogenation, whereas the activity of a
microheterogeneous catalyst of the empirical for-
mula PdsP,Phy is approximately equal to 40 mol phenyl-
acetylene (mol Pd)~! min-'.

Let us consider the nature of reaction productsin the
Pd(acac), + nPPh; system at P/Pd < 1. As well as at
n = 1, thereaction in the Pd(acac), + nPPh; system was

SHMIDT et al.

performed until the quantitative formation of acetylac-
etone. Note that a change in the P/Pd ratio affects the
degree of degradation of organophosphorus ligands
(Table 1). This behavior was observed in the reduction
of the Pd(acac), + nPPh; system by hydrogen in both
toluene and DMF.

A decreasein the P/Pd ratio resultsin an increasein
the benzene content of the reaction system on atertiary
phosphine basis. These data indicate that the ratio
between starting reactants rather than the nature of an
aprotic solvent is akey factor affecting the degradation
of a tertiary phosphine and, as a consequence, the
nature of reaction products in the catalytic system
Pd(acac), + nPPh,. Therefore, experiments performed
in toluene are described below.

At the ratio P/Pd = 0.25, the formation of benzene
was almost quantitative on atriphenylphosphine basis.
The black precipitate isolated from the reaction system
is described by the empirical formula Pd; 4,PC, 3¢H 15-
According to X-ray diffraction data, it contains palla-
diuminacrystallineform (d/n 2.246, 1.945, 1.376, and
1.174 A) and a substance amorphous to X-rays. The
amount of palladium metal in different samples can
vary from 5 to 25% depending on the degree of removal
from coarse palladium metal particles. The molecular
formula of the reaction product minus Pd black has the
form [(Pd; 54P)g 61 { Pdy(PPh) } 59]. Previously [7], the
interatomic distances in analogous samples were found
by EXAFS to be equal to 2.54, 3.14 (Pd—Pd), and 2.18 A
(Pd—P) and were attributed to the palladium phosphide
Pd,P; the solid-state NMR spectrum exhibited two sig-
nals due to phosphorus nuclei in different states. A set
of experimental and published data suggests that the
reaction productsin the Pd(acac), + 0.25PPh; + H, sys-
tem consist of amixture of palladium phosphides of the
predominant composition Pd;P and palladium com-
pounds with phenylphosphinidene.

The composition of the reaction products was
changed astheratio P/Pd wasincreased to 0.5. Accord-
ing to X-ray diffraction data, the black precipitate iso-
lated from the reaction system contains an amorphous
substance characterized by a diffuse maximum (halo)
at 2.250 A and a crystalline phase with reflections of
medium intensities on the diffuse halo profile. The
crystalline phases correspond to palladium phosphides
of the compositions Pd, ;P (d/n 2.414, 2.326, 2.260,
2.252,2.225,2.158, 2.116, 2.027, 1.993, and 1.878 A)
and Pd¢P (d/n 2.715, 2.564, 2.359, 2.254,2.222,2.107,
2.011, 1.924, and 1.862 A). The lines at 3.145 and
1.512 A were unidentified.

According to IR-spectroscopic data, monosubsti-
tuted benzene units (8CH = 690-730 cm!) were
present in the precipitate, whereas triphenylphosphine
oxide was absent (no phosphoryl group absorption
bands at vP=0 1120 and 1200 cm!). Elemental analy-
sis (empirical formula Pd,PC, ;H, ¢), |R-spectroscopic,
and X-ray diffraction data suggest that the precipitate
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contains polynuclear palladium complexes with PPh,
and (or) PPh ligands along with phosphides. The sam-
ple cannot be identified by 3P NMR spectroscopy
because of itslow solubility.

According to IR-spectroscopic data, the precipitate iso-
lated from the reaction system Pd(acac), + 0.75PPh, dso
contains phenyl groups (8CH = 690-750 cmrl). It is
described by the empirical formula PdiPsPh,, .
Because Pd(acac), is reduced by hydrogen more rap-
idly than the Pd(acac),PPh, complex, Pd(0) particles
can occur in the precipitate. Taking into account that
Ph/P > 2, we believe that the precipitate contains PPh,
ligands along with other ligands.

According to X-ray diffraction data, the precipitate
is a mixture of compounds in amorphous and crystal-
line states. The amorphous phase is characterized by a
diffuse maximum at 2.241 A, the coherent-scattering
region of whichis~13 A. The diffraction pattern of the
crystalline phase exhibits reflections only at small dif-
fraction angles (26 = 10°-30°); this fact suggests the
presence of weakly ordered structures. The reflections
of the crystalline phase (d/n 7.424, 6.758, 5.809, 5.302,
4.670, 4.443, 4.063, and 3.768 A) are consistent with
the reflections of the crystalline phase in catalyst sam-
ples based on Pd(acac),PPh; + NaH,PO,, which were
ascribed to polynuclear complexeslike [Pd(PPh,)], [17].

According to SEM data, the test precipitate has a
globule as an independent structural unit; this unit
repeated many timesleads to various types of supramo-
lecular structures. The globule sizeis 0.2—1.0 um. The
ability of globular polymers to form structures that are
more complex, in which globules play arole of elemen-
tary units, is limited. If a polymer is monodispersed
with respect to molecular weight, the globules can be
arranged to form structures with the closest packing of
spheres. In this case, the inconsistency between the
sizes of individual globules dramatically restricts the
possibilities of forming microcrystallinity zones.
External manifestations of crystallinity are packs of
globules. The following types of supramolecular struc-
tures were found in the given sample: floccular,
unstructured amorphous, spicular, and clustered struc-
tures. Note that the mutual arrangement of discrete por-

Table 1. Reduction products in the Pd(acac),—nPPh; system
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tions of a chain macromolecule in aglobule is usualy
disordered, and almost any polymer transferred to a
globular form occurs in an amorphous state [16]. For
this reason, the crystalinity of globular polymers
exhibitsawell defined topographical expression, which
is detected by electron microscopy.

The demental analysis, |R-spectroscopic, X-ray dif-
fraction, and dectron-microscopic data suggest that the
product of reduction of the system Pd(acac), + 0.75PPh;
by hydrogen is aso a palladium-containing organo-
phosphorus polymer. It is likely that this polymer con-
tains amorphous reduced palladium particles and poly-
nuclear palladium complexes with organophosphorus
ligands with different numbers of phenyl groups. The
composition of the precipitate can be expressed by the
molecular formula [Pd(0);PdPPh,Pd(PPh,),(PPh,),] or
[Pd(0);PdPPh,Pd,(PPh)(PPh,),].

Thus, an excess of bis(acetylacetonato)palladiumin
the formation of a catalyst in the presence of triphe-
nylphosphine facilitates the degradation of organo-
phosphorus ligands to result in phosphides of different
compositions at low P/Pd ratios. At first glance, contra-
dictory data were obtained in this case: at the ratio
P/Pd = 0.25, a palladium phosphide of the composition
Pd,P was formed, whereas the phosphides Pd, ;P and
Pd.P enriched in palladium were formed at the ratio
P/Pd = 0.50. These findings can be interpreted as fol-
lows. The reduction of Pd(acac), by hydrogen leads to
the formation of Pd(0), which can both undergo aggre-
gation to form crystalline palladium and react with
intermediates of the main process to facilitate the deg-
radation of organophosphorus ligands with the forma-
tion of palladium phosphides. The formation of crystal-
line palladium results in a decrease in the Pd/P ratio,
compared with the initial value, and in the formation of
palladium phosphides of the predominant composition
Pd;P. Note that the reduction of Pd(OAc), + 0.25PPh,
by hydrogen in DMF under analogous conditions on
the addition of nickel acetate resulted in the formation
of nickel metal and the palladium phosphide Pd,P.

CeHg/ PPh3, mol/mol
PPh, ces
Pd(acac), ’ solvent Empirical formula X-ray diffraction data
mol/mol toluene DMF
0.25 2.60 2.90 Pd3 46PC5 36H5 15 Crystalline Pd; substance amorphousto X-rays
0.50 1.68 2.16 Pd,PC47H, 6 Pd, gP; PdgP; substance amorphous to X-rays
0.75 1.02 117 PdgPsPhy4 5 Pd(PPh,),; substance amorphous to X-rays
1.00 0.90 0.83 PdsP,CseHz1 Substance amorphous to X-rays
KINETICS AND CATALYSIS Vol. 42 No.2 2001
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Taking the above data into account, the formation of a hydrogenation catalyst can be represented as follows
(hypothetical intermediates are outlined by dashed frames):
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Below, we consider the results of studies on the cat- The specific activity of catalyst samples in the

alytic properties of the samplesin the hydrogenation of
unsaturated compounds (Table 2).

hydrogenation of a model compound (styrene)
decreased with a decrease in the P/Pd ratio in the start-
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ing catalytic system. As mentioned above, the degree of
the degradation of organophosphorusligandsin the for-
mation of catalysts increased in the above direction.
Atomic absorption analysis data (Table 2) provide evi-
dence that deeper degradation of organophosphorus
ligands resultsin adecrease in the solubility of catalyst
samples and, as aconsequence, in adecreasein the con-
centration of active complexes in solution. Note that,
unlike olefins, a-acetylene hydrocarbons (phenylacety-
lene and 1-hexyne), which exhibit a high coordination
ability, increase the solubility of catalyst samples by
degrading palladium-containing organophosphorus
polymers on coordination. Polynuclear palladium com-
plexes with organophosphorus ligands pass into the
solution (the 3P NMR spectrum exhibits resonance
signals in the region from —10 to 30 ppm and upfield
signals with & = =210 ppm). The soluble complexes
have an order of magnitude higher hydrogenation activ-
ity than the insoluble portion of catalysts (palladium
phosphides and palladium metal).

The activity of the catalytic system considerably
decreased with an increase in the ratio P/Pd > 1. A
decreasein the activity depends on the nature of tertiary
phosphine; for example, at P/Pd = 2, the activity in ole-
fin hydrogenation decreased to zero in the case of tribu-
tylphosphine.

Taking into account the microheterogeneous char-
acter of catalyst samples, it was suggested that the use
of akylphosphines (tributylphosphine and trio-
ctylphosphine) leads to an increase in the solubility of
palladium-complex catalysts, which occur in a colloidal
disperse state, and the activity in hydrogenation, leaving
the catalyst formation mechanism unchanged [18].
For example, in contrast to al of the above catalyst
samples with triphenylphosphine, the system
Pd(acac),P(C4H;,); + H, formed under the same condi-
tions (80°C; Py, = 1 atm) was found to be completely

soluble even in toluene. The activity of this system in
the hydrogenation of a-olefin and bisubstituted acety-
lene hydrocarbons and conjugated dienes is several
times higher than that of the catalyst samples with
triphenylphosphine (Table 3).

Thus, the data on the formation of ahydrogenation cat-
ayst based on Pd(acac),PR; complexes under the action of
hydrogen alowed us to propose the following catalyst
modéd: this is a palladium-containing organophosphorus
polymer or palladium phosphides at P/Pd < 0.5, on which
clusters containing Pd(0) are immobilized. A decrease
in the P/Pd ratio results in the formation of insoluble
palladium phosphides and in a decrease in the fraction
of reduced Pd(0), because of which the catalytic activ-
ity of the systems in hydrogenation decreases.

Microheterogeneous Hydrogenation Catalyst
Based on Pd(acac),PPh; + NaH,PO,

Previoudly [17, 19], microheterogeneous catalysts
of asimilar nature were found using sodium hypophos-
KINETICS AND CATALYSIS  Vol. 42
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Table 2. Catalytic properties of catalyst samples isolated

from the system Pd(acac), + nPPh; + HZ in the hydrogena-
tion of styrene (St)

Fraction of dissolved
PPh, W, palladium, %
Pd(acac), * | mol (mol
mol/mol Pd)™ min™ | with no sub- | with pheny-
strate lacetylene

0.25 (toluene)** 5.8 05 3.0
0.50 (toluene) 30.0 125 23.3
0.75 (toluene) 78.0 95.0 95.5
0.25 (DMF) 0.3 - -
0.50 (DMF) 43.7 211 47.3
1.00 (precipi- 58.7 53.5 95.0
tate) (DMF)

* Reaction conditions: mpy = 0.02 mmol; solvent, DMF; T =
30°C; St/Pd = 450 mol/mol; PH2 =1am.

** The solvent in which the catalyst sample was synthesized isin-
dicated in parentheses.

phite as areducing agent. The reduction of the complex
Pd(acac),PPh, with sodium hypophosphite proceeds
via a number of steps including the exchange of a car-
bon-bonded acetylacetonate ligand for the hypophos-
phite anion, the subsequent hydrolysis of the mixed-
ligand complex, and a step of the reductive elimination
from the complex [Pd(acac)(H,PO,)(PPh;)(solv)]:

Pd(acac),PPh; + NaH,PO,
“acacna Pd(acac)PPh;(H,PO,)

*10. -2 p3(OH)(PPhs)(H,PO,)

o, (Pd(PPhy)}.

The reaction is complicated by the catalytic oxida-
tion of the hypophosphite anion with the liberation of
hydrogen into the reaction system. Triphenylphosphine
ligands undergo dephenylation under the action of
hydrogen to form polynuclear palladium complexes
different in structure and composition. The degradation
of phosphine ligands in the coordination sphere of pal-
ladium and the partial oxidation of triphenylphosphine
by trace oxygen lead to the formation of a microheter-
ogeneous palladium complex catalyst.

According to SEM data, the precipitate isolated
from the reaction system Pd(acac),PPh; + NaH,PO,
contains the following three types of supramolecular
forms. a homogeneous unstructured material, crystal-
line fibrillar structures similar in shape to aleaf (close
to dendrites), and fibrillar plate-type crystals immersed
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Table 3. Hydrogenation of unsaturated hydrocarbonsin the presence of the Pd(acac),P(CgH17)3 + Ho* catalytic system

w, mol H, (mol Pd) min
Substrate Products**
—C=C- —C=C-
Phenylacetylene 68 27 Styrene (50), ethylbenzene (24), and oligomers (25)
1-Hexyne 60 39 Hexane (34),
O*** cis-2-hexene (20),
and trans-2-hexene (32)
Tolan 325 11 cis-Diphenylethylene (44), trans-diphenylethylene (traces),
and 1,2-diphenylethane (66)
Styrene - 376 Ethylbenzene (100)
1-Hexene - 232 Hexane (44),
i cis-2-hexene (12),
and trans-2-hexene (44)
Stilbene - 3 1,2-Diphenylethane (14)
1,3-Pentadiene - 600 1-Pentene (10) and 2-pentene (40)

* Reaction conditions: mpy =5 x 10> mmol; substrate/Pd = 1800 mol/mol; T = 30°C; P, = 2a@m; Vigyene = 10 ml.

** The product yield (%) is given in parentheses.
*** Hydrogenation of cis-2-hexene.

in an amorphous phase. These crystal structures are
typical of polymer materials.

According to TEM data, the precipitate is a low-
contrast substance (globules around 0.25 pm in diame-
ter) in which dark spherical particles with a character-
istic diameter of 2.5-7.5 nm (predominantly 5 nm) are
uniformly distributed. Anincreased el ectron contrast of
the dark spherical particlesisindicative of ahigh con-
centration of a contrasting substance (palladium) in
them, and the particle size suggests the microheteroge-
neous nature of the catalyst. The precipitate was exam-
ined by X-ray diffraction analysisin order to answer the
guestion of whether the high-contrast particles are nano-
Szed palladium particles or organopalladium clusters.

According to X-ray diffraction data, the precipitate
is a combination of amorphous and crystalline phases.
A phase of palladium metal was not detected in the dif-
fraction pattern. It iswell known that an increasein the
dispersity of a sample resultsin line broadening in the
X-ray diffraction pattern. This is typical of particles
with sizes of 100 to 2 nm. A sample with aparticle size
smaller than 2 nm is amorphous to X-rays [15]. Addi-
tionally measured X-ray diffraction patterns of various
palladium blacks with particle sizes of 2-5 nm exhib-
ited narrow lines ascribed to a palladium metal phase.
Based on TEM and X-ray diffraction data, we believe
that the high-contrast particles are palladium clusters
with organophosphorus ligands like Pd,(PPh,),(PPh;),,
wherex>y+z

The diffraction pattern of the crystalline phase exhibits
reflectionsat small diffraction angles (26 = 10°-30°). This
fact is consistent with the idea of the formation of poly-
mer compounds in the system. Because the structure of
fibrous materialsis much less ordered than the structure
of an ordinary crystal, theintensities of reflections rap-

idly decrease as the scattering angle increases, and the
diffraction pattern exhibitsreflectionsonly in theinitial
region of diffraction angles [15]. As such compounds,
we can suggest polynuclear complexeslike [Pd(PPh,)],,
formed in the reactions

Pd(PPh,) = Pd(Ph)(PPh,),
nPd(Ph)(PPh,) + 0.51H, = [Pd(PPh,)], + nC.Hs.

Thus, the microheterogeneous catalyst obtained in
an inert atmosphere (this catalyst exhibitslow hydroge-
nation activity) consists of a polymer matrix like
[Pd(PPh,)], in which the palladium clusters with orga-
nophosphorus ligands Pd,(PPh,)(PPhs),, where x> y + z,
are uniformly distributed.

The effect of catayst activation was observed in the
hydrogenation of unsaturated hydrocarbons. This effect
increased the catalyst activity by more than one order of
magnitude and improved the catalyst selectivity [19]. Cat-
alyst activation and deactivation in the course of the
hydrogenation of unsaturated hydrocarbons are associ-
ated with a deeper dephenylation of PPh, ligandsin a
hydrogen atmosphere. According to TEM data, deeper
dephenylation resulted in the diffusion of high-contrast
particles from the bulk of a globule to the surface and
farther to the bulk of the reaction system followed by
aggregation to a particle size of 10-25 nm.

The observed behavior can be explained as follows.
The subsequent hydrogenolysis of PPh, ligands results
in the formation of phosphinidene ligands (PPh), for
which six types of bonding are known. It is likely that
the ability of a PPh ligand to form bonds with three or
even four metal atomsisresponsible for the subsequent
aggregation of palladium particles in the catalytic sys-
tem and arearrangement of this system. The absence of
reflections due to apalladium metal phase from the dif-
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fraction pattern indicates that high-contrast particles
also consist of palladium clusters with phosphorus-
containing (phenylphosphinidene and diphenylphos-
phide) ligands. It is likely that a mixture of both an
organopalladium polymer and an ordinary organophos-
phorus polymer serves as a polymer matrix.

This microheterogeneous catalyst exhibits high
activity in the hydrogenation of various unsaturated
compounds. Its maximum specific activity is approxi-
mately 180-200 mol of a substrate (mol Pd)~! min-! at
30°C and a hydrogen pressure of 1 atm. Note that the
fraction of active centers, which was determined by
poisoning them with thriphenylphosphite, was no
higher than 15% provided that 1 mol of P(OPh); was
consumed per mole of palladium [20].

Thus, the formation of hydrogenation catalysts
based on palladium phosphine complexes results in
microheterogeneous catalysts containing organophos-
phorusligands with different degrees of substitution. In
thiscase, it isbelieved that polynuclear palladium com-
plexes with bridging diphenylphosphide and phe-
nylphosphinidene ligands serve as a support for
reduced palladium particles. In support of the hypothe-
sison therole of polynuclear phosphide and phosphin-
idene complexes of palladium, an independent synthe-
sis of such complexes was performed by the exchange
reactions of bis(acetylacetonato)palladium with corre-
sponding akali metal phosphides.

Catalytic Systems Based on Phosphide
and Phaosphinidene Complexes of Palladium

Polynuclear palladium complexes of the composi-
tion [{ Pd(PPh,);}n nNat], which were prepared by the

reaction [21]
Pd(acac), + NaPPh, 5= [Pd(acac)PPh,,

+NaPPh,
—Na(acac)

NP 1 /n[{Pd(PPh,);} "~ nNa*],

[Pd(PPhy,),],

are inactive in the hydrogenation reaction and do not
undergo dephenylation under exposure to hydrogen.
Similar properties were also observed in polynuclear
palladium complexes with diphenylphosphide ligands
of the composition PdP,Ph,, prepared by the interac-
tion of Pd(acac), with diphenylphosphine. Note that, in
contrast to tertiary phosphines, the reactions of second-
ary phosphines with Pd(l1) compounds do not stop at
the step of complexation. The ligand exchange of
acetylacetonate for diphenylphosphide takes place with
the formation of acetylacetone and polynuclear palla-
dium complexes. The systems under discussion exhib-
ited catalytic activity only after the addition of palla-
dium acetate followed by treatment with hydrogen at
80°C inaDMF medium. In this case, at the instant pal-
ladium acetate was reduced, along with the formation
of acetic acid, benzene was liberated in an equimolar
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w, mol H, (mol Pd)~! min~
700 -

600
500
400
300
200
100

| | | | | | | | | | |
0 0.10203040.5060.708091.01.1
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Fig. 4. Specific rate of styrene (St) hydrogenation in the
presence of the catalytic system [L,Pd(PPh,)] + xPd(OAC),
as afunction of the ratio between initial components: (1) w
on a Pd(OAc), basis and (2) w on a total Pd basis.

CiL, paeen,y) = 1 mmol/l; T'=30°C; Py =2 atm; mg =
9 mmol; solvent, DMF.

H, adsorbtion, mol x 10*

100
2 1

80
60
40

20

0 2 4 6 10 12 14 16 18
¢, min

Fig. 5. Kinetic curves of styrene hydrogenation in the cata-
Iytic system [L,Pd(PPh,)] + xPd(OAC), at the following
ratios Pd(OAC),/[L,Pd(PPh,)] between the initial compo-
nents: (1) 0.25 and (2) 1.0. C[and(Pphz)] =1mmol/l; T =

30°C; PHz = 2 atm; mg = 9 mmol; solvent, DMF.

amount with respect to the palladium acetate added (as
detected by GLC).

Polynuclear palladium complexes are completely
inactive in catalytic hydrogenation, and the activity of
palladium black prepared by the reduction of palladium
acetate by hydrogen under identical conditions is at
most 15 mol H, (mol Pd)~! min-!, whereas a Pd(OAc),-
modified catalytic system is more than 40 times more
active than the parent componentsin the hydrogenation of
unsaturated bonds. The maximum activity was 622 mol H,
(mol Pd)~! min™! at the ratio Pd(OAc),/[L,Pd(PPh,)] =
0.25 ([L,Pd(PPh,)] isthe symbolic notation for polynu-
clear palladium complexes) (Fig. 4).

The hydrogenation of styrene was accompanied by
an induction period, which shortened as the ratio
Pd(OAc),/[L,Pd(PPh,)] was increased (Fig. 5).
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The induction period and the absence of the degra-
dation of organophosphorus ligands during this period
indicate that the catalytic activity appears only after the
reaction of the catalyst with the styrene substrate.
Because palladium is transformed from areduced form
to an oxidized species in the course of dephenylation,
we believe that the induction period is associated with
palladium reduction. It is well known that, in hydro-

SHMIDT et al.

phosphorylation catalyzed by platinum and palladium
complexes, a coordinated olefin is inserted into M—P
(for Pt and Pd) and M—H (for Pd) bonds [22]. The sub-
sequent step of reductive eimination leads to hydrophos-
phorylation products and the regeneration of M(0). Based
on the avail able data, we suggest the following mechanism
for the formation of hydrogenation catalysts:

Pd(CH3C00),
+H, |-CH3COOH
PPh, 2‘ : PPh, Ph
/ N /N I
LPd PdPPh, | + Pd(0) LPd Pd—P—Pd—Ph
N \
PPh2 PPh2
+Hz|-CeHe
A Ph
PPh,
’7 LPd Pd—P—Pd—H
Ph Ph
PPh, PPh,
H,=CHPh /N |
L,Pd( Spd—p—pd—H  —HZCHPL LPd Pd—P—Pd—CH,CH
pPhn,” t peh PPh,
PPh,Pd PdL, A
PPh,

PPh, Ph_ St
LnPd< \PleiPd(O)

PP, \

A

(0= Pd(0))

According to the above scheme, either single Pd(0)
atoms can be activein hydrogenation or an active center
containing an ensemble of palladium atoms [Pd(0)],
can be formed in the course of catalyst generation. The
possibility of forming hydride clusters containing pal-
ladium hydrides [Pd,H, ], under conditions of catalytic
hydrogenation should not be ruled out.

To obtain comprehensive information on the role of
various palladium complexes in hydrogenation, phos-
phinidene complexes of palladium were prepared by
the reaction of Pd(acac), with Li,PPh[21]. A black pre-
cipitate amorphousto X-rays, which wasformed by the
interaction between the initial components, corre-
spondsto the molecular formula [Pd,(PPh)],.. A higher
palladium content can be due to the reduction of a por-
tion of Pd(acac), by intermediates formed in the reac-
tion system in the course of the main reaction that

Palladium-containing
organophosphorus
polymer

affords phosphinidene complexes. Itislikely that phos-
phines formed in the reaction of Li,PPh with water,
whichispresent asan impurity, play therole of areduc-
ing agent.

Thus, in this case, reduced palladium particles are
formed at the stage of the synthesis of phosphinidene
complexes. This precipitate is characterized by low sol-
ubility even in polar solvents (DMF and DMSO). A
nonlinear increase in the rate of the hydrogenation of
unsaturated hydrocarbons with catalyst concentration
is indirect evidence for the association of complexes.
Table 4 summarizes data on the specific activity at an
optimum concentration of the catalyst.

In contrast to phosphide and phosphinidene com-
plexes of paladium, imide and amide complexes of
palladium prepared by the interaction of Pd(acac), with
LiNHPh (Li,NPh) are unstable in a hydrogen atmo-
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Table4. Catalytic activity of the complex [Pd,(PPh)a],, in the hydrogenation of unsaturated bonds*

Turnover frequency, mint .
Substrate Product** (product yield, %)

—C=C- —-C=C-
Phenylacetylene 144 82 Ethylbenzene (100)
Tolan 129 36 cis-Stilbene (47.2); trans-stilbene (9.04);

and diphenylethane (43.56)
Styrene - 260 Ethylbenzene (100)
1-Hexene - 228 Hexane (92.50) and
31** trans-2-hexene (6.80)
8* *%*

Ethyl p-nitrobenzoate 1.8**** | Ethyl p-aminobenzoate

* Reaction conditions: Cpq = 1.5 % 104 mol/l; solvent, DMF; PH2 =1am; T =30°C.

** Hydrogenation of cis-2-hexene.
*** Hydrogenation of trans-2-hexene.
**** Reduction of the nitro group.

sphere and undergo reduction to form palladium black.
According to X-ray diffraction data, the coherent-scat-
tering region for the palladium black particlesis 53 A.
The results of this study suggest that the palladium
atom (or palladium hydride) ensembles immobilized
on palladium-containing organophosphorus polymers
are responsible for the catalytic activity in the micro-
heterogeneous catalysts under consideration.
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