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Abstract—Findings on the formation and features of nanosized particles based on palladium complexes, which
are active in hydrogenation catalysis, are summarized. Depending on the nature of areducing agent, nanosized
particles formed by the reduction of palladium(I1) phosphine complexes are either metallic nuclei stabilized by
organophosphorus ligands or associates of polynuclear phosphido or phosphinideno palladium complexes
whose surface contains immobilized Pd(0) clusters. The ensembles of the Pd(0) atoms are active in hydrogena

tion.

INTRODUCTION

The nature of species active in catalysisis atopical
problem of catalytic chemistry. Heterogeneous cata-
lysts such as metals, metal oxides and sulfides, or sup-
ported catalysts were the most common by the mid-
1950s. Then, the catalytic systems became more
diverse due to the devel opment of metal complex catal-
ysis. The problem of the catalyst phase state appeared.
The liquid-phase catalytic systems based on metal
complexes are not necessarily homogeneous. For
instance, among the Ziegler—Natta catalysts, only the
titanium- and cobalt-based systems such as (Cp), TiCl, +
AlEt;, Co(CsH,0,), + PPh; + AlEt; are truly homoge-
neous. The Ziegler—Natta systems M(CsH,0,), + AlEt;
containing no phosphine are microheterogeneous
(nanosized) catalysts [1] in which the particles of the
dispersed phase consist of metallic nuclei stabilized
with the organoal uminum species AIR,.

At the end of the 20th century, the nanosized cata-
lysts and their syntheses and properties attracted
increasing attention. From the viewpoint of the struc-
ture of matter, nanoparticles are intermediate between
molecules and macroscopic materials. Because of a
great fraction of the surface atoms, the physicochemi-
cal properties of nanoparticles differ from those of bulk
substances and distinct molecules. Variations in the
structure and electronic properties of nanoparticles are
most important for catalysis because these parameters
primarily determine the features of interaction between
reactants and a catalytically active component, the
nature and reactivity of intermediates, and the catalyst
performance. The nature of nanoparticles and relations
between their sizes and catalytic properties have
received much attention [2—7].

Thefirst catalytically active giant palladium clusters
with a nuclei containing about 600 metal atoms were
synthesized by I.1. Moiseev and co-workers by the suc-
cessive treatment of a solution of the trinuclear palla-

dium acetate [Pd(OAc),]; in acetic acid containing a
small amount (<1/2 mol/g-atom Pd) of 1,10-phenan-
throline or 4,4'-dipyridine with gaseous H, and O, [5].
X-ray amorphous substances thus obtained were
unique in their activity and selectivity as catalysts for
both redox and acid—base reactions of organic sub-
stances: the oxidative acetoxylation of alkenes and
alkylarenes; the oxidation of acohols, aldehydes, and
formic acid; the hydrogenation of multiple bonds
(C=C, N=0, and C=N) with formic acid; and the syn-
thesis of acetals from carbonyl compounds and alco-
holsin neutral solutions[6, 7]. The ability of clustersto
catalyze reactions typical of the acid catalysis allowed
the authors to suggest that giant palladium clusters can
operate not only asthe electron transfer agentsin redox
processes but also as Lewisacids. Efficient catalystsfor
various transformations of organic substances were
prepared, and the mechanisms of their formation were
studied. Based on various indirect physical and chemi-
cal techniques, the idealized structure of the giant pal-
ladium cluster was formulated as
[Pdse; (phen)gol(OAC) 0.

Most research in nanochemistry dealswith the synthe-
sisof nanoclusters with anarrow particle size distribution
and their physical and chemical properties [2-4]. The
problem of their formation is studied to alesser extent.

In thiswork, our main findings are presented on the
mechanism of formation and operation of microhetero-
geneous hydrogenation catalysts by palladium(il)
phosphine complexes in the presence of various reduc-
ing agents.

EXPERIMENTAL

Palladium bis(acetylacetonate) and bis(acetylaceto-
nato)-triphenylphosphine palladium were prepared
according to the procedures described in [8]; and syn-
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theses of triphenylphosphine and diphenylphosphine
aredescribed in [9, 10].

Interaction between the components of catalytic
systems was studied by acombination of spectroscopic
(NMR, IR, and UV) techniques, electron microscopy
(EM), X-ray diffraction analysis (XRD), and GLC.

NMR spectrawere obtained on aVXR-500S Varian
pulse spectrometer. IR spectra were recorded in the
range of 4000-400 cm! on a Specord |R-75 instrument
inVaseline oil and in a solution.

XRD analysis of the catalyst samples was carried
out on a DRON-3M diffractometer (CuK, radiation).

Transmission (TEM) and scanning (SEM) electron
microscopic studies of the catalysts were performed on
BS-300 and BS-540 electron microscopes (Czech
Republic). The samples were preliminarily dispersed
on aUZDN-A ultrasonic dispergator for 1 min in hex-
ane (power input 100 W). A drop of the suspension was
poured on a grid holder covered with the carbon film
followed by drying in an argon atmosphere. The condi-
tions of the TEM and SEM studies were chosen to pre-
vent the melting and decomposition of the specimens
under the electron beam.

Procedure of Pd(0) Analysis[11]

A solution containing 2 x 10~ mol of Pdin 10 ml of
DMF was placed in a preliminarily evacuated flask
filled with argon and kept at a constant temperature and
0.148 g (0.4 mmol) of NBu,I and 0.109 ml (1 mmoal) of
iodobenzene were added. The reaction mixture was gtirred
withamagnetic stirrer at 80°C until the constant concentra:

tion of thePdI i_ anion formed in the following reactions:

Pd(0) + PhI = PdPhl,
2PdPhl = Ph—Ph + PdL, + Pd(0),
Pdl, + 2(NBu,)I = (NBu,),[PdL,].

The concentration of Pdlf{ was measured by spectro-
photometry on a VSU2-P spectrometer using an
absorption band at 340 nm (&4, = 23750 | cm™! mol—!)

in an all-soldered quartz cell with a 0.1-cm thickness.
Simultaneously, biphenyl was determined by chroma-

tography.

RESULTS AND DISCUSSION

The Catalytic System Based on the Pd(acac),PPh,
Complex and Sodium Hypophosphite
Sodium hypophosphite is widely used for preparing
transition metal blacks or low-valent complexes [12,
13]. The reduction of transition metal compounds with
sodium hypophosphite is described by the following
general equation:

M™X,, + n/2NaH,PO, + n/2H,0
—~ M + n/2NaH,PO; + nHX.

SCHMIDT et al.

However, the interaction of the Pd(I1) phosphine com-
plexes with sodium hypophosphite is complicated by
some side processes due to the easy occurrence of
redox reactions in the palladium coordination sphere
and the lability of the stabilizing ligands. Let us con-
sider this process using the interaction of the
Pd(acac),PPh; complex with sodium hypophosphite in
atoluene—ethanol medium as an example.

The reaction of Pd(acac),PPh; with excess sodium
hypophosphite  produces acetylacetone, benzene
(0.5 mol/mol PPh;), molecular hydrogen, and sodium
phosphite in practically 100% yield.

According to the 3'P and 'H NMR data, the interac-
tion of Pd(acac),PPh; with sodium hypophosphite
occurs through a sequence of stages[14]:

Pd(acac),PPh; + NaH,PO,
Na(aca)” Pd(acac)(H,PO,)(PPh;),
Pd(acac)(H,PO,)(PPh;) + H,O
s Pd(H,PO,)(OH)(PPhy),

—H(acac)
Pd(H,PO,)(OH)(PPh;) —rpo; [Pd(PPh;)]
— 1/n[Pd(PPhy)],,
H;PO; + Na(acac) e NaH,PO;.

It is known [12, 13] that the catalytic oxidation of
sodium hypophosphite catalyzed in neutral media by
the Ni, Pd, and Cu blacks or low-valent transition metal
complexes produces molecular hydrogen:

NaH,PO, + H,0 -~ NaH,PO, + H,.

Hydrogen evolution during the interaction of the
starting components is indirect evidence for the occur-
rence of reduced palladium species or complexes.

The composition of find productsof theinitia complex
transformation israther complicated. Along with the trinu-
clear palladium complexes, [Pd;(PPh,)(PPh;);] acac and
[Pd;(PPh,),(acac)(PPh;);]*acac”, whose concentra-
tions in the solution are at most 3-5% according to
NMR data, a mixture of polynuclear palladium com-
plexes with bridging diphenylphosphide and triphe-
nylphosphine ligands is present in the reaction system.
According to TEM data, a precipitate of the
[Pd,(PPh,)(PPh;)] composition isolated from the reac-
tion mixture is a low-contrast TEM substance (glob-
ules, ~0.25 um in diameter) in which dark spherical
particles with a typical diameter of 2.5-7.5 nm, pre-
dominantly 5 nm [15], are uniformly distributed. The
concentration of Pd(0) in the sample determined by the
chemical method is ~40%.

The above data suggest that the nanosized high-con-
trast TEM particles predominantly consist of Pd(0) and
the low-contrast substances are polynuclear palladium
complexes with diphenylphosphide ligands. The Pd(0)
nanoparticles are stabilized by PPh,. Their stabilization
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with oligomeric pall adium compl exes containing phos-
phide ligands is also possible.

Thus, the conversion of the Pd(acac),PPh; complex
by sodium hypophosphite resultsin Pd(I1) reduction to
Pd(0) and the formation of palladium nanoparticles.
There are severa reasonsfor this. First, the partial (10—
15%) oxidation of triphenylphosphine with the residual
oxygen and the redistribution of PPh; between the
intermediates during the formation of trinuclear palla-
dium complexes in which P/Pd = 2 resultsin the “den-
udation” of a fraction of Pd. Second, the well known
reducing ability of triphenylphosphine toward palla-
dium hydroxo complexes cannot be ruled out:

Pd(OH)(PPh;)(H,PO,) e o PA(0).

Paladium(0) formed catalyzes the oxidation of
sodium hypophosphite accompanied by hydrogen evo-
lution. This leads to the destruction of organophospho-
rus ligands and the formation of various palladium
complexes with the phosphide ligands.

The catalytic system Pd(acac),PPh; + NaH,PO,
formed in argon is highly active in hydrogenation of
unsaturated hydrocarbons containing terminal double
bonds (180 mol of substrate g-atom™ Pd min) and
bisubstituted acetylene derivatives (170 mol of sub-
strate g-atom™ Pd min™) under mild conditions (T =
30°C, Py, = 1 atm). a-Acetylene derivatives were

hydrogenated under the same conditions at a low rate
(6 mol of substrate (g-atom Pd)™ min) and a selectiv-
ity of 60%, and the reaction was accompanied by oligo-
merization. Furthermore, the effect of catalyst activa
tion was found in the hydrogenation of a-acetylene
derivatives. A sharp increase in the hydrogenation rate
for a-acetylene derivatives and in the reaction selectiv-
ity from 60 to 95% was observed in the hydrogenation
of the second portion of the substrate after the first por-
tion hydrogenated to alkane [16].

For this system, we found for the first time that the
organophosphorus ligands of the palladium complex
catalysts are decomposed not only during the interac-
tion of the Pd(acac),PPh,; complex with sodium hypo-
phosphite in argon but also during the operation of the
catalytic system [15, 16], and the organophosphorus
ligands are hydrogenated in parallel with the hydroge-
nation of unsaturated substrates. This process depends
on the substrate nature. In the case of a-alkenes (sty-
rene) or bisubstituted acetylene hydrocarbons (tolan),
benzene was additionally formed during hydrogena
tion. Benzene was formed in the same amount (0.5 mol
C¢H¢/mol PPh;) in phenylacetylene hydrogenation only
after phenylacetylene almost completely hydrogenated
to styrene. The kinetic features of hydrogenation are
due to different coordination abilities of the substrates.
Phenylacetylene (PA) possesses high coordination abil-
ity and occupies vacant positionsin the palladium coor-
dination sphere preventing subsequent hydrogenation
stages, namely, the activation of the hydrogen molecule
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of the reaction

Fig. 1. TEM image of the product
Pd(acac)zPPh3 + NaH2P02 + H2.

and the destruction of PR, ligands. After PA hydrogena-
tion to styrene, palladium hydride can be formed,
which is present during hydrogenation of both styrene
and the second portion of PA.

Note that the estimated fraction of Pd(0) is different
at various stages of the catalytic reaction. At first sight,
contradictory datawere obtained. The Pd(0) concentra-
tion was 37% after interaction of the starting compo-
nentsin argon, and it decreased to 21% after additional
treatment with hydrogen. An increase in the benzene
concentration in the solution was observed. During sty-
rene hydrogenation, the Pd(0) concentration in the cat-
alyst increased again to 43%.

According to TEM (Fig. 1), the number of large
high-contrast spherical particles, 10-25 nm in diame-
ter, in the Pd(acac),PPh; + NaH,PO, cataytic system
sharply increased after hydrogen treatment [15]. One
can see at a magnification of 500000 that the spherical
particles with high electron density are not uniform but
have a fine structure. Each microglobule looks as fol-
lows: darker particles, 2.5-3 nm in diameter, are
embedded in a matrix of the less contrast substance.
The number of dark particles within the microglobule
rangesfrom afew to 20-30 particles. The phase of crys-
talline palladium is absent from the diffraction patterns
of the Pd(acac),PPh; + NaH,PO, + H, system.

The differences observed in the catalytic systems
before and after hydrogen treatment indicate quantita-
tive changes between Pd(0) and palladium polynuclear
complexes because of permanent redox processes.

A decrease in the Pd(0) concentration after hydro-
gen treatment is due to the destruction of organophos-
phorus ligands, which can be presented as follows:

Pd(0) + PR,L
— = Pd(R)(PR,_,)L "2~ PAH(PR,_,)L + HR,
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PdH(PR,_,)L + PR,L —x Pd(PR,_,L),,

where L isafragment of the palladium complex.

Anincrease in the Pd(0) amount during hydrogena-
tion can be due to the hydrogenolysis of the Pd—PPh
bond:

Ph Ph Ph Ph
—Pd—P—Pd—P—Pd— [ PdP»Pd«PPd
H H

The fraction of active sites in the Pd(acac),PPh; +
NaH,PO, system determined by poisoning with triphe-
nylphosphite is at most 15% [16]. If one suggests that
Pd(0) is the active component of this catalytic system,
it is possible to show that only 40.5% of Pd(0) partici-
pates in hydrogenation. This value is comparable with
the fraction of the surface metal atoms for nanosized
particles 2.5-3.0 nm in diameter (39-45%). According
to TEM data, the high-contrast particles of thissize are
present in the catalyst.

Thus, when sodium hypophosphite is used as a
reducing agent, the nanosized Pd(0) particles that are
active in hydrogenation are formed. The condensation
methods are widely used to prepare metal sols, which
are often stabilized by the quaternary akylammonium
salts or other nitrogen-containing compounds[17]. The
feature of this system isrelated to the nature of both the
metal and stabilizing ligand. A side process, the
destruction of organophosphorus ligands in the palla-
dium coordination sphere during both formation and
operation of the catalyst, produces various polynuclear
palladium complexes with phosphide and phosphin-
idene ligands, whose role will be considered bel ow.

Catalytic System Pd(acac),PPh; + H,

The interaction of the Pd(acac),PPh; complex (1)
with hydrogen is an example of an autocatalytic reac-
tion. According to the data of NMR and IR spec-
troscopies, the transformation of the starting complex |
in hydrogen occurs through the stage of formation of
the unstable intermediate [Pd(acac)PPh,], (IT) and binu-
clear palladium complex [Pd(acac)PPh,], (IIT) contain-
ing the chelate Acac and bridging PPh, ligands [18,
19]:

Pd(acac),PPh; + H,
[Pd(acac)(H)PPh;] ———+ e [PdPPh,],

[PdPPh;] —~ Pd(Ph)(PPh,)

—H(acac)

V22 [PA(PPhy)] + C4H,
Pd(acac),PPh; + [Pd(PPh,)]
— 1/2[Pd(acac)PPh,], + 1/2[Pd(acac)PPh],.

There may be two reasons for the autocatalytic
nature of the reaction. On the one hand, in the transfor-
mation of | in hydrogen, the intermediate is formed,
which is more active than | in the reaction with hydro-

SCHMIDT et al.

gen and in the hydrogenolysis of the starting complex.
This compound could be Pd(acac),. It is more readily
reduced by hydrogen to Pd(0) compared to |,

Pd(acac),PPh; == Pd(acac), + PPh;,
Pd(acac), + H, —— () Pd(0),

and Pd(0) accelerates hydrogenolysis by the activation
of hydrogen.

On the other hand, the reason for autocatalysis can
be the formation of the trinuclear complex
[Pd;(PPh,);(PPh);]*(acac)- (IV) in the system. This
complex was identified by 3'P NMR spectroscopy in
the solution aong with triphenylphosphine oxide. First,
its formation should be accompanied with the redistri-
bution of the organophosphorus ligands between the
intermediates to form PPh,-free palladium complexes,
which accelerate | hydrogenolysis by the activation of
molecular hydrogen. Second, its formation should be
accompanied by the consumption of the starting com-
plex | to form complex 1V:

Pd(acac),PPh; + (Solv)PdPPh,
— Pd(acac)PPh; + Pd(acac)PPh,,
Pd(acac)PPh; — 1/2[Pd(acac)PPh;],,
Pd(acac)PPh, + 2(Solv)PdPPh,

P [Pdy(PPh,)(PPhy);]*(acac)™.

Upon reaction completion, a black-brown, X-ray
amorphous, and poorly soluble in DMF precipitate is
formed (sample A). According to the elemental analy-
sis, IR and NMR data, this is a mixture of palladium
complexes substituted to various degrees by the organ-
ophosphorus ligands, which can be generally presented
as[Pds(PPh,),(PPh),] or [Pds(PPh),PPh,]. Theelectron
microscopic study showed that the separated precipi-
tate consists of regular spherical microglobules, 0.5
1 umindiameter (Fig. 2) [19]. The formation of spher-
ical particles on the 1 um level is only possible under
the conditions of phase separation. The regular spheri-
cal globule shape and growth mechanism (coal escence)
give evidence for the formation of oligomers.

Experiments with the centrifugation of the solution
of this sample showed that upon dissolution in DMF,
the globules disintegrated to smaller particles with a
size of at most 3 nm.

The sample also contained reduced palladium
(Pd(0)), whose fraction estimated by the chemical
method was 8%.

The above data suggest that sample A consists of the
associates of polynuclear palladium complexes with
the bridging diphenylphosphide and phenylphosphin-
idene ligands. The ability of the PPh ligand to form
bonds with three and even four metal atomsis the rea-
son for the nucleation of anew phase during the reduc-
tion of the phosphine palladium complexes. Appar-
ently, polynuclear palladium complexes with PPh
ligands mainly form the nuclei of the nanoparticles, and
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Fig. 2. Microscopic images of the product of Pd(acac),PPhs reduction with hydrogen (sampleA): (a) TEM, (b) SEM.

paladium complexes with the diphenylphosphide
ligands are bound to them due to the donor—acceptor
interaction. The ensembles of paladium atoms are
immobilized on these supramolecular structures.

Note that palladium complexes with the phosphin-
idene ligands were prepared earlier by the reduction
with hydrogen of the Pd(Il) carboxylate complexes
with tertiary phosphines [20-22]. In particular, Beren-
blyum et al. synthesized a polynuclear complex,
[Pd(OAc),PPhs],, which is highly active in hydrogena-
tion of dienes, acetylenes, and olefins by hydrogenoly-
sis of the binuclear complex [Pds(PPh),], [20, 21].
Hence, the destruction of the organophosphorusligands
under reductive conditions resulting in various polynu-
clear palladium complexes with the diphenylphosphide
and phenylphosphinideneligandsisageneral feature of
transformations of the palladium(ll) phosphine com-
plexes with oxygen-containing acido ligands in hydro-
gen.

The variation of the component ratio in the system
Pd(acac), + nPPh; + H, (n = 0.25, 0.50, and 0.75)
resultsin a decrease in the induction period in the reac-
tion with hydrogen, a deeper destruction of the organo-
phosphorus ligands, and a change in the nature of the
conversion products (Table 1). Paladium phosphides

are formed as a result of the deeper destruction of the
organophosphorus ligands in the Pd(acac), + nPPh; +
H, system aong with the polynuclear palladium com-
plexes with the PPh, and/or PPh ligands. At n = 0.5, pal-
ladium phosphides Pd, P and Pd,P and crystaline pdla-
dium were found by the XPS method. According to pub-
lished and experimentd data, at the ratio PPh,/Pd(acac), =
0.25, a mixture of palladium phosphides, mainly Pd;P,
paladium compounds with phenylphosphinidene, and
crystalline palladium is formed [19].

Among the products of the interaction of the
Pd(acac), + nPPh; system with hydrogen, the polynu-
clear palladium complexes on which Pd(0) clusters are
immobilized are most active in the hydrogenation of
unsaturated compounds (for example, 75 mol styrene
(g-atom Pd) min). When the P/Pd ratio is decreased
(n = 0.5, 0.25), insoluble palladium phosphides are
formed and, as a result, the hydrogenating catalytic
activity decreases. When phosphines with branched
groups are used, the association degree of the polynu-
clear palladium complexes should decrease and more
loose structures are formed. This explains a sharp
increase in the catalytic activity when PPh; is replaced
by trioctylphosphine [23].

Table 1. Conversion productsin the system Pd(acac), + nPPh; in a hydrogen atmosphere

CH

PPh, %h(s , mol/mol

Pd(Acac),’ 3 Pd(0), % Dataof XRD

mol/mol DMF toluene
0.25* 2.60 2.90 54 Pd cryst., X-ray amorphous
0.50* 1.68 2.16 30 Pd cryst., Pd, gP; PdgP, X-ray amorphous
0.75* 1.02 117 25 Crystalline phase, X-ray amorphous
1.00** 0.90 0.83 8 X-ray amorphous
Note: Solvent: toluene (*) or DMF (**).
KINETICS AND CATALYSIS Vol. 44 No.5 2003
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Fig. 3. A plot of styrene hydrogenation rate vs. Pd(0) con-
centration. [Pd]s = 1 mmol/l; T = 30°C, solvent, DMF.

Data on the interaction of Pd(acac), + hPPh; with
hydrogen suggest the following catalyst model: these
are polynuclear paladium complexes or palladium
phosphides with P/Pd < 0.5 on which the Pd(0)-con-
taining clusters are immobilized. The ensembles of
Pd(0) atoms and crystalline Pd are responsible for the
hydrogenating catalytic activity.

The above examples of the formation of the hydro-
genation catalysts based on palladium bis(acetyl aceto-
nato)triphenylphosphine and various reducing agents
allow usto propose two models of microheterogeneous
hydrogenation catalysts. When Pd(I1) complexes are
reduced with strong reducing agents such as sodium
hypophosphite or organoaluminum compounds, the
nanoparticles formed consist of the metal nuclei stabi-
lized by organophosphorus ligands. When hydrogen is
used as a reducing agent, the polynuclear palladium
complexes with the phosphide and phosphinidene
ligands are formed as a result of the destruction of the
organophosphorus ligands. Associates of these com-
plexes form the nucleus, and the Pd(0) clusters are
grafted on its surface.

Based on the data obtained, we propose a hew way
for the synthesis of hydrogenation catalysts, viz. the
preparation of the polynuclear palladium complexes
with the organophosphorus ligands and the immobili-
zation of Pd(0) clusters on these supramolecular struc-
tures. This methodology allows one to readily control
the Pd(0) percentage avoiding insoluble palladium
phosphides or crystalline palladium.

SCHMIDT et al.

Hydrogenation Catalysts Based on Polynuclear
Palladium Complexes with Organophosphorus
Ligands

Polynuclear paladium complexes with diaryl- or
dialkylphosphide ligands can be prepared by the inter-
action of the paladium(ll) phosphine complexes
Pd(acac),PPh, [24] or similar platinum complexes [25]
with formic acid as well as through the reaction of the
Pd(I1) compounds with secondary phosphines or phos-
phides of alkali metals[26, 27].

In the operation with the palladium(l1) phosphine or
phosphite complexes, emphasis should be put on thor-
ough solvent dehydration because tertiary phosphines
and phosphates can exhibit reducing properties in the
presence of water. In particular, we found that triphe-
nylphosphine reduces palladium bis-acetylacetonate
only in the presence of stoichiometric amounts of water
with respect to palladium and at P/Pd > 1 [28]:

Pd(acac), + 5PPh; + H,0O
= Pd(PPh;), + P(O)Ph; + 2H(acac).

The redox process between palladium acetate and tri-
ethyl- or triphenylphospite occursin the presence of the
corresponding amount of water at any P/Pd ratios [29].
A similar redox process between palladium acetate and
triphenyl phosphine was found more recently [30].

To prepare the polynuclear palladium complexes
with bridging diphenylphosphide ligands and to eluci-
date their role in the hydrogenation catalysis, we stud-
ied the interaction of palladium bis-acetylacetonate
with excess diphenylphosphine by NMR, IR, and UV
Spectroscopies.

Unlike tertiary phosphines, the reaction does not
stop at the complexation stage but is accompanied by
the exchange of the acetylacetonate ligands with the
diphenylphosphide fragments and the redox process
without water involvement [31]. The cyclic trinuclear
palladium complex [Pd;(PPh,),(HPPh,),] (V) contain-
ing the bridging and termina diphenylphosphide
ligands, coordinated diphenylphosphine molecules,
and free tetraphenyldiphosphile were identified in the
reaction medium:

Pd(acac), + 2.3HPPh,
H(acac), (PPh,— PPy 1/3[Pd3(PPh,),(HPPh,),].

Table 2. Concentration of Pd(0) in the catalytic system V + nPd(OAc), before and after styrene hydrogenation

Pd(OAc), - Concentration of Pd(0) Concentration of Pd(0)
No. \Y Concentration of Pa(OAC),, % before hydrogenation, % after hydrogenation, %
1 0 0 0 0
2 0.1 9.1 25 19.7
3 0.2 16.6 3.7 24.9
4 0.7 41.2 38.8 442
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Complex V was inactive in hydrogenation at 80°C
and P, = 1atm. Thedestruction of the PPh, fragments

does not occur under these conditions. Theintroduction
of palladium acetate in the reaction system followed by
hydrogen treatment produces a catalytic system that is
highly active not only in the hydrogenation of unsatur-
ated bonds (140 mol nitrobenzene (g-atom Pd)~ min-,

30°C, Py, =1 am) but also in the reduction of a nitro
group (85 mol styrene g-atom™ Pd min, 30°C, Py, =

1 atm). The specific activity of this system in nitro
group reduction is 50 times greater than that of the
nanosized palladium catalyst grafted on an ethylben-
zene—divinyl copolymer [32].

The synergistic effect found for this system depends
on the ratio of the starting components and achieves a
maximum at the Pd(OAc),/V ratios ranging from 0.2 to
0.5[23]. Note that the formation of the catalytic system
under hydrogen and the formation of the systems con-
sidered above was accompanied by the destruction of
the organophosphorus ligands. However, the induction
period in styrene hydrogenation is observed even after
interaction with hydrogen and its duration decreases
with increasing the Pd(OAc),/V ratio.

L—Pd—PZ

Ph  Ph

+H,
—2CH3;COOH

Ph

N/ |
L—Pd—P—=Pd(0) = L—Pd—P—Pd—Ph

629

By estimating the Pd(0) concentration in the cata-
Iytic system V + XPd(OAc), at different stages of oper-
ation, we found a linear relation between the catalytic
activity and the amount of Pd(0) in the range from O to
25% (Fig. 3). It was shown that the induction period is
due to the absence of Pd(0) in the system [33].

The fraction of Pd(0) in the system increases in the
course of hydrogenation (Table 2). Not only palladium
introduced as Pd acetate but al so afraction of palladium
in the trinuclear complex V is reduced. Note that even
at ahigh concentration of palladium acetate in the start-
ing system (Pd(OAc),/V = 0.7), crystalline palladium
was not found by XPS in the catalyst after hydrogen
treatment.

The data obtained provide evidence that the polynu-
clear palladium complexes serve not only as a carrier
for the Pd(0) clusters but also actively participatein the
formation, operation, and deactivation of the catalyst.
On the one hand, the destruction of diphenylphosphide
ligands results in the transition of Pd(0) to the oxidized
state with catalyst poisoning. On the other hand, the
newly formed palladium complexes with the phe-
nylphosphinidene ligands regenerate Pd(0) likely by
the hydrogenolysis of the Pd—P bond. The above data
can be represented by the following scheme:

Ph Ph Ph
o, + PA(OAC), === Ly—Pd—P—=Pd(OAC),
Ph I|3h
+H
e~ L Pd—P—Pd—H

Ph H

| \ s
Ly—Pd—P—Pd—H === L—Pd—P—=Pd(0)

™
L—Pd—P—Pd—H + L;—Pd—PZ

o
—Pd—P—Pd—P—Pd—

+H,

where L,,—Pd—P 2 is the fragment of the complex.

Thus, the performance of all the considered catalytic
systems involves hydrogenation of both the substrates
and organophosphorus ligands producing repeated
redox processes. The deeper destruction of organo-
phosphorus ligands can result in various palladium
phosphides, and this processis accompanied by thefor-
mation of insoluble precipitates. In our opinion, thisis
the main reason for the deactivation of various palla-
dium catalysts with phosphine ligands.
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Ph

Ph —CeHs

—

o
—Pd—P—Pd—P—Pd—

o
—Pd—P—~Pd ~P—Pd—|
H H
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