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Abstract—A new procedure is proposed for the preparation of hydrogenation catalysts. This procedure
includes the synthesis of cyclic tetranuclear palladium complexes with bridging diphenylphosphide ligands fol-
lowed by a reaction with Pd(CH;COQ), in the presence of hydrogen to form nanosized particles. In the test
catalysts, the ensembles of palladium atoms (or palladium hydrides) immobilized on supramolecular structures
formed by the association of phosphinidene and phosphide complexes of palladium are responsible for the cat-

alytic activity.

INTRODUCTION

The determination of the nature of catalytically
active species is one of the main problems of catalysis.
This problem for is debatable hydrogenation catalysts
based on the phosphine complexes of palladium(II),
although great bodies of data have been published.

Previously, we found that the transformation of
bis(acetylacetonato)(triphenylphosphine)palladium(II)
under the action of various reducing agents (hydrogen
[1] and sodium hypophosphite [2]) resulted in the for-
mation of microheterogeneous systems with the aver-
age particle size of the dispersed phase equal to 3—5 nm.
In this case, depending on the nature of the reducing
agent, two models for the structure of nanosized parti-
cles were proposed [3]. Nanosized particles formed in
the reduction of the phosphine complexes of palla-
dium(II) with sodium hypophosphite consisted of a
metal nucleus stabilized with organophosphorus
ligands. If hydrogen was used as a reducing agent, the
degradation of organophosphorus ligands resulted in
the formation of polynuclear palladium complexes with
phosphide and phosphinidene ligands. The associates
of these complexes formed a nucleus at the surface of
which Pd(0) clusters were immobilized.

It is well known [4, 5] that polynuclear palladium
complexes with diaryl- or dialkylphosphide ligands can
be prepared by reactions of palladium(II) compounds
with secondary phosphines or alkali metal phosphides.
The composition and structure of the reaction products
depend on the nature of the organophosphorus com-
pounds and on the ratio between P and Pd at the stage
of catalyst preparation. We considered a system based
on bis(acetylacetonato)palladium and diphenylphos-
phine for the preparation of polynuclear palladium
complexes with diphenylphosphide ligands, for the
determination of the role of these complexes in hydro-

genation, and for their later use in the synthesis of
highly active and selective hydrogenation catalysts.

EXPERIMENTAL

The solvents were purified in accordance with stan-
dard procedures used in operations with organometallic
compounds [6].

Diphenylphosphine. Diphenylphosphine was pre-
pared according to Stuede et al. [7]; T, = 152°C at
13 Torr (*'P NMR: 6 = —41 ppm, Jp_; = 210 Hz).

The reaction between bis(acetylacetonato)palla-
dium and diphenylphosphine was performed in an oxy-
gen-free dry argon atmosphere in a special finger-type
vessel, which can be preevacuated and filled with
argon. A 2-ml portion of a diphenylphosphine solution
(0.75 mmol) from a Schlenk vessel was added drop by
drop to a solution of 0.0913 g (0.3 mmol) of Pd(acac), in
8 ml of benzene, and the mixture was stirred at room tem-
perature for 24 h. The resulting cherry red solution was
passed through a Schott filter in an argon atmosphere;
next, the solvent was distilled to decrease its volume by
1/3 (20°C, 1 Torr) and hexane was added until a precipitate
began to form. The resulting dark cherry precipitate was
filtered off and dried in a vacuum (20°C, 1 Torr). Yield:
0.14 g. For [Pd;(PPh,),(HPPh,),C¢H,], anal. calcd. (%):
Pd, 21.18; P, 12.34; C, 62.10; H, 4.38. Found (%): Pd,
20.18; P, 11.17; C, 59.02; H, 3.80.

Preparation of a Catalyst Based on
[Pd;(PPh,)(HPPh,),CHs] and Pd(OAc),

The palladium complex [Pd;(PPh,),(HPPh,),CcHg]
(0.026 g, 4 x 107 mol), which was prepared by the
reaction of Pd(acac), and HPPh,, was placed in a pree-
vacuated long-necked flask filled with hydrogen, and
7.5 ml of dimethylformamide (DMF) and a certain
amount of palladium acetate (10-200% based on the
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Table 1. 3'P NMR-spectroscopic parameters: chemical shifts (8, ppm) and spin—spin coupling constants (J, Hz)

System Ww-PPh, (1, 3) 1-PPh, (2) PPh, (4) PPh,H (5) PPh,-PPh,
Complex I 0=1475ppm (d) | &= 144 ppm (dd) 8=63(s) 6=-1 d=-16
IJ: 159 I‘IAM = 147, lJBM = 165 1JPH = 302
Complex I d=151.5ppm(d) | &=145ppm (dd) 8=69 (s) 6=-1,-13 d=-16
+0.20Pd(OAc), | 'J=169 U am =158, Ugy =176 Upy =316

parent complex) were added. The reaction mixture was
stirred in a hydrogen atmosphere at 80°C for 40 min.
The concentration of benzene formed in the reaction
system and the composition of the products of catalysts
were determined by GLC (a Chrom-5 chromatograph
with a 3.6-m packed column with SE-30 as a stationary
phase and a flame-ionization detector were used; the
analysis temperature was 120°C, and nitrogen was the
carrier gas).

Determination Procedure for Pd(0) [8]

A solution containing 2 X 10> mol of Pd in 10 ml of
DMF was placed in a preevacuated thermostatted ves-
sel filled with argon, and 0.1477 g (0.4 mmol) of NBu,I
and 0.109 ml (1 mmol) of iodobenzene were added.
The reaction mixture was stirred at 80°C with the use of

a magnetic stirrer until the concentration of the PdJ 42[

anion became constant. This anion resulted from the
following reactions:

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

The concentration of PdJ i_ was determined by spectro-

photometry on a VSU2-P spectrometer from an absorp-
tion band at 340 nm (€349 = 23750 1 cm mol™') using a
sealed quartz cell with an optical path length of 0.1 cm.
Biphenyl was simultaneously determined on a chro-
matograph.

The NMR spectra were measured on a VXR-500S
pulse spectrometer (Varian). The chemical shifts of 3'P
are given with reference to 85% phosphoric acid. Posi-
tive values correspond to downfield shifts. The IR spec-
tra of samples in mineral oil were measured in the
region 4000-400 cm™ on a Specord IR-75 instrument.

The X-ray diffraction analysis of catalyst samples
was performed on a DRON-3M diffractometer using
CukK,, radiation.

RESULTS AND DISCUSSION

Previously, we found that the reaction of bis(acety-
lacetonato)palladium with diphenylphosphine did not

stop at the step of complexation [9]. At an equimolar
ratio between the reactants, the exchange of an acetyl-
acetonate ligand for a diphenylphosphide fragment
occurred with the formation of free acetylacetone mol-
ecules and the following two palladium complexes with
bridging PPh, and chelating acetylacetonate ligands:
[Pd(acac)PPh,], and [Pd;(acac),(PPh,),],. According to
IR-spectroscopic data, the action of an excess of PPh,H
with respect to Pd(acac), (P/Pd = 2.3) resulted in the
quantitative formation of acetylacetone. Tetra-phenyl-
diphosphyl and a new palladium complex (tentatively
denoted as complex I) containing 3'ligands and coordi-
nated diphenylphosphine molecules were detected in
the reaction mixture by 3'P NMR spectroscopy. This
complex was characterized by the following 3'P NMR-
spectroscopic parameters: & = 144 ppm (dd, 'J ;= 147 Hz,
1Jgm = 165 Hz) and & = 147.5 ppm (d, 'J = 159 ppm);
0 =63 ppm (br s), and 6 = -2 ppm (br s). The resonance
signals with & = 144 ppm (dd, 'J,y = 147 Hz, Jgy =
165 Hz) and 6 = 147.5 ppm (d, 'J = 159 ppm) (inte-
grated intensity ratio of 1 : 2) belong to three magneti-
cally nonequivalent bridging PPh, ligands in a cyclic
palladium complex with a metal-metal bond [4, 10];
the signal with § = 63 ppm (s) belongs to a terminal
PPh, ligand [11]; the signal with  =-2 ppm (s) belongs
to coordinated diphenylphosphine molecules (1Jpy =
302 Hz) (Table 1). The ratio between the integrated
intensities of resonance signals at 147.5, 144, 63, and
—2 ppm was 2 : 1 : 1 : 2. Unfortunately, we failed to
measure the spectrum at a completely hindered
exchange.

The UV spectrum of a solution of complex I exhib-
ited a broad absorption band with a maximum at 420-
430 nm, which is characteristic of trinuclear palladium
clusters with bridging diphenylphosphide ligands [10]

and alkali metal phosphides M*—PPh, , in which the
phosphorus atom bears a negative charge [12]. An anal-

ysis of the *'P NMR-spectroscopic parameters in accor-
dance with IR- and UV-spectroscopic data and elemen-
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tal analysis allowed us to propose the following struc-
ture for the palladium complex:

5
HPPh,

2 1
Ph21:|’ - PQ—Eth

S /Pd --------- ‘-Pd\ ,
Heen” T Npen,
I

Elemental analysis and GLC data suggest that com-
plex I, which was isolated from the Pd(acac), +
2.3HPPh, reaction system, contains a solvent (benzene)
molecule.

Complex I is inactive in the catalysis of hydrogena-
tion reactions, and it does not undergo dephenylation in
an atmosphere of hydrogen. The treatment of complex I
with hydrogen at 80°C in the presence of palladium
acetate resulted in the formation of a catalyst that
exhibited high activity in both the hydrogenation of
unsaturated bonds and the reduction of the nitro group
(Table 2).

Note that the specific activity of palladium black,
which was formed under the same conditions by the
reduction of palladium acetate, was no higher than
15 mol styrene (g-atom Pd)™! min~!, whereas the turn-
over frequency of the I + xPd(OAc), system was as high
as 140 min~' based on the total palladium amount
depending on the ratio between the initial components
(Fig. 1).

The fact that the hydrogenation of unsaturated com-
pounds was accompanied by an induction period, the
duration of which decreased with the Pd(OAc),/I ratio,
has engaged our attention (Fig. 2).

The occurrence of an induction period in styrene
hydrogenation suggests that catalytically active palla-
dium species were absent from the I + xPd(OAc), sys-
tem even after treatment with hydrogen. The presence
of both hydrogen and a hydrogenated substrate is
required for the formation of these species. To explain
the behavior observed, we considered the transforma-
tions of the initial components in either argon or
hydrogen.

The interaction of palladium acetate with complex I
in argon is characterized by the small downfield shifts
of signals due to phosphorus nuclei in bridging (1, 3)
and terminal (4) diphenylphosphide ligands of
complex I in the 3'P NMR spectrum. Moreover, the
coordinated diphenylphosphine molecules become
magnetically nonequivalent (see Table 1). These data
suggest that the donor—acceptor interaction between
palladium acetate and the terminal diphenylphosphide
ligand of complex I occurs at the first step;

Ph Ph
_Ph AN
—Pd—P__ ol +Pd(OAc), == —Pd—P—Pd(OAc), ,
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Table 2. Hydrogenation in the presence of the complex I +
0.25Pd(OAc), + H, catalytic system

Maximum activity of the catalytic
system, (mol H,) (g-atom Pd)~' min~!
Substrate
ona gd(QAc) 2 | on a total Pd basis
asis
Styrene 662 140
Phenylacetylene 179 36
Tolan 405 81
1-Hexene 490 98
Nitrobenzene 420 84

Note: [I] =1 mmol/l; [Pd(OAc),] =0.25 mmol/l; T=30°C; Py =
1 atm; solvent, DMF; V poiare = 1 ml. :

where —Pd—PPh, is a fragment of complex 1.

The transformation of the complex I +
0.20Pd(OAc), catalytic system in hydrogen is charac-
terized by the formation of acetic acid ("H NMR spec-
trum of CH;COOH : & = 11.60 ppm (s, H, OH); é =
1.98 ppm (s, 3H, CH3)) as a result of Pd(OAc), hydro-
genolysis and by the degradation of diphenylphosphide
ligands.

The 3P NMR monitoring of the complex I +
0.20Pd(OAc), + H, system indicated the complete con-
version of complex I. Although the concentration of

1

w, mol H, (g-atom Pd)~! min~
900
800
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400
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100

1 1 1 1 1 1 1 1 1 ]
0 01020304 05 06 07 08 09 1.0
Pd(OAc),/complex I

Fig. 1. Dependence of the catalytic activity of the complex I +
xPd(OAc), system on the ratio between the initial compo-
nents: (/) on a PA(OAc), basis and (2) on a total palladium

basis. [I] = 1 mmol/l; T =30°C, PHz =2 atm; Vyiyrene =
9 mmol; solvent, DMF.
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Fig. 2. Kinetic curves of styrene hydrogenation in the pres-
ence of the complex I + xPd(OAc), + H, catalytic system at

various ratios of initial components. x = (/) 0.25 or (2) 1.
(Il =1 mmol/l; T=30°C; Py =1 atm; vyyrene =9 mmol;

solvent, DMF.

solution was high and the accumulation was long, only
weak resonance signals due to the partial oxidation
products of diphenylphosphine were detected in the 3'P
NMR spectrum: (PhO),P(O)H (& = 1.4 ppm, Jpy =
605 Hz [13]); 11.7 and 18.3 ppm. This fact suggests
that the substances produced in the course of catalyst
formation occurred in a colloidal dispersed state, and
their relaxation time was much shorter than the relax-
ation time of true solutions.

In our opinion, the formation of a disperse system at
low concentrations of palladium acetate is related to the
degradation of diphenylphosphide ligands, and the
degree of this degradation depends on the ratio between
the initial components (Fig. 3). According to GLC data,
the maximum amount of benzene corresponds to the
removal of one phenyl group. The ability of the phos-
phinidene ligand (PPh) to form bonds with three or
even four metal atoms is responsible for the appearance
of the nuclei of a new phase.

Previously [1], it was hypothesized that the degrada-
tion of organophosphorus ligands results from the oxi-
dative addition of PR, to Pd(0) followed by the hydro-
genolysis of the Pd—C bond. If these processes occur in
the catalytic system under discussion, Pd(0) formed by
the reduction of Pd(OAc), with hydrogen is converted
into an oxidized state because of the degradation of
PPh, ligands:

Ph_ Ph

Ph  Ph
N 7/ \
—Pd—P—Pd(OAc),

M pg—P—-Pd(0

—CH3COOH ©),
Ph_ Ph Il’h

—Pd—P—Pd(0) = —Pd—P—Pd—Ph

Ph
+H, |
m —Pd—P—Pd—H -
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CeHg/Pd(OAC),
2.

2.0
1.5
1.0

0.5

0 0.5 1.0 1.5 2.0 2.5
Pd(OAc),/complex I

Fig. 3. Degradation of organophosphorus ligands in the
complex I + xPd(OAc), system. [I] = 5 mmol/l; T = 80°C,

PHz =1 atm.

Ph
l _Ph

—Pd—P—Pd—H + —Pd—P_
Ph

l|3h 1I>h
— [Pd—P—Pd—P—Pd—] + C¢H;.

The conversion of Pd(0) into an oxidized state with the
formation of palladium complexes with phosphinidene
ligands is responsible for an induction period in the
hydrogenation of styrene. To test the above hypothesis,
we determined the fraction of reduced palladium in the
complex I + xPd(OAc), catalytic system at different
stages of its formation.

It is well known [8] that Pd(0), which occurs as pal-
ladium black or is supported on a carrier, goes into
solution as (NBu,),[Pdl,] under the action of iodoben-
zene and tetrabutylammonium iodide. The [PdI,]*
anion can easily be determined by UV spectrophotom-
etry using an absorption band at 340 nm. We performed
preliminary experiments without iodobenzene in order
to provide support for the fact that (NBu,),[Pdl,] was
formed in the reaction systems as a result of the oxida-
tive addition of iodobenzene followed by the reaction
with tetrabutylammonium iodide rather than via
exchange reactions with Pd(Il) compounds. In these
cases, an absorption band at 340 nm was absent from
the UV spectra. This fact supported the reliability of the
determination of Pd(0).

The concentration of Pd(0) in the complex I +
xPd(OAc), + H, system, where x = 0.1 or 0.2, after
treatment with hydrogen was low, whereas at x = 0.7
Pd(0) occurred in a considerable amount in the catalytic
system even before hydrogenation (Table 3).

This fact indicates that at x > 0.2 palladium acetate
incompletely reacted with complex I in accordance
with the above reaction scheme, while a portion was
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Table 3. Concentration of Pd(0) in the I + xPd(OAc), system before and after the hydrogenation of styrene

Entry M Fraction of PA(OA C);k P Concentration of Pd(0), %
complex I before hydrogenation after hydrogenation
1 0 0 0 -
2 0.1 9.1 25 19.7
3 0.2 16.6 3.7 249
4 0.7 41.2 38.8 44.2

* Based on the total palladium content of the system.

reduced by hydrogen to Pd(0), which underwent aggre-
gation:

xPd(0) — Pd(0),.

However, even at x = 0.7, a sample separated from the
reaction system was an X-ray amorphous substance
free of palladium in a crystalline state. The diffraction
pattern exhibited an amorphous halo in the diffraction
angle range 20 = 36°-50°. The coherent-scattering
region of this sample was 2.4 nm, as calculated using
the Selyakov—Scherrer formula [14].

The concentration of Pd(0) in all of the above cata-
lytic systems increased after the hydrogenation of sty-
rene, and it was higher than the fraction of Pd(OAc),.
Consequently, not only palladium added as palladium
acetate but also, in part, palladium from the initial tri-
nuclear palladium complex was converted into a
reduced form.

It is well known [15] that the M—PR . bond (x =1 or 2)
can be sufficiently labile depending on the nature of the
metal and the anionic ligands and on the coordinative
unsaturation of the metal. Thus, for example, the Hf-
PR, bond was cleaved under the action of H,, CO, or
C,H, at room temperature with the formation of phos-
phine (or diphosphine) and [Hf(H),], [Hf(CO),], or
[Hf(CH,CH,CH,CH,)]. On the other hand, it is well
known that, in the hydrophosphorylation catalyzed by
platinum and palladium complexes, a coordinated ole-
fin is inserted into the M—P bond for Pt and Pd and into
the M-H bond for Pd [16]. The subsequent step of
reductive elimination resulted in the reaction products
of hydrophosphorylation and M(0) regeneration. A
quantitative analysis of the 'H NMR spectrum of the
complex I + 0.20Pd(OAc), + H, system after degassing
and mixing with an equimolar amount of styrene in an
argon atmosphere at room temperature demonstrated
that the concentration of styrene remained unchanged.
Consequently, the insertion of styrene into the Pd-P
bond did not occur under these conditions. Therefore,
we assume that an increase in the concentration of
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Pd(0) in the course of styrene hydrogenation was due to
the hydrogenolysis of the Pd—PPh bond

Ph Ph Ph Ph
[~Pd—P—Pd—P—Pd—] 2. [—Pd—lr»Pd«F—Pd—].
H H

It is our opinion that the role of styrene can be associ-
ated with the dissociation of polynuclear palladium
complexes on the coordination of styrene and with the
facile activation of the hydrogen molecule.

According to the reaction scheme proposed, indi-
vidual Pd(0) atoms can be active in hydrogenation, or
an active center can be formed in the course of catalyst
formation. This active center contains the [Pd(0)],
ensemble of palladium atoms, which are immobilized
on supramolecular structures formed by the association
of phosphinidene and phosphide complexes of palla-
dium. The formation of hydride clusters containing pal-
ladium hydrides [Pd H, ], under conditions of hydroge-
nation catalysis cannot be excluded.

A linear relationship between the rate of styrene
hydrogenation and the concentration of Pd(0) at small
amounts of Pd(0) (Fig. 4) is direct evidence for the fact
that Pd(0) or [Pd,H, ],,, which is formed from Pd(0), acts
as a species that is catalytically active in hydrogenation
in the system under consideration.

The catalytic system under discussion is sufficiently
labile, and it is transformed in the course of catalysis.
This is due to the fact that organophosphorus ligands
undergo degradation not only on the formation of the
catalytic system in hydrogen but also in the course of
hydrogenation (Table 4). In this case, in the hydrogena-
tion of styrene, the concentration of benzene remained
unchanged during the induction period; this fact is con-
sistent with the above reaction scheme proposed for the
degradation of organophosphorus ligands in the coordi-
nation sphere of Pd(0).

Thus, in the course of operation of the complex I +
xPd(OAc), + H, catalytic system, the hydrogenation of
both styrene and organophosphorus ligands takes place
resulting in repeated redox processes. The polynuclear
complexes of palladium with organophosphorus
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Fig. 4. Dependence of the rate of styrene hydrogenation
on the Pd(0) content. [Pd]y = 1 mmol/l; T = 30°C; sol-
vent, DMF.

ligands actively participate in the formation, operation,
and deactivation of the catalyst. On the one hand, the
degradation of diphenylphosphide ligands results in the
conversion of Pd(0) into an oxidized state to poison the
catalyst. On the other hand, the resulting palladium
complexes with phenylphosphinidene ligands regener-
ate Pd(0), probably as a result of the hydrogenolysis of
the Pd-P bond. The deeper degradation of organophos-
phorus ligands results in the visually observed heterog-
enization of the system. In our opinion, this is the main
reason for catalyst deactivation.

Table 4. Degradation of organophosphorus ligands in the
course of styrene hydrogenation in the I + 0.25Pd(OAc), system

Benzene amount x10°, mol
Styrene portion
number before after
hydrogenation hydrogenation
1 1.10 2.76
2 2.76 3.20
3 3.22 3.46
4 3.45 3.54
5 3.54 3.55

Note: [I] = 6 mmol/l; [Pd(OAc),] = 1.5 mmol/l; T = 30°C; PHz =

1 atm; solvent, DMF; vy e =9 mmol (in a single portion).
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