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Summary

The interaction of [Ph;PPd(OAc),]. with molecular H, yields a binuclear
complex of zero-valent palladium, (PhsP),Pd,. This complex interacts reversibly
with H, in CH,Cl,, yielding (Ph,P),Pd,H,. In argon atmosphere (Ph,P),Pd,
reacts with {Ph,PPd(OAc),], to form a binuclear complex of Pd! with a metal—
metal bond. These data, as well as the results of kinetic studies of the reactions
between [Ph,PPd(OAc),]. and H,, are in agreement with an autocatalytic
mechanism for the process, including catalysis of the reduction of Pd"! com-
plexes by the Pd® compounds. It has been established that the synthesized com-
pounds of Pd", Pd! and Pd® with the ratio P/Pd = 1, are inactive in the hydro-
genation of unsaturated compounds. The catalytically active complex (PPh),Pd;
is formed when palladium acetate reacts with (PhsP),Pd, in the presence of H,.
The same compound is formed when a solution of (Ph;P).Pd, is treated with a
mixture of H,; and O, (or H,O, in an atmosphere of H,). (PPh),Pd; is an effec-
tive catalyst for the hydrogenation of olefins, dienes, acetylenes, aldehydes,
organic peroxides, quinones, O,, Schiff bases, and nitre, nitroso, and azo com-
pounds.

Introduetion

Reactions between compounds of transition metals and molecular hydrogen
often play a key role in the formation of complexes active as catalysts of the
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hydrogenation of organic compounds. While rhodium, iridium and cobalt com-
plexes have been investigated in detail [11, those of palladium are relatively less
thoroughly investigated. In the majority of the publications on palladium
catalysts of hydrogenation it is assumed without any tangible proof that the
catalysis is due to palladium hydride formed in situ [2,3]. Insertion of an un-
saturated hydrocarbon into the Pd—H bond and hydrogenolysis of the formed
alkyl or alkenyl intermediate with regeneration of the Pd—H bond are the fac-
tors contributing to the catalytic transformation [4], which may proceed as
foliows:

LaPdH,  + < —_— L,Pd(H)aikyl

LaPd(H )alkyl + H; ————a LoPdH, + alkane

There are some indications of the formation of hydride complexes when H,
reacts with Pd" compounds [2,3,6]. However, there are no experimental data
attesting to the role of these hydrides in catalysis.

Therefore, it was the intention of the work reported here to elucidate the
nature of the compounds formed when H, reacts with phosphinacetate com-
plexes of palladium.

Results and discussion

It has been found that solutions of [Pd(OAc):]; and PPh,; in CH,Cl,, HOAC,
C¢H,e, C,HsCH3;, CcHsBr, DMFA, DMSO, (CH;),CO in which hydrogenation of
unsaturated compounds was studied [6] in the absence of dioxygen absorb
1.0—1.2 mol H, per gram atom of Pd at 20°C and 1 atm * (Table 1).

The kinetic curves (Figs. 1 and 2) show clearly the induction periods (7). The
duration of 7 depends greatly on the [PPh;]/[Pd"] ratio. The greater this ratio,
the greater the value of 7 (Fig. 3). At [PPh3]/[Pd"] = 1, [PhsPPd(OAc).,], is
predominant in the solution [9]. As the ratio increases, the (PhsP).Pd(0OAc),
complex is accumulated:

6 PPh, + 2[Pd(OAc),]s — 3[Ph;PPd(OAc),]2 1)
[PhsPPd(OAcC).]; + 2PPh; = 2 (PhsP),Pd(OAc). (2)

The increase in 7 may be ascribed to the lower reactivity of (Pd;P),Pd(OAc), as
compared to [(Phi;P)Pd(OAc),l,, in reactions with H,. It seemns that the more
PPhj; ligands are bonded to the Pd atom, the lower the reactivity of the com-
pounds in the reaction under investigation. This may be explained on the basis
of the transition state scheme of the initial step of the observed reaction, i.e.
the hydrogenolysis of the PA—OAc bond:

f;’da’—— —— OAcS
i

P

*In CHCl3 in the concentration range of [Ph3PPd(OAc)212 5 X 1074 to 5 X 10~3 mol/i, IR spectra
(v = 1630 and 1580 cm™1) do not reveal any deviation from the Lambert-Beer law, which is indica-
tive of the absence of measurable amounts of (Ph3P)2, PA(OAc), or [Ph3PPd(OAc); 1 (Solvexnt).
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Fig. 1. Kinetic curves for the absorption of Hy in CH3COOH (1), in CgH35Br (2), [[Ph3PPd{OAc)21210 =
3.2 X1073 mol/l, and in CgHg (3), [[Ph3PPd(OACc)21210 = 2 X 10~4 mol/L

Fig. 2. Kinetic curves for the absorption of Hy in CH,Cly: 1. [[Ph3PPd(OAc)2]12]19 = 4.6 X 1073 molt
with addition of the hydrogenated complex; 2. same, without addition; 3. [[Ph3PPd(0OAc);3]121g9=2.1 X
1073 moljl; 4. [{Ph3PPd(0Ac)2]219 =49 X 1073 mol/l, volume ratio Hp : Ar=1:1,

In such a transition state the Pd atom accepts the hydride ion, while the
connected nucleophilic ligand promotes this by accepting the proton detached
from the H, molecule. Obviously, all other conditions being equal, the easier
the transition state of such a reaction is attained, the greater the charge at the
Pd atom. Since, according to ESCA data, the charge at the Pd atom in (Ph4P),-
Pd(OAc), (E Pd 3d;,, = 338.1 eV [10]) is less than in [Ph;PPd(OAc),],

(E Pd 3d;,, = 338.5 eV [10]), the decrease in reactivity when passing from
[PhiPPdA(OACc).]2 to (PhiP),PAd(OAc), becomes clear.

The reaction of the acetate complex containing PBu, is slower than that of
the complex containing PPh,. For example, at the concentration of [Pd!] =
[PBu;] = 9.5 X 1072 mol/l in CH,Cl, no absorption of H, is observed for an
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Fig. 3. T versus molar ratio Ph3P:[Ph3PPd(OAc)2] 2. [[PhaPPd(0OAc)312]l9=1X 1073 mol/, benzene.
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TABLE 1

H, ABSORBED BY [Ph3PPd(OAc);]2 IN VARIOUS SOLVENTS ([[Ph3PPd(OAc)2]2]p = 2 X 1073
mol/i, 20°C, 1 atm)

Solvent mol Hy/g-atom Pd
1 2
Benzene 1.0
Ethylbenzene 1.0
Toluene 1.0
Bromobenzene 1.2
Methylene chlroide 1.2
Acetic acid 1.0
1-Butanol 1.0
Acetone 1.1
Acetonitrile 1.0
DMF 1.0
DMSO 1.0

hour. This is in agreement with the more pronounced donor ability of PBu,
in comparison with those of PPh..

The product of the reaction in which 1 mole H, is absorbed per gram atom
of Pd may be the postulated {3] hydride complex of Pd, i.e.:

[PhsPPd(OAC),], + 2H, — [PhsPPd(H)OAc], + 2HOAC (3)

However, instead of the 1 mole HOAc per gram atom of Pd, expected from
eq. 3, 2 mol HOAc were found after the reaction of [Ph,PPd(OAc).], with H,.
Moreover, instead of the hydride complex a diamagnetic compound, (Ph3P),Pd, ”,
containing no Pd—H bond (absence of a PMR signal in the range 8 to 60 ppm
and absence of absorption in the IR spectra in the region 17060 to 2400 cm™'),
was obtained, the reaction being:

[PhaPPd(OAC)z]z +2 H2 - (Pth)dez + 4 HOACc (4:)

The same complex is formed not only during reduction of [Ph,PPd(OAc).].
with H, but also when it is treated with a reducing agent such as sodium
amalgam:

[PthPd(OAC)g]Q +4 Na/Hg - (Ph3P)2Pd2 + 4 NaOAc (5)

Moreover, [Ph;PPdCl,],, which does not react with H, at 20°C and 1 atm, is
reduced with Na/Hg, yielding (Ph;P),Pd,:

[Ph,PPdCl,], + 4 Na/Hg — (Ph4P),Pd,+ 4 NaCl (6)

Obviously, for (Ph;P),Pd, to be formed it is important that the initial complex
should contain bridging ligands bringing together two palladium atoms and
facilitating formation of a Pd—Pd bond in the course of reduction of Pd".

* Reaction 4 proceeds with a maximum yield of (Ph3P),Pd; in CH5Cl; solutions. In other solvents
other processes occur along with this reaction. The nature of these will be discussed later.
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Indeed, at the ratio PPh3/Pd = 5 (Ph4P),Pd(OAc), reacts with H, at 50°C and
40 atm. *

The molecular weight determined for (Ph;P),Pd, in CH,Cl, is 690, which is
in agreement with the calculated one for (Ph;P),Pd,. The isolated compound
could be in principle, have one of the following structures:

(1)

vl
Q

(i

Because of the lack of any evidence in the PMR and IR spectra for the pres-
ence of Pd—H bonds in the complex, structure I can be rejected. Neither struc-
tures I nor II are consistent with ESCA data (¥ Pd 3ds,, = 336.8 eV [10]), .
according to which the oxidation state of palladium in (Ph,P),Pd, approaches
Zero.

When Br, or I, act upon solutions of (Ph;P),Pd, in CH,Cl,, the correspond-
ing benzene halide is not formed in perceptible amounts, as opposed to what is
observed for phenyl complexes of Pd" [12]. Moreover, when (Ph3P),Pd, is
treated with Br,, the known complex [Ph;PPdBr.], is formed in quantitative
vield [13]. Hence, (PhsP),Pd; lacks Pd—phenyl ¢ bonds and all phenyl groups
are bonded to the P atom. Thus structure II is also rejected.

The available data are incompatible with structure III, in which two Pd

*
The more rigorous conditions in this reaction as compared to reaction 5 stem from the fact that
(Ph3P)2Pd(0OAc); practically does not react with Hj at 20°C and 1 atm.
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atoms are linked by a metal—metal bond and are also connected with two P
atoms of PPh,;. The Pd—Pd bond in the two-atom Pd, molecule is extremely
weak (Eg = 15 = 5 keal/mol [14]) and, as can be inferred from quantum
chemical calculations, the attachment of phosphine ligands does not stabilize
it [15]. This suggests that the Pd atoms are linked not only to the P atoms but
also to the phenyl rings of PPh;. The ability of the Pd, group to coordinate a
benzene ring is well known {16]. Moreover, in the known formally bicoordi-
nated phosphine complexes of Pd® of the (R;P),Pd type, the metal interacts
with the hydrogen atoms of R [17].

The (Ph;P),Pd, complex does not attach excess phosphine ligands on treat-
ment with PPh; and does not form mononuclear complexes of the (Ph;P)Pd
type.

Solutions of (PhsP),Pd, in CH,Cl, absorb 0.2 mol H, per gram atom of Pd
under 1 atm and 20°C:

(Ph3P),Pd; + Hy = (PhsP),PdoH,, (7)

which is why the absorption of H, exceeds that required by the stoichiometry
of reaction 4 *. When a 1:1 mixture (volume ratio) of H, and Ar acts upon
(Ph;P).Pd,, the amount of H, absorbed decreases to about 0.1 mol H, per gram
atom of Pd (Fig. 4). Reaction 7 is reversible: a solution of (Ph,P),Pd, in CH,Cl,
with about 0.2 mol H, per gram atom of Pd absorbed, after flushing with an
argon flow to remove H,, absorbs again 0.2 mol H, per gram atom of Pd. As
can be seen from Fig. 4, the reaction is of first order in (Ph,P),Pd,; and H,. In
an H, atmosphere k- [H,] = 0.057 min™!, whereas in the case of an H,/Ar
mixture (volume ratio 1/1), k,[H,] = 0.030 min™! and %_, = 0.079 min™!.
Solutions of (Ph,P),Pd,H, in CH,Cl, do not act as catalysts in hydrogenation
of unsaturated compounds. According to quantum-chemical calculations [15],
in compounds of the (R;P),Pd,H, type H, is coordinated as an integral molecu-
lar ligand without cleavage of the H—H bond. Molecular hydrogen is probably
too weak an oxidizing agent for (PhsP),Pd,. Molecular oxygen does not oxidize
(Ph,P),Pd, under mild conditions either. For example, at 20°C and 1 atm, no
absorption of O, by solutions of (Ph3P),Pd, in CH,Cl, is observed for an hour.
On the contirary, when an oxidizing agent as Br, is involved, [Ph,PPdBr,],
is formed almost instantaneously in quantitative yield:

(Ph;P),Pd, + 2Br, > [Ph;PPdBr,], (8)

Moreover, CH,Cl, also oxidizes (Ph;P),Pd,, although this is a slow process.
For example, when solutions of (Ph,;P).Pd, in CH,Cl, are allowed to stand for
more than 24 hours, (PhsP),PdCl, [18] and metallic Pd are formed. (Ph,P),Pd,
is readily oxidized with the Pd! complex [Pd;PPd(OAc),],, yielding the Pd!
complex (Ph3P),Pd;(OAc),. Studies of the stoichiometry of the reaction
between (Ph3P),Pd, and [Ph,PPd(OAc),1, have shown that these complexes
interact in a 1:1 ratio. The IR spectrum taken in CH,Cl, solution reveals

& -
According to GLC and mass-spectrometric data, Hs is not used in the system CH,Cl, -[Ph3PPd-
(OAc)2]2 for the hydrogenation of CH5Cl,.



225

absorption, prior to the reaction, of the terminal carboxyl group —C=0 at
1630 cm™! and the bridging group at 1580 cm™'. As more (Ph;P),Pd, in CH,Cl,
is added to [PhsPPd(OACc),],, the relative intensity of the 1630 cm™ band

Q2

o1

Hz/Pd, mol/g-atom
n

10 20 ) 30
min

Fig. 4. Kinetic curves for the absorption of H, by the complex (Ph3P)2Pds in CH,Cl: 1, Hjp, [(Ph3P);-
Pdslg = 5.1 X 1073 mol/l: 2. Hy: Ar = 1:1 mixture, [(Ph3P);Pd31¢g = 6.5 X 1073 mol/L

decreases, and as soon as a molar ratio of 1:1 is reached between the compo-
nents, this band disappears and only the 1580 cm™! band remains:

(Ph4P),Pd, + [Ph3PPd(OAC).], = 2 (Ph,P),Pd.(OACc), (9)

The presence in the IR spectra of (Ph3P),Pds(OAc), of only the 1580 cm™!
band typical of vibrations of —C=0O bridging acetate groups [19], molecular
weight measurements versus those estimated, ESCA data (bonding energy
Pd 3d;,, = 337.1 eV) and the observed diamagnetism suggest that this com-
pound is a dimeric complex of Pd' with bridging acetate groups.

PhsP Fi!d Pd PPhg

Unlike [(Ph,P)Pd(OAc),],, this compound rapidly reacts with H, yielding
(Ph5P),Pd, and 1 mole HOAc per gram atom of Pd (GLC data):

(Ph3P),Pd,(OAc), + H, —~ (PhyP),Pd, + 2HOAC (10)

The reaction between (Ph;P),Pd, and Pd" compounds free of phosphine
ligands, such as [Pd(OAc)-.]s, proceeds in an H, atmosphere, yielding a cluster
compound as the main product, containing phosphene rather than phosphine
ligands. For example, at a [PA(OAc).]s/(PhsP),Pd, ratio of 1, the reaction
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yields 6 mol HOAc and 3 mol C¢Hg as well as Pds(PPh), [20] *:
(Ph;P),Pd, + [PA(OAc),]s + 4.5 H, - (PPh),Pd; + 3 C¢H, + 6 HOAc (11)

This reaction can be observed by means of UV spectra since (Ph;P),Pd,,
unlike Pds;(PPh),, absorbs at 412 nm. As more [Pd(OAc).]; is added to
(PhsP),Pd; in the presence of H,, the intensity of the band at 412 nm dimin-
ishes and the band disappears completely at a [Pd(OAc),]5/(Ph,P),Pd, ratio
of 1 (Fig. 7).

The rate of reduction of [(PhiP)Pd(OAc).]l, complex with hydrogen depends
on the solvents used. For example, in C¢H,, CHsCH3, DMFA and DMSO with
complex concentrations ranging from 1072 to 3 X 1072 mol/} the reaction is so
fast that the rate of hydrogen uptake cannot be studied volumetrically. In
CH,Cl,, acetic acid, bromobenzene ({[(Ph,P)Pd(OAc),].10 = 3—4 X1073 mol/l),
and benzene ([[(PhsP)Pd(OAc).]2]6= 2 X 107% mol/1) the absorption of H, can
be observed in the kinetic region (Figs. 1 and 2). It has been established that
the absorption of H, is represented by S-shaped curves and that 7 increases with
decreasing concentration of the starting complex and decreasing Py,. The new
complexes resulting from the reaction between [Ph,PPd(OAc),]2 and H, seem
to catalyze the reaction between the latter two. This is demonstrated by a
decrease in 7 and even its becoming zero when either a certain amount of an H,-
treated solution or (Ph;P),Pd, complex is added to the [Ph,PPd(OAc),}; solu-
tion under examination prior to hydrogenation. This indicates that (Ph,P),Pd,
is responsible for the catalysis of the reaction between [PhiPPd(OAc),], and Hs.
It should be noted that the introduction of freshly precipitated Pd into the
reaction does not affect the H, absorption rate. All of the above data suggest
the following scheme for the process.

In the first step, one of the Pd—OAc bonds in the dimeric complex [Ph;PPd-
(OAc).], is split by molecular H,, probably resulting in a hydride complex:

AcO-_ - OAc~_ _-PPhy AcO~_ ~OAc~_ -PPhy
+Hy, —» Pd Pd + HOA 12
PhsP” “OAc” OAc < UNH ¢ (12)

Ph,P”  “OAC

This compound seems to be unstable relative to reductive elimination of HOAc

and loses the HOAc group, forming a Pd! complex:

AcO- —~OAc- /PPhg

- ~ — P ~

Ph,P OAc H
As mentioned above, unlike [Ph;PPd(OAc),],, this complex is rapidly

hydrogenated, probably through intermediate formatior of a hydride-Pd com-

plex, yielding (Ph,P),Pd,:

/OAC\
- Pth—Pd\—‘——OA —Pd—PPh,; + HOAc (13)
C

~0OAc-
PhaPPdWPdPPha + H, = (Ph,P),Pd,(H)OAc + HOAc (14)
C
(Ph,P),Pd,(H)OAc —~ (Ph3P),Pd; + HOAc (15)
* The lower vield of CgHg as compared to that required for formation of (PhP);Pds must be due to

formation, in addition to this compound, of a cluster compounds of the (Ph,P);Pds type, where
n=2ora3.
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The rapid reaction of (Ph;P),Pd,(OAc), with H, despite the low degree of
oxidation of Pd suggests that in the case of this complex there is a path for the
interaction with H, other than the above-mentioned heterolytic mechanism. It
is possible that, in the case of Pd' compounds, H, is oxidatively added with the

participation of both palladium atoms in the Pd¥ group:

H
~OAc-— { _OAc~
Ph;PPd ——PdPPh,; + H, ~ Ph3PPd _PdPPh,
QAc™ OAc™ |}

H
PhsPPAT ,P’dPPhg —~ (PhsP),Pd, + 2 HOAc (16)
C
H

In the case of mononuclear Pd® complexes the oxidative addition of H, must
increase the oxidation state Pd''. Calculations [15] show that such a reaction is
thermodynamically unfavourable. Oxidative addition of H, to Pd" complexes is
also thermodynamically unfavourable because the Pd'V oxidation state is ener-
getically too high. H, is too weak an oxidizing agent for both Pd® and Pd!. On
the contrary, in the case of the binuclear Pd*—Pd! groups, the addition of H, is
guite possible because Pd" complexes must eventually be formed.

The reaction between (Ph;P)Pd, and the initial [(PhsP)Pd(OAc),]; again
yields a PAQ' compound according to eq. 2. Hence, the presence of an induction
period in the reaction between [(PhiP)Pd(OAc),]; and H; is due to the slow
step of Pd' complex formation (slow step 12 and fast step 13), the latter com-
plex being reduced to (Ph3P),Pd, more rapidly than the initial Pd" complex.
The zero-valent complexes catalyze the reduction of the starting compounds.
In reactions 9, 14 and 15 the disappearance of one (Ph;P),Pd, leads to the for-
mation of two molecules of (Ph,;P),Pd,, which is how the observed autocata-
lysis of the entire process can be explained.

However, there is an alternative mechanism possible for the catalysis of the
hydrogeneration of Pd" complexes: through a reaction between these com-
pounds and (Ph3;P),Pd,H,:

(Ph;P),Pd,H, + [Ph,PPd(OAc),], —~
(Ph,P).Pd, + (Ph;P),Pd,(OAc), + 2HOAC (18)

An argument in favour of this possibility is the fact that the rate of reaction
is accelerated by hydrides of other metals, such as Rh. For example, addition
of a rhodium hydride such as [(Ph;P),Rh(H),Cl], {21] or [(PhsP),Rh(H),-
(OAc)]2 [22] to a solution of [R3;PPA(OACc),], in CH,Cl, accelerates the reac-
tion of both triphenylphosphine and tributylphosphine complexes of Pd!! with
H, (Fig. 5). It should be noted, however, that hydrides such as (Ph,P),RhH,
whose activity in the hydrogenation of organic substrates is extremely low [11],
practically do not catalyze the hydrogenation of [Ph,PPd(OAc).]..

During the hydrogenation of [Ph;PPd(OAc),l,, as has been mentioned above,
the formation of (Ph3P),Pd, is accompanied by the appearance of C¢4H¢ in the
system. The yield of benzene depends on the solvent used (Table 2). For exam-
ple, in CH3COOH (Ph;P),Pd, is not formed at all and 1 mol C¢H¢ per mol of
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Fig. 5. Absorption of H; by phosphine-acetate complexes of palladium in the presence of rhodium
hydrides (in CH2Cl,): 1. [[Ph3PPd(0OAc)2121g = 4.6 X 1073 mol/l. [[(Ph3P)2Rh(H3)0Aclz]1g = 1079
mol/1: 2. [[Pd(OAc)2]3)g=3.2X 1073 molyl, [P(C4Hg)31g = 9.5 X 1073 mol/l, [[(PhaP), Rh(H)Cl] alo=
5 X 1073 mol/l.

Fig. 6. Kinetic curves for the absorption of Hs (1) and accumulation of CgHg (2) during the hydrogena-
tion of [Ph3PPd(OAc);]2 (CH,Cly, ([Ph3PPd(OAc)2]12]0=1.85X 1072 mol/).

PPhj is produced. The lowest amount of C¢Hg is formed in CH,Cl, (the yield of
CeHg is about 0.2 mol per mol of PPhj). No benzene is formed when the solu-
tions of the complexes (Ph4P),Pd,, (PhiP),Pd;(OAc),; and [PhPPd(0OAc),]; in
CH,Cl, or CH3COOH are exposed to argon for an hour. In addition, when a
solution of (Ph,P),Pd, in CH,Cl, is exposed to H,, nc formation of CsHg is ob-
served at 20°C and 1 atm. At the same time, hydrogenation of (Ph;P),Pd,(OAc),
does produce CsHg¢. The kinetics of the accumulation of CcHg during the hydro-
genation of [Ph;PPd(OAc),], also indicates that C(H is generated from the
intermediate complex (Ph3P),Pd,(OAc),. For example, in CH,Cl; the amount
of benzene formed increases as more H, is absorbed by the solution and both
processes stop at the same time (Fig. 6).

In all experiments with hydrogenation of [(Ph;P)Pd(OAc),], (see Table 2),
1 + 0.05 mol H, per gram atom of Pd" is absorbed in CH,;COOH, ethylbenzene
and DMF; hence, the amount of C¢H¢ generated does not correlate with the

TABLE 2

YIELD OF CgHg IN REACTIONS BETWEEN [Ph3PPd(OAc)2]12 AND H; IN VARIOUS SOLVENTS
([[Ph3PPd{0Ac)2121¢9 = 10™2 mol/l)

Solvent mol CgHg/mol PPhj
CH,Cl, 0.2
DMF 0.4
CsHsCaHg 0.6

HOAc 1.0
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amount of absorbed H,. These data indicate that no H, is involved in the forma-
tion of C¢Hs.

The yield of CH,COOH in all solvents corresponds to the stoichiometry of
reaction 4 (to within +5%) without any tendency to decrease with increasing
yield of C¢H. It seems unlikely that solvents of so dissimilar chemical nature,
such as DMF, ethylbenzene and HOACc, could perform the function of H-donors
in the formation of C.H¢ equally well.

Unfortunately, too few data are available to elucidate the mechanism of this
reaction. However, the fact that C¢Hg is formed as a result of exposure of
(Ph,P),Pd,(OAc), to H, suggests that CcH¢ appears as a consequence of trans-
formations of the hydride complex resulting from substitution of the H atom
for the acetate group in (Ph;P),Pd,(OAc),. The formation of C;H, seems to
involve the steps of oxidative addition of the coordinated PPhj to the Pd!'—Pd!
group and reductive elimination of CH;COOH and C¢He. The deficiency in H
atoms is compensated by ortho-palladation of a pheny! ring in PPh,.

In the case of interaction between H, and solutions in which PPh;/[Pd(OAc).];
< 3, the yield of benzene exceeds 1 mol per mol of PPhj;. The data available and
the composition of the resulting complex Pds;(PPh), suggest that under these
conditions two P—C bonds are split in the PPhj,, eventually yielding a PPh
ligand. It should be noted that when PBuj; is used as ligand, the formation of
butane is also observed under conditions when C¢Hg is generated from PPh,.
This is indicative of the general nature of the cleavage of the P—C bond during
hydrogenation of tertiary phosphine complexes of palladium acetate.

Depending on the ratio between Pd" and PPh; and the solvent used, a series
of compounds is obtained which are difficult to isolate and identify. However,
they can be divided into two groups: complexes in which P/Pd > 1 and those in
which P/Pd < 1. Neither the solutions containing [Pd(OAc).]; and PPh; at ratio
P/Pd = 1 in DMF, CH;COOH, CH,Cl, and other solvents, ncr the complexes
isolated from these systems after their treatment with H,, such as (Ph,;P).Pd,
(Ph,P),Pd,, and a mixture of unidentified Pd complexes with ortho-palladated
PPh,, exhibit any catalytic activity with respect to the hydrogenation of dienes
(1,3-pentadiene, cyclopentadiene) and olefins (1-pentene, cyclohexene) at 20°C
and 1 atm.

On the contrary, the systems containing [Pd(OAc);]3;-PPh; in theratioP/Pd < 1
are active in the hydrogenation of unsaturated compounds (Table 3). The lower
this ratio (to 1:0.4), the greater the activity of the catalytic solutions in the
hydrogenation of 1,3-pentadiene (Fig. 7). The maximum activity is attained at
Pd/P = 2.5, this being the ratio corresponding to the (PhP),Pd; complex. On the
other hand, the isolated complex (PhP),Pd; in DMF solution exhibits the same
activity at 20°C and 1 atm with respect to 1 gram atom of Pd as dimethylforma-
mide solutions of [PA(OAc).]; and PPh; in which Pd/P = 2.5. Complex (PhP),Pd;
is also active in the hydrogenation of oxygen. It should be noted that the sys-
tems in which P/Pd = 1 become active in the hydrogenation of unsaturated com-
pounds only after preliminary contact with an O,/H, mixture (volume ratio
1/2). Separate treatment of the solution first with O, and then with H, is not
conductive to catalytic activity.

The rate of hydrogenation of 1,3-pentadiene increases symbatically with
the amount of the O,/H, mixture absorbed before the diene was introduced
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Fig. 7. Hydrogenation rate of 1.3-pentadiene (1) and optical density variations (2) (A = 412 microns)
versus molar ratio {PA(OAc)213:(Ph3P)2Pda>.

Fig. 8. Hydrogenation rate of 1,3-pentadiene versus volume of the absorbed H; /O3 mixture, [(Ph3P)2-

Pdy1g = 5 X 10~ mol/l, DMF.

(Fig. 8). After the O,/H, mixture has been absorbed to more than 10* to 10°
mol/g-atom Pd, unidentified substances precipitate followed by metallic Pd,
and the catalytic activity declines.
As was indicated in special experiments in which hydrogenation was con-
ducted in a practically complete absence of O, in the system (see Experimen-
tal), the solutions are not active in hydrogenation reactions. If the reactor is
flushed only with H,, as is normally done before catalytic experiments, the
remaining O, in the reactor is sufficient for the formation of active solutions in
which the hydrogenation rate of pentadiene is 1 to 10 mol/g-atom Pd min.
Since the interaction between H, and solutions containing [Pd(OAc),]}; and
Ph.P in the ratio Ph,P:Pd = 1:1 yields primarily (Ph;P),Pd,; and HOAc (reac-

TABLE 3

CATALYTIC PROPERTIES OF (PPh),Pds IN THE HYDROGENATION OF ORGANIC COMPOUNDS

(20°C, 1 atm, DMF)

Class of Substrate Product Hj-uptake
compounds mol/g-atom
Pd min
Dienes 1,3-Pentadiene 2-Pentene 1000
Olefins 1-Pentene Pentane 100
2-Pentene Pentane 100
Aldehydes Salicylaldehyde Salicyl alcohol 40
Peroxides Cumene peroxide Cumene alcohol 2¢
Nitro compounds Picric acid 2,4,6-Triaminophenol 10
Quinones p-Benzoquinone p-Hydroquinone 10
Nitroso compounds a-Nitroso-3-naphthol a-Amino-8-naphthol 10
Azo compounds Azobenzene Hydrazobenzene 2
Schiff bases 2-Oxyhenzylidene-41- 2-Oxybenzyl-4- 2

methoxyphenylamine

methoxyphenylamine

¢ Hydrogenation at 40°C.
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tion 4), the effect of the O,/H, mixture on catalytic activity was studied 1n
dimethylformamide solutions of (Ph;P),Pd, and HOAc at molar ratio of 1:4,
Contact between the O,/H, mixture and the solutions under investigation ini-
tiates the following catalytic reaction in accordance with volumetric data:

O, +2H, »~2H.0 (19)

Hydrogen peroxide was also formed in small amounts during the hydrogena-
tion of O, as indicated by qualitative reactions on H,0O, (see Experimental).
The introduction of H,O into a solution of (Ph3P),Pd,; and HOAc not treated
with O,/H, does not give rise to any catalytic activity in the hydrogenation of
1,3-pentadiene. However, H,0O; introduced into this system (molar ratio
Pd:H,0, = 1:4), brings about catalytic activity (the 1,3-pentadiene hydrogena-
tion rate is 100 mol/g-atom Pd min). The observed effect cannot be attributed
to the system being affected by an O,/H,; mixture which could be formed as a
result of decomposition of H,0, in the presence of a Pd complex, since the
amount of the O, formed in this case should bring about a much lower activity
(2 to 3 mol/g-atom Pd min) than that observed.

As a result of relatively short exposure of (Ph4P),Pd, solutions to hydrogen
peroxide in the presence of HOAc, the complex [(Ph,P)Pd(OAc),], was isolated
from the reaction:

(Pth)g_Pdg_ + 2 H9_09_+ 4 HOAc — [PthPd(OAC)z]z + 4:H20 (20)
A longer exposure yields [Pd(OAc),]la:
3 [Ph3PPd(OACc),): + 6 H,O, = 2 [PA(OAc),1a + 6 Ph,PO + 6 H,O (21)

Thus, the [Ph;PPd(OAc),]2 complex rapidly formed as a result of exposure
of the (Ph;P),Pd,/HOAc system to H,0, is consumed in two reactions: hydro-
genation (reaction 4) and oxidation of phosphine (reaction 21).

The resulting [Pd(OAc),1; reacts with (PhiP),Pd; in the presence of H, (reac-
tion 11), generating (PhP),Pd; which is active in the catalysis of hydrogenation.
According to IR spectra, (PhP),Pd;s lacks Pd—H bonds. Moreover, no com-
plexes between (PhP),Pds and H, were found in DMF solutions either volumet-
rically or spectroscopically. Studies of the kinetics of hydrogenation of unsat-

urated compounds [23] have shown that a catalytic reaction involves prelim-
inary formation of a complex of (PPh),Pd; with a substrate, followed by inter-
action between the complex and H,, in cases of olefins:

N/
, N e _C
(PPh),Pd; + fo=C == [(PPh)des]\(l:
/ N\
c H
P ~
{Gad AR +  H, == (PPh), P51 4
~c 2 eem, P ~e——¢—n
r
~H |
(PP Pas]_ | —=—  (PPh)Pdg + H—Cl?——ClI—H

C—C—H
1 i
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Thus, our data cast doubt on the hypothesis that palladium hydrides catalyze
the hydrogenation of organic compounds under homogeneous conditions. It is
possible that in the systems where Pd complexes were used as catalysts [ 24—26]
responsible for catalysis were in fact clusters, such as (PhP),Pd; isolated by us.
We believe that a better understanding of the mechanism of formation of these
catalysts and their participation in catalysis will depend on advances in studies
into the nature and structure of the clusters appearing in these systems.

Experimental

The solvents were purified by described methods [27]. Chemically pure
CH,Cl, intended for chromatography was used without additional purification.
H, and Ar were freed of O, and H,O by being passed successively through
columns with alumina, chromenickel catalyst, and molecular sieves. [(Ph;P)-
Pd(OACc),], was prepared under an Ar atmosphere by a method similar to that
described earlier [7].

The complexes [(Ph;P),RhH,0Ac]), and [(Ph.P),RhH,Cl], were prepared by
previously described methods [21,22].

Preparation of (Ph;P),Pd,

A solution of 1.00 g (1.3 X 1072 mol) of [(Ph;P)Pd(OAc),]), in 30 mil of
CH,Cl, was treated for 40 min with H, or 30 g of semi-liquid sodium amalgam
{1.5% Na). Then the solution was agitated in a flow of argon for 20 min and
about 10 ml of the solvent was distilled off in vacuum (when sodium amalgam
was used, the solution was decanted at this stage). About 30 ml of ether was
added to the solution, the precipitate containing unidentified palladium com-
plexes was filtered off, and about 30 ml of an ether/pentane mixture (1/1) was
added to the filtrate. The precipitated (Ph;P).Pd, was filtered off, washed with
ether and pentane, dried in vacuum, and kept in an argon atmosphere. Yield
~60%. Found: C, 57.7;H, 4.7; P, 8.2; Pd, 28.0. C;,H,,P.Pd, caled.: C, 58.5;
H, 4.1; P, 8.4; Pd, 28.7%. IR spectrum: v(PC) 495, 515, 525 cm™. (Ph,P).Pd,
was obtained in a reaction between [(Ph,;P)PdCl,],; and sodium amalgam in a
similar manner. The treatment with Na/Hg takes 1.5 h.

Reaction of [(Ph3P)Pd(OAc).], with H, in the presence of PhiP

20 ml of toluene, 2.20 g (8.4 X 107> mol) of Ph;3P, and 0.30 g (8.1 X107*
mol) of [(Ph,P)Pd(OAc).]. were placed in an autoclave in a flow of H, and
heated for three hours at 50°C and 40 atm H,. Then the solution was trans-
ferred under argon flow into a flask containing about 100 m! of pentane. The
yellow precipitate was washed on a filter with ether and pentane, then dried
in vacuum. Yield 90%. Found: C, 74.1; H, 5.4. C;:H(.P,Pd caled.: C, 74.4; H,
5.2%. The IR spectrum of the complex is identical to that of (Ph,P),Pd, pre-
pared by a previously described method [11].

Reaction of (PhsP),Pd, with Br,-

A solution of Br, in ether (molar ratio Br,:(Ph.P),Pd, = 10} was added to a
solution of 0.10 g (1.3 X 107* mol) of (Ph4P),Pd, in 5 ml of CH,Cl,. The solu-
tion almost immediately turned orange. Then another 5 ml of ether was added
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at once, the precipitate was washed on a filter with a CH,Cl1,/(C,H;),O mixture,
ether, pentane, and dried in vacuum. Yield 80%. Found: C, 40.0; H, 3.2; Br,
81.2. C3¢H,0P,Pd,Br, caled.: C, 40.6; H, 2.8; Br, 30.5%. The IR spectrum of
the complex and its Debye-Scherrer pattern are identical to those taken for
[(Ph;P)PdBr,], prepared by a method described earlier [12].

Oxiation of (PhsyP),Pd, with methylene dichloride

0.10 g (1.3 X 107% mol) of (Ph3P),Pd,; was dissolved in 10 ml of CH,Cl,.
Approxunately four hours later a dark precipitate fell out. After the solution
was allowed to stand for 24 hours, light crystals appeared on the test tube
walls, and a dark powder insoluble in organic solvents was formed. 50 ml of
CH,Cl, were added to the mixture, which was filtered off. The filtrate was
evaporated till crystals fell out, and the latter were washed on a filter with
CH,Cl, and pentane, then dried in vacuum. Found: C,61.0; H, 4.7; Cl, 10.8.
CagH30CloP,Pd caled.: C, 61.5; H, 4.3; Ci, 10.1%. The IR spectrum is identical
with that of (Ph,P),PdCl,, taken by a previously described method [18].

Preparation of (PhsP,;),Pd,(OAc),

A solution of 0.38 g (5 X 107% mol) of (PhyP),Pd, in 10 ml of CH,Cl, was
treated with 0.48 g (5 X 107® mol) of [(PhiP)Pd(OAcC),], in an atmosphere of
Ar for 5 min, and then an ether:pentane (4:1) mixture was added, the pre-
cipitate was filtered off, washed with ether and pentane, and dried in vacuum.
Yield 80%. Found: C, 56.2, H, 4.6; P, 7.0; Pd, 24.3. Molecular weight: 800.
CacHi6P20.Pd, caled.: C,56.1; H, 4.2; P, 7.2; Pd, 24.7%. Molecular weight:
856.

Preparation of (PPh),Pds

A mixture of 0.74 g (1073 mol) (Ph;P),Pd; and 0.67 g (1073 mol) of
[PA(OAc)2]5 in 60 ml of DMF were treated with H, for an hour. The precipi-
tate formed was filtered off in Ar, washed with DMF, toluene and ether, then
dried in vacuum. Yield 40%. Found: C, 20.0; H, 1.5; P, 8.2; Pd, 68.0.
C,,H;oP-Pd;s caled.: C,196;H,1.3;P,8.3;Pd 71.0%.

Detection of H,0, in a catalytic reaction between O, and H, in the presence of
(PhsP),Pd,

Toluene was added to a solution of 0.01 g of (Ph;P),Pd, and 0.003 g of
HOACc in 20 ml of dimethylformamide, which had absorbed 50 to 60 ml of a
H,/O, mixture (molar ratio H, /O, = 2) until complete precipitation of the com-
plexes. The precipitate was filtered off. An aqueous starch-containing solution
of KI was added to the almost colorless filtrate. The appearance of a deep blue
color disappearing after addition of Na,S,0; was indicative of the presence of
H,0,. Another indication of the presence of H,O, in the filtrate was the
appearance of an orange color after addition of a hydrochloric acid solution of
TiCl,, which disappeared in the presence of LiF.

Reaction of (Ph;P),Pd, with H,O, in the presence of HOAc
A solution of 0.50 g (6.8 X 1074 mol) of (Ph;P),Pd, in 10 ml of CH,Ci, was
treated with 2 ml of 30% H,0, and 0.2 ml of HOAc for 10 min with vigorous
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stirring. 5 ml of water were added and the water layer was then decanted. 10 ml
of H,O were added to the solution of the complex in CH,Cl,, the mixture was
stirred, and the water layer was decanted again. 40 m! of ether were added to
the solution of the complex in CH,Cl,, the precipitate was washed on a filter
with toluene, ether and pentane, then dried in vacuum. Yield 60%. Found: C,
54.0; H, 4.5. Pd,C4,H,30,P, caled.: C, 54.2; H, 4.3%. The IR spectrum is iden-
tical to that of [(PhsP)Pd(OAc),],.

[Pd(OACc).1s was isolated in a similar manner by treating (Ph;P),Pd, with
hydrogen peroxide and HOAc for three hours. Found: C, 21.0; H, 3.0.
C;.H,,0,.,Pd; caled.: C, 21.0; H, 2.6%. The IR spectrum is identical to that of
[Pd(OAc).]s [28].

Procedure for hydrogenation experiments

Prior to the experiments, the manometric unit described earlier [29] was
evacuated and filled with H,. This procedure was repeated twice. Then the com-
plex and the substrate were added in the H, flow to the solvent degassed by
evacuation and the absorption of H, was measured.

The IR spectra were measured in KBr, liquid petroleum, and a liquid cell
(d = 0.1 cm) on a UR-20 instrument. The moiecular weight of the complexes
was determined osmometrically in a CH,Cl, solution at 25°C. The PMR spectra
were determined using a Bruker HX 90 instrument in CDCl;. The X-ray powder
patterns were measured on a DRON-1.5 instrument using Cu-K, radiation and
a graphite monochromator.
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