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Abstract

Clusters of composition [Pt(PPh,)],, n = 6-10, have been synthesized by reduction of a series of Pt!! complexes [(PPh 3)Pt(OAC)G],,
(G =(0Ac), - PAC;Hs, m =1; G = Cl, OAc, (OAc),Ag, m = 2) with H,, HCOOH and Na-amalgam. A hydridophosphide Pd!!
complex [Pd,(PPh,)H ], was obtained in an analogous manner by reduction of [(PPh;)Pd(OAc),], with HCOOH. Additionally a
complex with diphenylphosphonic acid as a ligand [Pd(z-O,PPh,XCH ;XPPh,)], was obtained and characterized with X-ray data.
The formation of O,PPh, anion under strictly anaerobic reductive conditions implies the transfer of an O atom from the carboxylic
ligand to the P atom of the phosphorus-containing ligand. Cleavage of the C—Ph bond seems to be a common process for the
reductive reactions of both Pd and Pt phosphine complexes. Phosphide clusters of compositions [Pt(PPh,)], and [Pd,(PPh,)H, ],
were characterized with IR, SAXS, EXAFS and NMR data and molecular mass measurements.

1. Introduction complex [(PPh;)Pd(OAc),], with H, resulted in a di-
nuclear cluster of composition [(PPh,)Pd(OAC)], [3].

A variety of diarylphosphide platinum and palla- H,

dium complexes has been synthesized by thermal de- [(PPh;)Pd(OAc),], —

composition of the metal complexes with triarylphos- CH

phines, or isolated from catalytic hydrogenation and | 3

hydroformylation experiments [1]. This paper has been C

prompted by our interest in cluster synthesis via reduc- O 0)

tive reactions of compounds of platinum group metals / \

[2.3]. Ph,P—Pd Pd—PPh, (1)
Reactions of palladium(II) complexes in the pres- \O O/

ence of Phen or PR, ligands with a Pd:PR ,(Phen) N~

ratio greater than 1 with different reductants such as |

H,, Na/Hg were found to give rise to a series of CH,

clusters containing a Pd—Pd bond [2,3]. Reaction of the

To compare the behaviour of similar Pt!! complexes
with that of the palladium(II) complex we have studied
reductive reactions of triphenylphosphine-containing

Corresmondence to: Dr. L1 Moiscev. Pt complexfes with H,, HCOOH and'Na—amalgam.
* Dedicated to Professor Gian Paolo Chiusoli in recognition of his The starting cofnpound for sypthesm of [(PPh:‘)Pd-
important contributions to organometallic chemistry and its appli- (OAC)]Z was the dinuclear palladium complex [(PPh3)'
cations in organic synthesis. Pd(OAc),] [3]. Unlike Pd" dinuclear acetate com-
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plexes, analogous complexes of Pt!! with PPh, have
not been synthesized to date. Complex [(PPh,)Pt-
(OAc),], cannot be obtained by the direct reaction of
Pt(OAc), with PPh, [4]. As the first step we therefore
studied different ways to synthesize the complex
[(PPh,)Pt(OAC),],.

2. Experimental Section

Chemically pure solvents were purified by standard
procedures [5]. Re,(OAc),X, (X=Cl, Br) was ob-
tained according to ref. 6. [#-C,H,PdCl], was ob-
tained according to ref. 7. cis,trans-{(PPh;)PtCl,], (1)
was obtained according to ref. 8.

Elemental analysis was performed using a C,H,N-
analyzer (Carlo Erba). Molecular weights of the com-
plexes were measured with a vapour pressure osmome-
ter, IR spectra with a Specord IR-75 spectrometer and
NMR spectra with a Bruker WP-200 instrument. Chro-
matographic analysis was conducted using a Tsvet
chromatograph.

2.1. Small-angle X-ray scattering (SAXS)

SAXS data were obtained by a standard procedure
[9] with the use of the small-angle X-ray chamber
KRM-1.

2.2. Extended X-ray absorption fine structure (EXAFS)
EXAFS spectra of the K-edge of palladium (24.6
keV) and of the L,;;-edge of Pt (11.56 keV) X-ray
absorption of clusters 8 and 15 were obtained at the
EXAFS Station of the Siberian Centre of Synchrotron
Radiation, Novosibirsk [10a]. The VEPP-3 storage ring
with electron beam energy of 2 GeV and average
stored current of 50 mA was used as the radiation
source. The energy of the synchrotron radiation quanta
was monitored with the help of the two-crystal cut-off
Si(111) monochromator. The higher harmonics (3hV
etc.) were not rejected. X-Ray absorption spectra were
recorded in the transmission mode using two ionization
chambers, i.e. those for monitoring and for full absorp-
tion. The monitoring chamber contained 0.5 atm Ar
and was located in front of the sample, while the full
absorption chamber contained 1 atm Xe and was be-
hind the sample. Samples of clusters 8 and 15 were
prepared in the form of pellets, which exhibited at the
Pd or Pt K-edge a jump of absorption A, x = 0.8. The
pellets consisted of ca. 90% of the cluster material plus
ca. 10% of Apieson-L hydrocarbon binder. Pd and Pt
foils with a known X-ray absorption edge energy, dis-
tances between atoms and coordination numbers were
used as reference samples to calibrate the position E,
of the absorption edge for the clusters, as well as the
phase corrections & for Pd—Pd distances for a given

interval of k wvalues. Solid Pd(PPh,;), was used to
calibrate the phase correction & for Pt(Pd)-P distance
and determination of coordination numbers.

For each sample X-ray absorption data were ana-
lyzed in the form of k2y(k), where y(k) is the oscillat-
ing part of the absorption coocfficient u, for interval of
wavenumbers k =2.5-12.0 A~ 1. The background was
removed by extrapolating absorption in the pre-edge
region onto the EXAFS region in the form of Vec-
toreen’s polynomial, Three cubic splines were used to
construct the smooth part of u. The inflection point of
the edge of the X-ray absorption spectrum was used as
the initial point (k = 0) of the EXAFS spectrum. The
RDA function was calculated from the EXAFS spectra
in k%y(k) form using Fourier analysis [10a). An alter-
native fitting procedure [10b], was also used to deter-
mine interatomic distances and coordination numbers
from the EXAFS spectra.

Theoretical parameters from McKale et al [10c}
were used for these procedures.

2.3. Synthesis of [(PPh;)Pt(OAc), Agl, (3)

The suspension of trans-[(PPh;)PtCl,], (1) (0.1 g,
0.1 mmol) with AgOAc (0.16 g, 0.8 mmol) in HOAc
solution (10 ml) was stirred under Ar at 20-40° for 1 h.
The colourless complex 3 was isolated from the reac-
tion mixture after removal of HOAc and recrystalliza-
tion of the residue from a large amount of hot ben-
zene. The benzene solution was evaporated in vacuo.
The yield was 70% based on Pt. A single crystal was
grown by slow crystallization in benzene/hexane or
chloroform / hexane solutions. Complex 3 is soluble in
CHCl,, CH,Cl,, HOAc, DMFA, and hot C,H,. It
decomposes on exposure to light in the solid state, but
faster in solution, and is stable for a few months in
darkness under Ar. IR: »(COO) 1585, 1540, 1440 cm ™ 1.
'H NMR spectra (CH,Cl,): § 1.57 (s, 6H, u*-OAc),
2.06 (s, 3H, u’-OAc), 7.27 (m, 15H, Ph). 3'P NMR
spectra (rel. to H,PO,): 6.06(J(Pt—P), Hz 4652).

2.4. Synthesis of triphenylphosphine acetate complexes

[(PPh,)PtCIOACc], was obtained via the reaction of
cis-[(PPh,)PtCl, ], with AgOAc in CHCI; solution ac-
cording to ref. 11.

[(PPh,)Pt(OAc),], was obtained via the reaction of
[(PPh,)Pt(OAc);Ag], with Re,(OAc),X, (X =Cl, Br)
in benzene solution according to ref. 11.

m-C;H;Pd(OAc), Pt(PPh,) was obtained via the re-
action of [(PPh;)Pt(OAc), Agl, with [7-C;HPdCl], in
CHCI; solution according to ref. 12.

2.5. Synthesis of [Pt(PPh,)], (8)
Reduction reactions were carried out in a thermo-
static reaction vessel with a gas burette. The yellow-
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green complex [(PPh;)Pt(OAc),], (0.1 g, 8.7%x107°
mol) was placed in the reaction vessel which was
pumped out and refilled with argon. 5 ml of deoxy-
genated formic acid was then added. The reaction
mixture was stirred until completion of benzene forma-
tion (GLC, 20 h, 20-25°C). The colour changed to
dark-brown. The volume of the gas evolved was mea-
sured with a gas burette and its composition deter-
mined by gas chromatography. Formic acid was evapo-
rated in vacuo. The solid residue was dissolved in dry
benzene and the solution filtered. On adding hexane to
the benzene solution, the dark brown complex 8 was
precipitated. The complex was washed with dry diethyl
ether then with hexane, and dried in vacuo. Yield:
85% based on Pt. Anal. Found: C 37.1; H3.0; C1 1.0; P
9.2; Pt 51.5. C;,H(PtP calc.: C 37.9; H 2.6; P 8.16; Pt
51.31%. IR spectrum (v, cm™'): 1470, 1410, 1090, 730,
700, 550, 520. 'H NMR: & 7.5 (multiplet, Ph); 3'P
NMR (—-90°C): (8, H,PO,) broad line in interval +48
to +17 ppm. Molecular weight (C;H): 3783 (calc.: for
n = 10; 3800).

2.6. Synthesis of [Pd,(PPh,)H. ], (15) and [Pd(u-O,
PPh,(C4H)(PPh)], (16)

The complex [(PPh;)Pd(OAc),], (0.1 g, 0.13 mmol)
was placed in a glass container which was pumped out
and filled with argon. 5 ml of deoxygenated HCOOH
was then added. The solution was stirred until evolu-
tion of gases (CO,, H,) was complete (12 h at 20-25°C).
Complex [Pd,(PPh,)H,], (15) was isolated from the
reaction mixture after removal of HCOOH, dissolution
of residue in benzene followed by precipitation with
hexane and washing with ether. In addition, the light-
brown complex [Pd(u-O,PPh,XC HXPPh,)], (16)
was obtained after slow crystallization from the united
mother solutions in 8-10% yield based on Pd. The
structure of the complex 16 was resolved by X-ray data
[13]. Yield of [Pd,(PPh,)H,],: 60-70% based on Pd.
Anal. Found: C 35.8; H9.5; P 8.1; Pd 54.1. C |, H,,Pd,P
(neglecting H,) calc.: C 36.3; H 2.5; P 7.8; Pd 53.4%.
IR spectrum (v, cm™!): 1485, 1420, 1100, 750, 720, 550,
520. 'H NMR: § 7.5 (multiplet, Ph), —9,5 (wide line,
H); P NMR (-90°C): (8, H;PO,) broad line in
interval +48 to +17 ppm. The complex 15 decom-
poses on exposure to air and is stable under argon.

2.7. Reduction of platinum complexes with sodium amal-
gam

The complex (1 mmol) was placed with sodium
amalgam (22 g) in a 50 ml glass container which was
pumped out and filled with argon. 30 ml of deoxy-
genated solvent (THF or benzene) was then added.
The suspension was stirred (48 h at 20-25°C) until a
dark-brown solution formed. The reaction mixture was

filtered. The solvent was evaporated in vacuum. to half
of its volume. After addition of hexane (30 ml) to the
mixture the precipitation of dark-brown phosphide
complexes was observed. The complexes were purified
by dissolution in benzene followed by precipitation
with addition of hexane.

2.8. Reduction of platinum complexes with dihydrogen

Reduction was carried out in a glass double-jacketed
reaction vessel equipped with a gas burette. The solu-
tion of the complex (0.1-0.2 mmol) in acetic acid (5-10
ml) was placed in the reaction vessel which was pumped
out and filled with dihydrogen. The solution was stirred
under hydrogen (P = 1 atm, 20-25°C) until completion
of hydrogen absorption.

2.9. Synthesis of [Pt,(PPh;)(PPh,)(OAc)]; (6)

The complex 6 was obtained by reacting the com-
plex [(PPh,)P(OAc);Ag], with dihydrogen. The com-
plex 6 was isolated from the reaction mixture after
removal of AcOH, dissolution of residue in benzene,
and filtration followed by precipitation with hexane
and washing the precipitate with ether. The yield was
80% based on Pt. Anal. Found: C 42.1; H 3.2; P 6.6; Pt
42.8. C;,H 4 Pt;P, calc.: C42.9; H3.1; P 6.9; Pt 43.5%.
Molecular weight (C H¢): 2596, (calc.) 2688. IR:
»(COO) 1580, 1440 cm~!. '"H NMR spectra: 6(CDCl,)
2.09. *'P NMR spectra: (rel. to H,PO,) broad line in
interval +58 to +17 ppm. TEM: narrow size distribu-
tion with single maximum at 5 A.

3. Results and discussion

3.1. Synthesis of trans-[(PPh;)Pt(OAc),],

The replacement of the chloride atom in cis-
[(PPh,)PtCl,], (1) [4] by an acetate group by reacting
the complex with AgOAc in HOAc solution or in a
chlorinated solvent (CH,Cl,, CHCl,, C,H,Cl,) at am-
bient temperature was found to give complex
[(PPh,)PtCIOACc], (2) as the main product (eqn. (2)).

H,C,C
cis-[(PPh,)PICl, ], + 2Ag0Ac  —22%
1
[(PPh3)PtCl(OAc)]2 + 2AgCl (2)

2

According to IR and 'H NMR data complex 3 was
found, similarly to [(Me,PhP)PtCI(OAc)], {14], to con-
tain two bridging acetate groups and terminal chloride
ions.

In contrast to the cis-isomer 1, trans-1 reacts with
AgOAc in HOAc solution (1 h at 20-40°C under Ar
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atmosphere) giving rise to [(PPh,)Pt(OAc);Agl, 3 as
depicted by eqn. (3).

trans-[(PPh,)PtCl, |, + 6AgOAc 222§

1

[(PPh;)Pt(OAc);Ag], + 4AgCl (3)
3

In a mixture of a chlorinated solvent and acetic acid,
under conditions when the cis—trans isomerization of
initial compounds 1 was possible, a mixture of com-
plexes 2 and 3 was obtained.

According to X-ray data [15], the molecular complex
3 consists of two symmetrically bonded binuclear frag-
ments (Fig. 1) with the Pt-Ag distance of 2.898(2) A.
This short distance (compare with Pt-Ag 2.915 A in
[PtaAg(y.-CO)z(PPha)s]ClO4 2H,O [16] and 2.919,
2927 A in [Pt; Ag(O;SCF; X 1-CO)4(PCy,), (dppm)]
[17]) cannot exclude the possibility of metal-metal
interaction. Dimerization of [(Ph,P)Pt(u>-OAc),(u’-
OACc)Ag] fragments is due to bonding between Pt and
Ag atoms via the tri-coordinated acetate bridge. The
mean Ag-Ag (a) distance of 3.797 A excludes direct
interaction between those metal atoms. The arrange-
ment of O and P atoms in the coordination environ-
ment of Pt!! atoms is close to what is expected for ideal
square-planar.

The Ag atom has an essentially dlstorted tetrahedral
coordination and is displaced by 0.533 A above the
plane O(2), O(4a), O(6) of the nearest oxygen atoms of
the bridging acetate ligands. The observed non-bond-
ing distance O(4) - - - Ag to the fourth tetrahedral top
is longer (2.530(9) A) and may correspond to a weak
interaction.

In attempts to remove the Ag* ion from the com-
plex 3 we studied its reactions with different CI~
donors. Complex 3 reacts with (Et;BuN)Cl forming

Fig. 1. Structure of [(PPh;)P{OAc);Agl, according to X-ray data.

Fig. 2. Structure of 7-C,H;Pd(OAc);Pt(PPh;) according to X-ray
data.

complex (Et;BuN)[(PPh,)Pt(OAc),] (see egn. (4)).
[(PPh,)Pt(OAc),Ag], + 2(Et;BuN)Cl  ——
2(Et;BuN)[(PPh;)Pt(OAc);] (4)

Complex 3 on reacting with transition metal chloro
compounds readily yields heteronuclear complexes re-
taining the initial coordination of the Pt atom. Thus,
the reaction of the complex 3 with [#-C,HPdCl], was
found to give rise to the Pd,Pt- complex =-
C;H Pd(OAC),Pt(PPh;) (4) [12], as shown by eqn. (5).

[w-C,HsPdCl], + 2[(PPh,)Pt(OAc);Ag], —

3
27-C,H Pd(OACc);Pt(PPh,) + 2AgCl  (5)

4

According to X-ray data for complex 4, Pt and Pd
atoms are bridged by two OAc™ groups and the third
OAc™ group is terminally coordinated to the Pt atom
(Fig. 2). The Pt - - - Pd distance is greater than the sum
of covalent radii of Pt and Pd atoms (2.89 A). As a
result of additional coordination by the non-bonded O
atom of the terminal AcO~ group and Pd atom, the
planar-square coordination of the Pt atom (two bridg-
ing OAc™ group in the cis-position, P atom of PPh,
and terminal OAc~ group) lead to tetragonal-bi-
pyramidal (distorted octahedral).

As candidates for halogen atom domnors we also
chose rhenium halogenides. We expected that in the
reactions with rhenium compounds the acetate ligand
can be abstracted because of the affinity of rhenium
towards the oxygen atom. In fact the reaction of 3 with
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rhenium(I) complex Re(CO)sBr gave rise to diphos-
phinediacetate platinum(II) complex and metallic silver
{eqn. (6)):

[(PPh,)Pt(OAc);Ag], + PPh,
(PPh,),Pt(OAc), + Ag® (6)

However, by reacting complex 3 with the rhenium(III)
complex the desired complex [(PPh;)Pt(OAc),], (5)
was synthesized finally (see eqn. (7)) [11].

Re(OAQ),Cl,-2H,0
[(PPh;)Pt(OAc);Ag], N
3

Re(CO)sBr
—_—

[(PPh;)Pt(OAc),], + AgCl(Ag”) (7)

5

In this reaction the rhenium complex cis-Re,(OAc),-
X,-2H,0 acts as a donor of halogen to the bound
silver atom (see for example eqns. (7b) and (7c) and as
an acetate acceptor to liberate the fragment
(PPh,)Pt(OAc), which dimerizes to give the complex
[(PPh,)Pt(OAC),], (see, for example, eqn. (7a)).

PPhy  QAc]”
/Pt\ o [(PPh;)Pt(OAc),],

OAc OAc

(7a)
nRe,(OAc),Cl, 225,  [Re(0Ac),Cl,],,+Cl”

(I>1,m<2)

(7o)

Agt 25 Agal (7¢)

According to X-ray data for complex 5 [11], the Pt
atoms are bridged by two acetate groups in the cis-
position (Fig. 3). The environment of each Pt atom
consists of three O atoms of OAc-groups and one P

Fig. 3. Structure of [(PPh,)Pt(OAc),], according to X-ray data.

mol Hz / mol Pt 1) Ar, 2) H2

J

251

2.0

15}

|

|
1.0

|

|

100 . 260 300 400 500 t, min
Fig. 4. Absorption of dihydrogen for [(PPh,)Pt(OAc);Agl, +H,.

atom of triphenylphosphine. The coordination of Pt
atoms is close to ideal square-planar. Both Pt° atoms
are distorted towards each other by 0.11 A. The
Pt - - - Pt distance (3.10 A) .is more than the sum of
covalent radii of two Pt atoms. The nonbonded O atom
of the terminal OAc™ group was shown to interact
with Pt atom (Pt-O4 3.03 A) in a pseudochelated
manner.

3.2. Reduction of platinum phosphine complexes

3.2.1. Reduction of Pt'! phosphine complexes with
dihydrogen

Complex [(PPh;)Pt(OAc);Agl, has rather short
Pt - - - Ag contacts. One might have expected the re-
duction of the complex to give compounds containing
Pt-Ag bonds. However, the treatment of [(PPh;)Pt
(OAc);Ag), in acetic acid solution gave rise to silver
powder with formation of a silver mirror. A complex
with both triphenylphosphine and diphenylphosphide
ligands [Pt,(PPh,XPPh,XOAc)]; (6) was isolated as
the only platinum-containing product (eqn. (8)). The
complex [Pt,(PPh; XPPh,XOAc)]; was found to absorb
dihydrogen reversibly (Fig. 4).

[(PPh;)Pt(OAc);Ag], -

3
2Ag° + [Pt,(PPh,XPPh,XOA0),

+H2J[—H2 6

[Pt,(PPh  XPPh,XOAcXH,),],

8

o~
N’

7

The complex 5 reacts with dihydrogen giving rise to
the soluble product of composition [(PPh,)Pt], in good
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mol H2/ mol Pt

20"

107

100 ZOT 360 400 t, min
Fig. 5. Absorption of dihydrogen in [(PPh3)Pt(OAc),), /H, system.

yield (ca. 85%) and the insoluble product [(PPh)Pt],,
(ca. 5%) as depicted by eqn. (9).
H
[(PPh)PH(OAC),], — 5
5
[(PPh,)Pt],, + [(PPR)PL],, (9)

8 9
More than 1 mole of H, of Pt was absorbed per mole
(Fig. 5) and about 1 mole of benzene per mole of
triphenylphosphine ligand was found by GLC. *!P
NMR spectrum of the solution of complex 8 in toluene
showed a broad phosphorus band even at —90°C (Fig.
6).

It should be mentioned that the first step of the
reduction of the analogous palladium complex
[(PPh,)Pd(OACc),], has been found to give rise to the
dinuclear complex formulated as w2-diacetato-bis(tri-
phenylphosphine)dipalladium(I) [3]. A complex analo-
gous to 8 together with palladium black were obtained
by reacting of 7-C,H;Pd(OAc),Pt(PPh;) with dihy-
drogen as depicted by eqn. (10).

(n°-C;H;)Pd( OAc);Pt(PPh;)
4

H,, HOAc
_—
~CsHe

Pd° + [(PPh,)Pt], (10)
8

R N
+50 +20 © 20 ppm

Fig. 6. >'P NMR spectrum of 8. Toluene solution at —90°C (rel. to
H,PO,).

3.2.2. Reduction of platinum phosphine complexes with
sodium amalgam

The dinuclear chlorine complex [(PPh,)PtCl,], (11)
does not react with dihydrogen under the same condi-
tions. However, complex 11 was reduced readily with
sodium amalgam in benzene solution at room tempera-
ture to give rise to a phosphide complex [(PPh,)PtCl],
(eqn. (11)):

[(Ph;P)PIC,], i Cos

[(PPh,)PtCI], (11)

11 12
The molecular weight of complex 12 is in agreement
with the conclusion about the polymeric nature of this
compound with n = 16. The direction of reaction and
the nature of the compounds formed were found to
depend on the nature of the solvent. Thus, in contrast
to the reaction in benzene solution (eqn. (11)), the
reduction of the complex 11 proceeds in tetrahydro-
furan (THF) solution more thoroughly forming a phos-
phide product [(PPh,)Pt], (13) (eqn. (12)):
Na,/Hg (THF
[(Ph;P)PLCl,], a/_(i(Hﬁ ) [(PPh,)Pt],  (12)
11 13

The reactions (11) and (12) were found to result in
elimination of 1 mole of benzene per mole of triph-
enylphosphine. Elemental analysis data for complex 13
coincide with those for complex 8. However, molecular
weight measurements showed the value of n for com-
plex 13 to be 6 in contrast to complex 8 where n = 8.
According to ESCA data, complex 13 contains Pt!
atoms (Pt,g; , 72.1 eV).

Complex 8 was found to be formed in the reaction
of [(PPh,)Pt(OAc),], with sodium amalgam (see eqn.
(13)).

Na/Hg (C¢Hg)
—_—

[(PPh;)Pt(OAc),], < [(PPh,)Pt],
(13)

3.2.3. Reduction of Pt'' and Pd" complexes with
formic acid

The platinum(I1) complex [(PPh;)Pt(OAc),], (5) re-
acts with formic acid (20°C, under an Ar atmosphere)
without any additional solvent giving rise to a phos-
phide cluster with n = 8-10 (see eqn. (14)).

[(PPh3)Pt(OAc),], —=25 [(PPh,)Pt],  (14)

5 8
GLC: CO,, H,, HOAc (2 mol/mol Pt),
C4H¢ (1 mol/1 mol PPh;)
After the complex dissolved in formic acid the full
substitution of acetato ligands for formate anions was
monitored by GLC for 45 min. Evolution of CO, and
accumulation of C4H, were observed with the forma-
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tion of a dark brown solution [(PPh,)Pt], in formic
acid.

Interaction of palladium complex [(PPh;)Pd(OAc), ],
(14) with HCOOH (20°C, under an Ar) was found to
give the hydride complex [Pd,(PPh,)H,], (15) as the
main product (60-70%, based on Pd) and to yield
complex [Pd(z-0,PPh,XC H  XPPh,)], (16) in 8-10%
yield based on Pd (eqn. (15)) [10]:

[(PPh;)Pd(OAC),], =208 [Pdy(PPh,)H,],
14 15
+[Pd(u-OzPth)(C6H5)(PPh3)]2 (15)
16

GLC: CO,, H,, HOAc (2 mol /mol Pd),
CcH; (0.9 mol /mol PPh;)

The suggestion that the complex 15 contains hydride
compounds is supported by 'H NMR spectra (Fig. 7).
A wide line with a maximum at & = —9.5 ppm, in the
region typical for hydride complexes, was detected.
Considerable broadening of the hydride signal may be
explained, for instance by proposing that compound 15
is really a complex with molecular dihydrogen.

The reaction was found by GLC data to give rise to
AcOH (2 mol per mole Pd) and C;H, (0.9 mol per mol
PPh,;). Evolution of CO, and H, was observed
throughout the duration of the reaction, apparently as
a result of decomposition of HCOOH catalyzed with
Pd complexes (Fig. 8).

It is noteworthy that complex 16 was formed by an
unusual redox reaction in which phosphorus(III) was
oxidized to phosphorus(V) in spite of the presence of a
strong reductant, formic acid. The only source of O
atoms added to P atom on forming complex 16 under
the reaction conditions (Ar atmosphere, reagents care-
fully purified from O,) appeared to be a carboxylate
ligand.

Let us consider some possible reactions which could
lead to complexes 15 and 16. P-C bond cleavage is a
well known effect in the chemistry of tertiary phos-

NMR ' H

JAN

————

1§
8.0 6.0 - 95 ppm
Fig. 7. 'H NMR spectrum of 15 in benzene solution.

HCOOHdecomp
mol/mol Pd quinone
30t / hydroquinone

/

20}

1.0 — e — —

0 100 200 300 400 ¢, min

Fig. 8. Change in gas volume accompaning the reaction between
complex [(PPh,)Pd(OAc),]), and HCOOH.

phine complexes [1,3]. This reaction is usually assumed
to involve a decrease of the oxidation state of the metal
atom as an intermediate step. When complex 14 is
converted to 16, a Pd-Ph fragment was formed too,
indicating formation of intermediate low-valent palla-
dium complexes capable of insertion to the P-C bond
of triphenylphosphine.

Dissolution of complex 14 in HCOOH was found by
GLC to be followed by immediate replacement of
acetate ligands by formate ligands. Further decarboxyl-
ation of formate ligands and reduction of palladium(II)
could give rise to the Pd' complex (PPh,)Pd(OOCH),-
Pd(PPh) (17) as shown by eqn. (16):

Ph.P OAc A
NN /O ¢ Hcoon
/Pd\ Pd —_—
OAc OAC"  “ph,p
14
Ph,P OOCH CH
N4 N,/ 00( -Co,
Pd Pd —
/ N\ /7 N\ —H,
HCcoO'  OOCH Ph,P
OOCH
Ph,P—Pd —Pd—Ph;P  (16)
OOCH

17
In contrast to the relatively stable (Ph,P),Pd,(OAc),
which was obtained by reaction of complex 1 with H,
[3], complex 4 could undergo decarboxylation again to
be transformed to the complex Pd® (18) as shown by
eqn. (17):

—2CO
17 — (Ph,P),Pd, a7
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We have not found direct evidence that 18 was formed
in our study. However, transformation of complex 14 to
15 and 16 could be easily understood in the framework
of a mechanism including steps (1) and (2) with inter-
mediate formation of complex 18.

Thus, insertion of atom Pd into the P-C bond of
complex 18 may given rise to both the diphenylphos-
phide group in complex 15 and the Pd-Ph bond in
compound 16 as shown by eqn. (18):

Il’h Ii"h
Ph-—Il’—-Pd—Pd-—ll’—-Ph _—
Ph Ph

18
Ph Ph

Ph—Pd] Pd—Ph (18)

NSNS
S NN

Ph Ph

19
Reaction of the intermediate complex 19 with
HCOOH or H,, the last being formed by reactions (1)
and (2), could be responsible for formation of benzene
(yield ca. 1 mol/mol PPh,) and the hydride complex
(eqns. (19) and (20)):

Ph Ph
\./
/P\
H-—Pd\ /Pd—H + PhH (19)
P
Ph/ \Ph
—-2H,
19 — 20 J - 2C0,
Ph Ph
HCO% \P/
/
HCOO—Pd \Pd—OOCH + PhH
\P/
7\
Ph Ph
21

(20)

The compound 20, being the source of complex 2, is
assumed to be the catalyst for decarboxylation of
HCOOH, in accord with eqn. (21):

Ph_ Ph
Np
VRN -co
0 =% HCOO—Pd{ Pd—H — 20
: P
/N
Ph°  Ph
22
(21)

Thus, oxidative addition of phosphine ligand to Pd-
Pd (eqn. (3)) followed by nucleophilic attack by the
formate group on the phosphorus atom of the obtained
diphenylphosphido group, could give rise to complex
23, as generalized by eqn. (22).

i
C
PN
Ph O O
| / \ |
—P—Pd Pd—P— ——
b, 4 h
\(lj/
H
\ O M
P C
e 1}
o
Ph—Pd —Pd—Ph (22)
o |
P
H/ \0/
23

The new ligand, formoxydiphenylphosphine, is as-
sumed to be formed at this step. This ligand seems to
be more liable than PPh, to both nucleophilic attack
by carboxylate ligand and to oxidation by initial Pd"
complexes to produce Ph,POOH or the corresponding
anion. Moreover, the additional molecule of triphenyl-
phosphine released as a result of the transformation of
complex 14 to 15, was coordinated to Pd as shown by
eqn. (23).

The structure of the centrosymmetrical dimeric
complex 16 has been proved by X-ray diffraction [13]
(Fig. 9). Atoms of Pd%* are bridged by two diphenyl-

o. _H
\P/ %3/
Ph--Pd ~Pd—Ph 0%
| +pd™
ke
</
H~ O
23
Ph\P _Ph
N
P PP,
Pd Py (23)
pip” Y o CPh
\P/
Ph” Ph



LI Moiseev et al. / Pt and Pd clusters with phosphide ligands

Fig. 9. Structure of [Pd(p-O,PPh,XC¢HXPPh,)], according to
X-ray data.

phosphinate groups. The mean Pd - - - Pd distance of
5.35 A excludes the direct interaction between palla-
dium atoms. Coordination of Pd-atoms is close to ideal
plane-square. The central 8-membered cycle has a
chair-like conformation.

The geometrical parameters of complex 16 are close
to those of the structurally-related complex [Pd,(u-
0,CMe),(C¢H,),(PPh;),] with bridging acetate ligand
[18]. However, the central cycle of the last-named
complexes has a boat-like conformation, .and the
Pd---Pd distance is decreased to 3.079 A. Bonds
Pd—O(l) and Pd-0O(2a) are translocated with respect

(a)
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[(PPh) PdaHy]n 156 A
Dn(d)

———— [(PPh2)Pt]n 15.2 A
101
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06|
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02
x AR
0 10 20 0 & 100 140 180 d, A

Fig. 10. Diameter distribution curves for the metal cores of clusters 8
and 15 according to SAXS data.

to Ph- and Ph,P-substituents and thelr lengths are
almost equal (2. 115(6) and 2.10009) A).

SAXS data showed that particies of the platinum
phosphide complex [(PPh,)Pt];_,, (8) contain an al-
most spherical metallic core 15.2 A in diameter (Fig.
10). The particles of the palladium complex [Pd,-
(PPh,)H ], (15) are 15.6 A in diameter.

Analysis of the experimental EXAFS data by the
above mentioned procedure showed both the platinum
(8) and palladium (15) complexes to contain in the first

(c)

.
+ /

[

\/

‘i\I 1 I{ / W
]
1) \ l
vooby
TR
N ]
L 1} Il ) - L
2.5 5.63 8.75 1.9 15.0 2.5 4.38 6.25 8.13 10.0
k, 81 x, 271
(b) \ e |
Y} Pt-P :{\\ Pt -P (d)
'; i'
‘ Pt-Pt lf |‘ Pt - Pt
= L
W VA
~ \ /
J V [/ Vo
[ - WY A [ " e &
0 2.0 4.0 6.0 8.0 Q 2.0 4.0 6.0 8.0
rR-8, & rR-8, &

Fig. 11. EXAFS data for cluster 8: (a) EXAFS spectrum for the complex in solid state; (b) RDA curve from Fourier transformation of EXAFS in
solid state; (c) EXAFS spectrum for the complex in THF solution; (d) RDA curve from Fourier transformation of EXAFS in THF solution.
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coordination sphere only phosphorus atom. (Fig. 11).
The interatomic distances between Pt(Pd) and the
phosphorus atoms are 2.26 A, which is typical for
Pt(Pd)-P distances in platinum and palladium com-
plexes. Comparison with the spectral data for the ref-
erence compound Pd(PPh,), showed each platinum
atom to be surrounded by 4 phosphorus atom (the
coordination number n(Pt/P) is 4). The corresponding
figure for palladium atoms, n(Pd /P) is 3. The next two
maxima of the RDA curve for complex 8 correspond to
distances of 2.46 and 2.90 A. The atoms at these
distances have coordination numbers n(Pt/P) of 1.

EXAFS data ofocomplex 8 in THF solution showed
the distance 2.46 A to disappear. The patterns corre-
sponding to the distance of 2.90 A and distance Pt-P
observed for solid complex remained in the spectra for
the dissolved complex. The difference observed be-
tween the EXAFS spectra for solido and dissolved com-
plex 8 suggest the distance of 2.46 A to correspond to a
nonbridged Pt—Pt contact existing in the solid state
and disappearing in THF solution. Hence the Pt—Pt
distance of 2.90 A should be attributed to the Ph,P
bridged Pt—Pt bond.

The only short Pd-Pd distance in the solid complex
15 is 2.78 A and the coordination number #(Pd/P) is 1
(Fig. 12).

A chain structure for complex 8 consisting of plat-
inum atoms bonded with PPh, bridging groups does
not fit the coordination number for Pt and P atoms
that is observed experimentally. The molecular mass
measurement suggest the complex 8 to consist of
oligomers of type [(PPh,)Pt], where n is 6-10.

The intensities of peaks corresponding to the
metal-light atom distances exceed those for the short-
est metal-metal distances, suggesting the idea of
triple-bridging phosphide ligands in these complexes as
depicted by Scheme 1:

e
\P

Pt
VRN NN/
Pt__Pt ...... P P
ANV 7 N1/ N
P Pt
VRN :
: e
Pt P
NSNS AN
P P ...... Pt—Pt
7 N1/ \ ANV
Pt P
VRN
Scheme 1.

However a planar structure as figured out in Scheme 1
cannot be made consistent with the coordination num-

(a) (c)
L A 1 i 1 1 d 1 1 1 1
2.5 5I13 7.75 10.4 130 25 513 775 10.4 130
x, 81! x, &1
(b) (d)
Pd-P
-P
o \
117 Pd-pd | [t Pd-Pd
! \ \/ { I",”/
FAN iy
i 4 ! I
v \ ) [\u' |
. fn VAN o U VV~W¥y~~V~/\,k,\,»«~sL
0 20 40 6.0 8.0 o 2.0 4.0 6.0 8.0
«r-5, R rR-5, R

Fig. 12. EXAFS data for cluster 15: (a) EXAFS spectrum for the oomblex in solid state; (b) RDA curve from Fourier transformation of EXAFS
in solid state; (¢) EXAFS spectrum for the complex in THF solution; (d) RDA curve from Fourier transformation of EXAFS in THF solution.
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bers. The general pattern of the data available suggests
complex 8 to involve a more non-planar structure.

Our study has therefore shown that the reactions of
[(PPh,)Pt(OAc),], with different reductants result in
formation of complexes of platinum (+1) with phos-
phide ligands of general formula [Pt(PPh,)], where the
value of n can be slightly influenced by the nature of
the reducing agent and solvent.

The Palladium complex [(PPh;)Pd(OAc), ], revealed
a similar behaviour the only exception being in the case
of reaction with dihydrogen, where the first observed
product was the triphenylphosphine acetate complex of
palladium(+ 1) [2].
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