Mendeleev Commun., 2002, 12(2), 47-48

Synthesis and structure of new triphenylphosphine w-complexes of palladium(0)
with p-benzoquinone and their role in the oxidative carbonylation of alkynes
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The complexes [Pd(12-Q)(PPh,),],H,Q and Pd,(u-12,1n2-Q),(PPh,), (where Q and H,Q are p-benzoquinone and hydroquinone,
respectively) were synthesised and structurally characterised, and their catalytic activity in the oxidative carbonylation of phenyl-

acetylene to methyl phenylpropiolate was examined.

p-Benzoquinone is widely used as an oxidant in the reactions
of unsaturated organic compounds catalysed by palladium com-
pounds.!=3 Tt can play different roles in the course of a catalytic
reaction. In addition to the back oxidation of reduced catalysts,
p-benzoquinone can participate in the reactions of organometal-
lic intermediates. For example, it can contribute to the redox
degradation of the allyl m-complexes of palladium without the
formation* or with the formation of intermediate Pd°Q com-
plexes> (where Q is p-benzoquinone). It can also be responsible
for the pathways of intermediate degradation. Thus, with the
participation of PdC1,%@ and [Pd(CO)Cl],%®) in the presence of
p-benzoquinone, dimethyl oxalate was selectively produced in
the oxidative carbonylation of methanol at atmospheric pressure
and 40 °C and in the oxidative conversion of AcOHgCOOMe
(dimethyl carbonate and methyl chloroformate, respectively, were
the reaction products in the absence of p-benzoquinone).®

A number of hypotheses” were considered in studying the
mechanism of the oxidative carbonylation of alkynes at C—H
bonds in the Pd(OAc),~PPh;—Q-MeOH system

Pd
RC=CH + CO + MeOH + Q u» RC=CCOOMe + H,Q, (1)

where H,Q is hydroquinone. One of these hypotheses assumes
that a Pd° complex with p-benzoquinone is formed, and this
complex is active in the carbonylation. In the above system,
Pdo complexes can be formed on the reduction of Pd(OAc), in
reactions with PPh;,8 CO and MeOH.

To our knowledge, Pd" complexes with p-benzoquinone were
not obtained previously. For Pd!, only the complex Pd,SO,-Q,
which was identified by elemental analysis, IR and X-ray spectro-
scopy, and thermal analysis, is known.? The Pd° complexes with
p-benzoquinone LPdQ (where L is a bidentate ligand or two
monodentate ligands) are well known (L is bipy, phen,!0 cod or
PPh,!1). However, the structures of only three compounds with
chelate ligands {2,3,4,6-tetra-O-acetyl-1-[(2-diphenylphosphino)-
benzylthio]-B-D-glucopyranose,!2 2,2"-bipyridine,!314 and 4,5-
diazafluoren-9-one (dafo)!4} were found recently by X-ray dif-
fraction analysis.

Figure 1 Molecular structure of the LPd(PPh3)2Q]2(H2Q) methanol solvate
complex 1. Selected bond lengths (A): Pd(2)-P(2) 2.316(1), Pd(2)-P(1)
2.345(2), PA(2)-C(2q) 2.177(4), C(2q)-C(3q) 1.410(5), C(5q)-C(6q) 1.324(6),
0O(1q)--O(1h) 2.693(5), O(1q)---H(1h) 1.79(4), O(1q)---O(Im) 2.956(4),
O(1q)--H(1m) 2.05(3); selected bond angles (°): O(1q)-H(1h)-O(1h) 179.3(3),
O(1q)-H(1h)-O(1m) 179.0(1), P(3)-Pd(2)-P(4) 107.05(5).
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Quinone and hydroquinone complexes with palladium and
PPh, with known structures are required for the identification
of palladium complexes formed in reaction (1). The aim of this
work was to synthesise new Pd® complexes with PPh,, p-benzo-
quinone and hydroquinone, to characterise them by X-ray dif-
fraction analysis and to examine their catalytic activity in reac-
tion (1).

According to 3P NMR spectra, several complexes were formed
in the reaction of PdL, (L is PPh;) with p-benzoquinone in a
CHCI, (CDCl,) solution. We failed to prepare single crystals of
complexes in this system. However, in attempts to synthesise a
Pd complex with hydroquinone, a compound with the L,PdQ
unit was formed, probably, because of slow oxidation of hydro-
quinone with oxygen of the air. Red crystals of compound 1 with
the composition [Pd(PPh;),Q],H,Q-MeOH (0.049 mmol, 48%
yield) were formed in the reaction of hydroquinone (0.909 mmol)
with Pd(PPh;), (0.104 mmol) in methanol (2 ml) at room tem-
perature in air for 12 h. Figure 1 demonstrates the structure of
complex 1.F

This complex consists of two Pd(PPh;),Q moieties hydro-
gen-bonded to a hydroquinone molecule. A palladium atom,
two phosphorus atoms and two carbon atoms at the palladium-
coordinated double bond of the quinone lie in the same plane.
Two double bonds of the quinone are arranged in another plane,
which is almost perpendicular to the above plane. The quinone
molecule is non-planar, and the carbonyl groups are out of the
plane on the opposite side of palladium. Complex 1 is a solvate
complex, one methanol solvate molecule is connected by hydro-
gen bond to the oxygen atom of a quinone. Complex 1 is the

Figure 2 Molecular structure of the Pd,(PPh;),(1-1%12-Q), methanol sol-
vate complex 3. Selected bond lengths (A): Pd(1)-C(11) 2.164(5), Pd(1)—
C(2) 2.181(5), Pd(1)-C(3) 2.213(5), Pd(1)-C(12) 2.210(5), Pd(1)-P(1)
2.360(1), Pd(1)-Pd(2) 2.975(1), C(2)-C(3) 1.386(7); selected bond angles
(°): P(2)-Pd(2)-Pd(1) 124.61(4).

T Crystal data for complex 1: Cy55H3905 sP,Pd, M =810.11, triclinic,
a=12.6703), b=18.711(4) and c¢=19.220(4) A, a=62393), =
=71.88(3), y =78.94(3)°, V=13831.2(15) A3, T=293(2) K, space group
PI (no. 2), Z=4, u(MoKo) = 0.886 mm-!, 14065 reflections measured
on a CAD-4 diffractometer, 6791 unique [R,, = 0.0126] were used in
all calculations. The final R¥2 = 0.0243 (all data).
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Table 1 Effect of the initial Pd compound on the characteristics of
reaction (1).4

Catalyst precursor R/mol dm=3 h-!  #/min S (%)

Pd(PPh,),Cl, 0.000 120 traces
Pd(OAc), + 2PPh, 0.043 200 58
Pd(PPh,), 0.070 127 54
[Pd(PPh;),Q],H,Q-MeOH (1) 0.080 104 63
[Pd(PPh,)Q],-1.5MeOH (3) + 2PPh; 0.042 184 68
Pd(dba), + 2PPh, 0.031 219 72

4The [Q]:[Pd] ratio is 17; S is the selectivity for methylphenylpropiolate; R
is the quasi-steady-state rate of formation of methylphenylpropiolate; 7 is
the reaction time.

first complex of this kind. If the above synthesis was performed
in a nitrogen atmosphere, the solution exhibited no detectable
changes over a long period of time. Yellow crystals of com-
pound 2 with the composition Pd(PPh;); were formed in an
insignificant amount after six months. According to X-ray dif-
fraction data, this compound is a new crystalline modification
of a previously synthesised complex.!> The structure of com-
pound 2 will be considered elsewhere.

After the dissolution of complex 1 in acetone, compound 3
of the composition [Pd(PPh;)Q],-1.5MeOH was formed in 76%
yield on standing for several days at room temperature. Accord-
ing to X-ray diffraction data, compound 3 is a dimer complex
containing two Pd(PPh;) units linked by two p-benzoquinone
bridging molecules. These bridges are arranged so that both of
the double bonds of each p-benzoquinone molecule are coordi-
nated to different palladium atoms. Complex 3 is a solvate
complex having 1.5 molecules of methanol, which are disor-
dered (Figure 2).%

The distance between palladium atoms in complex 3 is
2.975 A, which is longer than the Pd-Pd bond length in the
metal (2.75 A) and the Pd—Pd distance in the similar complex
Pd,(p-dafo)(u-n2n2-Q), (2.77 A).14 In contrast to known pal-
ladium complexes with p-benzoquinone, complexes 1 and 3
contain a monodentate triphenylphosphine ligand. Complex 3 is
formed from complex 1, which contains a hydroquinone bridge.

A comparison of the 'H, 13C and 3'P NMR spectra of the syn-
thesised complexes with the spectra of the Pd(OAc),~PPh;—Q
and Pd(PPh;),—Q systems indicates that complex 1 is formed,
along with other palladium complexes and products of the interac-
tion of PPh; with p- benzoqulnone from Pd(OAc)2 under reaction
conditions. Complex 3 is predominant in the Pd(PPh;),~Q
system. The signals due to these complexes disappeared after
the addition of phenylacetylene to the system. It is likely that the
conversion of these compounds into reaction intermediates is
responsible for this disappearance.

Table 1 compares the catalytic activities of palladium com-
plexes formed in situ from Pd(OAc), and Pd(PPh;),!6 in the
oxidative carbonylation of phenylacetylene by reaction (1) with
the activities of complexes 1 and 3. It can be seen that all of the
used Pd° compounds exhibited commensurable catalytic activities.
This fact may indicate that various Pd® complexes exhibit similar
catalytic activities or various precursors [including Pd(OAc),]
are converted into the same catalytically active complex. It is
most likely that a Pd° complex with p-benzoquinone is cata-
Iytically active.

The rate of reaction remained almost unaffected with changes
in the pH of the solution (MeCOOH and MeCOONa were added)

+ Crystal data for complex 3: C5;H,,05 sP,Pd,, M = 1022.63, monoclinic,
a=35.948(6), b=12.070(2) and ¢ =23.214(5) A, B =66.84(2)°, V=
=9260.65(3) A3, T= 293(2) K, space group C2/c (no. 15), Z=S8,

uMoKo) =0.886 mm-!, 8916 reflections measured on a CAD-4 dif-
fractometer, 4257 unique [R,, = 0.015] were used in all calculations.
The final R¥2 = (0.026 (all data).

Atomic coordinates, bond lengths, bond angles and thermal parameters
for 1 and 3 have been deposited at the Cambridge Crystallographic Data
Centre (CCDC). For details, see ‘Notice to Authors’, Mendeleev Commun.,
Issue 1, 2002. Any request to the CCDC for data should quote the full
literature citation and the reference number 1135/105.
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over the range 5.9-7.7. An increase in the acidity up to pH 0.4
(a CF;COOH additive) stopped the reaction.

In summary, the experimental data allowed us to exclude the
hypotheses that involved Pd!! compounds as active species,’-10
steps with the participation of protons and with Pd° back oxida-
tion by p-benzoquinone (the absence of a sufficient concentration
of protons) from consideration. The following tentative mechanism
can be proposed for reaction (1):

Pd(OAc),~PPh,-MeOH-Q

Complexes 1, 3 l
PhC=CH
e T l
L,Pd(H)(O OOH) LPd(H)(C=CPh)Q

5

7
CO, MeOH
L Lpaa,Q
6
PhC=CCO,Me
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