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Summary: A new palladium(0) complex, (n?-carbon di-
oxide)bis(methyldiphenylphosphine)palladium(0) (Pd-
(CO2)(PMePhy)s; 3), has been prepared by the reaction
of PdEt;(PMePhg); (1) with methyl acrylate followed by
treatment with CO,. The complex was characterized by
means of 1H, 13C{!H}, and $'P{{H} NMR and IR spec-
troscopy and the chemical reactions. Spectroscopic
evidence indicates that complex 3 has a side-on (%)
coordination mode. Thermal decomposition of the so-
lution of complex 3caused cleavage of the Pd-coordinated
CO; to give CO and O=PMePh;, together with CO,.
Hydrogenation of 3yielded HCO H. Catalytic conversion
of Hzand COyinto formic acid was found to be promoted
by PdClsLy (L = PMes, PMePhy, PPhs).

Considerable attention has recently been paid to de-
velopment of a new method to utilize carbon dioxide as
a carbon source for organic synthesis.! Various types of
COs-coordinated transition-metal complexes have been
isolated and their structures characterized.2 However, no
report has been made on preparation of a CO;-coordinated
palladium complex in spite of the usefulness of palladium
complexes in various organic syntheses® and of their
potential utility in future development for CO; fixation
with a palladium complex.

We now report the synthesis of a new COz-coordinated
palladium complex and on the bonding mode of CO, with
palladium. The complex was prepared as shown in Scheme
1 from diethylbis(tertiary phosphine)palladium (1) by
treatment with methyl acrylate‘e first, followed by reaction
with CO; under pressure as shown by the following
procedure (Scheme 1).

To a solution of trans-PdEt(PMePho) (1; 152.9 mg,
0.271 mmol, 1.00 equiv) in 1.2 mL of THF was added a
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slight excess of methyl acrylate (36.5 pL, 0.451 mmol, 1.50
equiv). The resulting mixture was stirred at 50 °C for 12
h to give the methyl acrylate coordinated palladium(0)
complex 2 in situ. The solution was then treated with
CO; (18-20 atm, 70-90 equiv) at room temperature to
yield a yellow powder or microcrystalline solid of complex
3 (133.3 mg, yield 89%). Complex 3 is air sensitive and
thermally unstable in the absence of CO,; hence, it should
be stored at -30 °C under COs.

The characteristic IR bands (KBr disk) due to the
coordinated CO; ligand in 3 are observed at 1658 (vs) and
1634 cm! (vs) (v(C==0)). These absorptions are very
similar to those of the reported carbon dioxide coordinated
nickel(0) complexes Ni(COq) (PEt3)s (1660 (vs), 1635 cm™!
(vs)) and Ni(COq)(P"Bug), (1660 (vs), 1632 cm™! (vs)).b
The 'H NMR spectrum (90 MHz at —-30 °C, in CD,Cl,) of
3 shows two doublets (5 1.6 ppm, J = 10.8 Hz and 6 1.8
ppm, J = 11.0 Hz, 2PCH3Phy) and multiplets (6.7.0-7.9
ppm, 2PCH3Ph,) in agreement with the 52 coordination
of the CO; ligand with palladium to make the PMePh,
ligands nonequivalent. The 3P{!H} NMR spectrum (161.8
MHz at—-35°C, in CDsCly, referenced to external P(OMe)s)
also shows the two coordinated tertiary phosphine ligands
as an AB quartet (54 18.2 ppm, 6g 14.9 ppm, Jap = 42 Hz).
In the 3C{*H} NMR spectrum (100.5 MHz at -35 °C, in
CD:Cly) of 8, a very weak signal arising from the CO, ligand
is observed at § 166.2 ppm in agreement with the reported
value of § 159.28 ppm for the n2-coordinated CO, with
nickel.® The BC{H} NMR of a 13CQ,-enriched sample
(ca. 11%) shows a doublet of doublets pattern (Figure 1)
with Jp_¢ trans = 4.7 Hz and Jp_c s = 3.7 Hz in support of
the structure with 9?-bonded CO; lying in the molecular
plane.

Heating complex 3 in the solid state at 100 °C under
argon or in vacuo caused rapid thermolysis (within 0.5
min) with liberation of 1.0 equiv of COs. On the other
hand, the decomposition course is different in solution
(Scheme 2). The two-doublets pattern arising from the
nonequivalent PMePh; ligands in the 1H NMR spectrum
of 3 in CD,Cl; at —30 °C is converted into a doublet arising
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Figure 1. Part of the 13C{'H} NMR spectrum of Pd-
(COq)(PMePhy); (3) with 13CO, enrichment of 11%.

from O=PMePh; and a “filled-in” doublet pattern’ after
heating the solutionat 40 °Cfor 1 h. The “filled-in” doublet
pattern suggests the presence of an intermediate having
the equivalent PMePh, ligands in mutually cis positions.
On further heating the “filled-in” doublet pattern com-
pletely disappeared, leaving only the resonance of meth-
yldiphenylphosphine oxide. On the other hand, in the
BC{1H} NMR of a similarly treated solution, decrease of
the original doublet of doublets pattern, as shown in Figure
1, and appearance of a triplet (6 167.4 ppm, Jp_c = 4 Hz)
was observed. The triplet also disappeared after further
heating. The “filled-in" doublet in the 1H NMR and the
triplet in the 13C{{H} NMR are ascribed to an intermediate
formed in the process of thermolysis.® The GC-MS
analysis of the gas phase of the reaction system indicated
the formation of CO and CO; in a ratio of 55:45. The
results show that the thermolysis in solution caused the
cleavage of one of the two C=0 bonds in the coordinated
CO;ligands through anintermediate in which COyis bound
to palladium in such a manner as tomake PMePh; ligands
equivalent.10

Treatment of the COg-coordinated complex 3 with
various electrophiles such as Mel, Phl, phenylacetylene,
and Me;OBF, led to decomposition of 8. Treatment of 3
with 2 equiv of MesSiOSO;CF3 caused the formation of
MesSiSiMes and cis-Pd(0S0.CF3)3(PMePhy),, !t whereas
the reaction of MesSiCl with 3 gave Me3SiSiMegand a 1:1
cis and trans mixture of PACly(PMePhy),.12
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The coordinated CO; in complex 3 can be partly
converted into formic acid (3% /Pd)'314 on treatment of
3 with 2 equiv of PhSH at —20 °C with formation of trans-
Pd(SPh)(PMePhy), (4), Hs, and CO,. Neither free CO
nor CO-coordinated species were observed in this reac-
tion system.l® Complex 4 can be independently prepared
by treatment of 1 with PhSH (2 equiv) and by reaction of
the methyl acrylate coordinated Pd(0) complex 2 with
PhSSPh (Scheme 3).16

The formation of formic acid was also observed in the
reaction of 3 with H; under CO; at room temperature in
12% yield. The formation of formic acid may proceed by
insertion of CO; into palladium dihydride formed on
reaction of Hy with Pd(0) followed by reductive elimination
of the hydrido and formate ligands. Aresta et al. reported
the formation of a hydrido~formate complex on reaction
of Hy with Ni(COg)(PCys)2.8 The catalytic conversion of
H; and CO; into formic acid (isolated as the ammonium
salt) at room temperature was achieved by using PACl;L,
(L = PMe3, PMePh,, PPhjy) as catalysts (Scheme 4). The
formation of formic acid may take the course of the first
hydrogenation of PACl;L; with Hj to produce a palladium
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hydride into which CO; may be inserted to produce a
palladium formate. Further hydrogenation of the formate
or reductive elimination will produce formic acid. Infact,
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NMR examination of a CDsCl, solution containing PdH-
(C)(PMe;z)42 and CO; at —40 °C indicated the formation
of a formato complex (triplet at 6 9.7 ppm with Jp_y = 2
Hz).17
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