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Abstract

Ž .The synthesis of dimethyl carbonate DMC by oxidative carbonylation of MeOH has been studied in the presence of
various catalyst systems. The effect of catalyst composition on the catalytic activity and product composition is investigated.

Ž . Ž .A three-component catalyst system composed of PdCl PPh , Cu OMe and Me NCl shows synergy effects in terms of2 3 2 2 4
Ž . Ž .the MeOH conversion 26% and DMC selectivity 95% . The reaction performed in the presence of a single-component

Ž . Ž .catalyst PdCl PPh produces dimethoxy methane DMM as a major product with selectivity over 90%, while the2 3 2
Ž . Ž .addition of Me NCl or Cu OMe to PdCl PPh results in the increase of DMC selectivity from 2% to 60%. q 20004 2 2 3 2

Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž Ž . .Dimethyl carbonate DMC, MeO CO has2

been attracting much attention as an important
chemical feed stock recently. It has versatile
chemical properties as a nontoxic carbonylating
and methylating agent by the presence of a
carbonyl group and two methoxy groups in its
molecule. It can be effectively used as an envi-
ronmentally benign substitute for phosgene in

) Corresponding author.
1 Also corresponding author.

polycarbonate and isocyanate synthesis, and for
dimethyl sulfate in various methylation reac-

w xtions 1,2 . In addition, a lot of researches for
the use of a potential gasoline fuel additive are

w xgoing on owing to its high oxygen content 3 .
DMC has about three times higher oxygen con-

Ž .tent than methyl tert-butyl ether MTBE and
its synthesis is not dependent on isobutylene
yields like MTBE.

Several reaction routes have been known for
DMC production so far and they are as follows.

The phosgene–methanol process:

COCl q2CH OH™ CH COqHCl 1Ž . Ž .2 3 3 2

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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The ester exchange process:

CH OqCO ™ CH O CO 2Ž . Ž . Ž .2 2 22 2

CH O COq2CH OH™ CH O COŽ . Ž .2 3 32 2

q CH OH 3Ž . Ž .2 2

The carbon monoxide–methyl nitrite process:

COq2MeONO™ CH O COq2NO 4Ž . Ž .3 2

The oxidative carbonylation of MeOH has
been extensively studied for the production of

w xDMC 4–14 . Both heterogeneous and homoge-
neous catalyst systems have been investigated
with a variety of main-group metal compounds
w x w x 24,19 , transition metal complexes 4–9,13 ,

w xtransition metal-zeolites 10,12,15 , solid-sup-
w x w xported metals 16 and others 17,18 . Among

various transition metals employed for the ox-
idative carbonylation of MeOH, palladium and

wcopper are most frequently used 4–6,11,13–
x 215 .
We now wish to report the new three-compo-

nent catalyst system consisting of PdCl -2
Ž . Ž .PPh rCu OMe rMe NCl for the carbony-3 2 2 4

lation of MeOH, which produces DMC in
Ž .relatively high yield and selectivity Eq. 5 .

MeOHqCOq1r2O ™ MeO COqH OŽ .22 2

5Ž .
Ž . Ž .catalyst system s PdCl PPh rCu OMe r2 3 2 2

Me NCl.4

2. Results and discussion

DMC is produced in relatively good yield
with high selectivity from the oxidative car-

2 Among many patents, the following are those with catalyst
Ž .systems containing palladium compound catalysts: a U.S. Patent

Ž . Ž .4,005,128, Atlantic Richfield Zehner , 1977. b Europe Patent
Ž . Ž .354,970, Daicel Chemical Industries Yokota , 1990. c Europe

Ž . Ž .Patent 350,697, General Electric Chang , 1990. d Europe Patent
Ž . Ž .507,546, General Electric, King , 1992. e Europe Patent

Ž .508,340, Idemitsu Kosan Kezuka , 1992.

bonylation of MeOH in the presence of
Ž . Ž .PdCl PPh , Cu OMe and Me NCl at 1208C2 3 2 2 4

Ž .Eq. 5 . The detailed data for the production of
DMC with MeOH, CO and O are given in2

Table 1.

2.1. Catalytic actiÕities of palladium compounds

In the presence of a single-component cata-
Ž .lyst, PdCl or PdCl PPh , the conversion2 2 3 2

and selectivity are relatively low and dimethoxy
Ž . Žmethane DMM is predominantly produced )

. Ž .90% . Dimethyl oxalate DMO is not produced
at all under the experimental conditions even
though DMO has been frequently observed in

w xthe oxidative carbonylation of MeOH 6,7,9,20 .
It is noticed that the conversion of MeOH is

Ž . Ž .higher with PdCl PPh 11% than with2 3 2
Ž .PdCl 4% .2

2.2. Catalytic actiÕities of copper compounds

Ž .Cu OMe itself does not show any apprecia-2

ble catalytic activity for the reaction, while
CuCl is found to be fairly active under the2

same experimental conditions. Addition of
Ž . Ž .Cu OMe to PdCl PPh , however, signifi-2 2 3 2

cantly increases the selectivity to DMC while
producing a considerable amount of DMO. The

Ž .addition of CuCl to PdCl PPh decreases2 2 3 2

the conversion but increases the DMC selectiv-
Ž .ity compared with PdCl PPh only.2 3 2

Ž .Addition of Cu OMe to PdCl practically2 2

gives the same results as those obtained with
Ž . Ž .Cu OMe rPdCl PPh even though PdCl2 2 3 2 2

alone shows lower conversion than PdCl -2
Ž .PPh . It should be mentioned that the addi-3 2

Ž .tion of Cu OMe to palladium compounds2
Ž Ž . .PdCl PPh or PdCl significantly increases2 3 2 2

the selectivity to DMC.

( )2.3. Tetramethylammonium chloride Me NCl4

as a promoter

Me NCl is not active at all under the same4

experimental conditions. Addition of Me NCl4
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Table 1
Catalyst screening for the oxidative carbonylation of MeOHa

b Ž .Catalyst system Conversion Products composition mol% ,
cŽ .% DMCrDMMrDMO

Ž .PdCl PPh 11 2r98r02 3 2

PdCl 4 6r94r02
Ž .Cu OMe 0 02

CuCl 14 95r5r02

Me NCl 0 04
Ž . Ž .PdCl PPh rCu OMe 10 61r1r382 3 2 2
Ž .PdCl PPh rCuCl 5 76r24r02 3 2 2

Ž .PdCl rCu OMe 10 60r1r392 2

PdCl rCuCl 9 33r55r122 2
Ž .PdCl PPh rMe NCl 10 61r4r352 3 2 4

PdCl rMe NCl 8 60r7r332 4
Ž .Cu OMe rMe NCl 14 99r1r02 4

CuCl rMe NCl 13 99r1r02 4
Ž . Ž .PdCl PPh rCu OMe rMe NCl 26 95r1r42 3 2 2 4
Ž . Ž .PdCl Ph PCH CH PPh rCu OMe rMe NCl 23 92r3r52 2 2 2 2 2 4
Ž .PdCl PPh rCuCl rMe NCl 9 86r14r02 3 2 2 4

Ž .PdCl rCu OMe rMe NCl 5 3r97r02 2 4
Ž . Ž .PdCl PPh rCu OMe rEt N 13 33r67r02 3 2 2 3
Ž . Ž .PdCl PPh rCu OMe rMe NPF 17 64r25r112 3 2 2 4 6

a Ž . Ž . Ž .Conditions: MeOH 120 mmol , temperature 1208C, pressure P 500 psig 60 mmol , P 200 psig 24 mmol , reaction time 1 h.CO O 2b Pd compound 0.1 mmol, Cu compound 2.5 mmol, amine or amine salt 0.5 mmol.
c DMC, dimethyl carbonate; DMM, dimethoxy methane; DMO, dimethyl oxalate.

Ž .to PdCl PPh considerably increases the se-2 3 2

lectivity to DMC, giving nearly same conver-
Ž .sion as PdCl PPh . The presence of Me NCl2 3 2 4

seems to play a role in increasing the polarity of
O–H bond in MeOH and thus facilitating the
O–H bond cleavage.

2.4. Two-component catalyst system

Ž .The activity of Cu OMe is strikingly in-2

creased by the addition of Me NCl in both4

conversion and selectivity. On the other hand,
the addition of Me NCl to CuCl does not4 2

show any appreciable change in conversion.
Ž .Interestingly, both Cu OMe rMe NCl and2 4

CuCl rMe NCl systems exhibit much higher2 4

selectivity for DMC than other two-component
Ž .catalyst systems, PdCl PPh rMe NCl,2 3 2 4

Ž . Ž .PdCl rMe NCl, PdCl PPh rCu OMe and2 4 2 3 2 2
Ž .PdCl PPh rCuCl .2 3 2 2

2.5. Three-component catalyst system

The catalyst system consisting of PdCl -2
Ž . Ž .PPh , Cu OMe , and Me NCl gives higher3 2 2 4

MeOH conversion and DMC selectivity com-
pared with single- and two-component catalyst
systems and other three-component catalyst sys-

Ž .tems see Table 1 . The effect of catalyst com-
position on MeOH conversion and DMC selec-
tivity is investigated and the results are listed in
Table 2. The highest conversion of MeOH is
obtained at the molar ratio of PdCl -2
Ž . Ž .PPh rCu OMe rMe NCls0.1r2.5r5.0.3 2 2 4

2.6. Synergy effect

Ž .Either Cu OMe or Me NCl is found to be2 4

completely inactive for the carbonylation of
Ž .MeOH. However, the combination of Cu OMe 2

and Me NCl shows a remarkable synergy ef-4

fect, producing DMC with 14% conversion and
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Table 2
Effects of catalyst composition to production of DMCa

Ž .PdrCurAmine Conversion Products composition mol% ,
b Ž . Ž .salt mmol % DMCrDMMrDMO

0.05r2.5r5.0 18 94r1r5
0.1r2.5r5.0 26 95r1r4
0.2r2.5r5.0 22 99r1r0
0.3r2.5r5.0 23 98r1r1
0.1r1.0r5.0 21 77r3r20
0.1r5.0r5.0 10 100r0r0
0.1r2.5r1.0 14 86r1r13
0.1r2.5r2.5 24 93r1r6
0.1r2.5r7.5 25 91r1r8

aConditions: MeOH 120 mmol, temperature 1208C, pressure
Ž . Ž .P 500 psig 60 mmol , P 200 psig 24 mmol , reaction timeCO O 2

1 h.
b Ž . Ž .PdCl PPh rCu OMe rMe NCl.2 3 2 2 4

99% selectivity. Such a synergy effect is also
observed in the three-component catalyst sys-

Ž . Ž .tem, PdCl PPh rCu OMe rMe NCl, giv-2 3 2 2 4

ing much higher MeOH conversion of 26% in
comparison with any combination of two com-
ponents.

2.7. Reaction condition

Table 3 shows the effect of P and P onCO O2

the activity of the three-component catalyst with
Ž . Ž .molar ratio of PdCl PPh rCu OMe r2 3 2 2

Me NCl s 0.1r2.5r5.0. The selectivity to4

Table 3
Effects of P and P for the oxidative carbonylation ofCO O 2

MeOHa

P rP Total pressure Conversion ProductsO CO2
Ž . Ž .psig % composition

Ž .mol% , DMCr
DMMrDMO

0.40 300 6 99r1r0
0.40 400 8 98r2r0
0.40 600 19 92r1r7
0.40 700 26 95r1r4
0.40 800 22 88r1r11
0.15 700 11 77r0r23
0.25 700 20 85r2r13
0.50 700 23 92r1r7

a Ž .Conditions: MeOH 120 mmol, PdCl PPh 0.1 mmol,2 3 2
Ž .Cu OMe 2.5 mmol, Me NCl 5.0 mmol, temperature 1208C,2 4

reaction time 1 h.

Table 4
Effects of reaction time for the oxidative carbonylation of MeOHa

Reaction Conversion DMC selectivity Other products,
Ž . Ž . Ž . Ž .time min % % DMM % r

Ž .DMO %

15 16 91 0r9
30 20 86 8r6
45 24 94 1r5
60 26 95 1r4

120 25 92 1r7
240 21 93 1r6
720 22 90 2r7

a Ž .Conditions: MeOH 120 mmol, PdCl PPh 0.1 mmol,2 3 2
Ž .Cu OMe 2.5 mmol, Me NCl 5.0 mmol, pressure P 500 psig2 4 CO

Ž . Ž .60 mmol , P 200 psig 24 mmol , temperature 1208C.O 2

DMC does not seem to depend largely on the
partial pressures of CO and O in the range of2

P rP s0.2–0.5. It is noticed that a signifi-O CO2

cant amount of DMO is produced with
P rP s0.15 and total pressures700 psig.O CO2

The conversion of MeOH does not change much
when the ratio P rP is in the range ofO CO2

0.4–0.5 with the total pressure being higher
than 700 psig.

Table 4 shows the effect of reaction time on
the oxidative carbonylation of MeOH. The con-
version of MeOH increases with increasing time
up to 60 min and remains thereafter.

As shown in Table 5, the DMC selectivity
and MeOH conversion gradually increase with
the temperature rise. As the temperature rises,
the production of DMO decreases. It has been
found in separate experiments that DMO does
not undergo decarbonylation to give DMC un-

Table 5
Effects of reaction temperature for the oxidative carbonylation of
MeOHa

Temperature Conversion Products composition
Ž . Ž . Ž .8C % mol% , DMCr

DMMrDMO

80 17 83r1r16
100 22 86r1r13
120 26 95r1r4
140 18 98r1r1

a Ž .Conditions: MeOH 120 mmol, PdCl PPh 0.1 mmol,2 3 2
Ž .Cu OMe 2.5 mmol, Me NCl 5.0 mmol, pressure P 500 psig2 4 CO

Ž . Ž .60 mmol , P 200 psig 24 mmol , reaction time 1 h.O 2
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der the same experimental conditions employed
in this study. It is likely that DMO would not be
decomposed to give DMC at higher tempera-

Ž .tures 120–1408C . DMM has been also ob-
served in the oxidative carbonylation of MeOH

w xby electrolysis 4,13,14,21,22 . It is suggested
that electrolysis of MeOH produces HCHO and
HCOOH that immediately react further with
MeOH in the presence of an acid to give DMM

w xand HCOOCH 13,14 . Neither HCHO nor3

HCOOMe has been found in this study. How-
ever, it seems also possible to produce HCHO
from dehydrogenation of MeOH, since it is well
known that transition metal compounds catalyze

Ž .dehydrogenation of alcohols RCH OH to give2
Ž . w xaldehydes RCHO 23 . Further investigation

should be carried out to suggest reaction path-
ways for the production of DMM.

The effect of molar ratio of MeOHrcatalyst
on the oxidative carbonylation was studied. The
molar ratio of MeOHrcatalyst was varied in
comparison with fixed amounts of MeOH for
the optimization and the results are shown in
Table 6. When the molar ratio of MeOHrcata-
lyst is 1200, the reaction shows the highest
yield and DMC selectivity. Large amounts of
CO produced after the reaction indicate that2

Ž .the oxidation of CO 2COqO ™2CO si-2 2

multaneously occurs with the oxidative carbony-
lation of MeOH. It is likely that the formation

Table 6
Effects of catalysta. concentration for the oxidative carbonylation
of MeOHb

c y1Ž .MeOHrPd Conversion DMC selectivity TOF h
Ž . Ž .% %

600 20 97 120
1200 26 95 312
2400 15 84 360

a Ž . Ž .Catalyst: PdCl PPh rCu OMe rMe NCl s 0.1r2 3 2 2 4

2.5r5.0.
b Ž . ŽConditions: MeOH 120 mmol , pressure P 500 psig 60CO
. Ž .mmol , P 200 psig 24 mmol , temperature 1208C, reactionO 2

time 1 h.
c Ž .Pd: PdCl PPh .2 3 2

of CO reduces the activity of catalyst system.2

This is supported by separate experiment where
the initial addition of CO affects the remark-2

able decrease of MeOH conversion. In the reac-
tion performed with the ratio of O rCOrCO2 2

Ž .s2r5r3 total pressures1000 psig , only 5%
MeOH conversion is obtained, which is much
lower in comparison with 26% obtained in the
absence of CO .2

The beige solid was isolated from the reac-
tion mixture after 1 h of the catalytic reaction
and its catalytic activity was tested for the ox-
idative carbonylation of MeOH. However, only
8% MeOH conversion and 5% DMC selectivity
had been obtained with the formation of consid-

Ž .erable amounts of DMM 38% and DMO
Ž . Ž1 13 31 .57% . Spectral H, C, P NMR and IR
data for the beige solid do not provide much
information about the nature of the beige solid
which has been isolated from the reaction mix-

Ž . Ž .ture of PdCl PPh , Cu OMe and Me NCl2 3 2 2 4

maintained for 1 h at 1208C. On the other hand,
a white solid has been isolated from the reaction
mixture maintained for 30 min at 608C under
P s500 psig and P s200 psig. This whiteCO O2

solid does not seem pure enough to be fully
1 Ž .characterized while its H NMR in CDCl3

spectra clearly shows three singlets at d 2.391,
3.080 and 3.313 ppm. These signals are most
likely due to C H protons and are probably3

Ž .assigned to one of M–O– CO C H , M–OC H ,3 3
Ž .and M–CO–OC H . Infrared spectrum Nujol3

of the white solid shows a strong absorption
band at 1674.0 cmy1 which is assigned to
n . Another beige solid has been isolatedC5 O

Ž .from the reaction of PdCl PPh , with CO2 3 2
Ž . Ž .500 psig and O 200 psig in MeOH at 608C2

Ž .for 30 min in the absence of Cu OMe and2
1 Ž .Me NCl. The H NMR in CDCl and infrared4 3

Ž .in Nujol spectra show a singlet at d 2.398 and
strong absorption band at 1953 cmy1 that are
assigned to M–O–COC H protons and n of3 CO

Ž .a metal-carbonyl M–CO . These spectral data
above might be in agree with those species
M–CO, M–OCH , M–CO–OCH and M–O–3 3

CO–OCH suggested as the intermediates dur-3
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ing the catalytic formation of DMC in presence
of transition metal compounds. Oxidative
carbonylation of MeOH to produce DMC has
been studied with several transition metal com-

IIŽ . Ž . w xplexes such as Pd OAc PPh 6 ,2 3 2
w� IIŽ .4 x w x I w xCo salen H O 7 and Cu Cl 9 and2 2

Ž .methoxycarbonyl complexes, M COOCH 3 2
Ž .Ž .and M COOCH OCH have been frequently3 3

suggested as the intermediates during the forma-
w xtion of DMC and DMO 6,7,9 . Methoxycar-

w x w x w xbonyl complexes of Pd 20 , Pt 24 , and Ir 25
have been obtained from the reactions of M–
OCH with CO, M–CO with OCH and related3 3

reactions. It is readily understood that DMC
and DMO are then the products of reduc-

Ž .Ž .tive elimination of M COOCH OCH and3 3
Ž .M COOCH , respectively.3 2

It still remains unknown how the three com-
Ž . Ž .pounds, Cu OMe , PdCl PPh and Me NCl,2 2 3 2 4

cooperatively work together to show such a
synergy effect to produce DMC in good yield
and selectivity. CO formation is another prob-2

lem that should be solved to increase the con-
version of MeOH. Deactivation of the catalyst
systems should also be investigated more in
detail, which would be very helpful in the inves-
tigation for suppression of deactivation as well
as regeneration of the catalytic activity.

3. Conclusions

The effects of various factors affecting the
oxidative carbonylation of MeOH have been
investigated in the presence of a new catalyst
system comprising Pd, Cu compounds, and
amine salts. A three-component catalyst system

Ž . Ž .composed of PdCl PPh , Cu OMe and2 3 2 2

Me NCl shows synergy effects in terms of the4
Ž .MeOH conversion 26% and DMC selectivity

Ž .95% . The highest DMC yield of 24.7% is
Ž . Ž .obtained at 1208C, PdCl PPh rCu OMe r2 3 2 2

Me NCl s 0.1r2.5r5.0, and P rP s 0.44 O CO2

Ž .P s700 psig . The DMC selectivity is moretot

strongly dependent on the temperature than on
the pressure and reaction time.

4. Experimental

4.1. Materials

Ž . Ž .PdCl Aldrich , Cu OMe and Me NCl2 2 4
Ž .Tokyo Kasei were used as purchased. Palla-

Ž Ž Ž .dium complexes PdCl L L s PPh , Ph -2 2 2 3 2 2
..CH CH PPh were prepared from the reac-2 2 2

tions of PdCl and phosphines according to the2
w xpublished procedures 26 . HPLC grade MeOH

Ž .99.93% was purchased from Aldrich and stored
˚ Žover molecular sieve 4 A. CO and O both2

.)99.99% were purchased from Deokyang Gas.

4.2. Reactions

All reactions were performed in a 25-ml
stainless steel bomb reactor and the reaction
mixture was stirred with a magnetic stirrer dur-
ing the reaction. Premixed O rCO were intro-2

duced into the reactor containing catalyst and
MeOH. Total pressure and molar ratio of
O rCO were varied in the range, 400–800 psig2

and 0.1–0.5, respectively. The reactor was then
heated to a specified temperature and the tem-
perature was maintained during the reaction.

4.3. Product analysis

The reaction mixture was filtered and the
products in filtrate were analyzed by GC
Ž .Donam DS-6200A equipped with FID using

Ž .BP-1 column 0.25 mm=30 m . Gaseous prod-
ucts in the reactor were analyzed on-line with
TCD using 3.2 mm=6 m column filled with

Ž .polydivinyl benzene HayeSep D, CRS .

4.4. Isolation of metal complexes

A 50-ml portion of hexane was added to the
reaction mixture and the solid products were
isolated by filtration and dried under vacuum.



( )C.S. Chin et al.rJournal of Molecular Catalysis A: Chemical 160 2000 315–321 321

Acknowledgements

The authors wish to thank Korea Institute of
Science and Technology for the financial sup-
port of this study.

References

w x Ž .1 Z.H. Fu, Y. Ono, Catal. Lett. 22 1993 277.
w x Ž .2 M. Mass, U. Romano, F. Rivetti, Ind. Chim. Ital. 21 1985

6.
w x Ž .3 Amoco, Energy Fuels 11 1997 2–29.
w x4 L. Filardo, A. Galia, F. Rivetti, O. Scialdone, G. Silvestri,

Ž .Electrochim. Acta 42 1997 1961.
w x5 W. Yanji, Z. Xinqiang, Y. Baoguo, Z. Bingchang, C. Jin-

Ž .sheng, Appl. Catal., A 171 1998 255.
w x Ž .6 F. Rivetti, U. Romano, J. Organomet. Chem. 174 1979 221.
w x7 D. Delledonne, F. Rivetti, Romano, J. Organomet. Chem.

Ž .488 1995 C15.
w x8 G.L. Curnutt, A.D. Harley, in: A.E. Martell, D.T. Sawyer

Ž .Eds. , Oxygen Complexes and Oxygen Activation by Tran-
sition Metals, Plenum, 1988, p. 215.

w x9 U. Romano, R. Tesel, M.M. Mauri, P. Rebora, Ind. Eng.
Ž .Chem. Prod. Res. Dev. 9 1980 396.

w x Ž .10 D.C. Park, M.-Y. Lee, in: L.I. Simandi Ed. , Dioxygen
Activation and Homogeneous Catalytic Oxidation, Elesevier,
1991, p. 631.

w x Ž .11 S.T. King, Catal. Today 33 1997 173.
w x Ž .12 S.T. King, J. Catal. 161 1996 530.
w x Ž .13 K. Otsuka, T. Yagi, I. Yamanaka, Chem. Lett. 1994 495.
w x14 K. Otsuka, T. Yagi, I. Yamanaka, Electrochim. Acta 39

Ž .1994 2109.
w x15 Y. Yamamoto, T. Matsuzaki, S. Tanaka, K. Nishihira, K.

Ohdan, A. Nakamura, Y. Okamoto, J. Chem. Soc., Faraday
Ž .Trans. 93 1997 3721.

w x Ž .16 X.Z. Jiang, Platinum Met. Rev. 34 1990 178.
w x Ž .17 S. Fang, K. Fujimoto, Appl. Catal., A 142 1996 L1.
w x Ž .18 T. Tatsumi, K. Koyano, Chem. Commun. 1996 2281.
w x19 J.-C. Choi, T. Sakakura, T. Sako, J. Am. Chem. Soc. 121

Ž .1999 3793.
w x20 G.D. Smith, B.E. Handon, J.S. Merola, F.J. Waller,

Ž .Organometallics 12 1993 568, and references therein.
w x Ž .21 K. Otsuka, I. Yamanaka, Appl. Catal. 26 1986 401.
w x Ž .22 I. Yamanaka, K. Otsuka, Electrochim. Acta 34 1989 221.
w x23 M.V. Twigg, Catalyst Handbook, Wolfe Publishing, 1989, p.

490.
w x Ž .24 H.E. Bryndza, Organometallics 4 1985 1686.
w x25 M.W. Rees, M.R. Churchill, J.C. Fettinger, J.D. Atwood,

Ž .Organometallics 4 1985 2179.
w x Ž .26 G. Calvin, G.E. Coates, J. Chem. Soc. 1960 2008.


