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Abstract

Ž . w Ž . xPdCl TPPTS TPPTSs m-C H SO Na P is used as catalyst in the carbonylation of allyl chloride. This catalyst2 2 6 4 3 3

exhibits very high activity and selectivity in the dilute alcoholic–aqueous NaOHrtoluene medium under atmospheric
pressure of carbon monoxide at 408C. Ethanol plays an important role for increasing the catalytic activity and selectivity of

Ž . 4 Ž .PdCl TPPTS . The turnover reaches 2.7=10 mol COrmol Pd in 21.5 h when the mole ratio of substratercatalyst is2 2

3=104. A synergic effect was observed when a second transition metal compound was added to the catalytic system.
q 1998 Elsevier Science B.V.
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1. Introduction

The carbonylation of allyl halides catalyzed
by the transition metal complex offers a valu-
able tool for the synthesis of b ,g-unsaturated

w xacid 1 . A number of articles using transition
metal complexes as catalysts have been pub-

w xlished 2–5 . Since allyl halides are susceptible
to nucleophilic attack and elimination reactions

) Corresponding author. Fax: q86-411-4691570.

under high temperature and pressure, consider-
able effort has been devoted to conducting the
reaction under mild conditions in order to avoid

w xthe side reactions 6–9 . Kiji et al. succeeded in
the carbonylation of allyl chloride catalyzed by

Ž Ž . .PdCl L LsPh P m-C H SO Na or Ph P2 2 2 6 4 3 3

and Na PdCl in a two-phase system under2 4
w xatmospheric pressure 6,7 . We have reported

the use of polymer supported palladium catalyst
w xto catalyze this reaction 8,9 . Although the

catalytic activity and selectivity of the catalyst
have been improved, it is still not high enough.
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Ž .Recently, we found that PdCl TPPTS ex-2 2

hibited very high catalytic activity for the car-
bonylation of allyl chloride in a dilute alco-
holic–aqueous NaOHrtoluene two-phase
medium. The addition of a second transition
metal compound to the catalytic system influ-
ences the catalytic activity and selectivity for
b ,g-butenoic acid. The carbonylation can be
demonstrated as follows:

2. Experimental

2.1. Materials

Ž .The trisodium salt of tri m-sulfonphenyl -
Ž .phosphine TPPTS was prepared in accordance

w xwith the method described in the literature 10 .
Ž .The sodium salt of tri sulfonphenyl -phosphine

oxide as an impurity was less than 5%. Water
content was about 10%. PdCl was purchased2

Ž .from Johnson Matthey Pd content 59.89% .
Ž . w x Ž . w xPdCl PPh 11 , PdCl PhCN 12 ,2 3 2 2 2

Ž . w xPd PPh 13 were prepared according to the3 4

literature. Water was doubly distilled. Toluene
was distilled from Na metal under argon. Car-

Žbon monoxide with a purity of 98% the hydro-
.gen content was 0.02% was commercially

available and directly used.

2.2. Preparation and characterization of
( )PdCl TPPTS2 2

100 mg PdCl and 2 ml of 2 M HCl were2

added into a Shlenk flask and the mixture was
stirred at 508C until PdCl was dissolved com-2

pletely. After the flask was cooled to the room
temperature and flushed with argon, 0.80 g
TPPTS was added into the flask under stirring.
The color of the solution was changed from
dark red to bright yellow immediately. After 10

min stirring, 15 ml, absolute ethanol was added,
a light yellow powder was precipitated and the
mixture was stirred for 30 min. The filtered
precipitate was washed three times with 30 ml
warm 95% ethanol and dried in vacuum. 31P
NMR was recorded on a FT-80A spectrometer.
Only one peak was observed and the chemical
shift was 34.7 ppm, indicating that only one of
the steric isomers was obtained and there was

Ž .no sodium salt of tri sulfonphenyl -phosphine
oxide. Palladium content was found 7.8%
Ž .calculated, 8.0% determined on Plasma-Spec-I

Ž . w xAnalyzer U.S. Leeman Company 14 . XPS
data was obtained with a VGE SCALAB mk-2
X-ray photoelectron spectrometer. The binding
energy. of Pd3dsr2 and P2p was 338.0 and
131.8 eV respectively. It is analogous to that of

Ž . ŽPdCl PPh Pd3d , 338.1"0.3 eV; P2p,2 3 2 5r2
. w x131.7"0.1 eV 15 .

2.3. Catalytic reaction

A typical procedure was conducted as fol-
lows: catalyst, sodium hydroxide and phase

Ž .transfer agent if it was used were added into a
50 ml three necked, jacketed bottle closed with
self-sealing silicon rubber cap, connected to the
vacuum, carbon monoxide lines and constant
pressure gas burette. The temperature of the
circulating water passing through the jacket was
maintained by a thermostat. After the atmo-
sphere was replaced with carbon monoxide, wa-

Žter, toluene and aqueous solution of PdCl TP-2
.PTS were added successively. After the mix-2

ture was stirred vigorously for 15 min, allyl
chloride was added. The course of the reaction
was monitored by the carbon monoxide uptake
measured by the constant pressure gas burette.
After the reaction, the aqueous layer was acidi-
fied with excess hydrochloric acid and then
used for the analysis of butenoic acids by HPLC
ŽShimadzu LC-5A, 4.6 mm i.d.=25 cm Zorbax

Ž .O D S colum n; m obile phase, vrv
.MeOHrH Os1:1 and the analysis of allyl2

Ž .alcohol by GC 2 m DEGS column using exter-
nal standard method.
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3. Results and discussion

3.1. Carbonylation of allyl chloride catalyzed
( )by PdCl TPPTS2 2

3.1.1. Effect of solÕents
Table 1 summarizes the results of solvent

effect on the carbonylation of allyl chloride
Ž .catalyzed by PdCl TPPTS in aq.2 2

NaOHrtoluene two phase medium under atmo-
spheric pressure. If pure water is used as sol-
vent, the reaction rate is very low and the
selectivity for b ,g-butenoic acid is poor. The
main byproducts are allyl alcohol and propene.
It is found that the addition of ethanol to the
reaction system accelerates the reaction rate sig-
nificantly. When the reaction is carried out in a
dilute alcoholic–aqueous solution, the catalytic
activity is increased remarkably and the side
reactions can be mostly avoided. The catalytic

Ž .activity of PdCl TPPTS increases with in-2 2

creasing ethanol concentration in the aqueous
phase. However, high concentration of ethanol
causes the formation of allyl ethyl ether. If
absolute alcohol is used as solvent, the reaction
rate is still high; but the reaction between allyl
chloride and alcohol with the formation of allyl
ethyl ether and the reaction between CO and
NaOH with the formation of sodium formate are
serious. It seems that a 23% alcoholic–aqueous
solution is preferable. The average turnover fre-

Žquency T O F m ol ally l ch lorideav
. y1convertedrmol Pd per min reaches 30.9 min

when a 23% alcoholic–aqueous solution is used
as solvent. To our knowledge, this result is
much higher than those reported in the literature
so far. In addition, the catalytic activity of

Ž .PdCl TPPTS is very stable during the car-2 2

bonylation of allyl chloride. When the mole
ratio of substratercatalyst is 3 = 104, the

Ž . 4turnover mol COrmol Pd reaches 2.7=10
in 21.5 h under atmospheric pressure of carbon
monoxide at 408C.

w xSome studies 16,17 have demonstrated that
the co-solvent such as ethanol can increase the
transfer phenomenon between water and organic
solvent in the hydrogenation and hydroformyla-
tion catalyzed by water soluble rhodium–phos-
phine complexes. In the case of the carbonyla-

Žtion of allyl chloride catalyzed by PdCl TP-2
.PTS in H Ortoluene two-phase medium, the2 2

addition of ethanol to the reaction system leads
to a very high reaction rate which may be
related to the higher solubility of allyl chloride
in alcoholic-aqueous medium.

3.1.2. Effect of bases
Various bases were tested for the reaction,

and the results are presented in Table 2. Strong
bases such as NaOH and KOH are effective.
NaOAc is ineffective. It is noteworthy that when

Ž .Ca OH is used as the base, the selectivity for2

Table 1
Ž .Effect of ethanol concentration in the aqueous phase on the carbonylation of allyl chloride catalyzed by PdCl TPPTS2 2

a y1 bŽ . Ž . Ž . Ž .Ethanol % Time min TOF min Yield %av

cŽ .butenoic acid b ,gra ,b allyl alcohol allyl ethyl ether

Ž .0 245 10.2 90 6 3.5 0
Ž .9 180 13.9 93 13 1.6 trace
Ž .23 81 30.9 94 21 1.1 trace
Ž .33 63 39.7 95 21 1.0 1.7

d Ž .100 90 27.8 57 18 0 43

y3 Ž .Reaction conditions: 408C; 0.1 MPa; Pd. 5.07=10 mmol; allyl chloriderPds2500 mole ratio ; NaOH, 25 mmol; solvent, water, 10
ml, toluene, 10 ml.
a w Ž .x Ž .Ethanol concentration, EtOHr EtOHqH O =100% VrV% .2
bAverage turnover frequency, mol allyl chloride convertedrmol Pd min.
c The value in the parentheses is the mole ratio of b ,g-butenoic acid to a ,b-butenoic acid.
d10 ml absolute ethanol was used as solvent. 0.6 mmol sodium formate was produced during the reaction.
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Table 2
Ž .Effect of base on the carbonylation of allyl chloride catalyzed by PdCl TPPTS2 2

aŽ . Ž . Ž .Base Time min Conversion % Yield %

Ž .butenoic acid b ,gra ,b allyl alcohol

Ž .NaOH 81 100 94 21 1.1
Ž .KOH 90 100 86 17 1.6

Ž . Ž .Ca OH 160 50 46 32 1.72

Reaction conditions: base, 25 mmol; ethanol concentration, 23%; the others are the same as those in Table 1.
aUnder these reaction conditions, only a trace amount of allyl ethyl ether has been observed by GC analysis.

Table 3
Comparison of various homogeneous palladium catalysts for the carbonylation of allyl chloride

y1Ž . Ž . Ž . Ž .Catalyst Ethanol % Time min TOF min Yield %av

cŽ .butenoic acid b ,gra ,b allyl alcohol

Ž .Na PdCl 0 200 3.25 5 1 21.02 4
Ž .23 220 11.4 97 13 2.3

Ž . Ž .PdCl TPPTS 0 245 10.2 90 6 3.52 2
Ž .23 81 30.9 94 21 1.1

Ž . Ž .Pd PPh 0 320 2.3 27 6 1.93 4
Ž .23 320 7.8 94 9 1.9

Ž . Ž .PdCl PPh 0 250 3.5 31 2 2.12 3 2
Ž .23 250 2.0 16 2 2.4

Ž . Ž .PdCl PhCN 23 250 10.0 95 13 2.32 2

Reaction conditions: the same as those in Table 1.

w xb ,g-butenoic acid is very high. Kiji et al. 6
have reported that a ,b-butenoic acid is not a
direct product of the carbonylation. It is the
product of the base catalyzed isomerization of
b ,g-butenoic acid and the ratio of b ,gra ,b
depends on the concentration of NaOH. The
results in Table 2 indicate that the degree of
isomerization of b ,g-butenoic acid varies with
different basicity of the base as well.

3.1.3. Comparison of Õarious homogeneous pal-
ladium catalysts

Five catalysts have been tested. Among
Ž .which, Na PdCl and PdCl TPPTS are wa-2 4 2 2

ter soluble while the others are soluble in
toluene. It can be seen from Table 3 that among
the homogeneous palladium catalysts investi-

Ž .gated, PdCl TPPTS exhibits the highest cat-2 2

alytic activity and selectivity. In the case of
Ž .Na PdCl and Pd PPh , the presence of2 4 3 4

ethanol also greatly accelerates the reaction rate,
Ž .but in the case of PdCl PPh , the catalytic2 3 2

activity decreases.

The kinetic curves using various homoge-
neous palladium catalysts are shown in Fig. 1.
The course of the reaction was monitored by the

Fig. 1. Kinetic curves of the carbonylation of allyl chloride
catalyzed by homogeneous palladium catalysts. Catalyst: 1s

Ž . Ž .PdCl TPPTS ; 2 s Na PdCl ; 3 s PdCl PhCN ; 4 s2 2 2 4 2 2
Ž . Ž .Pd PPh ; 5sPdCl PPh . Reaction conditions: ethanol con-3 4 2 3 2

centration, 23%; the others are the same as those in Table 1.
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Table 4
Ž .Carbonylation of allyl chloride catalyzed by PdCl TPPTS –ML2 2 n

y1Ž . Ž . Ž .Catalyst Time min TOF min Yield %av

Ž .butenoic acid b ,gra ,b allyl alcohol
aCuCl 80 — 0 1.02

aŽ .Co CO 80 — 0 1.62 8
aNiCl 240 — 0 1.92

aŽ .Co OAc 330 — 0 3.82
Ž . Ž .PdCl TPPTS 81 30.9 94 21 1.12 2
Ž . Ž .PdCl TPPTS –RuCl 73 34.2 96 19 0.92 2 3
Ž . Ž . Ž .PdCl TPPTS –Co OAc 71 35.2 92 13 1.12 2 2
Ž . Ž .PdCl TPPTS –SnCl 85 29.4 92 16 1.32 2 2
Ž . Ž .PdCl TPPTS –NiCl 68 36.8 95 15 1.02 2 2
Ž . Ž .PdCl TPPTS –CuCl 56 44.6 87 19 3.42 2 2
Ž . Ž . Ž .PdCl TPPTS –CO CO 60 41.7 92 17 1.32 2 2 8

y3 Ž .Reaction conditions: Pd, 5.07=10 mmol; ethanol concentration, 23%; MrPds1 mole ratio ; the others are the same as those in Table
1.
a 0.02 mmol ML was used.n

Ž .carbon monoxide uptake and the turnover TO
represents mol CO uptake per mol Pd at the
time indicated in the figure. Since the side
reactions, such as hydrolysis and hydrodechlo-
ration of allyl chloride, do not consume carbon
monoxide, so the conversion of allyl chloride is
higher than that calculated from the consump-
tion of CO.

3.2. Carbonylation of allyl chloride catalyzed
by the palladium based bimetallic catalysts

In order to improve the catalytic properties of
the monometallic catalyst, much attentions have
been focused on the homogeneous bimetallic

w xcatalysts 18–25 . Several metal compounds

Ž .such as NiCl , RuCl , CuCl or Co CO2 3 2 2 8

were added as the second component to
Ž .PdCl TPPTS and the synergic effects with2 2

respect to catalytic activity and selectivity were
studied. The results in Table 4 demonstrate that
in most cases, a second metal compound added
accelerates the reaction rate. No reaction takes
place when these second metal compounds are
used alone even if a large amount of these
compounds is used. The synergic effect of the
above mentioned second metal compounds with
Na PdCl catalyst has also been studied. No2 4

obvious synergic effect was observed.
Table 5 gives the catalytic behaviors of

Ž . Ž .PdCl TPPTS –CuCl and PdCl TPPTS –2 2 2 2 2
Ž .Co CO in different MrPd ratios. Although2 8

Table 5
Ž . Ž .PdCl TPPTS catalyzed carbonylation of allyl chloride in the presence of CuCl or Co CO2 2 2 2 8

y1Ž . Ž . Ž .MrPd Mole ratio Time min TOF min Yield %av

Ž .butenoic acid b ,gra ,b allyl alcohol

Ž .CurPd 0 81 30.9 94 21 1.1
Ž .0.25 60 41.7 90 18 2.3
Ž .1 56 44.6 87 19 3.4
Ž .4 43 58.1 68 22 7.7
Ž .8 42 59.5 62 22 11.9
Ž .CorPd 1 60 41.7 92 17 1.3
Ž .8 66 37.9 91 26 0.6
Ž .10 69 36.2 91 20 1.6

Reaction conditions: ethanol concentration, 23%; MrPds1; the others are the same as those in Table 1.
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the reaction rate is accelerated with the increase
of the CurPd ratio, the selectivity for butenoic
acid decreases and large amount of byproducts
such as propene and allyl alcohol are produced.
Propene may be produced by the hydrodehalo-
genation of allyl chloride catalyzed by palla-
dium catalyst. It is considered that except small
amount of H in CO, the reactive hydrogen2

may be generated by the water gas shift reac-
tion. CorPd ratio does not give obvious effect
on the activity.
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