Zuerstersch.in : Zeitschriftfir Naturforschung SectionB ; 50b(1995).S.430-438

Palladium Catalyzed Alternating Cooligomerization of Ethylene and
Carbon Monoxide to Unsaturated Ketones

Wilhelm Keim*. Heiko Maas. Stefan Mecking

Instiwut fur Technische Chemie der RWTH Aachen. Worringer Weg 1. D-52074 Aachen.
Germany

Dedicated to Prof. Dr. Dr. h.c. mudi. Gunther Wilke on the occasion of his 700" birthday

Z. Naturforsch. S0b, 430-438 (1995): received September 15, 1994

Cooligomcrization, Carbonylation. Palladium. Hemilabile. lnsaturated Ketone

Cationic pafladium catalysts huve been used to cooligomenize ethviene and carbon monox-
ide. At high ethvlene/C® rauos (m/m = 1{):1) in methylene chlonde as a solvent. unsaturated
alternating cooligomers of the general structure R[C{@)CH\CH»],,H (m=1: R=CH,=CH-,
CHa2=CHC11:CH;- and CH:CH=CHCHa\-) were obtaincd for the first timc. Singlc component
catalyst precursors {(allyDPd(P*X)]*Y  (P*X=Ph,P(CH,), C(=0)OR. Ph,P(CH>),P(=0)Ph,.
Ph,P(CH,),,C=CHCH=CHS. Ph2P(CH,).5(=@)Ph.n = 1-3. R = Me. Et: Y = BF, . ShF,")
with bidentate P.@- and P.S-higands as wcll as m: sin catalvsts with unfunctionalized phos-
phine lipands werc used. With P”Bus as a ligand. selectivitics for cthylvinviketoite of 40%
based on the CO converted were obiained. The hemilabile phosphino-ester and phosphino-

thiophene ligands behave like monodentate phosphines under catalytic conditions.

Introduction

Unsaturated ketones belong to a class of organic
compounds of substantial synthetic interest. but
their syntheses are often tedious. Potentially. an
easy synthetic approach exists in the cooligomer-
ization of olefins. especially ethylene. with carbon
monoxide.

The first carbonylation reactions of olefins as
pioneered by Roelen represent a milestone in the
development of indusirial. homogeneous tran-
sition metal based catalysis. Today. the oxo-syn-
thesis represents the largest scale application of
homogeneous calalysis.

In hydroformylation, as well as in other impor-
tant carbonylation reactions of olefins, e.g. hydro-
carboxylation and hydrocarbalkoxylation. the
product contains one molecule of olefin and CO.
respectively. Products containing more than one
molecule of olefin can also be obtained. Roclen
already observed the formation of diethylketone
as a byproduct in the hvdroformylation of ¢thyl-
ene [1]. and many other examples are known [2].
Diethylketone can also be obtained selectively [3].

Muitiple incorporation ol carbon monoxide can
also occur, yielding saturated oligokctones

* Reprint requests to Prof. Dre. W. Keim.
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H[CH,CH,C(0)],,.Et or oligoketocarboxylic acids
or esters H[CH,CH,C(0)}],,OR (m > 1. R=H.
alkyl). In addition 10 ethylene and carbon monox-
ide, the oligoketones contain two hydrogen atoms.
usually originating from I, added or derived from
water vie¢ the water-gas shift reaction. The oligo-
ketocarboxylic acids or esters contain one mole-
cule of water or alcohol. added or used as a sol-
vent. In an early publication. Reppe and Magin
have described the nickel catalyzed synthesis of
such oligomcrs along with high-molecular-weight
polymeric products [4]. With rhodium catalysts.
oligoketones and oligoketoesters (m = 1 to ap-
proximaltcly 4) can be obtained selectively under
mild conditions [5]. Oligoketoesters can also be
obtained with palladium catalysts [6. 7b).

The formation of unsaturated ketonus. con-
sisting only of olefin and carbon monoxide. has
also been observed. Propenylpropylketones can be
derived from propvlene and carbon monoxide
with rhodium [5b] and palladium catalysts |8].
Employing styrene. [.5-diphenvipent-l-en-3-one
can be obtained selectively [8.9]. Considering the
synthesis of unsaturated ketones from ethylene
and CO. the transition meltal catalyzed preparation
of ethylvinylkctene has been described under se-
vere conditions with moderate selectivities. using
ruthenium, copper or silver catalysts [10]. Drent
has bricfly noted. that cthylvinyvlketone can be ob-
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tained at low rates with Pd(OAc),/PPhs/phenyl-
phosphonic acid as a catalyst [I1].

Recently. the copolymerization of olefins and
CO. yielding alternating polyketones. has attracted
much industrial [7] and academic [12] interest.
Very active cationic palladium catalysts with che-
lating P.P- or N.N-ligands have been developed,
and mechanistic considerations have contributed
to the understanding ol factors controlling chain
growth and termination steps in this type of mul-
tiple carbonylation reactions.

For many years, we have been interested in tran-
sition metal catalysts with anionic chciating }i-
gands. Exceptional results are obtained with bi-
dentate P.O-ligands, which combine a hard and a
soft donor atom. Such ligands are also applied
commercially for the nickel catalyzed oligomeriza-
tion ol ethylene in the Shell higher olefin process
[13]. Presently, we are also investigating nickel
and palladium catalysts with comparable neutral
ligands for C-C linkage reactions of olelins
[14,15]. Well characterized cationic palladium allyl
complexes with bidentate PO- and P.S-ligands are
used as catalyst precursors. These complexes are
also well suited for mechanistic studies, -especially
with view of applying hemilabile bidentate func-
tionalized phosphine ligands in homogeneous
catalysis. In this paper. we wish to report the cooli-
gomerization of ethylene and CO, yielding unsatu-
rated low-molecular-weight alternating oligo-
ketones. To the best of our knowledge, selective
formation of these compounds from ethylene and
CO has not been reported before. The preparation
and stoichiometric reactions of the cationic com-
plexes applied [16, 7] will be subject of a sepa-
rate publication.

Results and Discussion

In homogeneous catalysis by transition metal
complexes. two approaches exist: the use of iso-
lated. well characterized complexes as single-com-
ponent catalyst precursors. and the use ol in sin
catalysts. In this study. both methods were
employed.

Cationic palladivm allvl complexes with P.O-
or P.S-ligands as catalvst precursors

Under identical pressures ol ethylene and car-
bon monoxide and in methyiene chloride as a sol-
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Fig. 1. Cationic palladium allyl complexes used as cata-
lyst precursors.

vent. the complexes shown in Fig. 1 catalyze the
copolymerization of ethylene and CO to alternat-
ing polyketone. Molecular weights of the products
are approximately M,, = 2000-4000 g/mol. Com-
pared to cationic palladium catalysts with biden-
tate P.P-ligands in aprotic [18} or protic solvents
[7.18]. activities are moderate.

However, at high ethylene/CO ratios, oligomeric
products with the structure shown in Scheme 1 are
obtained*. Compounds with m+ =1, 2 and 3 were
separated and characterized by NMR. IR and
mass spectroscopy. This data corresponds to litera-
ture-known spectroscopic data [19]. Products with
m>3 were not seperated, but NMR-spectroscopy
shows. that these higher oligomers and polymers
also have the general structure shown in Scheme 1.

These products can be interesting intermediates
lor preparative organic chemistry, for which so far
no simple high-yield syntheses are known. For
ethylvinylketone even large-scalc applications can
be envisaged. e.g. for copolymers. 1.4-Diketones
can be used for the synthesis ol substituted cyclo-
pentenones, which are a structural element of
natural [ragrances ol the jasmin-type [20].

" In experiments carried out at high reaction tempera-
tures (=110°C). in addition 10 the products shown in
Scheme |, a further isomer of the butenylketones was
observed. For /i = 1 and 2. this was identified as trarns-
4-hepten-3-one  and  ¢rans-7-decen-3.6-dione.  re-
spectively.
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Scheme |. Cooligomerization of ethylene and CO.
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Scheme 2. Preparation of i siiu catalysts.

In standard work-up of the rection mixtures
obtained from catalysis. the products with m =3
were divided into the fraction dissolved in the
given amount of solvent (20 ml methylene chlo-
ride) and into the undissolved fraction. consisting
of polyketones. Comparison of the amounts of

these two fractions can serve as a qualitative meas-
ure of the molecular weight of the products with
m=3.

Using complexes 1-6 (‘lable 1) mainly low-mo-
lecular-weight products {# = |. 2 and soluble
oligoketones with /i =3) are obtained. whereas
with 7 and 8 mainly insoluble polymers are ob-
tained even at high ethylene/CO ratios.

The dependence on the temperature applied.
shown for comptiex 3in Tabie 1I. is typical for com-
plexes 1-6. At temperatures of 30-65 °C. the op-
timum of activity and catalyst stability is observed.
at higher temperatures rapid catalyst decompo-
sition occurs. Complexes 7 and 8 require higher
temperatures. 80 °C being the optimum. With all
complexes. higher reaction temperatures favor the
formation of low-molecular-weight products. As
can be expected, chain-termination prevails over
propagation (c¢f Scheme 3).

Lowering the ethylene/CO ratio from 10:1 to
2:1 has the opposite effect (Table I1): at low CO-
concentrations. chain termination from an alkyl-
species can compete with CO insertion. i.e. propa-
gation. whereas at high CO partial pressures
propagation prevails.

Figure 2 shows the course of reaction with com-
piex 3. Because of the difficulty to draw a repre-
sentative sample of the heterogeneous reaction
mixture from an autoclave under the reaction con-
ditions, data points for each reaction time were
determined by a separate experiment. Beviations
are inevitable, and this is considered the reason
for a slight lowering of the TON for m = | and 2
after 14 h reaction time compared to 7 h.

Table I. Cooligomerization of ethylene and CO employing compiexes 1-8 as catalyst precursors.

Catalyst Reaction conditions Results
Cat n Temp. Timc Mass [g] Conv. TON/mol(substrate)mol(Pd) Sel.
[mmol] [*C] [h] C.H, CcO of CO insol. sol. Lotal EVK|a]
m=3 m=1.2

1 ().100 50 7 5.36 0.49 89% 44 140 233 419 3%
2 0.100 50 1> 5.06 0.52 95% 139 120 134 413 2%
3 0.100 50 14 5.50 (.52 96 Y% 66 171 207 444 10%
4 0.096 50 15 4.97 0.54 S0% 67 167 154 383 5%
S 0.100 50 15 4.02 050 Y7% lo4 110 134 308 3%
6 0.095 50 15 445 0.60 83 % 135 224 55 414 2%
i/ 0.100 80 20 5.51 0.53 98% 299 60 22 3R] %
8 0.100 80 I35 4.58 043 7% 12 84 16 272 0%

Solvent: 20 ml CH-Clx: initial p(ethylene) =25 bar: initial p(CQ) = 5 bar. a) selectivity for ethyivinylketone. based

on the CO converled.
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Tuble 1. Cooligomerization of ethylene and CO: influence of reaction condittons.

Catalyst Reaction conditions Results

Ca. # Temp.  Muss |g| Ratio  Counv.  TON/mol(suhstrate ) mol{d) Sel.
{fmmol] [°C] CaH, CcoO C:Hy ot CO  insol. sol. total EVK[a|

CcO =3 = 12

3 0.102 P 6.3 0.5 12 60% 86 84 68 238 5%

R 0.100 50 5.50 052 10 96% 66 171 207 444 10%

3 0.091] 65 4.7 0.5 9 9% 36 203 259 498 8%

3 0.099 20 4.5 0.5 9 61% 3 106 191 300 13%

3 0.103 140 52 0.5 (4] 35% 2 54 15 171 18%

2 0.100 50 5.06 0.52 10 95 % 159 120 134 413 2%

2 0.100 50 S9 1.04 5 % 491 33 3 827 0%

2 0.10! 50 6.0 3.0 3 13% 256 12 ] 268 0%

Solvent: 20 ml ClHH-Cls; nitial p(ethylene) = 25 bar: imtial p(CO) = 5-

‘or ¢thylvinylketone. based on the CO converted.
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Scheme 3. Proposed mechanism for the cooligomerization of ethyiene with CO. emploving allyl complexes with
hemilabije functionalized phosphine ligands as catalvst precursors.

The highest average reaction rate. TOF = 226
mol/mol-h. is observed in the one hour experi-
ment. The decrease in rate with time is probably
due to partial catalyst decomposition. Neverthe-
less. complete conversion of CO can be achieved
after 14 h reaction time.

Due to the lact that the experiments shown in
Fig. 2 were run in batchmode. the ethylene/CO
ratio rises dunng the experiment because of the
consumption of CO (simultancous consumption of
ethylene does not resuli in a significant change of
the amount of ethylene. as il is present in a large
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excess). As low CQO concentrations favor the for-
mation of low-molecular-weight products. only
products with mi = | or 2 are formed after half
of the CO has been consumed. Also, within this
product fraction products with m 1 are then
formed preferentially: after one hour the ratio
ethylvinylketone/5- and 6-hepten-3-ones/l-octen-
3.6-dione/8- and 9-decen-3.6-diones is 80:100:78:
41, after complete conversion a ratio of 42:100:
11:9 was obtained.

Considering the cooligomers with butenyl end-
groups, depending on the reaction conditions and
the catalyst precursor employed. either the ter-
minal (Le 6-hepten-3- one for m = 1) or the in-
ternal (i.e. trans- and cis-3-hepten-3-one for m
i) isomers can predominate. Generally, under con-
ditions which favor formation of low-molecular-
weight products. the internal isomers are ob-
tained preferentially.

Using complex 7 (at 80 °C). activities are slightly
lower than those observed for 3 (29% CO conver-
sion after 2 h: 46% after 4 h: complete conversion
after 20 h). but insoluble polymeric materia! is obh-
tained almost exclusively.

Allyl complexes with phosphino-thioether li-
gands Phy,P(CH,),SR (n = 2, R=Me, Ph; n = 2
R = Ph) and 0-Ph;P(C¢H,,)SR (R = Me. 'Pr, Ph) ex-
hibit only low activities in the reaction of ethylcne
and CO. Activation of these complexes is slow. £.g.,
in an experiment with [(CsH:)Pd{o-Ph,P(CeH,)-
SPh|-£ S|BF.. stopped after 14 hours, 60% of the
precursor complex were recovered unchanged.

2S bar and inutial p{CO) = 5
bar: 50 °C).

Considering the coordination behaviour of the
functionalized phosphine ligands applied during
catalysis. it is conspicuous. that comparable results
are obtained with the phosphino-ester complexes
1-3 as well as with the phosphino-thiophene com-
plexes 4-6. Neither the chain length » of the li-
gand backbone, nor the nature of the donor atom
(® vs. S) have a strong impact on activity and sel-
ectivity. Also. with comparable in siu catalysts
with unfunctionalized monodentate phosphines
similar results are obtained (vide infra). This leads
to the conclusion, that the P.O- and P.S-ligands in
1-6 behave like monodentate phosphines under
catalytic conditions. These ligands are hemilabile
in the sense. that the weaker donor atom (Q.S)
stabilizes the precursor complex and creates a free
coordination site during the catalytic reaction. The
markedly different selectivity with 7 and 8 can be
attributed to bidentate coordination of the phos-
phino-phosphinoxide and the phosphino-sulfoxide
ligand during catalysis. This interpretation is in ac-
cordance with stoichiometric experiments, using
the catalyst precursors as model compounds
[16.17]: the O-donor in 1-3 and the S-donor in
4-6 is quantitatively substituted by ethylene or
CO upon bubbling the gas through a solution of
the complex at room temperature and normal
pressure. By contrast. with 7 and 8 the unchanged
complexes prevail.

'The allyli complexes 1, 2, 3 and 7 were also used
as catalyst precursors in the absence of carbon
monoxide. At 30 °C under a constant pressure of
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30 bar. cthylenc is rapidly oligomerized with rates
of up to 2000 mol/mol-h. With 1-3 butcnes are
obtained with >95% selectivity. By contrast. com-
plex 7 yields significant amounts of hcxenes (sel.
13%. 60% linear) and octenes (sel. 1%).

Cationic palladium catalysts modified by mono-
or bidentate phosphines are known to catalyze
selective dimerization of ethylene [11.21.22].
whereas with bidentate N.N-ligands hexenes and
higher oligomers were also obtained [11.22].

Addition of ethylvinylketone or 1-octen-3.6-di-
one to an ethylene oligomerization reaction, cata-
lyzed by complex 2. resulted in formation of 5- and
6-hepten-3-ones and 8- and Y-decen-3.6-diones.
respectively. ie. codimers of vinylketones and
ethylene. The rate of homodimerization of ethy-
lene. present in a large excess, was not signifi-
cantly influenced. This observation suggests, that
the butenylketones formed in cooligomerization
of ethylene and C@® are formed by codimeriza-
tion of primarily formed vinylketones with ethy-
lene. and not necessarily by subsequent insertion
of two molecules of ethylene into a palladium-
acyl bond.

Experiments with in situ catalysts

For rapid screening of ligands with different
substituents attached to the P-donor and for com-
parison with complexes 1~8, in situ catalysts with
unfunctionalized phosphine ligands were used.
Catalysts were prepared by the two routes shown
in Scheme 2. Table III shows the results obtaincd
with both catalyst systems, employing different
ligands.

With allyl complexes prepared by route A. em-
ploying PPh;Et as a ligand. results comparable to
those using the isolated complex 3 were obtained.
Stopping the experiment after 2 hours and 6 hours
respectively. activities and selectivities very similar
to those observed for 3 (Fig. 2) were found. With
P”Buz as a ligand, a slightly lower activity is ob-
served in comparison to catalysts with aryl-substi-
tuted ligands. Remarkably, the share of oligo-
ketones with 2z = | and 2 is relatively high. and
contains predominantly vinylketones. A selectivity
for the desired cthylvinylketone of about 40%
based on the CO converted was obtained. Cata-
lysts with the bulky secondary alkyl phosphine
PCy; were almost inactive.

Thc use of catalysts prepared by route B for re-
acting ethylene and CO under identical pressures
of both gases has already been described by Scn
and others [6.18.21]. In aprotic solvents, high-mo-
lecular-weight alternating polyketones were ob-
tained. f3-Hydrogen abstraction. resulting in for-
mation of vinyl end-groups. has been proposed as
a termination step (18].

Emploving catalysts prepared by route B at high
ethylene/CO ratios (Table 111). cooligomers can be
obtained. These products are the same as those
obtained with allyl complexes as catalyst precur-
sors. i.e. unsaturated ketones of the general struc-
ture shown in Scheme 1 are formed exclusively.

With P"Bux as a lgand. again selectivities for
ethylvinylketone of up to 40% are obtained. 1t was
anticipated. that addition of more than one equiv-
alent of phosphine ligand would stabilize the cata-
lyst and also favor chain-termination by temporary
blocking of coordination sites for propagation. In-
deed. catalyst stability is improved, but selectivity
s changed in favor of higher-molecular-weight
products. With catalyst system B with one-equiva-
lent of P”Bus, increasing the reaction temperature
from 30 °C to 80 °C resulted in an increase of the
selectivity for ethylvinylketone. With all other
catalysts with monodentate ligands given in
Table IIl, increasing the reaction temperature did
not result in a significant improvement.

As expected. applying the bidentate P.P-ligand
1.3-bis(diphenylphosphino)propane (dppp). co-
polymer is formed exclusively even at high ethy-
lene/CO ratios. With the alkyl-substituted diphos-
phine 1.3-his(di-iso-propylphosphino)propane
(dippp) cooligomers can be obtained. but rates
and selectivities are only moderate.

Generalizing, results obtained with in situ cata-
lysts prepared by route B and with allyl complexes.
prepared in siie by route A or used as isolated
complexes, are comparable. One is tempted to
speculate that similiar catalytically active species
are formed during catalysis.

Mechanistic considerations

For the transition-metal catalyzed alternating
cooligomerization and copolymerization of ethyl-
ene and CO in aprotic solvents. a hydride mechan-
ism has been proposed by various authors
[(7b.11.12). The initial palladium-hydrnde s



436

W. Keim er al. - Cooligomerization ol Ethylene and Carbon Monoxide

Table [1I. Cooligomerization ol cthylene and CQ) by 1 situ catalysts.

Catalyst [a| Reaction conditions  Results
Type Ligand 7 Temp. Mass [g] Conv. TON/mol(substrate)/mol(Pd) Sel.
[mmol] *C C.H; CO ol CO insol. sol total EVK]b]|
m=3 m=12

A PPh:E1 0.089 50 5.26 056 91% 39 242 198 479 V%
A P"Bu, 0.114 50 5.1 0.5 74% 11 78 207 296 43%
A PCv, 0.095 50 4.4 0.5 15% Jo¥ a2 l 56 0%
B PPh-EL ] eq 0.108 56 4.4 (0 74] 87% 2 65 4 290 0%
B PPh; | eq 0.096 50 HLAS 058 83% 183 48 238 469 6%
B P(OPh)a | ¢q (0.050 50 52 0.5 1% L7 0 0 17 0%
B P"Bui 1 ¢q 0.080 50 4.5 0.5 22% | 62 54 117 26%
B P?Rua | eq .092 80 4.5 0.6 20% | 34 88 123 41%
B P'Buy 2 ¢y 0112 50 35 0.85 692, Q 161 114 275 15%
B P'Prz 2 eq U. 114 50 4.26 0.39 14% 0 26 17 43 9%
B PCys 2 eq 0.104 50 4.95 053 13% 0 42 13 53 6%
le] dppp | eq 0.130 70 04 02 94% 103 0 0 103 0%
B dippp | eq 0.100 50 489 058 18% 0 62 24 86 8%
B dippp | eq 0.100 75 154 070 23% 0 ) ss 13 8%

Solvent: 20 ml CH,Cl»: reaction time 15 h; initial p(ethylene) = 25 bar: initial p(CO) = 5 bar (experiment with
dppp: p(ethylene) = <40 bar. p(CO) = 2 bar). a) A: metal component [(C3H;s)Pdl],, B: [PA(CI;CN),J(BF,), + ligand
(cf Scheme 2). b) selectivity for ethylvinylketone. based on the CO converted. c) calalyst solution prepared by
reacting [Pd(dppp)Cl;] (suspension of 0.130 mmol in 20 ml CT;Cl;) with AgBF, (sotution ol 0.260 mmol in 0.5 ml

CH-CN) and subsequent filtration.

thought to be lormed via the water-gas shift reac-
tion from CO and trace impurities ol water
[ 1L 12].

The structure of the oligomeric products ob-
tained in this study is aiso consistent with a hy-
dride mechanism. Stoichiometric reactions of the
catalyst precursors with ethylene and CO [16] sup-
port the mode of activation depicted in the self-
explanatory Scheme 3.

Conclusion

When working in methyvlene chloride as a sol-
vent, the palladium catalyzed copolymerization
ethylene and CO can be directed towards forma-
tion of low-molecular-weight cooligomers by apply-
ing high ethylene/CO ratios. Unsaturated ketones
of the general structure R{C(O)CH:CH-],H
(R=CH3»=CH-, CH>=CHCH;CI1;- and CH.CH=
CHCH_;-) are obtained (ie¢. nt = 1: ethylvinylke-
tone. 5- and 6-hepten-3-ones: m = 2: l-octen-3.6-
dione. 8- and Y-decen-3.6-diones). Selectivitics for
ethylvinylkctone of up to 43%. based on the CO
converted. were observed using P’Bus as a ligand.

Cationic palladium allyl complexes with hemi-
labile bidentate ligands can be applied as single-
component catalyst precursors. Il is assumed that
phosphino-ester and phosphino-thiophene ligands

behave like monodentate phosphines under cata-
lytic conditions.

Experimental

All operations involving organometallic com-
pounds and phosphine ligands were carried out un-
der a dry argon atmosphere by standard Schlenk
techniques. Methylene chloride was distilled from
CaH; under argon. [Pd(CH3CN),](BF,); was pre-
pared according to [6]: [(C3Hs)PdI]> was obtained
from [(CiHs)PdCl]: [23] by halide exchange with
Nal [24]. Phosphine ligands were obtained com-
mercially or prepared by standard procedures.
Cationic paliadium complexes with bidentate P.O-
or PS-ligands were prepared according to [16] and
[17]. respectively. Ethylene (purity>99.5%) and
carbon monoxide (purity>99.99%} were used as
received- 1-Octen-3.6-dione was prepared by the
procedure described in [25].

Gas chromatographic analyses were performed
on a Siemens Sichromat with a 50 m Pona HP col-
umn. For GC-MS analyses a Varian 3700 gas chro-
matograph combined with a Varian MAT 1128
mass spectrometer was used. GC-IR were per-
formed on a Hewlett-Packard 5890 II gas chro-
matograph equiped with a HP 3965 A [R-detector.
NMR spectra were obtained on Varian VXR 300
and Unity 500 spectrometers. 1R-spectra were re-
corded on a Nicolet 310 P FT-spectrometer.
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Preparation of in situ catalysis

Procedure A: To a solution of 0.05 mmol
((CsH)PdI]s in 10 ml methylene chloride a solu-
tion of one equivalent of monodentate phosphine
ligand in {0 ml methylenc chloride was added.
After stirring for 30 min. one equivalent of ethyl-
acetate was added. and the yellow solution was
transferred to a 50 ml round-bottom flask contain-
ing 1.01 equivalent of AgSbF,. Agl precipated im-
mediately. After stirring for S min. the mixture was
filtered over celite. A clear yellow filtrate was
obtained.

Procedure B: o a suspension of (.} mmol
[PA(CH;CN),[(BF,)> in 10 ml methylene chloride
1 solution of the appropriate amount of ligand n
10 ml methylene chloride was added. After stirring
for a few minutes. a clear yellow to orange solu-
tion was obtained.

Cooligomerization and copolymerization of
ethivlene and carbon monoxide

Catalytic experiments were carried out in 75 ml

V4A-steel autoclaves equiped with a magneltic
stirrer bar. The catalyst solution was transferred to
the autoclave under protective gas atmosphere via
a syringe. Subsequently. the autoclave was purged
and pressurized with ethylene, then CO was intro-
duced and the autoclave was heated in an oil bath
for the given reaction time. By weighing the auto-
clave. the amount of ethylene and CO was deter-
mined. After rapidly cooling to room temperature,
unreacted gases were vented. CAUTION: vinylke-
tones are highly toxic! The reaction mixture was
iltered on a frit. the solid residue was dried in
a stream of argon and weighed. The filtrate was
distilled at 75°C and 0.1 mbar. The distillate.
which contains the oligoketones with s = 1 and 2.
was analyzed by GC with n-heptane and n-do-
decane as internal standards. ‘The distillation resi-
due was weighed. thus the amount of soluble co-
oligomers with m1 =3 was determined.

ldentification of ethvlene-CO cooligomers
and copolymers

For identification of the oligomeric products
with » = 1. 2 and 3 a reaction mixture was ana-
tvzed by GC-MS and GC-IR. Also ethylvinyl-
ketone. a mixture of the isomeric 5- and 6-hepten-
3-ones. l-octen-3.6-dione and a mixture of 8- and
9-decen-3.6-diones were separated by vacuum dis-

tillation and identified by 'H and '*C NMR. Ethyl-
vinylketone and l-octen-3.6-dione were also iden-
tified by GC analysis of a reaction mixture. lo
which a genuine sample of the compound had
been added. The solubie product [ruction with
m =3 was characterized by 'H and *C NMR in
CDCls: the average chain length 1s m = 4 to 7.
Spectroscopic data of the above compounds has
been described in literature |19]. The complete
data mentioned in this paragraph is given in |16].

The insoluble product fraction was analvzed by
IR (KBr) and by '"H and "C{'H} NMR in
1.1.1.3.3.3-hexalluoroprop:n-2-ol  containing 10
vol.-% of Co1)p. Except for the signal of the poly-
mer backbone (s with & = 2.8). 'H NMR spectra
show ethyl end-groups (q with 6 = 2.5 and 1 with
d = 1.1) and unresolved multiplets with & = 6.3
and 6.0. assigned 1o vinyl end groups. {n the '*C
NMR spectra. except for the polymer backbone
(6 = 215.1 and 37.6), small signals with § = 219.4,
206.7. 137.1. 133.5. 343 and 8.4 arc observed.
which are also consistent with ethyl and vinyl
end groups.

Oligomerizution of ethylene

A solution of 0.05 mmol complex in 20 ml meth-
vlene chloride was introduced into a steel auto-
clave (vide supra). The autoclave was purged with
ethylene. pressurized 1o 30 bar. and was then
heated in an oil bath for 4 hours. During the reac-
tion the pressure was kept constant by continu-
ously feeding cthylene. After rapidly cooling the
autoclave to room temperature, the gas phase was
vented via a cold trap (-78 °C). By weighing the
autoclave before pressurizing and after venting
and by weighing the cold trap. the amount of eth-
vlene converted was calculated. The reaction mix-
ture was flash-distilled (200 °C:. (0.1 mbar) from the
catalyst. Selectivities for hexenes and higher oligo-
mers were determined by GC with n-heptanc as
an internal standard.
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