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Abstract

Novel palladium complexes with bidentate phosphinite and mixed phosphine—phosphinite ligands of the general formula
(P “P)Pd(Me)CI1] were prepared. After halide abstraction, these complexes are highly active catalysts for the copolymerization of
ethylene and CO, yielding high molecular weight polyketones with activities of up to 30000 mol per mol Pd. The preference of cis- or
trans-coordination, depending on the chelate ring size, was investigated. In complexes with up to 11-membered chelates, a cis-fixation of
the ligands is observed, whereas bigger chelates afforded catalytically inactive rrans-complexes.
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1. Introduction
R'OH

In the last decade copolymers of olefins and carbon N OR'
monoxide, so called polyketones (Fig. 1), have attracted X ico — n
great academic and industrial interest. Recently, Shell
.nnounced the technical production of Carilon, a ter-
polymer of ethylene, propylene and CO [1]. The most aprot. sovent P
active catalyst systems reported consist of a palladium H
salt and a bidentate ligand. Phosphines, e.g. 1,3-bis(di-
phenylphosphino)propane (dppp) and its derivatives [2], Fig. 1. Olefin/carbon monoxide copolymers.
and nitrogen-donor ligands such as 2,2"-bipyridyl and
1,10-phenanthroline [3] form very active catalysts.

The generally accepted mechanism for the copoly-
merization of ethylene and carbon monoxide is depicted
in Scheme 1. It involves the alternate insertion of the
monomers into a palladium—carbon bond. Since this
insertion reaction is restricted to the adjacent coordina-

tion sites, chain propagation can only take place when
the monomer and the growing polymer chain are cis to
one another. Therefore, ligands chelating predominantly
in a cis-configuration are essential for effective cata-
lysts.

So far, bidentate phosphinites have not been dis-
closed as potential ligands in the polyketone synthesis.
Since many divalent alcohols are commercially avail-
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Scheme 1. Mechanism for the copolymerization of ethylene and CO.

0022-328X /96 /$15.00 © 1996 Elsevier Science S.A. All rights reserved
SSD1 0022-328X(95)06046-4



m W. Keim, H. Maas / Journal of Organometallic Chemistry 514 (1996) 271-276

2.2¢qNEL,

CyHsCH,
1¢q.PPh;CI
1.1eq.NEt,y

C HsCH,

(a) HO-R-OH Ph,PO-R-OPPh,

Ph,P-R-OH Ph,P-R-OPPh,
2.2eqNEt,

CoHCH, (CH,),Si(0PPh, ),

(b) (CH,),SiCl, + 2Ph,P(O)H

Scheme 2. Ligand preparation.
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Scheme 3. Complex preparation.

scarce and mainly to be found in asymmetric catalytic
reactions [4-6).

2. Results and discussion

In this paper, we wish to present new phosphinite-
modified palladium complexes. The ligands are pre-
pared either from the corresponding alcohols or from
the respective phosphinic acid and dimethylsilyldichlo-
ride in the presence of NEt, as a base (Scheme 2). From
these ligands, neutral palladium-methyl complexes were
prepared by a ligand substitution reaction (Scheme 3)
according to a well-established route [7].

2.1, Bidentate phosphinite ligands

Phosphinites have a stronger rrans-effect than phos-
phines, Therefore, phosphinite-modified palladium com-
plexes should exhibit intrinsically higher rates in reac-
tions which invelve the migration of a group trans to
the ligand, as is the case for the presently studied
copolymerization reaction, However, the generally lower
basicity of phosphinites compared with phosphines in
the first place renders them less suitable for this reac-
tion, since reduction of Pd(II) under CO-pressure as one
of the possible deactivation pathways should be sup-
pressed more effectively by the stronger coordinating
phosphines. Thus, the preparation of sufficiently stable
ph'osphinite complexes could be a promising compro-
mise.

Palladium complexes with derivatives of dppp, which
forms six-membered chelate-rings, have proven to be
the most active polyketone-catalysts. Therefore 1 was
prepared as a phosphinite analogue to the previously
reported complex [(dppp)Pd(Me)Cl] (7] with respect to
the ring size.

Since phosphinites are moisture-sensitive and prone
to the Arbuzov-rearrangement, our further work concen-
trated on the more stable phenol-derived phosphinites.
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Fig. 2. Cis-complexes 1-4b,

Ligands derived from divalent aromatic alcohols yielded
complexes 2-4b with increasing flexibility in the ligand
backbone (Fig. 2).

1-4b form cis-chelates, which can be concluded
from their 'H and “'P{'H) NMR data. The exclusive
cis-coordination found for 4a was maintained after a
halide abstruction reaction with AgBF, in deuterated
acetonitrile (Scheme 4), yielding the cationic species dc.

In 4b electron-donating methyl groups are introduced
in the ligand by mera-xylyl-substitution on the two
phosphorus donor atoms. Thus, their basicity is en-
hanced and a more phosphine-like coordination strength
can be expected.

On replacing the methylene group of the ligand
backbone in 4a by an ethylene group, an 11-membered
ring is formed upon metal chelation. From the NMR
data it can be deduced that § is on the verge of
preferential cis- and trans-geometry. The product mix-
ture obtained consists of cis-coordinated 5a and at least
two trans-coordinated species, of which 5b is probably
the major species. Upon redissolving and stirring for 24
h, no change in the cis/trans ratio of 1:1.5 is ob-
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Scheme 4. In-situ formation of cationic complexes.
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Fig. 3. Neutral and cationic species of 5.

served. However, after the above-mentioned halide ab-
straction reaction creating a free coordination site, the
complex immediately isomerizes to give exclusively the
trans-coordinated Sc (Fig. 3).

Enlarging the chelate by one more atom to a 12-
membered ring by placing the bridge in the ligand
backbone in meta-position to the phosphinite function
resulis in the exclusive formation of trans-complex 6.
In the 13-membered chelate of 7 the ligand is also
trans-coordinating (Fig. 4).

2.2. Mixed phosphine—phosphinite ligands

Complexes with mixed phosphine~phosphinite lig-
ands are well suited for monitoring insertion reactions
of olefins and carbon monoxide into metal-carbon
bonds, which are important steps in the copolymeriza-
tion reaction of ethylene and carbon monoxide. By
stoichiometric reactions of such phosphine—-phos-
phinite-coordinated palladium complexes, the migration
of a hydrocarbyl group to the coordinated CO or olefin
could be shown to be the preferred mechanism [8].

Preparation of 8 and 9a afforded two species in each
case. Fig. 5 depicts the major isomers, which are the
thermodynamically favoured complexes with the methyl
group trans to the phosphine donor. Smaller amounts of
the species with the phosphine function and methyl
group cis to one another were also obtained with trans
/cis ratios of 4.5:1 (8) and 6:1 (9a). After halide
abstraction as described for §, partial isomerization took
place with 9a to give a mixture 6{ 9b and 9¢ with a
ratio of 9.5:1 (Fig. 6g). This observation correlates
with data reported for the caticnic form of 8 [9).
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Fig. 4. Trans-complexes 6 and 7.
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Fig. 5. Mixed phosphine—phosphinite complexes 8 and 9 (major
isomers).

Fig. 6. Cationic complexes 9a and 9b.2e

2.3. Copolymerization of ethylene and carbon monoxide

The neutral complexes described above were inactive
towards ethylene—CO mixtures. After a halide abstrac-
tion reaction with AgBF, in the presence of acetonitrile
(Scheme 5), they proved to be efficient polymerization
catalysts. The catalytic reaction was carried out in
dichloromethane as the solvent under a constant pres-
sure of 60 bar of a 1:1 ethylene/CO mixture. A
reaction temperature of 62°C was found to be optimal.
The results of the copolymerization reactions are shown
in Table 1.

Complex 1 exhibits an activity that is lower by
orders of magnitude compared with values reported for
dppp-modified systems [10]. The grey colour of the
polymeric product obtained with 1, which is caused by
precipitated Pd(0), indicates that, under reaction condi-
tions, rapid degradation of the catalyst takes place.

Table |

Copolymerization of ethylene and carbon monoxide
Precursor TON

complex [mol per mol Pd}
1 2100

2 800

3 2700

4a 20000

4b 26000

Sa/b 10100

6 0

7 0

8 6500

% 11000

62°C, 5 h reaction time, 60 bar (ethylene: C 1:1).
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Scheme 5. Preparation of catalyst solution.

The same seems to be true for compiexes 2 and 3,
which also yield coloured products. In contrast, a white
fluffy polymer is obtained with 4a. Comparing the
results obtained with 2, 3 and 4a, the ligand flexibility
seems to be essential for the formation of a stable
chelate, which leads to dramatic increases of activity
(800 mol per mol Pd for 2, 20000 mol per mol Pd for
4a). Interestingly, the 10-membered ring system in da
shows the highest activity. For bidentate phosphines, the
activity rapidly decreases with increasing ring size
(dppp > dppb > dppf) [10}. For an explanation, the for-
mation of oligomeric and frans-coordinated species pro-
moted by ligands with longer backbones was discussed
[7). Thus, the rather unusual 10-membered chelate of 4a
meets two features required for high catalytic activities:
exclusive cis-coordination and a rather stable chelate.

The generally lower basicity of phosphinites com-
pared with phosphines is partly compensated for in 4b
by the introduction of electron-donsting methyl groups.
Indeed, the enhanced coordinaticn strength leads to
activities for 4b that are incrcased by 30% compared
with 4a,

The activity observed for § is surprising since the
migratory insertior. mechanism of the copolymerization
reaction requiies a cis-geometry for the square-planar
palladium complex. From the result of the catalytic
reaction one can guess that under reaction conditions at
lenst small amounts of a highly active cis-coordinated
species are formed. Once a cis-complex is formed and
the polymerization reaction has started, the growing
polymer chain stabilizes the cis-configuration by chela-

0
(A
P/ \O

Fig. 7. Chelation by growing polymer chain.
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tion (Fig. 7). To confirm that this is possible for 5, the
following experiment was carried out. A solution of
[(P*P)PACH,CN),J** (5d), with P"P=12-bis(o-
diphenylphosphineoxyphenyl)ethane, was prepared in
situ from [Pd(CH,CN),KBF,), and one equivalent of
the P *P-ligand in CDCl,. The *'P{'"H} NMR spectrum
shows one singlet for the frans-coordinated complex.
One equivalent of benzoylacetone as a potentially
chelating agent was added, and immediately one fourth
of the precursor complex was transformed into a cis-co-
ordinated bischelate (Se), which exhibits two doublets
in the *'P('"H} NMR spectrum (Fig. 8).

The inactivity of the trans-coordinated complexes 6
and 7 indicates that in contrast to §, also under reaction
conditions, exclusive trans-coordination is maintained.

In the mixed-donor complexes 8 and 9a, ligands
exhibit a coordination behaviour between phosphinites
and phosphines. Comparing 3 and 9a, where one phos-
phinite function is replaced by a stronger coordinating
phosphine donor, the complex is stabilized and conse-
quently the activity is significantly increased. A similar
explanation can be given for 8, which is three times
more active than the equally 6-membered ring system 1.

2.4. Catalyst stability

Insufficient catalyst stability towards CO-pressure,
resulting in Pd(II)-reduction, and incorporation of the
catalyst in the polymer are two common pathways for
the deactivation of polyketone: catalysts. For 4a, the
deactivation was monitored by running experiments with
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different reaction times under otherwise identical reac-
tion conditions (Fig. 9).

No induction period was observed, and the activity
was nearly constant throughout the first 5 h. After 10 h
and a turnover number of approximately 30000 mol per
mol Pd, the catalyst was still active. This behaviour is
comparable with results achieved with phosphine-based
systems.

2.5. Polymer properties

A sample of the white, fluffy polymer prepared with
4a melted at 260°C. Intrinsic viscosity was measured at
60°C in m-cresol, yielding a limiting viscosity number
of 3.75 dl g~'. GPC analysis was carried out in
1,1,1,3,3,3-hexafluoroisopropanol at room temperature.
The polymer had a molecular weight of M, = 145000
and M, = 396000 respectively.

3. Experimental

All reactions were carried out under argon using
standard Schlenk techniques. Solvents were dried and
distilled under argon before use. NMR spectra were
recorded on Bruker AC 300 or Varian Unity 500 spec-
trometers. Chemical shifts are reported in ppm relative
to TMS or external 85% H,PO,, positive shifts repre-
senting deshielding. Starting materials were obtained
commercially or prepared by standard procedures.

3.1. Ligand preparation

All ligands except for bis(diphenylphosphineoxy)di-
methylsilane, which was piepared according to a pub-
lished method for an analogous compound [11], were
synthesized following the same procedure. As an exam-
ple, the preparation of bis(2,2'-diphenylphosphine-
oxyphenyl)methane is described.

Bis(2,2'-dihydroxyphenyl)methane (2.31 g, 11.5
mmol) was dried by dissolving several times in 10 ml of
toluene followed by evaporation under high vacuum.
The alcohol was dissolved in 40 ml of toluene, NEt,
(2,56 g, 25.3 mmol) was added and the solution was
cooled to —20°C. Diphenylphosphinechloride (5.07 g,
23.0 mmol) dissclved in 10 ml of toluene was added
dropwise. The reaction mixture was allowed to warm up
to room temncrature and stirred overnight. Precipitated
[HNEt,]C1 was filtered off and the solution was evapo-
rated, yielding a slightly yellow-coloured oil (6.41 g,
98%). Small amounts of impurities, which were ob-
served for other ligands, could be removed by washing
with acetonitrile.

3.2. Preparation of palladium complexes

Complexes 1-4b, 8 and 9a were prepared according
to the following procedure.

Equimolar amounts (ca. 1 mmol) of ligand and
[(cod)Pd(Me)CI] were dissolved separately in 3 ml of
benzene. Combination of the solutions under stirring
afforded practically quantitative precipitation of the
product. Filtering, washing with benzene /pentane mix-
ture and drying yielded the analytically pure complexes
as white powders.

Since the trans-complexes 5b, 6 and 7 remain in
solution when the starting solutions are combined, quan-
titative precipitation was effected by adding 20 ml of
pentane. After filtering, washing with pentane and dry-
ing, the complexes were obtained as yellow solids.

3.3. Preparation of catalyst solutions

A solution of the precursor complexes (0.03 mmol in
20 ml CH,Cl,;) was added to 1.02 equivalents AgBF,
dissolved in 0.5 ml of acetonitrile. The solution was
weighed, and approximately half of the solution was
removed via a syringe and charged into the prepared
autoclave. The remaining solution was weighed, and
thus the amount of catalyst solution used was calcu-
lated.

3.4. Copolymerization of ethylene and CO

The polymerization experiments were carried out in a
300 ml stainless-steel autoclave equipped with a me-
chanical stirrer. The autoclave was evaporated and filled
with argon. After charging with the catalyst solution, 90
ml of CH,Cl, were added via a syringe. The autoclave
was immersed into a heated oil bath and allowed to
come to reaction temperature. It was purged and pres-
surized with 60 bar of a prepared ethylene /CO mixture
(1:1), which was fed in throughout the reaction time.
Thke autoclave was cooled and vented. After filtering
off, the polymer was vacuum-dried and weighed.

3.5. Analytical data

1. 'H NMR (CDCl,): & 7.95-7.10 (m, 20H, ar),
0.56 (dd, Jpy; = 8.1 Hz, 5.1 Hz, 3H, Pd-CH,), 0.14 (s,
6H, Si-CH,); *'P('"H} NMR (CDCl,): & 1145 (d,
Jpp = 34.2 HZ), 99-8 (d, ‘,PP & 34-2 HZ).

2. 'H NMR (CDCl,): & 8.05-6.70 (m, 32H, ar),
0.77 (dd, J,, = 8 Hz, 5.6 Hz, 3H, Pd-CH,), *'P('H)
NMR (CDCl,): & 131.7 (d, Jpp=31.5 Hz), 125.8
(d,Jpp = 31.5 Hz).

3.'"H NMR (CDCl,): & 8.20 (m, 28H, ar), 0.58 (dd,
Joy =18 Hz, 5.1 Hz, 3H, Pd-CH,), *'P('"H} NMR
(CDC1,): & 128.0 (d, Jpp = 34 Hz), 115.0 (d,Jpp, = 34
Ha2).
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4a. "H NMR (CDCl,): 8 7.95-6.4C (m, 28H, ar),
4,03 (s, 2H, CH,), 0.80 (dd, Jp, = 8.9 Hz, 4.8 Hz, 3H,
Pd-CH,); *' P{'H) NMR (CDCl,): 8 127.2(d, Jpp = 45
Hz), 1193 (d, Jpp = 45 Hz).

4b. 'H NMR (CDCl,): & 7.25-6.45 (m, 20H, ar),
409 (s, 2H, CH,), 2.14 (s, 12H, ar-CH,), 2.13 (s,
12H, ar-CH,), 0.74 (dd, J,, = 8.8 Hz, 46 Hz, 3H,
Fd-CH,), *' P{*H} NMR (CDCl,): 8 126.4(d, Jpp = 46
Hz), 119.7 (4, Jpp = 46 Hz).

4c. '"H NMR (CD,CN): & 7.55-6.50 (m, 28H, av),
4.09 (s, 2H, CH,), 049 (dd, Jpyy =77 Hz, 3.7 Hz, 3H,
Pd-CH,); *'P{*H} NMR (CD,CN): & 125.7 (4, Jpp =
35.8 Hz), 117.1 (d, Jpp = 35.8 Ha).

Sa/b. 'H NMR (CDCL,); 8 7.85-6.25 (m, 28H, ar),
3.10—2055 (m. 4H' CH:CHz). 0-83 (dd, Jp" = 8.4 Hz,
5.3 Hz, 3H, Pd-CH,), —0.28 (t, Jp; =5.1 Hz, 3H,
Pd-CH,), —0.65 (t, Jpy =54 Hz, 3H, Pd-CH)),
Sp('H) NMR (CDCl,): & 124.5 (d, Jpp =35.1 H2),
1169, 116.7, 112.2 (d, Jpp = 35.1 Ha).

Sc. '"H NMR (CD,CN): & 7.80-7.05 (m, 28H, ar),
267 (s, 4H, CH,CH,), ~087 (t, Jpy =6.1 Hz, 3H,
Pd-CH,); *'P{'H) NMR (CD,CN): § 117.2.

6. '"H NMR (CDCl,): & 7.95-6.95 (m, 28H, ar),
0.52 (s, 3H Si-CH,) 0.46 (s, 3H, Si-CH,), 0.13 (t,
Joy = 5.9 Hz, 3H, Pd-CH,); *'P('H) NMR (CDCl,): &
116.1.

7. '"H NMR (CDCl,): 8 7.95-6.65 (m, 28H, ar),
3.0 (m, 4H, CH,CH,), —0.05 (1, Jpy = 5.4 Hz, 3H,
Pd-CH,); Yp('H) NMR (CDCl,): 5 113.4,

8. '"H NMR (CDCl,): & 7.80-7.20 (m, 20H, ar),
3.90 (m, 2H, CCH,), 2.40 (m, 2H, PCH,), 0.64 (dd,
Joy = 7.4 Hz, 4.5 Hz, dd, Jpy = 8.6 Hz, 3.8 Hz, 3H,
Pd-CH,); ' P('H) NMR (CDCl,): 6 129.7(d, Jpp = 43
Hz), 108.7 (d, Jpp = 52 Hz), 27.2 (d, Jpp = 52 H2), 5.5
(do Jpp = 43 HZ).

9z, '"H NMR (CD,Cl,): 8 7.80-6.40 (m, 28H, ar),
0.94 (dd, Jpy, = 7.6 Hz, 4.3 Hz, Pd-CH,), 0.46 (dd,

Joy =82 Hz, 40 Hz, Pd-CH,); *'P('H} NMR
(CD,CL,): 6 134.0(d, Jpp =344 Hz), 127.2(d, Jpp =
37.8 Hz), 35.6 (d, Jpp = 37.8 Hz), 13.0 (d, Jpp = 34.4
Hz).

9b/c. '"H NMR (CD,CN): § 7.70-6.20 (m, 28H,
ar), 0.85 (dd, Jp = 7.1 Hz, 3.0 Hz, Pd-CH,,), 0.50 (dd,
Jpy =16 Hz, 26 Hz, Pd-CH,); *'P'H} NMR
(CD,CN): & 135.4 (d, Jpp = 35.6 H2), 126.1 (d, Jpp =
40.7 Hz), 38.5 (d, Jpp = 40.7 Hz), 16.4 (d, Jpp = 35.6
Hz).

Acknowledgements

We are grateful to BP Chemicals for financial sup-
port and for the polymer characterization, and we thank
the members of the polyketone group of BP Chemicals
for many valuable discussions.

References

(1] CHEMICAL WEEK, (1995) 22.
{2) E. Drent (Shell). Eur. Pat. Appl. 121955, 1984.
{3} E. Drent (Shell). Eur. Par. Appl. 229408, 1986.
{4] T. Yamagishi, S lkeda, T. Egawa, M. Yamaguchi and M. Hida
Bull. Chem. Soc. Jpn., 63 (1990) 281,
(5} T.V. RajanBabu and A.L. Casalnuovo, J. Am. Chem. Soc., 114
(1992) 6265.
(6} K. Yamamoto, S. Momose, M. Funahashi, S. Ebata, H. Ohmura,
H. Komatsu and M. Miyazawa, Chem. Lert., (1994) 189.
(7) G.P.C.M. Dekker, C.J. Elsevier and K. Vrieze, Organometalics,
11(1992) 1598,
(8] P.W.N.M. van Leeuwen, K.F, Roobeck and H. van der Heijden,
J. Am. Chem. Soc., 116 (1994) 12117,
[9) P.W.N.M. van Leeuwen and K.F. Roobeek, Rec. Trav. Chim
Pays-Bays, 114 (1998) 73.
[10] E. Drent, J.A.M. van Broekhoven and M.J. Doyle, J. Organomet.
Chem., 417 (1991) 238,
(1] K. Issleib and B. Walther, J. Organomet. Chem., 22 (1970)
375,



