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We report here thatC2- andCs-symmetric [(P∧P)Pd(H2O)2](SO3-
CF3)2 complexes, P∧P being either arac- or ameso-diphosphine
ligand, catalyze the copolymerization of propene and carbon
monoxide to isotactic poly(1-methyl-2-oxo-1,3-propanediyl) (1a);
the meso ligands are even more stereoselective than the racemic
ligands and display much higher catalytic activity.

The relationship between the geometric characteristics of the
catalytic system and the microstructure of the produced polymer
has received much attention in recent years,1 particularly in the
field of the polymerization of olefins by metallocenes.2 Thus,C2-
symmetric catalysts,3,4 in which the alternative coordination sites
are homotopic,5,6 give isotactic polymers, whereasCs-catalysts
with enantiotopic coordination sites give syndiotactic polymers.7

Similarly, C2-symmetric palladium catalyst precursors enable the
copolymerization of aliphatic or aromatic olefins with carbon
monoxide to polyketones1,8 which have a highly isotactic
microstructure.9-13 With C1-symmetric catalyst precursors, iso-
tacticity in the copolymerization was also achieved,14-17 as was
the case for poly-1-olefins with someC1-metallocene systems.18,19

The role of square planarCs-catalysts in the copolymerization
reaction is still unclear with respect to the possible synthesis of

materials with an unknown microstructure as well as to the
mechanistic implications for the catalysis.

A first comparison was made with the [(P∧P)Pd(H2O)2](SO3-
CF3)2

20 complexes2a-4a, modified with the corresponding
ligands 2-4, for the copolymerization of propene (Table 1).
Systems containing2 and4 had already been used as catalysts.21

The results in Table 1 and the13C NMR spectra in the region of
the carbonyl resonances of the synthesized copolymers (Figure
1) clearly show that the meso ligand has much better stereo-
chemical control and higher catalytic activity. In the related ethene
copolymerization, the activity of the system modified by3 was
only 1.4 times higher than the corresponding system modified
by 4.22

Due to the possible implications of the incomplete regioselec-
tivity exhibited by catalyst precursors2a to 4a, however, we used
systems that show better control of the regiochemistry of the
insertion of propene, namely systems related to the recently
investigated5.23 Ligands6 and 7 were synthesized from5 by
using a slightly modified form of the procedure reported for their
1,3-isomers;24 they were stereochemically identified by31P NMR

(1) Kobayashi, S.Catalysis in Precision Polymerization; Wiley: New York,
1997.

(2) Coates, G. W.Chem. ReV. 2000, 100, 1223-1252.
(3) Ewen, J. A.J. Am. Chem. Soc.1984, 106, 6355-6364.
(4) Kaminsky, W.; Kulper, K.; Brintzinger, H. H.; Wild, F. R. W. P.Angew.

Chem., Int. Ed. Engl.1985, 24, 507-508.
(5) Farina, M.; Di Silvestro, G.; Sozzani, P.Macromolecules1993, 26,

946-950.
(6) Farina, M.; Di Silvestro, G.; Sozzani, P.; Terragni, A.Macromol. Chem.

Phys.1995, 196, 353-367.
(7) Ewen, J. A.; Jones, R. L.; Razavi, A.; Ferrara, J. D.J. Am. Chem. Soc.

1988, 110, 6255-6256.
(8) Drent, E.; Budzelaar, P. H. M.Chem. ReV. 1996, 96, 663-681.
(9) Batistini, A.; Consiglio, G.Organometallics1992, 11, 1766-1769.
(10) Brookhart, M.; Wagner, M. I.; Balavoine, G. G. A.; Haddou, H. A.J.

Am. Chem. Soc.1994, 116, 3641-3642.
(11) Jiang, Z.; Sen, A.J. Am. Chem. Soc.1995, 117, 4455-4467.
(12) Bartolini, S.; Carfagna, C.; Musco, A.Macromol. Rapid Commun.

1995, 16, 9-14.
(13) Reetz, M. T.; Aderlein, G.; Angermund, K.J. Am. Chem. Soc.2000,

122, 996-997.
(14) Bronco, S.; Consiglio, G.Macromol. Chem. Phys.1995, 197, 355-

365.
(15) Bronco, S.; Consiglio, G.; Di Benedetto, S.; Fehr, M.; Spindler, F.;

Togni, A. HelV. Chim. Acta1995, 78, 883-886.
(16) Nozaki, K.; Sato, N.; Takaya, H.J. Am. Chem. Soc.1995, 117, 9911-

9912.
(17) Sperrle, M.; Aeby, A.; Consiglio, G.; Pfaltz, A.HelV. Chim. Acta1996,

79, 1387-1392.
(18) Razavi, A.; Atwood, J. L.J. Organomet. Chem.1996, 520, 115-

120.
(19) Obora, Y.; Stern, C. L.; Marks, T. J.; Nickias, P. N.Organometallics

1997, 16, 2503-2505.

(20) Sperrle, M.; Gramlich, V.; Consiglio, G.Organometallics1996, 15,
5196-5201.

(21) Batistini, A.; Consiglio, G.; Suter, U. W.Angew. Chem., Int. Ed. Engl.
1992, 31, 303-305

(22) Bianchini, C.; Lee, H. M.; Meli, A.; Moneti, S.; Vizza, F.; Fontani,
M.; Zanello, P.Macromolecules1999, 32, 4183-4193.

(23) Sesto, B.; Consiglio, G.Chem. Commun.2000, 1011-1012.

Table 1. Copolymerization of Propene and Carbon Monoxidea

cat.
reaction
time [h]

polymer
[g]

productivity
[g/(g Pd‚h)]

Mn

(10-3)
regioregularityb

H-H/H-T/T-T

2a 19 8.5 70 5.5 0.40/1/0.40
3a 31 13.6 140 5.7 0.17/1/0.17
4ac 76 6.4 26 0.9 0.12/1/0.12
5a 45 16.0 233 4.0 0.04/1/0.05
6a 21 22.2 331 14.9 0/1/0
7a 93 1.2 4 4.7 0.04/1/0.04

a Reaction conditions: propene (19 g, 45 mmol); THF (75 mL);
methanol (4.5 mL); 1,4-naphthoquinone (0.237 g, 1.5 mmol); catalyst
precursor (0.03 mmol); 80 bar of CO; reaction temperature 44°C.
b Relative intensity of the13C NMR bands centered at 223, 219, and
214 ppm, respectively.c The (2S,4S)-ligand was used.

Figure 1. 13C NMR (HFIP-d2, 125 MHz, carbonyl region) of the poly-
(propene-alt-CO) copolymers prepared with the catalyst precursors2a,
3a, and with4a.
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through an exchange reaction of PPh3 from [(η5-C5H5)Ru(PPh3)2-
Cl] (single line vs AB quartet).25 Table 1 shows the corresponding
copolymerization results, and Figure 2 shows the13C NMR spectra
of the carbonyl region of the copolymers.

The meso-ligand6 generally performs better than the achiral
ligand5 and much better than the racemic ligand7. The catalytic
activity of 6a is about 2 orders of magnitude higher than that of
7a; the reactivity ratio is about 2.4 for ethene. The produced
copolymer is essentially regioregular and is one of the most
isotactic poly(1-methyl-2-oxo-1,3-propanediyl)s ever produced.11,26,27

According to a previously reported analysis, the content of the
l-dyads was evaluated to be 96% for6a and 95% for7a.14

These results can be explained by considering the olefin
intermediates28,29 prior to the primary insertion of propene,8,30,31

which causes the chain to grow. The relative energy of the
involved species has also been theoretically analyzed.32 Having
used racemic7, the actual stereochemical relationship to the ligand
is unknown, since we have no information about the optical
activity of the copolymer;14,31therefore, the corresponding chirality
descriptors are labeled.

Formation of the prevailingly isotactic copolymer by using the
chiral ligand7 implies that the corresponding intermediate8, in
which the relative topicity between the last asymmetric center of
the growing chain and the enantioface of the coordinated olefin
is like ((S) vs (Si)), inserts much more rapidly than the alternative
unlike intermediate9 ((S) vs (Re)). The same situation ((S) vs
(Si)) is found for the meso-ligand6 where the intermediate10 is
responsible for the insertion. The overall large difference in the
polymerization rate can be explained by assuming the formation
of the involved intermediate8 in low concentration.33 The
concentration may be low as a result of an unfavorable steric
situation arising from the geometry of the center of chirality of
the ligand in the cis-position with respect to the coordinated olefin
(lk-topicity, (S*) vs (Si)). For the system containing the meso-
ligand, this situation does not occur (ul-topicity, (R*) vs (Si)) with
the intermediate (10) that is responsible for the growth of the
isotactic chain. Similar considerations can be applied to the
catalytic systems3a and 4a. An increase in the rate of the
insertion, due to the “matched” relative topicity of the ligand and
of the olefin enantioface, was observed in the related copolym-
erization of 4-tert-butylstyrene by palladium systems modified
with the C2-symmetric 4,4′,5,5′-tetrahydro-2,2′-isopropylidene-
4,4′-dimethylbis[oxazole].34

The two coordination sites, which are available for the growing
chain and the olefin, are enantiotopic in intermediate10. 31P NMR
of the [(6)PdCl2] complex shows a single line, consistent with a
very symmetric geometry of the diphosphine ligand, in contrast
to the spectrum of [(7)PdCl2], which shows two lines that reveal
an AB system at low temperature.35 The copolymer produced with
6a is highly isotactic and, therefore, site-selective coordination
of the olefin prior to insertion is assumed; this might be caused
by a stereospecific interaction of the growing chain with the
palladium center.8
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Figure 2. 13C NMR (HFIP-d2, 125 MHz, carbonyl region) of the poly-
(propene-alt-CO) copolymers prepared with the catalyst precursors5a,
6a, and with7a.
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