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Abstract—A protocol for Pd-catalyzed stereoselective co-polymerization of propene and carbon monoxide using chiral ligands, such
as (2S,3S)-DIOP and (R)-P-Phos in [C4mim][PF6]/[C6mim][PF6] as an ionic liquid medium was developed. With (2S,3S)-DIOP
as chiral ligand and [C4mim][PF6] as medium, the Pd-catalyzed co-polymerization of propene and CO gave almost completely
regioregular polyketones, and the product polymer showed moderate stereoregularity (61% of ‘-diads). The highest molar optical
rotation = +15.9 and polydispersity = 1.2 were attained when (R)-P-Phos was used as the ligand and [C6mim]PF6 as the solvent.
The co-polymer exhibited regioregularity of H–H/H–T/T–T (%) = 17:66:17.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Polyketones belong to a class of thermoplastics that
exhibit unique chemical and physical properties such
as bio- and photodegradability, strong rigidity, impact
strength and tracking resistance.1 Asymmetric co-poly-
merization of alkenes and carbon monoxide catalyzed
by cationic Pd complexes bearing chiral bidendate
ligands has received considerable interest, since the chiral
polyketones may be valuable materials such as piezo-,
pyro- and ferroelectric materials, non-linear optical
material and chromatographic supports.2–7 For asym-
metric propene/CO co-polymerization, control of the
regio- and stereoselectivity of the alkene insertion is
essential for obtaining stereoregular co-polymers. Sev-
eral examples involving the use of chiral diphosphines,
such as DIOP and BINAP have been documented in
the literature.8 However, the catalytic systems that exhi-
bit high activity and produce high molecular weight
chiral co-polymers are rare. Recently, Consiglio et al.
reported that Pd complexes modified with chiral ferrocen-
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yl diphosphines are effective catalysts for asymmetric
alternating co-polymerization of propene with carbon
monoxide.9 We consider that new catalytic systems,
which can offer high productivity, high molecular weight
and narrow polydispersities of chiral co-polymers are
highly desirable.

Room temperature ionic liquids (ILs)10 have been exten-
sively investigated as green replacements for organic
solvents in homogeneous catalytic reactions such as
alkylation,11 hydrogenation,12 hydroformylation,13 alk-
oxycarbonylation14 and polymerization of butyl acryl-
ate15 or olefins.16 As reaction media, ILs have low
volatility and adjustable solvent parameters. Moreover,
ILs as polar and non-coordinating solvent may stabilize
transition metal catalysts. Recently, Hardacre and
Shaughnessy independently reported the alternating
co-polymerization of styene and carbon monoxide cata-
lyzed by complexes Pd–bipyridine in ILs,17 and high
molecular weight achiral polyketone was produced
in better yields compared to the analogous reactions
conducted in methanol as a solvent. Our aims were to
develop environmentally friendly catalytic systems for
asymmetric alkene/CO co-polymerization, and the use
of ILs for related endeavours remains unexplored.
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Figure 1. Chiral diphosphine ligands.
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Herein, we report our initial studies on the enantioselec-
tive alternating co-polymerization of propene with car-
bon monoxide in ILs catalyzed by Pd complexes
bearing chiral diphosphines such as (R)-P-Phos, (R)-BI-
NAP and (2S,3S)-DIOP (Fig. 1).
2. Results and discussion

The PdII catalysts were prepared in situ by reacting
Pd(OAc)2 with chiral diphosphines and BF3ÆEt2O in
CH2Cl2/CH3OH (25:2 mL).9 With (R)-BINAP as a
ligand and CH2Cl2/CH3OH (25:2 mL) as solvent,
co-polymerization of propene and CO produced low
molecular weight (Mn = 1.1 · 103) polyketones within
5 h, with polydispersity of the product polymer deter-
mined to be 2.9 (Table 1, entry 1).18 Comparable results
(Mn = 0.97 · 103; Mw/Mn = 4.4) were obtained with
(2S,3S)-DIOP as ligand under similar reaction condi-
tions (entry 2). Lower productivity (24 g poly./g Pd h)
and lower molecular weight (Mn = 0.58 · 103) of the
co-polymer were obtained when (R)-P-Phos was em-
ployed as a ligand (entry 3). The co-polymer is soluble
in polar organic solvents, including CH2Cl2, CHCl3,
CH3CN and THF, with no product precipitation ob-
Table 1. Asymmetric alternating co-polymerization of propene with CO cat

+   CO
Chiral Cat

Entry L. Solventb Prod.c Mn
d (·1

1 1a CH2Cl2/CH3OH 48 1
2 1b CH2Cl2/CH3OH 41 0
3 1c CH2Cl2/CH3OH 24 0
4 1b [C4mim]PF6 85 4
5 1b [C6mim]PF6 50 5
6 1c [C6mim]PF6 40 5
7 1b [C8mim]PF6 17 9
8 1b [C4mim]BF4 47 4

a Reaction conditions as described in Refs. 18 and 21.
b Abbreviations: [C4mim] is 1-n-butyl-3-methylimidazolium, [C6mim] is 1
imidazolium.

c Productivity (g poly./g Pd h) were calculated for the reactions at 50 �C for
dMn is the number average molecular weight, and the ratioMw/Mn is referred
to calibrate a HP 1100 gel permeation chromatograph with Ultrastyragel c

e Percentages of head-to-head (h–h), head-to-tail (h–t), and tail-to-tail (t–t) ar
of the 13C NMR carbonyl resonances of the product.

f ½U�20D , molar optical rotation.
served upon adding CH3OH into the reaction mixture.
The product chiral polyketones obtained in this work
exhibit comparable molar optical rotation, IR, 1H, and
13C NMR spectral features to the reported examples.8

Figure 2 shows the 13C NMR spectra of the chiral co-
polymer synthesized using [Pd(DIOP)(OAc)2] as catalyst
withCH2Cl2/CH3OH (25:2 mL) as a solvent. The absorp-
tion peaks at 212.3 and 207.8 ppm were assigned to the
C@O groups flanked by the head-to-tail and tail-to-tail
propene units, respectively. The peaks at 44.7, 40.4,
and 16.5 ppm were attributed to the –CH2CH(CH3)–
backbone of the co-polymer. Notably, the 13C NMR
resonance signals due to the C@O groups flanked by
head-to-head propene units were absent. Based on
the intensities of the 13C NMR carbonyl resonances
of the product, the regioregularity (H–H/H–T/T–T in
%) of the product was evaluated to be 0:95:5. The prod-
uct polyketones showed low molar optical rotation
of ½U�20D ¼ þ1:2–2:4 (entries 1–3).8

Having found a condition for Pd-catalyzed co-poly-
merization of propene and CO in CH3OH/CH2Cl2,
we turned to examine the analogous transformations
in ionic liquid media. In this work, several imidazolium
alyzed by [(P-P)Pd(OAc)2]
a

alyst

C

O

CH3

n

0�3) (Mw/Mn) Regioregularity (%)e ½U�20D
f

h–h h–t t–t

.1 (2.9) 13 77 10 +2.40

.97 (4.4) 0 95 5 +1.20

.58 (4.0) 9.0 75 16 +1.40

.7 (1.7) 0 100 0 +0.84

.2 (1.7) 0 100 0 +0.62

.1 (1.2) 17 66 17 +15.9

.1 (1.6) 0 100 0 +1.00

.5 (1.4) 0 100 0 +2.39

-n-hexyl-3-methyl-imidazolium, and [C8mim] is 1-n-octyl-3-methyl-

5 h using 4.0 MPa of CO and 35 g of propene.
to as polydispersity, and catechol and polystyrene standards were used
olumns and a differential refractometer.
rangements in the polymer backbone were obtained from the intensities



Figure 2. 13C NMR spectrum (125 MHz, CDCl3) of the co-polymer synthesized using catalyst [(2S,3S)-(DIOP)Pd(OAc)2] in CH3OH/CH2Cl2 (v/v,
25:2 mL).
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salts namely [C4mim]PF6, [C6mim]PF6, [C8mim]PF6 and
[C4mim]BF4 were examined as ionic liquid medium for
the co-polymerization reaction. These imidazolium salts
were prepared according to a reported procedure.19 In
the presence of a catalytic quantity of [Pd(DIOP)-
(OAc)2], and [C4mim]PF6 as a solvent (4 mL) contain-
ing CH3OH (0.4 mL), effective co-polymerization of
propene with CO was achieved. Compared to the reac-
tions performed in the CH3OH/CH2Cl2 medium, the
use of ionic liquid as solvent resulted in higher produc-
tivity (85 g poly./g Pd h) and formation of higher mole-
cular weight polyketone product (Mn = 4.7 · 103) with
narrow polydispersity (Mw/Mn = 1.7, Table 1, entry
Figure 3. 13C NMR spectrum (125 MHz, CDCl3) of the co-polymer synthes
4). However, the optical rotation value of the poly-
ketone product remained small (½U�20D ¼ þ0:84, compare
result with entry 2). Without CH3OH as additive, no
co-polymer was formed using ILs alone as solvent. This
finding is consistent with the results obtained by
Shaughnessy et al.17 ILs/CH3OH (4:0.4 mL) was chosen
as reaction media.17,20,21

The co-polymer obtained using ionic liquid as solvent
exhibit poor solubility in polar organic solvents such
as CH3OH, CH3CN, and THF, probably due to the
rather high molecular weight and to high regioregular-
ity.22 The 13C NMR spectra of the co-polymer (Fig. 3)
ized using catalyst [(2S,3S)-(DIOP)Pd(OAc)2] in IL [C4mim]PF6.
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synthesized using [C4mim]PF6 as a solvent and (2S,3S)-
DIOP as ligand showed absorption peaks at 212.3, 44.0,
40.2, 16.9 ppm. The 212.3 ppm resonance was assigned
to the C@O groups flanked by the head-to-tail propene
units. The resonances at 44.4, 40.2, and 16.9 ppm corre-
sponded to the –CH2CH(CH3)– backbone of the co-
polymer. Notably, the resonance signals due to the
C@O group flanked by head-to-head and tail-to-tail
propene units were not found. Therefore, the regioregu-
larity (H–H/H–T/T–T in %) of polyketone being 0:100:0
was achieved. Based on the relative intensity of the larg-
est signal of the carbonyl groups of the head-to-tail
enchainment, which was assigned to ‘‘‘‘-tetrad,22 the
stereoregularity (in % ‘-diads) of the product was deter-
mined to be 61%. The IR spectra of the co-polymers,
synthesized in organic solvent and in ILs, showed that
both spiroketal and pure ketone structures were present.
The results were consistent with that reported by Sen
et al.23

As noted earlier, co-polymer with polydispersity (Mw/
Mn) = 1.7 was obtained using [C4mim]PF6 as solvent
for the alternating co-polymerization of propene
and CO. Similar results (Mn = 5.2 · 103, Mw/Mn = 1.7,
H–H/H–T/T–T in % = 0:100:0, ½U�20D ¼ þ0:62) were
obtained with [C6mim]PF6 as solvent and (2S,3S)-DIOP
as ligand (Table 1, entry 5). When (R)-P-Phos was used
as ligand and [C6mim]PF6 as solvent, the Pd-catalyzed
co-polymerization of propene and CO afforded a poly-
ketone product with Mn = 5.1 · 103 and polydispersity
(Mw/Mn) = 1.2 (entry 6). Moreover, the regioregularity
(H–H/H–T/T–T in % = 17:66:17) and a molar optical
rotation ð½U�20D Þ value up to +15.9 were attained. The
reasons underlying the narrower polydispersity and high
molar optical rotation using ligand (R)-P-Phos for the
asymmetric alternating propene/CO co-polymerization
in ILs remain unclear. The best result with respect to
polydispersity and molar optical rotation was achieved
using [C6mim]PF6 as solvent and (R)-P-Phos as ligand
(Table 1, entry 6).

The results in Table 1 illustrate the effect of the alkyl
chain length of the imidozolium salts on regioregulari-
ties, molar optical rotation, molecular weight, and pro-
ductivities for the Pd-catalyzed alternating propene/
CO co-polymerization. With PF�

6 as counterion, the
Pd(DIOP)-catalyzed co-polymerization of propene and
CO gave almost completely regioregular co-polymer
(H–H/H–T/T–T in % = 0:100:0) for the imidazolium
salts of increasing alkyl chain length (for n = 4–8). While
the product co-polymer showed comparable molar
optical rotation, the molecular weight of the co-polymer
increased with increasing the alkyl chain length of the
imidazolim salts. However, the productivity of chiral
catalysts showed an opposite trend (Table 1, entries 4,
5 and 7). This observation is probably due to more effec-
tive CO transfer in less viscous ILs ([C4mim]PF6 <
[C6mim]PF6 < [C8mim]PF6).

Effect on the counteranion associated with the imidazo-
lium salts was also noted.24 For example, with
[C4mim]PF6 as solvent, the Pd(DIOP)-catalyzed alter-
nating co-polymerization of propene with CO produced
almost completely regioregular co-polymer with higher
molecular weight (Mn = 4.7 · 103) and higher produc-
tivity (85 g poly./g Pd h) compared to the results
(Mn = 4.5 · 103, productivity = 47 g poly./g Pd h,
H–H/H–T/T–T in % = 0:100:0, ½U�20D ¼ þ2:39) using
[C4mim][BF4] as a solvent (Table 1, entries 4 and 8)].
This finding is compatible with a report by Hardacre
and co-workers17a that the yields of the alternating co-
polymerization of styene with carbon monoxide in ILs
decreased in the order [NTf2]

� > [PF6]
� > [BF4]

� for
both pyridinium and imidazolim based ILs. Similar an-
ion effects are also known for the carbonylation of aryl
halides25 and the hydrogenation of dienes.26
3. Conclusion

A protocol for Pd-catalyzed stereoselective co-polymer-
ization of propene and carbon monoxide using chiral
ligands (2S,3S)-DIOP and (R)-P-Phos in ILs medium
such as [C4mim][PF6]/[C6mim][PF6] was developed.
The product co-polymer exhibited almost complete reg-
ioregularity and moderate stereoregularity. The reaction
features high productivity, production of high molecular
weight polyketones with narrow polydispersity. Further
works on recycling chiral catalysts in the ionic liquid are
in progress.
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