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Abstract

A series of cationic palladium complexes have been used as catalysts on the polymerization of vinyl ethers in excellent yields. The

key feature of this study indicates how the ligand donors as well as the cationic nature influence the reactivity of the palladium center

in the polymerization of vinyl ethers. It was found that the p-acidic character of imine donors does increase the activity of palladium

metal center which catalyzes the cationic polymerization of vinyl ether, whereas the palladium center coordinated with bis-

phosphine ligand is completely inactive for the polymerization. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Utilization of Lewis acid to catalyze carbocationic

polymerization of vinyl ethers is well-documented due to

the resonance stabilization of carbocation via lone pair

electrons on the oxygen [1]. Some structurally well-

defined early transition-metal complexes do behave as

Lewis acids to catalyze the polymerization of electron-

rich olefins [2,3], but late transition metal complexes are

rarely reported [4�/6]. Recently, Brookhart and cow-

orkers found that the diimine palladium complexes

catalyze the polymerization of vinyl ethers [4], whereas

Eisenberg’s group reported that the related C2-symme-

trical diimine platinum complexes have similar activ-

ity[3]. However, information concerning the influence of

ligand in palladium-catalyzed polymerization of elec-

tron-rich olefins is not quite clear. Here we disclose our

investigation on the reactivity of a series of palladium

complexes 1�/3 in polymerization towards various vinyl

ethers (Scheme 1).

2. Results and discussion

In a typical experiment for the polymerization, a

mixture of ethyl vinyl ether (2 ml) and 1a (30 mg) in

dichloromethane (5 ml) was stirred at room tempera-

ture. After the reaction was stopped, the mixture was

concentrated and the residue was filtered through silica

gel eluting with ethyl acetate�/chloroform (V:V�/4:1).

Upon concentration, the viscous material was obtained

and analyzed by NMR and GPC. Results are summar-

ized in Table 1. It appears that the complete conversion

of monomer into polymer requires 12 h and the longer

reaction time has little effect on the polymerization.

However, the concentration of monomer affects the

yield as well as molecular weight significantly (entries 7

and 8). The higher concentration of substrate makes the

reaction medium much more viscous during the poly-

merization which presumably limits the growth of

longer polymer chain. The molecular weight of poly(vi-

nyl ether) prepared in this manner can be up to 11 000

which is quite similar to that reported by Eisenberg and

coworkers in utilizing of diimine-platinum(II) complex

as a catalyst [5]. It is also noticed that a higher molecular

weight of polymer was obtained when the reaction was

carried out at raised temperature (entry 4). Based on the

method described by Matsuzaki [8], the ratio of the

meso form (m ) versus the racemic ones (r) for the
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adjacent insertion units is about 45:55, indicating the

poly(vinyl ether) being an atactic polymer. This outcome

is slightly different from those polymers prepared by

using the diimine-platinum complex as a catalyst [5].

In addition to 1a, the related complex 1b is also a

good catalyst (entry 9). Complexes with various carbon

ligand on palladium center are active for the polymer-

ization of vinyl ether. The phenyl-substituted complex

1d catalyze the polymerization of ethyl vinyl ether to

provide the polymer with Mn �/9986, which is similar to

those obtained by both complexes 1a and 1b. However,

the molecular weight of polymer obtained via the

catalysis of acyl-substituted complex 1c appears to be

smaller (entry 10). Analysis of the end group of the

polymer chain was achieved by the typical procedure

reported by Loontjens and coworkers [9]. The 1H-NMR

spectrum of the polymer shows an ethoxy-acetal func-

tionality with the resonance at ca. d 4.5 for the methine

proton of �/CH(OCH2CH3)2. This observation is clearly

consistent with a cationic polymerization pathway.

Additionally, it is known that b-proton elimination by

counterions takes place on the cationic polymerization

of vinyl ethers. Chemical shifts at ca. d 5.3 and 5.6 with

very weak intensity corresponding to the olefinic pro-

tons also appear on the spectrum, which further

illustrates the cationic route for polymerization.
It is an interesting finding that the chelating donors

affect dramatically on the polymerization activity of the

palladium complexes. Bis-phosphine (dppe) chelated

cationic palladium complex 2 shows no catalytic activity

at all (entry 13), but the diimine-complexes (Brookhart

catalysts) appear higher activities toward the vinyl ether

(entries 14 and 15). Under similar reaction conditions,

complex 3b gives quantitative conversion of monomer

into polymer within 0.25 h with the Mn �/21770, which

is even higher than those complexes [Pd(P�/N)MeL]�

studied. The less steric hindered substituted diimine

palladium complex 3a is also an excellent catalyst for the

polymerization, but appears to be less reactive than

complex 3b. This trend is similar to those reported by

Brookhart et al. in polymerization of ethylene [4].

Unlike the cationic palladium complexes, the neutral

complexes 1e and 3c appear no catalytic activity in the

polymerization of vinyl ether. This observation clearly

indicates the requirement of cationic nature in promo-

tion of the polymerization of the vinyl ether. That

cationic palladium complexes are the intiators for the

polymerization, which is in agreement with that re-

ported by Eisenberg and coworkers in cationic platinum

complex catalyzed polymerization [5]. As for the activity

differences among 1�/3, we believed that the influence of

donor atoms play the key role. It is known that both

Scheme 1. Various palladium complexes as catalysts for polymeriza-

tion.

Table 1

Polymerization of ethyl vinyl ether catalyzed by palladium catalysts

Entry Catalyst Vinyl ether (ml) T (8C) a t (h) Yield (%) Mn (�102) Mw /Mn

1 1a 2 RT 6 7 9 2.68

2 1a 2 RT 12 �99 117 1.86

3 1a 2 RT 24 �99 117 1.79

4 1a 2 reflux 24 �99 150 2.15

5 1a 2 RT 72 98 105 1.82

6 1a 4 RT 24 �99 102 2.15

7 1a 6 RT 24 73 810 2.02

8 1a 8 RT 24 76 76 2.18

9 1b 2 RT 20 94 140 2.24

10 1c 2 RT 45 99 35 2.57

11 1d 2 RT 24 88 100 2.35

12 1e 2 RT 24 0

13 2 2 RT 20 0

14 3a 2 RT 0.5 85 174 2.12

15 3b 2 RT 0.25 100 218 2.44

a Reaction temperature.
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imine and phosphine ligands are good s-donors. How-

ever, the imine donors allow its late-transition metal

complexes to increase the electrophilic character [4].

Thus the palladium complexes coordinated with imine
ligands would be more reactive towards vinyl ethers in

the polymerization than those coordinated with phos-

phines.

Other related monomers such as butyl vinyl ether, 2,3-

dihydrofuran, 2,3-dihydro-4H-pyran and N-vinylcarba-

zole (NVC) can be polymerized by the cationic imine-

palladium complexes and the results are summarized in

Table 2 [10]. In all instances, the reactions proceed
smoothly to provide the corresponding polymer in

excellent yields, except trimethylsilyl vinyl ether. The

polymer of NVC obtained by the cationic palladium

complex is in lower molecular weight, but better Mw /

Mn , which is quite different from the preparation by

using the platinum complex [5]. As for 2,3-dihydro-4H-

pyran, the polymer was obtained as a copolymer 4 due

to the combination of the ring-opening and six-member
ring units of pyran, which is similar to the cationic

polymerization reported by Nuyken [10]. However, this

kind of ring opening reaction does not appear in the

furan frame.

3. Conclusion

The present result reveals that the cationic palladium

complexes with imine ligands do assist the polymeriza-

tion of vinyl ethers. However, the activity of the metal

center is found to be a function of the donor atoms, and
qualitatively they are in the order of N�/N�/P�/N �/P�/

P. This result indicates that the p-acidic character of

imine donor does increase the activity of metal center in

cationic polymerization [5,9]. As compared with the

known Lewis acid catalyst or early transition metal

catalysts, the late-transition metal catalysts in polymer-

ization of vinyl ether do provide better control in

molecular weights in high conversions under mild and

neutral condition, even without using initiator. Further

studies on the relative activity of palladium center as a
function of ligands are presently under investigation.

4. Experimental

4.1. General

Solvents were dried by standard procedures. IR

spectra were recorded on a Bio-Rad FTS-40 spectro-
photometer. The NMR spectra were recorded on a

Bruker ACE-200 or a ACE-300 spectrometer. For the
31P-NMR spectra, the spectrometer frequency at 81.015

MHz or 121.49 MHz was employed and chemical shifts

are given in ppm (d ) relative to 85% H3PO4 in CDCl3.

Values upfield of the standard are defined as negative.

The corresponding frequencies for 13C-NMR spectra

were at 50.32 or 75.47 MHz for respective spectro-
meters. Mass spectrometric analyses were collected on a

JEOL SX-102A spectrometer. Elemental analyses were

done on a Perkin�/Elmer 2400 CHN analyzer. Prepara-

tion of 1a and 1b was similar to those procedures

described previously [7]. Gel permeation chromatogra-

phy (GPC) data were obtained from a Waters Model

590 liquid chromatograph installed with a Lab Allience

RI 2000 detector using THF as eluant at room
temperature and polystyrene calibration curve for

analyses. Differential scanning calorimetric (DSC) mea-

surement was carried out on a TA 2920 system.

4.2. Polymerization of vinyl ethers

To a 25 ml two-necked round bottle was placed with

catalyst (30 mg, �/4.7�/10�2 mmol), which was
evacuated and flashed with nitrogen three times. Vinyl

ether (2 ml) was syringed into the flask. The flask was

cooled to �/78 8C and then evacuated followed by

pressurizing with helium. Upon warming to room

temperature (r.t.), dichloromethane (5 ml) was added

and the resulting mixture was stirred. After the reaction

Table 2

Polymerization of vinyl ethers

Entry Catalyst Monomer a T (8C) b t (h) Yield (%) Mn (�102) Mw /Mn

1 1a n -BuOCH�CH2 RT 24 100 103 1.99

2 1a 2,3-dihydrofuran RT 24 96 110 1.65

3 3a n -BuOCH�CH2 RT 0.5 100 176 3.2

4 3b 2,3-dihydrofuran RT 24 100 108 1.60

5 1a Me3SiOCH�CH2 RT 24

6 1a 2,3-dihydro-4H-pyran RT 120 �99% 66 1.20

a Two milliliter of monomer used.
b Reaction temperature.
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was completed, the reaction mixture was concentrated.

The residue was passed through silica gel column with

elution of ethyl acetate�/chloroform. The desired poly-

mer was obtained upon concentration. All results are
summarized in Tables 1 and 2.

4.2.1. Poly(ethyl vinyl ether)
1H-NMR d 3.62 (br, 1 H, O�/CH �/), 3.49 (br, 2 H, O�/

CH2 �/), 1.60 1.80(2 H, �/CH2�/), 1.20 (t, 3 H, �/CH3);
13C-NMR 73.7 (OCH2), 64.1 (OCH�/), 40.5 (�/CH2�/),

15.6 (�/CH3); Tg:�/34.2 8C; Anal. Calc. for C4H8O: C,

66.63; H, 11.18. Found: C, 66.70; H, 10.80%.

4.2.2. Poly(butyl vinyl ether)
1H-NMR d 3.36�/3.44 (br, 3 H, O�/CH �/ and O�/

CH2�/), 1.31�/1.78 (br, 6 H, �/CH2�/ and �/CH2CH2�/),

0.85�/0.88 (br, 3 H); 13C-NMR d 73.7 (OCH�/),

68.7(OCH2�/), 40.5 (�/CH2�/), 32.4, 19.4 (�/CH2�/),

13.8 (�/CH3); Tg:�/59.8 8C; Anal. Calc. for C6H12O:

C, 71.95; H, 12.08. Found: C, 71.53; H, 12.34%.

4.2.3. Poly(2,3-dihydrofuran)
1H-NMR d 3.52�/3.72 (br, 3 H, OCH �/ and OCH2�/),

1.85�/2.33 (br, 3 H, �/CH �/ and �/CH2�/); 13C-NMR d

79.4�/83.6 (OCH�/), 65.7�/67.6 (OCH2�/), 43.0�/47.3 (�/

CH �/), 25.3�/30.0 (�/CH2); Tg: 117.2 8C; Anal. Calc. for

C4H6O C, 68.57; H, 8.57. Found: C, 68.02; H, 8.82%.

4.2.4. Poly(2,3-dihydro-4H-pyran)

IR(KBr) 1668 cm�1 (C�/C); 1H-NMR d 5.27�/4.52

(br) 3.92�/3.22 (br), 2.30�/1.18(br); Tg: 21.6 8C; Anal.

Calc. for C5H8O C, 71.43; H, 9.52. Found: C, 69.73; H,

9.78%.
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