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The catalytic behavior of dicationic bis-chelated PdII complexes, [Pd(N�N)2][PF6]2, in the CO/eth-
ylene/styrene terpolymerization reaction is studied in detail. The bidentate N-donor ligands were chosen
among 2,2’-bipyridine (1), 1,10-phenanthroline (3), their symmetrically substituted derivatives 2, 4, and 5,
and 3-alkyl-substituted 1,10-phenanthrolines 6–10. The effect of several parameters (like temperature,
CO/ethylene pressure, styrene content, reaction time) was investigated and related to the productivity
of the catalytic system, to the relative content of the two olefins in the polymeric chains, and to the molec-
ular mass of the synthesized polyketones. The presence of 1,4-benzoquinone was necessary to reach pro-
ductivities as high as 16 kg of terpolymer (TP) per gram of Pd. 13C-NMR spectroscopy was useful to char-
acterize the distribution of the two repetitive units along the polymer chain. Terpolymers with prevail-
ingly isolated CO/styrene units in CO/ethylene blocks as well as terpolymers with CO/styrene and
CO/ethylene blocks were obtained by varying the reaction conditions. Detailed MALDI-TOF-MS anal-
ysis was performed on the CO/ethylene/styrene terpolymers for the first time, and it allowed us to char-
acterize the end groups of the terpolymer chains. The presence of different chain end groups was found to
be related to the initial amount of the two alkenes, thus suggesting that different reactions are involved in
the initiation and termination steps of the terpolymerization catalytic cycle.

Introduction. – The copolymerization of carbon monoxide with alkenes affords per-
fectly alternated polyketones, a family of polymers that is the subject of intense
research [1]. This led to the development of very efficient catalytic systems based on
palladium complexes containing different types of ligands [2]. While chelating diphos-
phines are the ligands of choice for the copolymerization of aliphatic alkenes such as
ethylene (=ethene) or propylene (=prop-1-ene), in the case of aromatic substrates
such as styrene (=ethenylbenzene), bidentate N�N or P�N heterodonor derivatives
are, with few exceptions [3], the best-suited ligands [4].

Though polyketones became a commercial reality thanks to the terpolymeric mate-
rial obtained from CO, ethylene, and propylene (Carilon® from Shell, and Ketonex®
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from BP), terpolymerization reactions have attracted much less attention than copoly-
merization.

As most of the studies on terpolymerization have been focussed on the reaction of
aliphatic alkenes, [Pd(diphosphine)] complexes have been consistently used as catalysts
[5]. Only one report has appeared thus far on the terpolymerization of CO with two
aromatic alkenes promoted by [Pd(phenanthroline)] complexes [6]. As a matter of
fact, in comparison with the more simple CO/ethylene copolymerization, the terpoly-
merization of CO with one aliphatic and one aromatic olefin allows for a higher degree
of flexibility in the choice of the catalytic system and, in addition to chelating N�N [7],
P�N [8], or P�OP bidentate ligands [9], also Pd-complexes with chelating diphos-
phines catalyze this reaction [10].

Two years ago, we reported dicationic, bis-chelated PdII complexes with 3-alkyl-sub-
stituted 1,10-phenanthrolines (3-R-phen) as catalysts for the synthesis of syndiotactic
CO/ethenylarene polyketones. Productivities as high as 8 kg CP/g Pd (kg CP/g Pd=ki-
lograms of copolymer per gram of palladium) and of 12 kg CP/g Pd for styrene and p-
methylstyrene (=1-ethenyl-4-methylbenzene), respectively, with Mw values around
300,000, have been attained without any additional co-reagent or co-catalyst [11].

In the present paper, we report some results on the catalytic behavior of the dica-
tionic, bis-chelated PdII complexes [Pd(N�N)2][PF6]2 in the terpolymerization of CO
with ethylene and styrene (Scheme 1). The N�N ligands were chosen among 2,2’-bipyr-
idine (bipy; 1), 1,10-phenanthroline (phen; 3) and their symmetrically and nonsymmet-
rically substituted derivatives 2 and 4–10.

Results andDiscussion. – Terpolymerization Reactions. The terpolymerization reac-
tions were carried out in 2,2,2-trifluoroethanol (CF3CH2OH), a solvent that has been

Scheme 1. Terpolymerization of Carbon Monoxide with Ethylene and Styrene
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previously shown to be particularly appropriate for this kind of reaction [12]. Also 1,4-
benzoquinone (BQ) was added to the reaction mixture, and a 1 : 1 mixture of CO/eth-
ylene was used.

A first series of experiments was run with [Pd(1)2][PF6]2 ACHTUNGTRENNUNGas catalyst precursor to
study the influence of the different parameters on the performance of the catalytic sys-
tem. Temperature has a pronounced effect on the catalytic activity (Table 1). While an
increase of 208, from 508 to 708, led to an improvement of the productivity of more than
one order of magnitude up to 10 kg TP/g Pd (TP= terpolymer), a further increase of 108
(up to 808) resulted in a decrease. The loss of productivity at 808 was due to catalyst
decomposition to inactive Pd metal; this effect was already evidenced at 758 by the
grey color of the terpolymer, while no decomposition was observed up to 708. This
last temperature was then chosen for the following experiments.

Temperature also had a slight influence on the content of styrene (determined by
1H-NMR, see below) in the polymeric materials. Raising the temperature from 508
to 808 resulted in an increase of the share of the aromatic olefin from 37 to 47%
(Table 1), indicating that higher reaction temperatures favor the insertion of styrene
with respect to ethylene. In agreement with [12a], an increase of temperature caused
a decrease of the molecular mass of the polymer. For example, they dropped from
20,000 to 13,000 in going from 608 to 808.

The influence of the initial amount of styrene was then studied keeping constant the
total volume of the liquid phase to work always at the same catalyst concentration. The
increase of the amount of styrene caused an increase in the productivity, up to 12 kg TP/
g Pd (Fig. 1) and, at the same time, the share of styrene in the polymer chain increased
up to 43% of the inserted alkenes (Fig. 1). The increase of styrene content does not
affect that much the molecular-mass values of the terpolymers, which remained around
25,000.

The influence of reaction time was studied under the same conditions, with an initial
amount of styrene of 15 ml (Fig. 2). In the range 0 – 8 h, the productivity clearly
increased in a proportional way with time, whereas prolonging the reaction time up
to 24 h resulted in a very modest increase in terms of productivity, thus showing that
a plateau was reached due to the decomposition of the active species, as evidenced
by the black color of the obtained polymer (Fig. 2). Moreover, a slight decrease of

Table 1. CO/Ethylene/Styrene Terpolymerization: Influence of Reaction Temperature. Precatalyst:
[Pd(1)2][PF6]2

a).

T [8] g TP kg TP/g Pd % Styreneb)

50 0.2 0.4 37
60 0.7 1.3 43
70 5.4 10.2 42
75 5.5 10.3 41
80 3.5 6.5 47

a) Reaction conditions: nPd=5 ·10�6 mol, solvent CF3CH2OH (35 ml), styrene (15 ml), PCO/ethylene 30 bar,
CO/ethylene 1 : 1; reaction time 6 h, [BQ]/[Pd]=40 (BQ=1,4-benzoquinone). b) Styrene content in the
terpolymer as determined by 1H-NMR (see text).
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the styrene content in the terpolymers obtained after longer reaction times was
observed, suggesting that styrene insertion is more favored at the early stage of the
reaction. At longer reaction times, a decrease was also observed for the molecular
mass of the polymers (from 31,000 after 3 h to 24,000 after 24 h).

Different bidentate N-donor ligands were tested in the terpolymerization under
optimized reaction conditions. First, we explored the catalytic behavior of Pd-species
containing the symmetrically disubstituted 2,2’-bipyridine or 1,10-phenanthroline
ligands 2 or 4 and 5, respectively. In analogy with the CO/styrene copolymerization
reactions, the catalyst containing ligand 1 showed a higher activity than the phenanthro-
line counterpart 3 (Table 2). The introduction of Me substituents at the ligands induced
a decrease of productivity, as previously reported in the case of the copolymerization
reactions (Table 2) [7a] [11] [12b] [13]. However, the origin of this effect is different
for the bipy and the phen ligands. In the case of the dmbipy (2)-containing catalyst,
the loss of productivity is due to the lifetime of the catalyst, which for the dmbipy spe-
cies is shorter than for the bipy derivative, as evidenced by the formation of Pd metal.
At variance, in the case of dmphen or tmphen ligands 4 or 5, respectively, no decompo-
sition was noticed, thus indicating that the decrease in productivity is related to the
inertness of the precatalyst rather than to the instability of the catalyst. This conclusion
finds further support in quite recent results which show that, in the CO/styrene copoly-
merization promoted by mono-chelated complexes [Pd(Me)(MeCN)(N�N)][PF6], a
clear decrease of the rate of CO uptake without any catalyst decomposition is observed
in moving from 3 to 4 as ligands [14].

Fig. 1. CO/Ethylene/styrene terpolymerization: influence of the initial amount of styrene. Precatalyst:
[Pd(1)2][PF6]2. Reaction conditions: nPd=5 ·10�6 mol, solvent CF3CH2OH ((50�Vstyrene) ml), PCO/ethylene

30 bar, CO/ethylene 1 : 1, [BQ]/[Pd] 40 :1, 708, 7 h. The % of styrene represents the styrene content
in the terpolymer as determined by 1H-NMR (see text).
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Both for the bipyridine and the phenanthroline ligands, an increase of the basicity
favors, albeit only slightly, the insertion of styrene in the growing chain (Table 2). For
the polymers obtained with phenanthroline ligands, the molecular-mass values are in
the range 23,000 – 27,000. The introduction of Me substituents causes a shortening of
the chain length, as evidenced in going from 4 (Mw 27,000) to 5 (Mw 23,000).

The influence of the addition of benzoquinone to the catalytic system was studied in
the terpolymerization reactions catalyzed by [Pd(3)2][PF6]2. As reported in the case of
the copolymerization reactions [12b], a decrease of the amount of oxidant reduces the
productivity of the corresponding catalytic system (Fig. 3). It is remarkable that, in the
presence of up to 20 equiv. of benzoquinone, even after a rather short reaction time
(6 h), decomposition of the catalyst to Pd metal was observed. This contrasts with

Fig. 2. CO/Ethylene/styrene terpolymerization: influence of the reaction time. Precatalyst:
[Pd(1)2][PF6]2. Reaction conditions: nPd=5 ·10�6 mol, solvent CF3CH2OH (35 ml), styrene (15 ml),
PCO/ethylene 30 bar, CO/ethylene 1 : 1, [BQ]/[Pd] 40 : 1, 708. The % of styrene represents the styrene con-

tent in the terpolymer as determined by 1H-NMR (see text).

Table 2. CO/Ethylene/Styrene Terpolymerization: Influence of the Chelating Ligand. Precatalyst:
[Pd(N�N)2][PF6]2

a).

N�N Abbrev. g TP kg TP/g Pd % Styreneb)

1 bipy 5.4 10.2 42
2 dmbipy 1.3 2.4 48
3 phen 3.2 5.9 50
4 dmphen 2.2 4.2 48
5 tmphen 1.8 3.3 56

a) Reaction conditions: nPd=5 ·10�6 mol; solvent CF3CH2OH (35 ml), styrene (15 ml), PCO/ethylene 30 bar,
CO/ethylene 1 : 1; T 708, reaction time 6 h, [BQ]/[Pd]=40. b) Styrene content in the terpolymer as deter-
mined by 1H-NMR (see text).
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our previous observation that, in the CO/styrene copolymerization, these same cata-
lysts retain their activity for quite a long time (up to 96 h) without any visible sign of
decomposition, even in the absence of the oxidant [11] [12b]. On the other hand,
when the same precatalysts were tested in the CO/ethylene copolymerization, benzo-
quinone was necessary to avoid fast catalyst decomposition [11]. This analysis demon-
strates that the aliphatic olefin has a dramatic negative effect on the catalyst stability,
and this effect is not completely overcome by the presence of the aromatic alkene.

The effect of pressure of the CO/ethylene mixture was investigated by using
[Pd(3)2][PF6]2 as precatalyst. The highest activity was obtained with an initial pressure
of 20 bar (Fig. 4). The decrease of productivity observed at 30 bar might be related to
the inhibiting effect of CO, since no Pd metal was formed under these reaction condi-
tions. As expected, the relative amount of styrene inserted into the polymer chain
increased on decreasing the CO/ethylene pressure. The CO/ethylene pressure exerts
a significant influence on the molecular mass of the polymers, which dropped from
27,000 to 2,900 when the pressure decreased from 30 to 10 bar. At 20 bar, the intermedi-
ate value of 11,000 was obtained.

The study of the influence of the nature of the chelating ligand was extended to the
nonsymmetric 3-alkyl-1,10-phenanthrolines 6–10 (Table 3). The introduction of a small
substituent (Me or Et, ligands 6 and 7) at the phenanthroline backbone led to a
decrease of the productivity of the corresponding Pd complexes, whereas with slightly
larger groups, such as the C4H9 substituents, i.e., ligands 8 and 10, a slight improvement
of the productivity, up to 16.4 kg TP/g Pd, was observed. It is interesting to compare

Fig. 3. CO/Ethylene/styrene terpolymerization: influence of the amount of benzoquinone (BQ). Preca-
talyst: [Pd(3)2][PF6]2. Reaction conditions: nPd=5 ·10�6 mol, solvent CF3CH2OH (35 ml), styrene (15
ml), PCO/ethylene 30 bar, CO/ethylene 1 :1, 708, 6 h. The % of styrene represents the styrene content in

the terpolymer as determined by 1H-NMR (see text).
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these results with those obtained in the case of the two copolymerization reactions
(CO/ethylene vs. CO/styrene). Compared with unsubstituted phenanthroline, ligands
6 and 7 showed a similar behavior in all the reactions tested, giving a lower or similar
productivity [11]. Ligands 9–10 generated more active catalysts in both the CO/styrene
copolymerization and the CO/ethylene/styrene terpolymerization, while almost no
effect of the substituent was found in the CO/ethylene copolymerization [11].

In all cases with 3-alkyl-substituted ligands, the insertion of styrene is favored over
that of ethylene (Table 3). This is in keeping with the behavior previously observed in
the copolymerizations of CO/styrene and CO/ethylene in the presence of 3-R-phen cat-
alysts. Molecular masses of the terpolymers obtained with these 3-R-phen ligands are
almost unchanged and range in between 21,000 and 27,000. This contrasts with the

Fig. 4. CO/Ethylene/styrene terpolymerization: influence of the CO/ethylene pressure. Precatalyst:
[Pd(3)2][PF6]2. Reaction conditions: nPd=5 ·10�6 mol, solvent CF3CH2OH (35 ml), styrene (15 ml),
CO/ethylene 1 : 1, [BQ]/[Pd] 40 :1, 708, 6 h. The % of styrene represents the styrene content in the

terpolymer as determined by 1H-NMR (see text).

Table 3. CO/Ethylene/Styrene Terpolymerization: Influence of the Nature of the Alkyl Substituent. Pre-
catalyst: [Pd(3-R-phen)2][PF6]2

a).

3-R-phen g TP kg TP/g Pd % Styreneb)

3 phen 7.0 13.2 40
6 3-Me-phen 6.0 11.3 50
7 3-Et-phen 6.3 11.9 50
8 3-Bu-phen 8.6 16.2 50
9 3-iPr-phen 7.5 14.0 56
10 3-sBu-phen 8.7 16.4 52

a) Reaction conditions: nPd=5 ·10�6 mol, solvent CF3CH4OH (35 ml), styrene (15 ml), PCO/ethylene 30 bar;
CO/ethylene 1 :1, [BQ]/[Pd] 40 : 1, 708, 24 h. b) Styrene content in the terpolymer as determined by 1H-
NMR (see text).
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CO/styrene copolymerization [11], and seems to indicate a major role of the aliphatic
alkene in the determination of the length of the polymeric chains.

The effect of the initial amount of styrene, studied with precatalyst [Pd(8)2][PF6]2,
showed that the highest productivity was reached with an initial amount of 15 ml of the
aromatic alkene (Fig. 5). Working in neat styrene, i.e., in the absence of CF3CH2OH as
solvent, led to a very low activity, but afforded a polymer with an even higher content of
styrene. This low catalytic activity is associated again with the decomposition of the
active species, thus confirming the stabilizing effect of the fluorinated solvent. As in
the case of the experiments catalyzed by [Pd(1)2][PF6]2 (Fig. 1), the styrene content
in the terpolymer increases with the initial amount of aromatic alkene present in the
catalytic system. Nevertheless, this increase is matched by a decrease of molecular-
mass values from 36,000 (at 33% of styrene) to 19,000 (at 79% of styrene).

Some gas-uptake measurements were performed during the terpolymerization cat-
alyzed by [Pd(8)2][PF6]2 ACHTUNGTRENNUNGwith two different amounts of 1,4-benzoquinone (Fig. 6). At
[BQ]/[Pd] 40 :1, a linear relationship holds between the CO uptake and the time in
the first 8 h. Then, the plot profile changes suddenly due to the decomposition of the
active species. When the [BQ]/[Pd] ratio was raised from 40 to 80, no effect on the
rate of CO uptake was observed in the first 16 h, in agreement with literature data
on CO/styrene copolymerization carried out either in MeOH [15] or in CF3CH2OH
[14]. The amount of the oxidant remarkably affects the reaction time at which the ter-
polymerization reaction stops, and it is increased from 8 to 16 h by doubling the amount
of benzoquinone present. This result clearly indicates that the catalyst lifetime is strictly

Fig. 5. CO/Ethylene/styrene terpolymerization: influence of the initial amount of styrene. Precatalyst:
[Pd(8)2][PF6]2. Reaction conditions: nPd=5 ·10�6 mol, solvent CF3CH2OH ((50�Vstyrene) ml), PCO/ethylene

30 bar, CO/ethylene 1 : 1, [BQ]/[Pd] 40 : 1, 708, 24 h. The % of styrene represents the styrene content
in the terpolymer as determined by 1H-NMR (see text).
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related to the [BQ]/[Pd] ratio and that, when the benzoquinone is completely con-
sumed, the Pd catalyst decomposes irreversibly. Very recently, we have found that in
the CO/styrene copolymerization promoted by phenanthroline-containing catalysts
at a [BQ]/[Pd] ratio of 5 :1, the CO uptake does not drop for at least 96 h, and that
no catalyst decomposition occurs [14]. This comparison confirms that, in the presence
of the aliphatic alkene, a large excess of benzoquinone is required for high productiv-
ities to be achieved. Overall, these data point out the different roles played by the ali-
phatic and the aromatic alkene in terpolymerizations.

Polyketone Characterization. All the solids obtained in the catalytic experiments
described here are perfectly alternated polyketones and were characterized by 1H-
and 13C-NMR spectroscopy in solution and by MALDI-TOF mass spectrometry. The
first evidence that these solids are terpolymers and not a mixture of the corresponding
copolymers derives from their complete solubility in CHCl3, in contrast to the insolu-
bility of the CO/styrene and CO/ethylene polyketones in the same solvent. Therefore,
the NMR characterization was performed by recording the spectra in CDCl3.

In the 1H-NMR spectra, the three signals present in the aliphatic region (see Exper.
Part) are the most informative. In agreement with literature data [7f] [8a], their integra-
tion allows the determination of the relative amounts of the two olefins present in the
terpolymers.

In the 13C-NMR spectra, the signals of the carbonyl groups are observed at d
207– 208, thus confirming that the polymers isolated are polyketones. In the aliphatic
region of the spectra, different signals can be observed, and they can be assigned by
comparison with the spectra of the corresponding CO/olefin copolymers (Fig. 7).
Hence, the signals at d 54 correspond to the CH groups of the styrene-derived units,
their CH2 groups being observed in the range d 42 – 46, and the signals of the ethyl-

Fig. 6. Gas uptake in the course of the CO/ethylene/styrene terpolymerization catalyzed by
[Pd(8)2][PF6]2. Reaction conditions: nPd=5 ·10�6 mol, solvent CF3CH2OH (35 ml), styrene (15 ml),

PCO/ethylene 30 bar, CO/ethylene 1 :1, 70 8.
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ene-derived C-atoms appear at d 35 –37. Each group is composed of different signals,
unlike what is observed for the corresponding copolymers, due to the different chem-
ical environments possible for each repetitive unit. This allows one to confirm that the
polymeric material is not simply a mixture of the two copolymers, but has really a ter-
polymer structure. In agreement with the characterization reported for the CO/ethyl-
ene/p-(tert-butyl)styrene terpolymers [7f], the CH2 group of the inserted styrene mon-
omer generates the most significant signal for the structural analysis (Fig. 8). The com-
parison of this region of the spectrum for terpolymers of different composition shows
that, in the case of the polymer containing 52% of styrene, four signals, A, B, C, and D,
having roughly the same intensity, are present. Their relative intensities vary with the

Fig. 7. Aliphatic range of the 13C-NMR spectra (CDCl3) of a) a CO/styrene copolymer, b) a CO/ethyl-
ene copolymer, and c) a CO/ethylene/styrene terpolymer
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content of styrene in the polymeric chain. Hence, for a polymer of low styrene content,
only three resonances are observed, the most intense, signal A, is at higher frequency
and, on the basis of the reported data [8a], is attributed to a CO/styrene unit sur-
rounded by CO/ethylene repetitive units. In the case of a high styrene content, signal
A is not observed anymore, and the most intense is now the resonance at lower fre-
quency, signal D, which is attributed to a CO/styrene unit between at least two other
CO/styrene units (Fig. 8). Interestingly, the relative intensity of the four signals is
also dependent on the nature of ligand used (Table 4). For terpolymers having the
same content of styrene (ca. 50%), signal A is the most intense when 1, 3, 4, or 6 are
used as ligands, showing, thus, that in these cases, the polymer is mainly constituted
of CO/ethylene blocks containing isolated CO/styrene units. However, this is not

Fig. 8 Range of the styrene-derived CH2 groups in the
13C-NMR spectra (CDCl3) of CO/ethylene/sty-

rene terpolymers containing a) 22% of styrene, b) 52% of styrene, and c) 79% of styrene
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observed in the case of all the other 3-substituted phenanthrolines tested, i.e., ligands
7–10, where all the four signals are present in similar proportions (Table 4). In the lat-
ter case, the amount of isolated CO/styrene units in the terpolymers is, thus, lower.

To go in detail into the analysis of the terpolymers, three samples with a different
content of the two alkenes were prepared on a larger scale by using the double volume
for the liquid phase and three times the quantity of Pd catalyst with respect to the
experiments reported above (Table 5). Three CO/ethylene/styrene terpolymers,
namely TP1, TP2, and TP3, differing in the relative content of the two alkenes, were
characterized by MALDI-TOF-MS for the first time. On going from sample TP1 to
TP3, the amount of styrene in the polymer chain decreases from 77 to 15%, with the
corresponding increase of the amount of ethylene as complement to 100%. The com-
parison of the three mass spectra (Fig. 9) evidences that their complexity is strongly
related to the styrene content in the polymer chain. Thanks to the knowledge acquired
by studying the CO/styrene/p-methylstyrene terpolymers [6], it was possible to inter-
pret the spectra of the CO/ethylene/styrene terpolymers by considering a cluster as a
group of peaks with the same (m+n) value, where m and n are the number of CO/sty-
rene and CO/ethylene units present in the chain, respectively. In contrast to what was
previously reported by us for the MALDI-TOF-MS analysis of the CO/styrene/p-meth-
ylstyrene terpolymers [6], the spectra of the CO/ethylene/styrene terpolymers are not

Table 4. Influence of the Chelating Ligands on the Relative Intensities of the Styrene-Derived CH2 Groups
in the 13C-NMR Spectra of the Terpolymersa)

Ligand % Styrene Relative intensity [%] of the four signals

A B C D

1 bipy 48 34 24 25 17
3 phen 50 33 25 26 16
4 dmphen 48 34 26 21 19
6 3-Me-phen 50 36 24 24 16
7 3-Et-phen 50 26 25 28 21
9 3-iPr-phen 56 25 23 30 22
8 3-Bu-phen 50 26 27 28 19
10 3-sBu-phen 52 25 24 28 23

a) Spectra recorded in CDCl3 at room temperature.

Table 5. CO/Ethylene/Styrene Terpolymerization: Influence of the Initial Amount of Styrenea)

Terpolymer Catalyst Styrene [ml] % Styreneb)

TP1 [Pd(8)2] [PF6]2 100 ml 77
TP2 [Pd(8)2] [PF6]2 30 ml 60
TP3 [Pd(1)2] [PF6]2 5 ml 15

a) Reaction conditions: nPd=15 · 10�6 mol, solvent CF3CH2OH ((100�Vstyrene) ml), PCO/ethylene 30 bar, CO/
ethylene 1 : 1, [BQ]/[Pd] 40 : 1, 708, 24 h. b) Styrene content in the terpolymer as determined by 1H-NMR
(see text).

Helvetica Chimica Acta – Vol. 89 (2006) 1763



Fi
g.

9.
M
A
L
D
I-
T
O
F
M
as
s
sp
ec
tr
a
of
C
O
/e
th
yl
en
e/
st
yr
en
e
te
rp
ol
ym
er
s
w
ith

di
ff
er
en
t
et
hy
le
ne
/s
ty
re
ne
ra
tio

:
a)
T
P
1

(7
7%

st
yr

en
e,

23
%

et
hy

l-
en

e)
,b
)
T
P
2

(6
0%

st
yr

en
e,

40
%

et
hy

le
ne

),
an
d

c)
T
P
3

(1
5%

st
yr

en
e,

85
%

et
hy

le
ne

)

Helvetica Chimica Acta – Vol. 89 (2006)1764



characterized by the presence of well-separated clusters, but each cluster is spread on a
wide range ofm/z values, and the peaks of each cluster are mixed up. This is due to the
difference in mass of the CO/styrene and CO/ethylene repetitive units, which is 76 Da.

Focusing our attention on the samem/z range (m/z 1200– 1600), clear differences in
the mass spectra of the three terpolymers TP1 –TP3 can be observed (Figs. 10 and 11).
In particular, while the spectra of terpolymers TP1 and TP2 share some peaks, the spec-
trum of TP3 is completely different. In the case of the TP1 terpolymer, MALDI-TOF-
MS analysis reveals the presence of two kinds of polymer chains differing by the end
groups: one (polymer chain a) with a saturated alkyl moiety (derived from insertion
of the alkene into the Pd�H species) and an unsatured alkyl moiety (originated
from b-H elimination) as end groups, and the other one (polymer chain b) with a satu-
rated alkyl moiety and a carboxylic acid residue as end groups (Fig. 12). Chain b fea-
tures an additional carbonyl group resulting from a double carbonylation reaction fol-
lowed by chain termination. This kind of termination has been recently observed by us
in CO/styrene polyketones synthesized by (4,4’,5,5’-tetrahydro-2,2’-biACHTUNGTRENNUNGoxazol)palladium
complexes [16]. It is not possible to distinguish whether the alkyl end groups arise from
styrene or ethylene. Each oligomer chain is detected as cationized species, preferen-
tially with lithium, as already observed for the CO/styrene/p-methylstyrene terpolymer,
even if no cationizing agent was added to the terpolymer solution.

As it can be seen in Fig. 10,a, the peaks due to the different polymer chains a and b
with different (m+n) values (labelled am+n and bm+n in the figure) are mixed up, but
they can be easily distinguished. Due to the presence of different cations, some clusters
cannot be univocally attributed to only one kind of polymer chain, but to two or three
chains differing for both the cation and the (m+n) value. For instance, the cluster
formed by peaks at m/z 1275, 1351, 1427, and 1503 could correspond both to a terpol-
ymer chain with (m+n)=13, cationized with lithium, and to a chain with (m+n)=10,
cationized with sodium.

In the case of TP2 terpolymer (Fig. 10,b), containing a lower percentage of styrene
(60%), only one polymer chain is individuated, corresponding to polymer chain a of
TP1. The end groups of the polymer chain are the saturated and unsaturated alkyl res-
idues, as previously described. The peaks due to polymer chain b are completely absent.
Also in this case, some cluster cannot be univocally attributed to a single ionic species
due to the presence of different cations: i.e., the cluster formed by peaks at m/z 1291,
1367, 1443, 1519, and 1595 could correspond to the chain with (m+n)=16, cationized
with lithium, and/or to the chain with (m+n)=13, cationized with sodium, and/or to
the chain with (m+n)=10, cationized with potassium.

A completely different behavior is observed in the case of TP3 terpolymer, contain-
ing only 15% of styrene. The m/z value of the peaks detected by MALDI-TOF-MS
(Fig. 11) seems to be in accordance with the presence of a polymer chain c with a (tri-
fluoroalkoxy)carbonyl moiety and an unsaturated fragment as end groups (Fig. 12). It
is not possible, also in this case, to recognize if the unsaturated moiety derives from eth-
ylene or from styrene. No polymer chain with a saturated end group is detected for this
terpolymer. Them/z values seem to indicate a preferred cationization of the oligomers
with sodium, even if it is not possible to exclude cationization also with lithium and
potassium. For instance, the cluster formed by peaks at m/z 1229, 1305, 1381, 1457,
and 1533 can be attributed to the chain with (m+n)=15, cationized with lithium,
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Fig. 10. Enlarged view of the m/z 1200–1660 region of the MALDI-TOF mass spectra of Fig 9: a)
TP1 (77% styrene, 23% ethylene) and b) TP2 (60% styrene, 40% ethylene). am+n and bm+n refer to

polymer a and polymer b cationized with lithium.
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and/or to the chain with (m+n)=12, cationized with sodium, and/or to the chain with
(m+n)=9, cationized with potassium.

It is straightforward to point out that, depending on the amount of styrene in the
initial reaction mixture, different polymer chains are formed. In particular, no chains
terminating with a (trifluoroalkoxy)carbonyl group were found in samples TP1 and
TP2, obtained from reaction mixtures containing a higher initial amount of styrene
than in the case of TP3, while in the latter sample, no chains with saturated end groups
were present. While polyketones TP1 and TP2 were produced with a phen catalyst, ter-
polymer TP3 was synthesized by a bipy catalyst; however it seems to be very unlikely
that the different end groups are related to the different catalyst since bipy and phen
have always shown similar catalytic behavior.

Fig. 11. Enlarged view of the m/z 1200–1660 region of the MALDI-TOF mass spectrum of Fig. 9, c:
TP3 (15% styrene, 85% ethylene). cm+n refers to polymer c cationized with sodium.

Fig. 12. Polymer chains present in the CO/ethylene/styrene terpolymers (R=H, Ph)
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These results represent an important issue for the knowledge of the mechanism of
the terpolymerization reaction. On the basis of our previous data [12b], the
(trifluoroalkACHTUNGTRENNUNGoxy)carbonyl group originates from the reaction of benzoquinone with
the [Pd(hydride)] species, reaction involving the solvent CF3CH2OH, followed by the
insertion of CO into the Pd–OCH2CF3 bond. Thus, this reaction represents the initia-
tion of a new polymer chain, and it is in competition with the initiation pathways
based on the insertion of the alkene into the Pd–H bond (Scheme 2). The present
results suggest that, when the concentration of styrene in the reaction mixture is low
(5 ml), the reaction of the [Pd(hydride)] intermediate with benzoquinone is preferred
with respect to the styrene insertion; the insertion of ethylene into the Pd�H bond is
disfavored with respect to both the insertion of styrene and the reaction with benzoqui-
none; the saturated end groups of terpolymers TP1 and TP2 might exclusively originate
from the insertion of styrene (and not of ethylene) into the Pd�H bond (Scheme 2).

These mechanistic conclusions are in agreement with the catalytic data, in particu-
lar both with the effect of benzoquinone concentration and with the trend of CO uptake
that indicated the oxidant as a necessary component of the catalytic system to achieve
high productivities. In particular, at low concentration of the aromatic alkene, the oxi-
dant is required to start a new catalytic cycle since the insertion of ethylene into the
Pd�H bond seems to be unlikely.

Finally, as observed for the CO/styrene/p-methylstyrene terpolymers [6], even for
the CO/ethylene/styrene terpolymers, the most abundant peak inside each cluster is
shifted at lower m/z values on decreasing the initial amount of the alkene of higher
molecular mass in the reaction mixture (i.e., p-methylstyrene for the CO/styrene/p-
methylstyrene terpolymers, or styrene for the CO/ethylene/styrene terpolymers). For
instance, comparing samples TP1 and TP2, and considering only the polymer chain a
cationized with lithium belonging to the cluster with (m+n)=13, the most abundant
peak for the terpolymer containing 77% of styrene (TP1) is atm/z 1427, corresponding
tom=7 and n=6, while for the terpolymer with 60% styrene (TP2), the most abundant
peak is at m/z 1275, corresponding to m=5 and n=8. Therefore, these data confirm
that the effect of the different amount of the two alkene monomers present in the pol-
ymer chain is clearly reflected in the MALDI-TOF mass spectra, as previously reported
by us in the case of CO/styrene/p-methylstyrene terpolymers [6].

Scheme 2. Possible Steps Involving the [Pd(hydride)] Intermediate (L=CO, styrene, ethylene,
CF3CH2OH)
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Conclusions. – In this paper, we showed that dicationic bis-chelated palladium(II)
complexes containing a range of bidentate N-donor ligands, based on the 2,2’-bipyri-
dine and 1,10-phenanthroline scaffolds, generate active catalysts for the CO/ethyl-
ene/styrene terpolymerization reaction. Both the catalytic activity and the relative con-
tent of the two alkenes in the polymer chain were modulated by the nature of the
ligand. The highest productivity (16.4 kg TP/g Pd) was achieved with the [3-(sec-
butyl)-1,10-phenanthroline]palladium complex [Pd(10)2][PF6]2.

Comparing the present catalytic data with those previously reported by us in the
corresponding CO/ethylene and CO/styrene copolymerization reactions promoted by
the same precatalysts allows one to point out some important features of the catalytic
system: i) the stability of the catalyst is remarkably affected by the different nature of
the two alkenes; in particular, the aliphatic olefin has such a negative effect on the cat-
alyst stability that neither the presence of the aromatic olefin nor the use of CF3CH2OH
as reaction medium are able to prevent catalyst decomposition. ii) As a consequence,
1,4-benzoquinone is required to achieve high productivities, and the catalyst lifetime is
dictated by the benzoquinone-to-palladium ratio. iii) MALDI-TOF-MS Analysis sug-
gests that the insertion of ethylene into the Pd�H bond is unlikely, and, when the
amount of styrene in the reaction mixture is low, the preferential initiation step involves
the oxidant. This result represents an important difference with respect to the CO/ali-
phatic olefin copolymerization promoted by palladium complexes with diphosphine
ligands, where ethylene insertion does take place as demonstrated by the presence of
ethyl end groups in the polyketone chains [17]. iv) The lack of the effect of the 3-R-
phen ligand on the molecular-mass values suggests that the aliphatic alkene could
play the major role in the determination of the length of the polymer chains.

In conclusion, this study stresses once again the importance of the relationship, dis-
covered by Consiglio in 1991 [4], between the nature of the ligand present in the cata-
lyst and the nature of the alkene to be co- or terpolymerized. It provides as well some
rational background for explaining which way the interplay of the two alkenes may
address the mechanism of catalytic terpolymerization.

This work was supported by the Ministero dell’Istruzione, dell’Università e della Ricerca (PRIN N8
2005035123), by the European Network ‘PALLADIUM’ (Fifth Framework Program, contract N8
HPRN-CT-2002-00196), and by the University of Sassari. Engelhard Italia is gratefully acknowledged
for a generous gift of [Pd(OAc)2]. We would like to acknowledge Dr. Achim Gsponer from the group
of Prof. Giambattista Consiglio for the CO-uptake measurements.

Experimental Part

General. 2,2,2-Trifluoroethanol and styrene (Aldrich) for the catalytic reactions were used as
received without any further purification. [Pd(OAc)2] ACHTUNGTRENNUNGwas a gift of Engelhard Italia. The ligands 2,2’-
bipyridine (1), 4,4’-dimethyl-2,2’-bipyridine (2), 1,10-phenanthroline (3), 4,7-dimethyl-1,10-phenanthro-
line (4), and 3,4,7,8-tetramethyl-1,10-phenanthroline (5) are commercially available and were used as
received. The 3-R-substituted 1,10-phenanthrolines 6–10 [18] as well as catalyst precursors [Pd(N�
N)2][PF6]2 (N�N=1–10) [11] were prepared as previously reported. 1H- and 13C-NMR Spectra: at 400
and 100.5 MHz, resp., with a Jeol-EX-400 spectrometer; the resonances were referenced to the solvent
peak vs. SiMe4 (CDCl3 at d(H) 7.26 and d(C) 77.0).

Terpolymerization Reactions. Polymerization reactions were carried out in a 150-ml stainless-steel
autoclave equipped with a Teflon liner, a magnetic stirrer, a heating mantle, and a temperature controller.
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The catalyst precursor [Pd(N�N)2][PF6]2, 1,4-benzoquinone (BQ; when used), styrene, and the solvent
CF3CH2OH were introduced in the autoclave, which was then pressurized with a 1 : 1 mixture CO/ethyl-
ene and heated to the desired temp. At the end of the catalysis and after cooling and releasing the resid-
ual gas, the soln. from the autoclave was poured into 200 ml of MeOH and stirred for one night causing
the precipitation of the polymer, which was then isolated by decantation, washed with MeOH, and dried
under vacuum.

The polymerization reactions reported in Table 5 were carried out in a 300-ml stainless-steel auto-
clave equipped with a Teflon liner, a mechanical stirrer, a heating mantle, and a temp. controller, follow-
ing the same procedure as reported above. 1H-NMR (CDCl3, r.t.): 7.35–7.10 (br., 5 arom. H); 4.1 (br.,
PhCHCH2); 3.2 (br., 1 H, PhCHCH2); 2.5 (br., 5 H, PhCHCH2 and CH2 ACHTUNGTRENNUNGCH2).

CO-UptakeMeasurements. The polymerization reactions reported in Fig. 6were carried out in a 250-
ml stainless-steel autoclave connected to a Büchi-bpc system to keep constant the CO/ethylene pressure
and to monitor the CO uptake.

Molecular-Mass Measurements of Terpolymers. The molecular masses (Mw) of terpolymers and the
molecular-mass distributions (Mw/Mn) were determined by gel-permeation chromatography (GPC) vs.
polystyrene standards. The analyses were recorded on a KnauerHPLC (K-501 pump, K-2501UV detec-
tor) with a PLgel (5 mm, 104 Å) GPC column and CHCl3 as solvent (flow rate 0.6 ml/min). Samples were
prepared as follows: 2 mg of the terpolymer were dissolved in 120 ml of 1,1,1,3,3,3-hexafluoropropan-2-ol
(HFIP), and CHCl3 was added up to 10 ml. The statistical calculations were performed with the Bruker
Chromstar software.

MALDI-TOF-MS Measurements. Measurements were performed with an Ultraflex-II instrument
(Bruker Daltonik, Bremen, Germany), operating in reflectron positive-ion mode. The instrumental con-
ditions were: IS1=25 kV; IS2=21.65 kV; reflectron potential 26.3 kV; delay time 0 nsec. As matrix, 2-
[(4-hydroxyphenyl)azo]benzoic acid (HABA) was used (sat. soln. in CHCl3). Terpolymer (10 mg) was
dissolved in HFIP (1 ml), and 5 ml of this soln. was added to the same volume of the matrix soln.
About 1 ml of the resulting soln. was deposited on the stainless-steel sample holder and allowed to dry
before introduction into the mass spectrometer. Three independent measurements were done for each
sample. External mass calibration was performed with peptide calibration standard, based on the mono-
isotopic values of [M+H]+ of angiotensin I, angiotensin II, substance P, bombesin, ACTH clip (1–17),
ACTH clip (18–39), and somatostatin 28 at m/z 1046.5420, 1296.6853, 1347.7361, 1619.8230,
2093.0868, 2465.1990, and 3147.4714, resp.
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