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Introduction

Development of new polymeric materials is considered one
of the major goals of contemporary chemistry and homoge-
neous catalysis constitutes a powerful tool to reach this
target by achieving, at the same time, fine tuning of the
structural features of macromolecules synthesized, with par-
ticular attention to control of their stereochemistry.[1]

Asymmetric polymerization represents a very important
class of enantioselective reactions. It includes three major
categories: 1) asymmetric synthesis polymerization; 2) helix-
sense-selective polymerization; 3) enantiomer-discriminating
polymerization.[2] In the first category, a prochiral monomer
is polymerized to give a polymer with main-chain chirality.
Only a few examples of such polymers are known; among
them are the isotactic CO/a-olefin polyketones.[3]

Polyketones can be divided into two main classes based
on the olefin comonomer: CO/aliphatic and CO/aromatic
olefin copolymers. The nature of the olefin dictates which
ancillary ligand is preferred for the catalytic system which
promotes the copolymerization reaction. For instance, nitro-
gen donors are the ligands of choice for the copolymeriza-
tion of CO with aromatic olefins. In this respect, the first
synthesis of the isotactic CO/p-tBu-styrene (p-tBu-styrene =

p-tert-butylstyrene) copolymer was reported by Brookhart
and co-workers in 1994, promoted by a palladium complex
modified with the enantiomerically pure C2-symmetric bi-
soxazoline (2,2-bis{2-[(4S)-4-methyl-1,3-oxazolinyl]}pro-
pane).[4] This reaction is a rare example of asymmetric, per-
fectly alternating, living copolymerization. One year later,
Carfagna and co-workers reported the synthesis of the iso-
tactic CO/styrene and CO/p-Me-styrene (p-Me-styrene = p-
methylstyrene) copolymers based on the use of a palladium
complex with the enantiomerically pure C2-symmetric bioxa-
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zoline (4S,4’S)-2,2’-bis(4-isopropyl-4,5-dihydrooxazole)
((S,S)-iPr-BIOX).[5] Since then, a wide variety of chiral ni-
trogen-donor chelating ligands (N*–N*) of different symme-
try was applied to this reaction,[6] together with the phosphi-
no-phosphito derivative BINAPHOS[7] and several hybrid
P–N ligands.[8] All the systems based on N*–N* ligands
suffer from rather poor stability of the active species, which
prevents the synthesis of the isotactic polyketones in high
yields and with high molecular weights. The catalytic system
based on P–N ligands is the uniquely able to promote the
synthesis of the isotactic CO/styrene copolymer, reaching
productivities of up to 18 gCP(gPd)�1h�1 (CP = copoly-
mer), but it requires quite drastic reaction conditions, such
as a CO pressure of 320 bar.[8b] Dichloromethane, chloro-
benzene, or methanol are the preferred solvents for this re-
action.

Our research in this field has addressed the synthesis of
syndiotactic CO/aromatic olefin copolymers promoted by
PdII bischelated derivatives [Pd(N–N)2][PF6]2 (N–N = 1,10-
phenanthroline (phen), 2,2’-bipyridine (bpy), and their sub-
stituted derivatives). This copolymerization succeeds when it
is carried out in a fluorinated alcohol, such as 2,2,2-trifluoro-
ethanol (TFE), which remarkably contributes to the stability
of the active species, allowing synthesis of the corresponding
polyketones with yields up to 17 kgCP(gPd)�1 (362 gCP-
(gPd)�1h�1)[9a,b] and molecular weights around 300000.[9c,d]

These values are much higher than those obtained for the
reaction in methanol, the solvent of choice in the literature
catalytic systems. Very recently, we demonstrated the posi-
tive effect of trifluoroethanol even when monochelated
complexes [Pd(Me)(MeCN)(N–N)][X] (X = OTf (OTf =

triflate), PF6
�) were used as precatalysts.[10]

We have now approached the problem of the stability of
the active species even in the synthesis of the isotactic co-
polymer, taking into account the catalytic system based on
the bioxazoline ligand (S,S)-iPr-BIOX. Although chiral bio-
xazoline ligands are among the most successful, versatile,
and commonly used classes of ligands for asymmetric cataly-
sis,[11] their coordination chemistry to palladium has not yet
been investigated deeply.

We report herein a detailed investigation of the coordina-
tion chemistry of this ligand to palladium, together with the
catalytic behavior of complexes [Pd(Me)(MeCN)((S,S)-iPr-
BIOX)][X] (X = OTf 1, PF6 2, BArF 3 (BArF = B[3,5-
(CF3)2C6H3]4

�)) in the CO/styrene copolymerization reac-
tion. New insights into the mechanism of this reaction are
highlighted by MALDI-TOF analysis of polyketone end-
groups.

Results and Discussion

Synthesis and characterization of palladium complexes 1–3
and of their precursor [Pd(Me)(Cl)((S,S)-iPr-BIOX)] 4 :
The palladium complexes [Pd(Me)(MeCN)((S,S)-iPr-
BIOX)][X] 1–3 were synthesized in a five-step procedure
from [Pd(OAc)2],

[10,12] which implies the isolation of the
neutral derivative [Pd(Me)(Cl)((S,S)-iPr-BIOX)] (4).

Complex 4 was characterized both in the solid state and
in solution. Two kinds of single crystals were isolated, de-
pending on the conditions for crystal growth. The single
crystals obtained directly from the synthetic mixture corre-
spond to the mononuclear species 4 (Figure 1a). Recrystalli-
zation of 4 in a dichloromethane/hexane mixture yielded, to-
gether with the yellow crystals of 4, orange crystals which
correspond to the dinuclear species [{Pd(Me)(Cl)(m-(S,S)-
iPr-BIOX)}2] (4a) (Figure 1b).

In the mononuclear complex 4 the palladium atom dis-
plays the expected square-planar coordination geometry
with Pd�N1 and Pd�N2 bond lengths significantly different
(2.059(4) and 2.189(4) Q, respectively); the longer bond re-
flects the trans influence exerted by the methyl group
(Table 1). The Pd�C(methyl) and Pd�Cl bond lengths

Figure 1. ORTEP drawing (thermal ellipsoids at 40% level) with the atom labeling scheme of 4 and of one of the two crystallographically independent
molecules of 4a.

Table 1. Selected bond lengths [Q] and angles [8] for 4.

Pd–C1 2.017(4) C1-Pd-N2 171.6(2)
Pd�N1 2.059(4) N1-Pd-N2 77.88(15)
Pd�N2 2.189(3) C1-Pd-Cl1 91.50(16)
Pd�Cl1 2.3021(15) N1-Pd-Cl1 174.67(11)
C1-Pd-N1 93.8(2) N2-Pd-Cl1 96.79(11)
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(2.017(4) and 2.3021(15) Q, respectively) compare well with
distances found in analogous complexes.[6c,13] The chelating
N1-Pd-N2 bond angle is 77.88(15)8 ; the oxazoline planes are
almost coplanar, and the tilting angle between the mean
planes is 9.0(2)8. X-ray analysis of complex 4a (Figure 1b)
shows two crystallographically independent molecules of
closely comparable conformation in the unit cell. The palla-
dium atoms are doubly bridged by bioxazoline ligands and
complete the distorted square-planar coordination sphere
through a methyl group and a chloride in trans positions to
each other. The coordination bond lengths in the two mole-
cules show a considerable variation (Table 2): Pd�N varies
from 2.009(8) to 2.045(7) Q and Pd�C from 2.030(9) to
2.099(8) Q, while Pd�Cl falls within a narrower range.
Among the coordination bond angles, C-Pd-Cl, which aver-
ages 1728, manifests the largest distortion from the ideal
square-planar geometry.

The 1H NMR spectra of 4 and 4a in solution also indicate
the complex nuclearity (Figure 2). In the 1H NMR spectrum
of 4 the number of bioxazoline ligand signals is in agree-
ment with its coordination in a nonsymmetrical chemical en-
vironment.[5b] The Pd�CH3 fragment gives a singlet at d =

1.02 ppm, while the multiplet between d = 0.84 and
0.99 ppm is assigned to the methyl groups of the isopropyl
substituents. The corresponding CH groups give two multip-
lets centered at d = 2.26 and 2.74 ppm (Figure 2a). The two
multiplets centered at d = 4.37 and 4.26 ppm are assigned
to H4 and H4’, while the signals between d = 4.53 and
4.74 ppm are due to protons in position 5. The NOE ob-
served upon irradiation of the Pd�CH3 signal made it possi-
ble to assign the multiplet at d = 2.74 ppm, and consequent-

ly those at d = 4.37 and at 4.53 ppm (correlated in the
HH COSY spectrum), to the protons of the heterocyclic
ring cis to the Pd�CH3 group.

In the spectrum of 4a the Pd�CH3 singlet is at d =

0.94 ppm, the frequencies attributed to the methyl groups of
the isopropyl substituents are in the frequency range 0.84�
d�1.19 and the corresponding CH generate two multiplets
centered at d = 2.48 and 2.78 ppm, respectively (Figure 2b).
The other two multiplets centered at d = 4.29 and 5.10 ppm
are assigned to protons in positions 4 and 4’. The number of
signals and their integration are in agreement with the sym-
metry of the dinuclear species, which makes the two halves
of each bioxazoline ligand equivalent (the C2 symmetry axis
passes through the C�C bond that links the two dihydroxa-
zoline rings), but not the two molecules of the facing bioxa-
zolines (there is no C2 symmetry axis along the Pd�Pd inter-
nuclear axis).

Thus, by comparison of the two spectra some signals can
be recognized as characteristic of mononuclear and dinu-
clear complexes. In particular, in the spectrum of the dinu-
clear derivative (Figure 2b), one of the two multiplets of H4

is shifted to higher frequency with respect to the same sig-
nals in the mononuclear derivative (Figure 2a) and it ap-
pears downfield even from the multiplets attributed to H5,5’.
An analogous shift, even if less pronounced, is observed for
one of the two multiplets assigned to the CH of the isopro-
pyl substituents; also, a different pattern is shown by the
methyl group signals of these substituents, which are spread

Table 2. Selected bond lengths [Q] and angles [8] for 4a·0.5CH2Cl2.

Molecule A
Pd1�N11 2.036(8) Pd2�N2 2.036(7)
Pd1�N1 2.045(7) Pd2�N12 2.037(7)
Pd1�C1 2.099(8) Pd2�C2 2.075(9)
Pd1�Cl1 2.449(2) Pd2�Cl2 2.453(2)
Pd1�Pd2 2.9575(12)
N11-Pd1-N1 175.2(3) N2-Pd2-N12 174.5(3)
N11-Pd1-C1 89.4(3) N2-Pd2-C2 89.4(3)
N1-Pd1-C1 89.6(3) N12-Pd2-C2 88.9(3)
N11-Pd1-Cl1 92.6(2) N2-Pd2-Cl2 89.4(2)
N1-Pd1-Cl1 88.93(19) N12-Pd2-Cl2 93.0(2)
C1-Pd1-Cl1 172.0(3) C2-Pd2-Cl2 172.2(3)
N1-Pd1-Pd2-N2 45.3(3) N11-Pd1-Pd2-N12 42.2(3)

Molecule B
Pd3�N13 2.009(8) Pd4�N14 2.033(8)
Pd3�N3 2.013(8) Pd4�N4 2.037(7)
Pd3�C3 2.030(9) Pd4�C4 2.069(9)
Pd3�Cl3 2.461(2) Pd4�Cl4 2.460(2)
Pd3�Pd4 2.9582(15)
N13-Pd3-N3 175.7(3) N14-Pd4-N4 174.2(3)
N13-Pd3-C3 87.9(4) N14-Pd4-C4 88.1(3)
N3-Pd3-C3 89.5(4) N4-Pd4-C4 89.7(3)
N13-Pd3-Cl3 91.1(2) N14-Pd4-Cl4 89.6(2)
N3-Pd3-Cl3 91.9(2) N4-Pd4-Cl4 93.3(2)
C3-Pd3-Cl3 173.1(3) C4-Pd4-Cl4 171.8(3)
N3-Pd3-Pd4-N4 40.7(3) N13-Pd3-Pd4-N14 45.6(3)

Figure 2. 1H NMR spectra in CDCl3 at room temperature of complexes:
a) 4 ; b) 4a. Inset: the region of the methyl signals.
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over a wider frequency range than the corresponding signals
in the mononuclear derivative.

The neutral species 4 is transformed into the monocation-
ic species 1–3 by treatment with the appropriate silver salt,
AgX, or NaBArF, in the presence of acetonitrile. Single
crystals of the triflate derivative 1 are obtained directly
from the reaction mixture. The X-ray diffraction analysis
(Figure 3) reveals that the compound has a structure analo-

gous to that of 4a, with the bioxazoline ligands bridging two
palladium ions and the triflates replacing the chlorides.
Thus, it must be better formulated as [{Pd(Me)(OTf)(m-
(S,S)-iPr-BIOX)}2] (1a). The palladium atoms, separated by
2.8938(8) Q (Table 3), are slightly closer than in 4a. The
square-planar environments are rather distorted and, as ob-
served in 4a, the most relevant deviations are exhibited by
the trans O-Pd-C bond angles of about 1718. In both 4a and
1a, the two square-planar coordination planes are parallel
and staggered with N-Pd1-Pd2-N torsion angles that average
448 and 428, respectively. Apparently, the replacement of
chloride with the bulkier triflate does not cause any modifi-

cation in the overall geometry, thus suggesting that steric in-
teractions are not responsible for the differences in the Pd�
Pd distances.

A few examples of other bioxazoline ligands bridging
metal ions have been reported.[14–16] Thus, the present dinu-
clear complexes with bridging bioxazoline characterize un-
precedented structures; therefore their structural features
deserve a more detailed discussion. In both complexes the
metal–metal distance of about 2.90 Q does not exclude an
interaction between the palladium atoms, since each metal
ion is displaced slightly inward from its coordination mean
plane, that is, toward the other metal center (mean displace-
ment = 0.04 Q). The two complexes 4a and 1a possess vir-
tual twofold symmetry (although no crystallographic rota-
tional symmetry is present) with the axis passing through
the central oxazoline C�C bonds. The trans bioxazoline li-
gands induce the Pd square-planar planes to be facing each
other, but with a configuration staggered by means of a sig-
nificant propeller tilt of the bioxazoline. The latter aspect
represents the key element defining the helical arrangement
in these complexes. In theory, with optically pure (S,S)-bio-
xazoline, two diastereoisomers can be formed, but both 1a
and 4a display a P handedness. The preferential formation
of only one diastereoisomer, when optically pure ligands are
used, is widely documented in various helicate coordination
compounds.[14,17]

The 1H NMR spectra of complexes 1a, 2 and 3 in solution
differ, depending on the nature of the anion (Figure 4). In
particular, the spectrum of 1a is analogous to that of 4a
with one of the two signals attributed to H4,4’ at high fre-
quency, confirming the dinuclear nature of the complex,
even in solution. By taking advantage of the new knowledge
about the characterization in solution of these complexes, it
is possible to identify complex 3 as the mononuclear species
[Pd(Me)(MeCN)((S,S)-iPr-BIOX)][BArF] and complex 2 as
the 2:1 mixture of the dinuclear and mononuclear species,
with one molecule of acetonitrile occupying the fourth posi-
tion of the palladium coordination sphere in the dinuclear
complex. The difference between these complexes was also
confirmed by ESI spectra (see Experimental Section).

CO/styrene copolymerization : Complexes 1a, 2, and 3 were
tested as catalysts for the CO/styrene copolymerization
under reaction conditions similar to those reported in the
literature:[4a,5a,10] 1 atm CO pressure, in the presence of 1,4-
benzoquinone for 4 h. A glass reactor was used so that the
evolution of the system could be monitored visually.

When dichloromethane was the reaction medium, only
traces of polyketone were obtained because of fast decom-
position of the active species to inactive palladium metal
(Table 4). Among the complexes studied, the catalyst with
BArF showed the highest catalytic activity with a productivi-
ty of 11 gCP(gPd)�1h�1.

The change of solvent from dichloromethane to 2,2,2-tri-
fluoroethanol resulted in a remarkable increase in the pro-
ductivity; an increase of one order of magnitude was ach-
ieved when complex 3 was used (productivity 101 gCP-

Figure 3. ORTEP drawing (thermal ellipsoids at 35% level) with the
atom labeling scheme of complex 1a.

Table 3. Selected bond lengths [Q] and angles [8] for 1a.

Pd1�C1 1.996(7) Pd2�C2 2.000(7)
Pd1�N3 2.038(6) Pd2�N4 2.027(5)
Pd1�N1 2.055(5) Pd2�N2 2.036(5)
Pd1�O1 2.218(6) Pd2�O4 2.273(5)
Pd1�Pd2 2.8938(8)
C1-Pd1-N3 88.4(3) C2-Pd2-N4 89.5(3)
C1-Pd1-N1 89.7(3) C2-Pd2-N2 90.2(2)
N3-Pd1-N1 176.5(2) N4-Pd2-N2 177.2(2)
C1-Pd1-O1 170.9(4) C2-Pd2-O4 170.7(3)
N3-Pd1-O1 93.3(2) N4-Pd2-O4 94.5(2)
N1-Pd1-O1 89.1(2) N2-Pd2-O4 86.2(2)
N3-Pd1-Pd2-N4 40.7(2) N1-Pd1-Pd2-N2 43.4(2)

Chem. Eur. J. 2005, 11, 6014 – 6023 J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6017

FULL PAPERSynthesis of CO/Styrene Polyketones

www.chemeurj.org


(Pd)�1h�1) (Table 4). The molecular weights of the synthe-
sized copolymers were still quite low (<4000) (Table 4).

The effect of the anion on productivity is now clearly evi-
dent: similar values are obtained when complexes with PF6

and OTf are tested, while the BArF derivative 3 remains the
most active among the three (Table 4). The highest produc-

tivity shown by this complex is in agreement with the results
of a previous investigation on the effect of the anion on the
activity of complexes [Pd(h1,h2-C8H12OMe)(bpy)][X] as pre-
catalysts for this reaction.[18] To understand whether the
effect of the anion on the productivity might be related to
the difference in nature of the corresponding precatalysts,
the reactivity of complexes 1a and 2 with CO was investi-
gated by in situ NMR experiments both in neat CD2Cl2 and
in a CD2Cl2/CF3CH2OH mixture (the reactivity of 3 with
CO and p-methylstyrene has been studied recently).[5b]

When a CD2Cl2 solution of 2 is treated with carbon monox-
ide, the mononuclear complex is transformed into the Pd–
acyl species, while the dinuclear derivative appears to be
inert toward carbonylation. This behavior is reasonable, be-
cause the dinuclear species does not possess the required ge-
ometry for an insertion reaction, as the Pd�Me group and
the acetonitrile are in trans positions. However, when 2
reacts with carbon monoxide in CD2Cl2 solution (0.7 mL)
containing 2.7 mL trifluoroethanol (TFE), the Pd–acyl spe-
cies is formed almost quantitatively, suggesting that the fluo-
rinated alcohol favors the transformation of the dinuclear
complex to a species suitable to undergo CO insertion,
probably a mononuclear complex. When the same experi-
ments are performed on complex 1a, even in the presence
of 2.7 mL TFE, only a very small amount of the Pd–acyl spe-
cies is formed, thus indicating that, in this case, the reaction
with CO is not as easy as for complex 2. On the basis of
these results, it appears that the very low catalytic activity of
complexes 1a and 2 (in comparison with 3) in dichlorome-
thane might be due initially to the difficulty in forming the
first Pd–acyl species. However, even after the polymeri-
zation has started, the stability of the active species is very
low, yielding only traces of copolymer regardless to the
nature of the anion.

No decomposition of the active species to palladium
metal was observed when the copolymerizations took place
in the fluorinated solvent. Therefore, the main effect of the
fluorinated alcohol is to enhance the stability of the catalyst
remarkably, as we already reported when TFE was used
either in place of methanol in the catalytic system based on
the bischelated complexes [Pd(N–N)2][PF6]2,

[9b] or in place
of dichloromethane in the system based on monochelated
complexes [Pd(Me)(MeCN)(N–N)][X].[10] The positive
effect of TFE on the catalytic system based on bioxazoline
ligands is not trivial. Indeed, when the fluorinated alcohol
was used in place of dichloromethane, with pyridine–oxazo-
line–palladium complexes, because of the fast and complete
decomposition of catalyst to palladium metal no catalytic ac-
tivity was observed.[19] It is logical that, with the present
complexes, the trifluoroethanol is required to favor the
transformation of the inert dinuclear species into a reactive
intermediate.

Both when the benzoquinone/palladium ratio was in-
creased (Table 5, runs 1–3) as well as when the reaction
time was prolonged (Table 5, runs 3–6) a modest increase in
the productivity was found, associated with a clear decrease
in the molecular weights.

Figure 4. 1H NMR spectra in CD2Cl2, at room temperature of complexes:
a) 1a ; b) 3 ; c) 2. Inset: the region of the methyl signals.

Table 4. CO/styrene copolymerization: effect of solvent and anion (cata-
lyst precursor: 1a, 2 and 3).[a]

X Solvent [g CP] [g CP(gPd)�1]h�1 hMwi (hMwi/hMni)
BArF 3 CH2Cl2 0.06 11 n.d.
PF6 2 CH2Cl2 traces n.d. n.d.
OTf 1a CH2Cl2 traces n.d. n.d.
BArF 3 TFE 0.55 101 3300 (1.4)
PF6 2 TFE 0.31 57 3900 (1.3)
OTf 1a TFE 0.33 61 3500 (1.4)

[a] Reaction conditions: nPd = 1.27U10�5 mol; nBQ = 5.1U10�4 mol; sty-
rene V = 10 mL; solvent V = 20 mL; T = 30 8C; PCO = 1 atm; t = 4 h;
[BQ]/[Pd] = 40. n.d. = not determined.
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Characterization of polyketones : The stereochemistry of the
polyketones was studied by 13C NMR spectroscopy by re-
cording the spectra in a mixture of 1,1,1,3,3,3-hexafluoroiso-
propanol (HFIP) and CDCl3. The microtacticity was deter-
mined by integration of the signals due to the ipso-carbon
atom (Table 6). In agreement with the literature data,[5] the

polyketones prepared in dichloromethane are completely
isotactic, only the ll triad being visible and the optical activi-
ty being in the expected range. In the 13C NMR spectra of
the polyketones synthesized in TFE the signals of all the
four triads are present with different intensities. The major
signal is always associated with the ll triad, so the poly-
ketones produced still have a prevailingly isotactic micro-
structure, even if the stereoregularity is lower than that of
the polyketones synthesized in CH2Cl2 (Table 6). Moreover,
the anion effect on the tacticity of the polyketones is now
evident. A very similar triad distribution is observed in the
spectra of polyketones synthesized with precatalysts 2 and 3,
while the copolymer prepared with precatalyst 1a has the
lowest content of the ll triad. The optical activity values are
in agreement with the microtacticity determined by the
13C NMR spectra.

From the results reported here and in the very recent lit-
erature,[20,21,22] it is clear that the control of the stereochem-
istry in the CO/styrene copolymerization reaction is not
only related to the symmetry of the N–N ligand present in
the palladium coordination sphere, but it is affected by
other factors, such as the reaction medium, the anion, the
nature of the precatalyst, and the ligand/palladium ratio.
While the effect of these parameters, in particular of the
role played by the anion, on the polymer stereochemistry

has been being investigated for several years in the synthesis
of polypropene,[23] in the case of CO/olefin copolymerization
the study of this aspect is at an early stage, the first report
having appeared in 2002.[20] It has been reported that [Pd(m-
Bz-BIOX)(H2O)2][OTf]2 (m-Bz-BIOX = (4R,4’S)-2,2’-bis(4-
benzyl-4,5-dihydrooxazole)) leads to the isotactic polyke-
tone when the copolymerization is carried out in CH2Cl2/
MeOH (9:1), while the syndiotactic copolymer is the prod-
uct when pure MeOH is the solvent.[20] Moreover, the same
complex promotes the synthesis of syndiotactic polyketones
in CH2Cl2/MeOH (9:1) when the counterion is BF4

� or PF6
�

instead of triflate.[21] The effect of the anion is also shown in
the copolymerization promoted by [Pd(Me)(MeCN)(m-Bz-
BIOX)][X] (X = OTf, BF4, PF6) in CH2Cl2/MeOH (9:1):
syndiotactic copolymers with a different degree of stereore-
gularity are obtained, and the highest stereoregularity has
been reported for the polyketone prepared with the triflate
derivative.[21] The triflate induces the highest degree of ster-
eoregularity even in the CO/p-Me-styrene copolymerization
promoted by [Pd(h1,h2-C8H12OMe)(N’-N’)][X] (N’-N’ =

(2,6-Me2Ph)-N=C(Me)-C(Me)=N-(2,6-Me2Ph); X = OTf,
PF6, BArF) in CH2Cl2.

[22]

Herein we have found that: 1) changing the solvent from
CH2Cl2 to trifluoroethanol results in a decrease in the ste-
reochemical control, but the copolymer is still isotactic; 2)
in trifluoroethanol the catalyst with triflate leads to the co-
polymer with the lowest stereochemical control.

In conclusion, analysis of the overall results indicates that
in dichloromethane the best stereochemical control is ob-
tained by catalysts with the most strongly coordinating
anion, while in trifluoroethanol the catalyst with the most
strongly coordinating anion exerts the least control on the
stereochemistry.

To elucidate the reactions involved in the initiation and
termination steps of the catalytic cycle, the end-group char-
acterization of the polyketones synthesized in trifluoroetha-
nol, with precatalysts 1a, 2 and 3, was performed by
MALDI-TOF analysis. No difference is observed in the
three spectra. They are characterized by several series of
peaks, for five of which a structural identification can be
proposed. They correspond to six different polymeric chains,
a, b, c, d, e, and f, cationized with Na+ . The macromolecules
differ from the end-groups, while the repetitive unit
(132 Da) is that expected for this kind of copolymerization
reaction (Figure 5). Two chains have a trifluorocarboalkoxy
end-group and both of them terminate with an organic frag-
ment involving hydroquinone (chains a and b in Figure 6).

Two other chains initiate with a saturated group and
differ from the termination, which is the unsaturated group
or the hydroxy fragment (chains c and d in Figure 6).
Chains b and c give rise to a series of peaks whose differen-
ces in mass are too low to distinguish them with the instru-
mental set-up employed. Chain e is characterized by carbox-
ylic acid and trifluorocarboalkoxy fragments as end-groups
(Figure 6). Even though the different clusters in the spectra
are separated by the mass of the usual CO/styrene repetitive
unit, the key feature of this chain is the presence of an addi-

Table 5. CO/Styrene copolymerization: effect of benzoquinone concen-
tration and of reaction time (catalyst precursor: 2).[a]

Run Time [h] [BQ]/[Pd] [g CP] [g CP(g Pd)�1] hMwi (hMwi/hMni)
1 4 10 0.09 66 4800 (1.3)
2 4 20 0.16 120 4500 (1.3)
3 4 40 0.31 228 3900 (1.3)
4 8 40 0.45 330 4200 (1.3)
5 16 40 0.83 630 3900 (1.4)
6 24 40 1.02 750 3000 (1.3)

[a] Reaction conditions: nPd = 1.27U10�5 mol; solvent TFE V = 20 mL;
styrene V = 10 mL; T = 30 8C; PCO = 1 atm.

Table 6. Percentage triad distribution in CO/styrene polyketones (cata-
lyst precursor: 1a, 2, and 3).[a]

X Solvent ll ul lu uu [a]25D
[b]

BArF 3 CH2Cl2 >99 0 0 0 �346
PF6 2 CH2Cl2 >99 0 0 0 n.d.
OTf 1a CH2Cl2 >99 0 0 0 n.d.
BArF 3 TFE 76 8 8 8 �265
PF6 2 TFE 73 9 9 9 �267
OTf 1a TFE 61 14 14 10 �238

[a] 13C NMR spectra recorded in HFIP (0.9 mL) plus CDCl3 (0.4 mL) at
room temperature. [b] Optical activity measured in CHCl3, c = 0.1 g -
(100 mL)�1.

Chem. Eur. J. 2005, 11, 6014 – 6023 J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6019

FULL PAPERSynthesis of CO/Styrene Polyketones

www.chemeurj.org


tional carbonyl group resulting from a double carbonylation
reaction followed by chain termination,[24] yielding an unex-
pected end-group. Chain f fea-
tures a ketonic and an unsatu-
rated end-group (Figure 6).

The present MALDI-TOF
analysis depicts a more compli-
cated scenario than that ob-
served when the bischelated
complexes with phenanthroline
ligands are used as precata-
lysts.[9b] The activation step
consists in migratory insertion
of the Pd�Me group on the co-
ordinated carbon monoxide,
followed by propagation of the
polymeric chain, which is ter-
minated by the b-hydrogen
elimination reaction yielding
chain f and the Pd�H inter-
mediate. The Pd–hydride spe-

cies is the key intermediate for this reaction and represents
the central core of four different catalytic cycles (Scheme 1).

Our previous investigations on the copolymerization
mechanism operative in trifluoroethanol, in the absence of
benzoquinone, indicated that the fluorinated alcohol does
not give rise to termination through alcoholysis and that b-
hydrogen elimination is the unique chain transfer process.
These data were also corroborated by a detailed study on
the alcoholysis reaction taking place on Pd–acyl species with
a series of different alcohols.[25] Therefore, the triflurocar-
boalkoxy group of chains a, b, and e represents the initiation
of the chain, which derives from the oxidation of the Pd–H
intermediate by the 1,4-benzoquinone, which is concomi-
tantly reduced to hydroquinone. This is a typical process
taking place when the copolymerization is carried out in an
alcoholic medium in the presence of the oxidant.[9a,26] Chains

a and b terminate with an or-
ganic fragment, which is the
result of the nucleophilic
attack of one of the two alco-
holic functions of 1,4-hydro-
quinone on the growing chain.
In contrast to the usual metha-
nolysis, which occurs on the
Pd�C(acyl) bond only, the al-
coholysis involving the 1,4-hy-
droquinone takes place on
both the Pd�C(acyl) and the
Pd�C(alkyl) bonds, yielding an
ester end-group (chain b in
Figure 6) and an ether end-
group (chain a in Figure 6), re-
spectively. The formation of
the aryl-ether might occur with
a mechanism analogous to that
proposed in the literature for

the catalytic synthesis of diaryl ethers promoted by palladi-
um complexes.[27]

Figure 5. MALDI-TOF mass spectra of the CO/styrene polyketone syn-
thesized in TFE with precatalyst 1a.

Figure 6. Polymeric chains present in the CO/styrene polyketones.

Scheme 1. The proposed catalytic cycles. GP = growing polymer.
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Even though the effect of 1,4-hydroquinone, and not of
1,4-benzoquinone, as a regulator of the molecular weight of
the polymeric chains was reported some years ago,[28] it has
never been found present as an end-group of the polymeric
chains. Moreover, some carbonylation experiments on sty-
rene in methanol, in the presence of a low concentration of
hydroquinone, led to the formation of methyl p-hydroxy-
phenyl 2-phenylbutanedioate, thus indicating that alcoholy-
sis of acyl intermediates by phenols is more rapid than that
by alcohols.[28a] Not only are the results reported here in per-
fect agreement with this previous study, but they also dem-
onstrate the capability of 1,4-hydroquinone to give alcoholy-
sis on the Pd�C(alkyl) bond, thus doubling the probability
of an alcoholysis chain transfer process. The role of hydro-
quinone makes it possible to explain the decrease in molec-
ular weight observed both on increasing the benzoquinone
concentration and on prolonging the reaction time
(Table 5).

The palladium species resulting from attack by 1,4-hydro-
quinone on the polymeric chain should be the Pd–H deriva-
tive, which can either reenter the trifluorocarboalkoxy path-
ways or insert one molecule of styrene to start chains c or d
(Figure 6, Scheme 1). The termination reactions of these
chains could be the b-hydrogen elimination (chain c,
Figure 6), or the attack of water yielding a carboxylic acid
end-group (chain d, Figure 6). The palladium species result-
ing from these termination reactions is always the hydride
derivative.

Conclusion

The chemistry of (S,S)-iPr-BIOX ligand coordination to pal-
ladium has been studied. Both mononuclear and dinuclear
species are isolated, depending on the nature of the anion.
The latter complexes represent one of the first examples of
bridging coordination mode for this ligand. The 1H NMR in-
vestigation provided evidence that the protons of the isopro-
pyl substituents and protons in position 4 of the hydroxazole
rings can be regarded as “probe protons” to identify the co-
ordination mode of the BIOX ligand: their chemical shifts
differ depending on whether the ligand is bridging two palla-
dium ions or whether it is chelated to one metal center only.

It was already known that complex 3 catalyzes the synthe-
sis of the isotactic CO/styrene copolymer.[5a] We have now
shown that the catalyst performance can be enhanced by
one order of magnitude by carrying out the copolymeriza-
tion in trifluoroethanol. At the same time, however, chang-
ing the reaction medium caused a partial loss of the stereo-
chemical control during the polymerization process. More-
over, in the fluorinated alcohol the effect of the anion on
the copolymer stereochemistry was also evident. The origin
of the observed effects on the polymer tacticity is still un-
clear and it is under current investigation.

The MALDI-TOF analysis of the synthesized polyketones
indicated the major role played by the hydroquinone in this
catalytic system.

The importance of trifluoroethanol in ensuring the stabili-
ty of the Pd–hydride species has been confirmed definitive-
ly.

Experimental Section

General procedures : [Pd(OAc)2] was a loan from Engelhard Italia and
was used as received. The nitrogen-donor ligand, (S,S)-iPr-BIOX,[29] and
NaBArF[30] were prepared according to published procedures. 2,2,2-Tri-
fluoroethanol (Aldrich) and the analytical grade solvents (Fluka) were
used without further purification for synthetic, spectroscopic, and catalyt-
ic purposes. The dichloromethane used for the synthesis of complexes
and for the catalytic tests was purified by distillation over CaCl2, and
stored under an inert atmosphere. Carbon monoxide (CP grade, 99.9%)
was supplied by SIAD. ES-MS spectra were obtained on a Perkin-Elmer
AP1; samples were dissolved in CH2Cl2.

1H NMR spectra were recorded
at 400 MHz on a JEOL EX400; the resonances were referenced to the
solvent peak versus TMS (CDCl3 at d = 7.26 ppm and CD2Cl2 at d =

5.33 ppm). 13C NMR spectra of polyketones were recorded at 125 MHz
on a Bruker AMX 500 MHz at the Eidgençssische Technische Hoch-
schule, ZIrich.

Syntheses : The manipulations were carried out under an argon atmos-
phere by standard Schlenk techniques, at room temperature, following
the procedures reported in the literature.[10,12] trans-[Pd(Cl)2(PhCN)2]

[31]

and [Pd(Cl)(Me)(cod)][32] were synthesized following the procedures re-
ported in the literature.

Synthesis of [Pd(CH3)(Cl)((S,S)-iPr-BIOX)] (4) and [Pd(CH3)(Cl)(m-
(S,S)-iPr-BIOX)]2 (4a): (S,S)-iPr-BIOX (0.23 g, 1.04 mmol) was added to
a stirred solution of [Pd(Cl)(CH3)(cod)] (cod = 1,5-cyclooctadiene)
(0.25 g, 0.94 mmol) in CH2Cl2 (15 mL). After the mixture had been stir-
red for 1 h at room temperature in the dark, the solution was filtered
over Celite, washed with CH2Cl2, and concentrated to half its original
volume under vacuum. Upon addition of diethyl ether, an orange oil was
obtained. After treatment in liquid nitrogen it became a yellow solid,
which was filtered under vacuum and washed with hexane. Crystals of 4
suitable for X-ray structure determination were obtained directly from
the synthesis. Recrystallization from dichloromethane/hexane afforded
crystals of both 4 and 4a suitable for X-ray analysis.

4 : Yield: 0.33 g, 92%. 1H NMR (400 MHz, CDCl3, 25 8C): d = 0.84–0.94
(m, 12H, CH(CH3)2), 1.02 (s, 3H, Pd�CH3), 2.26 (m, 1H, CH(CH3)2),
2.74 (m, 1H, CH(CH3)2), 4.26 (m, 1H, H4), 4.37 (m, 1H, H4’), 4.53 (m,
2H, H5), 4.74 ppm (m, 2H, H5’); elemental analysis calcd (%) for
C13H23ClN2O2Pd: C 40.96, H 6.08, N 7.35; found: C 41.7, H 6.17, N 7.32.

4a : 1H NMR (400 MHz, CDCl3, 25 8C): d = 0.99 (s, 3H, Pd�CH3), 0.84–
1.19 (m, 12H, CH(CH3)2), 2.48 (m, 1H, CH(CH3)2), 2.78 (m, 1H, CH-
(CH3)2), 4.29 (m, 1H, H4), 4.37–4.74 (m, 2H, H5 and H5’), 5.10 ppm (m,
1H, H4’); elemental analysis calcd (%) for C26H46Cl2N4O4Pd2: C 40.96, H
6.08, N 7.35; found: C 41.4, H 6.26, N 7.25.

Synthesis of [Pd(CH3)(OTf)(m-(S,S)-iPr-BIOX)]2 (1a): A solution of
AgOTf (0.113 g, 0.44 mmol) in anhydrous acetonitrile was added to a stir-
red suspension of 4 (0.152 g, 0.40 mmol) in CH2Cl2 (10 mL). After 30 min
the solution was filtered to remove the silver salts, and concentrated
under vacuum. Addition of diethyl ether caused the precipitation of a
yellow solid, which was filtered off, washed with diethyl ether, and dried
under vacuum. From the mother liquor it was possible to isolate crystals
for X-ray structure determination.

Yield: 0.18 g, 93%. 1H NMR (400 MHz, CD2Cl2, 25 8C): d = 1.08 (br,
24H, CH(CH3)2), 1.14 (s, 6H, Pd-CH3), 2.57 (br, 2H, CH(CH3)2), 2.71
(br, 2H, CH(CH3)2), 4.30 (m, 2H, H4), 4.42–4.64 (m, 4H, H5 and H5’),
4.82 ppm (m, 2H, H4’); 19F NMR (188.29 MHz, CD2Cl2): d = �78.7 ppm;
MS (60 eV): m/z (%): 991 (37) [M]+ , 975 (10) [M�CH3]

+ , 842 (27)
[M�OTf]+ , 737 (100) [M�2CH3�iPr-BIOX]+ , 331 (15) [M�2CH3�iPr-
BIOX�2OTf]+ ; elemental analysis calcd (%) for C28H46F6N4O10Pd2S2: C
33.98, H 4.68, N 5.66; found: C 32.0, H 3.73, N 5.52.
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Synthesis of [Pd(CH3)(CH3CN)-
((S,S)-iPr-BIOX)][PF6] (2): A solu-
tion of AgPF6 (0.111 g, 0.44 mmol) in
anhydrous acetonitrile was added to
a stirred suspension of 4 (0.152 g,
0.40 mmol) in CH2Cl2 (10 mL). After
30 min the solution was filtered to
remove the silver salt and concentrat-
ed under vacuum. Addition of diethyl
ether caused the formation of a
brown oil, which was transformed
into a yellow solid upon treatment in
liquid nitrogen. The solid was filtered
off, washed with diethyl ether, and
dried under vacuum.

Yield: 70%. 1H NMR (400 MHz,
CD2Cl2, 25 8C): d = 0.83–1.08 (m,
12H, CH(CH3)2), 1.10 (s, 3H, Pd�
CH3), 2.02–2.13 (m, CH(CH3)2), 2.24
(br, CH(CH3)2), 2.33 (s, CH3CN),
2.38 (s, CH3CN), 2.60 (m, CH(CH3)2),
4.22 and 4.31 (m, 1H, H4 or H4’)
4.51–4.80 ppm (m, 5H, H4 or H4’ and
H5, H5’); MS (60 eV): m/z (%): 676
(100) [2M�CH3�2CH3CN]3+ , 660
(70) [2M�2CH3�2CH3CN]4+ , 389
(20) [M]+ , 375 (26) [M�CH3CN]+ ;
elemental analysis calcd (%) for
C15H26F6N3O2PPd: C 33.88, H 4.93, N
7.90; found: C 32.9, H 5.14, N 7.13.

Synthesis of [Pd(CH3)(CH3CN)-
((S,S)-iPr-BIOX)][BArF] (3): A solution of NaBArF (0.26 g, 0.30 mmol)
in anhydrous CH3CN was added to a stirred suspension of 4 (0.10 g,
0.26 mmol) in CH2Cl2 (8 mL). After 1 h the solution was filtered over
Celite and concentrated under vacuum. Addition of diethyl ether caused
the precipitation of a brown oil, which was transformed into a red solid
upon treatment in liquid nitrogen. The solid was filtered off, washed with
diethyl ether, and dried under vacuum.

Yield: 0.30 g, 92%. 1H NMR (400 MHz, CD2Cl2, 25 8C): d = 0.83–1.00
(m, 12H, CH(CH3)2), 1.11 (s, 3H, Pd�CH3), 2.01 (m, 1H, CH(CH3)2),
2.12 (m, 1H, CH(CH3)2), 2.34 (s, 3H, CH3CN), 4.22 (m, 2H, H4 and H4’),
4.59–4.83 (m, 4H, H5 and H5’), 7.73 (br, 4H, aromatics), 7.73 ppm (m,
8H, aromatics); MS (60 eV): m/z (%): 386 (100) [M]+ , 372 (10)
[M�CH3]

+ , 345 (24) [M�CH3CN]+ , 331 (90) [M�CH3�CH3CN]+ ; ele-
mental analysis calcd (%) for C47H38BF24N3O2Pd: C 45.16, H 3.06, N
3.36; found: C 44.3, H 2.92, N 3.49.

NMR experiments in situ : CD2Cl2 (0.70 mL) was added to an NMR tube
(5 mm) charged with the complex (7.5U10�3 mmol). When needed, 2,2,2-
trifluoroethanol (2.7 mL) was added. CO was then bubbled for 5 min
through a needle inserted through a rubber cap into the NMR tube. The
1H NMR spectrum was obtained after 15 min.

X-ray crystal structure determination of 1a, 4, and 4a : Diffraction data
for the structures reported were determined at room temperature
(293(2) K) on a Nonius DIP-1030H system with MoKa radiation (l =

0.71073 Q). A total of 30 frames were collected, each with an exposure
time of 15–20 min, a rotation angle of 68 about f, and the detector at 80–
90 mm from the crystal. Cell refinement, indexing, and scaling of the
data sets were carried out using Mosflm and Scala[33] for 1a and 4 and
Denzo[34] for 4a. All the structures were solved by direct methods and
Fourier analyses[35] and refined by the full-matrix least-squares method
based on F2 with all the observed reflections.[35] A difference Fourier map
of (4a) shows two disordered molecules of dichloromethane (each with
0.5 occupancy). All the calculations were performed using the WinGX
System, Version 1.64.05.[36] Crystal data and details of refinements are re-
ported in Table 7.

CCDC-263342–CCDC-263344 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from the

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Copolymerization : Copolymerization reactions were carried out in a ther-
mostated glass reactor equipped with a magnetic stirrer under a CO at-
mosphere. After introduction of the catalyst precursor, the benzoqui-
none, the solvent (20 mL), and styrene (10 mL), carbon monoxide was
bubbled for 10 min into the reaction mixture heated at 30 8C. The system
was then closed and connected to a balloon containing CO. After the ap-
propriate reaction time, the reaction mixture was poured into methanol
(100 mL). The polymer was filtered off, washed with methanol, and dried
under vacuum.

Molecular weight measurements : The molecular weights hMwi of copoly-
mers and the molecular weight distributions (hMwi/hMni) were deter-
mined by gel-permeation chromatography versus polystyrene standards.
The analyses were recorded on a Knauer HPLC (K-501 Pump, K-2501
UV-detector) with a PLgel 5 mmU104 Q GPC column and chloroform as
solvent (flow rate 0.6 mLmin�1). To dissolve the copolymer, the sample
(3 mg) was solubilized with 1,1,1,3,3,3-hexafluoro-2-propanol (120 mL)
and chloroform was added up to 10 mL. The statistical calculations were
performed by using the Bruker Chromstar software program.

MALDI/MS measurements : MALDI mass measurements were per-
formed on a Voyager-DE PRO instrument (Applied Biosystems, Foster
City, CA, USA), operating in reflectron positive-ion mode. Ions formed
by a pulsed UV laser beam (l = 337 nm) were accelerated at 20 keV.
The instrumental conditions were: mirror ratio 1.12; grid voltage 77%;
guide wire 0.05%; delay time 150 ns. (2-(p-Hydroxyphenylazo)benzoic
acid (HABA) was used as a matrix (10 mgmL�1 in CHCl3). Copolymer
(2 mg) was dissolved in CHCl3 (1 mL) and a portion (5 mL) of this solu-
tion was added to the same volume of the matrix solution. About 1 mL of
the resulting solution was deposited on the stainless steel sample holder
and allowed to dry before introduction into the mass spectrometer.
Three independent measurements were made for each sample.

External mass calibration was done using the Calibration Mixture 1 of
the Sequazyme Peptide Mass Standards Kit, based on the monoisotopic
values of [M+H]+ of des-Arg1-bradykinin, angiotensin I, Glu1-fibrino-

Table 7. Crystallographic data and details of structure refinements of compounds 1a, 4, and 4a.

1a 4 4a·0.5CH2Cl2

formula C28H46F6N4O10Pd2S2 C13H23ClN2O2Pd C26.5H47Cl3N4O4Pd2

Mr 989.61 381.18 804.83
crystal system orthorhombic orthorhombic triclinic
space group P212121 P212121 P1
a [Q] 10.418(3) 8.380(3) 11.679(3)
b [Q] 16.731(4) 9.969(4) 11.569(4)
c [Q] 22.981(4) 20.045(4) 16.123(4)
a [8] 97.17(2)
b [8] 97.81(3)
g [8] 119.67(3)
volume [Q3] 4005.7(17) 1674.6(10) 1827.9(9)
Z 4 4 2
1calcd [gcm�3] 1.641 1.512 1.462
mMoKa [mm�1] 1.083 1.267 1.236
F(000) 2000 776 818
qmax [8] 26.73 29.93 27.48
reflns collected 42839 16792 14805
unique reflections 8486 4351 14805
Rint 0.0310 0.0286 –
observed I>2s(I) 6765 3986 10037
parameters 475 176 710
goodness of fit (F2) 1.038 1.178 0.980
R1 (I>2s(I))[a] 0.0459 0.0449 0.0526
wR2

[a] 0.1150 0.1038 0.1319
residuals [eQ�3] 0.548, �0.435 1.570, �0.741 0.711, �0.829

[a] R1 = � j jFo j� jFc j j /� jFo j , wR2 = [�w(F2
o�F2

c)
2/�w(F2

o)
2]1/2.

www.chemeurj.org J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6014 – 60236022

B. Milani et al.

www.chemeurj.org


peptide B and neurotensin at m/z 904.4681, 1296.6858, 1570.6774, and
1672.9175, respectively.
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