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Abstract

During the last decade there has been increased interest in the development of homogeneous catalytic systems to promote homo- or copolym
ization reactions of unsaturated hydrocarbons. This review is focused on systems based on palladium complexes with nitrogen-donor ligands au
on their application as catalysts (or precatalysts) for co- and terpolymerization of carbon monoxide and olefins. Detailed catalytic performance i
reported (productivity, molecular weight values and stereoregularity of the copolymers) allowing comparison between different systefas. Particu
attention will be addressed to the relationship between catalyst structure and structural features of the polymers synthesized. A comment on tl
mechanism involved in the various reactions is also given.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction complexes containing heterocycije? nitrogen-donor chelating
ligands[1]. Among them, 2,2bipyridine, 1,10-phenanthroline
Over the past years, there has been much development gf] and oxazoline-basef8] ligands have attracted particular
the application in homogeneous catalysis of transition metattention.
The controlled synthesis of new and known polymeric mate-
- rials represents a key issue for modern society and single-site
Abbreviations:  BArF, B(3,5-(CR)2CeHs)a; bpy, 2,2-bipyridine; BQ,  metal promoted polymerization is a powerful tool to achieve the
1,4-benzoquinone; DMP,  2,2-dimethoxypropane; dppp, 1,3-bis(diphenylsynthesis of macromolecules suited for well-defined applica-
ghzozr’t?i'fﬁ't?gfg(éf}?;f& NQ. naphthoquinone; phen, 1,10-phenanthroline; TR, o - 1hqeed, this allows the fine tuning of microscopic fea-
* Corresponding author. Tel.: +39 040 5583956; fax: +30 040 5583003,  tures of the macromolecules, such as molecular weight and
E-mail address: milani@dsch.units.it (B. Milani). molecular weight distribution, the insertion of co-monomers, the
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stereochemistry and so on, which determine the macroscopic
properties of the synthesized polymers and, in the end, their
potential applicationf].

On the basis of the transition metal involved, homogeneous / \ / \
polymerization catalysts can be divided into two categories: cat-
alysts based on early transition met&ls8] and catalysts based =N N=—
on late transition metal§—10]. However, homogeneous poly-
merization catalysts based on metals of Groups 6 and 7 have also 1

been develope®]. The catalytic behavior of coordination com-
pounds is determined by the ancillary ligands bound to the metal
center and a huge number of molecules have been tailored with
the aim to synthesize macromolecules having desired macro- / \ \
scopic properties. From the literature, a correlation between the
transition metal and the nature of the ancillary ligand sponta- —N N=—
neously arises, i.e. ligands with a cyclopentadienyl moiety are
generally associated with early transition metals, while non- 5
carbon donor ligands are preferentially related to late transition
metals. Scheme 1.
Within this wide variety of moleculesp? nitrogen-donor lig-
ands find applications in several polymerization reactions; someomparisons easier. Thus, pressure values are expressed in bar;
examples are homopolymerization of olefid®,11] copoly-  productivity and productivity per hour, when data available, are
merization of olefins with C@12], atom transfer radical poly- expressed in grams of copolymer per gram of palladium (g CP/g
merization[13], free-radical polymerization involving catalytic Pd) and grams of copolymer per gram of palladium per hour (g
chain transfer processgist]. CP/g Pdh), respectively. As far as the molecular weight is con-
This review is focused on the CO/olefin co- and terpolymer-cerned, when availablé/,, values are given together with the
ization reactions promoted exclusively by palladium complexesnolecular weight distribution,,/M,). In some cases, only the
containingsp? nitrogen-donor ligands and covers the literatureMp, values are reported.
published until the end of 2004.

2.1. N-N ligands with a bipyridine or a phenanthroline
2. COJolefin copolymerization reactions backbone

The copolymerization reaction of carbon monoxide with ter- ~ The use of 2,2bipyridine (bpy) () and 1,10-phenanthroline
minal alkenes (Eq(1)) or strained cyclic olefins leads to the (Phen) @) (Scheme ) in Pd-based catalytic systems for

Synthesis of perfecﬂy alternated po|yketones: CO/Styrene COpOIymeI’ization was reportEd for the first time in
the Shell's patent literatur20]. In a following more detailed
study, Consiglio demonstrated that nitrogen-donor ligands were

nCO + N HC=CH, _cat o necessary to promote the synthesis of polyketones from aro-

‘ matic olefins; while, when diphosphines were used, éhly;5-
R a O /n (1) diphenylpent-1-en-3-one, resulting from the monocarbonylation

of styrene, was the produ¢2l]. The catalytic system based

Most of the catalyst precursors contain a palladium centemn phen ligand yielded the CO/styrene copolyniéy & 2000)
though the use of some other transition metals have been reportedth a syndiotactic microstructure under a chain end control. The
[15,16] Very active systems based on diphosphine-modifiedacticity of this copolymer is determined by integration of sig-
palladium catalysts have been developed for the co- and tenals due to thépso carbon atom in th&C NMR spectrunj22].
polymerization of aliphatia-olefins allowing their commercial With phen ligands the content of; triad is 80%, the remaining
production[17]. On the other hand, aromatic olefins, such as20% being related to the heterotactic triagisand/u.
styrene and its derivatives, are efficiently copolymerized, witha In 1993, Sen et al. compared the catalytic activity of Pd
few exception$18], by bidentate nitrogen (N-N) or hybrid P-N complexes containing a phenanthroline or one of its sub-
ligands[19]. stituted derivatives in the CO/olefin co- and terpolymeriza-

During the last few years, an increasing number of publication reactions[23]. The catalytic systems consisted in the
tions concerning the synthesis of polyketones have appearedim situ formed catalyst, by co-dissolving a 1:1 molar ratio
the literature as well as several detailed revigli. We wishto  of the dicationic [Pd(MeCNy)[BF4]2 and the phenanthroline
focus here on the comparison among catalytic systems based bgand in a nitromethane/methanol mixture, in the presence
nitrogen-donor ligands, on the basis of their catalytic propertiesof 1,4-benzoquinone (BQ). The comparison between ligands
productivity of the corresponding palladium catalysts, molecu2—-6 (Scheme }in the CO/styrene copolymerization demon-
lar weight and stereoregularity of the polymers obtained. Allstrated tha#f, containing a nitro substituent in position 5, was
data reported in the literature were converted in order to makehe most efficient ligand, both in terms of productivity and
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Table 1
CO/styrene copolymerization: effect of the phenanthroline derivative ligand

N N
Catalyst precursor g CP/g Pd g CPlgPdh My (My/Mp) / \: </ \>

[Pd(MeCNY][BF4]2 +2 4.9 0.10 170000 (4.1) —N N
[Pd(MeCN)][BF4]2 +3 6.6 0.14 n.r.

[Pd(MeCN)][BF4]> +4 10.2 0.21 n.r. 7

[Pd(MeCN}][BF4]2 +5 3.2 0.07 n.r.

[Pd(MeCN)][BF4]2 +6 0 - - R
Reaction  conditions: npg=68mmol; styrene V=2mL; solvent: H
nitromethane/methanol V=4/2mL; T=60°C; Pco=69bar, reac- 0 o)

tion time: 48h; [BQJ/[Pd]=1.4; n.r.=not reported; catalyst precursor:
[Pd(MeCNY][BF 4] + N-N.

stereoregularity (90% of theu triad content), whereas led —N N=—
to the formation of an inactive complex due to the steric hin-

drance generated by the presence of the two methyl substituents R=H(10)

in 2,9 positions Table 1. Me (11)

However, the higher activity of the catalyst containing lig-
and4, when compared to the unsubstituted phenanthrdine
depends onthe olefin co-monomer. Actually, itwas reported thaggolymerization reactions were carried out in methanol, in
at least under the conditions used, the catalytic system contaifse presence of benzoquinoriEable 3. A remarkable influ-
ing 4 displayed a lower catalytic activity than the one containingence of the nature of the carboxylato anion was observed, the
2 for the CO/norbornadiene reactiohaple J [24]. The same  5cetate derivative being almost inactive. This effect could be
trend was observed in the CO/4-vinylcyclohexene copolymerze|ated both to the relative ability of acetate and trifluoroac-
ization (see belowTable 23. etate to undergo esterification and to theidonor power. The

Starting from these initial studies on copolymerization Car-analysis of the effect of the N—N ligand showed that the bpy

ried out by in situ catalytic systems, most research has beefhmplex is more active than the phenanthroline derivatives. The
focused on the use of presynthesized Pd(Il) complexes as Ca@,‘4,7,8-tetramethyl-1, 10-phenanthrolis less active and the

Iyst.precursors, ranging from neutral to monocationic and dicaéatalyst containing the 2,9-dimethyl-1,10-phenanthrobinis
tionic systems. totally inactive. In the former case the low activity was attributed
The first well-defined precatalyst was reported by Brookhariy the electron donor properties of the ligand, whereas in the
et al. in 1992. He found that the monocationic, organometaliaser, steric hindrance was claimed to be responsible for the
lic_complex [Pd(Me)(MeCN)(N-N)][BArF] (BArF=B(3,5- |ogs of activity. The copolymers obtained have the usual syn-

(CF3)2CeHa)a), with N-N=1 or 2, promoted the CQH'BU-  gigtactic microstructure and molecular weights are in the range
styrene copolymerization in chlorobenzene, at room tempergg0_7000. as evaluated KC NMR.

ature, leading to the formation of syndiotactic polyketones ap analogous trend was observed in a study on catalytic
[25a] The degree of stereoregularity was increased Up tQysiems containing [Pd(MeGR(N-N)] (N-N being a phenan-
90%, when N-N was the 2;Bipyrimidine 7 (Scheme ®  nroline or one of its substituted derivatives), naphthoguinone
[25b]. This catalytic system was also used for the synthesis 0f,q 1 equiv. of [(N=N)H][PE] as co-catalystTable 4 [27]. The
CO/norbornene copolymer and for the CO/ethylene/styrene anghdition of 1 equivalent of [(phen)H][RFto the catalytic sys-
COlpropylene/styrene terpolymerizati@3]. Thisreactionrep-  tam hased on [Pd(MeGgy(phen)] resulted in an increase in the
resents a rare example bfing alternating copolymerization.  proquctivity of one order of magnitude. The authors attributed
In 1994, we reported active catalytic systems for theys effect both to the acidic function of [(phen)H][EIFacting
CO/styrene copolymerization based on neutral Pd complexes g 5 co-catalyst, and its capability to provide an additional stabil-
general formula [Pd(RC£)2(N-N)] (R=Me, CF) [26]. The o the active species. For the ligands tested, the activity in the

Scheme 2.

Table 2 Table 3

COl/norbornadiene copolymerization: effect of the phenanthroline derivativecO/styrene copolymerization: effect of the catalyst precursor
ligand

Catalyst precursor g CP/g Pd g CP/gPdh
Catalyst precursor g CP/g Pd g CP/gPdh My

[Pd(MeCQ)2(2)] 4 0.4
[Pd(MeCN}][BF4]2 +1 245 49 6360  [Pd(CRCO,)2(2)] 300 30
[Pd(MeCN)][BF ]2 +2 300 60 8680  [Pd(CRCO,)2(1)] 376 37.6
[Pd(MeCN)][BF4]2+4 255 51 7690  [Pd(CRCO2):(5)] 141 14.1

[PA(CRCO)2(6)] 0 0

Reaction conditions: npg=0.1mmol; nnorbornadiene5 % 1072 mol;  sol-
vent: methanol V=10mL; p-toluenesulfonic acid 2mmol;7=50°C; Reaction conditionsipg= 0.5 mmol; solvent: methan® =500 mL;7=40°C;
Pco=33bar; reaction time: 5h; [BQJ/[Pd]=100; catalyst precursor: Pco=40 bar; reaction time: 10h; [BQ]/[Pd]=80; catalyst precursor:
[Pd(MeCN)][BF4]2 + N—N. [PA(RCQ)2(N-N)].
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Table 4 Table 5
COl/styrene copolymerization: effect of the addition of 1equiv. of CO/styrene copolymerization: effect of the bpy-derived ligand
[(N-N)H][PF¢]

Catalyst precursor g CP/g Pd g CP/gPdh « (589 nm, 25)

a
Catalyst precursor Jo§ g CP/g Pd g CP/gPdh [PA(CRCO2)2(1)] 282 a1 o
[Pd(MeCQ)2(2)] 109 18.1 [PA(CRCO,)2(R-10)] 235 117.5 4
[PA(MeCQ)2(2)] + [(2)H][PFs] 4.86 1165 194 [PA(CRCOy),(S,5-11)] 260 130 -3¢
[Pd(MeCQ)2(9)] + [(9)HI[PFs] 4.84 586 97.7 ; — : : :
[Pd(MeCQ)2(8)] + [(8)H][PFe] 594 357 50.5 Reaction conditionsnpg=1.7 mmol; s_tyrepeVz 10mL; solvent: methanol
[Pd(MeCQ)(5)] + [(5)H][PFel 6.31 266 443 V=20mL;T=30°C; Pco = 1bar; reaction time: 2 higqg = 0.66 mmol; catalyst
[Pd(MeCQ)2(6)] + [(OHIPFs] 617 0 0 precursor: [PA(CECO)2(N-N)]
[PAd(MeCQ)2(6)] + [(2)H][PFe] 533 88.8
{Eg%gg%ig;} : {Egﬂ}{ﬁig} gig igg:g COlolefin copolymerization reaction in general, and for the
[Pd(MeCQ)2(9)] + [(2)H][PFe] 567 945 COlJ/aromatic olefin in particular, by carrying out the polymer-
[PA(MeCQ)2(1)] + [(1)H][PFs] 597 99.5 ization in methanol, with no addition of any acid co-catalyst and
[Pd(MeCQ)2(1)] + [(2)H][PFe] 1054 175.7 in the presence of benzoquino[&2]. One of the main prob-

Reaction conditions:npg=3.6x 10-2mmol; styrene V=10mL; solvent: |€MS encountered with the catalytic systems based on palladium
methanol/ = 20 mL;T=65°C; Pco = 40 bar; reactiontime: 6 h; [NQJ/[Pd]=20; complexes with N-N ligands is related to the stability of the
catalyst precursor: [Pd(MeGg(N-N)]. active species that, under the reducing reaction conditions, eas-
? pKa values of the N-N ligand2, 5, 6, 8 and9 [28]. ily decomposes to palladium metal, thus preventing the synthesis
of this polyketone in yields and with molecular weight values
COlstyrene copolymerization was found to be linearly depenthat make feasible the investigation of potential industrial appli-
dent on the g5 of the substituted nitrogen ligand: in particular, cations[33].
it decreases on increasing the Lewis basicity of N-N. The influ- Starting from these observations, a systematic study was
ence of addition of [(phen)H][Rf} as co-catalyst to systems conducted on the system based on [Pg{PFg]2, in order to
containing ligandd, 5, 6, 8 or 9 was studied and the results understand the factors that affect the catalyst stability. The first
obtained attributed to ligand exchange reactidrable 4. important breakthrough with respect to the literature data was
The catalytic system based on [Pd(Meg£)2)] efficiently ~ achieved by changing the reaction medium from methanol to
copolymerizes CO wittpara-substituted styrene derivatives 2,2,2-trifluoroethanol (TFE). Actually, when the reaction is car-
such as acetoxystyrene, hydroxystyrene or formyloxystyrenejed out in methanol the catalyst is deactivated after 14 h due to
but no data concerning the productivity are availaff28]. its complete decomposition to inactive palladium meftad (1).
[Pd(MeCQ)2(1)] generated in situ was reported to catalyzeOn the other hand, when the reaction mediumiis trifluoroethanol,
the copolymerization of CO with various styrene deriva-the catalyst is still active after 24 h and negligible formation of
tives such asp-methoxystyrene p-ethylstyrene,m- and o- palladium metal is observgd4], thus suggesting that the main
bromostyrene, 3,4-dimethoxystyrene, 3,4-dimethylstyrene, 2difference between the two solvents is related to the catalyst
methyl-5!Bu-styreng30]. As previously, no productivity data lifetime, which is much longer in the fluorinated alcohol than
are provided. These copolymers have been characterized liy methanol. The ability of TFE to stabilize the active species
spectroscopy and elemental analysis, but no information is giveallows the synthesis of polymers in high yields, even in the
concerning their molecular weight. In both cases polymerizaabsence of BQ. It was thus possible to obtain polyketones of
tion reactions were carried out in methanol at high CO pressuréiigher molecular weight, since the presence of the oxidant is
in the presence of a large excess of free ligand and of benzémown to reduce the length of the polymeric chdka).
quinone with respect to palladium. Moreover, an acid co-catalyst
(p-toluenesulfonic acid) was also added, as typical for the in situ

catalytic systems. 10000
Due to the chain-end control, copolymers prepared using
phen or bpy containing catalysts have a prevailingly syndio- 80007
tactic structure. Based on the fact that dpig the most active D 5000-
ligand for CO/styrene copolymerization and that a twistaround o ——TFE
its C(2)-C(2) axis is a potential source of conformational iso- S 4000- —8— MeOH
merism, atropisomeric ligandg-10 and S,5-11 (Scheme 2 @
were prepared and their corresponding [PHCB,)2(N-N)] 20007
complexes tested in the CO/styrene copolymerization reac-
tion, where they showed a catalytic activity similar to that of O . o 15 20 25 &
[Pd(CRCO,)2(1)]. Moreover, short isotactic sequences were time (h)

observre]d Igth? CQpOlyTel’ Cham-Eab!e 5.[31].' his field Fig. 1. COlstyrene copolymerization: effect of solvent. Catalyst precur-
In the e_g'm?'”g O. our Investigation in this field we sor: [PdQ)2][PFe]2. Reaction conditions:npg=5.4x 10-3mmol; styrene
found that dicationic bischelated complexes of general fory=30mL; solventv'=20mL; T=60°C; Pco=40bar; [BQ]/[Pd]=64; DMP
mula [Pd(N-N}][PFs]> act as efficient precatalysts for the v=0.5mL.
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Table 6
COlstyrene copolymerization: effect of solvent and of benzoquinone

N-N  Solvent [BQJ/[Pd] gCP/gPd gCP/gPdh My (Mw/Mp)

bpy ~MeOH 64 1700 121.4 10000 (1.4)

bpy MeOH 0 200 14.3 16000 (1.6)

bpy  TFE 64 4100 292.9 58500 (2.3) R = Me (12)

bpy TFE 0 1800 128.6 85000 (1.8) Et (13)

phen TFE 64 2200 157.1 66000 (1.9) i

phen  TFE 0 1800 128.6 72000 (1.8) Pr(14)
"Bu (15)

Reaction conditions:npg=5.4x 10-3mmol; styrene V=30mL; solvent SBu (16)

V=20mL;T=60°C; Pco=40 bar; reaction time: 14 h; DMP=0.5 mL; cata-
lyst precursor: [Pd(N-N)[PFg]2.

/ N/ \

Moreover, in trifluoroethanol the higher activity of bpy-

containing catalyst with respect to that of phen catalyst was N N
confirmed when the reaction was carried out in the presence of R = Me (18) R
the oxidant. However, in the absence of BQ the two catalysts -

showed comparable productivities due to the different stability ‘itr(::o))

ofthe corresponding active species. Actually, the bpy-containing
catalyst suffered from lower stability when compared to its phen Scheme 3.
counterpart. The latter, less active but more stable, displayed a

longer lifetime allowing thus comparable overall productivity to of the precatalyst and not to the instability of the catdgst. In
be reachedTable § [35]. this case the influence of the ligand was more pronounced than
Another important parameter affecting both the catalyst stagyhen the monochelated complexes were J26i
blllty and the molecular Welght of the pOkaetoneS obtained, is A remarkable, further improvement of the Cata|y5t perfor-
the carbon monoxide pressufiable 7. In the presence of ben- mance was very recently realized by using phenanthrolines
zoquinone, the carbon monoxide has a clear inhibiting effect: thgypstituted in position 3 by an alkyl group Bphen,Scheme 3
productivity increases of almost three times when the CO presigands:12-17) [36,37] Productivity and molecular weight val-
sure is decreased from 40 to 10 bar. Whereas, when no oxidagies appear to be related to the steric hindrance of the alkyl group
is present, CO is important both to ensure the catalyst stability, position 3, both of them increase on increasing the bulkiness
and to obtain polyketones of higher molecular weight values. Iyf the substituentTable §. Catalysis were carried out in triflu-
this case the inhibiting role becomes evident only at a pressurigroethanol, with no addition of any co-catalyst.
of 50 bar[35]. No catalyst decomposition was observed, thus allowing one
A further improvement of the productivity (up to 190 g CP/g to prolong the reaction time up to 96 h and to improve the olefin
Pdh at 40 bar) was realized upon addition of a mixture of frego palladium ratio up to 96 000. Under these reaction condi-
phenanthroline and [(phen)H][EHin the proper ratio) to the  tjons, both the productivity and the molecular weight values
system based on the [R)£][PFe]> complex, while no variation  achieved with the 3-tmp-phen-cataly&t are the highest num-

in the molecular weight was observggb]. bers ever reported for the synthesis of both CO/styrene and
A clear decrease in productivity was evident when the biscop-methylstyrene polyketones.

chelated complexes containing ligaidr 8 were tested, and,  These catalytic results should be related to the high stability

in particular, the activity of complex [P8I>][PFe]2> was negli-  shown by the active species containing the phenanthroline sub-

gible, without showing any decomposition to palladium metal,stituted in position 3 with a bulky alkyl group, in combination
thus indicating that the loss of activity is related to the inertnessyith the use of trifluoroethanol as reaction medium.

Table 7 Table 8

CO/styrene copolymerization: effect of CO pressure COlstyrene copolymerization: effect of theR3phen ligand

Pco (bar) [BQY/[Pd] g CP/g Pd gCP/gPdh My, (MyIMy) Catalyst precursor g CP/g Pd gCP/gPdh My (My/Mp)
40 64 3900 162.5 n.r. [Pd@2).][PFs]2 1500 62.5 108000 (1.86)
20 64 7100 295.8 n.r. [Pd(12),][PFs]2 1100 45.8 104000 (1.85)
10 64 9900 4125 n.r. [Pd(13).][PFs]2 1570 65.4 124000 (1.81)
50 0 2300 95.8 80000 (1.9) [Pd(14)-][PFe]2 2000 83.3 151000 (1.62)
40 0 2800 116.7 70000 (2.2) [Pd(15).][PFs]2 2120 88.3 149000 (1.86)
20 0 2600 108.3 53500 (2.3) [Pd(16).][PFe]2 2160 90.0 147000 (1.56)
10 0 2000 83.3 36000 (2.0) [Pd(@17).][PFs]2 2660 110.8 206000 (1.54)

Reaction conditionsizpg=5.4x 10~3 mmol; styreneV =30 mL; solvent: TFE Reaction conditionsipg=5.4x 10~3 mmol; styreneV =30 mL; solvent: TFE
V=20mL;T=60°C; reaction time: 24 h; DMF’=0.5mL; catalyst precursor: V=20mL; T=50°C; Pco=40bar; reaction time: 24 h; catalyst precursor:
[Pd@2)2][PFe]2- [Pd(3R-phen}][PFs]>.
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Table 9

CO/p-Bu-styrene copolymerization: effect of the N-N ligand / \ / \

Catalyst precursor g CP/g Pd gCP/gPdh M, (Mw/My) —N N=— / \ / \
[Pd(1)2][BArF] 2 11452 818 33400 (1.50) —N N—
[PA(1)(18)][BArF] 2 6888 492 n.r. 21

[PA(1)(19)][BArF] 2 6594 471 44800 (1.45)

[PA(1)(20)][BArF] 2 4522 323 44400 (1.48) 22

Reaction conditionsipg=0.926 mmolp-'Bu-styrenel’= 10 mL; solvent: TFE
V=6.7mL;T=60°C; Pco=10bar; reaction time: 14 h; [BQ]/[Pd] = 5; catalyst
precursor: [Pd()(N-N)][BArF]».

Moreover, it has been questioned whether the presence of two
molecules of chelating ligand is strictly necessary. The replace-
ment in the complex [Pd(pheifj)PFs]2 of one of the chelating
ligands by two monodentate ligands (pyridine or picolines),
yielding as precatalysts the complexes [Pd(phen][BFg]2, 23
had no effect either on the productivity or on the molecular
weight of the polyketones produced, for short reaction times

[38]. The main difference is the stability of the complex, since / \ / \
decomposition to palladium metal was observed when com-
plexes containing the two monodentate ligands are used. The —N N=—

second molecule of chelating ligand is thus of importance to
ensure the stability of the catalyst.

Recently, a study of the use of substituted bipyridine lig-
ands for the copolymerization pf'Bu-styrene with CO carried Scheme 4.
out in TFE was reported. [Pd(N-p)BArF] > complexes con-

taining 6-alkyl-2,2-bipyridines 18-20 (Scheme Bwere inac- .was observed in the CO/styrene copolymerization catalyzed by

:'r\]/e duhe to th.ff prei'ence of a stelrlcally demzl;:jndt:ng g;oypc'jTPd(l)(HZO)z][OTf] 2, where the influence of high pressure was
€ ortho POSIlion. HOWEVET, COpolymers cou € obtaine reported to be negative since it resulted in a decrease of pro-

using [PAQ)(N-N)I[BArF]; catalyst precursors containing one ductivity (from 7.1 to 1.7g CP/g Pdh when the pressure is

L P
ncwotIeICLtj_Ie of Z,E-blp);rlldlne ind ogir?ftG_-alqu;I-Z,Z)lp);Edme.t_ raised from 100 to 320 bar) and in an increase in the amount
atalytic results Table 9 showe atin all cases the activ- polystyrene formeg9].

ity of these complexes, containing two different nitrogen-donor Unlike that which was observed for the 6-substituted ligands,

ligands, is around half of that shown by [RI{][BArF] ». This . »
observation, together with NMR investigations, indicated thathe presence of one or two methyl groups in position 5 oF 2,2

Tbipyridine 1, 22, Scheme Yled to a moderate increase of
the active species contains the moiety [Pd(bfy3ind that the LS ) :
6-alkyl substituted bpy acts as a poison of the catd8@}t The Elrg]ducnwty of both mono- and bischelated cataly3ete 1)

:Eﬂtl:]eeng:eotl)sftg;gnaen?;pg{;msrs:?gg@:gt;gc:feg?rtt(le[fj(] é how The use of non coordinating ionic liquids as solvent was
) ” U ’ also reported to improve the activity of [Pd(Me@@(1

ing a positive effect on the productivity of the use of BArF P P y [Pd(Meg)Xa(1)]

as a counterionTable 1Q. Moreover, an increase of CO pres-

sure seems to lead to a decrease in productivity, even thoughple 11

direct comparison cannot be performed since data were obtain@®/p-'Bu-styrene copolymerization: effect of the N-N ligand

24

using different amounts of catalystgble 10. A similar effect i3yt precursor gCPIgPd g CPIg Pd hMy (Mu/Mo)
[Pd(Me)(MeCN)R1)][BArF] 2 360 15.0 32500 (1.6)
Table 10 [Pd(Me)(MeCN)@2)][BArF] 2 386 16.1 18500 (1.5)
COlstyrene copolymerization: effect of the anion and of CO pressure [Pd(Me)(MeCN)@)][BArF]2 334 13.9 16800 (1.5)
Catalyst precursor Pco (bar) g CP/g Pd g CP/g Pdh  [Pd(21),][BArF],P 11289 806 120300 (2.5)
[Pd@2)2][BArF] 2P 11521 823 166652 (3.2)
a
[PA@IIPFel2* 10 15162 1083 [Pd(1)2][BArF] ° 10608 758 128903 (2.5)
[Pd@)2][BATF]2 10 17010 1215 [Pd(1)(22)][BArF] 2P 11429 816 n.t.
Pd(1)2][PFs]2” 35 5180 370
{PdEI;Z][ ol2” Catalyst precursor: [Pd(Me)(MeCN)(N=N)][BArF] or [Pd(N—NIBArF] 2.
2l[BArF] , 35 5866 419 a . " _ i = . )
Reaction conditionstpg=0.0374 mmolp-'Bu-styreneV = 1.7 mL,; solvent:
Reaction conditions: styreng=30mL; solvent: TFEV=20mL; T=60°C; dichloromethane/=15mL; T=0°C for 30 min and then room temperature;
reaction time: 14 hpgg = 0.35 mmol; catalyst precursor: [Adg][X] 2. Pco=1 bar; reaction time: 24 h.
& npg=2.7x 10-3mmol. b Reaction conditionsipg=0.0027 mmolp-Bu-styreneV = 24 mL; solvent:

b npg=5.4x 10~3 mmol. TFE V=10mL;T=60°C; Pco =40 bar; reaction time: 14 h; [BQ]/[Pd] = 64.
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Table 12 Table 13
COlstyrene copolymerization in ionic liquids COlethylene copolymerization: effect of the N—N ligand
Catalyst precursor g CP/g Pd My (MyIMy) Catalytic precursor g CP/g Pd gCP/gPdh  p(dLg™)
[Pd(MeCQ)2(1)] 2700 34000 (1.3) [Pd(dppp)V)][PFe]2 42300 8460 1.52
[Pd(MeCQ)2(2)] 2900 23000 (1.6) [Pd(dppp)24)][PFe]2 18200 3640 2.88

) . [Pd(dppp)R)][PFs]2 11200 2240 2.13
Reaction conditions:npg=0.028 mmol; styreneV=10mL; solvent: 1- [Pd(dppp))]IPFel2 3900 780 1.2
hexylpyridinium  bis(trifluoromethanesulfonyl)imide/methanol  (4/0.4 mL); [Pd(dppp)][PFel2 3500 700 n:r.

T=70°C; Pco=40bar; reaction time: not available; [BQ]/[Pd]=8p:

toluenesulfonic acid=0.5 mmol; free ligand =0.475 mmol; catalyst precursorReaction conditionszpg= 0.1 mmol; Pethylene= 28 bar; Pco = 28 bar; solvent:

[Pd(MeCQ)2(N-N)]. methanol = 1200 mL;T=80°C; reactiontime: 5 h; [BQ]/[Pd] = 8; catalyst pre-
cursor: [Pd(dppp)(N-N)][Pé2.

and [Pd(MeCQ)2(2)] in the COl/styrene copolymeriza-

tion when compared to the productivity obtained in Schemes 1 and)4were found to be excellent precatalysts for

methanol. Some results obtained using 1-hexy|pyridiniumthe COlethylene copolymerization, under reaction conditions

bis(trifluoromethanesulfonyl)imide are showriTiable 12 [41] ~ Similar to those reported in Shell's patents, but with no addi-
The authors claimed a productivity approaching that obtained ifon of the acid co-catalystTeble 13 [45]. The nature of the
TFE, however the lack of information concerning the reactioritrogen ligand has a strong influence on the catalytic perfor-
time for the catalysis makes any comparison difficult, since ngn@nces of these complexes: ligarsdnd24, having a stronger
data concerning the productivity per hour is available. More-£oordinating ability if compared @ and1 respectively, led to
over, an excess of BQ and of free ligand (more than 15 equi? remarkable decrease of the catalytl_c activity. The N-N ligand
with respect to palladium) are necessary to obtain copolymeré‘,ﬁeCtS the length of the polymeric chains as attested by the value

thus indicating that this solvent, unlike TFE, has a poor capabil®f the limiting viscosity numben (Table 13. _
ity to stabilize the active species. Molecular weight values of the | €s€ complexes were also found to be much more active than

polymeric materials, if higher than those obtained in methanolth® Symmetrical bischelated [Pd(dppjffPFe]2 (Table 13. The

still remain lower than those measured for the polyketones pre[f"tter result, combined with the observation that no copolymer
pared in TFE. Attempts were made to recycle the ionic liquidVas formed, when complex [Pd(dppp){(PFs]2 was used in the

catalyst. The recovered solution was washed with hexane, driédC/Styrene copolymerization, indicates that the active species
and reused for a second run after addition of 0.475mmal of Should be a monochelated complex containing the diphosphine

Alower yield (1 900 g of CP/g Pd) was obtained and a third runligand, generated by dissociation of the nitr_ogen Iiggnd fromthe
gave a significantly lower productivity, attributed to palladium Precursor [Pd(dppp)(N-N)][Rf. The free nitrogen ligand can
precipitation during the copolymerization and/or the work up. Pind the protons obtained through the activation step yielding
A resin supported catalytic system containing ligangas ~ the weak acid [(N-N)H][PE], buffering the protons concen-
studied in order to investigate the possibility of recycling thetration and affecting the molecular weight of the copolymers

catalyst. Activity is lower than that obtained using an homogeSYnthesized4s].

neous system but some reusability of the supported Pd complex A further development of the latter work consisted in the
was observef2]. evaluation of the catalytic behavior of mixed-ligand complexes

Even though N—N-containing palladium complexes are conlPd(P-P)(IN-N)][PFs]2, where the PP ligands were dppp

sidered as the catalysts of choice for CO/aromatic olefin copolyderivatives with methyl substituents in 1,3-positions, and the
merization, they were also applied for the copolymerization of V=N ligand was bpy or napyScheme »[46]. The complexes
carbon monoxide with aliphatic olefins, mainly ethylene.

Based on the observation that palladium catalysts containing
a phenanthroline ligand are tolerant to oxygen and water, the PPh2 PPh, PPh o
disodium salt of 4,7-diphenyl-1,10-phenanthrolinedisulfonic
acid (ligand23, Scheme % was used to prepare water solu-
ble catalysts. Under the reaction conditions used, the in situ PPh2 PPh, PPh,
generated complex [P2§)(MeCN)][BF4]2 displayed for the
COlethylene copolymerization a productivity of 80 g CP/g Pd, o _/
that corresponds to 3.6 g CP/g PH3]. he

Catalysts containing ligartiwere reported to be more active ~ meso-bdpp rac-bdpp
in the CO/ethylene copolymerization carried out in methanol
when supported on Nafion. The activity of [PdECFD,)2(2)] s A
was calculated to be of 14g CP/g Pd, whereas it was of 70g
CP/g Pd for the supported [RJ§]2* under the same conditions
[44]. S Z

Dicationic bischelated Pd(ll) complexes [Pd(dppp)(N-N)]
[PFe]2, containing the 1,3-bis(diphenyl-phosphino)propane
(dppp) and a nitrogen-donor ligand (N-Nz=24, 2, 5, Scheme 5.

napy
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Table 14 Table 15
COlethylene copolymerization: effect of both the P—P and the N-N ligands CO/ethylene copolymerization: influence of the ligand and of the anion
Catalytic precursor p-Tolunesul- gCP/gPd gCP/gPdh Catalyst precursor g CP/g Pd gCP/gPdh g (dLg™})
fonic acid/Pd

[PA@)2][PFs]2? 2010 402 1.13
[Pd(dppp)V][PFs]2 0 11700 3900 [Pd@2)2][CF3CO0OL? 880 176 0.10
[Pd(neso-bdpp)1)][PFs]2 0 25600 8533 [Pd@).][MeCOO],2 20 4 n.r.
[Pd(rac-bdpp))][PFs]2 0 9700 3233 [Pd(1)2][PFe]2? 2292 458 1.42
[Pd(dppp)(napy)[PFs]2 0 13600 4533 [Pd(1)2][BF 4]2° 226 45 n.r.
[Pd(neso-bdpp)(napy)][PFs]2 0O 15400 5133 -
[Pd(rac-bdpp)(napyl][PFs]2 0 9500 3167 Catalyst precursor: _[Pd(N—MIX] 2.
[Pd(dppp)V]IPFel2 2 24300 8100 @ Reaction conditionsupg= 0.5 mmol; Pethylene= 28 bar; Pco = 28 bar; sol-
[Pd(meso-bdpp)M)][PFs]2 2 25700 8567 v%nt: methanol/ =500 mL;7=90°C; reaction time: 5 hggg =40 mmol.
[Pd(rac-bdpp)1)][PFe]2 2 16100 5367 npg=0.25mmol; Pethyk?ne: _28 bar;, Pco=28bar; solvent: methanol
[Pd(dppp)(napyl[PFe]2 2 21000 7000 V=200mL;T=70°C,; reaction time: 5 h;gg = 20 mmol.
[Pd(neso-bdpp)(napyi][PFs]2 2 20500 6833
[Pd(rac-bdpp)(napyl][PFs]2 2 14200 4733

catalys{36]. Productivity values around 6 kg CP/g Pd avig

Reaction conditionsipg= 0.1 mmol; Pethyiene= 21 bar; Pco=21bar; solvent:  values of 50 000 were achieved after 24 h, the catalytic activity

methanolV=100 mL;7T=85°C; reaction time: 3 h; [BQ]/[Pd] = 8; catalyst pre- not, in this case, being significantly influenced by the pres-

cursor: [Pd(P-P)(N-N)PFs]2. ence of the substituent on the ligand. Note that this productivity
though quite high, is still lower than that typically obtained with

were tested in the CO/ethylene copolymerization, by carryingliphosphine-modified palladium catalysts.

out the reaction in methanol in the presence of both benzo-

quinone angb-toluenesulfonic acid (selected data are reportec 2. N*-N* ligands with a bisoxazoline skeleton

in Table 14.

The ligand combinatiomeso-bdpp/bpy was apparently opti-  Bisoxazoline ligands have been widely used in asymmetric
mal among those investigated. Unlike that which was reportedatalysis. This interest could be related to their facile synthesis
in the previous pape#@5], under the reaction conditions used in enantiomerically pure form starting from commercially avail-
in the former case, the addition of some equivalents of the nomable products and to the possibility to introduce different chiral
esterifiable protic acid had a beneficial effect on the catalytigubstituents in thertho position. Thus the chiral information
system, and also demonstrated the positive role played by thsf the ligand is close to the metal where the transformations
two nitrogen ligands on the productivity. Between the two nitro-take place. Indeed, these ligands have already shown very good
genligands, the bpy complexes are generally more efficient thagesults in term of enantioselectivity for several metal-catalyzed
the napy onesTable 14. Finally, the higher activity shown by asymmetric reactions].
themeso-bdpp with respect to the corresponding stereoiso- The use of catalysts containing ti&-symmetric bisox-
mer suggested that steric factors should be important to contr@lzolines25-26 (Scheme $in the polyketone synthesis was
the ethylene coordination/insertion. Indeed, NMR investigatiornreported for the first time by Brookhart in 1994, yielding the
showed that the solution structures of [Re{o-bdpp)(bpy)f*  alternating CQJ-!Bu-styrene copolymer with a highly isotatic
and of [Pd¢ac-bdpp)(bpy)f* differ from the conformation of microstructure[25b], and achieving a rare example -
the six-membered metallaring and from the spatial distribution,¢, enantioselective, alternating copolymerization. Perform-
of the phenyl rings around the palladium cerft]. ing the copolymerization reactions at 1bar of CO pressure

The dicationic, bischelated complexes [Pd(NzJ8¥] 2, pre-  and using the olefin as reaction medium, both complexes
senting only N-N ligands in the palladium coordination sphere[pd(Me)(MeCN)(N—-N")][BArF] containing the methyl- Z5)
were also found to be active in the CO/ethylene copoly-or the iso-propyl-disubstituted 26) ligands yielded 1.9g of
merization, in methanol, with addition of benzoquindBe]. copolymer (2.48 g CP/g Pd My, = 26 000:M,/Mp = 1.4).

As reported for the [Pd(MeC£»(N-N)] complexes in the
COl/styrene copolymerization, a strong effect of the counterion

on the productivity was clearly evident even in the CO/ethylene
copolymerizationTable 15 [34]. A remarkable decrease in pro- o o) o] 0
ductivity and in molecular weight was found on going from ‘ ‘
NN 7N\
N N
R

hexafluorophosphate to trifluoroacetate to acetate, and also from

hexafluorophosphate to tetrafluoroborate. For both bpy- and %, ///H
phen-catalyst the highest productivity was achieved with the R R
PR~ derivative.
The bischelated complexes containing th®-Bhen ligands R = Me (25) R= Pr(27)
2, 12-17 (Schemes 1 and)Zappeared to be active also in the iPr (26) Bn (29)

COlethylene copolymerization in TFE, but, unlike in the case
of the copolymerization of aromatic olefins, addition of ben-
zoquinone was necessary to avoid fast decomposition of the Scheme 6.

Bn (28)
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Table 16 Table 18
COlstyrene and C@/methylstyrene copolymerization: effect of the olefin COlstyrene copolymerization: effect of the ligand chirality
Olefin g CP/g Pd g CP/gPdh Catalyst precursor Time gCP/g g CP/lg My,  Tacticity
(h) Pd Pdh
Styrene 3.5 0.29
p-Methylstyrene 31 2.58 [Pd(S,5-29)(H20),][OTf] 2 275 388 20 2200 Isotactic
[Pd(S,5-29)(H20)][OTfl 2+ 16.5 6.3 0.4 5500 Atactic

Reaction conditionsupg=0.032 mmol (CO/styrene) or 0.086 mmol (GO/ 1 equiv.R,R-29

methylstyrene); olefifV=11mL (styrene) or 10 mLpmethylstyrene); sol- [PA(R,5-29)(H20)][OTf] 2 6.25 23.8 4 12000 Isotactic
vent: methanolV =50 mL; T=room temperaturePco =1 bar for CO/styrene [PA(R,S-29)(H20)][OTf] » + 0.26 16.3 1 7900 Syndiotactic
or 4bar for COp-methylstyrene; reaction time: 12h; catalyst precursor: 1equiv.R,s-29

[Pd(Me)(MeCN)§,S-27)][BArF].

Reaction conditions: npg=0.15mmol; styrene V=50mL; solvent:
. o dichloromethane/methanolv=9/1mL; T=25°C; Pco=1.5bar; catalyst
Thanks to théiving nature of this copolymerization, the syn- precursor: [Pd¥9)(H20),][OT] 2.

thesis of stereo block C@{Bu-styrene copolymers was also
achieved using ligand®s and1 [47]. Initially, an isotactic seg-

ment is grown with the catalyst [Pd(Me)(MeCRSJ[BAF]. in situ NMR investigation of the first and secgmanethylstyrene

i Lo . and CO insertions showed that only one diasterecisomer is
E_ubsequle_zntlyl,_ the da?dltlon d”f \g.h'Ch |s”able dto dlsptla;]:et thtf] formed, thus indicating that the stereocontrol is already very
ISoxazoline figand trom pafiadium, aflowed a SWICh 10 € o0y ot this level of the growing of the chain.

growth of a syndiotactic fragment. On the other hand, when the The bioxazoline bearing benzyl groups on the stereogenic

catalysis is carried out with [Pd(Me)(MeCKR)][BArF] in the carbon atoms29; Scheme pwas applied to CO/styrene copoly-

Fr)nrefﬁ nce ofrlveq”LiJr:v. Iofthﬁ;ltterngtwttarenfngor?_ﬁ&;fhr(renpct)ily;] merization. The most interesting result is related to the influence
er has a prevailingly syndiotactic struct{42]. The formatio of the ligand chirality and of the ligand-to-palladium ratio on the

of this microstructure was assigned to the ligand exchange pro- . . i
cess during the polymerization, taking place with a rate highe?mcrostructure of the polyketone synthesizédi(e 19. Catal

than that of olefin insertion in the arowing chain ysis carried out using the palladium complex containing$tl§e
Isotactic CO/stvrene and C f?weth Isgt rene.co olvmers ligand gave the expected isotactic copolymer. However, addition
Sy . 1@ yisty _copoly of 1 equiv. of theR,R ligand to the catalytic system slowed down
were also obtained with a bioxazoline-containing comple

Xthe reaction (in contrast to the previously mentioned cagé)of
[Pd(Me)(MeCN)E.,5-27)] [BArF] (Sche_me 6Tab|_e 19 [48]. .and led to the formation of an atactic polymer. Surprisingly,

%ven the catalyst containing theso ligand afforded an isotac-

investigation has recently been published concerning the copolyﬁ-C copolymer, whereas upon addition of 1 equiv. of freeo

merization of CO with styrene grmethylstyrene catalyzed by . . : . .
complexes containing,S-27 andS,S-28 (Scheme pTable 17 Isl?rirclttju'cr(;&zscsﬁzlﬁ?gdsgét&m, the polyketone with syndiotactic

E;S:]O'Jnr;Ef{(fnzIy;ztrlzzrzt'3:3;Vrearter:;rr'ﬁgr?cuggd'fg;g;?ren%g?:e' ; The alternating, isotactic CO/aromatic olefin polyketones are
ison of the Foductivi, of the two copm lexes drt)amonstréted thrji ptically active copolymers and, therefore, they might constitute

. Pr . ty. . P aterials of potential industrial interest. However all the cat-
the bioxazoline derivative is more reactive than the correspon

ing bisoxazolin mplex. However. from the data reported i'lytic systems studied, based on either the bis- or bioxazoline
g bisoxazoline complex. HOWEVET, 1o € dala reporte ' ligands, showed rather poor catalytic activity due to the quite fast

aecomposition of the catalyst to inactive palladium black, thus
f)reventing the synthesis of the isotactic polyketones in yields
and with molecular weight values suitable for industrial studies.

due to the variation of the size of the metallacycle (five member
versus six members), to the different substitueits\iersus Bn)
in ortho position or to both of them.

The copolymers obtained, are, in both cases, regio- and stere-

oregular, alternating, isotactic, optically active polyketones. The-3- V=N ' ligands with a pyridine-oxazoline or
pyridine-imidazoline skeleton

Table 17 . _ As far as control of the stereochemistry in the CO/aromatic
COlstyrene and C@/methylstyrene copolymerization: effect of the olefin and lefi | ization i d. i d t
of the ligand olefin copolymerization is concerned, ligan ﬂzf,—sym_me ry.
lead to syndiotactic polyketones, while copolymers with an iso-
Catalyst precursor gCP/gPd g CP/gPdiMy (Mu/Mn)  tactic microstructure are obtained with ligandsatsymmetry.
[Pd(Me)(MeCN)6,S-27)][BArF] 462 6.6 4600 (1.4) WhenCs- or C1-symmetry ligands are used, the stereochemistry
[Pd(Me)(MeCN)E.S-28)][BArF] 382 18 7300 (1.4) of the resulting copolymers is hard to predict.
[Pd(Me)(MeCN)6.S-27)I[BAF] 827 157 7000 (1.8) Some of the varioug;-symmetry ligands applied to the syn-
[Pd(Me)(MeCN)§,5-28)][BArF] 28 13 6700 (1.2)

thesis of CO/aromatic olefin polyketones are characterized by
Reaction conditions:npg=0.1 mmol; [olefin]/[l?d] =.400; solvent: dichlo- the common presence of a pyridine ring, while the other half
][g:“;;higg;; n;;rlécﬂ:si?[cp (ﬂiﬂoe;(hbe%h;)‘zag'mt'ﬂgAzg f(‘ﬁz 3393217“ of the molecule can be either an oxazoline moie, 31 in
or28).’ ' Scheme Y or an imidazoline ring 3235 in Scheme Y or a

a COJstyrene. pyrazole fragment36 in Scheme Y. In general, these hetero-

b COjp-methylstyrene. cyclic rings bear one or more substituents in different positions.
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0 Ph 0 Table 20
/ \ / \ CO/styrene copolymerization: influence of [BQ]/[Pd]
N\ N Catalyst precursor [BQJ[Pd] Reaction Yield (§) gCPlg Mp
—N N —N N ’///B
n

-, '
//CHEOCHa time (h) Pdh

[Pd(31)(H20),][OTf], 40 7.6 14.39 182 5000

30 31 [PAB1)(H20)][OTf]2 20 5.4 1036 181 5800

[PA@1)(H20)][OTf], 10 3.7 7.27 185 6400

FL// Reaction conditionsnpg=0.1 mmol; styreneV=50mL; solvent: methanol

V=10mL;T=50°C; Pco =5 bar; catalyst precursor: [F()(H20),][OTf] 2.

1 Ph
/N / N\ /j
_ \ _ N\ = Analysis of the effect of the amount of benzoquinone demon-
N N Ph N N

strated that the oxidant has no influence on the productivity

R=H (32) a8 per hour, while it strongly affects the polymer yielthple 20.
Bn (33) This is related to a sudden cessation of the reaction, as shown
Ts (34) by the profile of the gas uptake, due to catalyst decomposition
Tf (35) [51]. In agreement with the previous results on the bpy or phen-

containing catalystR7,35], the catalyst stability was enhanced
upon addition of free ligandTi@ble 23.

R
/ N\ = — Despite the chiral nature of the pyridine-dihydrooxazole
>_N\ / \ Y, \ ligands 30 and 31, all the copolymers synthesized show a
— N N
R

N—R prevailingly syndiotactic microstructure. On the other hand,
when the dicationic complex with the enantiomerically pure
R =H (37) R =Bu (39) 2-diphenylphosphinophenyl-dihydrooxazole ligand (P-Hdv-
Me (38) CH(CH)CH,CH; (40) ing the same dihydrooxazole ring asihwas used, the optically
CH(CH,)Ph (41) active isotactic polyketone was the prod{®]. These data in
Scheme 7. association with model studies for CO and olefin insertion indi-

cate that the different enantioface discrimination is the result of
The enantiomerically pure pyridine-dihydrooxazole Iiganda site-selective coordination of the olefin before the migratory

30 was used to prepare both monocationic [Pd(Me)(MeCNjnsertion of the growing chain. On the basis of this interpretation,
(30)][BArF] [25b], and dicationic [P(ﬂO)(Hinz][OTﬂ > [19] olefin coordination should occuis to the chiral dihydrooxazole
Pd(ll) complexes,, tested as precatalysts in S®u-styrene ring on the PN catalyst leading 1o the_ iSOtaCFiC. polyketone,
and CO/styrene copolymerization, respectively, performing th(¥Vh'le 't. ;houl(_j take placeis to the acr_nra[ pyridine ring on
reactions under quite different conditiorable 19. Neverthe- the pyridine-dihydrooxazole catalyst yielding the syndiotactic
less, at low CO pressure they showed similar productivities(,:Opone'{lg’51]'_ -

Strong electronic effects both on productivity and on stereo-

while the inhibiting effect of carbon monoxide at a pressure as . . ,
low as 20 bar was clearly demonstrated on the dicationic derivar-eglJIarIty were observed with [Pd(Me)(MeCN)(NHNBArF]

tive (Table 19. complexes containing the pyridine-imidazoline ligam]s- or

When the pyridine-dihydrooxazole ligand substituted with afR-32-35 (Scheme ¥ These ligands are characterized by the

benzyl group 31 in Scheme Ywas used, a six times increase of presence of different groups on the-nitrogen atom that were

productivity was observed with respect to the value obtaine(ﬁ0 undto aﬁect_the stere_zochemi_stry of the complexes synthesized

with the ether-substituted ligandD, thus indicating that the as well as their catalytic b_e_haone(bIe 23 [52’531.

nature of the group in position 5 plays a crucial role in this As far as th? .prOdUCt'.V'ty of these systems s cpncerned,

reaction (runs 2 iTables 19 and 20 f:a_talyst; con.tammg tr_]e ligand with the 4r‘&_ns-subst|tuted—
imidazoline ring R,R ligands) are more active than the cor-
responding complexes with thes-substituted ligandR,S lig-

Table 19 ands), with the exception of ligar@8 (Table 23. The higher

CO/styrene and C@/methylstyrene copolymerization: effect of the precatalyst
and of the CO pressure

Table 21
Catalyst precursor Pco (bar) gCP/gPdh My CO/styrene copolymerization: influence of the addition of free ligand
[Pd(Me)(MeCN)@0)][BArF] 2 1 34.9 14000 (1.8) | P/a P PlaPdh M
[PAG0)(H20),][OTA ,° 5 308 3800 Catalyst precursor g CP/g Pd g CP/g Pd n
[PA@0)(H20),][OTH] ,° 20 1.31 3000 [PA@31)(H20),][OTf] 2 1870 170 5600
[PA@0)(H20)2][OTH] 2P 50 0.81 2900 [Pd@B1)(H20),][OTf] 2 + 1 equiv.31 3078 228 6000
[Pd(31)(H20),][OTf] 2 + 2 equiv.31 3108 210 5900

a Reaction conditionsnpg=0.05 mmol; p-'Bu-styrene V=5mL; solvent:
dichloromethan& =20 mL; T=25°C; reaction time: 22 h. Reaction conditionsupg=0.05mmol; styrend/=50mL; solvent: methanol

b npg=0.11mmol; styrene V=50mL; solvent: methanol V=10mL; V=10mL; T=50°C; Pco=5bar; [BQ]/[Pd]=40; catalyst precursor:
T=50°C; [BQ]/[Pd]=18. [PA@B1)(H20),][OTf] 2.
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Table 22

COMp-'Bu-styrene copolymerization: effect of the ligand nature and ligand chirality

Catalytic system g CP/g Pd g CP/gPdh % dfads My (MwIMy)
[Pd(Me)(MeCN)R,S-32)][BArF] 48 2 65 46400 (1.1)
[Pd(Me)(MeCN)R,S-33)][BArF] 213.6 8.9 52 74600 (1.5)
[Pd(Me)(MeCN)R,S-34)][BArF] 168 7 15 71100 (1.2)
[Pd(Me)(MeCN)R,S-35)][BArF] 307.2 12.8 18.4 59600 (1.5)
[Pd(Me)(MeCN)R,R-32)][BArF] 81.6 3.4 37.3 20600 (1.2)
[Pd(Me)(MeCN)R,R-33)][BArF] 96 4 26.4 n.r.
[Pd(Me)(MeCN)R,R-34)][BArF] 652.8 27.2 30.2 76600 (1.4)
[Pd(Me)(MeCN)R,R-35)][BArF] 350.4 14.6 23 52400 (2.0)

Reaction conditionszpg = 0.0125 mmol; p-'Bu-styrene)/[cat] = 620; solvent: chlorobenzéfe5 mL; T = room temperaturéco = 1 bar; reaction time: 24 h; catalyst
precursor: [Pd(Me)(MeCN)(N-M[BArF].

productivities were obtained with the less basic ligaitiR-(34 Table123 o '
andR,R-35), the best value being reached with ligand bearing the©/-Bu-styrene copolymerization: effect of the ligand

tosyl group,R,R-34. In the case of catalysts containing tR  catalyst precursor gCP/gPd g CP/gPdhM, (My/Mp)
ligands, the differences in productivity appear to be less affecte 'd Me)MeCNIBONIBAIET 211 8.83 21440 (11
by the nature of the substituent on t&-nitrogen atom. This ﬁdﬁME;EMZCN;g%BA:F} 282 11.75 36353 El'_g))
different catalytic behavior might be related to the higher staipd(Me)(MeCN)B8)|[BArF] 141 5.88 15720 (1.5)

blllty of active Species WIllR.R “gands with respect to that Reaction conditionsupg=0.0125 mmol; p-'Bu-styrene]/[Pd] = 310; solvent:

_Of the catalyst containing,s I'gand_S[S‘?’]' An analogous trend chlorobenzen® =5 mL; T=room temperaturé,co = 1 bar; reactiontime: 24 h;
is observed for the molecular weight values of the copolymersatalyst precursor: [Pd(Me)(MeCN)(NLBArF].

synthesized: no clear relationship is found between the struc-
tural features of the ligand and the size of the polymer for the o ) o
R,S-ligands, while in the case of tHeR-ligands, the less basic ~ PYridine-imine ligands39-41 (Scheme y were studied in
ligands led to polyketones of highaf,, values Table 23. order to evaluate the influence of the substituents present on the
The effect of the ligand on the stereochemistry of the copolyiMine moiety of the compound on the tacticity of CO/styrene
mer was the opposite with respect to the trends reported abovE2POlymers obtained with in situ palladium systerial{le 29
all catalysts withR,R ligands led to syndiotactic polyketones [55]. A decrease in the syndiotacticity was found on increasing
with similar percentages of the diads, whereas a higher gifthe size of the substituent. However, further increase in the bulk-
ferentiation in the polymer microstructure was observed witH"€SS (i-6R =zerr-butyl group) led to inactive catalysts. From a
catalysts containing th&,s ligands {Table 23. Syndiotactic ~9eneral pointofview, the system based on ligadfist1 shows a
polymers were obtained with the less basic ligaRds34 and very I0\_/v activity, if comparec_j to that usual!y reported for a good
R,S-35, while atactic polyketones, with a slightly higher content Catalytic system based, for instance, on lig2ddTable 24.

of I diads, were produced when ligarkls-32 andRr,s-33 were The pyridine-imine ligan@9 was also used for the palladium-
used. catalyzed copolymerization of CO with 4-vinylcyclohexene

From a general point of view, even these pyridine-oxazolind>6]: Comparison with results obtained under the same

or pyridine-imidazoline ligands generate an active species of

low stability, as reported for the bis- and bioxazoline Pd-Taple 24

complexes. Nevertheless, the effect of the ligands on the polyme0/styrene and C@/methylstyrene copolymerization: effect of the ligand
microstructure is clearly demonstrated.

Catalyst precursor gCP/g gCP/g % ofuu My (Mw/M,)
Pd Pdh triads
2.4. Other N-N ligands COlstyrene
[Pd(MeCNY][BF ]2 +392 69 1.7 80 n.r.
[Pd(Me)(MeCN)(N-N)][BArF] complexes with N-N= [Pd(MeCNY][BF4]2+402 n.r. n.r. 70 n.r.
36-38 containing a pyrazole moiety were also reported to [Pd(MeCN)][BF4]2+41% n.r. n.r. 56 5600 (1.3)
copolymerize CO withp-'Bu-styrene under mild conditions COJp-methylstyrene
(Scheme 7Table 23 [54]. The best data, both in term of pro-  [Pd(MeCN)][BF4]2+24° 290 14.5 n.r. n.r.
ductivity and molecular weight, were obtained with liga3®d [Pd(MeCN)][BF4]2+39° 83 17 n.r. 22000 (1.4)
Moreover, the comparison of the results obtained \3ftrand [PA(MeCN)[BF 4], +40° 41 0.9 n.r. 9000 (1.2)
[Pd(MeCN)][BF 4], +41¢ 41 0.9 n.r. 14000 (1.2)

38 shows, once again, the important influence of the presence

of substituents in the proximity of the nitrogen-donor atom. TheReaction  conditions: npq=0.068mmol;  olefin V=4mL; solvent:

study of the effect of CO pressure demonstrated a decrease §fomethane/methanst=4/2mL;7=60°C; Pco =69 baryisg = 0.093 mmol;
. . . catalyst precursor: [Pd(MeCMN]BF ]2 + N—N.

both the productivity and the molecular weights on going from™a o o time: 40 h.

1 to 5bar. Copolymers with a syndiotactic microstructure are b reaction time: 20 h.

obtained with thes€'s-symmetry ligand$54]. ¢ Reaction time: 48 h.
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Table 25

CO/4-vinylcyclohexene copolymerization: effect of the ligand

Catalyst precursor g CP/gPdh M V4 N\

[PAd(MeCN)][BF 4]z + 1 073 4430 R—N N—R

[PA(MeCN}][BF4]2 +2 0.87 3790 .

[Pd(MeCNY][BF 4] +4 0.57 2360 R = 'Pr (47) Y/, N\
[PA(MeCN)][BF4]2 +39 0.61 2520 4-MeOC ¢H, (51) Ar——N N— Ar
Reaction  conditions: npg=0.5mmol;  nyinyicyclohexene= 0.05mol;  sol- 2,6- 'Pr-C¢H, (52)

vent: tetrahydrofurane/methanolvV=30/6 mL; T7=60°C; Pco=>55Dbar;
ngq = 0.093 mmol; catalyst precursor: [Pd(MeGNBF 4] + N-N.

covVR e .
Ar N N— Ar
/x\ =
N R N/\ Ph
N Ar = 2,6- 'Pr-C¢H3(49)

Ar = 2,6- 'Pr-C¢H, (48)
4-Me-C gH, (53)
4-MeO-C ¢H,(59)

CgHs (50)

R = 4-'Bu-C4H, (54)
R = Ph (42) 46
p-MeOC gH, (43) Scheme 9.
p-CICgH, (44)
R+R =2,2'(C¢Ha)2 (45) the catalytic system. The palladium monocationic derivative
Scheme 8. [Pd(Me)(MeCN)@7)][BArF], containing the 1,4-diisopropyl-
1,4-diaza-buta-1,3-diend?), copolymerizes CO with styrene
conditions using ligandg, 2, or 4 indicates that, in this case, o_rp-m_ethylstyrene, under mild con_d|t|9ns, toléafford highly syn-
L . diotatic copolymers (92% of the triad in the*>C NMR spec-
the values of productivity per hour and of molecular weight are_ . . I
L tra; Table 27 [58]. Under the reported reaction conditions, no
very similar (Table 25.

: . ) kable diff ither in th ivi inth lec-
Inan elegant study, the trend of the catalytic activity ofaserlesremar able difference either in the productivity or in the molec

of chiral diketimines ligands42—44, Scheme Bin the in situ ular weight was observed by changing the olefin from styrene to

palladium-promoted CQ@#'Bu-styrene copolymerization was {)j-sngg[tggllgt?)arene, as was the case wheR-ghen ligands were
nicely predicted by applying the AMS model, even though elec- Pallat,jiun.1 complexes [Pt n2-CgHi20Me)(N-N)][PF]
tronic effects are not considered in this simple methiadb(e 26 ining linandg8—50 were teéted in the C@/methylstyrene
[57]. Under the same reaction conditions, ligad8snd46 led conta|n|ng.|ga_n . 'ethyisty
copolymerization. When ligand$8 and49 bearing isopropyl

to the formation of inactive complexes. groups inortho positions of the aryl rings were used, no copoly-
These diketimine ligands afforded highly isotactic copoly-mer was formed and the product of the reaction was only a

mers, with productivities similar to those typical of the otherSmaII amount of the homopolymers. On the other hand, an

iﬁ::?ﬁggb‘f\}iobuu; Wr';h (\)/?tgfs of molecular weight higher atactic polyketone was obtained (154 g CP/g Hg;=17 680;
P yrep ’ Mw/Mp=1.68), when ligan®0 was used59]. These data sup-

a-Diimine ligands derived from the condensation reaction he h hesized hani di hich th |
of diacetyl or of the more rigid acenaphthenquinone with aportt e hypothesized mechanism, according to which the poly-

proper amine (ligandg7-50 in Scheme Y have been tested merization process requires a free apical position on palladium

in the copolymerization of CO with aromatic olefins in order [60]

) : . Ligands of this family, but bearing different substituents on
to evaluate whether the introduction of steric hindrance above. L : . .
s : ifferent positions of the aryl rings (ligan8$—53 in Scheme §
and below the square planar coordination plane might affec

Table 27
Table 26 COlstyrene and C@/methylstyrene copolymerization: influence of the olefin
CO/p-'Bu-styrene copolymerization: effect of the diketimine ligand

Catalyst precursor g CP/g Pd g CP/g Pdh My, (My/Mp)
Catalyst precursor g CP/g Pd g CP/g Pdh My, (Mw/Mp)

[Pd(Me)(MeCN)@7)][BArF] 98 4,12 8400 (1.2)
[Pd(Me)(MeCN)@2)][BArF] 188 4 37500 (1.8) [Pd(Me)(MeCN)¢7)][BArF] 116 4.8 9200 (1.3)
[Pd(Me)(MeCN)@3)][BArF] 378 8 46200 (1.4) - — - -
[Pd(Me)(MeCN)@4)][BArF] 152 3 13200 (1.7) Reaction condltlo_ns: [(_)Iefln]/[Pd] =250; solvent: dichloromethafie;0°C;

Pco=1bar; reaction time: 24 h; catalyst precursor: [Pd(Me)(Me@R)(
Reaction conditions:npg=0.011 mmol; p-'Bu-styrene V=2mL; solvent: [BArF].
dichloromethand/=2mL; T=room temperaturePco = 1 bar; reaction time: a COlstyrene.

48 h; catalyst precursor: [Pd(Me)(MeCN)(N-N)][BArF]. b COfp-methylstyrene.
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Table 28 Table 29
CO/methylene-2-phenyl-cyclopropane copolymerization CO/7-methylenebicyclo[4,1,0]heptane copolymerization
Catalytic system Conversion (%) My (Mw/Mp) A:B Catalytic system Yield (%) gCP/g gCP/lg My
Pd Pdh (MwIMp)

[Pd(Cl)(Me)(1)] + AgBArF 88 23800 (1.74) 64:36
[Pd(CI)(Me)(1)] + AgBF4 94 19700 (3.26) 64:36  [Pd(Cl)(Me)(1)]+ NaBArF 88 112 375 6500 (1.34)
[Pd(CI)(Me)@R)] + AgBF4 64 51500 (2.58) 64:36  [Pd(CI)(Me)R)] + NaBArF* 72 92 30.7 7100 (1.23)
[Pd(Cl)(Me)@)] + AgOTf 92 23200 (3.19) 58:42  [Pd(Cl)(Me)52)] 44 56 19 16900 (1.22)
[Pd(Cl)(Me)(1)]2 63 12500 (1.82) n.r. [PA(Cl)(Me)52)] + NaBArF 48 61 20.5 13900 (1.11)

- — — [Pd(Cl)(Me)@8)] + NaBArF 58 74 24.7 13600 (1.20)
Reaction conditionstpq=0.025 mmoljgefin = 2.SQ mmol; solvent: acetonltrll_e [PA(CI)(Me)B3)] + NaBArF 55 70 23.4 9800 (1.10)
V=1mL;T=roomtemperaturéco =1 bar; reaction time: 3 h unless otherwise [PA(CI)(Me)54)] + NaBAIE 35 45 14.9 22300 (1.43)

stated; catalyst precursor: [Pd(Me)(CI)(N-N)] + AgX.
a Reaction time: 4 h. Reaction conditionsipg=0.025 mmol;ylefin = 2.5 mmol; solvent: tetrahydro-
furane V=2mL unless otherwise stated;=room temperaturePco=1bar;

. . . ., reaction time: 3 h; catalyst precursor: [Pd(Me)(CI)(N-N)] + NaBArF.
were used for the ring-opening copolymerization of CO with 2 g | ent: acetonitrile.

strained alkenes, such as methylene-2-phenyl-cyclopropane
(Eq. (2)) [61] or 7-methylenebicyclo[4,1,0]heptane (E@®))
[62]. In both cases, the catalyst was generated in situ by abstrac- N

- | 0 ‘
tion of the halide from the corresponding neutral complex / = N N—_
[PA(C(Me)(N-N)]. HB——N \ M |
/
N N

3
cat /
n + nCO——> 55 56
Scheme 10.

used but also the solvent has an influence on the structure of the
\ N | polymer as demonstrated by NMR spectroscopy.

unitA unitB ) [PA(E5)(p-tol)(PPH)] (Scheme 1Pwas reported to catalyze
the formation of polyketone from CO and norbornadiene. How-

ever, no catalytic data are reported, the polymer formation being
cat only monitored by infra-red spectroscof8a].
n + nCO —»

[Pd(Me)(MeCN)£6)][X] with different anions promotes the
copolymerization of CO with ethylen&¢heme 1)) However,
0 3) activities are low compared to those obtained with catalysts

containing diphosphine ligands. Low stability of the palladium

The Pd complex containing the diimine ligafd was complexis claimed to be one of the reason for this behavior. The
used for the copolymerization of CO with methylene-2-phenyl-results Table 3Q allow a comparison among the differentanions
cyclopropane (Eq(2)). Comparison with catalytic systems Studied, confirming that the catalyst with BArF as counterion is
containing ligandsl, 2 is reported inTable 28 During the the most active among the three tested, while no activity was
copolymerization, opening of the cycle can occur in two differ-found with BPh™, probably due to the transfer of one phenyl
ent ways. In all cases, cleavage of the@H, bond is favored, ~fing to palladium{64]. The absence of data in terms of produc-
but cleavage of the @CH(Ph) bond also occurs leading to the tivity expressed in grams of copolymer per gram of palladium
existence of two different units, A and B respectively, in the@nd of molecular weight values does not afford the possibility
polymeric chair{61]. of a comparison with other systerf@s].

An analogous copolymerization reaction of CO with 7-
methylenebicyclo[4,1,0]heptane (E®)) was studied using in  Table 30
situ generated [Pd(Me)(MeCN)(N-N)][BArF] complexes with COl/ethylene copolymerization: influence of the anion

O

N-N =1, 2,48, 52-54, as catalysts. Different solvents were used,Catalytic system n Pd (mmol) mol CP/mol
but no remarkable influence on the catalytic activity was found catalyst (TON)
[62]. A selection of results obtained is presentediable 29 pg(ve)MeCN)66)][BF 4] 0.126 213

Note that, surprisingly, [Pd(Cl)(Mej2)] is reported to promote  [Pd(Me)(MeCN)66)][BPha] 0.079 0

the copolymerization also in the absence of NaBArF with a catiPd(Me)(MeCN)§6)I[BArF] 0.074 222

alytic activity similar to that of the reacf[ion carried out in the Reaction conditions: Peinyiene= 20 bar; Pco=20bar; solvent: dichloro-
presence of the salt. The stereochemistry of the polyketon@fethane v=40mL; T=50°C; reaction time: 1h; catalyst precursor:
obtained depends on the catalytic system; not only the ligantPd(Me)(MeCN)§6)][X].
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of Ketone®, belong to the family of CO/ethylene/propylene

N terpolymers, little attention has been addressed to the terpoly-
% merization reaction, if compared to the corresponding copoly-

N merization. Most of the studies are related to the use of P-P,

N\J P—N, phosphino—phosphite ligands, mainly due to the fact that

at least one of the two olefin co-monomers is an aliphatic olefin.

\ N Both in situ generated systems and preformed com-
Vi plexes ([Pd(Me)(MeCN)(N-N)][BArF], N-N% or 2) were

57 claimed to catalyze the formation of CO/ethylene/styrene and
COl/propylene/styrene terpolymd23,25] In particular, for the
polyketones prepared with the in situ system, the relative amount

= Z of the aliphatic olefin presentin the polymeric chain, determined
by 13C NMR, indicates that, under the reaction conditions used,

styrene is preferentially insertetdigble 32.

COlethylenet-olefin terpolymers were obtained using the

\ / bischelated complex [Pd(dppp)[[PFs]2 as catalystTable 33

achieving very high productivities. The amount of propylene
in the polymeric chain is around 10-5% and the CO/propylene
units are randomly distributed along the chpiB].

Scheme 11. COlethylene/styrene terpolymers can also be prepared in

methanol using a catalytic system containing palladium acetate,

One paper appeared on the use of binuclear Pd-compIexBéto,luenES“”oniC acid anq ligang yiglding terpolymers with
containing tetradentate ligansBands8 (Scheme 1las precat- a wide range of composition by varying the relative amount of
alysts for CO/styrene and C@ethylstyrene copolymeriza- the two olefins present in the initial reaction mixture. Molecu-
tion to evaluate if cooperativity effects might occur. The latter isIar weights for these terpolymers are in the range 3000-7000,

more active than the former, even if yields in copolymer are ”m_increasing with the percentage of styrene inserted in the chain,
ited by the low stability of the corresponding catalyEilfle 33

58

but no data concerning the productivity were repoftd.

[66]. As far as the stereochemistry of the polyketones obtained Recently, we have reported the synthesis of CO/_styp_e ne/
is concerned, in thé3C NMR spectrum of the CO/styrene Methylstyrene terpolymers catalyzed by [BE[[PFe]2, in tri-

; fluoroethanol. These polymers represent the first example of
copolymer prepared with{ Pd(Me)(MeCN}257][BArF] 2 the - , i
signals of all the four triads are present: the triad has polyketones obtained from CO and two different aromatic

a relative intensity of ca. 50%, while th triad is present ©!€fins. In agreement with the different reactivity shown by
for 10%, indicating a small amount of isotacticity. In the the two olefins in the copolymerization reactions, a decrease

case of COJstyrene polyketones synthesized with complelf! Productivity and molecular weight was found on increasing
[{Pd(Me)(MeCN),58][BATF]», containing an achiral ligand, the amoun_t of styrene with respect gemethylstyrene in the
the usual syndiotactic stereochemistry is observed. AnalogoU§2ction mixtureTable 39 [68]. _
results are obtained for the Geethylstyrene copolymers. The variation of the initial relative amount of the two olefins

The overall data indicate that in the dinuclear species the twgeCtS also the composition of the synthesized terpolymers

palladium centers act essentially independently. yielding p(_)lymeric materials having different styrene content,
as determined b}2C NMR spectroscopyTable 34. Moreover,

the polymers were analyzed by MALDI-TOF mass spectrom-
etry thus allowing the unambiguous determination of chemical
omposition of the synthesized macromolecy&s.

3. CO/olefin terpolymerization reactions

Even though the polyketones exploited at a commercial Ieve(f
by Shell, under the name of Carif8nand by BP, under the name

4. Mechanism

Table 31
CO/styrene and C@/methylstyrene copolymerization The mechanistic aspects of the CO/olefin copolymerization
Catalytic system g CP/g Pdh M (Ml My) reaction have been extensively studied and discugsz@9]
In this section, we highlight the steps that can be considered as

[{Pd(Me)(MeCN},57][BArF] 2 16.0° 5120 (1.62) ilest for th hensi fth hani
[{Pd(Me)(MeCN}»S8][BArF] » 36.6 22500 (1L49)  Milestones for the comprehension of the mechanism.
[{Pd(Me)(MeCN},57][BArF] » 36.8 4780 (1.58) From a general point of view, the catalytic cycle for a metal-
[{Pd(Me)(MeCN},58][BArF] , 291.4 n.r. promoted polymerization reaction is comprised of three parts:
Reaction conditions: no solvent,=room temperaturePco =1 bar; reaction the mltlatlon’ propaggtlon and term!natlon steps. In the C?‘S,e of
time 15 h; catalyst precursof Pd(Me)(MeCN}2(N-N)][BArF]2. COl/olefin copolymerization, palladium complexes containing

a COlstyrene. nitrogen-donor ligands are well suited to be model compounds

® COJp-methylstyrene. for understanding the intimate mechanism of this reaction,
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Table 32

COlstyrene/aliphatic olefin terpolymerization

Catalytic system Aliphatic-olefin g TP/g Pd g TP/gPdh My (MyIMy) % of aliphatic-olefin
[Pd(MeCN}][BF4]2+3 Ethylené 234 10.7 130000 (1.6) 11
[Pd(MeCN)][BF 4] +2 Propylene n.r. n.r. 110000 (2.4) 12
[Pd(MeCN)][BF4]2 +2 w-Undecylenyl alcohd! 165 25 59000 (1.8) 14
[PA(MeCN)][BF 4] +2 w-Undecylenyl acifl 83 4.6 50000 (2.1) 14

Reaction conditionsipg=0.068 mmol; styren& = 6 mL unless otherwise stated; solvent: nitromethane/methanol (4/2ml§0°C; Pco = 69 bar unless otherwise
stated; reaction time: 22 h unless otherwise statgg=0.093 mmol; catalyst precursor: [Pd(MeGNBF 4]2 + N-N.

20.10g ethylene.

b StyreneV =2 mL; w-undecylenyl alcohoV'= 1 mL; Pco = 62 bar, reaction time: 67 h.

¢ StyreneV=2.1 mL;»-undecylenyl acid 1.1 g°co =62 bar, reaction time: 18 h.

Table 33 ing terdentate ligand3 3] or two molecules of bidentate ligands
COl/ethylenat-olefin terpolymerization [Pd(CHg)(L—L)(N-N)][OTf] [74].

Catalyst precursor a-Olefin g TP/g Pd g TP/gPdh Kinetic and thermodynamic data of COl/ethylene and
[PA(dppp)OIPFela Hex-1-ene 31800 6360 CO/styrgng copol_ymenzatlons were determined through elegant
[Pd(dppp)O][PFe]2 Propylene 36700 7340 mechanistic studies performed on [Pd(#)(phen)][BArF]

Reaction conditionsnpq=0.1 mmol; Pethylene= 28 bar; a-olefin: 50g; sol- E)\i\i:;reml(_elsggn OgoH;jglliatgzlEjngtzf)vgginqr?‘?:rgtiggsnglggpa_
[Vggiy[gfj‘ifggfgt;fﬁ?%g;é;:?pg(’dfgﬁiﬁfeﬁ’j fi reaction tMe: S Jemonstrated that the catalyst resting state is the palladium-
acyl-carbonyl species, [Pd(COGHCO)(phen)] (i.e. species
d in Scheme 1p

thanks to their low activity if compared to that typical of the  The palladium intermediate present after the insertion of the
corresponding derivatives with diphosphines. olefin into the Pd-acyl bond is a five-membered metallacycle

The pioneering work was performed by Elsevier et al.qriginating through the interaction with palladium of the grow-
[70] on the monochelated neutral complex [Pd(Me)&N]  ing chain through the last inserted carbonyl group (species f
(Scheme 3 Palladium-intermediates, resulting from the jn Scheme 1p This metallacycle is considered to be respon-
sequential insertion of CO and norbornadiene, were isolategiple for the perfect alternation of the growing chair®a]
and completely characterized, for the first time. This study proThe palladium intermediate formed after the insertion of carbon
vided direct evidence that the propagation step of the CO/olefifyonoxide into the Pd—alkyl bond is a six-membered metallacy-
copolymerization proceeds via successive alternating migratoryle deriving from the interaction with palladium of the second
insertion of CO into the Pealkyl bond and of olefin into the  |ast inserted carbonyl group of the growing chain (species ¢
Pd-acyl bond. A schematic representation for the propagatiofh scheme 1p This metallacycle is considered to be responsi-
steps of CO/styrene copolymerization is reporte8gheme 12 pje for the efficient stereochemical control in the CO/aromatic

Since then, many other studies on the elementary steps @fefin copolymerization leading to the syndiotactic polyketone
the copolymerization reaction were carried out on monocationi¢ze).
palladium Complexes with different families of nitrogen'donor Another important discovery Concerning the propagation
ligands, such as rigid bidentate ligands such as the acenaphthegigp is related to the difference in the regioselectivity of the
derivativeg71a,b]Jand otherx-diimines[71c], or flexible com-  chain propagation mode in the CO/vinyl arene copolymeriza-
pounds like bpy72a-d]and other pyridyl derivative§ 2c,e-h]  tjon catalyzed by complexes containing nitrogen ligands when
Some studies have been also performed on complexes contaigsmpared to that occurring in the CO/propene polymerization
promoted by diphosphine derivatives. Indeed, while in the case
of the aliphatic olefin, regioregular and regioirregular polyke-
tones can be obtained depending on the nature of the P-P ligand
[76], in the case of styrene, the olefin insertion takes place with a
2,1 mechanism with all the N—N ligands studied. Moreover, with
aromatic olefins the copolymerization implies the formation of
an®—m-benzyl derivative, characterized even by X-ray anal-
1/0 1500 62.5 108000 (1.9) 100 ysis[25a,75b] This intermediate might be responsible for the

Table 34
COlstyrengi-methylstyrene terpolymerization: effect of the relative amount of
the two olefins

Styrenep- g TP/g g TP/g My (MwIMy) % of
methylstyrene (v/v) Pd Pdh styrene

01 4000 166.7 130000 (1.9) 0 factthatthe copolymerization does not proceed when complexes
11 2500 104 125000 (2.6) 42 ith diphosphine ligand A7, As furth +f

on 2070 86.3 130000 (2.5) 58 with diphosphine ligands are us€dr]. As further support for
5/1 1710 71.3 101000 (2.3) 70 this hypothesis, in the case of the Pd-(phosphino—phosphite)
10/1 1580 65.8 110000 (3.0) 80 complex, which also promotes the COl/vinyl arene copoly-

Reaction conditions:npq=0.0054 mmol; olefinV=30mL; solvent: TFE merization, the olefin insertion occurs with a 1,2 mechanism,

V=20mL; T=50°C; Pco=40bar; reaction time: 24h; catalyst precursor: thus preventing the formation of thé_’“"benzyl intermediate
[PdR)2][PFe].. [78].
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While it is generally accepted that the propagation step is Finally, the discovery by Brookhart and cowork¢tf] and
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