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Abstract

The complex [PdGIdppp)] catalyses the copolymerisation of CO—-ethylene when employed in a mixture of methanol and water as solvent.
In the absence of #0, it is inactive and at the end of the experiment, formation of metallic palladium has been noted. A sharp increase in the
activity occurs at a water concentration above 5%, to reach a maximum of 4100 g copolymer/(g Pd h) by increasing the co@erg tf H
20% (mol/mol).

In AcOH as solvent the catalytic activity of [Pd@dppp)] is also strongly dependent on the content gDHn the absence of 4D it is
inactive, though it does not decompose to palladium metal. Upon additiostfitturns into a highly active system and the catalytic activity
passes through a maximum of ca. 28 00bWwhen the molar ratio HD/AcOH = 55%.

The ¥C NMR spectra show that the polymer chain is perfectly alternated. Polyketones obtained in Mgmblecular weight
ca. 65 x 10°g/mol) are of three types, differing for the nature of end-groups HEH3CO),0OMe, MeOCO(CHCH,CO),0OMe and
H(CH,CH,CO),CH,CHs. In AcOH-H,0O, only one type of polyketone forms having ketonic end-groups (average molecular weight ca.
2.7 x 10* g/mol).

On the basis of these experimental evidences, a mechanism for their formation is proposed. It is also proposed that the mgi@role of H
is that of forming an active Pd—H species which would start the catalysis upon interaction with CO through a reaction closely related to the
water gas shift reaction (WGSR) (during the catalysis there is formation gfiC€)gnificant amounts). It is also proposed that the main role
of acid is that of stabilizing Pd—H active species preventing their deprotonation to inactive species.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction chain termination model reactiori8]. Excellent reviews
have also appeard@-11].

Polyketones obtained by alternated carbon monoxide— In the case of CO—£Hs copolymerisation, Pd(Il) com-
olefin copolymerisation offer a unique set of properties of plexes with a diphosphine ligand, having the phosphorous
wide important applicatiofil]. The discovery of a very ef- atoms bonded to aryl groups and linked by a hydrocar-
ficient palladium-based catalyst for the terpolymerisation of bon backbone of three methylene groups, are among the
CO, ethene and propene opened the possibility to their in- most efficient when the cationic charge is balanced by a
dustrial productiorj2—4]. weakly- or a non-coordinating anion, conjugated base of

The basic principles that rule the catalysis, outlined since a strong acid (such as TsOH, §FOOH, CRSOsH and
the first articles[5,6], have been investigated more thor- HBF,) that to allow easy access of the monomers to co-
oughly in subsequent papers, that focus the factors that ac-ordination to the metal thus assuring high catalytic activ-
count for the perfectly alternating structufé] and with ity. For example, the three catalysts systems Pdppp=

1/1 (X: TsO, Cl or CHCOOQ) exhibit a significant dif-
ferent activity. In fact, in MeOH as solvent, at 90 and

* Corresponding author. 4.5MPa of CO and gHs (CO/GH4 = 1/1), their pro-
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ductivity is 6200, 30 and 0 g polymer/(g Pd h), respectively AcO and TsO) were prepared as reported in literature
[5]. [28,29] Carbon monoxide and ethylene were supplied by
In general, even better results are obtained in the presence&IAD Company (‘research grade’, purity 99.9%).
of small, but significant amounts of®, that promotes the
formation of active Pd—H species, through a reaction closely 2.2. Equipment
related to the water gas shift reaction (WGSR), and of an
excess of strong acid of a weakly-coordinating conjugated The catalyst components were weighed on a Sartori-
base, which prevents deprotonation of the active hydride ous Micro balance (precision 0.001 mg). Gas chromato-
specieq12]. graphic analysis of the gas phase was performed on a
Other catalytic precursors, with phosphines different Hewlett-Packard Model 5890, Series Il chromatograph fit-
from those employed by Drent et al., have been found effi- ted with a 55m x 3.18 mm SS Silica Gel, 60/80 packed
cient. In any case, it should be pointed out that starting from column (detector: TCD; carrier gas: helium, 30 ml/min;
a chloride or acetate precursors, they become active onlyoven: 40°C (2 min) to 100°C at 15°C/min).
by replacing these anions with weakly-coordinating ones  ThelH and3C NMR spectra were recorded on a Bruker
[13-16] The same is true when employing water-soluble Avance 300 spectrometer in 1,1,1,3,3,3-hexafluoroisopro-
Pd(Il) catalysts with hydrophile bidentate phosphines panol/CDCk (10/1) using the inverséH-gated decoupling
[17-22] and also when palladium is coordinated by biden- technique.
tate nitrogen ligands of the type bipy, phen, or their
alkyl-substituted derivative3-25] or by ligands contain-  2.3. Carbon monoxide—ethylene copolymerisation
ing both phosphorous- and nitrogen-coordinating atoms,
or by other heteroditopic N-O, P-O and P-S ligands The copolymerisation reactions were carried out by us-
[11]. ing a Hastelloy C autoclave of ca. 250 ml provided with
Recently, we reported that formic acid, when in rela- a four-blade self-aspirating turbine. Solvent and catalyst
tively large concentration, can be used in place of a strongwere added in a ca. 150 ml Pyrex bottle, placed inside the
acid of a weakly-coordinating conjugated base. Thus, the autoclave, in order to prevent contamination by metallic
precursor Pd(AcQ)dppp in combination with HCOOH  species because of corrosion of the internal surface of the
(HCOOH/Pd = 3000/1), in MeOH as solvent, gives ca. autoclave.
7500 g polymer/(g Pd h) under 4.5 MPa of CQHg (1/1) In a typical experiment, 0.500mg of [Pd@ippp)]
at 90°C. Formic acid can act as a Pd—H source as well as (8.47 x 10 *mmol) was added to 80ml of solvent
water generated by the esterification of the acid with the (AcOH-H,O, H,O = 55% (mol/mol) or MeOH-HO,
solvent[26]. H>0 = 20% (mol/mol)) contained in the bottle placed in the
More recently, we found that the system Pd(Ag@jppp= autoclave. The autoclave was washed by pressurising with
1/1, which is inactive in MeOH, turns into a highly ac- a 1/1 mixture of CO/gH, (ca. 0.5 MPa) and then depres-
tive system when used in the presence of an excess ofsurising to atmospheric pressure (this cycle was repeated
AcOH (7500 g polymer/(g Pd h) at 9C and 4.5 MPa when five times, at room temperature with stirring). The autoclave
AcOH/Pd > 1.5 x 10%) and that even a much higher pro- was then pressurised with 0.5 MPa of the gas mixture and
ductivity is achieved by using AcOH-® as solvent in then heated to 90C during ca. 10 min without stirring. The
place of MeOH (275009 polymer/(g Pdh), at @D and pressure was then adjusted to the desired value (typically
4.5MPa, BO 37% (mol/mol))[27]. Also in this case it 4.5 MPa total pressure) and, while stirring, maintained con-
has been suggested thai®iplays a key role in promoting  stant throughout the experiment (1 h, rate stirring 700 rpm)
the formation of a Pd—H species and that the acid preventsby continuously supplying the gasses from the reservoir. At
deprotonation of active hydrid@7]. the end of the experiment, the autoclave was quickly cooled
In this paper, we present the results obtained using and carefully depressurised. The slurry product was filtered,
[PACk(dppp)] in MeOH or AcOH as solvent in the presence washed with water and acetone and dried under vacuum at
of significant amount of KO. 80°C. The reproducibility was within ca. 5%.
In order to check whether there was formation of £LO
during the course of the copolymerisation a larger amount

2. Experimental of catalyst was used, typically 5.00 mg. The autoclave was
washed with the mixture of the two gases and pressurised
2.1. Reagents with ca. 0.5MPa at room temperature and before running

the reaction, the gas mixture was analysed by GC. Ng CO
Methanol (purity> 99.5%, 0.01% of water) and acetic was detectable. After heating the autoclave at®Qthe
acid (100%, glacial) were purchased from Baker. Palla- reaction was carried out following the same procedure just
dium(ll) acetate, and 1,3-bis(diphenylphosphine)propane, described. Gas samples were withdrawn at regular intervals
1,1,1,3,3,3-hexafluoroisopropanol (99%) and CP@kre of time (15 min). CQ was unambiguously detected just after
Aldrich products. The complexes [Pdi&ippp)] (X: CI, 30 min and its concentration regularly increased with time.
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2.4. Solubility measurements concentration above 5%, to reach a maximum of 4100 h
by increasing the content of water up to 20% (mol/mol).
The solubility of the monomers in the solvent of reac-  Since it is well known that water is capable of coordinat-
tion was measured by an absorption technique. In a typi- ing Pd(Il) with the formation of aquo-complexes and also

cal experiment a known volume of solverits(= 80ml)  that the monomers are capable to coordinate PH(H)29]
was charged into the autoclave used for the copolymerisa-it is plausible to suppose that [P¢@ppp)] undergoes equi-
tion reaction and heated to a desired temperaturé @90 librium (1).

After the thermal equilibrium was attained, the void space

above the liquid was carefully washed (without stirring the [PdCl(dppp] é [PdX1 or 2Cl1 or o(dppp] " 2F
solvent) with a monomer and pressurised to a desired value _

(Pa) by supplying the monomer from a tank reservoir of +(Lor2Cl (1)
88.0 ml volume Y,) maintained at constant temperatufg ( where X: HO, MeOH and monomers.

The initial pressure in the reservoiP;j was adjusted at Upon increasing the concentration 03®, the formation

P > Pa. The liquid in the autoclave was then vigorously of a cationic aquo-complex is favoured also by the increas-
stirred till the pressure of the reservoir dropped to a con- ing of the dielectric constant of the reaction medium, which

stant final valuePs. The moles of A absorbed arg aps = favours the separation of the charges. A Pd(ll)-aquo-species
Vi(P; — P;)(zRT)~! and the molar fraction of A in the sol- s not a polymerisation initiating species, but upon reacting
vent isXa = na apsna abs+ Msolvend - with CO it can be transformed into an active Pd—H species
The Henry's law constarttl (MPa) has been calculated (see on the formation of the polyketones), through a reac-
asH = PaX~1for PA - 0. tion closely related to the WGSRB0-32](reaction 2). As a
matter of fact, we found that GJorms during the copoly-
merisation.

3. Results and discussion X
[Pd(H20)(CO)(dppp]** > [PdHX(dppp]*

+COy 4+ HT 2)

The complex [PdCKdppp)] catalyses the copolymeri- where X: HO, MeOH and monomers.
sation of CO—ethylene when employed in a mixture of Pd-hydride complexes of this type, under neutral condi-
methanol and water as solvehtg. 1shows that the produc-  tions, usually are unstable and deprotonate to inactive or less
tivity is significantly influenced by the presence of water. active Pd(0) or Pd(l) specig¢&1]. This is one of the routes
In its absence the productivity is negligible; at the end of responsible of the loss of catalytic activity. The fact that
the experiment formation of metallic palladium has been the catalyst becomes active in the presencex® Huggests
noted. A sharp increase of the productivity occurs at a water that, once the hydride is formed, the insertion eHz in

3.1. Effect of water on the catalyst activity in MeOH
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Fig. 1. Effect of water on the productivity with MeOH as solvent. Conditions: [Ripipp] = 8.5x 103 mmol (O); [Pd(AcO)2(dppp] = 8.5x10~3 mmol
(A); volume=80ml; T = 90°C; P = 45MPa (CO/GH4 = 1/1); reaction time= 1 h and stirre= 700 rpm.
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Table 1 [PdChL(dppe)] precursor is active in#—-MeOH (entry 8)
Henry constants for CO and ethylene at*@0 though less than the TsO analogue in pure MeOH (entry 9);
Solvent Hco (MPa) Hc,n, (MPa) in this solvent, [PdGi(dppe)] is inactive and decomposes
MeOH 2.7x 102 51.3 (entry 10).

H.0 8.3x 10° 1.25 x 10°

AcOH 45x 10 55.7 3.2. Effect of an acid on the catalyst activity in MeOH-H,0
HoO/MeOH = 20% (mol/mol) 5.2x 102 71.0

H20/AcOH = 20% (mol/mol) 7.8x 107 915 The effect of HCI, AcOH, TsOH and HBFhas been
H2O/AcOH = 37% (mol/mol) 1.1x 103 1.5 x 107 tested.Fig. 2 sh that th f HCI drasticall
H,O/ACOH = 55% (mol/mol) 1.9x 10° 2.8 x 102 ested.r1g. < shows that the presence o rastcally
HoO/CHsSOsH = 98% (mol/mol) 7.9x 103 1.1 x 16° depresses the productivity. The catalyst becomes inactive at

a molar ratio HCI/Pd higher than 50/1, probably because
it may shift the proposed equilibrium (1) back to inactive
the Pd—H bond (see below on the formation of the polymer) [PdCk(dppp)].
is faster than the deprotonation of the Pd—H species. Quite interestingly, TsOH also, at low concentration, in-
Fig. 1also shows that above 20% concentration, water de- hibits the copolymerisation, though not to the same extent
presses the catalyst activity which suggests that it may com-as HCI. This is in line with the results reported Table 2
pete with the monomers for the coordination to the metal. (entries 1 and 2). However, at acid/Pd rati®0, while HCI
The catalytic activity may lowers also because the monomersinhibits the catalysis, TsSOH has a beneficial effect and at
are less soluble in water than in metharitable 1shows @ acid/Pd ratio> 200/1 the productivity, 45001, is even
that the Henry's constantd for carbon monoxide and  slightly higher than that obtained when using the precursor
ethylene are strongly influenced by the solvent composi- [Pd(TsO}(dppp)] in the absence of added TsOFalle 2
tion. A kinetic study on the copolymerisation catalysed by entry 2).
[Pd(TsO)(dppp)] in MeOH showed that the overall reac- A similar trend is observed when [PdQlippp)] is used
tion rate is 0.63 and 0.72 order with respect to dissolved CO in combination of ACOH. The productivity is lowered to a
and ethylene, respectivel$3,34] minimum of ca. 200h' at a AcOH/Pd ratio= 20, while
In Fig. 1 the catalytic activity of [Pd(AcQ)Xdppp)] is at higher concentration also AcOH has a beneficial effect,
also reported. At difference of the chloride analogue, the though not as high as that of TSOH.
acetate shows a poor activity at any® concentration and These results suggest that the acid has a dual capacity, on
decomposes to Pd metal. one hand its anion coordinates the metal thus lowering the
In Table 2the results obtained using different Cata|ytic Catalytic aCtiVity and on the other hand, the acid inhibits the
systems are compared. It is interesting to note that the twodeprotonation of the active Pd(ll)-H species:
precursors [_P_d)g(gjppp)] (X: Cl and _TsO) shovv_ a similar [Pd(I1)=H]* = PAO) + H* 3)
catalytic activity in a MeOH-KHO mixture (entries 1 and
2), while in pure MeOH only the tosylate complex is active ~ When we use HCI the first prevails, the proposed equi-
(6200 i1, the chloride complex is inactive and decomposes, librium (1) is shifted to [PdGl(dppp)] which is inactive or
entries 3 and 4). else CI competes for coordination with the monomers (re-
The [PdC)(dppb)] precursor is also active inB-MeOH action (2)). This is not the case when we use the other two
(20%), more than the TsO analogue in pure MeOH (en- acids. Note that HBFdoes not depress the catalytic activ-
tries 5 and 6). The chloride precursor in the absence of wa-ity, according to the fact that BF is the least-coordinating
ter is inactive and decomposes (entry 7). Analogously, the anion.

Table 2

Effect of ligand on the productivity in MeOH as solvent

Entry no. Complex Additives Additives/Pd (mol/mol) 28 (% (mol/mol)) Productivity (h1) Notes

1 [PAChk(dppp)] - - 20 4100 -

2 [Pd(TsO)(dppp)] - - 20 4200 -

3 [PAChk(dppp)] - - - 30 Pd metal
4 Pd(OAc) TsOH, dppp 2/1/1 0.05 6200 [5,12]

5 [PdCh(dppb)] - - 20 3350 -

6 [Pd(TsO)(MeCN),] dppb 11 - 2300 [5]

7 [PACh(dppb)] - - - - Pd metal
8 [PdCh(dppe)] - - 20 500 -

9 [Pd(TsO)(MeCN),] dppe 1/1 - 1000 [5]

10 [PdCh(dppe)] - - - - Pd metal

Run conditions: [Pd¥(dppp] = 8.5 x 10~3mmol; T = 90°C; Pyt = 4.5MPa (CQCoH4 = 1/1, at 90°C); volume= 80 ml; solvent= MeOH; reaction
time= 1h and stirree= 700 rpm.
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Fig. 2. Effect of different acid promoter on the productivity in MeOH as solvent. Conditions: jRdifip] = 8.5x 103 mmol; T = 90°C; P = 4.5MPa
(CO/GH4 = 1/1); volume= 80ml (H,O = 20%, (mol/mol) in MeOH); reaction time- 1 h and stirrer= 700 rpm.

3.3. Effect of a salt on the catalyst activity Ph, 2+ Ph,
in MeOH-H,0 P, _ P cl
AN N,
. Pd D —— Pd
The results of the effect of LiCl, NaTsO, NaAcO and N\ / \CI
NaBF; are reported ifable 3 All of them inhibit the catal- phh, O PPh,
ysis, even at low concentration. — - stable, but inactive

The effect of LiCl salt may be associated to the coordi-

. : . X = AcO, TsO, BF,.
nation capacity of the anion. The effect of NaAcO may be l o *

due also to the coordination capacity of the anion as well Ph, H Ph, 2+
its capacity to act as a base that abstracts a proton from an P\ o) /P

active Pd(ll)-H species. It has been found that, in the pres- Pd/ \pd

ence of water, bis aquo-species form and that, under neutral / \O/ AN

conditions, there is formation of less actiueOH species Ehz H f;hz ]
from monomeric Pd—OH species, and also decomposition

to palladium metal[11,35] (Scheme L The formation of l

dimeric spgcies may bg favoreq also by non-coordinating Pd metal, Pd(0), Pd(T):

groups. This may explain why in the presence of NaTsO inactive or less active species

and NaBR, that gives rise to neutral solutions, the catalytic
Scheme 1. Formation of inactive or less active Pd species.

Table 3

Effect of salts on the productivity in #0—-MeOH as solvent

Entry no. Complex Additives Additives/Pd (mol/mol) 2B (%) Productivity (i) Notes

1 Pd(OAc) TsOH/dppp 2/1/1 0.05 6200 [12]

2 Pd(OAc) TsOH/dppp 2/1/1 0.5 3800 [12]

3 [Pd(TsO)(dppp)] - - 20 4200 -

4 [PAChL(dppp)] - - - 30 Pd metal
5 [PACh(dppp)] - - 20 4100 -

6 [PAChL(dppp)] NaOAc 4/1 20 250 Pd metal
7 [PACh(dppp)] NaTsO 4/1 20 350 Pd metal
8 [PAChL(dppp)] NaBR 4/1 20 300 Pd metal
9 [PdCh(dppp)] LiCl 4/1 20 150 -

10 [PACh(dppp)] NaOH 4/1 20 - Pd metal

Run conditions: [PdX(dppp] = 8.5 x 10~3mmol; T = 90°C; P = 4.5MPa (CQCyH4 = 1/1, at 90°C); volume= 80 ml; solvent= MeOH; reaction
time= 1h and stirree= 700 rpm.
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Fig. 3. Effect of dppp on the productivity in MeOH as solvent. Conditions: [Rippp] = 8.5 x 10-3 mmol; reaction volume= 80 ml; H,O = 20%
(mol/mol); T = 90°C; P = 45MPa (CO/GH4 = 1/1); reaction time= 1 h and stirre= 700 rpm.

activity is also depressed, even though the anions are weaklymain undecompose#ig. 3 shows the effect of the addition
or non-coordinating. of dppp on the catalytic activity.
However, it should be underlined that the above compar-

ison might be distorted because the formation of palladium 3.4. Catalytic activity in ACOH-H,O
metal might occur to a different extent using different salts.

In addition, decomposition to the metal releases the ligand In AcOH as solvent, the catalytic activity of [Pd@dippp)]
which has also a depressing effect on the catalyst that re-is strongly dependent on the content of( (Fig. 4). In

30000 1 [Pd(AcO),(dppp)] [PdClx(dppp)]
25000 -
20000 -

15000 -

10000 -

productivity (gpolymer/gPd*h)

5000 -

H,O (%, mol/mol)

Fig. 4. Effect of percent of water on the productivity using different catalyst precursor in acetic acid as solvent. Conditions: [Rdpppd)

[PACh(dppp] = 8.5 x 10~*mmol; P = 45MPa (CO/GH4 = 1/1, at the working temperature]; = 90°C; volume: 80 ml; reaction time= 1h and
stirrer= 700 rpm.



A. Vavasori et al./Journal of Molecular Catalysis A: Chemical 215 (2004) 63—72 69

10 -

3
g 5
=
o
o
44
3<
2<
1<
00 . . . . . :
0 1 2 3 4 5 6

[PdIx105 (mol)

Fig. 5. Effect of catalyst concentration on the productivity in acetic acid as solvent. Conditions;(@ui@})] = 8.5 x 10-*mmol; P = 4.5MPa
(CO/GH4 = 1/1, at the working temperature}, = 90°C; volume= 80 ml; H,O = 55% (mol/mol); reaction time= 1 h and stirree= 700 rpm.

the absence of O it is inactive, though it does not de- As when MeOH-HO is used as solvent, also in this case
compose to palladium metal. Upon addition ob® it we suggest that the main function 0@ is that of a Pd—H
turns into a highly active system. When the molar ratio active source, and that the main function of the acid is to
H>,O/AcOH = 55% the catalytic activity passes through prevent deprotonation of these hydrides or of aquo-species
a maximum of ca. 280001, ca. 4.5 times higher than that lead to deactivation of the catalyst (see also on the
that obtained using the precursor Pd(AgQYsOH/dppp in formation of the polyketone).

MeOH [5], even though the solubility of the two monomers Table 5 shows the activity of [PdG(dppe)] and

in AcCOH-H,0 is much lower than that in pure MeOH (see [PdCh(dppb)] precursors in $#D-AcOH (55%) as solvent.
Table ). In Fig. 4 it is also shown that the catalytic ac- In this solvent, [PdCGI(dppe)] is inactive (entry 4) whereas
tivity of [Pd(AcO)(dppp)], which reaches a maximum of [PdCh(dppb)] reaches a productivity of 16 000" (entry

ca. 28000 h?, but at a lower concentration of water, 37% 6) which is ca. seven times higher than the productivity
[27]. Thus, considering that the solubility of the monomers obtained in pure methanol (entry 3).

lowers upon increasing the water concentration, the chlo-

ride precursor is particularly active. The fact that the two 3.5. Catalytic activity in CH3SO3H-H,0

precursors give practically the same productivity is not due

to g/l mass transfer limitation, because the amount of poly-  [PdCh(dppp)] is active in water also when metansul-
mer produced per hour increases linearly with increasing phonic acid (CHSOz;H) is used in place of acetic acidig. 6

of the catalyst concentration up to>210~°mol/l, well- shows that the catalytic activity passes through a maximum
above the standard concentration employed in this work, of ca. 3500-4000ht when HO/CH3sSOsH = 98/2 (molar

1 x 10~® mol/l (seeFig. 5), analogously to what proved for

the acetate precursf@7]. Thus, the chloride anion, even at Table 4

a very low co_ncentrahon, and in the prese_nce of an e)_(ce.s_sEffect of LiCl addition on the productivity in ED-AcOH as solvent
of acetate anions, due to the reaction medium, has a signifi-

cant effect on the catalytic activity, as shown by the results Entry no. Precursor Additives Additives/Pd Productivity
reported inTable 4 In the presence of four equivalents of (molar ratio) (h™")

LiCl the productivity using [PdGKdppp)] is lowered to ; {Eggtgpppg e " fgggg
12500t (entry 2). By adding two equivalents of LiCl to 3 [Pd(AcoF)l’zgppp)] _ - 8000

[Pd(AcOX(dppp)], the productivity is 27 5001 (entry 4), 4 [Pd(AcOX(dppp)] LiCl 2n 27500
practically the same as that obtained using [B{ipp)] 5 [Pd(AcOY(dppp)] LiCl 6/1 13500

(e””Y 1), Whereas in the pr'ese.nce of six eqUIvaIO%]ltS of Run conditions: precursee 8.5 x 10~4mmol; H,O = 55% molar ratio;
chloride anlon'the productivity is Iowered to 13500 7 _gg°c: p = 45MPa (at 90C, CO/CoHa = 1/1); volume= 80 mi;
(entry 5), practically the same as that in entry 2. reaction time= 1h and stirree= 700 rpm.
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Table 5

Effect of chelating ligand on the productivity in,®—-AcOH as solvent

Entry no. Precursor Additives Additives/Pd (molar ratio) Solvent Productivityh Reference
1 [Pd(TsO)(MeCN),] dppe 1/1 MeOH 1000 [5]

2 [Pd(TsO)(MeCN),] dppp 1/1 MeOH 6000 [5]

3 [Pd(TsO)(MeCN),] dppb 1/1 MeOH 2300 [5]

4 [PdCh(dppe)] - HO-AcOH -

5 [PAChk(dppp)] - HO-AcOH 28000

6 [PACh(dppb)] - HO-AcOH 16 000

Run conditions: precurset 8.5 x 10~4 mmol; H,O = 55% molar ratio;T = 90°C; P = 4.5MPa (at 90C, CO/CoH4 = 1/1); volume= 80 ml; reaction

time= 1h and stirre= 700 rpm.

ratio), practically the same of that obtained ip®1AcOH =

98/2. However, it should be noted that AcOH has a benefi-

cial effect also at concentration higher than 2%.
3.6. On the formation of the polyketone

In MeOH, the formation of polyketones occurs in three
steps: (i) initiation step, in which the initiating species are
formed (Pd-H or of Pd—OC4j; (ii) propagation step, in
which the alternate insertion of 28, and CO gives the
polyketone growing chain and (iii) termination step, in which
alcoholysis, hydrolysis, protonolysis @rhydride elimina-

6.8 (CH3CH>), which indicates the presence of copolymers
of the typel-Il. These copolymers, having an average
molecular weight of ca. .6 x 10%g/mol (determined by
end-groups analysis), are obtained when catalysis starts from
the Pd—H and Pd-OGHkspecies and termination occurs by
reaction with CHOH or H,O. Termination with CHOH
reproduces the [Pd—-OGH"™ species (protonolysis) or the
[Pd-H]" species (methanolysis). In the first case, polyke-
tonel is produced if the initiating species is [Pd—OgH

or polyketonelll is produced if the initiating species is
[Pd—H]J". In the second case, polyketomk is produced

if the initiating species is [Pd—OCi" or polyketonel is

tion of the Pd-growing chain lead to the polyketone and to the produced if the initiating species is [Pd-H]Analogously,

initiating specie$5,9]. Scheme 3hows that, in MeOH-$D
as solvent, polyketones having different end-group¥|(l)

termination with HO reproduces the [Pd—O#]species
(protonolysis) or the [Pd—H] species (hydrolysis). In the

can be obtained, together with the species which re-start thefirst case, polyketong is produced if the initiating species
catalytic cycles, depending on the initiation and on the ter- is [Pd—-OCH]* or polyketonelll if the initiating species

mination steps.

The 3C NMR spectra of the polyketones obtained in
MeOH-H0, show multiplets at 216.8 (G&H,CO), 176.2
(COOCHg), 52.0 (COQCHs), 27.7 CHp-C(O)OCHs) and

is [Pd—HJ". In the second case, polyketohé is produced

if the initiating species is [Pd—OCH}i* or polyketoneV if

the initiating species is [Pd—H] Since the'3C NMR spec-

tra shows the absence of -COOH end-groups, it is plausi-

30000 +
27000 /
24000 |
= 21000
£ 7
o
\\g 6000 |
2
=
3]
8 o
S CH,SOH
2000
Of——F———7— — = O 1
0 2 4 6 10 30 40 50

Acid/H,O, % (mol/mol)

Fig. 6. Effect of metansulphonic acid and acetic acid on the productivity in water as solvents. Conditions(dppi@] = 8.5 x 103 mmol; T = 90°C;
P = 45MPa (CO/GH4 = 1/1); volume= 80 ml; reaction time= 1 h and stirree= 700 rpm.



A. Vavasori et al./Journal of Molecular Catalysis A: Chemical 215 (2004) 63—72 71

Initiating species Termination end-groups
CHOH p4-0CH,* + polyketone | CH30CO-, CH3CH,CO-
+ Pd-P* —
Pd-OCHg" —— choH
——— Pd-H" + polyketone Il CH50CO-, CH30CO-
MO pg-OCH;" + polyketone Il CHLCH,CO-, CHyCH,CO-
Pd-H* —— PP T
=" Pd-H" + polyketone | CH3CH,CO-, CH3;0CO-
H20 _ py-OH* + polyketone | CH3CH,CO-, CH3z0CO-
Pd-OCH;* — » Pd-P"— ho
2=~ Pd-H" + polyketone IV CH30CO-, -COOH
H20 _ pg.0oH* + polyketone III CH3CH,CO-, CH3CH,CO-
Pd-H" —— Pd-P"— o
="~ Pd-H" + polyketone V CH3CH,CO-, -COOH
elimination
Pd-OCH;" B — Pd-H" + polyketone VI CH30CO-, CH,=CH,CO-
— Pd-P"—|
Pd-H* — —— Pd-H" + polyketone VI CH3CH,CO-,

B elimination CH,=CH,CO-

P = growing chain

Scheme 2. Copolymerisation mechanism proposed,i@-H/eOH as solvent.

ble to consider that the termination with,@ occurs only a Pd-H species. On the light of this result, it is plausible
by protonolysis. The [Pd—OH]species, when formed, may to suppose that the promoting effect of water is due to the
insert carbon monoxide to give the Pd—COOH intermediate formation of an active initiating [Pd—H] species, through
which does not initiate a new cycle, but decomposes with for example reactions (1) and (2).

CO;, evolution and formation of a [Pd-H]species. CQ Note that the protonolysis of the Pd-(growing chain) bond
has been detected during the copolymerisation reaction. may occur also by reaction with an acid (for instance AcOH)
Furthermore, there is no evidence of &HH- which leads to polyketondsorlll (depending on the initia-

end-groups, which excludes that termination occurs via tion step) and the Pd—OAc species which is easily converted
B-hydride elimination with formation of polymergl and in the active [Pd—H} or [Pd—-OCH]* species by reaction
VII. with H,O and CO or CHOH.

Since the integration of thé3C NMR signals shows When CHCOOH-H0 is used as a solvent, théC NMR
that in the polymer obtained in MeOH-B the abundance analysis shows a polyketone perfectly alternated and having
of the CHCH,CO- end-groups is higher than that of the an average molecular weight of ca72< 10*g/mol and
—COOCH; one (ca. 3/1), the initiation step involves mainly exclusively ketonic end-groups.

Initiating species Termination end-groups
H20 _ pg.oH* + polyketone il CH4CH,CO-, CH3CH,CO-
PdH"  ——— PdP'—>
> Pd-H"* + polyketone V CH3CH,CO-, -COOH
(3 elimination
L, Pd-H" + polyketone VII CH5CH,CO-,
CH,=CH,CO-

P = growing chain

Scheme 3. Copolymerisation mechanism proposed @®-+AcOH as solvent.
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The overall mechanism in MeOH is basically similar [12] A. Vavasori, L. Toniolo, J. Mol. Catal. A: Chem. 110 (1996) 13.
to the one proposed by Dref5] and in HhO—ACcOH is [13] E. Lindner, M. Schmid, P. Wegner, C. Nachtigal, M. Steinmann, R.

. - Fawzi, Inorg. Chim. Acta 296 (1999) 103.
basically similar to the one proposed by Sheldon et al. [14] E. Lindner, M. Schmid, J. Wald, JA. Queisser, M. Geprags, P.

[11,27,32] .ln the Iatte_r case only a [Pd-H]species start Wegner, C. Nachtigal, J. Organomet. Chem. 602 (2000) 173.
the catalytic cycle by inserting a molecule ofi; and the [15] C. Bianchini, H.M. Lee, A. Meli, S. Moneti, F. Vizza, M. Fontani,
chain grow occurs via perfectly alternating insertion of CO P. Zanello, Macromolecules 32 (1999) 4183.

into a Pd—alkyl bond and of &, into a Pd—acyl bond:; [16] J. Schwarz,II E. H(erdwe)rck, W.A. Herrmann, M.G. Gardiner,
A . Organometallics 19 (2000) 3154.

term'n,atlon .OCCUI’S only by protonolysis (E_Bbheme 38)(,_ [17] G. Verspui, G. Papadogianakis, R.A. Sheldon, J. Chem. Soc. Chem.

emplified with BO) of a Pd—alkyl bond with reformation Commun. (1998) 401.

of a [Pd—OHJ" species. The [Pd—OH]re-enters the cat-  [18] G. Verspui, J. Feiken, G. Papadogianakis, R.A. Sheldon, J. Mol.

alytic cycle as just proposed. Also in this case there are no Catal. A: Chem. 146 (1999) 299.

NMR evidences of CHECH— or —-COOH end-groups that [19] C. Bianchini, H.M. Lee, A. Meli, S. Moneti, V. Patinec, G. Petrucci,

. . . .. . F. Vizza, Macromolecules 32 (1999) 3859.
excludes that termination occurs ahydride elimination [20] G. Verspui, F. Schaussema, R A. Sheldon, Appl. Catal. A: Gen. 198

or hydrolysis. (2000) 5.
On the basis of these experimental evidences, it iS pro-[21] G. Verspui, F. Schaussema, R.A. Sheldon, Angew. Chem. Int. Ed.
posed that the main role ofJ@ is that of producing active 39 (2000) 804.

Pd—H species trough a reaction with CO closely related to [22] A- Held, L. Kolb, M.A. Zuideveld, R. Thomann, S. Mecking, M.

the WGSR and that the main function of the acid is that of Schmid, R. Pietruschka, E. Lindner, M. Khanfar, M. Sunjuk, Macro-
molecules 32 (2002) 3342.

preventing deprotonation of the active hydride or the for- [23] C. Pisano, A. Mezzetti, G. Consiglio, Organometallics 11 (1992) 20.
mation of.-OH species, thus preventing deactivation of the [24] B. Milani, G. Corso, G. Mestroni, Organometallics 3435 (2000) 3435.
catalyst_ [25] C. Carfagna, G. Gatti, D. Martini, C. Pettinari, Organometallics 20
(2001) 2175.
[26] A. Vavasori, G. Cavinato, L. Toniolo, J. Mol. Catal. A: Chem. 191
(2003) 209.
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