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Chapterr  3 

Thee Chain-Transfer  Mechanism of the Alternatin g Carbon Monoxide and 

Ethenee Copolv merization Reaction: Mechanism and Kinetics of Enolate 

Formation n 

Martinn A. Zuideveldf, Paul C. J. Kamerf, Piet W. N. M. van Leeuwen*+, and Anthony L. 

Spek* * 

ff  Institute of Molecular Chemistry, University of Amsterdam, Nieuwe Achtergracht 166, 

10181018 WV, Amsterdam, The Netherlands 

%% Institute of Molecular Chemistry, Dept. Crystal and Structural Chemistry, University of 

Utrecht,Utrecht, Padualaan 8, 3584 CH, Utrecht, The Netherlands. 

Abstract::  The chain-transfer mechanism of alkylpalladium intermediates in the alternating 

COO and ethene copolymerization was investigated. Several palladium complexes of the 

genericc structure [(L-L)PdCH2CH2C(0)CH3]
+ X" (1, L-L = bidentate phosphine ligand, X = 

anion)) were synthesized. An X-ray crystal structure of [(dppf)PdCH2CH2C(0)CH3]+ 

[CF3SO3]]  was obtained. Subsequent insertions of CO and ethene were studied using this 

compound.. The rearrangement reaction of 1 to the enolate palladium intermediate [(L-

L)Pd(r|| -CH(CH3)C(CH3)0)]+ X" (2) and subsequent reactions with proton donors (water, 

methanoll  and trifluoroacetic acid) were investigated using *H and 31P NMR spectroscopy. 

Thesee studies showed that an intramolecular rearrangement from 1 to 2 takes place prior to 

chain-transferr of the alkylpalladium intermediate in the catalytic reaction to give keto end 

groups.. The rate of the rearrangement reaction was shown to be highly temperature 

dependent,, but it is only slightly influenced by the nature of the ligand and anion. The acid 

concentrationn has no effect on the rate. These results show that the obtained average 

molecularr weight of copolymers cannot be explained by a mere protonation of the 

alkylpalladiumm intermediate. The implications of this rearrangement reaction on catalysis 

aree discussed. 
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Introductio n n 

Becausee of its importance from both an academic and an industrial point of view,1 

thee alternating copolymerization of CO and alkenes has been extensively studied. High 

molecularr weight copolymers of CO and ethene, 1-alkenes or cyclic alkenes have been 

reportedd in literature and a tercopolymer, named Carilon®, has been commercialized by 

Shell.2-144 Also, the synthesis of oligomers may be of interest for instance for their 

applicationn in resins. Only a few examples of this type of oligomeric products are known,15 

sincee catalysts producing such low molecular weight material selectively at high rates and in 

highh yields are scarce. The molecular weight of the polymer is determined by the relative 

ratess of propagation and termination. Control over these two steps can lead to tuning of 

molecularr weight. The mechanism of the alternating insertion of CO and alkenes into 

palladiumm alkyl and palladium acyl bonds resp. has been thoroughly studied and is well 

understoodd by now. The termination mechanisms, however, are still under debate.4'16-29 

Copolymerizationn of CO and ethene in aprotic solvents can lead either to vinylic end groups 

ass a result of (3-hydride elimination (mechanism C, scheme l)15 or, when trace amounts of 

waterr are present, to carboxylic acid and ethyl keto end groups.14-30 

Schemee 1 

Mechanismm A . . . 
terminationtermination initiation 

MM CH OH CO N 
[(dppp)PdCH2CH2-C-chain]++ ^ — ?  [(dppp)Pd-OCH3f  [(dppp)Pd-COCH3f 

O O 

CH3CH2C-chain n 

Mechanismm B 
terminationtermination initiation 

99 , CH3OH + H2C=CH2/CO o 
[(dppp)Pd-C-chain]] ^ — i  [(dppp)Pd-H]  [(dppp)Pd-CCH2CH3] 

^ " " - ^ - ^^ O 
CH30-C-chain n 

Mechanismm C termination initiation 
00 H2C=CH2 / CO o 
111 + B-H elimination . . . . _ . , „+ ... . „ , 1 _ . . «.. ,+ 

[(dppp)PdCH2CH2-C-chain]] K ^ - J ^ L . [(dppp)Pd-H]  [(dppp)Pd-CCH2CH3] 

-—— ^ \ . c h a i n 

O O 

Generally,, the copolymerization is carried out in protic solvents, preferably methanol but 

sometimess in water,28-31 and in the presence of a strong acid.2 This results in the formation 
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off  ester and ethyl keto end groups (mechanism A and B, scheme 1). Vinyli c end groups are 

nott observed when methanol is used as the solvent. This observation led to the conclusion 

thatt (3-hydride elimination did not occur in protic media, due to the stability of the 

alkylpalladiumm chelate (1, scheme 2).32-33 

Schemee 2 

>dd J p-HH elimination UU ,H 
Pd d 

Twoo chain-transfer mechanisms have been proposed to explain the observed end groups of 

thee copolymer. Ester end groups can arise from methanolysis of palladium acyl bonds 

(mechanismm B) or initiation via a palladium methoxy complex (mechanism A). Ethyl keto 

endd groups are formed by protonolysis of a palladium alkyl bond (mechanism A) or 

initiationn via a palladium hydride (mechanism B). 

Heree we present mechanistic and kinetic data on a new chain-transfer reaction in 

alternatingg CO and ethene copolymerization reactions. The implications of this chain-

transferr mechanism in molecular weight control of CO and ethene copolymerization 

reactionss are discussed. 

Results s 

Catalyticc CO / Ethene Copolymerization Reaction in Deuterated Solvents. The 

resultss of the copolymerization of ethene and CO in CH3OH and CH3OD are listed in Table 

1.. A relatively high reaction temperature was applied to yield low molecular weight 

copolymers,, allowing accurate end group analysis. The deuterium was found mainly in the 

ethyll  ketone end groups as COCHDCH3 (eq 1), while COCH2CH2D and COCH2CH3 end 

groupss were obtained in smaller quantities. 

(dppP)Pd2++ 9 9 
nCOO + nH2C=CH2 — — —  CH30(CCH2CH2)n.iCCHCH3 (1) 

CH3ODD ' JJ D 

Onlyy a negligible amount of deuterium was incorporated in the backbone of the copolymer. 

Too check whether H/D exchange could have occurred after the product was formed, 

copolymerr prepared in CH3OH was suspended in CH3OD and heated under reflux for 8 h 
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withh /7-toluenesulfonic acid and palladium acetate present, but introduction of deuterium 

wass observed neither in the end groups nor in the backbone. 

Tablee 1. Preparation of CO / ethene copolymers in methanol and methanol-]̂ 

entry y 
a a 

1 1 

2 2 

solvent t 

CH3OH H 

CH3OD D 

temp p 

(°C) (°C) 

95 5 

96 6 

rate e 

(kg-g 'h ') ) 

10.8 8 

8.0 0 

Mn
b b 

5900 0 

8500 0 

ester r 

51 1 

50 0 

ethyl l 

49 9 

50 0 

CH2CH2D D 

26 6 

CHDCH3 3 

46 6 

CH2CH3 3 

100 0 

28 8 

aa Experiments were carried out in a 160 mL (90 mL of CH3OH) or 250 mL (140 mL 

off  CH3OD) autoclaves at 55 bar of CO and ethene (1 : 1); Pd(OAc)2 : dppp : p-

toluenesulfonicc acid = 0.020 : 0.022 : 0.045 mmol. Reaction time: 1 h. Reaction rate 

inn (kg of polymer / g of Pd)/h. b Molecular weight determined via end group analysis 

(13CC and 2H NMR spectroscopy). 

GC-MSS analysis of the filtrate containing soluble oligomers showed the formation of 

ketoesters,, and some diketones and diesters, suggesting that two independent chain-transfer 

mechanismss are operating (mechanism A and B).1'2 'H NMR analysis of the CH3OD 

solutionn and of the gas cap after the polymerization reaction of entry 2 showed no detectable 

amountss of CH3OH and of deuterated ethene resp. 

Synthesiss of Alkylpalladiu m Complexes. In this study we focus on the synthesis 

andd reactivity of alkylpalladium complexes containing bidentate diphosphine ligands, which 

aree known to catalyze the CO / ethene copolymerization. The synthesis of the 

alkylpalladiumm intermediates of CO / ethene copolymerization had been limited to 

palladiumm complexes containing dinitrogen ligands,24 P,N-ligands,2734 a diphosphite 

ligand300 and one example of a five coordinate palladium complex containing a bidentate 

N,0-ligandd and triphenylphosphine.35 Until recently, complexes of the type [(L-

L)PdCH2CH2C(0)CH3]
++ [X] " (1, L-L = diphosphine ligand, X = non-coordinating anion) 

hadd not been published25*36. We synthesized alkylpalladium intermediates using a series of 

diphosphinee ligands. Complexes la-f were synthesized by subsequent bubbling of CO and 

ethenee through a dichloromethane solution of [(L-L)PdCH3(CH3CN)]+ [X]" at low 

temperaturess (scheme 3). 
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Schemee 3 

L.. CH3 
Pdd 3 

L77 NCCH3 

[X]--

co o L.. NCCH3 
/ P d d 

^ C H 3 3 

[X]--

r ^ C -- CH2 

VV 0 = ^ C H 3 

[X]--

1 1 

Tablee 2. Ligands and Anions used in scheme 3. 

l a a 

l b b 

l c c 

Id d 

l e e 

I f f 

L-L L 

1,2-bis(diphenylphosphino)ethanee (dppe) 

1,3-bis(diphenylphosphino)propanee (dppp) 

1,11 '-bis(diphenylphosphino)ferrocene (dppf) 

syn-(calix[6]arene)diphosphite e 

2,2'-bis(diphenylphosphino)diphenylether(DPEphos) ) 

2,2'-bis(diphenylphosphino)diphenylether(DPEphos) ) 

X X 

CF3SO3 3 

CF3SO3 3 

CF3SO3 3 

CF3SO3 3 

CF3SO3 3 

B[(3,5-(CF3)2(C6H3)]4 4 

[(DPEphos)PdCH2CH2C(0)CH3]
++ [X] - (X = CF3SO3 (le), B(3,5-(CF3)2(C6H4))4 (If)) was 

synthesizedd from the isolated palladium acyl complexes [(DPEphos)PdC(0)CH3]+ [X]" (3). 

Complexx 3 was made to react with ethene at room temperature. In contrast to analogous 

compoundss bearing dinitrogen ligands, the diphosphine complexes are unstable both in 

solutionn and in the solid state at ambient temperatures. At low temperatures (-20 °C or 

lower)) the compounds can be characterized by NMR spectroscopy. The complexes were 

shownn to be chelates with coordination of the carbonyl oxygen to palladium as indicated by 
13CC NMR and IR spectroscopy. The characteristic low field shift of the coordinated carbonyl 

carbonn atom (« 238 ) ppm compared to a non-coordinating carbonyl carbon atom (e.g. 

CH3C£0)CH3,, 208 ppm) and the low absorption frequency in the IR spectrum of the 

carbonyll  stretching frequency of chelates (*  1628 ) cm') relative to a non-coordinating 

carbonyll  group (e.g. CH3C(0)CHn, 1710 cm') indicate that the carbonyl oxygen atom is 

coordinatedd to palladium.24,25,30,34,35 Further evidence was obtained by performing an X-ray 

crystall  structure analysis of [(dppf)PdCH2CH2C(0)CH3]
+ [CF3SO3]" (figure 1 and table 3). 
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Figuree 1. X-ray crystal structure of lc. Hydrogen atoms and anion have been omitted for 

clarity. . 

Tablee 3. Selected Bond Distances (A) and Angles (deg.) for Non-Hydrogen atoms of lc. 

Pd-Pl l 

Pd-P2 2 

Pd-Ol l 

Pd-Cl l 

C1-C2 2 

C2-C3 3 

C3-C4 4 

C3-01 1 

2.220(3) ) 

2.395(3) ) 

2.123(7) ) 

2.032(12) ) 

1.490(15) ) 

1.476(16) ) 

1.466(14) ) 

1.229(13) ) 

Pl-Pd-P2 2 

P2-Pd-01 1 

PI-Pd-Cl l 

01-Pd-Cl l 

01-C3-C2 2 

01-C3-C4 4 

Pd-Ol-C3 3 

C1-C2-C3 3 

Pd-Cl-C2 2 

98.47(9) ) 

89.9(2) ) 

90.5(3) ) 

81.1(4) ) 

119.9(9) ) 

119.5(10) ) 

114.1(7) ) 

113.3(10) ) 

110.3(8) ) 

Thee metal center has a square planar geometry with all ligands and the metal center in one 

plane,, while both phosphorus ligands are cw-coordinating with a Pl-Pd-P2 angle of 98.5 °. 

Thiss Pl-Pd-P2 angle is similar to that of other palladium complexes of dppf.37 The structure 

showss the chelate ring with the oxygen atom of the carbonyl group coordinated to the metal 

center.. The Pd-Pl distance is much shorter (2.22 A) than the Pd-P2 distance (2.40 A), as 
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thiss bond is located trans to the Pd-alkyl bond whereas the PI phosphorus is coordinated 

transtrans to the oxygen atom. The Pd-0 bond length of 2.12 A is in accordance with a dative 

bond.27-35 5 

Synthesiss of Higher  Acyipalladium and Alkylpalladiu m Complexes. To 

investigatee whether the dppf-palladium complex is a good model catalyst for CO / ethene 

copolymerizationn subsequent insertion of CO and ethene starting from lc was performed. 

Insertionn of CO into the palladium alkyl bond of lc at -40 °C and 1 bar yields 

[(dppi)Pd(C(0)CH2CH2C(0)CH3)(CO)]++ [CF3SO3]" (4, scheme 4). This compound is 

proposedd to be a palladium acyl intermediate in CO / ethene copolymerization 

reactions.38-399 The '3C NMR spectrum shows the palladium acyl carbon signal at 229.3 ppm 

(d,, 2JPC = 86.7 Hz, the cis coupling is < 1Hz) and the non-coordinated carbonyl signal at 

208.00 ppm (s). On using 13CO an additional P-C coupling was observed in the 3IP NMR 

spectrumm (11.3 ppm, dd, 2JPP = 62.1 Hz and 2JPC = 87.0 Hz).40 The exchange between 

coordinatedd and non-coordinated CO is fast. In dichloromethane at temperatures above -40 

°CC and at 1 bar of CO pressure an equilibrium exists between lc and 4. The equilibrium can 

bee monitored by 'H NMR spectroscopy by integration of the C{0)CH->, signals of lc and 4, 

whilee the CO concentrations were calculated using the Bryndza equation.41 

Schemee 4 

(dppf)Pd' ' 

[CF3SO3]--

1 1 

CO O 
CD2CI2 2 

(dppf)Pd d 
COO CH3 

[CF3SO3]--

4 4 

[4] ] 
[CO] 22 [1] 

H2CC — CH2 
O^^CHo o 

(dppf)Pdv v 

[CF3SO3]--

5 5 

50 0 



c c 

IJ.33 -

13.0--

12 .5--

12 .0--

11 .5--

11.0--

MS MS 

11 1 ' 1 

yw yw 

11 i ' i 

, . / / 

0.00366 0.0037 0.0038 0.0039 0.00400 0.0041 

11 /T(K" 1) 

Figuree 2. Van 't Hoff plot of the equilibrium of lc + CO and 4. 

Thee thermodynamic parameters (AH* = -34.8 (  1.6) kJ mol"1, AS* = -33.6 (  13.4) J K"1) 

weree directly derived from the van 't Hoff plot. The reaction of 4 with ethene resulted in the 

formationn of a new pair of doublets in the 3IP NMR spectrum (39.0 ppm, dd, 2JpP = 35.9 Hz 

andd 15.1 ppm, Jpp= 36.0 Hz) and were assigned to compound 5 (scheme 4). In the BC 

NMRR spectrum the coordinated carbonyl carbon atom (239.4 ppm, dd, Vpc = 12.8 Hz and 

Vpcc = 1.3 Hz) could be distinguished from the non-coordinating carbonyl carbon atom 

(207.22 ppm, s).27 The IR spectrum showed two absorption maxima at 1629 and 1710 cm"1 

thatt correspond to the coordinated and non-coordinated carbonyl group respectively.38 In 

contrastt with the insertion of ethene into the palladium acyl complex containing acetonitrile, 

thee insertion of ethene in 4 occurs at temperatures as low as -60 °C. A second complex was 

observedd as indicated by a second pair of doublets in the 3IP NMR spectra (39.1 ppm, 2JPP = 

35.88 Hz and 15.2 ppm, 2JPP= 35.9 Hz). Based on similarities between chemical shift and 

couplingg constant of lc and 5 we assume that this complex is also a palladium chelate like 

lcc and 5. It is probably a multiple insertion product, which forms due to residual CO in 

solutionn necessary to stabilize 4. 

Reactivityy of Alkylpalladiu m Complexes towards Proton Donors. 

Dialkylpalladiumm complexes react readily with proton donors. The acidity of the proton 
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donorss is important as dimethyl palladium complexes do not react with a weakly acidic 

alcoholl  such as methanol, but they do react with the more acidic alcohols such as phenol.42 

Cationicc monoalkylpalladium complexes are much less reactive towards proton donors. 

Reactingg (dppp)Pd(CH2C(CH3)3)243-47 with 10 equivalents of trifluoroacetic acid in CD3OD 

att room temperature results in the instantaneous cleavage of the first alkylpalladium bond. 

Thee second alkylpalladium bond was broken only very slowly (t/2 * 1 hour, room 

temperature),, the final products being neopentane and (dppp)Pd(CF3C02)2. 

Whenn [(L-L)PdCH2CH2C(0)CH3]
+ [X] ' (1, L-L = bidentate diphosphine ligand, X = 

anion)) is dissolved in solvents containing trace amounts of water, hydrolysis is observed. 2-

Butanonee and the dimeric hydroxo palladium complex [(L-L)Pd-n-OH]+2 [X"] 2 (6) were the 

onlyy products observed. Examples of such dimers have been reported before.48 In contrast, 

monocationicc palladium methyl complexes, [(L-L)PdCH3(S)]+ [X] " (S = coordinating 

solvent),, do not react with water. Performing hydrolysis of 1 with D20 resulted in selective 

deuterationn (> 98 % according to 'H NMR spectroscopy) of the (3-carbon of 1 yielding 3-

deuteriobutan-2-onee and [(L-L)Pd-fx-OD]+2 [X"] 2 in all cases. Methanolysis using deuterated 

methanoll  of 1 also gave 3-deuteriobutan-2-one as the sole organic product. Several 

unidentifiedd palladium complexes were formed as a result of the instability of cationic 

palladiumm methoxide complexes. 

Enolatee Palladium Intermediates. Dissolving 1 in dry CD2C12 at room temperature 

gavee equilibrium mixtures between 1 and the enolate palladium complexes 2 (scheme 5, 

tablee 4).49'50 3tP NMR spectroscopy showed one new pair of doublets next to the pair of 

doubletss arising from 1. 'H NMR spectroscopy showed new characteristic multiplets in the 

rangee of 4.1-3.8 and 0.6-0.7 ppm and a new signal around 2.2 ppm in a 1:3:3 ratio. 

Dissolvingg complexes lb, lc, le, and If in dichloromethane resulted in clean equilibria, 

whereass dissolving la and Id resulted in decomposition. After 3 hours the equilibrium 

constantss were determined. After 15 hours the ratios of 1 and 2 had not changed. 
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Schemee 5 

" P d ^ ^ 
L // 0 = = k C H 3 

L,, ,H 
Pdd + 

L7 7 

olefinn dissociation 

UU .H 
Pdd - - - \ 

L77 O 

CISi(CH3)3 3 

(LPd-Vc c 

D,0 0 

H ^ = ^ C H 3 3 

H3CC OSi(CH3)3 

HH D 

Tablee 4. Equilibrium constants of 1 and 2 and rates of enolate formation. 

Complex x 

l a a 

l b b 

l c c 

Id d 

l e e 

I f f 

Equilibrium m 

constant,, ki / k_i 

Dec.3 3 

3.6" " 

0.92 2 

n.d.c c 

0.62 2 

0.76 6 

AG G 

(kJmol1) ) 

n.d. . 

-3.2 2 

0.21 1 

n.d. . 

1.2 2 

0.68 8 

Rate,, ki 

Cs"1) ) 

4.7xl0_:> > 

5.5xl0"5 5 

1.5X10"4 4 

n.d.d d 

8.1xl0"5 5 

5.1xl0"5 5 

Equilibriumm constants were determined in CD2CI2. The free energy of 

reactionn (AG) was determined in CD2C12. Rate constants were determined in 

methanol-cUU / trifluoroacetic acid-d, ([Pd] : [CF3COOD] = 1 : 100, [Pd] = 3.3xl0"2 

moll  l"1). a No equilibrium. b A third complex was observed in minor quantities (< 5 

%).. c Not determined. No reaction at room temperature. d Not determined due to 

ligandd decomposition. 

Thee addition of water to an equilibrium mixture resulted in the immediate dissappearance of 

thee enolate complex, whereas complex 1 remained intact. Complex 1 disappeared slowly 

withh the excess water. It was shown by partial hydrolysis of an equilibrium mixture of le 
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andd 2e that the equilibrium could be restored in three hours. Further proof that 1 and 2 were 

inn equilibrium was obtained by crystallization of an equilibrium mixture of le and 2e. 

Additionn of diethyl ether at room temperature led to a recovery of more than 90 % of the 

chelate,, 1, although the equilibrium mixture contained only 40 % of the chelate. Changing 

thee temperature of the solution did not lead to a measurable change in equilibrium constant. 

Onlyy for complex la formation of vinyl methyl ketone was observed. After 10 minutes a 

neww pair of doublets in the 31P NMR spectrum was observed (about 10 %, according 3IP 

NMR)) which originated most likely from the enolate, 2. Due to fast decomposition a 

completee characterization of this compound was not possible. The use of complex lb 

showedd a third pair of doublets in the 31P NMR spectrum of an unidentifiable complex in 

minorr quantities (< 5 %, according ]P NMR), but neither vinyl methyl ketone nor 

depositionn of metallic palladium was observed. Complex Id neither rearranged to an enolate 

norr decomposed. Up to 40 °C no reaction was observed. At higher temperatures formation 

off  vinyl methyl ketone was observed together with palladium-metal deposition similar to 

compoundd la. The reaction of 2 with trimethylsilylchloride yielded the silyl enol ether 2-

trimethylsiloxy-Z-2-butene.. This compound was synthesized separately to confirm its 

structuree (scheme 5).51 

Solventt  Effect. To investigate the solvent dependency of the equilibrium between 1 

andd 2 acetonitrile-Jj was used as a coordinating solvent. Dissolving the palladium chelate 

lcc in CD3CN at room temperature led to a much faster reaction than when the reaction was 

carriedd out in CD2CI2, but progressive formation of vinyl methyl ketone was observed 

duringg the reaction, and equilibrium could not be reached. The only organic product 

observedd was vinyl methyl ketone and metallic palladium was deposited. When lc was 

dissolvedd in CD3CN at -20 °C no reaction was observed. On raising the temperature to 7 °C 

aa new complex (2c') was observed. !P NMR spectra showed a new pair of doublets at 44.5 

ppmm (d, Vpp = 40.4 Hz) and 27.2 ppm (d, VPP = 40.4 Hz). In comparison with compound 2c 

thee 'H NMR chemical shift of the C//(CH3) group was shifted upfield (2.99 ppm (2c'), 3.9 

ppmm (2c)) but the chemical shift of the CH(CHj) group was shifted downfield (0.91 ppm 

(2c'),, 0.60 ppm (2c)). The C(0)Cf/3 signal did not shift significantly (2.28 (2c')> 2.22 (2c)). 

Eightt signals for the hydrogen atoms of the cyclopentadienyl rings were identified, which 

indicatess that the Cp-rings are inequivalent. 
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Kineticss of Enolate Formation. To investigate the rate of rearrangement of 1 to 2, 

aa kinetic study was performed using 'H NMR spectroscopy and the rate law shown in 

schemee 6 (vide infra). 

Schemee 6 

(L-L)PO; ; 
o o 

A A 

CH--
(L-L)Pd-J-CH; ; 

O O 

B B 

CD3OD D 

DX X 

DX X 

k2 2 

A,, = A + B(1) 

00 = k,[A,-B]-k.1[B]-k 2[B][DX](2 ) 

d[C]]  / dt = k2[B][DX ] (3) 

d[C]]  / dt = (k,k2[A][CD 3OD]) / (k, + k-i + k2[CD3OD]) (4) 

d[C]/dtt = k,[A](5) 

(L-L)Pd d 

+ + 
D D 

Equationn 6 is only valid when the protonolysis (k2[DX] ) reaction is extremely fast relative 

too the rearrangement of 1 to 2 (ki) and its backward reaction (k.i). This rate law was proven 

too be valid when the rate constants were determined in methanol-di / trifluoroacetic acid-c/i 

([Pd]]  : [CF3COOD] = 1 : 100, [Pd] = 3.3xl0"2 mol l"1). All compounds which reacted or 

whichh were formed during the reaction were soluble in the reaction medium. In this reaction 

mediumm protonolysis of the enolate is much faster than the enolate formation and its 

backward-reactionn and therefore the enolate could not be observed. The rate of enolate 

formation,, ki, equals that of the observed rate constant. Changing the acid concentration 

([Pd]]  : [CF3COOD] = 1 : 10, [Pd] = 3.3xl0"2 mol l ' ) or switching from CF3COOD to 

CF3COOHH had no effect on the rate of protonolysis (i.e. rate of rearrangement from 1 to 2). 

Thee rate constants obtained with complexes 1 are provided in table 4 (vide supra). The 

temperaturee effect on the protonolysis reaction was investigated using le. The rate constants 

weree determined over a 20 K temperature range. Five data points were used to produce an 

Eyringg plot (figure 3). 
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-37.0 0 

-37.5 5 

PP -38.0 H 

* * 

55 -39.0 

-39.5 5 

^0.0 0 11 ' 1 1 1 ' 1 ' 1 1 1 

0.003355 0.00340 0.00345 0.00350 0.00355 0.00360 

1 /T (K 1) ) 

Figuree 3. Determination of the temperature dependency on the rate of the rearrangement of 

11 to 2. 

Fromm the the data in figure 3 we calculated the activation enthalpy (AH* = 89.9 (  3) kJ mol" 

')) and activation entropy (AS* = 7.8 (  10.2) J mol"1 K"1). The anion effect on the rate of 

protonolysiss was studied using [(DPEphos)PdCH2CH2C(0)Me]+ [X]" (X = CF3SO3 (le), 

B(3,5-(CF3)2C6H3)44 (If)) in CD3OD / CF3COOD ([Pd] : [CF3COOD] = 1 : 100, [Pd] = 3.3x 

10""  mol 1" ) at 285.0 K. Complex If showed a slower rearrangement to the enolate (5.1xl0"5 

s""  ) than the triflate complex (8.1xlO"5 s~', figure 4). 

Too study the ligand effect on the rearrangement reaction of 1 to 2, the reaction rates 

weree compared in CD3OD / CF3COOD ([Pd] : [CF3COOD] = 1 : 100, [Pd] = 3.3x 10"2 mol 

1""  ) at 285.0 K. A factor of three in rate constant between the slowest rate (4.7x10"5 s'1, dppe 

ligand)) and the fastest rate (1.5xl0"4 s"1, dppf ligand) was observed. The protonolysis of 

complexx Id could not be studied since hydrolysis of the ligand was observed when Id was 

dissolvedd in this medium. 

56 6 



BARF F 

CF3SO3--

-|| 1 1  1  1  1 ' r 
20000 4000 6000 8000 10000 12000 14000 

timee (s) 
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Figuree 5. Ligand effect on the rate of rearrangement of 1 to 2 (la-lc, le). 
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Synthesiss of a New Palladium Enolate Complex.. Because of their thermal 

instabilityy in combination with their reactivity toward proton donors, isolation of any of the 

enolatee palladium complexes 2a-2f was not successful. A thermally more stable palladium 

enolatee complex, i.e a complex which is unable to undergo P-hydride transfer, [(dppf)Pd(/n3-

CH2C(CH3)0)]++ [CF3SO3]" (9), was synthesized. To synthesize this compound we prepared 

(PPh3)2Pd(Cl)CH2C(0)CH33 (7) from tetrakis(triphenylphosphine)palladium and 

chloroacetonee in benzene (scheme 7).49,50,52 j ^ e product was contaminated with » 5 % 

(PPli3)2PdCl2.. 31P NMR spectroscopy shows that 7 is mainly a trans-compound (28.2 ppm, 

s),, but it contains 16 % of a c/s-compound (38.0 and 21.2 ppm, d, 2Jpp = 23.1 Hz). 

(dppf)Pd(Cl)CH2C(0)CH33 (8) was synthesized by reacting 7 with dppf in dichloromethane. 

Thiss product was contaminated by * 5 % (dppfjPdCb due to the impurity in the starting 

compound.. Complex 8 hydrolyzed in a wet CD2CI2 solution to give acetone and the 

hydroxidee dimer. Complex 9 was synthesized in situ by abstraction of the chloride anion 

fromm 8 using silver inflate in CD2CI2. Attempts to crystallize or isolate 9 in a pure form 

failed. . 

Schemee 7 
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Complexx 9 is a thermally stable compound that shows the same reactivity towards proton 

donorss as 2. Acetone was released after reaction with water and again the bridging 

hydroxidee dimer formed. The oxoallylic character was displayed in the 'H NMR spectrum. 

Thee terminal hydrogen atoms of the oxoallyl fragment were inequivalent (H' at 2.02 and 

H""  at 1.87 ppm, 9) and 8 signals were observed for hydrogen atoms of the cyclopentadienyl 
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rings.rings. This is in contrast with compound 7, which showed a double doublet for PdCH2 

implyingg that both hydrogen atoms are equivalent. The four signals observed for the 

hydrogenn atoms of the cyclopentadienyl groups indicate that the cyclopentadienyl groups 

aree equivalent. In the 13C NMR spectrum the C(CH3)0 signal appeared at 221 ppm as a 

broadenedd triplet ( Jpc * 1 Hz). 

Discussion n 

Catalyticc CO / ethene copolymerization reaction. The catalytic reactions in 

methanoll  and methanol-*/] show that two mechanisms (mechanism A and B, scheme 1) are 

operating.. Mechanism B gives an ester end group and a palladium deuteride species. 

Subsequentt initiation via insertion of ethene into the palladium deuteride bond leads to 

[(dppp)PdCH2CH2D]+,, and consequently to a COCH2CH2D end group.53 Mechanism A 

involvess termination by deuteration of the alkylpalladium intermediate and initiation via 

insertionn of CO into the palladium methoxy bond. Thus, both mechanisms lead to 

COCH2CH2DD end groups. The formation of the COCH2CH3 end groups in CH3OD can only 

bee explained by mechanism B. Mechanism A always leads to deuterated end groups, 

whereass mechanism B leads to all three species via a fast and reversible insertion of 

ethene.533 We do not expect that this would lead to as much as 46 % of COCHDCH3 and 

onlyy 26 % of COCH2CH2D, because no detectable amounts of CH3OH and deuterated 

ethenee were observed. Therefore, mechanism A must lead to the unexpected formation of 

excesss COCHDCH3 end groups. 

Complexx synthesis. We successfully synthesized complexes la-I f and we were able 

too isolate these complexes as pure compounds. There are probably two major reasons why 

onlyy a few analogs of 1 are known. Firstly, the complexes are thermally unstable and 

hydrolyzee at ambient temperatures. Secondly, the synthesis of these complexes is performed 

usingg two reacting gases, which requires a very good control of reaction temperature and 

reactionn time, in order to avoid the formation of multiple insertion products (complexes 4 

andd 5). The chelate structure was proven in each case by IR and 13C NMR spectroscopy.24 

Thee CO insertion study with complex lc showed that an equilibrium exists above -40 °C 

betweenn the starting complex, lc, and the acylpalladium complex 4. Deinsertion of CO at 

roomm temperature is instantaneous when the CO atmosphere is replaced by an argon 

atmosphere.. The chelate ring stabilizes this alkylpalladium complex relative to other 

alkylpalladiumm complexes. Consequently, deinsertion of CO in 4 is much faster. The 
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stabilizationn of the chelate ring makes insertion of CO into the palladium-carbon bond 

thermodynamicallyy unfavorable. Insertion of ethene into the acylpalladium bond of 4 is 

fast,evenn at temperatures as low as -60 °C. Ethene insertion into the acylpalladium 

complexess containing acetonitrile as additional ligand does not occur under these 

conditions.. Furthermore, multiple insertion products are formed because of the presence of 

CO,, which is necessary to stabilize 4. This explains why pure chelate complexes were only 

obtainedd starting from the cationic acetonitrile coordinated methylpalladium complexes. 

Thee alternating CO and ethene insertions show that the dppf system is a good model for a 

COO / ethene copolymerization reaction. Furthermore, neutral acylpalladium complexes were 

unablee to undergo insertion of ethene. The synthesis of [(DPEphos)PdCH2CH2C(0)CH3]
+ 

[CF3CO0]-- or [(L-L)PdCH2CH2C(0)CH3]
+ [CI]' failed for this reason. 

Protonn olysis studies. The protonolysis results of the neutral bisneopentylpalladium 

complex,, (dppp)Pd(CH2C(CH3)3)2, show that the cleavage of an alkylpalladium bond in a 

neutrall  palladium complex is much faster than cleavage of the analogous bond in a cationic 

palladiumm complex. This is in agreement with results obtained by other researchers, who 

studiedd such reactions using methyl platinum complexes.44"47'54'55 It is important to note the 

implicationss for catalysis. Acids are generally added to avoid plating of palladium, thus 

enhancingg the stability of the catalyst. Examples of this are the palladium catalyzed 

copolymerizationn of ethene and CO and the palladium catalyzed amidocarbonylation.56 

Obviously,, a slow protonolysis reaction is a prerequisite for the formation of copolymers. In 

catalyticc reactions the slow protonolysis ensures a sufficiently long life-time of the 

alkylpalladiumm intermediate to undergo insertion of CO. In contrast with alkylpalladium 

complexes,, protonolysis reactions of the cationic palladium enolates (2 and 9) were shown 

too be instantaneous. From the enormous difference in reactivity and the observation of 

CH3CHDC(0)) end groups in catalytic reactions in methanol-c/j,36 we concluded that direct 

protonolysiss of an alkylpalladium bond cannot be an effective chain-transfer reaction in the 

alternatingg CO-ethene copolymerization reaction. Chain-transfer occurs only when the 

alkylpalladiumm intermediate is able to rearrange to a palladium enolate. A propagation rate 

off  5.4 molecules of CO and ethene per second at 65 °C and 45 bar CO/ethene has been 

reportedd by Drent et al.2 The number average molecular mass of the copolymer produced 

wass 20,000. From our Eyring plot we calculate a termination rate of 0.09 s"1 at 65 °C. The 

calculatedd relative rates of propagation and termination, kpr0pagatjon/kterniination = 60, show that 

thee propagation rate is much higher than the termination rate. The ratio of the rates of 

propagationn and termination, however, should be a few times higher in order to obtain an 
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Mnn of 20,000. The actual rate of propagation may be higher than the calculated rate, since 

partt of the palladium catalyst (approximately 50 %) is in a dormant state.1 Furthermore, the 

ratee of termination may be lower under catalytic conditions due to the higher concentration 

off  COandethene. 

Enolatee Palladium Complexes. The very small differences in the *H NMR 

chemicall  shifts for 2 indicated that for all ligands the same complexes were formed. The 

reactivityy of 2 suggests that a jyw-enolate would be the best way to represent 2. The silyl 

enoll  ether 2-trimethylsiloxy-Z-2-butene, which is formed by reaction of a palladium enolate 

complexx (2) with ClSi(CH3)3 reflects the ^«-configuration of the oxoallyllic group. No 

evidencee was found for the presence of tfw//-isomers. The palladium enolate complexes 2 

weree shown to be in equilibrium with 1. The values of the equilibrium constant obtained in 

dichloromethanee indicate that the free energy difference between 1 and 2 is very small. The 

largestt free energy difference observed is -3.2 kJ mol"1 for the equilibrium of lb and 2b. 

Thee K-values are hardly affected by changing the temperature. This is not surprising since 

wee are dealing with a unimolecular reaction, that has an entropy of reaction of 

approximatelyy zero. Since AG * 0 and AS » 0, AH must be around zero as well and the slope 

off  a graph of In K vs. 1 / T is very small. Complex 1 can rearrange to an enolate palladium 

speciess via a p-hydride elimination step followed by 2,1-reinsertion of vinyl methyl ketone, 

whichh probably remains coordinated to the palladium hydride complex (scheme 5). We 

concludedd that reinsertion must be fast compared to alkene dissociation, as in most cases the 

productt of alkene dissociation, vinyl methyl ketone, could not be observed. Only la 

producess vinyl methyl ketone in significant amounts. Probably the small bite angle of the 

dppee ligand drives the equilibrium in the direction of the vinyl methyl ketone-coordinated 

intermediatee instead of the alkylpalladium intermediate.57 The increased concentration of 

thee alkene-complex then leads to liberation of the product of p-hydride elimination. Id Did 

nott rearrange to the enolate in CD2CI2. The highly electron-withdrawing phosphite ligand 

renderss a highly electrophilic palladium center, which binds the carbonyl oxygen atom very 

strongly.. This results in a very stable chelate, which impedes the approach of the p-

hydrogenn atom to the metal center to give P-hydride transfer. 

Whenn we change from the non-coordinating solvent CD2CI2 to the strongly 

coordinatingg solvent acetonitrile, the NMR spectra change. The chemical shifts of C(0)C#3 

(0.600 ppm (2c), 0.91 ppm (2c')) and C(#)CH3 (3.9 ppm (2c), 2.99 ppm (2c')) show large 

differences.. These differences cannot be explained by a solvent effect on the protons 
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directlyy and more likely the solvent interacts with the palladium center. The 'H chemical 

shiftss of C(0)C//3 (2.99 ppm) and C(//)CH3 (0.91 ppm) in 2c' may indicate that the 

complexx has more r|'-character than 2c (scheme 8). 

Schemee 8 
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Thee enhanced r|'-character is assigned to the competition of acetonitrile with the r|3-

coordinatedd oxaallyllic group. A similar effect was observed for complex 2c and 9. In this 

casee H NMR spectroscopy does not provide the necessary information as the substitution 

onn the terminal carbon atom of the oxaallyllic group is different. The l3C NMR spectra 

facilitatee the assignment. Whereas 2c shows the carbonyl carbon chemical shift of C(0)CH3 

att 188 ppm, the analogous carbon signal of 9 is located at 222 ppm. The absence of the 

methyll  group at the terminal position of the oxaallyllic group has a large effect on the 

bondingg properties of the oxaallyllic fragment. As observed in palladium allyl complexes, a 

substituentt on a terminal carbon atom can cause a large difference in bond distance of this 

terminall  carbon atom to palladium, and as a consequence, a large difference in 13C NMR 

chemicall  shift.58 In acetonitrile an equilibration between lc and 2c' seems to be absent. 

Whilee the reaction proceeds to yield 2c', progressive formation of vinyl methyl ketone is 

observed.. This indicates that acetonitrile can coordinate to palladium and readily displaces 

vinyll  methyl ketone. The palladium hydride species decomposes to give palladium metal 

andd vinyl methyl ketone is liberated. The rearrangement is probably also faster in methanol 

thann in dichloromethane, as a result of hydrogen bonding of the solvent to the carbonyl 

group.. This facilitates P-hydrogen transfer and thus leads to a faster rearrangement to the 

palladiumm enolate (ki). 

Kinetics.. The initial rate constants for enolate formation in CD2CI2 contained large 

errorss in the rate constants. We succeeded in finding conditions to study the chelate-to-

enolatee rearrangement rates of the complexes at variable temperature using different ligands 

andd anions. The reaction medium we chose (methanol/trifluoroacetic acid) ensures that the 

62 2 



protonolysiss reaction is much faster than the chelate-to-enolate rearrangement. This 

constraintt had to be met in order to reduce the rate expression to the simplified form of 

equationn 5. A direct protonolysis of 1 would show a first order dependence on acid 

concentrationn and a primary kinetic deuterium isotope effect. The absence of these two 

characteristicss proves that the protonolysis reaction (k2[HXJ) is not rate determining. 

Thee small value of the activation entropy (AS* = 7.8 (  10.2) J mol"1 FC"1) confirms that an 

intramolecularr rearrangement is operative. From these measurements we can conclude that 

thee rate determining step is the rearrangement of the chelate to the palladium enolate (kj) 

ratherr than protonolysis of the palladium enolate (k2[HX]) . This result implies that the 

molecularr weight of CO / ethene copolymers should be insensitive towards acid 

concentration.. Experimental evidence was obtained by Consiglio et al in an experiment in 

whichh they studied the molecular weight dependency on the acid concentration. They 

showedd that the acid concentration had no effect on the molecular weight of the CO / ethene 

copolymer.599 Also, they showed that the reaction temperature had a very large effect on the 

molecularr weight. On raising the reaction temperature the molecular weight of the 

copolymerizationn decreased dramatically. This is in agreement with the high value for AH* 

wee found for the chelate-to-enolate rearrangement. The high value of AH* (89.9 kJ mol') 

indicatess that this rearrangement is highly temperature dependent. These results imply that 

molecularr weight control can be achieved by temperature control rather than by changing 

thee acid concentration. The low AH* value recently reported by Brookhart et al for the 

insertionn of CO into an alkylpalladium bond (AH* = 62.2(3) kJ mol"1) and for the insertion 

off  ethene into an acylpalladium bond (AG* = 51.4(4) kJ mol"1, AS* * 0) is in agreement with 

ourr findings that the termination rates are much lower than the propagation rates.25 

Furthermore,, this implies that the rate of propagation does not increase as rapidly with 

temperaturee as the rate of termination, which is in agreement with the experimental data of 

Consiglioo et al.59 

Thee anion has a large effect on the rate of rearrangement of 1 to 2. The fastest 

rearrangementt occurs with the more basic anion (CF3SO3). We propose that the anion, 

whichh is in the proximity of the palladium-center, can assist in p-hydride elimination, such 

thatt the more basic anion leads to the faster rearrangement. 

Thee ligands that were used in our study show no clear trend. We can only state that the 

ligandss that produce high molecular weight copolymers (dppe and dppp) under catalytic 

conditionss indeed show a lower rate of rearrangement than the ligands that produce low 
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molecularr weight material (dppf and DPEphos). However, the relatively small differences in 

thee rate of rearrangement (= rate of chain-transfer) cannot explain the large differences in 

molecularr weight of the copolymers produced under catalytic conditions. The reaction rate 

off  Id in methanol / trifluoroacetic acid could not be measured due to decomposition of the 

complexx into unidentified products. This is most likely due to hydrolysis of the ligand in 

thiss reaction medium as phosphite ligands are known to be unstable under the applied acidic 

conditions. . 

Conclusions s 

Wee synthesized several chelated alkylpalladium complexes bearing bidentate 

phosphinee ligands that are intermediates in alternating CO / ethene copolymerization 

reactions.. We have shown that the chelate-to-enolate rearrangement of the palladium 

complexess is an important reaction for this type of complexes leading to keto end groups. 

Thee absence of P-hydride elimination products in ethene / CO copolymerizations in protic 

solventss and the insensitivity of the molecular weights for the acid concentration can be 

explainedd by this rearrangement. The temperature effect of the chelate-to-enolate 

rearrangementt in methanol solvent is very large. This explains the strong decrease in 

molecularr weight when elevating the reaction temperature of the copolymerization reaction. 

Inn contrast, the ligand effect is relatively small and cannot account for the huge differences 

inn molecular weight of the products of the copolymerization reaction (dppe and dppp 

ligand)) and the cooligomerization reaction (dppf and DPEphos ligand). Obviously, there 

mustt be a large ligand effect in one of the propagation steps (ethene or CO insertion) or in 

thee other termination mechanism leading to ester end groups (scheme 1, mechanism B). 

Experimentall  Section 

Generall  Synthetic Procedures. All reactions were carried out using standard 

Schlenkk techniques under an atmosphere of purified argon or nitrogen. Benzene was 

distilledd from sodium, diethylether was distilled from sodium / benzophenone and hexane 

andd pentane were distilled from sodium / benzophenone / triglyme. Methanol and CH2CI2 

weree distilled from CaH2. Chemicals were purchased from Aldrich Chemical Co. and Acros 

Chimica.. (COD)Pd(CH3)Cl60, [(L-L)PdCH3(CH3CN)]+ [CF3S03]" (L-L = dppe™, dppp™, 
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dppf60,, sy»-Calix[6]arene diphosphite30), (DPEphos)Pd(CH3)Cl, 

(DPEphos)PdCH3(02CCF3),, [(DPEphos)PdCH3(CH3CN)]+ [XT(X = CF3S03 or BARF) and 

[(DPEphos)PdC(0)CH3]
++ [X] - (3, X = CF3S03, CF3C02, BARF), [(^«-Calix[6]arene 

diphosphite)PdCH2CH2C(0)CH3]
++ [CF3S03]" ( l d p were synthesized according to 

literaturee procedures. NMR spectra were recorded on a Bruker AMX 300 and a Bruker 

DRXX 300. P and C spectra were measured lH decoupled (unless stated otherwise). 

Deuteratedd solvents were first degassed and then vacuum transferred from a drying agent. 

CD2C122 and CD3CN were distilled from CaH2 and CD3OD was distilled twice from sodium. 

CF3COODD was used as purchased. TMS was used as a standard for *H and 13C NMR 

spectroscopyy and H3PO4 for 31P NMR spectroscopy. Infrared spectra were recorded on a 

Nicolett 510 FT-IR spectrophotometer. Elemental analyses were performed on a Heraeus 

Elementarr Vario EL. CO (99.9 %) was purchased from Air Liquide and ethene 2.7 was 

purchasedd from Praxair. 

NMRR spectra. In all cases the following settings were used to record NMR spectra: 

'HH NMR: 16 scans, relaxation delay = 3 s. 31P NMR: 32 scans, relaxation delay = 6 s. I3C 

NMR:: no standard number of scans, relaxation delay = 6 s. 

Kinetics.. The reaction was followed by *H NMR spectroscopy. NMR probe 

temperaturess were calibrated using an anhydrous methanol sample. An NMR tube was 

chargedd with 23 umol of 1. The tube was then capped with a septum and 0.700 mL of a 

stockk solution of 3.36 M D02CCF3 in CD3OD was added via a gastight syringe while the 

tubee was kept at -78 °C. The tube was shaken to dissolve the palladium complex. The tube 

wass then transferred to the NMR probe, which was set to the required temperature and the 

spectraa were acquired after the temperature of the probe was stabilized. The integrals of 

PdC#22 and C//3CHDC(0)CH3 were measured to follow the decay of [(L-

L)PdCH2CH2C(0)CH3]
++ [X] \ The mass balance was checked using the CM)2OD peak. All 

measurementss were performed in duplo. 

Catalyticc CO / Ethene Copolymerization Reactions. The experiments were carried 

outt in a 160 mL stainless steel autoclave (90 mL of CH3OD) or a 250 mL stainless steel 

autoclavee (140 mL of CH3OH). The autoclave was charged with Pd(OAc)2 : dppp : p-

toluenesulfonicc acid = 0.020 : 0.022 : 0.045 mmol and pressurized with 55 bar of CO / 

ethenee ( 1 :1 ratio). The autoclave was depressurized after one hour. The methanol soluble 
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fractionsfractions were analyzed by GC-MS and the copolymer was analyzed by 13C and H NMR 

spectroscopy. . 

[(L-L)PdCH 2CH2C(0)CH3]
++ [X] '  (1). 0.190 mmol of [(L-L)PdCH3(CH3CN)]+ [X] ' 

wass dissolved in 2 mL of CH2C12 at -60 °C. CO was bubbled through the solution for 10 

minutes.. Subsequently, ethene was bubbled through the solution and after one minute the 

solutionn was allowed to warm to -20 °C. After 20 minutes, the solvent was evaporated at -20 

°C.. The resulting solid was washed with cold diethylether and pentane. Yields vary between 

500 and 80 %. 

Singlee crystals of la suitable for X-ray analysis were obtained by crystallization from a 

CH2C122 / Et20 solution at -20 °C. IR spectra were obtained from KBr pellets. 

[(dppe)PdCH2CH2C(0)CH3rr  [CF3S03] (la). Pure la (white solid) was obtained 

fromm CH2C12 / Et20. 'H NMR (CD2C12, 25 °C): 7.8-7.4 (Ph, m, 20H), 3.31 (PdCH2C//2, dd, 

VPHH = 9.0 Hz, VHH = 6.7 Hz, 2H), 2.8-2.2 (PCH2CH2P, m, 4H), 2.53 (C(0)C//3, s, 3H), 1.71 

(?dCH(?dCH22,, ddd, VPH = 8.4 Hz, VPH = 2.1 Hz, VHH = 6.7 Hz). 31P NMR (CD2C12, 25 °C): 57.5 

(d,, VPP = 29.6 Hz), 36.7 (d, VPP = 29.6 Hz). IR (KBr): 1627 cm"1 [v(C(0))]. Anal. Calcd. 

forr (C31H3,F304P2SPdCH2Cl2): C, 49.30; H, 4.20. Found: C, 49.20; H, 4.43. 

[(dppp)PdCH2CH2C(0)CH3]
++ [CF3S03r  (lb). Pure lb (off-white solid) was 

obtainedd from CHC13 / Et20. *H NMR (CD2C12, -20 °C): 7.3-7.6 (Ph, m, 20H), 3.22 

(PdCH2C//2CO,, td, VHH = 7.5 Hz, Jm = 9.5 Hz), 2.5-2.7 (P(Ctf2)3P, br m, 6H), 2.36 

(Ctf3CO,, s, 3H) 1.47 (PdC#2, tdd, VHH = 7.5 Hz, VPH = 8.0 Hz and 3.5 Hz, 2H). 31P NMR 

(CD2C12,, -20 °C): 27.5 (d, VPP = 55.7 Hz), -5.7 (d, VPP = 55.7 Hz). 13C NMR (CD2C12, -20 

°C):: 239.3 (C(0)CH3, d, V pc = 12.3 Hz), 134-129 (Ph, m), 52.1 (PdCH2CH2, d, Vpc = 6.0 

Hz),, 37.0 (PdCH2CH2, d, VPC - 84.6 Hz), 29.0 (C(0)CH3, s), 28.1 (PCH2, dd, ]JPC = 34.2 

Hzz and V r c = 8.1 Hz), 26.6 (PCH2CH2CH2P, d, 2JK = 23.0 Hz). IR (KBr): 1627 cm'1 

[v(C(0))].. Anal. Calcd. for (C32H33F304P2Pd-CHCl3): C, 51.27; H, 4.43. Found: C, 51.51; 

H,, 4.65. 

l(dppf)PdCH 2CH2C(0)CH3]
++ [CF3S03]

_ (1c). Pure lb (orange microcrystals) was 

obtainedd from CH2C12 / Et20. *H NMR (CD2C12, -20 °C): 7.7-7.3 (Ph, m, 20H), 4.65, 4.56, 

4.36,, 3.79 (Cp, m, 8H), 3.19 (PdCH2Ctf2CO, td, VHH = 6.1 Hz, VPH = 7.8 Hz, 2H), 2.31 

(C(0)C//3,, s, 3H), 1.39 (PdCtf2, tdd, VHH = 6.3 Hz, VPH = 7.4 Hz and 3.2 Hz, 2H)). 31P 

NMRR (CD2C12, -20 °C): 37.3 (d, Vpp = 35.5 Hz), 14.0 (d, Vpp = 35.4 Hz). l3C NMR 

(CD2C12,, -20 °C): 238.9 (C(0)CH3, d, Vpc = 12.6 Hz), 136-130 (Ph, m), 76-69 (Cp, m), 
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52.55 (PdCH2CH2, d, 2JK = 6.0 Hz), 39.0 (PdCH2CH2, d, %c = 85.2 Hz), 28.9 (C(0)C//3, s). 

IRR (KBr): 1630 cm"1 [v(C(0))]. Anal. Calcd. for (C37H37F3Fe04P2SPd): C, 53.17; H, 4.01. 

Found:: C, 52.65; H, 4.19. 

X-rayy Crystal Structure Determination of lc. X-Ray data were collected at 150 K 

onn an Enraf-Nonius TurboCAD4 (Rotating Anode, MoK-alpha, theta-max = 26.5 °) for a 

yellow-orangee crystal grown in an NMR-tube. Reflection profiles turned out to be broad and 

highlyy structured. Pertinent data are: Monoclinic, space group P21/c (No. 14), a = 

11.057(2),, b = 23.767(4), c = 16.203(3) A, beta = 116.78(1) ^CsgHasFeC^PdCFsSOs 

0.5(CH2C12),, Z = 4. The structure was solved by Direct Methods (SIR97)61 and refined on 

F22 with SHELXL96 62 to a final R = 0.0813 for 3287 reflections with I > 2 sigma(I) [wR2 = 

0.1677 for 7763 reflections]. The main cation structure contains two solvent accessible voids 

att 0,1/2,0 and 0,0,1/2 of 419 A3 each containing disordered CF3SO3 and CH2C12. Their 

contributionn to the structure factors was taken into account by back-Fourier transformation 

usingg the PLATON/SQUEEZE63 procedure. A total of 189 electrons/per void were 

accountedd for (corresponding with two CF3SO3 and one CH2C12 per void). Data were 

correctedd for absorption with the PLATON/DELABS63 procedure. Hydrogen atoms were 

takenn into account at calculated positions and refined riding on their carrier atoms. Full 

detailss can be found in the supplementary material. 

[(DPEphos)PdCH2CH2C(0)CH3]
++ [CF3S03] '  (le). Pure le (white microcrystals) 

wass obtained from CHCI3 / Et20. 'H NMR (300 MHz, CD2C12, -90 °C): 8.0 (Ph, m, 1H), 

7.8-6.88 (Ph, m, 23H), 6.5-6.2 (Ph, m, 4H), 3.4-3.0 (PdCH2C#2, m, br, 2H), 2.28 (Me, s, 3H), 

1.722 (PdCtf2, m, br, 2H). 3IP NMR (121.5 MHz, CD2C12, -90 °C): 8 = 30.8 (d, 2JPP = 31.7 

Hz),, 7.2 (d, 2JPp = 31.7 Hz). 13C NMR (CD2CI2, -20 °C): 234.2 (C(0)CH3, d, VPC = 12.6 

Hz),, 159.2, 137-117 (Ph, m), 52.1 (PdCH2CH2, d, V pc = 5.3 Hz), 36.8 (PdCH2CH2, d, 2J?C 

== 80.6 Hz), 28.0 (C(0)CH3, s). IR (KBr): 1629 cm'1 [v(C(0))]. Anal. Calcd. for 

(C4|H35F305P2SPd):: C, 56.52; H, 4.08. Found: C, 56.83; H, 3.92. 

[(DPEphos)PdCH2CH2C(0)CH3]
++ [BARF] ' (If) . Pure If (white microcrystals) was 

obtainedd from CHCI3 / Et20. 'H NMR (300 MHz, CD2C12, -20 °C): 7.72 (BPh*, s, 4H), 7.51 

(BPh(BPh44,, s, 8H), 7.7-6.3 (DPEphos, m, 28H), 3.11 (PdCH2Ctf2, br, m, 2H), 2.13 (C(0)C//3, s, 

3H),, 1.74 (PdCH2, br, m, 2H). 31P NMR (121.5 MHz, CD2C12, -20 °C): 30.4 (d, 2JPP = 31.8 

Hz),, 7.9 (d, 2JpP = 31.8 Hz). IR (KBr): 1629 cm'1 [v(C(0))]. Anal. Calcd. for 

(C72H47BF2402P2PdCH2Cl2):: C, 52.69; H, 2.97. Found: C, 52.99; H, 2.99. 
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[(L-L)Pd(rj3-CH(CH3)C(CH3)0)]++ [X] ' (2). An NMR tube was charged with 23 

mmoll  of 1. 0.7 mL CD2CI2 was added at room temperature. After 3 hours NMR spectra 

weree recorded of the equilibrium mixtures. After 15 hours NMR spectra were recorded 

again. . 

[(dppp)Pd(ri3-CH(CH3)C(CH3)0)]++ [CF3SO3]" (2b). 'H NMR (300 MHz, CD2C12, 

255 °C): 7.7-7.3 (Ph, m, 20H), 3.87 (C#CH3, ddq, VPH = 10.2 and 2.5 Hz, 2Jm = 6.6 Hz, 

1H),, 2.6-2.9 (P(C//2)3P, br m, 6H), 2.20 (C#3CO, d, VPH = 1 Hz, 3H), 0.64 (C//3CH, ddd, 

VpHH = 6.6 and 9.9 Hz, 2JHH = 6.6 Hz, 3H). 31P NMR (121.5 MHz, CD2C12): 19.4 (d, 2JPP = 

69,55 Hz), 2.3 (d, 2JPP = 69.5 Hz). 

[(dppf)Pd(ri3-CH(CH3)C(CH3)0)]++ [CF3S03K (2c). lH NMR (300 MHz, CD2C12, 

255 °C): 7.9-7.2 (Ph, m, 20H), 4.8-3.9 (Cp, m, 8H), 3.9 (CH(CH3), m, 1H), 2.22 (C(CH3)0, 

d,, VPH = 1.6 Hz, 3H), 0.60 (CH(CH3), ddd, VPH = 10.5 Hz, VPH = 6.7 Hz, VHH= 6.6 Hz, 

3H).. 31P NMR (121.5 MHz, CD2C12, 25 °C): 38.4 (d, 2JPP = 43.5 Hz), 28.7 (2yPP = 42.3 Hz). 
,3CC APT NMR (75.4 MHz, CD2C12, 25 °C): 188.0 (C(CH3)0, 't', VPC = 4.5 Hz), 132.8 

(CH(CH3),, dd, 2JK = 7.1 Hz, 2JPC = 2.5 Hz), 24.0 (C(CH3)0, s), 12.6 (CH(CH3), d, VPC = 

3.33 Hz). Selective proton decoupling showed that the proton attached to the terminal carbon 

atomm of the enolate fragment was shifted downfield and it was hidden under the Cp-ring 

signall  at 3.9 ppm. 

[(dppf)Pd(Ti3-CH(CH3)C(CH3)0)]++ [CF3SO3]" (2c'). 'H NMR (300 MHz, CD3CN, 

77 °C): 8.0-7.5 (Ph, m, 20H), 5.00, 4.98, 4.82, 4.61, 4.60, 4.50, 3.71, 3.66 (Cp, s, 8H), 2.99 

(C(//)CH3C(CH3)0,, ddq, VPH = 14.3 Hz and 6.5 Hz, VHH = 7.0 Hz, 1H), 2.28 

(C(H)CH3C(C#3)0,, s, 3H), 0.91 (C(H)C#3C(CH3)0, ddd, VPH = 11.0 and 5.4 Hz, 37HH = 

6.55 Hz, 3H). 31P NMR (121.5 MHz, CD2C12, 7 °C): 44.5 (d, 2JPP - 40.4 Hz), 27.2 (d, 2JPP = 

40.44 Hz). 

[(DPEphos)Pd(r|3-CH(CH3)C(CH3)0)ff  [CF3S03]- (2e). !H NMR (300 MHz, 

CD2C12,, 25 °C): 7.7-6.3 (DPEphos, m, 28H), 4.07 (C(CH3)//, br m, 1H), 2.20 (C(Gtfj)H, s, 

3H),, 0.68 (C(C#0O, ddd, VPH = 10.8 Hz, VPH = 7.0 Hz, VHH = 7.0 Hz). 3!P NMR (121.5 

MHz,, CD2C12, 25 °C): 29.1 (d, 2JPP = 42.3 Hz), 11.3 (d, VPP = 42.3 Hz). 

[(DPEphos)Pd(Ti3-CH(CH3)C(CH3)0)]++ [BARF]- (20- 'H NMR (300 MHz, 

CD2C12,, 25 °C): 7.73 (BARF, s, 4H), 7.56 (BARF, s, 8H), 7.8-6.2 (DPEphos, m, 28H), 4.05 

(C(CH3)//,, br m, 1H), 2.18 (C(CH3)H, s, 3H), 0.66 (C(CH3)0, ddd, 3JPH =11.0 Hz, VPH = 

6.66 Hz, 3JHH = 6.6 Hz). 31P NMR (121.5 MHz, CD2C12, 25 °C): 29.1 (d, 2JPP = 42.4 Hz), 

11.3(d,2JPPP = 42.3Hz). 
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Determinationn of the equilibriu m between lc + CO and 

[(dppf)PdC(0)CH2CH2C(0)CH3)]
++ [CF3S03]"  (4). A solution of lc in CD2C12 (3.0x10*2 

M)) was kept at -40 °C. CO was bubbled through the solution for 15 minutes. NMR spectra 

weree recorded at -40, -30, -20, -10 and 0 °C. The system was allowed to equilibrate for 30 

minutess at the desired temperature prior to recording *H and 31P NMR spectra. 'H NMR 

(3000 MHz, CD2C12, -40 °C): 7.8-7.3 (Ph, m, 20H), 4.77, 4.66, 4.34, 3.70 (Cp, m, 8H), 2.56 

(PdC(0)CH2C#2,, s, br, 2H), 2.12 (PdC(0)Ctf2CH2, s, br, 3H), 1.97 (CH2C(0)C//3, s, 3H). 
31PP NMR (121.5 Mhz, CD2C12, -40 °C): 23.0 (d, Vpp = 62.0 Hz), 11.3 (d, Vpp = 62.1 Hz). 
13CC NMR (75.4 Mhz, CD2C12, -40 °C): 229.3 (PdC(0), d, V pc = 86.7 Hz), 208.1 

(CH2C(0)Me,, s), 136-130 (Ph), 78-69 (Cp), 49.9 (PdC(0)CH2, m), 39.6 (CH2C(0)Me, s), 

30.22 (C(0)CH3, s). 

[(dppf)PdCH 2CH2C(0)CH2CH2C(0)CH3)]
++ [CF3S03]" (5). A solution of 4 in 

CD2C122 (3.0xl0"2 M) under a CO atmosphere (1 bar) was cooled to -60 °C. Ethene was 

bubbledd through the solution for 10 minutes. 'H, 31P, and 13C NMR spectra were recorded at 

-200 °C. 'H NMR (300 MHz, CD2C12, -20 °C): 7.8-7.3 (Ph, m,20H), 4.65, 4.56, 4.34, 3.79 

(Cp,(Cp, m, 8H), 3.18 (PdCH2C//2, dt, VPH = 7.7 Hz, VHH = 6.6 Hz, 2H), 2.87 

(C(0)CH2C//2C(0)CH3,, VHH = 5.6 Hz, 2H), 2.31 (C(0)C//2CH2C(0)CH3, VHH = 5.6 Hz, 

2H),, 1.64 (C(0)C#3, s, 3H), 1.56 (PdC//2, tdd, VHH = 6.3 Hz, VPH = 7.4 Hz and 2.7 Hz, 

2H)).. 3IP NMR (121.5 Mhz, CD2C12, -20 °C): 39.1 (d, 2JPP = 35.9 Hz), 15.1 (d, 2JPP = 36.0 

Hz).. 13C NMR (75.4 Mhz, CD2C12, -20 °C): 239.4 (PdCH2CH2C(0), d, %c = 12.8 Hz and 

Vpcc = 1.3 Hz), 207.2 (CH2C(0)CH2, s), 135-123 (Ph, m), 78-71 (Cp, m), 51.6 (PdCH2CH2, 

d,, VPC = 6.0 Hz), 39.2 (PdCH2CH2, d, 2Jpc - 86.0 Hz), 37.5 (CH2CH2C(0)CH3, s), 34.7 

(CH2CH2C(0)CH3,, s), 30.0 (C(0)CH3, s). IR (CD2C12): 1629 cm', 1710 cm-1 [v(C(0))]. 

(PPh3)2Pd(Cl)CH2C(0)CH33 (7).52 A slight excess of chloroacetone (1.05 equiv.) 

wass added to a solution of 1.00 g of (PPh3)4Pd in 100 mL of benzene at room temperature. 

Thee reaction mixture was stirred for one night and the resulting suspension was filtered. The 

yelloww solid was washed with toluene and ether and dried in vacuo. Yield: 75%. 84 % 

7raws-complex:: 'H NMR (300 MHz, CDC13, 25 °C): 7.9-7.0 (Ph, m, 30H), 2.16 (PdCH2, t, 

VPHH = 7.0 Hz, 2H), 1.28 (C(0)Ctf3, s, 3H). 31P NMR (121.5 Mhz, CD2C12, 25 °C): 28.2 (s). 

166 % Os-complex: *H NMR (300 MHz, CDC13, 25 °C): 7.9-7.0 (Ph, m, 30H), 2.86 (?dCH2, 

dd,, VPH = 11.7 Hz and VPH = 5.0 Hz, 2H), 1.58 (C(0)C//3, s, 3H). 31P NMR (121.5 Mhz, 
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CD2C12,, 25 °C): 38.0 (d, VPP = 23.1 Hz), 21.2 (d, 2JPP = 23.1 Hz). (Contains about 5 % 

(PPh3)2PdCl2). . 

(dppf)Pd(CI)CH 2C(0)CH33 (8). 1.05 Equiv. of dppf was added to a solution of 7 in 

CH2CI2.. The mixture was stirred for two hours after which the solvent was evaporated. The 

orangee solid was washed with toluene and ether and dried in vacuo. Yield: 44 %. H NMR 

(3000 MHz, CD2CI2, 25 °C): 8.0-7.9 (Ph, m, 4H), 7.7-7.6 (Ph, m, 4H), 7.5-7.4 (Ph, m, 8H), 

7.3-7.22 (Ph, m, 4H), 4.75, 4.54, 4.16, 3.37 (Cp, m, 8H), 2.49 (CH2, dd, VPH = 12.7 Hz, VPH 

== 5.5 Hz, 2H), 2.15 (C(0)C//3, s, 3H). 31P NMR (121.5 Mhz, CD2C12, 25 °C): 37.8 (d, 2JPP = 

28.88 Hz), 16.8 (d, VPP = 28.9 Hz). (Contains about 5 % (dppf)PdCl2). 

[(dppf)Pd(ri 3-CH2C(CH3)0)]++ |CF3S03] " (9). An NMR tube was charged with a 

0.355 mL solution of 8 in CH2C12 (6.0x102 M, orange color). Then 0.35 mL of a solution 

containingg 1.01 equiv. silver triflate was added. The NMR tube was shaken vigorously. The 

reactionn was completed within 5 minute. The reaction mixture turned orange-red. 'H NMR 

(3000 MHz, CD2C12, -20 °C): 8.0-6.7 (Ph, m, 20H), 4.87, 4.84, 4.51, 4.50, 4.47, 4.23, 4.20, 

3.788 (Cp, s, 8H), 2.02 (C(/T)H", ddd, 3JPH = 12.1 Hz and VPH = 5.0 Hz, VHH = 5.2 Hz, 1H), 

1.877 ((C(W)fT\ ddd, VpH = 12.1 Hz and 3JPH * 1 Hz, 2Jm = 5.2 Hz, 1H), 1.56 ((C(0)Gtf3, 

3H)).. 31P NMR (121.5 MHz, CD2C12, -20 °C): 41.2 (d, 2JPP = 10.4 Hz), 28.3 (d, Vpp = 10.4 

Hz).. l3C NMR (75.4 Mhz, CD2C12, -20 °C): 221.9 (C(0)CH3, t,
 3JPC < 1 Hz), 138-125 (Ph, 

m),, 80-67 (Cp, m), 46.0 (C(H')H", d, 2Jr c = 61.8 Hz), 31.8 (CH3, d, 5JPC = 5.6 Hz). 
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