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Chapterr 1 

Generall  Introduction 

1.11 Introductio n 

Palladiumm is the most versatile transition metal in the transition metal series. This 

statementt is supported by the large number of palladium catalyzed reactions including 

oligo-- and polymerization of alkenes, carbonylation of alkenes and organic halides, Wacker 

oxidationn of alkenes, the Heck reaction, allylli c alkylation, the Suzuki reaction, C-H 

activation,, polyamide synthesis1 and cross-coupling reactions.2-3 Many of these palladium 

catalyzedd reactions proceed through a catalytic cycle that includes palladium(O) and 

palladium(II)) intermediates. Oxidative addition, trans-metallation and reductive elimination 

reactionss are key steps in such reactions. A general scheme is presented in scheme 1. 

Schemee 1 

AA reaction that is thought to proceed through Pd(II) intermediates only is, except for the 

initiationn and chain-transfer mechanisms, the coordination polymerization of unsaturated 

substrates.. The CO and alkene copolymerization reaction is an example of such a reaction, 

whichh will be introduced in more detail. 
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1.22 The copolymerization of CO and alkenes 

Ann extensive review article has been written about the palladium(II) catalyzed 

copolymerizationn of CO and alkenes by Drent and Budzelaar.4 A brief summary of 

importantt features of this reaction will be given here and more recent advances will be 

highlighted. . 

Inn the palladium catalyzed hydroxy- and alkoxycarbonylation reaction, alkenes are 

convertedd into acids and esters resp. An example is the methoxycarbonylation of ethene to 

producee methyl propionate using palladium acetate, a monodentate phosphine ligand {e.g. 

PPI13)) and an acid.4 The acid is an important additive, which helps to stabilize palladium(II) 

andd is responsible for the introduction of the appropriate anions into the system. The use of 

otherr ligands by Shell ((f-Bu)2P(CH2)3P(7-Bu)2) and very recently by ICI ((o-C6H4(CH2P(/-

Bu)3)2)) has resulted in unprecedentedly active catalytic systems based on bulky 

alkylphosphinee ligands.5-7 

Senn et al showed that copolymers of CO and ethene were obtained using a catalytic 

systemm which contained non-coordinating anions ([Pd(CH3CN)4[BF4]2-n(PPh3) (n = 1-3)).8 

Ann economically feasible catalyst for the CO and ethene copolymerization reaction was 

discoveredd accidentally by Drent et al. during research on the methyl propionate synthesis. 

Thee substitution of the monodentate phosphine for a bidentate diphosphine ligand (e.g. 1,3-

bis(diphenylphosphino)propane,, dppp) yielded a high molecular weight copolymer with a 

selectivityy of more than 99.9 % at high rates (6000 g (g of Pd)~' h"1).9 The copolymerization 

reactionn gives the highest yields in methanol solvent. The copolymer obtained was a 

perfectlyy alternating copolymer of CO and ethene containing ester and keto end groups 

(schemee 2). 

Schemee 2 
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Thee copolymer shows neither double CO insertion errors, nor double ethene insertion errors. 

Thee insertion of CO into the acylpalladium bond is thermodynamically unfavorable. The 

absencee of double ethene insertion errors is more surprising, since palladium is capable of 
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dimerizingg ethene to butene at high rates. Ethene insertion does not occur under the reaction 

conditionss due to the presence of the strongly binding CO comonomer, and the chelating 

alkylpalladiumm intermediate. Therefore, the ethene insertion into the alkylpalladium bond is 

kineticallyy unfavorable. 

Manyy experimental studies have been devoted to the insertion reactions in recent 

years.10-155 The copolymerization reaction is classified as a homogeneously catalyzed 

process,, but the copolymer is insoluble in methanol which means that during the polymer 

growthh the catalyst becomes heterogeneous. Mul et al. studied the propagation reactions in 

thee solid phase by IR spectroscopy and proved that ethene insertion was CO assisted.16 

Thee end groups of the copolymer are formed in the initiation and the termination step 

(schemee 3). The ester end groups are either formed by the insertion of CO into the 

methoxypalladiumm bond or by the reaction of an acylpalladium bond with the methanol 

solvent.. The keto end groups are either formed by the insertion of ethylene into the 

palladiumhydridee bond or protonolysis of the alkylpalladium bond. Two chain-transfer 

mechanismss and initiation mechanisms are involved, which causes the formation of 

diketonee and diester products. 

Schemee 3 
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1.33 Reactivity of palladium-carbon bonds 

Palladium-carbonn bonds are formed in many catalytic reactions, which have already 

beenn mentioned in section 1.1, by either oxidative addition, trans-metallation, or insertion 

reactions.. The mechanisms of the methanolysis and protonolysis reactions have not been 

studiedd thoroughly yet, in contrast to the insertion reactions (vide supra), and reductive 

eliminationn reaction.17-20 However, relevant palladium chemistry and related platinum 

chemistryy has been published and will be discussed in section 1.3.1. 

1.3.11 Reactivity of alkylpalladium bonds toward electrophiles 

Studiess of the mechanism of protonolysis of alkylpalladium(II) bonds could not be 

found.. In contrast, a manyfold of studies were reported on the mechanism of protonolysis of 

alkylplatinum(II)) bonds. The cleavage of non-transition metal-carbon bonds by acids has 

beenn extensively studied and its mechanism elucidated in much detail.2 >>22 The attack of the 

protonn may take place via an open transition state (A, scheme 4) or a cyclic transition state 

(B,, scheme 4). 

Schemee 4 

LnM-RR + HX -- RH + LnM+ + X" 

Forr the protonolysis of alkyl-mercury bonds in acetic acid a three-center transition state has 

beenn proposed (C, scheme 4). 

Inn transition-metal complexes protonolysis may occur by: 1) direct attack of the 

protonn on the metal-carbon bond (vide supra), or 2) oxidative addition of the acid to the 

metall  center followed by reductive elimination of the alkane. Early protonation studies were 

performedd by Crociani et al using as- and /ra«5-bis(aryl) and bis(alkyl)platinum(II) 

complexes.233 They found that a decrease in electron density (Me » C6H5 > C6F5) on the 

platinum(II)) center resulted in a considerably slower reaction (kMe / kArH = 106). This was 

attributedd to the stronger platinum-carbon bond in electron-poor platinum complexes. The 

largee kinetic isotope effect (kH / kD = 6) indicated that the the transfer of the proton onto the 
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metall  center is rate-determining. Interestingly, they showed that monoalkylplatinum(II) 

derivativess do not show the same kinetics. The rate law of the reaction of HC1 with trans-

[PtCl(Me)(PEt3)22 included, in contrast with the dialkylplatinum complexes, a chloride 

dependentt term. The protonolysis of cw-[PtCl(Me)(PEt3)2 did not include a chloride 

dependentt term. A pre-equilibrium can exist with a chloride coordinated intermediate 

(schemee 5).24 

Schemee 5 
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Thee absence or presence of such a pre-equilibrium governs the kinetics of the protonation 

reactionn and whether a chloride term is present in the rate law. The oxidative addition 

mechanismm was supported by NMR studies performed by Labinger and Puddephatt et al.25~ 
288 Hydridoalkylplatinum(rV) complexes were characterized at low temperatures and gave 

reductivee elimination of the alkane. The Pt(rV) intermediate is less likely to be formed 

startingg from a cationic complex. Protonolysis of cationic monoalkylplatinum complexes is 

thereforee much slower than that of neutral complexes, since no reaction of H+ and M+ 

occurs.. Detailed mechanistic studies on the protonolysis of alkylpalladium(II) complexes 

havee not been performed yet. 

1.3.22 Reactivity of acylpalladium bonds 

Acylpalladiumm complexes are very reactive towards a manyfold of reagents. 

Nucleophiless such as acids,29 alkoxides,30 alcohols,6-9'31"33 and water,34-35 dihydrogen36 and 

unsaturatedd substrates37-38 readily react with acylpalladium bonds to give economically 

valuablee products.2 

Solvolysiss of acylpalladium(II) complexes is an important step in palladium 

catalyzedd reactions, such as the methoxycarbonylation 6-7 and the hydroxycarbonylation 

reaction.344 Two possible pathways have been proposed to explain ester formation in the 
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presencee of CO and methanol (scheme 6).2-3-39 Pathway A involves a displacement of the 

anionn by CO to give a CO-coordinated cationic organopalladium species which undergoes a 

nucleophilicc attack. The resulting organo(acyl)palladium species releases a proton, followed 

byy a reductive elimination which liberates the ester. Pathway B is the preferred mechanism. 

Ann acylpalladium intermediate reacts directly with the nucleophile to release the ester and 

thee acid. 

Schemee 6 
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Thee first thorough study of the reactivity of alcohols and amines towards 

acylpalladiumm bonds was published by Yamamoto et a/.40 They studied the reactivity of 

(phenylacetyl)palladiumm complexes containing two phosphine ligands or a bidentate 

diphosphinee ligand. The rate of ester formation was enhanced by using less bulky and more 

acidicc alcohols. This indicates that the coordination of the alcohol and proton transfer of the 

coordinatedd alcohol are important steps in the process of ester formation. 

Schemee 7 
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Elsevierr et al reported that methanolysis of {(25',4S)-2,4-

bis(diphenylphosphino)pentane}Pd(C(0)CH3)Cll  under a CO atmosphere produced a 

dinuclearr palladium(I) hydride (scheme 7).41 This type of hydrido-bridged palladium 

compoundss had been characterized before by Milstein et al.42 The presence of CO retards 

thee rate of methyl acetate formation. The same effect was found when NaOMe was added to 

thee acylpalladium chloride compound.43 The CO seems to compete with the free 

coordinationn site cis to the acetyl group, which is available by partial dissociation of the Pd-

Cll  bond, thus hindering the coordination of methanol or the methoxide anion. The 

hydridocarbonyll  complex did not show H/D exchange, but scrambling with 13CO was 

observed.. The addition of HC1 led to the formation of the palladiumdichloride compound 

(schemee 7). 

1.44 Concluding Remarks 

Wee have seen that reactions of electrophiles and nucleophiles with palladium-carbon 

bondss play an important role in several transition metal catalyzed processes. Mechanistic 

studiess of such reactions, however, have been limited. Some mechanistic and kinetic studies 

whichh deal with the reactivity of acids, alcohols and amines towards neutral platinum(II) 

andd palladium(II) complexes have been reported. Studies on the reactivity of cationic 

complexess have not been reported yet. In homopolymerization and copolymerization 

reactionss much experimental and theoretical research has been devoted to insertion 

reactions.. In contrast, the chain-transfer mechanisms are often taken for granted or even 

neglectedd in the discussion of polymerization reactions. Reactions of nucleophiles and 

electrophiless with palladium-carbon bonds can account for these chain-transfer mechanisms 

andd therefore a study of such reactions is justifiable. 
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1.55 Scope and Contents of this Thesis 

Muchh of the work in CO and alkene copolymerization reactions has focussed on 

palladiumm and platinum complexes containing mono- and bidentate phosphine ligands and 

inn this thesis we deal with bidentate diphosphine ligands exclusively. The research in this 

thesiss involves a study of the reactivity of cationic alkyl- and acylpalladium(II) complexes 

towardss nucleophiles and electrophiles. The CO and alkene copolymerization reaction is an 

importantt reaction throughout this thesis, since the alkyl-, and acylpalladium(II) complexes 

whichh we have studied are important intermediates in this reaction. 

Inn Chapter 2 many of the diphosphine ligands and palladium complexes which are 

usedd in this thesis are introduced. The synthesis and characterization of methylpalladium(II) 

complexess containing diphosphine ligands based on the diphenyl ether, xanthene and 

ferrocenee backbone, is described in this chapter. Some of the bidentate diphosphine ligands 

coordinatee in a terdentate fashion. 

Inn Chapter 3 a new chain-transfer mechanism in the CO and ethene 

copolymerizationn reaction is presented. The rearrangement of an alkylpalladium 

intermediatee to an enolate palladium complex is shown to be responsible for chain-transfer. 

Inn Chapter 4 the solvolysis reaction of acylpalladium complexes is described. The 

hugee dependence of the rate of reaction on the ligand is shown. An unexpected silver-

palladiumm complex is presented, which results from the reaction of silver triflate with acyl-

andd methylpalladium chloride complexes at low temperatures. 
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Chapterr  2 

Thee Coordination Behavior  of Diphosphine Ligands having a Large 

Naturall  Bite Angle towards Methylpalladium(II ) Complexes. 

Martinn A. Zuideveld, Bert H. G. Swennenhuis, Paul C. J. Kamer, Kees Goubitz+, Jan 

Fraanje+,, Martin Lutz*, Anthony L. Spek*  and Piet W. N. M. van Leeuwen* 

InstituteInstitute of Molecular Chemistry, Universiteit van Amsterdam, Nieuwe Achtergracht 166, 

10181018 WV Amsterdam, The Netherlands. 

ff  Institute of Molecular Chemistry, Dept. Crystallography, Universiteit van Amsterdam, 

NieuweNieuwe Achtergracht 166, 1018 WV Amsterdam, The Netherlands. 

%% Bijvoet Center for Biomolecular Research, Dept. Crystal and Structural Chemistry, 

UtrechtUtrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands 

Abstract::  The structures of neutral and ionic methylpalladium(II) complexes containing 

bidentatee phosphine ligands were investigated in solution and in the solid state. Diphosphine 

ligandss having a xanthene and a ferrocene backbone were used. New bis(dialkylphosphino) 

substitutedd Xantphos ligands were synthesized. ]H NMR and 31P NMR spectroscopy, 

conductivityy measurements, UV-Vis spectroscopy, and X-ray crystallography were used to 

elucidatee the structures of the complexes. Subtle changes of the phosphine ligands and the 

palladiumm center govern the coordination mode of the ligand. A variety of bidentate cis-, 

andd ?ra«s-coordination and terdentate P-O-P, P-S-P and P-Fe-P coordination modes of the 

ligandss were observed. 
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Introductio n n 

Metall  complexes containing chelating phosphine ligands are active catalysts for a 

plethoraa of important reactions1 and the performance of such catalysts is extremely sensitive 

towardd changes in the ligand environment. In general, steric and electronic properties2 of a 

ligandd strongly influence the rate, selectivity and stability of the catalyst. More recently it 

hass been recognized that the geometry of ligands around the metal center also influence the 

ratee and selectivity of a reaction considerably.3-4 Palladium complexes containing phosphine 

ligandss are known to catalyze important reactions such as carbon-carbon5-9 and carbon-

heteroatomm coupling reactions,10 allylic substitution reactions,11-12 carbonylation and CO / 

alkenee copolymerization reactions.13-14 

Schemee 1 

RYY .. . ._ l0 RX 
(L-L)Pd d 

L P d RR L P d R 

L"" Y L" X 

YY L p d .R 
X X 

Basically,, all coupling reactions with chelating diphosphine ligands proceed via the 

reactionn sequence presented in scheme 1. First, one of the reactants oxidatively adds to a 

palladium(O)) species, to form a square planar palladium(II) compound. In the next step, a 

coordinationn site for the other substrate has to be created. This vacant site can be created via 

dissociationn of one of the phosphine ligands or via dissociation of the anion, X". After 

coordinationn of the second substrate and reductive elimination of the product, the 

palladium(O)) species is regenerated. If Y is an alkene, as in the Heck reaction,15"18 the 

sequencee followed is: insertion, p-elimination of the product and base assisted reductive 

eliminationn of HX. The reaction pathway depends on the coordinating and chelating 

propertiess of the ligand, the coordinating properties of X, the substrates and the solvent. The 

COO / alkene copolymerization reaction is a reaction that proceeds through Pd(II) 

intermediatess only. The reaction depends very much on the ligand environment. The use of 

monodentatee ligands such as triphenylphosphine, which forms a ?ra/w-complex, leads to the 

selectivee formation of methyl propionate. In contrast, the use of m-chelating diphosphine 
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ligandss such as l,2-bis(diphenylphosphino)ethane (dppe) or 1,3-

bis(diphenylphosphino)propanee (dppp) produces a high molecular weight copolymer.13'14 

Pd(0)) species are important intermediates in catalytic reactions (scheme 1) and have 

beenn thoroughly investigated using a wide range of diphosphine ligands. The crystal 

structuress of (L-L)Pd(0)(alkene) complexes show a large range of P-Pd-P angles from 84.8° 

forr (dppe)Pd(dba) to 115.1° for (PMe3)2Pd(Ti2-CH2=C5Me4), depending on the steric 

demandss of the ligand.'9* 24 

Recently,, our group has developed a series of diphosphine ligands based on xanthene 

typee backbones.25"27 These ligands were designed to enforce large phosphorus-metal-

phosphoruss angles, and have proven to be succesful in tuning the activity and selectivity in 

thee palladium catalyzed allylic alkylation,28-29 cross-coupling reaction,30 propionic acid 

synthesis,311 rhodium catalyzed hydroformylation,25 and the nickel catalyzed hydrocyanation 

off  alkenes.32 The crystal structures of Pd(0)(tetracyanoethylene) complexes containing 

DPEphos,, Sixantphos and Xantphos ligands have been determined.33 The largest 

phosphorus-palladium-phosphoruss angle in these zerovalent palladium complexes 

containingg bidentate ligands was found to be 104.6°. 

Thee effect of ligands inducing wide bite-angles, such as Xantphos, dppf and analogs 

onn catalytic performance of palladium complexes has not been understood completely yet. 

Wee rigorously changed the electronic and steric properties of these ligands to study the 

effectss on the geometry of the Pd(II) complexes. In this study we systematically investigate 

neutrall  and ionic methylpalladium(II) complexes in solution and in the solid state. The 

effectss of the diphosphine ligand and the anion on the structural properties of the palladium 

complexess are discussed. 

Results s 

Synthesis. . 

Thee syntheses of arylphosphine ligands a-f have been reported previously (a-f, 

schemee 2).25'26>H35 New bis(dialkyl)phosphine ligands of the Xantphos-series (ligands a-

tBu,, a-iPr  and b-Me, scheme 2) were synthesized. 
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Schemee 2 

L-LL (ligand) R 

a:: DPEphos C6H5 

a-fBu ::  DPEphos-ffiu C(CH3)3 

PR22 PR2 a . /p r : DPEphos-/Pr CH(CH3)2 

b:: Xantphos C6H5 

b-Me::  Xantphos-Me CH3 

c:: Sixantphos C6H5 

PPh, , PPh, , 

^ j ^ ^ 
Fe e 

PR2 2 

PR, , 

L-LL (ligand) R 

d:: Thixantphos C6H5 

e:: Thioxantphos C6H5 

PPh22 PPh2 

f: : 

f-fflu : : 

f-iPr: f-iPr: 

f-Et: : 

dppf f 

dtpf f 

dipf f 

depf f 

C 6H5 5 

C(CH3)3 3 

CH(CH3)2 2 

C2H5 5 

Ligandd a-tBu and a-iPr  were prepared from the reaction of dilithiated diphenyl ether with 

chlorodi-terf-butylphosphinee and chlorodi-/so-propylphosphine. Ligand b-Me was prepared 

byy the reaction of methylmagnesium bromide with 9,9-dimethyl-4,5-bis-

(dichlorophosphino)xanthene.. Attempts to synthesize a ligand containing two tert-buty\ 

groupss bonded to phosphorus based on the Xanthene backbone failed. Probably steric 

crowdingg prevents the coupling of two ?er/-Butyl groups to the same phosphorus. Neither by 

startingg from the dilithiated backbone, nor by starting from 9,9-dimethyl-4,5-bis-

(dichlorophosphino)xanthenee could the desired ligand be obtained. 

Schemee 3 

(COD)Pd(CH3)XX + L-L 
CBH H 6 n 6 6 

AgY Y 
CH2CI2/CH3CNN [(L-L)PdCH3] Y 

XX = CI, Br 
L-LL = diphosphine ligand 

(L-L)Pd(CH3)(X) ) 

XX = CI(1) 
Brr (2) 

AgX X 
[(L-L)PdCH3(CH3CN)]++ Y" 

YY = CF3S03 (3) 
CF3C022 (4) 

Thee complexes (L-L)Pd(CH3)Cl (L-L = diphosphine ligand, 1) and (L-L)Pd(CH3)Br (2) 

weree prepared by reaction of (COD)Pd(CH3)Cl and (COD)Pd(CH3)Br with 1.1 equivalents 

off  the appropriate diphosphine ligand (scheme 3).36 The ionic complexes [(L-L)PdCH3]
+ 

[X] -- and [(L-L)PdCH3(CH3CN)]+ [X]" (X = CF3S03 (3), CF3C02 (4)) were prepared by 

abstractingg the chloride anion from 1 in dichloromethane / acetonitrile (10 : 1, v/v) using 

AgX.366 Alternatively, the ionic complexes could be obtained by the addition of one 
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equivalentt of acid (HX) to a dichloromethane / acetonitrile solution of (L-L)Pd(CH3)2. The 

latterr method could not be used to generate the ionic methylpalladium complexes with the 

ligandss based on the ferrocene back-bone. Reaction of the dimethyl palladium complexes 

withh ferrocene-based ligands with acids resulted in mixtures of monocationic 

methylpalladium,, and dicationic palladium complexes. 

Solutionn and Solid State Structures of Methylpalladium(II ) Complexes. 

Inn view of the flexible ligand properties a variety of coordination geometries can be 

envisagedd for complexes 1-4 (scheme 4). 

Schemee 4 

X X 
P-Pd-R R 

cis cis 
neutral l 

p-Pd-p p 

R R 

trans trans 
neutral l 

NCCH3" " 
P-Pd-R R 

P P 

+ + 

Z-Pd-R R 

P P 

+ + 

H3CCN-Pd-R) ) 

PP . 

ciscis trans trans 
ionic c ionic c ionic c 

(nott observed^ 

RR = CH3 

XX = anion 
ZZ = O, S or Fe 

Ligandss based on the diphenyl ether  backbone. The structure of methylpalladium 

complexess in solution can be studied by 'H NMR and 31P NMR spectroscopy. The methyl 

chloridee and methyl bromide complex la and 2a display a double doublet in the 'H NMR 

forr the methyl group and an AB system in the 3IP NMR spectra. In all these cases the ligand 

iss cz's-coordinating (cis, neutral, scheme 4). The ionic methylpalladium complex 3a, could 

onlyy be stabilized in the presence of acetonitrile. Suitable crystals of compound 3a for an X-

rayy analysis were obtained from CH2CI2 / Et20 (selected data, table 1). The metal center 

adoptss a square planar geometry and the ligand is coordinated in a cis fashion to palladium 

(figuree 1). Acetonitrile is coordinated to palladium. The P-Pd-P angle (103.24(7)°) is 

largerr than that observed for its neutral counterpart 4a (vide infra). Despite the large P-Pd-

PP angle, no out of plane bending is observed for any of the ligands around the metal 

center.. The Pd-N bond distance (2.085(8) A) is in accordance with other reported N-Pd(II) 

bonds.37-388 Because of the large Pd-0 distance (3.548(5) A), a bonding interaction 

betweenn these atoms can be ruled out. 
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Figuree 1. Displacement ellipsoid plot of 3a. The ellipsoids are drawn at the 50% probability 

level.. The triflate anion, the non-coordinating solvent molecule and the hydrogen atoms 

havee been omitted for clarity. 

Thee ionic methylpalladium analog without coordinated acetonitrile could only be 

observedd in NMR spectra in CD2C12 at low temperatures, when it was synthesized from 

(DPEphos)Pd(CH3)22 and CF3SO3H. The m-complex without a palladium-oxygen bond (cis, 

ionic,, scheme 4), and the /raws-complex, with a palladium-oxygen bond (trans, ionic, 

schemee 4), were observed as indicated by the singlet in 3IP NMR spectra and the triplet for 

thee methyl group in 'H NMR spectra. In contrast to the triflate complexes, the 

trifluoroacetatee complex 4a is a neutral complex in CH2C12 solution as proven by 

conductivityy measurements. The trifluoroacetate anion is too strongly bound to palladium to 

generatee an ionic compound in CH2C12. When 4a is dissolved in a dichloromethane / 

acetonitrilee mixture, the compound becomes ionic. Obviously the acetonitrile ligand assists 

inn the dissociation of the trifluoroacetate anion from the palladium center. Suitable crystals 

forr an X-ray analysis were obtained for compound 4a from CH2C12 / Et20 (selected data, 

tablee 1, figure 2). 
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Figuree 2. Displacement ellipsoid plot of 4a. The ellipsoids are drawn at the 50% probability 

level.. The hydrogen atoms have been omitted for clarity. 

Tablee 1. Selected bond lenghts (A) and bond angles (°) for [(DPEphos)PdCH3(CH3CN)]+ 

[CF3SO3]""  (3a) and (DPEphos)PdCH3(CF3C02) (4a). 

3a a 

Pd-Pl l 

Pd-Ol l 

Pd-N N 

Cl-Pd-P2 2 

Cl-Pd-Pl l 

PI-Pd-N N 

2.443(2) ) 

3.548(5) ) 

2.085(8) ) 

83.1(3) ) 

173.7(3) ) 

89.4(2) ) 

Pd-P2 2 

Pd-Cl l 

Pl-Pd-P2 2 

CI-Pd-N N 

P2-Pd-N N 

2.241(2) ) 

2.076(11) ) 

103.24(7) ) 

84.3(4) ) 

166.9(2) ) 

4a a 

Pd-Pl l 

Pd-Ol l 

Pd-02 2 

Cl-Pd-P2 2 

CI-Pd-Pl l 

PI-Pd-02 2 

2.402(2) ) 

3.531(6) ) 

2.122(6) ) 

84.8(3) ) 

173.3(3) ) 

90.88(16) ) 

Pd-P2 2 

Pd-Cl l 

Pl-Pd-P2 2 

CI-Pd-02 2 

P2-Pd-02 2 

2.220(2) ) 

2.089(10) ) 

100.89(7) ) 

83.3(3) ) 

168.06(16) ) 

Thee structure of 4a is very similar to that of (DPEphos)Pd(4-C6H4-CN)Br.39 The DPEphos 

ligandd is coordinated in a cis fashion to palladium (P-Pd-P angle = 100.89(7)°) and the 

palladium-phosphoruss distances are in the same range. The trifluoroacetate anion is 
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coordinatedd to palladium via the oxygen atom of the carboxylate group (Pd-02 = 2.122(6) 

A),, whereas there is no bonding interaction between the oxygen atom of the ligand 

backbonee and palladium (Pd-Ol =3.531(6) A). 

Thee dialkylphosphine substituted DPEphos ligands show a complexation behavior 

thatt differs from the diphenylphosphine substituted DPEphos ligand. Complex la-tBu, 

possessingg tert-Bu groups at the phosphorus atoms, shows a singlet in the 31P NMR 

spectrumm (48.3 ppm) and a triplet for PdCH  ̂ in the !H NMR spectrum indicative of a trans-

compoundcompound (1.44 ppm, 3JPH = 5.1 Hz). The triflate complex 3a-tBu showed similar NMR 

characteristics,, which in combination with conductivity measurements, proved that la-tBu 

iss ionic and contains a palladium-oxygen bond. In contrast, the methylpalladium chloride 

complexx la-iPr  shows NMR characteristics different from the ionic analog, 3a-iPr. In la-

iPrr  the ligand is coordinated in a cis fashion, whereas in complex 3a-iPr  the ligand is 

coordinatedd in a trans fashion and a bond between palladium and oxygen is present. 

Ligandss based on xanthene-type backbones. The methylpalladium complexes 

containingg the xanthene diphosphine ligands lb-d show broad signals in *H NMR and in 31P 

NMRR spectra at room temperature. At low temperatures (below -60 °C) sharp NMR spectra 

weree obtained. The 'H and 31P NMR spectra of Id at different temperatures are shown in 

figuree 3. Complex lc shows an AB system only, whereas complexes lb, Id and 2b show an 

ABB system (major compound) and a singlet in the 3IP NMR spectra. The *H NMR spectra 

showw a double doublet and a triplet for the methyl group bonded to palladium. The 

integrationn ratio of the AB system and the singlet in 31P NMR spectra match the double 

doublett to triplet ratio in the ' H NMR spectra. The NMR signals originate from the neutral, 

ciscis and the neutral, trans complexes (scheme 4). The effect of a change of the temperature 

onn the ratio of c/s-compound over fra/w-compound could only be investigated over a narrow 

temperaturee range (-90 to -50 °C) due to line-broadening in the NMR spectra. Over this 

temperaturee range, the ratios do not change. When lb- Id were stored in solution for one 

dayy at room temperature, decomposition occurred and several unidentified complexes were 

formed.. Suitable crystals of lb for X-ray analysis were obtained from CH2CI2 / Et20 

(selectedd data, table 2, figure 4). 
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Figuree 3. Variable Temperature 'H and 3IP NMR spectra of (Thixantphos)Pd(CH3)Cl (ld) 

inn CDC13 from -60 °C to +40 °C. 
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Tablee 2. Selected bond lenghts (A) and bond angles (°) for (Xantphos)Pd(CH3)Cl (lb). 

lb b 

Pd-Pll  2.2949(16) 

Pd-Cll  2.4290(15) 

Pd-00 2.658(4) 

Cl-Pd-P22 91.39(19) 

Cl-Pd-Pll  92.02(19) 

PI-Pd-Cll  88.82(5) 

Pd-P22 2.2916(15) 

Pd-Cll  2.107(7) 

Pl-Pd-P22 152.61(6) 

Cl-Pd-Cll  174.85(19) 

P2-Pd-Cll  90.20(5) 

Figuree 4. Displacement ellipsoid plot of lb. The ellipsoids are drawn at the 50% probability 

level.. The solvent molecule in lb and the hydrogen atoms have been omitted for clarity. 

Complexx lb shows a /rows-coordination mode {trans, neutral, scheme 4) with a P-Pd-P 

anglee of 152.61(6)° (table 2, figure 4). The Pd-0 distance (2.658(4) A) is in the same range 

ass for a five-coordinate palladium complex reported by Cavell et al.40; therefore a weak 

bondingg interaction seems to be present. The complex has a distorted square pyramid 

geometry,, which may be caused by the steric demands of the ligand. The complex is 
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neutrall  and contains a coordinating chloride anion. The oxygen atom of the ligand 

backbonee is forced into the apical position and the coordinating ability of the oxygen atom 

iss obviously not strong enough to displace the chloride anion to yield an ionic complex. 

Whenn silver triflate was added to solutions of lb-I d new singlets appeared in the 31P NMR 

spectraa and the signals of the starting compounds disappeared. The chemical shifts in the 3IP 

NMRR spectra match those of the ionic complexes 3b-3d, which show a singlet in the 3IP 

NMRR spectra (20.2 - 20.4 ppm) and a triplet for the methyl group in the 'H NMR spectra 

(( JPH = 5.4 - 6.6 Hz). The isolated complexes 3b-3d show a high molar conductivity, which 

iss characteristic of ionic complexes. This implies that the /raws-compound observed in 

solutionss of lb-I d is not the ionic complex, but a neutral complex (trans, neutral, scheme 4, 

figuree 3). In the ionic compounds, the oxygen donor atom in the ligand backbone is 

coordinatedd like in [(Xantphos)Pd(4-C6H4-CN)]+ [CF3SO3]" (figure 5).39 

Figuree 5. Displacement ellipsoid plot of [(Xantphos)Pd(4-C6H4-CN)]+ [CF3SO3]". The 

ellipsoidss are drawn at the 50% probability level. The triflate anion, the solvent 

moleculee and the hydrogen atoms have been omitted for clarity. 
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Compoundss lc and Id did not show conductivity in CH2CI2. In contrast, the 

Xantphoss complexes lb and 2b, showed a molar conductivity of 3.5 and 4.6 S cm" mol" 

resp.resp. The NMR spectra of these two compounds did not show any sign of ionic complexes, 

sincee the singlet in the 3IP NMR spectrum did not have the same chemical shift as the ionic 

complexx 3b. The complex with the bromide anion, 2b, contains a larger amount of the 

/raws-compoundd than the chloride complex, lb (cis : trans = 0.90 (lb), 0.52 (2b)). When 2b 

wass dissolved in a mixture of CD2C12 and CD3CN the equilibrium shifted towards the cis-

complex.. The signals in 31P NMR spectra broaden upon the addition of CD3CN. Lowering 

thee temperature of the solution results in sharpening of the signals. Compound lb-M e is a 

puree c/'s-complex according to the AB system in the 3lP NMR spectrum (-29.0 ppm and -

13.55 ppm,, d, 2yPP = 34.3 Hz). This is confirmed by the double doublet for PdC//3 (0.66 ppm, 

VPHH = 4.6 Hz and 3JPH = 7.7 Hz) in the 'H NMR spectrum. The ionic compound 3b-Me, 

however,, is a fnms-complex. The singlet in the 31P NMR spectrum (-5.0 ppm), the triplet in 

thee 'H NMR spectrum (1.21 ppm, 3yPH = 6.6 Hz) and the high molar conductivity confirm 

thatt this compound is a trans-compound and presumably contains a Pd-0 bond analogous to 

3b-3dd and [(Xantphos)Pd(¥-C6H4-CN)]+ [CF3SO3]".39 

Palladiumm complexes containing the Thioxantphos ligand, e, are different from the 

ligandss containing oxygen in their ligand backbone. Complex le gives a singlet in the P 

NMRR spectrum (40.5 ppm) and a triplet for ?dCH3 in the lU NMR spectrum (1.08 ppm, VPH 

== 8.5 Hz) at room temperature, indicative of a trans-complex. The NMR spectra do not 

changee when silver triflate was added to a solution of le in CDCI3, which yields 3e. The 

Thioxantphoss complex le has a molar conductivity in the same range as the ionic 

complexes,, showing that the chloride anion is substituted by the sulfur donor atom in the 

ligandd backbone. 

Ligandss based on the ferrocene-type backbones. Previous studies showed that the 

dppff  ligand behaves generally as a cw-coordinating ligand in methylpalladium(II) 

compounds.366 We studied the complexation behavior of dialkylphosphine substituted 

ferrocenee ligands in methylpalladium(II) complexes. All complexes containing ligand f-tBu 

(l,l'-bis(di-/er/-butylphosphino)ferrocene),, compounds lf-tBu , 3f-tBu and 4f-tBu, yield 

complexess showing a singlet in the 31P NMR spectra (29.3 ppm) and a triplet in the ]H 

NMRR spectra for the PdC//3 group (1.70 ppm, VPH = 4.8 Hz). These observations support a 

frw/s-geometryfrw/s-geometry in these complexes. The large chemical shift difference between the a and 

thee p hydrogen atoms of the cyclopentadienyl rings in the complexes (1.0-1.3 ppm) in 
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comparisonn with the differences in the free ligand (0.14 ppm) indicate that these rings are 

slightlyy tilted. Such NMR characteristics indicate that an interaction between palladium and 

ironn is present in solution.41 UV-Vis spectra showed just one absorption around 349 nm. 

Figuree 6. Displacement ellipsoid plot of 3f-tBu. The ellipsoids are drawn at the 50% 

probabilityy level. The inflate anion and the hydrogen atoms have been omitted for 

clarity. . 

Tablee 3. Selected bond lenghts (A) and bond angles (°) for [(dtpf)PdCH3]
+ [CF3SO3]" (5f-

tBu). . 

5f-tBu u 

Pd-Pl l 

Pd-Fe e 

P-Pd-P P 

CI-Pd-Pl l 

Pl-Pd-Fe e 

2.2862(5) ) 

3.0683(3) ) 

158.21(2) ) 

100.76(7) ) 

79.19(1) ) 

Pd-P2 2 

Pd-Cl l 

P2-Pd-Cl l 

P2-Pd-Fe e 

Fe-Pd-Cl l 

2.2979(5) ) 

2.035(3) ) 

100.65(7) ) 

79.47(1) ) 

178.97(8) ) 
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Suitablee crystals of 3f-tBu for an X-ray analysis were obtained from CH2CI2 / Et̂ O 

(selectedd data, table 3). The metal center in 3f-tBu adopts a square planar geometry (figure 

6). . 

Likee the Xantphos ligand in 3b (vide supra) and [(Xantphos)Pd(4-C6H4-CN)]+ 

[CF3SO3]*,, the ferrocene ligand in 3f-tBu behaves as a terdentate ligand. The phosphorus 

atomss are /raws-coordinated (P-Pd-P angle = 158.21(2)°) and the iron atom of the ligand 

back-bonee is weakly coordinated to the palladium center (Pd-Fe distance = 3.0683(3) A). 

Pd-Fee bonds were found previously in dicationic complexes,41'42 this is the first example 

off  a monocationic methylpalladium compound with a palladium-iron bond. The 

interatomicc Pd-Fe distance in complex 3f-tBu is larger than other Pd-Fe bonds, which 

havee been reported by Sato et al, such as [(dppf)Pd(PPh3)] [BF4]2 (2.88 A)41 and [(1,5,9-

trithia[9]ferrocenophane)Pd(CH3CN)]]  [BF4]2 (2.83 A)42, but it is in the same range as that 

inn [(l,4,7-trithia[7]ferrocenophane)Pd(CH3CN)] [BF4]2 (3.10 A).42 The Pd-P distances are 

inn the range generally found for /raws-coordinating phosphorus atoms (Pd-Pl = 2.2862(5) 

andd Pd-P2 = 2.2979(5) A).39,43 

Thee complexes containing ligand f-iPr  (l,r-bis(di-/'so-propylphosphino)ferrocene) 

showw NMR characteristics that are similar to that of the dppf ligand, f. The ionic complex 

3f-iPrr  shows an AB system in the 31P NMR spectrum (54.1 and 32.7 ppm, 27PP = 21.3 Hz) 

andd a double doublet in the [H NMR spectrum for PdC//3 (0.73 ppm, 3JPH = 4.8 Hz and VPH 

«« 1 Hz). According to *H NMR spectroscopy, acetonitrile is coordinated to the palladium 

center.. The singlet in the 31P NMR spectrum (4.5 ppm) for the methylpalladium chloride 

complexx 5 (ligand f-Et), the triplet for PdC//3 (0.51 ppm, 3JPH = 5.9 Hz) in the *H NMR 

spectrumm and the large chemical shift differences between the a and p hydrogen atoms of 

thee cyclopentadienyl rings in the complex (0.75 ppm), suggest a similar coordination as 

observedd for complex lf-tBu . Molecular weight determination in solution, however, showed 

thatt 5 is a dimeric compound. When a solution of 5 was allowed to stand at room 

temperaturee in CD2CI2, a slow reaction was observed. A new AB system appeared in the !P 

NMRR spectrum (30.1 and 10.7 ppm, Vpp = 28.2 Hz) and a double doublet for the methyl 

groupp appeared in the 'H NMR (0.75 ppm, JPH = 7.5 Hz and VPH = 3.6 Hz.). The new 

compound,, 6, was shown to be a monomeric c/s-compound analogous to If and lf-iPr . At 

loww palladium concentrations, 5 was not present in solution after three days, but at higher 

palladiumm concentrations ([Pd] > 2.5x10"2 M) 5 can still be observed, even after allowing 

28 8 



thee solution to stand for more than three days. This proves that at higher palladium 

concentrationss an equilibrium exists between 5 and 6. 

Discussion n 

Thee complexes containing the DPEphos ligand are cis-coordinated and show no sign 

off  a bonding palladium-oxygen interaction. The reasons may be that the DPEphos ligand 

preferss a smaller bite-angle than the other ligands in the Xantphos-series,25-44 and possesses 

aa larger flexibility . Ionic complexes containing the DPEphos ligand need a coordinating 

solventt during synthesis to stabilize the ionic metal center. The crystal structures of 

complexess with the DPEphos ligand show that the two aryl rings of the ligand backbone can 

rotatee around the carbon-oxygen bond. One of the aryl rings of the ligand backbone has a 71-

nn interaction with one of the phenyl rings bonded to the phosphorus atom. This causes the 

DPEphoss ligand to narrow the P-Pd-P angle relative to the other ligands in the Xantphos 

series,, which lack such a large flexibility . Only at low temperatures the ionic complex 

possessingg a palladium-oxygen bond was observed. In the absence of coordinating solvents 

thee smallest natural bite-angle ligand in the Xantphos series, DPEphos, has the tendency to 

formm a palladium-oxygen bond, which shows the capability of the ligand to coordinate in a 

/raws-fashion. . 

Thee size of the substituents on phosphorus influences the coordination mode of the 

ligand.. /erf-Butyl groups on phosphorus (ligand a-tBu) stabilize the ionic complex 

containingg a palladium-oxygen bond. The c/s-complexes cannot be formed due to steric 

crowdingg around the metal center. The strength of the palladium-oxygen bond is illustrated 

byy the fact that in the methylpalladium chloride complex, la-tBu, the chloride anion is 

displacedd from the metal center. However, the less crowded «o-propyl substituted ligand, a-

iPr ,, behaves as a cw-ligand. 

Thee solid state structure of complex lb, which contains the less flexible, large 

naturall  bite-angle ligand Xantphos, b, shows that the oxygen atom of the P-O-P ligand 

back-bonee in the fraws-complexes is located at the apical position of the square pyramidal 

complex.. The weak palladium-oxygen interaction can stabilize the trans-complex relative to 

thee cw-complex, which lacks such a bonding interaction. The methylpalladium complexes 

(lb-Id )) are mainly cis-coordinated in solution, whereas the bromide compound 3b exists as 

aa 1 : 1 ratio of the cis and the /raws-compound. The alkylphosphine ligand b-Me forms a 

cis-complexx only. The higher electron density on palladium and less steric hindrance makes 
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aa bonding palladium-oxygen interaction less favorable and therefore the trans-complex is 

nott observed. 

Schemee 5 

neutrall / cis 

[XT T 

cationicc / trans neutrall / trans 

Thee nearby oxygen atom can also play a role in the stabilization of an ionic intermediate 

thatt can be formed during the interchange from the cis- to the /raws-complexes (scheme 5). 

Onlyy in the case of complex lb and 2b a significantly higher conductivity could be 

measuredd than for other neutral complexes, which suggests the presence of such an ionic 

intermediatee but this could not be verified using NMR spectroscopy. The amount of cis-

complexx increased when a more polar co-solvent (acetonitrile) was added to a 

dichloromethanee solution of 2b. The polar solvent stabilizes the more polar c«-complex. 

Thee rate of interconversion between the cis- and /raws-complexes was higher in the more 

polarr solvent as the interconversion reaction occurred at lower temperatures than in pure 

dichloromethane,, which is probably caused by the stabilization of the ionic intermediate 

(schemee 5). Complex le is ionic, as concluded from the molar conductivity of complex le, 

whichh is of the same magnitude as that of the triflate complex 3e, which means that the 

chloridee anion is not coordinated to the metal center. In le the chloride anion is substituted 

byy the sulfur donor of the ligand back-bone.45 The soft sulfur atom can displace the 

coordinatedd anions, since it binds more strongly to the soft palladium metal center than the 

hardd oxygen atom. Addition of acetonitrile or coordinating anions (chloride or bromide 

anions)) to solutions of ionic complexes having a Pd-0 or Pd-S bond did not affect the 

structuress of the complexes. Such additives obviously cannot compete with the 

intramolecularr Pd-O and Pd-S bonds. The activity and selectivity of the catalyst can be 

influencedd by the presence of a Pd-Fe bond. Complexes which contain a palladium-iron 

bondd are generally strongly colored according to Sato et al.4i~42 In contrast, the complexes 

describedd in this study are not strongly colored and in the visible range no other absorptions 

weree observed than those originating from the ferrocene unit. Although the solid state 
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structuree of 3f-tBu has been determined and clearly shows the existence of a bonding 

palladium-ironn interaction, the NMR spectra of lf-tBu and 4f-tBu show the same 

characteristicss in solution as 3f-tBu. These complexes show a large chemical shift 

differencee between the a and P hydrogens of the cyclopentadienyl ligand. The 

methylpalladiumm chloride complex lf-tBu is ionic in dichloromethane solution, which 

indicatess that the chloride anion is no longer bonded to palladium and the fourth 

coordinationn site is occupied by iron. These observations indicate that in these complexes a 

bondingg Pd-Fe interaction is present as well (scheme 6). 

Schemee 6 

(COD)Pd(CH3)CI I 

fBu2 2 

F e — P d - C H 3 3 

fBu2 2 
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,\CH33 CH2CI2 

33 days, r.t. 
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s^r-Et. . 

Et2 2 
pp\\ .CI 

, P d s s 
PP CH3 

2 2 

Thee main difference between the complexes described here and the ones described by Sato, 

iss that the complexes reported by Sato are dicationic. The difference in electrophilicity of 

thee palladium center accounts for the changes in the UV-Vis spectra. The bulkiness of the 

ligandd (large tert-Bu groups) hampers a c/s-coordination to palladium. Because the 

phosphoruss atoms are positioned trans, the iron atom is forced into the proximity of the 

palladiumm center enforcing the iron-palladium interaction. The slightly less bulky wo-propyl 

ligand,, f-iPr, leads to the normal cw-coordination. No spectroscopic evidence was found for 
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aa palladium-iron interaction. The same was observed by Butler et al in the crystal structure 

of(dipf)PdCl2.
46 6 

Thee least bulky substituted diphosphine Iigand based on the ferrocene backbone, f-

Et,, yields a different complex (scheme 6). The *H NMR chemical shift difference of the a 

andd p hydrogens is large, which indicates that the cyclopentadienyl rings are tilted, and 

suggestss the presence of a bonding palladium-iron interaction. In addition, a triplet for the 

methyll  group is observed. The large chemical shift difference between the PdC//3 signals in 

thee LH NMR spectra (1.70 ppm for lf-tB u and 0.51 ppm for 5) and the low molar 

conductivity,, indicative of a neutral complex, suggest that a different complex is formed. 

Molecularr weight determination in solution proved that 5 is a dimeric compound, which is 

ann analog of the previously reported compound [(dppm)Pd(CH3)Cl]2.
47 The formation of a 

dimerr is surprising if we consider that the ligands in compound I f and lf-iPr, 36 are chelated 

inn a c/s-fashion. The observation of the slow formation of the monomelic cw-complex, 6, in 

dichloromethanee solution provided an answer to this dilemma (scheme 6).47 Obviously, the 

dimerr is formed as the kinetic product during the synthesis in benzene, whereas the cis-

complexx is the thermodynamically favored compound. 

Conclusions s 

Solidd state structures and structures in solution of neutral and ionic palladium(ll) 

complexess bearing diphosphine ligands based on the diphenyl ether, xanthene and ferrocene 

backbonee have been studied. The subtle changes in the steric and electronic properties of the 

diphosphinee ligands and the electron density on the palladium metal were shown to 

influencee the structure of the palladium complexes dramatically. 

Experimentall  Section 

Generall  Synthetic Procedures. All reactions were carried out using standard 

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

weree distilled from sodium, diethylether was distilled from sodium/benzophenone and 

hexanee and pentane were distilled from sodium/benzophenone/triglyme. Dichloromethane 

andd acetonitrile were distilled from CaH2. Chemicals were purchased from Aldrich 

Chemicall  Co. and Acros Chimica. (COD)Pd(CH3)Cl,36 (COD)Pd(CH3)Br, 

(dppf)Pd(CH3)Cl36,, Na[B(3,5-(CF3)2-C6H3)]4,48 chloro-bis(diethylamino)phosphine,49 

DPEphos,255 Thixantphos,25 Sixantphos,25 Xantphos,25 Thioxantphos,26 dtpf,50, dipf,51 
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depf,522 and 10,ll-dihydrodibenzo[b,f]oxepine53 were synthesized according to literature 

procedures.. NMR spectra were recorded on a Bruker AMX 300, a Varian Mercury 300, and 

aa Bruker DRX 300. 31P and 13C spectra were measured !H decoupled (unless stated 

otherwise).. Deuterated solvents were first degassed and then vacuum transferred from a 

dryingg agent. CD2C12 and CD3CN were distilled from CaH2. TMS was used as a standard 

forr H and 13C NMR spectroscopy and H3P04 for 31P NMR spectroscopy. Infrared spectra 

weree recorded on a Nicolet 510 FT-IR spectrophotometer. Elemental analyses were 

performedd on a Hereaus Elementar Vario EL. 

Ligandd synthesis. 

Generall  remarks. All alkylphosphine ligands are very sensitive towards oxygen. 

Therefore,, these ligands were synthesized and handled under an argon atmosphere. The 

productss were purified by column chromatography under a nitrogen atmosphere. 

2,2'Dilithiodiphenylether(A,A,A',A'-tetranieth>iethyIenediamine) .. To a solution 

off  7.18 g (42.2 mmol) diphenylether and 14.0 mL (92.7 mmol) of TMEDA in 40 mL of 

hexane,, 44.3 mL of a 2.1 M solution (93.0 mmol) of n-BuLi in hexane was added in 30 min. 

att 0 °C. The reaction mixture stirred at room temperature for 16 hours. The dilithio-salt was 

precipitatedd at -20 °C and the suspension was filtered. The residue was washed with 20 mL of 

hexane.. The off-white powder was isolated and used in synthesis without further analysis. 

Yield:: 8.26 g (27.7 mmol, 65 %). 

2,2'-Bis-{di-tert-butylphosphino)diphenyletherr  (DPEphos-fBu, a-tBu). 2.09 g (7.01 

mmol)) of 2,2'-dilithiodiphenylether was suspended in 40 mL of hexane. 2.66 mL (14.0 mmol) 

Off  chlorodi-terf-butylphosphine was added. The reaction mixture was stirred at room 

temperaturee for 60 hours and refluxed for four hours. The reaction mixture was quenched 

usingg 5 mL of degassed water and 5 mL of brine. The organic phase was dried over MgSÜ4. 

Thee solution was filtered and the solvent was removed in vacuo. The yellowish oil was 

purifiedd by column chromatography (neutral alumina, eluent 7 : 3 mixture of diethyl ether and 

hexanes).. The solvents were removed in vacuo and a colorless viscous oil was isolated. Yield: 

1.744 g (3.79 mmol, 54 %) of a colorless oil which solidified upon standing. 'H NMR (300 

MHz,, CDC13,25 °C): 7.79 (Ph, m, 2H), 7.24 (Ph, m, 2H), 7.05 (Ph, m, 2H), 6.73 (Ph, m, 2H), 

1.244 (C(C//3)3, dd, VpH = 11.6 Hz, 44H). 31P NMR (121.5 MHz, CDCI3,25 °C): 13.0 ppm (s). 

2,2'-Bis-(di-/vo-propyIphosphino)diphenyletherr  (DPEphos-iPr, a-iPr). The same 

proceduree was followed as for DPEphos-rBu (a-tBu). Chlorodwso-propylphosphine was used 

insteadd of chlorodi-ter/-butylphosphine. Yield: 0.85 g (0.021 mmol, 37 %) colorless oil. 'H 
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NMR,, CDCI3, 5 (ppm): 7.50 (Ph, m, 2H), 7.26 (Ph, m, 2H), 7.08 (Ph, t, VHH = 6.0 Hz, 2H), 

6.744 (Ph, dd, VHH = 6.0 Hz, VPH = 3.0 Hz, 2H), 2.31 (C//(CH3)2, d, sept, VPH = 3.2 Hz, VHH = 

7.00 Hz, 4H), 1.16 (CH(C//3)2, dd, 3Jm = 7.0 Hz, VPH = 14.5 Hz, 20H), 1.01 (CH(C//3)2, dd, 
3JHHH = 7.0 Hz> 3^PH = 12.6 Hz, 16H). 31P NMR (300 MHz, CDCI3, 25 °C): 2.0 (s). 

9,9-Dimethyl-4,5-bis-(dichlorophosphino)xanthene.. 2.19 g (10.2 mmol) 9,9-

Dimethylxanthenee and 4.7 mL (31 mmol) TMEDA were dissolved in 30 mL of hexane / 

diethyll  ether ( 1 : 1, v/v). 14 mL of a 2.2 M (31 mmol) solution of n-BuLi in hexane was 

slowlyy added to the solution at 0 °C. The reaction mixture was allowed to warm to room 

temperaturee and was stirred for 24 h. The reaction mixture was cooled to -78 °C and 5.6 mL 

(30.77 mmol) of chloro-bis(diethylamino)phosphine was added. The reaction mixture was 

allowedd to warm to room temperature and it was stirred for another 24 h. The solvents were 

removedd in vacuo and the dark oil was dissolved in 50 mL of hexane. The solution was 

filteredd and the solvent in vacuo was removed again. The brownish oil was dissolved again in 

1500 mL of hexane and a large excess of HC1 gas was bubbled through the solution at -78 °C. 

Thee ammonium salt was removed by filtration of the reaction mixture and the crude product 

wass recrystallized from hexane at -20 °C. Yield: 3.58 g (8.6 mmol, 84 %) of a yellow 

microcrystallinee solid. lH NMR (300 MHz, CDCI3, 25 °C): 7.91 (Ph, d, VHH = 7.5 Hz, 2H), 

7.600 (Ph, d, VHH = 7.5 Hz, 2H), 7.30 (Ph, t, VHH = 7.5 Hz, 2H), 1.63 (C(Ctf3)2, s, 4H). 31P 

NMRR (121.5 MHz, CDCI3, 25 °C): 159.0 (s). 

9,9-Dimethyl-4,5-bis-(dimethylphosphino)xanthenee (Xantphos-Me, b-Me). 1.40 g 

(3.400 mmol) of 9,9-Dimethyl-4,5-bis-(dichlorophosphino)xanthene was dissolved in 30 mL of 

THF.. To this solution 5.7 mL of a 3.0 M solution (17.0 mmol) of methylmagnesium bromide 

inn THF was slowly added at -78 °C. The reaction mixture was stirred for 0.5 h, after which it 

wass allowed to warm to room temperature. The reaction mixture was stirred for 16 h. The 

solventt was removed in vacuo and the resulting oil was dissolved again in hexane and 10 mL 

off  degassed water was added. The organic layer was dried over MgS04 and filtered over 

neutrall  alumina. The solvent was removed in vacuo. Yield: 0.61 g (1.85 mmol, 54 %) of a 

yellowishh oil. *H NMR (300 MHz, CDC13, 25 °C): 7.38 (Ph, m, 2H), 7.21-7.00 (Ph, m, 4H), 

1.622 (C(C//3)2, s, 6H), 1.45 (P(Ctf3)2, m, 6H), 1.24 (P(C#3)2, s, 6H). 3IP NMR (121.5 MHz, 

CDC13,, 25 °C): -58.53 (s). 

Complexx synthesis. 

Generall  remarks. The alkylphosphine ligands used in complex synthesis were used 

inn a larger excess in cases where the ligand had partially oxidized prior to use. The oxidized 
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alkylphosphinee ligands did not coordinate to palladium. Palladium complexes containing 

bidentatee alkylphosphine ligands could be handled and stored under ambient conditions. 

Synthesiss of (L-L)Pd(CH 3)Cl (1). To a solution of 0.36 mmol (1.05 equiv.) 

(COD)Pd(CH3)Cll  in 5 mL of benzene, 0.37 mmol of ligand (L-L) was added. The solution 

wass stirred for one hour. The suspension was filtered and the residue was washed with 

benzenee and diethylether. The product was dried in vacuo. 

(DPEphos)Pd(CH3)Cll  (la). Yield: ca. 85 %. ]H NMR (CD2C12, 25 °C): 7.8-6.8 (Ph, 

m,, 25H), 6.5-6.2 (Ph, m, 3H), 0.92 (PdC//3, dd, 3JPH = 6.3 Hz and 3JPH = 4.5 Hz). 31P NMR 

(CD2C12,, 25 °C): 30.6 (d, VPP = 29.9 Hz), 8.6 (d, VPP = 29.9 Hz). Anal. Calcd. for 

(C37H3iC10P2Pd):: C, 63.90; H, 4.50. Found: C, 64.25; H, 4.68. 

(2,2'-Bis-(di-fc7^burylphosphino)diphenylether)Pd(CH3)Cll  (la-tBu). Yield: ca. 

877 %. 'H NMR (300 MHz, CDC13, 25 °C): 8.00 (Ph, m, 2H), 7.72 (Ph, t, VHH = 7.5 Hz, 

2H),, 7.44 (Ph, m, 4H), 1.50 (C(C#3)3, dd, VPH = 7.5 Hz, 36H), 1.44 (PdC#3, t, VPH = 5.1 

Hz,, 3H). 3]P NMR (121.5 MHz, CDC13, 25 °C): 48.3 (s). 

(2,2,-Bis-(di-isö-propylfosrino)diphenylether)Pd(CH3)Cll  (la-iPr) . Yield: ca. 75 

%.. 'H NMR (300 MHz, CDC13, 25 °C): 7.7-6.8 (Ph, m, 8H), 3.12 (Ctf(CH3)2, br s, 4H), 1.4-

1.00 (CH(C//3)2, br m, 24H), 0.16 (br m, 3H, PdCH3).
 31P NMR (121.5 MHz, CDC13, 25 °C): 

54.622 (br s). Anal. Calcd. for (C25H39C10P2Pd): C 53.68; H, 7.03. Found: C, 55.61; H, 7.38. 

(Xantphos)Pd(CH3)Cll  (lb). Yield: ca. 78 %. 'H NMR (300 MHz, CD2C12, 25 °C): 

7.7-7.11 (Ph, m, 26H), 1.76 (C(C//3)2, s, 6H), 0.38 (PdC//3, s, 3H). 31P NMR (CD2C12, 25 

°C):: 15.8 (br,s). !H NMR (300 MHz, CD2C12, -70 °C): 8.3-6.6 (Ph, m, 26H), 2.0-1.4 

(C(C//3)2,, br, s, 6H), 0.53 (PdC//3 (cw-complex), dd, VPH = 7.2 Hz and 3JPH = 3.6 Hz, 3H), -

0.166 (PdC//3 (trans-complex), t, VPH - 6.0 Hz, 3H). 31P NMR (121.5 MHz, CD2C12, -70 

°C):: 27.6 (c/5-complex, d, 2JPP = 31.7 Hz), 12.0 (/raws-complex, s), 11.2 (c/s-complex, d, 
2yPPP = 31.6 Hz). Anal. Calcd. for (C4oH35C10P2Pd): C, 65.32; H, 4.80. Found: C, 65.20; H, 

5.19. . 

Crystall  structure determination of (lb): 

C4oH35OP2ClPdC4Hj00,, Mr = 735.5 g/mole, yellow cube, 0.20 x 0.40 x 0.60 mm, 

monoclinic,, P2]/n, a = 12.7823(9), b = 17.954(1), c = 16.961(2) A, p = 93.290(5)°, V = 

3886.0(6)) A3, Z = 4, p = 1.380 g/cm3. 7967 reflections were measured on an Enraf-Nonius 

CAD-44 (X = 1.5418) at room temperature. Analytical absorption correction with the 

programm ABSCAL (Watenpaugh and Stewart, 1992) using \|/-scans of the [-2 6 3] reflection, 

withh coefficients in the range 1.0-3.04. The structure was solved with the PATTY option of 
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thee DIRDIF96 program system.54 Non-hydrogen atoms were refined freely with anisotropic 

displacementt parameters. Hydrogen atoms were calculated. R-values: [(A/a)max = 0.27, S = 

0.93]]  a weighting scheme w = [10 + 0.001 *(a(Fobs))
2 + 0.0001 / (^(Fobs))]"1 was used (R = 

0.061,, Rw = 0.064. All calculations were performed with XTAL, 55 unless stated otherwise. 

(Xantphos-Me)Pd(CH3)Cll  (lb-Me). Yield: ca. 64 %. White solid. !H NMR (300 

MHz,, CDC13, 25 °): 7.49 (Ph, dd, J = 6.6 Hz and 7= 2.1 Hz, 1H), 7.43 (Ph, dd,J= 7.2 Hz 

andd J= 1.5 Hz, 1H), 7.23 (Ph, m, 2H), 7.\9(Ph, m, 2H), 1.88 (P(C//3)2, d, VPH = 9.9 Hz, 6H), 

1.811 (P(C#3)2, d, 3yPH = 7.2 Hz, 6H), 1.63 (C(CH3)2, s, 6H), 0.66 (PdC//3, dd, 3JPH = 4.6 Hz 

andd VPH = 7.7 Hz, 3H). 31P NMR (121.5 MHz, CDC13, 25 °C): -29.0 (d, 2JPP = 34.3 Hz), -

13.55 (d, 2JPP = 34.3 Hz). Anal. Calcd. for (C2oH27C10P2Pd): C 49.30; H, 5.59. Found: C, 

50.09;; H, 5.72. 

(Sixantphos)Pd(CH3)Cll  (lc). Yield: ca. 86 %. 'H NMR (300 MHz, CD2C12, -40 

°C):: 7.9-6.7 (Ph, m, 26H), 1.66 (PdC#3, dd, VPH = 7.0 Hz and 3.8 Hz, 3H), 0.47 (Si(C//3)2, 

s,, 6H). 31P NMR (121.5 MHz, CD2C12, -40 °C): 30.6 (d, 2JPP = 33.9 Hz), 14.2 (d, 2JPP = 33.9 

Hz).. Anal. Calcd. for (C39H35C10P2SiPd): C, 62.32; H, 4.69. Found: C, 62.58; H, 4.42. 

(Thixantphos)Pd(CH3)Cll  (Id) . Yield: ca. 65 %. 'H NMR (300 MHz, CD2C12, -60 

°C):: 8.3-6.5 (Ph, m, H), 2.20 and 2.17 (C(C//3), s, 6H), 0.74 (VdCH3 (cw-complex), dd, 

VPHH = 7.2 Hz and VPH = 2.7 Hz, 3H), -0.21 (PdC//3 (trans-complex), t, VPH = 6.0 Hz, 3H). 
31PP NMR (CD2C12, -60 °C): 32.0 (cw-complex, d, VPP = 34.0 Hz), 15.9 (fraws-complex, s), 

15.55 (cw-complex, d, 2yPP = 34.1 Hz). Anal. Calcd. for (C39H33C10P2SPd): C, 62.16; S, 

4.25;; H, 4.41. Found: C, 61.68; S, 4.66; H, 4.39. 

(Thioxantphos)Pd(CH3)Cll  (le). Yield: ca. 57 %. lH NMR (300 MHz, CDC13, 25 

°C):: 7.9-7.2 (Ph, m, 26H), 2.15 (C(Ctf3)3, s, 3H), 1.63 (C(Ctf3)3, s, 3H), 1.08 (PdCH3, t, 

VPHH = 8.5 Hz, 3H). 31P NMR (121.5 MHz, CDCl3, 25 °C): 40.5 (s). 13C NMR (75.4 MHz, 

CD2C12,, 25 °C): 147.5, 139.7 and 137-128 (Ph, m), 45.1 (C(CH3)2, s), 27.0, 26.8 (C(CH3)2, 

s),, 8.9 (PdCH3, s). 

[(dtpf»PdCH3l
++ CI'  (lf-tBu) . Yield: ca. 92 %. 'H NMR (300 MHz, CDC13, 25 °C): 

5.455 (Cp, m, 4H), 4.20 (Cp, m, 4H), 1.69 (PdC//3, m, 3H), 1.47 (C(CH3)3, dd, 3JPH = 7.4 Hz, 

36H).. 3,P NMR (121.5 MHz, CDC13, 25 °C): 29.4 (s). Anal. Calcd. for (C27H39ClFeP2Pd): 

C,, 52.03; H, 6.31. Found: C, 51.84; H, 6.12. 

(dipf)Pd(CH3)Cll  (lf-iPr) . Yield: ca. 83 %. ]H NMR (300 MHz, CDC13, 25 °C): 4.4-

4.33 (Cp, m, 8H,), 2.69 and 2.43 (C//(CH3)2, m, VHH = 7.1 Hz, 4H), 1.50 (dd, 6H, VHH = 7.1 

Hzz and VPH =15.9 Hz, CH(CH3)2), 1.29-1.13 (CH(C//3)2, m, 18H), 0.91 (PdCtf3, dd, 2JPH = 
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3.00 Hz and 3JPH = 6.9 Hz, 3H). 31P NMR (121.5 MHz, CDC13, 25 °C): 49.5 (d, VPP = 21.6 

Hz),, 29.5 (d, 2yPP = 21.6 Hz). Anal. Calcd. for (C23H39ClFeP2Pd): C, 48.03; H, 6.83. Found: 

C,, 48.21; H, 6.98. 

Synthesiss of (L-L)Pd(CH 3)Br  (2). To a solution of 0.36 mmol (1.05 equiv.) 

(COD)Pd(CH3)Brr in 5 mL of benzene, 0.37 mmol of ligand (L-L) was added. The solution 

wass stirred for one hour. The suspension was filtered and the residue was washed with 

benzenee and diethylether. The product was dried in vacuo. 

(DPEphos)Pd(CH3)Brr  (2a). Yield: ca. 89 %. ]H NMR (CD2C12, 25 °C): 7.8-6.9 

(Ph,(Ph, m, 25H), 6.5-6.3 (Ph, m, 3H), 1.00 (PdC//3, d, VPH = 2.1 Hz). 3,P NMR (CD2C12, 25 

°C):: 30.8 (d, VPP = 30.0 Hz), 8.9 (d, VPP = 30.0 Hz). Anal. Calcd. for (C37H3iBrOP2Pd): C, 

60.06;; H, 4.22. Found: C, 60.00; H, 4.21. 

(Xantphos)Pd(CH3)Brr  (2b). Yield: ca. 65 %. 'H NMR (300 MHz, CD2C12, -80 °C): 

8.2-6.55 (Ph, m, 26H), 2.1-1.5 (C(CH3)2, br, s, 6H), 0.56 (PdC#3 (c/s-complex), dd, VPH = 

7.22 Hz and 3JPH = 3.6 Hz, 3H), -0.09 (PdCtf3 (öww-complex), t, VPH = 6.0 Hz, 3H). 31P 

NMRR (121.5 MHz, CD2C12, -80 °C): 29.6 (ds-complex, d, 2JP? = 31.4 Hz), 15.3 (trans-

complex,, s), 12.3 (m-complex, d, VPP = 31.4 Hz). 

Synthesiss of ionic methylpalladium complexes (3 and 4). 0.190 mmol 1 was 

suspendedd in 2 mL of CH2C12 / CH3CN (10 : 1, v/v). 0.191 mmol of AgX (X = CF3S03, 

CF3C02)) was added to the suspension. After stirring for 10 minutes, the suspension was 

filteredfiltered over celite. Then 10 mL diethylether was added to crystallize the product. 

[(DPEphos)PdCH3(CH3CN)]++ [CF3SO3I"  (3a). Yield: ca. 65 %. 'H NMR (300 

MHz,, CDC13, -20 °C): 7.8-6.2, (Ph, m, 28H), 1.79 (Ctf3CN, s, 3H), 0.88 (PdC//3, dd, 3JPH = 

6.66 Hz and VPH = 2.9 Hz, 3H). 3,P NMR (121.5 MHz, CDC13, -20 °C): 31.8 (d, VPP = 31.7 

Hz),, 7.7 (d, VPP = 31.7 Hz). I3C NMR (75.4 MHz, CD2C12, -20 °C): 159.0, 157.6, 137-120 

(Ph,(Ph, m), 118.3 (CH3CN, s), 2.3 (PdCH3, d, 2J?f = 100.3 Hz), -3.5 (CH3CN, s). Anal. Calcd. 

forr (C4oH34F304P2SNPd): C, 56.51; H, 4.03; N, 1.65. Found: C, 56.16; H, 4.05; N, 1.57. 

Crystall  structure determination of 3a: 

C39H34NOP2PdCF3S03,, Mr = 850.1 g/mole, colorless cube, 0.20 x 0.25 x 0.30 mm, 

monoclinic,, P2,/n, a = 10.8261(6), b = 26.801(2), c = 13.8267(8) A, (3 = 109.637(9)°, V = 

3778.5(5)) A , Z = 4, p = 1.49 g/cm . 7751 reflections were measured on an Enraf-Nonius 

CAD-44 (k= 1.5418) at -20 °C. Analytical absorption correction with the program ABSCAL 

(Watenpaughh and Stewart 1992) using y-scans of the [0 14 6] reflection, with coefficients 

inn the range 1.0-1.24. The structure was solved with the PATTY option of the DIRDIF96 
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programm system.54 Non-hydrogen atoms were refined freely with anisotropic displacement 

parameters.. Hydrogen atoms were calculated. R-values: [(A/a)max
 = 0.54, S = 1.12] a 

weightingg scheme w = [20 + 0.001 *(CT(Fobs))
2 + 0.0001 / (CT(Fobs))]"1 was used (R = 0.070, 

Rww = 0.074. All calculations were performed with XTAL, 55 unless stated otherwise. 

[(2,2'-Bis-(di-te^butylphosphino)diphenylether)PdCH3]
++ [CF3SO3] (3a-tBu). 

Yield:: ca. 84 %. 'H NMR (300 MHz, CDC13, 25 °C): 8.0-7.4 (Ph, m, 8H), 1.49 (C(Ctf3)3, 

dd,, VPH = 7.6 Hz, 36H), 1.44(PdC//3, t, 3JPH = 4.9 Hz). 3lP NMR (121.5 MHz, CDCI3, 25 

°C):: 48.4 (s). Anal. Calcd. for (C30H47F3O4P2PdS): C, 49.42; H, 6.50. Found: C, 49.02; H, 

6.60. . 

[(2,2,-Bis-(di-/5ö-propylfosfino)diphenylether)PdCH3]
++ ICF3SO3I"  (3a-iPr). 

Yieldxfl .. 56 %. *H NMR (300 MHz, CDCI3, 25 °C): 7.73 (Ph, dd, 3JPH = 3.6 Hz, VHH = 7.4 

Hz,, 2H), 7.64 (Ph, d, VHH = 7.9 Hz, 2H), 7.49 (Ph, d, VHH = 7.9 Hz, 2H), 7.42 (Ph, t, VHH = 

7.44 Hz, 2H), 2.71 (CH(CH3)2, br m, VHH = 6.9 Hz, 4H), 1.4-1.2 (CH(C#3)2 en PdCH3, m, 

27H).. 31P NMR (121.5 MHz, CDC13, 25 °C): 35.8 (s). Anal. Calcd. for (C26H39F304P2SPd): 

C,, 46.40; S, 4.76; H, 5.84. Found: C, 46.02; S, 4.81; H, 5.79. 

[(Xantphos)PdCH3]
++ [CF3S03]"  (3b). Yield: ca. 78 %. 'H NMR (300 MHz, CDCI3, 

255 °C): 7.9-7.4 (Ph, m, 26), 1.75 (C(C//3)2, s, 6H), 1.50 (PdC//3, t,
 3J?H = 5.7 Hz). 31P NMR 

(121.55 MHz, CDCI3, 25 °C): 20.4 (s). Anal. Calcd. for (C4iH3504P2SF3Pd): C, 58.00; S, 

3.78;; H, 4.15. Found: C, 57.94; S, 3.63; H, 4.30. 

[(Xantphos-Me)PdCH3]
++ [CF3SO3]" (3b-Me). Yield: ca. 45 %. !H NMR (300 MHz, 

CDC13,, 25 °C): 7.8-7.6 (Ph, m, 4H), 7.43 (Ph, t, VHH = 7.8 Hz, 2H), 1.82 (P(C//3)2, s, 12H), 

1.688 (C(CH3)i, s, 6H), 1.21 (PdC#3, t, VPH = 6.6 Hz, 3H). 31P NMR (121.5 MHz, CDC13, 25 

°C):: -5.0 (s). 

[(Sixantphos)PdCH3]
++ [CF3S031

_ (3c). Yield: ca. 45 %. 'H NMR (300 MHz, 

CDC13,, 25 °C): 7.9-7.5 (Ph, m, 26H), 1.51 (PdCtf3, t,
 3yPH = 5.7 Hz), 0.58 (Si(C#3)2, s, 6H). 

31PP NMR (121.5 MHz, CDC13, 25 °C): 20.2 (s). 

KThixantphos)PdCH3ff  [CF3SO3]" (3d). Yield: ca. 65 %. 'H NMR (300 MHz, 

CDC13,, -20 °C): 7.7-7.4 (Ph, m, 20H), 7.16, 7.00 (Ph, s, 2H), 2.25 (CC//3, s, 6H), 1.44 

(PdC//3,, t, VPH = 5.4 Hz, 3H). 3IP NMR (121.5 MHz, CDC13, -20 °C): 20.4 (s). 

[(dtpf)PdCH 3]
++ [CF3S03]"  (3f-tBu). Yield: ca. 85 %. 'H NMR (300 MHz, CDCI3, 

255 °C): 5.25 (Cp, m, 4H), 4.20 (Cp, m, 4H), 1.70 (PdC//3, t, VPH - 4.8 Hz, 3H), 1.46 

(C(C//3)3,, dd, 3JpH = 7.5 Hz, 36H). 3IP NMR (121.5 MHz, CDC13, 25 °C): 29.3 (s). Anal. 
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Calcd.. for (C^FL^FeC^SPd): C, 45.15; S, 4.30; H, 6.36. Found: C, 45.14; S, 4.32; H, 

6.47. . 

Crystall  structure determination of 3f-tBu. |s2201a]: 

C27H47FeP2Pd-CF3S03,, Fw = 744.91, orange block, 0.33 x 0.24 x 0.15 mm, monoclinic, P2j/c 

(No.. 14), a =11.7515(1), b =16.9323(2), c = 16.8170(2) A, p = 105.8589(6)°, V = 3218.88(6) 

A3,, Z = 4, p = 1.537 g/cm3. 53974 reflections were measured on a Nonius KappaCCD 

diffractometerr with rotating anode (^.=0.71073 A) at a temperature of 150(2) K. 7369 

reflectionss were unique (Rjnt = 0.0459). Absorption correction with PLATON 56 (MULABS, 

\i\i  = 1.218 mm"1, 0.75-0.82 transmission). The structure was solved with Patterson methods 

(D1RDIF977 57) and refined with SHELXL97 58 against F2 of all reflections. Non-hydrogen 

atomss were refined freely with anisotropic displacement parameters. Hydrogen atoms were 

refinedd freely with isotropic displacement parameters. 540 refined parameters, no restraints. 

R-valuess [I > 2CT(I)]: Rl= 0.0249, wR2 = 0.0561. R-values [all refl.]: Rl= 0.0323, wR2 = 

0.0587.. Molecular illustration, structure checking and calculations were performed with the 

PLATONN package56. 

[(dipf)PdCH 3(CH3CN)]++ [CF3S03]"  (3f-iPr). Yield: ca. 56 %. 'H NMR (300 MHz, 

CDC13,, -40 °C): 4.49, 4.48, 4.41, 4.35 (Cp, s, 8H), 2.58 (Ctf3CN, s, 3H), 2.43, 2.31 

(Ctf(CH3)2,, q, VHH = 6.9 Hz, 2H), 2.06 (C/f(CH3)2, br s, 2H), 1.36-1.06 (CU(CH3)2, dd, 

VHHH = 6.9 Hz and VPH = 14 Hz, 24H), 0.73 (PdC//3, br d, VPH = 4.8 Hz, 3H). 3lP NMR 

(121.55 MHz, CDCI3, -40 °C): 54.1 (d, 2JPP = 21.3 Hz), 32.7 (d, VPP = 21.3 Hz). Anal. Calcd. 

Forr (C26H42F3FeN03P2SPd): C, 42.78; S, 4.39; N, 1.92; H, 5.84; Found: C, 42.72; S, 4.11; 

N,, 1.78; H, 5.97. 

(DPEphos)PdCH3(CF3C02)) (4a). Yield: ca. 87 %. ]H NMR (300 MHz, CDC13, 25 

°C):: 7.8-6.2 (Ph, m, 28H), 0.87 (PdC#3, dd, VPH = 6.9 Hz and VPH = 2.4 Hz). 31P NMR 

(121.55 MHz, CDCI3, 25 °C): 32.1 (d, 2JPP = 28.7 Hz), 9.1 (d, 2JPP = 28.7 Hz). 13C NMR 

(75.44 MHz, CDCI3, 25 °C): 160.2 (CF3C02, q, 2JCP = 36.2 Hz), 159.1, 138-117 (Ph, m), 

116.00 (CF3CO2, q, VCF = 292 Hz), 15.1 (PdCH3, dd, 2JPC = 83.8 Hz and 2JPC = 2.7 Hz). 

Anal.. Calcd. for (C39H3iF303P2Pd): C, 60.60; H, 4.05. Found: C, 60.31; H, 4.03. 

Crystall  structure determination of 4a. 

C39H3i03F3P2Pd,, Mr = 773 g/mole, colorless cube, 0.30 x 0.40 x 0.50 mm, triclinic, Pi, a = 

10.976(1),, b = 11.516(1), c = 15.503(5) A, a = 98.14(1), P = 97.05(1), y = 113.89(1)°, 

V== 1738.2(7) A3, Z = 2, p =1.48 g/cm3. Final R = 0.078 for 6886 observed reflections. 
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77511 reflections were measured on a Enraf-Nonius CAD-4 (k = L5418) at room temperature. 

Absorptionn correction was performed with the program PLATON 59 following the method of 

Northh et al. 60 using ¥-scans of five reflections, with coefficients in the range 0.630-0.978. 

Thee structure was solved by the PATTY option of the DIRDIF96 program system.54 Non-

hydrogenn atoms were refined freely with anisotropic displacement parameters. Hydrogen 

atomss were calculated. R-values: [(A/o)max=0.55, S=0.87] a weighting scheme w=[7.5+ 

0.01*(o(Fobs))22 + 0.001/(a(Fobs))]-' was used (R=0.078, Rw=0.083). All calculations were 

performedd with XTAL, 55 unless stated otherwise. 

[(dtpf)PdCH 3]
++ [CF3C02r  (4f-tBu). Yield: ca. 72 %. 'H NMR (300 MHz, CDC13, 

255 °C): 5.25 (Cp, s, 4H), 4.17 (Cp, s, 4H), 1.68 (PdC//3, t, VPH = 4.5 Hz, 3H), 1.44 

(C(C//3)3,, m, 36H). 3IP NMR (121.5 MHz, CDC13, 25 °C): 29.1 (s). Anal. Calcd. for 

(C29H47F3Fe02P2Pd):: C, 43.49; H, 4.42. Found: C, 39.42; H, 3.99. 

(dipf)PdCH 3(CF3C02)) (4f-iPr). Yield: ca. 73 %. 'H NMR (300MHz, CDC13, 25 

°C):: 4.40-4.35 (CH, m, 8H), 2.38, 2.35, 2.20, 2.18 (Ctf(CH3)2, m, 4H), 1.38, 1.27, 1.21, 

1.177 (CH(C//3)2, dd, 3JHH = 7.0 Hz, 3yPH = 15.3 Hz, 24H), 0.81 (PdCtf3, dd, VPH = 2.0 Hz 

andd VPH = 6.8 Hz, 3H). 3,P NMR (121.5 MHz, CDC13, 25 °C): 47.35 (d, 2JPP = 22.1 Hz), 

25.88 (d, VPP = 22.1 Hz). Anal. Calcd. for (C25H39F3Fe02P2Pd): C, 46.00; H, 6.02. Found: C, 

45.34;; H, 6.04. 

Synthesiss of [(depf)Pd(CH3)Cl]2 (5). To a solution of 0.36 mmol (1.05 equiv.) 

(COD)Pd(CH3)Cll  in 5 mL of benzene, 0.37 mmol of f-Et was added. The solution was 

stirredd for one hour. The suspension was filtered and the residue was washed with benzene 

andd diethylether. The product was dried in vacuo. Yield: ca. 80 %. *H NMR (300 MHz, 

CDC13,, 25 °C): 5.19 (Cp, s, 4H), 4.34 (Cp, d, 4H), 2.39 (Ctf2CH3, br s, 2H), 2.08 (C//2CH3, 

brr s, 4H), 1.80 (C#2CH3, br s, 2H), 1.24 (CH2C//3, br s, 6H), 1.01 (CH2C//3, br s, 6H), 0.51 

(PdC//3,, t,
 3JPH = 5.9 Hz, 3H). 3,P NMR (121.5 MHz, CDC13, 25 °C): 9.0 (s). Anal. Calcd. 

forr (Ci9H3iClFeP2Pd): C 43.96; H, 6.02; Found: C, 43.54; H, 6.01. 

Synthesiss of (depf)Pd(CH3)Cl (6). An NMR tube was filled with 15 mg of 5 and 0.7 

mLL of CDCI3. The solution was allowed to stand at room temperature for one night. 

Completee conversion of 7 was observed. *H NMR (300 MHz, CDC13, 25 °C): 4.37, 4.35, 

4.34,, 4.30 (Cp, s, 8H), 2.1-1.8 (CH2, m, 8H), 1.3-1.1 (C//3, m, 12H), 0.75 (PdC#3, dd, VPH 

== 7.5 Hz, VPH = 3.6 Hz, 3H). 31P NMR (121.5 MHz, CDC13, 25 °C): 30.1 (d, VPP = 28.2 

Hz),, 10.7 (d,2JPP = 28.2 Hz). 
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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. 
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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]--
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CD2CI2 2 
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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 
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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 
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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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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. 
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Figuree 4. Anion effect on the rate of rearrangement of 1 to 2 (le and If) . 
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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 
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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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Chapterr  4 

Thee Mechanism and Kinetics of the Solvolysis of Acylpalladium(II ) Bonds. 

Martinn A. Zuideveld, Bert H. G. Swennenhuis, Paul C. J. Kamer, Piet W. N. M. van 

Leeuwen,, Kees Goubitz,+ Jan Fraanje,+ Martin Lutz.* 

tt Dept. of Crystallography, University of Amsterdam, Nieuwe Achtergracht 166, 1018 WV, 

Amsterdam,Amsterdam, The Netherlands 

%% Dept. Crystal and Structural Chemistry, University of Utrecht, Padualaan 8, 3584 CH, 

Utrecht,Utrecht, The Netherlands 

Abstract::  The mechanism and kinetics of the solvolysis of complexes of the type [(L-

L)Pd(C(0)CH3)(s)]++ [CF3SO3]" (L-L = diphosphine ligand, s = solvent, CO or donor atom in 

thee ligand backbone) was studied by NMR and UV-Vis spectroscopy. Alcohol coordination 

wass shown to play a central role in the solvolysis of acylpalladium(II) complexes containing 

Jraws-coordinatedd diphosphine ligands. An intramolecular mechanism was proposed to be 

rate-limitingg in the solvolysis of acylpalladium(II) complexes containing c«-coordinating 

diphosphinee ligands. The rate of solvolysis decreases in the presence of carbon monoxide, 

inn complexes containing small bite angle ligands and using less nucleophilic alcohols. The 

solvolysiss reaction is catalyzed by acid, but at high acid concentrations the effect ceases. 
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Introductio n n 

Inn general, the acylpalladium bonds in cationic complexes are very reactive towards 

alkenes,11 hydrogen2 or nucleophiles, such as alcohols, alkoxides and water,3-5 which is the 

reasonn that they are important intermediates in catalysis.2'6-8 The reaction products in these 

casess are a direct result of the hydrogenolysis, alcoholysis or hydrolysis of an acylpalladium 

complexx or insertion into an acylpalladium bond (scheme 1). 

Schemee 1 

Thee copolymerization reaction of carbon monoxide and alkenes seems in contradiction with 

thesee observations; high molecular weight copolymer can be obtained, despite the fact that 

thee acylpalladium intermediate experiences an acidic alcoholic (generally methanol) or 

acidicc aqueous reaction medium.7'9-11 Apparently, the alkene insertion reaction is much 

fasterr than the solvolysis reactions, and therefore a copolymer is obtained. Sen et al have 

shownn that changing the reaction medium of the copolymerization reaction from methanol 

too higher alcohols (ethanol, ?-butanol) increased the molecular weight of the copolymer 

produced.99 This implies that chain-transfer influences the molecular weight of the 

copolymer,, as might be expected. As opposed to the copolymerization reaction, esters such 

ass methyl propionate, and propionic acid can be synthesized selectively at high rates using 

differentt ligand systems or reaction conditions.6'9-12 Drent et al suggested that the alkene 

insertionn into the acylpalladium bond is hindered in such cases due to a frans-coordination-

modee of the ligands.1 However, Drent et aln and more recently Eastham et aln published 

veryy active and selective palladium catalysts containing presumably cw-coordinating 

alkylphosphinee ligands (l,3-bis(di-/-butylphosphino)propane and o-C6H4(CH2P(C(CH3)3)2) 

forr the alkoxycarbonylation reaction. Monodentate coordination of the ligands and the 
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intermediacyy of a stable mononuclear ionic palladium hydride complex have been proposed 

too cause the selectivity and activity of these catalytic systems.1'13 The reason for this 

reactivityy remains still a matter of debate. Pringle et al. found a fast and selective 

conversionn of internal olefins to linear esters catalyzed by Pd(II) complexes of chelating 

bis(phosphaadamantyl)diphosphines.144 The outcome of the catalytic reaction was very 

dependentt on the backbone and on the diastereomer used. 

Elsevierr et al showed that the reaction of an acylpalladium complex and sodium 

methoxidee / methanol is very fast and occurs already at low temperatures.15 The products of 

thiss reaction are an ester and a palladium(I) hydride dimer.3'4*16 The reactivity of cationic 

acylpalladiumm complexes towards alcohols under neutral and acidic conditions has not been 

studiedd in great detail so far. 

Thee solvolysis of acylpalladium complexes is an important step in many catalytic 

reactions.. In this chapter a study towards the mechanism of the solvolysis reaction of 

acylpalladiumm complexes is presented. The ligand effects (terdentate vs. bidentate), the 

effectt of the alcohol (ROH with different R groups), and the presence of acid on this 

reactionn are described. The range of reaction conditions under which the kinetics could be 

studiedd was reduced considerably by the instability of the ionic acylpalladium complexes. 

Results s 

Synthesis,, Structure and Reactivity of l/wis-Coordinated Acylpalladium 

Complexes.. All the acylpalladium complexes were synthesized by bubbling carbon 

monoxidee through a dichloromethane solution of the corresponding methylpalladium 

precursorr at room temperature. When [(DPEphos)PdCH3(CH3CN)]+ [CF3SO3]" (la) was 

dissolvedd in CD2C12 and CO was bubbled through, the acyl complex, 2a, was formed 

(schemee 2). The [H NMR spectrum showed the hydrogen signals of the acyl group at 2.38 

ppmm and free acetonitrile (1.98 ppm). A singlet was observed in the 31P NMR spectrum (7.0 

ppm).. Alternatively, the same NMR spectra were obtained when silver triflate was added to 

aa solution of (DPEphos)Pd(C(0)CH3)Cl in CD2C12. The complex was isolated by the 

additionn of diethyl ether to a solution of 2a in CH2C12. Conductivity measurements in 

CH2C122 showed that 2a was ionic (Am = 56 S mof1 1'). The use of  13CO did not result in 

additionall  P-C couplings in the 31P NMR spectrum, and the 13C NMR spectrum showed a 

singlett at 215.6 ppm, indicative of an acylpalladium complex. These data suggested that the 
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phosphoruss atoms are coordinated in a trans fashion. The compound was neither stable at 

roomm temperature in solution nor in the solid state. The acylpalladium complex (2a') was 

synthesizedd using the BARF ([B(p-C6H3(CF3)2)4]~ complex la', and proved to be thermally 

moree stable (i.e. less prone to deinsertion of CO). 

Schemee 2 

(DPEphos)PdN N 

,CH, , 

NCCH3 3 

[X]--

XX = CF3S03(1a) 
BARFF (1a') 

CO O 
CH2CI2 2 

Ph2P—pd—-PPh2 2 

O ^ C H 3 3 

[XT T 

2 2 

PPh, , 

CH2CI2 2 

O, , 

(DPEphos)Pds s 

^ C H 3 3 

PPh-, , 

[X]--

Ann X-ray crystal structure analysis of 2a' was performed. The anion was highly disordered 

duee to the rotation of the perfluoromethyl groups, but the structure of the cation could be 

determinedd accurately. 

Figuree 1. X-ray crystal structure of 2a'. The ellipsoids are drawn at the 50 % probability 

level.. Hydrogen atoms and anion ((3,5-(CF3)2-C6H3)4)B) have been omitted for 

clarity. . 
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Tablee 1. Selected Bond Distances (A) and Angles (deg.) for Non-Hydrogen atoms of 2a'. 

Pd-Pl l 

Pd-Ol l 

C1-C2 2 

Pl-Pd-P2 2 

PI-Pd-Ol l 

Pl-Pd-Cl l 

Pd-Cl-C2 2 

2.315(2) ) 

2.261(6) ) 

1.521(19) ) 

154.70(8) ) 

80.05(18) ) 

100.9(3) ) 

113.2(9) ) 

Pd-P2 2 

Pd-Cl l 

Cl-02 2 

P2-Pd-01 1 

P2-Pd-Cl l 

Pd-Cl-02 2 

2.313(2) ) 

1.936(10) ) 

1.176(13) ) 

78.77(15) ) 

99.6(3) ) 

123.6(8) ) 

Thee metal center has a square planar geometry with all donor atoms and the metal center in 

onee plane. The phosphorus atoms are coordinated in a trans fashion with a Pl-Pd-P2 angle 

off  154.70(8)°. The oxygen atom of the ligand backbone is coordinated to palladium (Pd-0 

distancee = 2.261(6) A, figure 1) and the anion is non-coordinating. 

Thee DPEphos ligand was found to coordinate in a trans fashion in complex 2a even 

inn the presence of additional ligands, such as CO and acetonitrile. The capacity of the 

DPEphoss ligand to coordinate in a cis fashion to palladium was demonstrated by the 

additionn of triphenylphosphine to a solution of 2a in CD2C12 (scheme 2). The !H NMR 

spectrumm showed a singlet at 1.79 ppm for the acyl group (193 K). The 31P NMR spectrum 

showedd two double doublets (26.5 ppm (27PP = 46.0 Hz and 2JPP = 241 Hz) and 10.6 ppm 

(VpPP = 46.0 Hz and 2JPP = 241 Hz)) and one triplet (-0.9 ppm, 2J?? = 46.0 Hz). The use of 
13COO resulted in an additional P-C coupling on the triplet (2JPC = 82.3 Hz) and a doublet at 

228.77 ppm (2/pc = 82.3 Hz) in the l3C NMR spectrum. These data are in accordance with 

thee structure [(DPEphos)Pd(C(0)CH3)(PPh3)]
+ [CF3SO3]" (3a, scheme 2), in which the 

DPEphoss ligand acts as a c/s-chelating ligand. 

Thee reaction of 2a and methanol in a CH2C12 solution under one bar of CO resulted 

inn the formation of a palladium(I) hydride dimer, [Pd2(u-H)(u-CO){(DPEphos)}2]
+ 

[CF3SO3]""  (4a), and methyl acetate (scheme 3). The 31P NMR spectrum in CD2C12 showed a 

singlett at room temperature (7.0 ppm). When a proton-coupled 3tP NMR spectrum was 

recordedd a 42 Hz, VPH coupling constant was observed. The !H NMR spectrum showed a 

quintett at -6.9 ppm (2JPH = 42 Hz) indicative of a hydride.5 The IR spectrum in CH2C12 

showedd a CO stretching frequency at 1847 cm"1. When methanol-̂ was added to a solution 

off  2a in CH2C12 three signals were observed in the 3IP NMR spectrum in an intensity ratio 

off  1 : 1 : 1 due to the 2Jpu deuterium coupling (6 Hz). The use of  l3CO resulted in an 
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additionall  2JPC coupling (33 Hz)5 in the 31P NMR spectrum and an additional  2JCH coupling 

onn the hydride signal (2.7 Hz) in the 'H NMR spectrum. The l3C NMR spectrum showed a 

singlett at 173 ppm (D3C013C(0)CH3) and a quintet at 225.1 ppm (Pd2(u-13C(0), 2JK = 33 

Hz).5 5 

 2 X0^
 + HX 

[(Xantphos)PdC(0)CH3]
++ [CF3SO3]" (2b) was synthesized from [(Xantphos)PdCH3]

+ 

[CF3S03]""  (lb) and its structure is similar to 2a according to NMR spectroscopy. Complex 

2bb is stable in the solid state at room temperature (no detectable decomposition after 6 

weeks).. Complex 2b reacted very slowly with 10 equivalents of methanol in CH2CI2 at 

roomm temperature (fr/, a 3 hours) to yield the palladium(I) hydride dimer, [Pd2(u-H)(u-

CO){(Xantphos)}2]
++ [CF3S03]" (4b), and methyl acetate. The reaction was accompanied by 

deinsertionn of CO to afford complex lb. Using the '3CO labeled complex of 2b in CD3OD 

additionall  P-D and P-C couplings were observed in the 31P NMR spectrum (2JPD = 6.3 Hz 

andd 2/PC = 36 Hz) for [Pd2(n-D)(u-13CO){(Xantphos)}2]
+ [CF3SO3]". 

[(dtpf)PdC(0)CH3]
++ [CF3S03r (2c) was synthesized from [(dtpf)PdCH3]

+ [CF3S03]
+ 

(lc)) and its structure was similar to 2a according to NMR spectroscopy. The CO insertion at 

roomm temperature was slow (t/2 m 15 min.) compared to the CO insertion into the cationic 

methylpalladiumm complexes containing the Xantphos and DPEphos ligand {tVl < 1 min.). 

Thee dtpf (l,l'-bis(di-ter/-butylphosphino)ferrocene) ligand remained a terdentate P-Fe-P 

ligandd in complex 2c as shown by the large chemical shift difference of the a and (3-

hydrogenn atoms of the Cp-rings (A5 = 0.82 ppm).17 A dichloromethane solution of 2c did 

nott react with 10 equivalents of methanol at room temperature. 

[(dipf)PdC(0)CH3]
++ [CF3SO3]" (2d) (dipf = 1,1'-

bis(diisopropylphosphino)ferrocene)) was synthesized from [(dipf)PdCH3(CH3CN)]+ 

[CF3S03]""  (Id) and its structure was also similar to 2a according to NMR spectroscopy. The 

COO insertion is faster than that for the dtpf complex (t./2 * 5 min.) As opposed to the 

Schem ee 3 
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methylpalladiumm complex, the dipf ligand acts as a terdentate P-Fe-P ligand in the 

acylpalladiumm complex as indicated by the large chemical shift difference between the a 

andd p-hydrogen atoms of the Cp-rings (AS = 0.72 ppm), the singlet in the 31P NMR 

spectrumm (18.7 ppm) and the singlet in the 13C NMR spectrum (220.8 ppm). The addition of 

ann excess of triphenylphosphine to a solution of 2d in CD2CI2 led to the formation of 

complexx 3d (scheme 2). This demonstrates that the dipf ligand can coordinate in a cis-

fashionn and that the Pd-Fe dative bond can be broken by the addition of a strongly 

coordinatingg ligand. The 'H NMR spectrum showed a singlet at 2.35 ppm for the acyl group 

(2433 K). The 31P NMR spectrum showed two double doublets (31.6 ppm, (VPP = 43.8 Hz 

andd 2JPP = 228 Hz) and 10.8 ppm, (VPP = 43.8 Hz and 2JPP = 228 Hz)) and one triplet (17.2 

ppm,, JPP = 43.8 Hz). The use of  l3CO resulted in an additional P-C coupling on the triplet 

((22JPCJPC = 81.3 Hz) and a doublet at 230.0 ppm (2JPC = 81.3 Hz) in the '3C NMR spectrum. 

Complexx 2d reacts in dichloromethane at room temperature with 10 equivalents of 

methanol.. The quintet for the hydride signal in the 'H NMR spectrum (-7.12 ppm, 2JPH = 39 

Hz),, the singlet in the 31P NMR spectrum (35.3 ppm) and the quintet in the 13C NMR 

spectrumm (233.7 ppm, 2JPC = 33 Hz) indicate the formation of the palladium(I) hydride 

dimer,, [Pd2(u-H)(u-CO){(dipf)}2]
+ [CF3SO3]- (4d). 

Synthesis,, Structure and Reactivity of m-Coordinated Acylpalladium 

Complexes.. Three methods were used to generate ionic c/s-coordinated acylpalladium 

complexess (method A, B, and C, scheme 4). 
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Inn method A carbon monoxide is bubbled through a solution of an isolated solvent 

coordinatedd ionic methylpalladium complex. The product is the ionic, solvent-coordinated 

acylpalladiumm complex.18 Alternatively, the ionic methylpalladium complex is synthesized 

inin situ through the reaction of an acid with a dimethylpalladium complex in a weakly 

coordinatingg solvent.19'20 The ionic CO-coordinated acylpalladium forms after introducing 

COO into the solution (method B). In the last method the isolated neutral chloride-

coordinatedd acylpalladium complex is synthesized from the neutral methylpalladium 

compound.. The solvent coordinated acylpalladium complex forms after abstraction of the 

chloridee anion by addition of silver triflate in a coordinating solvent (method C).18-20 

Thee reactivity and stability of cw-chelated acylpalladium dppf complexes were 

studied.. C/5-chelated acylpalladium complexes, however, decarbonylate very easily in the 

absencee of CO.18 Therefore, the ds-chelated acylpalladium complexes were studied in 

methanoll  in the presence and in the absence of CO. When 10 equivalents of methanol were 

addedd to [(dppf)PdC(0)CH3(CH3CN)]+ [CF3SO3]- (5) in CH2C12 in the presence of one bar 

off  CO at room temperature,18 the palladium(I) hydride dimer, [Pd2(u-H)(n-CO){(dppf)}2]
+ 

[CF3SO3]""  (4e), and methyl acetate were formed. The lH NMR spectrum showed a quintet 

forr the hydride at -6.1 ppm (2Jm = 42 Hz) and a singlet in the 31P NMR spectrum at 20.3 

ppm.. A *H coupled 31P NMR spectrum showed a doublet at 20.3 ppm with a P-H coupling 

off  42 Hz. When 13CO was used a doublet in the 31P NMR spectrum was observed for the 

palladium(I)) hydride dimer (2JPC = 34.1 Hz). The !H NMR spectrum shows an additional 

couplingg on the hydride signal (VCH = 4.5 Hz). The 13C NMR spectrum shows a quintet at 

2322 ppm (27PC = 34.1 Hz) for the bridging carbonyl carbon atom and a singlet at 173 ppm 

forr H3CO C(0)CH3. The acetonitrile-free acylpalladium complex was synthesized in situ. 

Whenn (dppf)Pd(CH3)2 was reacted with one equivalent of trifli c acid in CD3OD at room 

temperaturee [(dppf)PdCH3(CD3OD)]+ [CF3SO3]" (6) was formed. Bubbling CO through this 

solutionn at -90 °C resulted in the formation of a mixture of [(dppf)Pd(C(0)CH3)(CO)]+ 

[CF3S03]""  (7) and [(dppf}Pd(C(0)CH3XCD3OD)]+ [CF3S03]" (8) in a 1 : 2.5 ratio. The 13C 

NMRR spectrum showed two doublets at 229.5 (VPC = 82 Hz, 7) and 236.6 ppm (VPC =101 

Hz,, 8). Bubbling CO through a solution of 6 at -70 °C resulted in the formation of 7 (> 85 

%,, based on 31P NMR spectrum). The 3,P NMR showed two new doublets at 24.1 and 12.1 

ppmm (2JPp = 62 Hz). The structure of the complex was checked by 13CO labeling. The l3C 

NMRR spectrum of [(dppf)Pd(I3CO),3C(0)CH3]
+ [CF3S03]

_ showed two signals. A doublet 

forr C(0)CH3 (229.5 ppm, VPC = 82 Hz) and a double doublet for Pd(CO) (175.7 ppm, VPC 
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== 82 Hz and 2J?c = 19 Hz) were observed. The CD3OD coordinated acylpalladium complex 

88 was the minor product (<15 %, based on 3lP NMR). When the temperature was raised to 

roomm temperature an instantaneous reaction of 7 and 8 with CD3OD was observed. The 

colorr changed from orange to dark-red to give [Pd2(u.-D)(u-C0){(dppf)}2]+ [CF3SC>3]" and 

methyll  acetate. The 31P NMR spectrum showed three peaks at 20.3 ppm with a 1 : 1 : 1 

intensityy ratio (2JPD = 6 Hz). 

[(dppp)Pd(C(0)CH3)(CD3OD)]++ [CF3SO3]" (9) was synthesized in situ from 

(dppp)Pd(C(0)CH3)Cll  and one equivalent of AgCF3S03 in CD2C12 / CD3OD (CD2C12 : 

CD3ODD = 1 : 1.33, v/v, [Pd] = 3.3x102 M) at -75 °C.20 Complex 9 is stable at this 

temperature.. Raising the temperature of the NMR probe to room temperature led to 

decarbonylationn of complex 9 and deposition of metallic palladium. 

[(dppp)Pd(C(0)CH3)(CO)]++ [CF3S03]" (10) was synthesized in situ in CD3OD when 

(dppp)Pd(CH3)22 was reacted with one equivalent of trifli c acid and subsequent bubbling of 

COCO at -60 °C K ([Pd] = 3.3x10"2 M).20 Complex 10 gives deposition of palladium metal 

insteadd of methanolysis at room temperature. 

(0-C6H4(CH2P(f-Bu)2)2)Pd(CH3)Cll  (11) was synthesized from (COD)Pd(CH3)Cl and 

o-C6H4(CH2P(f-Bu)2)22 in toluene. Single crystals of complex 11 were grown from CH2C12 / 

Et200 and an X-ray crystal structure analysis was performed. The complex is severely 

distortedd from a square planar geometry, due to the very large P-Pd-P angle (104.14(1)°), 

whichh is one of the largest observed for a ci's-chelating ligand in palladium(II) complexes 

(figuree 2).21 Probably due to the large P-Pd-P angle and the bulky f-butyl substituents 

bondedd to phosphorus, two positions were found for the carbon atom of the methyl group. 

Bubblingg CO through a solution of 11 in CD2C12 containing minor quantities of water, 

resultedd in the formation of (0-C6H4(CH2P(/-Bu)2)2)Pd(H)Cl (13) instead of (0-

C6H4(CH2P(/-Bu)2)2)Pd(C(0)CH3)Cll  (12). The *H NMR spectrum showed a double doublet 

forr the hydride signal at -10.5 ppm (VPH = 200 Hz and 2Jm = 23 Hz) and a singlet at 2.02 

ppm,, which originates from the product of hydrolysis, acetic acid, and the P NMR 

spectrumm showed an AB system at 67.7 and 21.6 ppm (2JPp = 59 Hz). 
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Figuree 2. X-ray crystal structure of 11. The ellipsoids are drawn at the 50 % probability 

level.. Hydrogen atoms have been omitted for clarity. 

Tablee 2. Selected Bond Distances (A) and Angles (deg.) for Non-Hydrogen atoms of 11. 

Pdl-Pl l 

Pdl-Cll l 

Pdl-Cl l 

Pl-Pdl-Cl l 

Cl-Pdl-C11A A 

C11A-Pdl-P2 2 

2.2717(4) ) 

2.4004(9) ) 

2.069(4) ) 

87.03(7) ) 

78.19(16) ) 

89.73(14) ) 

Pdl-P2 2 

Pd-C11A A 

Pl-Pd-P2 2 

Cl-Pdl-Cll l 

Cll-Pdl-P2 2 

2.4535(4) ) 

2.431(6) ) 

104.14(1) ) 

80.53(7) ) 

90.84(2) ) 

InIn situ synthesis of silver-palladium complexes. In an attempt to synthesize the 

ionicc CD3OD coordinated acylpalladium complex 8 in situ (method C, scheme 4), a CD3OD 

solutionn of silver triflate was added to a suspension of (dppf)Pd(C(0)CH3)Cl in CD3OD at 

2033 K. After the reaction mixture was shaken vigorously an orange solution was formed 

withoutt any visible presence of a precipitate. Surprisingly, a singlet and two doublets were 

observedd in a 2 : 1 : 1 intensity ratio in the 3IP NMR spectrum, instead of the expected AB 

systemm for 8 (figure 3). The 'H NMR spectrum at 203 K showed signals in the aryl region 
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(7.9-7.22 ppm), four Cp signals (5.34, 4.67, 4.54 and 3.90 ppm) and an acyl signal (2.04 

ppm)ppm) in a 20 : 8 : 3 intensity ratio (figure 3). When (dppf)Pd(13C(0)CH3)Cl was used, the 
,3CC NMR spectrum showed a singlet at 220 ppm and the 31P NMR spectrum showed no 

additionall  P-C couplings. When the same sample was recorded at 202 MHz instead of 121.5 

MHz,, the positions of the two doublets in the 31P NMR changed. We concluded that the two 

apparentt doublets in the 31P NMR arise from one phosphorus atom, which is bonded to a 

silverr atom. This phosphorus signal is coupled to 107Ag and 109Ag (51 : 49 natural 

abundance)) which results in an 820 Hz and a 750 Hz 'yAgp coupling resp. One phosphorus 

atomm is bonded to silver only, since the VAgp couplings are in the range of a three-

coordinatee monophosphine substituted silver atom.22 The other phosphorus atom is bonded 

too palladium. Based on these spectroscopic data we assigned the spectra to the complex [(u-

dppf)Pd(C(0)CH3)(CD3OD)Ag(Cl)]++ [CF3SO3]" (14, scheme 5). The use of thallium(I) 

triflatee instead of silver(I) triflate gave >99 % of complex 8 according to 'H and 31P NMR 

spectroscopy.. When the methylpalladium complex, (dppf)Pd(CH3)Cl was reacted with 

silverr triflate in CD3OD at -60 °C, a mixture of the silver-palladium complex [{\i-

dppf)Pd(CH3)(CD3OD)Ag(Cl)]++ [CF3SO3]" (15) and the ionic methylpalladium complex, 6, 

wass observed (30 : 70 ratio resp.). The singlet at 33.3 ppm and two doublets at 5.3 ppm 

(!JAgPP = 709 and VAgP = 819 Hz) indicative of the silver-palladium complex were observed 

inn a 2 : 1 : 1 intensity ratio in the 3IP NMR spectrum (minor product, 30 %) along with the 

ABB system indicative of the cationic methanol-̂ coordinated compound (43.2 and 19.5 

ppm,, VPP - 31 Hz, major product, 70 %). The signal of PdC//3 (0.50 ppm) in the lH NMR 

spectrumm was broad and showed a small shoulder. A high-resolution *H NMR spectrum to 

determinee the coupling constants of these signals could not be obtained (T = 183-253 K). 

Ammoniumm triflate or sodium triflate did not react with the methyl- and acylpalladium 

chloridee compounds below 213 K. When thallium(I) triflate was used in methanol-*̂  at 195 

K,, thallium chloride precipitated and a new AB system appeared at 43.2 and 19.5 ppm ( Jpp 

== 31 Hz) in the 3,P NMR spectrum, which is assigned to 6 (scheme 5). 
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Figuree 3. The H and P NMR spectra of the silver-palladium complex 14 in CD3OD at 
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Schemee 5 
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Thee use of silver triflate or thallium(I) triflate in the chloride abstraction of 

(dppp)Pd(C(0)CH3)Cll  in CD3OD at -60 °C resulted in the formation of the expected 

complexx [(dppp)PdC(0)CH3(CD3OD)f [CF3SO3]".20 

Thee use of silver triflate in the chloride abstraction of (.sy«-Calix[6]arene 

diphosphite)Pd(C(0)CH3)Cll  23 gave the palladium-silver complex [(u-,sy«-Calix[6]arene 

diphosphite)Pd(C(0)CH3)(CD3OD)Ag(Cl)]++ [CF3SO3]" (16) at -60 °C (structure of syn-

Calix[6]arenee diphosphite in scheme 6, vide infra). The 31P NMR spectrum showed a singlet 

att 93.0 ppm and two doublets at 99.8 ppm that arise from the '07Ag and '09Ag couplings 

('AgPP = 1061 Hz and AgP = 1225 Hz). The use of thallium(I) triflate resulted in the 

formationn of the expected AB system in the 31P NMR spectrum (104.0 and 91.8 ppm, 2JPP = 

1222 Hz), indicative of [(jj«-Calix[6]arene diphosphite)Pd(C(0)CH3)(CD3OD)]+ [CF3SO3]" 

(17).. The use of silver triflate in the chloride abstraction of (DPEphos)Pd(C(0)CH3)Cl (18) 

inn CD3OD led to the formation of 2a. 
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Schemee 6 The ligand 5jw-Calix[6]arene diphosphite used in complexes 16 and 17. 
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Kinetics s 

Kineticss of the Solvolysis Reaction of Acvlpalladium Complexes containing 

frans-Coordinatingg Ligands. The reaction rate of the methanolysis of acylpalladium 

complexess was determined. 
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Figuree 4. Eyring-plot of the methanolysis of [(DPEphos)PdC(0)CH3]
+ [CF3SO3]" (2a) from 

243.00 to 273.0 K. 
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Inn the case of the ?ra«s-coordinating ligands (DPEphos, Xantphos and dipf) CO was 

bubbledd through a solution of the appropriate acylpalladium complex. The presence of CO 

inn solution had neither an effect on the rate of the methanolysis reaction, nor on the course 

off  this reaction. The isolated compound 2a was used to perform kinetics using 'H NMR 

spectroscopy.. CO was bubbled through a 3.3xl0"2 M solution of 2a and 3.3x10"' M 

methanoll  (10 equiv.) in CD2C12 at 183 K. The rate constants were determined over a 30 K 

temperaturee range (243.0-273.0 K). Five data points were used to produce an Eyring plot 

(figuree 4). From the Eyring plot we calculated the activation enthalpy (AH1 = ) kJ 

mol"1)) and the activation entropy (ASJ = ) J K"1 mol"1). Substituting methanol for 

methanol-c/ii  or methanol-̂  did not change the reaction rate. The use of different amounts 

off  methanol (10-23 equiv.) at 253.0 K showed a first order dependency of the methanolysis 

reactionn on the methanol concentration (figure 5). The plot of the observed rate constants 

kobss vs. the concentration of methanol resulted in a straight line with an intercept with the y 

axiss at zero indicating that the kinetics obey the typical rate law kobs = k2 [CH3OH]. 
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Figuree 5. The methanol concentration dependency of the rate of methanolysis of 2a ([Pd] 

3.3xl0"22 M, [CD3OD] = 3.3x10"' to 7.6x10"' M, T = 253.0 K). 
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Figuree 6. Eyring plot of the ethene insertion of [(DPEphos)PdC(0)CH3]
+ [CF3SO3]" (2a) 

fromm 213.0 to 233.0 K ([Pd] = 2.21xl0"2 M, [ethene] = 2.32x10"' M). 

Thee rate of insertion of ethene into the acylpalladium bond of [(DPEphos)PdC(0)CH3]+ 

[CF3SO3]""  (2a) was determined over a 20 K temperature range (213.0-233.0 K). Ethene (10.5 

equivalents)) was injected via a gas-tight syringe into a 2.21xl0"2 M solution of 2a in CD2CI2 

att 195 K. Five data points were used to produce an Eyring plot (figure 6). From the Eyring 

plott we calculated the activation enthalpy (AH* = +36.1 ) kJ mof') and the activation 

entropyy (AS* = -149.1 ) kJ K"1 mol"'). 

Methanol,, ethanol, 2-propanol, CF3CH2OH and r-butyl alcohol were used to 

determinee the dependency of the rate of solvolysis on the alcohol (figure 7). Ten equivalents 

off  the alcohol were added to a 3.3xl0"2 M solution of 2a in CD2C12. Neither CF3CH2OH, 

norr ?-butyl alcohol reacted with 2a at 298 K and 313 K. Methanol reacted too fast to 

determinee the reaction rate by 'H NMR spectroscopy at 298 K. An extrapolation of the 

Eyringg plot in figure 4 was used to estimate the rate of solvolysis at 298 K. P NMR 

spectroscopyy was used to measure the rate of solvolysis using 2-propanol, since the OH 

signall  of the 2-propanol reagent overlapped with the C(0)C//3 signal of the acylpalladium 



complexx in the 'H NMR spectrum. The solvolysis using 2-propanol was very slow and 

thereforee could be monitored by 'P NMR spectroscopy. 
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Figuree 7. The alcohol dependency on the rate of alcoholysis of 2a at 298.0 K. The rate of 

methanolysiss was calculated from the Eyring plot in figure 4. [Pd] = 3.26x10"2 M. 

[alcohol]]  = 3.26x10"' M. The datapoints of 2,2,2-trifluoroethanol and /-butanol 

overlapp (no formation of methyl acetate observed). 

Whenn [(Xantphos)PdC(0)CH3]
+ [CF3SO3]" (2b) was dissolved in CD3OD / 

CF3COODD ([Pd] = 3.3x10"2 M) in the presence of CO, the formation of the palladium(I) 

dimerr and methyl acetate-3̂ was observed. A reaction rate of 7.3xl0"51 mol"1 s"1 was found 

att 285.0 K. When the reaction of [(Xantphos)PdC(0)CH3]
+ [CF3SO3]" in CD2C12 was 

carriedd out with only 10 equivalents of methanol (same conditions as DPEphos-complexes), 

thee decarbonylation of the acylpalladium compound was the only reaction observed. 

[(dtpf)PdC(0)CH3]
++ [CF3SO3]" (2c) did not react with methanol in CD2C12 at room 

temperature.. A solution of [(dipf)PdC(0)CH3]+ [CF3SO3]" (2d) reacted much more slowly 

thann 2a with 10 equivalents of methanol in dichlormethane (3.3xl0"2 M) at 298 K (ty, = 20 

min)) but much faster than 2b and 2c. 

Catalyticc CO and Ethene Copolymerization Reactions. The methylpalladium 

complexess were tested in the catalytic CO and ethene copolymerization reaction. The ionic 

methylpalladiumm complexes were tested in methanol containing 5 equivalents of para-
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toluenesulfonicc acid at 20 bar of CO and ethene (1 : 1, v / v) and 80 °C (353 K). The ionic 

methylpalladiumm complexes containing the Xantphos and the dtpf ligand were inactive. 

[(DPEphos)Pdd CH3(CF3C02)] showed an activity of 2500 mol mol"1 h"1. The only products 

observedd were methyl propionate and the low molecular weight oligomers 

H3COC(0)CH2CH2C(0)C2H5,, and H3COC(0)CH2CH2C(0)OCH3 (in a 40 : 4 : 1 ratio). 

Usingg the same catalyst in dichloromethane solution a copolymer was formed at low 

reactionn rates, probably due to catalyst decomposition. 

Kineticss of the Solvolysis Reaction of Acylpalladium Complexes containing cis-

Coordinatingg ligands. The solvolysis of complexes containing the dppp ligand could not 

bee studied by NMR spectroscopy due to fast decomposition of the acylpalladium complex to 

yieldd metallic palladium. However, the solvolysis reaction of in situ synthesized 

[(dppp)Pd(C(0)CH3)(CO)]++ [CF3S03]" in methanol could be studied by UV-Vis 

spectroscopyy at 303 K (figure 8), although lower palladium concentrations ([Pd] = 2x10" 

M)) had to be applied. 
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Figuree 8. The effect of different amounts of trifli c acid (= HX) on the rate of methanolysis 

off  [(dppp)Pd(C(0)CH3)(CO)]+ [CF3S03]" at 303 K. The absorption at 456 nm was 

monitoredd during the reaction by UV-Vis spectroscopy. 
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Thee absorption at 456 nm (palladium(I) hydride dimer) was monitored during the reaction. 

Thee amount of acid added to the reaction mixture had a large influence on the reaction rate. 

Underr neutral reaction conditions (0 equivalents of CF3SO3H) methanolysis was not 

observed.. The addition of excess trifli c acid resulted in methanolysis of 

[(dppp)Pd(C(0)CH3)(CO)]++ [CF3SO3]". The highest reaction rate was observed when 9 

equivalentss of trifli c acid were added to the reaction mixture. The rate of reaction decreased 

againn when more equivalents of trifli c acid were added to the solution. 

Thee in situ synthesized compound [(dppf)Pd(C(0)CH3)(CO)]+ [CF3SO3]" in CD3OD 

wass used to study the kinetics of the methanolysis reaction ([Pd] = 3.3x10"2 M). The 

reactionn was followed by LH NMR spectroscopy between 243 and 273 K. A pseudo first-

orderr behavior was not observed. At 243 K the observed half-life-time of the reaction was 

833 min. 

Thee absence of CO in the reaction mixture of the in situ generated cationic 

acylpalladiumm complex [(dppf)Pd(C(0)CH3)(CD3OD)]+ [CF3SO3]" (CD2C12 : CD3OD = 1 : 

1.33,, v/v, [Pd] = 3.3x102 M) avoids the interference of CO during kinetics. The 

methanolysiss reaction is faster in the absence of CO. Unfortunately, decarbonylation occurs 

att the temperature at which methanolysis is observed (T > 233 K) and a pseudo first-order 

behaviorr was not observed. 

[(5y«-(Calix[6]arene)diphosphite)Pd(C(0)CH3)(CD3OD)]++ [CF3SO3]'decarbonylates 

abovee 233 K in CD2CI2 in the presence of 10 equivalents of methanol, [(syn-

(Calix[6]arene)diphosphite)Pd(C(0)CH3)(CD3OD)]++ [CF3SO3]" did not decarbonylate in a 

temperaturee range at which methanolysis occurs (215.0-228.0 K, CD2CI2 : CD3OD = 1 : 

1.33,, v/v). In this case the rate of methanolysis is pseudo first-order. The reaction is 

extremelyy temperature dependent, which led to a narrow temperature range at which the 

methanolysiss could be monitored by 'H NMR spectroscopy. From the data in figure 9 we 

calculatedd the activation enthalpy (AH1 = ) kJ mol"1) and the activation entropy 

(ASï 1mor1). . 
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Figuree 9. Eyring plot of the methanolysis of in situ synthesized [(syn-

(Calix[6]arene)diphosphite)Pd(C(0)CH3)(CD3OD)]++ [CF3S03]" from 215.0 to 

228.00 K. 

Discussion n 

Synthesiss of Acylpalladium Complexes. The new acylpalladium complexes we 

synthesizedd can be divided in trans-complexes and cw-complexes. The ligands coordinating 

inn a trans-fashion can be forced to form cw-complexes by adding a strongly coordinating 

ligand,, such as triphenylphosphine. The /raws-acylpalladium complexes are quite stable in 

thee absence of CO at room temperature, which enables us to study the alcoholysis reaction 

inn the presence and in the absence of CO. The acylpalladium complex containing the dtpf 

ligand,, 2c, does not show methanolysis, but all other complexes are reactive towards 

methanol. . 

Inn the presence of CO, the cw-complexes contain coordinated CO,20-24-25 whereas 

theyy decarbonylate instantaneously in the absence of CO at room temperature (scheme 9, 

videvide infra). The combination of these two properties limits the conditions in which the 

solvolysiss of cw-acylpalladium complexes can be studied. The complex [(syn-
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(Calix[6]arene)diphosphite)Pd(C(0)CH3)(CD3OD)]++ [CF3SO3]" could therefore only be 

studiedd in the presence of a large excess of methanol to accelerate the alcoholysis reaction. 

Thee palladium-silver complex, which was synthesized in situ and was characterized 

byy low-temperature NMR, seems to have no precedent. Similar platinum complexes, 

however,, have been reported by Usón et al.26 These polymeric complexes contain a 

chloride-bridgedd Pt-Ag bond (Pt(u-Cl)Ag). The addition of ligands, such as 

triphenylphosphinee or thiophene, either leads to the formation of monomeric complexes or 

too the precipitation of AgCl. In case of the dppf and DPEphos ligand it appears that silver 

addss over the palladium-chloride bond (scheme 7).26 Silver chloride precipitates when the 

reactionss are performed at room temperature. The entrapment of the silver-palladium 

complexx occurs in methanol solvent at low reaction temperatures only. The large natural 

bite-anglee ligands, such as dppf and DPEphos seems to be capable of trapping the 

palladium-silverr complex, whereas smaller natural bite-angle ligands, such as dppp20 and 

ee (vide supra), are not. The thallium(I) salts are probably 

betterr anion exchange reagents at low temperatures, but its high toxicity prevents it from 

becomingg a standard reagent. 
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Mechanismm of the Solvolysis of Acylpalladium Complexes. Ionic acylpalladium 

complexess were synthesized to study the mechanism and kinetics of the solvolysis reaction, 

sincee neutral acylpalladium complexes contain a coordinated anion, which probably has to 

dissociatee prior to solvolysis. This causes a chloride concentration dependency and causes a 
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loww reaction rate;8 replacement of chloride by a non-coordinating anion will simplify the 

ratee equation. 

Wee will discuss four mechanistic proposals for the solvolysis of acylpalladium bonds 

(schemee 8). 
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Mechanismm A is a direct attack of the nucleophile on the palladium-carbon bond. The direct 

attackk can be excluded, since methanolysis of 2c does not occur and a primary kinetic 

deuteriumm isotope effect is not observed in any other case (kn / ko « 1). Mechanism B 

involvess an oxidative addition of methanol, which results in a cationic Pd(IV) complex that 

undergoess a reductive elimination. This mechanism seems unlikely for phosphine ligands 

andd it does not comply with the low reactivity of CF3CH2OH. Although an oxidative 

additionn mechanism was proven for the protonolysis of the Pt-C bond in neutral Pt(II) 

complexes,27"299 the reactivity of cationic complexes towards acid is much slower and most 

likelyy the reaction does not proceed via an oxidative addition pathway (chapter 3). 

Mechanismm C and D both require the coordination of methanol cis to the acyl group. 
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Complexess containing a terdentate ligand and complexes containing a bidentate ligand and 

anotherr strong coordinating ligand therefore require an extra reaction step to form the 

methanoll  coordinated compound, probably being in equilibrium as shown in scheme 9. 

Schemee 9 
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Alll  four mechanisms in scheme 8 show that during the course of the methanolysis reaction 

acidd is formed. The acid may act as a catalyst in the solvolysis reaction in a way analogous 

too ester hydrolysis (scheme 10).30 

Schemee 10 
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Forr the cis complexes we have observed a strong influence of the acid concentration (vide 

infra,infra, but for 2a we have found surprisingly clean kinetics that suggest that the low acid 

concentrationn has no effect in this type of complexes. 

Thee ligands that coordinate in a /raw-fashion were studied in the presence and in the 

absencee of 1 bar of CO. The presence of CO does not change the reaction rate. The large 

negativee entropy of activation (AS* = ) J K"1 mol"1), which has been observed for 

thee methanolysis of [(DPEphos)PdC(0)CH3]
+ [CF3SO3]", can be accounted for by the 

associativee nature of the pre-equilibrium involving the coordination of methanol. For 

enablingg the methanol to coordinate cis to the acyl group, the ligand has to rearrange to 
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becomee a c«-chelating ligand. The terdentate ligands are indeed capable of rearranging to a 

m-chelatingg ligand, as can be inferred from the addition of ligands, such as 

triphenylphosphine,, to a solution of acylpalladium complexes 2a and 2d giving complexes 

33 a and 3d respectively. 

Thee order of the rate of alcoholysis is: 

methanoll  < ethanol < /-propanol < /-butanol, CF3CH2OH 

Assumingg that the equilibrium constants of the coordination of the alcohol play a major 

role,, the sterically crowded alcohols obviously give a slower alcoholysis reaction. 

CF3CH2OHH is much less reactive towards the acylpalladium complex than ethanol, most 

likelyy due to its reduced nucleophilicity. The very low rate of alcoholysis observed for 

CF3CH2OHH is in agreement with the copolymerization of CO and styrene reported by 

Milanii  et al.31 who observed that in CF3CH2OH higher molecular weight copolymer was 

obtainedd than in methanol. In contrast, Yamamoto et al found that the more acidic alcohol 

resultedd in a faster ester formation.8 This may be caused by the use of neutral complexes 

thatt need to dissociate the coordinated anion prior to the reaction with the alcohol. 

CF3CH2OHH favors the formation of ionic complexes through strong hydrogen bonding and 

thiss may explain the high rate of ester formation in this case. 

Thee order of the rate of methanolysis of the /raws-coordinating diphosphine ligands 

is: : 

dtpff  < Xantphos « dipf < DPEphos 

Thee slow reaction of [(Xantphos)PdC(0)CH3]
+ [CF3SO3]" with methanol can be explained 

byy the rigidity of the Xantphos ligand when compared to the DPEphos ligand. The DPEphos 

ligandd can rearrange to a c/'s-ligand more easily than the rigid Xantphos ligand and in the 

equilibriumm shown in scheme 9 a larger proportion of the cis complex is present. Either the 

cis-transcis-trans rearrangement or the subsequent reaction with methanol is the rate determining 

step;; the concentration of the intermediate cis-complex is below the detection limit of NMR 

spectroscopy,, or the exchange between the two complexes is too fast to allow their 

individuall  characterization. The complex containing the dtpf ligand, 2c, does not react with 

methanoll  at all. The cationic acylpalladium complex is too rigid and sterically crowded to 
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formm a cis complex that can undergo methanolysis. The less crowded dipf complex, 2d, does 

reactt with methanol; faster than the Xantphos complex, 2b, but more slowly than the 

DPEphoss complex, 2a. 

Thee slow alcoholysis found for trans complexes poses a question about the ester and 

acidd formation during alkene oxy-carbonylation that is reported for systems containing 

monodentatee ligands and potential bidentate systems13-3233 that presumably form 

monodentatee complexes. In these studies it is argued that the trans nature leads to ester 

formationn instead of polymer formation, which requires a cis conformation. The rates 

observedd for the ester and acid formation are extremely high (30,000 mol mol" h" at 80-100 

°C).. Extrapolation of the present data shows that rates of 35 mol mol"' h"1 at 80 °C and 0.33 

MM methanol can be expected for the alroholysis. Since the reaction rate shows a first order 

dependencyy on the methanol concentration, this could correspond to 3200 mol mol" h" in 

puree methanol. The observed reaction rate in the CO and ethene copolymerizations reaction 

(25000 mol mol"1 h"1) corresponds very well with this number. Extrapolation of the data for 

thee insertion rates of ethene in the acylpalladium complex shows a rate of 45 mol mol" h" 

att 80 °C and 0.23 M ethene. Assuming a first order dependency on the ethene concentration, 

thiss could correspond to 900 mol mol"1 h"1 at 20 bar of ethene pressure. Thus the alcoholysis 

ratee is in the same order of magnitude as the insertion rate of ethene and explains the 

formationn of low molecular weight oligomers using cationic DPEphos complexes in CO and 

ethenee copolymerization reactions. 

Thee complexes containing a c/s-chelating diphosphine ligand behave differently. For 

thesee complexes a negative order in CO is observed. This is due to a CO dependent term in 

thee rate expression and the solvolysis is slower in the presence of CO. A pre-equilibrium 

betweenn CO and alcohol-coordinated acylpalladium complexes is responsible for this 

(schemee 9 and 10). 
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Thee methanol-coordinated acylpalladium complexes are not very stable. In the 

presencee of 10 equivalents of alcohol ([CH3OH] = 3.3x10"' M) the decarbonylation reaction 

iss much faster than the alcoholysis (scheme 11). The only complex that did not 

decarbonylatee at temperatures at which methanolysis occurred was [(syn-

(Calix[6]arene)diphosphite)Pd(C(0)CH3)(CD3OD)]+[CF3S03]". . 

AA large excess of methanol was necessary to obtain a faster alcoholysis than 

decarbonylation.. We propose a mechanism for the solvolysis of compound [(syn-

(Calix[6]arene)diphosphite)Pd(C(0)CH3)(CD3OD)]++ [CF3S03]" in which proton abstraction 

off  the coordinated methanol or reductive elimination of the ester is rate-limiting (scheme 8, 

mechanismm C and D). The mechanism can be stepwise (C) or concerted (D). The extremely 

largee positive entropy of activation (AS* = ) J K"1 mol"1) can be explained by the 

losss of the proton or the reaction of ions with opposite charges. The rearrangement of the 

ionicc methanol coordinated complex to a neutral complex, which is less solvated and pre-

organizedd in the rate-limiting step, can give rise to a higher positive entropy of activation. 

Similarr effects have been reported in proton transfer studies.34'35 The value found for AS* 

remainss relatively high for such phenomena. 

[(dppp)Pd(C(0)CH3)(CO)]++ [CF3S03]" did not give a solvolysis reaction under neutral 

reactionn conditions. The addition of acid resulted in a solvolysis reaction (scheme 10). The 

acidd seems to activate the acyl group in this case and enhance the electrophilicity of the 

carbonyl-carbon.. The experiments showed that the reaction is slower when a large excess of 

acidd is used. The rate of solvolysis becomes lower when the reaction medium is very acidic, 

whichh may be caused by the reduced ability of the acidic reaction medium to abstract the 

protonn of coordinated methanol, thereby weakening the nucleophilicity. This may explain 

thee low reactivity of CF3CH2OH towards acylpalladium complexes containing cis-

coordinatingg ligands.31 

Conclusions s 

Thee ligand has an enormous influence on die rate of solvolysis of acylpalladium 

complexes.. The acylpalladium complexes containing the dppp ligand do not show 

methanolysiss under neutral reaction conditions, whereas acylpalladium complexes 

containingg the dppf ligand methanolize instantaneously at room temperature. The cis-

coordinatingg bidentate ligands appear to have a mechanism in which the reductive 
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eliminationn is rate-limiting. The terdentate ligands show a mechanism in which the 

equilibriumm with a cw-complex containing the solvating alcohol plays a major role. 

Experimental l 

Generall  Synthetic Procedures. All reactions were carried out using standard 

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

distilledd from sodium. Diethylether was distilled from sodium / benzophenone and hexane 

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

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

Chimica.. o-C6H4(CH2P(/-Bu)2)2,36 (COD)Pd(CH3)Cl,18 [(L-L)PdCH3(CH3CN)]+ [CF3SO3]" 

(L-LL = DPEphos, dppf,18 sy«-Calix[6]arene diphosphite23), (L-L)Pd(C(0)CH3)Cl (L-L = 

dppp,188 dppf,18 sy«-Calix[6]arene diphosphite23 and (DPEphos)Pd(CH3)Cl (Chapter 2) were 

synthesizedd according to literature procedures. NMR spectra were recorded on a Varian 

Mercuryy 300, a Bruker DRX 300 and a Varian 500 MHz NMR machine. 31P and 13C spectra 

weree measured 'H decoupled (unless stated otherwise). Deuterated solvents were first 

degassedd and then vacuum transferred from a drying agent. CD2CI2 was distilled from CaH2 

andd CD3OD was distilled twice from sodium. CF3COOD was used as purchased. TMS was 

usedd as a standard for lH and 13C NMR spectroscopy and H3PO4 for 3lP NMR spectroscopy. 

Infraredd spectra were recorded on a Nicolet 510 FT-IR spectrophotometer. Elemental 

analysess were performed on a Heraeus Elementar Vario EL. CO (99.9 %) was purchased 

fromm Air Liquide. 

NMRR spectra. In all cases the following settings were used to record NMR spectra: 
]HH NMR: 32 scans, relaxation delay = 3 s. 3IP NMR: 32 scans, relaxation delay = 6 s. 13C 

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

Synthesiss of [(L-L)PdC(0)CH 3]
+ [X]"  (2, (L-L ) = DPEphos, Xantphos, dtpf or 

dipf) .. CO was bubbled through a solution of [(L-L)PdCH3(CH3CN)]+ [X]" ((L-L) = 

DPEphos,, dipf; X = CF3S03, B[(3,5-(CF3)2(C6H3)]4), or [(L-L)PdCH3]
+ [X]" ((L-L) = 

Xantphos,, dtpf; X = CF3S03) in dichloromethane at room temperature. 

[(DPEphos)PdC(0)CH3]
++ [CF3SO3]' (2a). Complex 2a was precipitated by the 

additionn of diethyl ether. Yield: 85 % of a microcrystalline white solid. ]H NMR (CD2CI2, -

900 °C): 7.8-7.1 (Ph, m, 28H), 2.38 (PdC(0)C//3, t, VPH = 1.5 Hz, 3H). 3IP NMR (CD2CI2, -
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900 °C): 7.0 (s). 13C NMR (CD2C12, -90 °C): 215.6 (s). IR (CH2C12, -20 °C): 1710 cm1 

[v(C(0))]. . 

[(DPEphos)PdC(0)CH3)]
++ [BARF]"  (2a'). Complex 2a' was precipitated by the 

additionn of pentane. Yield: 73 % of a microcrystalline white solid. A single crystal suitable 

forr X-ray analysis was grown from CH2C12 / Et20. !H NMR (300 MHz, CD2C12, -20 °C): 
31PP NMR (121.5 MHz, CD2C12, -20 °C): 13C NMR (75.4 MHz, CD2C12, -20 °C): IR (KBr): 

17088 cm"1 [v(C(0))]. Anal. Calcd. for (C7oH43BF2402P2Pd): C, 54.20; H, 2.80. Found: C, 

53.88;; H, 2.94. 

X-rayy Crystal Structure Determination of 2a'. A crystal with dimensions 0.40 x 

0.400 x 0.50 mm approximately was used for data collection on an Enraf-Nonius CAD-4 

diffractometerr with graphite-monochromated CuKa radiation and ©-26 scan. A total of 

137700 unique reflections was measured within the range -16<h<16, -18<k<17, 0<1<23. Of 

these,, 12029 were above the significance level of 4o(F0bS) and were treated as observed. The 

rangee of (sin Q)/X was 0.036-0.626A (3.1<9<74.9°). Two reference reflections ([0 2 1], [I 1 

4])) were measured hourly and showed 15% decrease during the 132 h collecting time, 

whichh was corrected for. Unit-cell parameters were refined by a least-squares fitting 

proceduree using 23 reflections with 8O<20<82. Corrections for Lorentz and polarisation 

effectss were applied. Absorption correction was performed with the program PLATON 

(Spek,, 1990), following the method of North et al. (1968) using 4*-scans of five reflections, 

withh coefficients in the range 0.689-0.987. The structure was solved by the PATTY option 

off  the DIRDIF96 program system (Beurskens et al., 1996). The CF3 groups exhibited very 

highh temperature factors and it was possible to divide the F-atoms over different partly 

occupiedd positions, which were kept fixed during the refinement. The hydrogen atoms were 

calculated.. Full-matrix least-squares refinement on F, anisotropic for the non-hydrogen 

atomss and isotropic for the CF3 groups and the hydrogen atoms restraining the latter in such 

aa way that the distance to their carrier remaind constant at approximately 1.0A, converged 

too R=0.103, Rw=0.101, (A/a)max=0.76, S=0.843. A weighting scheme w=[25. + 

0.01*(a(Fobs))22 + 0.001/(o(Fobs))]"1 was used. The secondary isotropic extinction 

coefficientt (Zachariasen 1967 ; Larson 1969) refined to Ext=0.185(7). A final difference 

Fourierr map revealed a residual electron density between -1.4 and 1.9 eA"3 in the vicinity 

off  the CF3 groups. Scattering factors were taken from Cromer and Mann (1968); 

Internationall  Tables for X-ray Crystallography (1974). The anomalous scattering of Pd and 
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PP was taken into account (Cromer and Libermann, 1970). All calculations were performed 

withh XTAL (Hall, King and Stewart 1992), unless stated otherwise. 

[(Xantphos)PdC(0)CH3]
++ [CF3SO3]- (2b). ]H NMR (300 MHz, CD2C12, 25 °C): 

7.9-7.44 (Ph, m, 26H), 2.20 (C(0)CH3, t, VPH = 1.5 Hz, 3H), 1.73 (C(C#3)2, s, 6H). 31P 

NMRR (121.5 MHz, CD2C12, 25 °C): 10.2 (s). 13C NMR (75.4 MHz, CD2C12, 25 °C): 215.1 

(PdC(0)CH3,, s). Anal. Calcd. for (C42H35F305P2PdS): C, 57.51; H, 4.02. Found: C, 58.01; 

H,H, 4.08. 

[(dtpf)PdC(0)CH 3)]
++ [CF3S03]- (2c). 'H NMR (300 MHz, CDC13, 25 °C): 5.19, 

4.377 (Cp, s, 8H), 2.91 (C(0)C//3, t, VPH = 1.5 Hz, 3H), 1.48 (C(C//3)3, m, 36 H). 31P NMR 

(121.55 MHz, CDC13, 25 °C): 30.2 (s). 

[(dipf)PdC(0)CH 3)]
++ [CF3S031' (2d). 'H NMR (300 MHz, CD2C12, 25 °C): 4.99, 

4.299 (Cp, s, 8H), 2.83 (PdC(0)C//3, s, 3H), 2.42 (Ctf(CH3)2, m, 4H), 1.33 (CH(C//3)2, m, 

24H).. 31P NMR (121.5 MHz, CD2C12, 25 °C): 18.7 (s). 13C NMR (75.4 MHz, CD2C12, 25 

°C):: 220.8 (PdC(0)CH3, s). 

Synthesiss of [(L-L)Pd(C(0)CH 3)(P(C6H5)3)]
+ [CF3S03]- (3). An NMR tube was 

chargedd with 0.7 mL of a 3.3x102 M CD2C12 solution of [(L-L)PdC(0)CH3]
+ [CF3S03] ' 

((L-L)) = DPEphos or dipf). An excess of triphenylphosphine was added to the NMR tube at 

roomm temperature. 

[(DPEphos)Pd(C(0)CH3)(P(C6Hs)3)]
++ [CF3S03]"  (3a). lH NMR (300 MHz, 

CD2C12,, -50 °C): 8.5 (Ph, m, 1H), 8.0-6.0 (Ph, m, 42H), 1.79 (C(0)C#3, s, 3H). 31P NMR 

(121.55 MHz, CD2C12, -30 °C): 26.5 (P(C6H5)3, dd, VPP = 46.0 Hz and VPP = 241 Hz, IP), 

10.66 (DPEphos, cfc-acyl, dd, , 2JPP = 46.0 Hz and 2JPP = 241 Hz, IP), -0.89 (DPEphos, 

trans-acy\,trans-acy\, 't', 2JPP = 46.0 Hz, IP). ,3C NMR (75.4 MHz, CD2C12, -30 °C): 230.0 

(PdC(0)CH3,, d, 2JPC = 82.1 Hz). 

[(dipf)Pd(C(0)CH3)(P(C6H5)3)]++ [CF3S03] '  (3d). 'H NMR (300 MHz, CD2C12, -30 

°C):: 7.8-7.4 (Ph, m, 15H), 4.7-4.2 (Cp, m, 8H), 2.50 (C//(CH3)2, m, 4H), 2.35 (C(0)Gtf3, s, 

3H),, 1.6-1.0 (CH(C//3)2, m, 24H). 3IP NMR (121.5 MHz, CD2C12, -30 °C): 31.6 (P(C6H5)3, 

dd,, VPP = 43.8 Hz and VPP = 228 Hz, IP), 17.2 (dipf, cw-acyl/t', 2yPP = 43.8, IP), 10.8 

(dipf,(dipf, trans-acy\, dd, 2JPP = 43.8 Hz, IP). 13C NMR (75.4 MHz, CD2C12, -30 °C): 230.0 

(PdC(0)CH3,, d, 2JPC = 81.3 Hz). 

Synthesiss of [Pd2(u-H)(n-CO){(L-L)} 2]
+ [CF3S03]- (4). An NMR tube was charged 

withh 0.7 mL of an in situ prepared 3.3xl0"2 M CD2C12 solution of 2 or XX. 10 Equivalents 
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off  methanol were added to the solution at room temperature in the presence of CO. All 

solutionss were dark-red after complete conversion of the acylpalladium complex. 

[Pd2(Ki-H)(u-CO){(DPEphos)}2]
++ [CF3SO3]*  (4a). 'H NMR (300 MHz, CD2C12, 25 

°C):: 8.0-6.2 (Ph, m, 28H), -6.9 (Pd//, q, VPH = 42.0 Hz, 1H). 3,P NMR (121.5 MHz, 

CD2CI2,, 25 °C): 10.8 (s). 13C NMR (75.4 MHz, CD2C12, 25 °C): 225.1 (Pd2(u-CO), quintet, 

I/PCC = 33 Hz). IR (CH2C12): [v(C(0))] = 1849 cm'1. 

[Pd2(n-H)(n-CO){(Xantphos)}2]
++ [CF3SO3]"  (4b). !H NMR (300 MHz, CD2C12, 25 

°C):: 8.0-6.2 (Ph, m, 26H), 1.60 (C(CH3)2, s, 6H), -8.58 (Pd//, quintet, 2Jm = 42 Hz, 1H). 31P 

NMRR (121.5 MHz, CD2C12, 25 °C): 5.5 (s). 13C NMR (75.4 MHz, CD2C12, 25 °C): 217.7 

(Pd(u-CO),, quintet, 2JK = 36 Hz). IR (CH2C12): [v(C(0))] = 1847 cm'. 

[Pd2(^-H)(n-CO){(dipf)} 2|
++ [CF3SO3]"  (4d) 'H NMR (300 MHz, CD2C12, 25 °C): 

4.86,, 4.68, 4.50, 4.42 (Cp, s, 8H), 2.39 (C//(CH3)2, m, 4H), 1.60 (CH(C//3)2, m, 4H), 1.4-

1.00 (CH(C//3)2, m, 20H), -7.12 (Pd//, quintet, VPH = 39.0 Hz, 1H). 31P NMR (121.5 MHz, 

CD2C12,, 25 °C): 35.3 (s). 13C NMR (75.4 MHz, CD2C12, 25 °C): 233.7 (Pd2(u-CO), quintet, 

VPCC = ?::i Hz). 

[Pd2(n-H)(u-CO){(dppf)h ff  [CF3SO3]"  (4e). 'H NMR (300 MHz, CD2C12, 25 °C): 

7.5-7.33 (Ph, m, 20H), 4.35, 4.08 (Cp, s, 8H), -6.1 (Pd//, quintet, 2Jm = 42 Hz, 1H). 31P 

NMRR (121.5 MHz, CD2C12, 25 °C): 19.2 (s). ,3C NMR (75.4 MHz, CD2C12, 25 °C): 229.7 

(Pd2(u-CO),, quintet, 2J?C = 34 Hz). 

InIn situ synthesis of [(dppf)PdCH3(CD3OD)]+ [CF3SO3I"  (6). 

Methodd A. One equivalent of TICF3SO3 in 0.2 mL of CD3OD was added to a 

suspensionn of (dppf)Pd(CH3)Cl in 0.5 mL of CD3OD at -78 °C. !H NMR (300 MHz, 

CD3OD,, -90 °C): 8.0-7.3 (Ph, m, 20H), 4.56, 4.53, 4.40, 4.03 (Cp, s, 8H), 0.50 (PdC//3, br 

m,, 3H). 3,P NMR (121.5 MHz, CD3OD, -90 °C): 43.2 (d, 2JPP = 31 Hz), 19.5 (d, VPP = 31 

Hz). . 

Methodd B. One equivalent of trifluoromethanesulfonic acid was added to a solution 

off  (dppf)Pd(CH3)2 in 0.7 mL of CD2C12 / CD3OD ([Pd] : [CD3OD] = 1 : 100, [Pd] = 3.3x10" 
22 M) at -60 °C. ]H NMR (300 MHz, -60 °C): 7.8-7.3 (Ph, m, 20 H), 4.43, 4.31, 4.27, 4.06 

(Cp,(Cp, s, 8H), 0.51 (PdC//3, d, 2JPH = 6.3 Hz, 3H). 31P NMR (121.5 MHz, -60 °C): 42.6 (d, 

VPPP = 31 Hz), 18.7 (d, 2yPP = 31 Hz). 

InIn situ synthesis of [(dppf)Pd(C(0)CH3(CO)l+ [CF3SO3I"  (7). CO was bubbled 

throughh a solution of in situ synthesized [(dppf)PdCH3(CD3OD)]+ [CF3S03]" (method B) at 

-700 °C for 10 min. 'H NMR (300 MHz, -70 °C): 8.0-7.0 (Ph, br m, 20 H), 5.0-3.6 (Cp, br m, 
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8H),, 1.87 (PdC(0)Ci/3, s, 3H). 31P NMR (121.5 MHz, -70 °C): 24.1 (d, 2JPP = 62 Hz), 12.1 

(d,, VPp = 62 Hz). ,3C NMR (75.4 MHz, CD2C12, -70 °C): 229.5 (PdC(0)CH3, s), 175.7 

(Pd(CO),, dd, 2JPC = 82 Hz and 2JPC = 19 Hz). 

InIn situ synthesis of |(dppf)Pd(C(0)CH3)(CD3OD)]+ [CF3S03]"  (8). 

Methodd A. One equivalent of T1CF3S03 in 0.2 mL of CD3OD was added to a 

suspensionn of (dppf)Pd(C(0)CH3)Cl in 0.5 mL of CD3OD at -78 °C. *H NMR (300 MHz, 

CD3OD,, -90 °C): 8.1-7.1 (Ph, m, 20H), 4.62, 4.52, 4.37, 4.23 (Cp, s, 8H), 1.93 

(PdC(0)C#3,, br s, 3H). 3lP NMR (121.5 MHz, CD3OD, -90 °C): 28.6 (d, 2JPP = 56 Hz), 

10.22 (d, VPP = 56HZ). 

Methodd B. l3CO was bubbled through a solution of in situ synthesized XX (method 

B)) at -90 °C for 10 min. *H NMR (300 MHz, -90 °C): 8.1-7.2 (Ph, br m, 20 H), 4.9-4.0 (Cp, 

brr m, 8H), 1.88 (PdC(0)Ctf3, br s, 3H). 31P NMR (121.5 MHz, -90 °C): 29.6 (d, 2JPP = 55 

Hz),, 12.0 (dd, VpP = 55 Hz and 2JPC = 101 Hz ). I3C NMR (75.4 MHz, CD2C12, -90 °C): 

236.66 (PdC(0)CH3, d, 2JPC = 101 Hz). 

Synthesiss of (ö-C6H4(CH2P(/-Bu)2)2)Pd(CH3)Cl (11). 1.05 Equivalents of o-

C6H4(CH2P(/-Bu)2)22 in toluene was added to a solution of (COD)Pd(CH3)Cl in toluene. The 

solutionn was stirred for two hours. Pentane was added to the solution to precipitate (o-

C6H4(CH2P(/-Bu)2)2)Pd(CH3)Cl.. The solid was isolated by filtration and washed with 

pentane.. Yield: 64 %. 'H NMR (300 MHz, CDC13, 25 °C): Two compounds: a cis and a 

transtrans compound (1 : 0.08 ratio): 7.5-7.0 (Ph, m, 4H), 4.03 (trans, CH2, d, 2JPii = 8.7 Hz, 

4H),, 3.7-3.2 (cis, CH2, br m, 4H), 1.7-1.3 (C(C//3)3, m, 36H), 1.50 (trans, PdC//3, br, 3H), 

1.166 (cis, PdC#3, dd, VPH = 2.4 Hz and VPH = 6.6 Hz, 3H). 31P NMR (121.5 MHz, CD2C12, 

255 °C): 72.9 (trans, s), 50.9 (cis, 2JPP - 30 Hz), 19.5 (cis, 2JPP = 30 Hz). Anal. Calcd. for 

(C25H47ClP2Pd):: C, 54.45; H, 8.59. Found: C, 54.28; H, 8.46. 

X-rayy Crystal Structure Determination of 11. 

C25H47ClP2Pd,, Fw = 551.42, yellow-green block, 0.24 x 0.21 x 0.21 mm3, orthorhombic, Pbca 

(No.. 61), a = 18.8890(3), b = 14.7439(2), c = 19.6897(2) A, V = 5483.53(13) A3, Z = 8, p = 

1.3366 g/cm3. 102025 reflections were measured on a Nonius KappaCCD diffractometer with 

rotatingg anode (^.=0.71073 A) at a temperature of 150(2) K. 6285 reflections were unique (Rint 

== 0.060). The theta range was 2.03-27.48° with indices hkl -24/24, -19/19, -25/25. The 

absorptionn correction was based on multiple measured reflections (program PLATON37, 

routinee MULABS, JJ. = 0.90 mm"1,0.74-0.79 transmission). The structure was solved with 

Pattersonn methods (DIRDIF97)38 and refined with SHELXL97 39 against F2 of all reflections. 
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Non-hydrogenn atoms were refined freely with anisotropic displacement parameters. Hydrogen 

atomss were refined as rigid groups. The chlorine ligand was disordered over two positions 

withh site occupation factors of 0.87 and 0.13, respectively. 284 refined parameters, 1 restraint. 

R-valuess [I > 2a(I)]: Rl= 0.0257, wR2 = 0.0575. R-values [all refl.]: Rl= 0.0351, wR2 = 

0.0606.. GoF = 1.033. Residual electron density between -0.50 and 0.59 e/A3. Molecular 

illustration,, structure checking and calculations were performed with the PLATON package.37 

(ö-C«H4(CH2P(/-Bu)2)2)Pd(C(0)CH3)Cll  (12). ]H NMR (300 MHz, CDC13, 25 °C): 

7.4-7.00 (Ph, m, 4H), 3.6-3.0 (CH2, br m, 4H), 2.70 (C(0)Ctf3, s, 3H), 1.7-1.1 (C(Ctf3)3, m, 

36H).. 31P NMR (121.5 MHz, CD2C12, 25 °C): 45.6 (2yPP = 52 Hz), 17.0 (2JP? = 52 Hz). 

(o-C6H4(CH2P(r-Bu)2)2)Pd(H)Cll  (13). ]H NMR (300 MHz, CD2C12, 25 °C): 7.4-7.1 

(Ph,(Ph, m, 4H), 3.7-3.4 (CH2, m, 2H), 1.6-1.1 (C(Ctf3)3, m, 36H), -10.5 (PdH, dd, 2Jm = 200 

Hzz and 2JPH = 23.1 Hz). 3IP NMR (121.5 MHz, CD2C12, 25 °C): 67.7 (br, d), 21.6 (d, 2JPP = 

599 Hz). 

InIn situ synthesis of |(n-dppf)Pd(R)(CD30D)Ag(Cl)]+ ICF3SO3I" (R = C(0)CH3 

(14),, CH3 (15)). One equivalent of AgCF3S03 in 0.2 mL of CD3OD was added to a 

suspensionn of (dppf)Pd(R)Cl in 0.5 mL of CD3OD at -90 °C. The NMR tube was shaken 

vigorously. . 

[(H-dppf)Pd(C(0)CH3)(CD30D)Ag(Cl)]++ [CF3SO3]- (14). 'H NMR (300 MHz, 

CD3OD,, -70 °C): 7.7-7.3 (Ph, m, 20H), 5.34, 4.67, 4.54, 3.90 (CP> s, 8H), 2.04 

(PdC(0)C#3,, s, 3H). 31P NMR (121.5 MHz, CD3OD, -70 °C): 23.7 (PdP, s), 5.5 (AgP, two 

d,, './Agp = 711 Hz and 'AgP = 821 Hz). ,3C NMR (75.4 MHz, CD2C12, -70 °C): 220.3 

(PdC(0)CH3,, s). 

[(Mppf)Pd(CH3)(CD3OD)Ag(CI)l++ [CF3SO3]- (15). A 1.8 : 1 mixture of [(u-

dppf)Pd(CH3)(CD3OD)Ag(Cl)]++ [CF3S03]" and [(dppf)PdCH3(CD3OD)]+ [CF3S03]" was 

obtained.. LH NMR (300 MHz, CD3OD, -60 °C): 7.9-7.2 (Ph, m, 20H), 4.91, 4.71, 4.46, 4.45 

(Cp,(Cp, s, 8H), 0.54 (PdC//3, s, 3H). 3,P NMR (121.5 MHz, CD3OD, -60 °C): 33.3 (PdP, s), 5.3 

(KgP,(KgP, two d, VAgP = 709 Hz and ^AgP = 819 Hz). 

[(5>«-(Calix|6|arene)diphosphite)Pd(CH3)(CD3OD)rr [CF3SO3I". An NMR tube 

withh a Young valve was charged with 0.3 mL of a 5.13xl0"2 M solution of (syn-

Calix[6]arenee diphosphite)Pd(CH3)Cl in CD2C12. An 0.4 mL solution of CD3OD containing 

onee equivalent of T1CF3S03 was added to the dichloromethane solution at -90 °C. 'H NMR 

(3000 MHz, CD2C12 / CD3OD, -60 °C): 7.5-7.2 and 6.8-6.6 (Ph, m, 12 H), 4.9-4.3 and 3.9-
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3.66 (CH2, m, 12H), 1.52 (PdCtf3, d, VPH = 11.3 Hz, 3H), 1.4-1.0 (C(Ctf3)3, m, 54H). 3,P 

NMRR (121.5 MHz, CD2C12 / CD3OD, -60 °C): 104.0 (VPP = 122 Hz), 91.8 (2yPP = 122 Hz). 

[(Ms>'w-(Calix[6]arene)diphosphite))Pd(C(0)CH3)(CD30D)Ag(Cl)]++ [CF3SO3]" 

(16).. An NMR tube with a Young valve was charged with 0.3 mL of a 5.13xl0~2 M solution 

off  (syw-Calix[6]arene diphosphite)Pd(C(0)CH3)Cl in CD2C12. An 0.4 mL solution of 

CD3ODD containing one equivalent of AgCF3S03 was added to the solution at -90 °C. ). 31P 

NMRR (121.5 MHz, CD2C12 / CD3OD, -60 °C): 99.8 (AgP, two d, VAgP = 1061 Hz and !JAgp 

== 1225 Hz), 93.0 (PdP, s)). 

[(s^n-(Calix[61arene)diphosphite)Pd(C(0)CH3)(CD3OD)]++ [CF3S03]- (17). An 

NMRR tube with a Young valve was charged with 0.3 mL of a 5.13xl0"2 M solution of (syn-

Calix[6]arenee diphosphite)Pd(C(0)CH3)Cl in CD2C12. An 0.4 mL solution of CD3OD 

containingg one equivalent of T1CF3S03 was added to the solution at -90 °C. ]H NMR (300 

MHz,, CD2C12 / CD3OD, -60 °C): 7.5-7.2 and 6.9-6.6 (Ph, m, 12H), 4.7-4.4 and 4.1-3.7 

(CH(CH22,, m, 12H), 2.66 (PdC(0)C//3, s, 3H), 1.4-1.0 (C(C//3)3, m, 54H). 31P NMR (121.5 

MHz,, CD2C12 / CD3OD, -60 °C): 106.4 (VPP = 188 Hz), 90.2 (2/PP = 188 Hz). 

Synthesiss of (DPEphos)Pd(C(0)CH3)Cl (18). CO was bubbled through a solution 

off  0.30 mmol (DPEphos)Pd(CH3)Cl in 5 mL of dichloromethane at room temperature for 3 

hours.. The solution was filtered over celite and pentane was added to the mother liquor to 

precipitatee 1. The white solid was isolated by filtration and washed twice with 5 mL 

pentane.. Yield: 91 %. lH NMR (300 MHz, CD2C12, -35 °C): 8.67, 7.9-6.2 (Ph, m, 28H), 

1.888 (PdC(0)C//3, s, 3H). 31P NMR (121.5 MHz, CD2C12, -35 °C): 12.2 (d, 2JPP = 49.7 Hz), 

3.2(d,VpPP = 49.7Hz). 

Kineticss of the Alcoholysis Reaction of [(DPEphos)PdC(0)CH3]
+ [CF3SO3]"  (2a). 

Thee reaction was followed by !H NMR spectroscopy (methanol, ethanol, 1,1,1-

trifluoroethanoll  and f-butanol) or 3,P NMR spectroscopy (/-propanol). NMR probe 

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

Youngg valve was charged with 0.700 mL of a 3.3x10"2 M CD2C12 solution of 

[(DPEphos)PdC(0)CH3]
++ [CF3S03] \ 10 Equivalents of the alcohol (ROH) were added to 

thiss solution at -78 °C. The tube was shaken and immediately transferred to the NMR probe, 

whichh was set to the required temperature and the spectra were acquired after the 

temperaturee of the probe was stabilized. The integrals of PdC(0)C//3 and ROC(0)C//3 were 

measuredd to follow the decay of [(DPEphos)PdC(0)CH3]
+ [CF3S03] . The mass balance 

wass checked using the C//DC12 peak. 
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Kineticss of the Alcoholysis Reaction of [0y/t-Calix[6]arene 

diphosphite)PdC(0)CH3ff  [CF3SO3J". The reaction was followed by ]H NMR 

spectroscopy.. NMR probe temperatures were calibrated using an anhydrous methanol 

sample.. An NMR tube with a Young valve was charged with 0.3 mL of a 5.13xl0"2 M 

solutionn of (s>7!-Calix[6]arene diphosphite)Pd(C(0)CH3)Cl in CD2C12. An 0.4 mL solution 

off  CD3OD containing one equivalent of TICF3SO3 was added to the solution at -90 °C. The 

NMRR tube was shaken and immediately transferred to the NMR probe, which was set to the 

requiredd temperature and the spectra were acquired after the temperature of the probe was 

stabilized.. The integrals of PdC(0)C//3 and C//3C(0)OCD3 were measured to follow the 

decayy of [(syw-Calix[6]arene diphosphite)Pd(C(0)CH3)(CD3OD)]+ [CF3S03] \ The mass 

balancee was checked using the C//DCI2 peak. 

Catalyticc CO / Ethene Copolymerization Reactions. The experiments were carried 

outt in a 180 mL stainless steel autoclave. The autoclave was charged with 20 mL of 

methanoll  and 0.100 mmol of p-toluenesulfonic acid and was pressurized with 10 bar of 

ethene.. The autoclave was then heated to 80 °C. A 1 mL dichloromethane solution 

containingg 0.20 mmol (DPEphos)Pd(CH3)(CF3C02) or [(Xantphos)PdCH3]
+ [CF3S03]" , 

wass introduced into the autoclave and the autoclave was further pressurized to 20 bar of CO 

andd ethene ( 1 :1 ratio). The autoclave was depressurized after one hour. The methanol 

solublee fractions were analyzed by GC, GC-MS, *H and l3C NMR spectroscopy (CDC13). 

Thee products with higher boiling points than methylpropionate were analyzed by *H and 13C 

NMRR spectroscopy in CD2C12 / CF3C02D (90 : 10, v /v). 

Analysiss of oligomeric Products. 

H3COC(0)CH2CH2C(0)C2H5.. *H NMR (300 MHz, CDCI3, 25 °C): 3.67 (OC#3, s, 

3H),, 2.72 (Ctf2C(0)CH2CH3, t, VHH = 6.6 Hz, 2H), 2.59 (C//2C(0)0CH3, t, VHH = 6.6 Hz, 

2H),, 2.48 (C#2CH3, t, VHH = 7.3 Hz, 2H), 1.07 (CH2C//3, t,
 3JHH = 7.3 Hz, 3H). 13C NMR 

(75.44 MHz, CDC13, 25 °C): 209.3 (C(0)CH2CH3, s), 173.2 (C(0)OCH3, s), 51.5 (OCH3, s), 

36.55 (CH3CH2C(0)CH2, s), 35.5 (H3COC(0)CH2, s), 27.6 (CH2CH2C(0)OCH3, s), 7.6 

(CH3CH2,, s). GC-MS: m/z = 144. 

H3COC(0)CH2CH2C(0)OCH3.. *H NMR (300 MHz, CDC13, 25 °C): 3.69 (OCH3, 

s,, 3H), 2.63 (CH2, s, 4H). 13C NMR (75.4 MHz, CDC13, 25 °C): 172.8 (C(0)OCH3, s), 51.8 

(CH2CH3,, s), 28.9 (C(0)(CH2)2, s). GC-MS: m/z = 146. 
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Summary y 

Thee versatility of palladium compounds containing phosphine ligands in homogeneous 

catalysiss is well known. Therefore, stoichiometric and catalytic reactions of 

organopalladium(II)) complexes have been studied thoroughly. The research described in this 

thesiss involves a study of ionic palladium(II) complexes containing a palladium-carbon bond 

andd a diphosphine ligand. We concentrated on solvolytic reactions of alkylpalladium and 

acylpalladiumm compounds. Throughout this thesis the altenating copolymerization reaction of 

carbonn monoxide and ethene is a very important theme. 

Inn order to understand the kinetics and mechanisms of the solvolysis reactions the first step is 

too define the structures of the complexes that are investigated. The structure of 

methylpalladium(II)) complexes in the solid state and in solution is described in chapter 2. The 

neww complexes containing ligands of the Xantphos series show that palladium oxygen 

interactionss are very important. These ligands can act as terdentate ligands containing a 

palladiumm oxygen bond and the phosphorus atoms coordinated in a trans-fashion (ionic 

complexes),, ds-chelating bidentate (ionic and neutral complexes) and /raws-coordinating 

bidentatee ligands (neutral complexes). In some cases the latter two ligand conformations were 

shownn to interconvert in solution at room temperature. l,r-Bis(dialkylphosphino)ferrocene 

ligandss showed a very versatile coordination behavior as well. A dimeric complex containing 

aa phosphine ligand bridging between two palladium atoms (1,1'-

bis(diethylphosphino)ferrocene),, a cw-chelating ligand 0>1'-

bis(diisopropylphosphino)ferrocene)) and a terdentate ligand which enforces an iron-palladium 

interactionn (l,r-bis(di-/err-butylphosphino)ferrocene) were observed. A rearrangement of the 

dimericc complex [(l,r-bis(diethylphosphino)ferrocene)Pd(CH3)Cl]2 to the more stable 

monomelicc complex (l,r-bis(diethylphosphino)ferrocene)Pd(CH3)Cl was observed. 

Thee protonolysis of alkylpalladium(II) complexes is described in chapter 3. Neutral 

dimethylpalladium(II)) complexes generally react instantaneously with a strong acid at room 

temperature.. In contrast to ionic early transition metal complexes containing alkyl ligands, the 

ratee of reaction of the metal-carbon bond in ionic methylpalladium(II) complexes with a 

strongg acid was shown to be surprisingly low. However, this is in contrast with the 

observationn of diketo end groups in the palladium catalyzed alternating CO and ethene 
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copolymerizationn reaction, which is performed in an acidic methanol solution. The 

protonolysiss of alkylpalladium intermediates (1) is responsible for chain-transfer in the 

catalyticc reaction. The reaction of a protic solvent (methanol) or a strong acid with 1 was too 

sloww to be an effective chain-transfer reaction. Complex 1 is in equilibrium with the 

oxoallylpalladiumm intermediate (2) in a dichloromethane solution at room temperature. 

,Pd d 

CH, , 

H3C C 

-CH, , 

Complexx 2 reacts, in contrast with complex 1, instantaneously with a protic reagent to give 

butan-2-one.. The reaction of CH3OD or D2O with 1 or an equilibrium mixture of 1 and 2 both 

leadd to a selective deuteration of the P-carbon atom in complex 1. These observations, which 

aree supported by kinetic and catalytic experiments, prove that complex 2 is the intermediate 

thatt is responsible for chain-transfer in the alternating CO and ethene copolymerization 

reaction. . 

Thee second chain-transfer reaction in the palladium catalyzed CO and ethene 

copolymerizationn reaction is the alcoholysis of an acylpalladium complex to give an ester end 

group.. Previously reported stoichiometric reactions of acylpalladium complexes with 

methanoll  showed that this reaction resulted in the formation of a dinuclear 

hydridopalladium(I)) complex (3) and methyl acetate. 

(P-P)Pd—Pd(P-P) ) 
C C 
11 1 

O O 

[XT T 

3 3 

Inn our study we focussed on the mechanism of alcoholysis of ionic acylpalladium complexes 

containingg the terdentate diphosphine ligands described in chapter 2 and bidentate phosphine 

ligandss (chapter 4). The terdentate ligands have to rearrange to c/s-chelating diphosphine 

ligandss to undergo solvolysis. The capability of these ligands to do so was proven by the 
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additionn of triphenylphosphine to the acylpalladium complexes. The terdentate ligands 

becomess bidentate and triphenylphosphine coordinates to the palladium center. 

Thee cw-chelating diphosphine ligands are more difficult to study. The fast decarbonylation 

reactionn of the ionic acylpalladium complexes in the absence of carbon monoxide prevents a 

mechanisticc study of the alcoholysis in most cases. The rate of methanolysis of [(1,3-

bis(diphenylphosphino)propane)PdC(0)CH3(CO)]++ [CF3SO3]" was determined under a CO 

atmospheree and depends on the acidity of the reaction medium. An increase of the acidity of 

thee methanol solvent gave a higher rate of methanolysis, but the effect ceases at a higher acid 

concentration.. The synthesis of methanol coordinated instead of CO coordinated 

acylpalladiumm complexes was not trivial. The use of silver triflate in methanol at low 

temperaturess (< -60 °C) can result in a silver-palladium complex (4) instead of the desired 

methanoll  coordinated complex. 

" ^ P P V C II V 
Fee I CD3 

P h *AA -D 

H3CC O' 

[CF3S03r r 
4 4 

Thee reaction of [(5>>«-Calix[6]arene diphosphite)PdC(0)CH3(Cl)] and thallium(I) triflate in 

methanoll  solution gave the methanol coordinated complex [(sy«-Calix[6]arene 

diphosphite)PdC(0)CH3(CD3OD)]++ [CF3S03]~at -60 °C. The complex [(syM-Calix[6]arene 

diphosphite)PdC(0)CH3(CD3OD)]++ [CF3S03]" showed a fast methanolysis reaction and, 

unlikee the other tested complexes, did not undergo decarbonylation under the conditions the 

kineticc experiments were performed. A very high positive entropy of activation was found.. 

Thesee data indicate that reductive elimination is the rate limiting step in the methanolysis of 

complexess containing a cw-chelating bidentate diphosphine ligand. 
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Samenvatting g 

Dee veelzijdigheid van palladium verbindingen, die fosfineliganden bevatten, in homogene 

katalysee is bekend. Om die reden zijn stoichiometrische en katalytische reacties van 

organopalladium(II)) complexen grondig bestudeerd. Het onderzoek dat in dit proefschrift 

beschrevenn wordt, concentreert zich op de bestudering van ionische palladium(II) complexen 

diee een palladium-koolstofbinding en een difosfine ligand bevatten. De nadruk is gelegd op 

solvolysereactiess van alkyl-, en acylpalladium verbindingen. Door het gehele proefschrift 

heenn is de alternerende copolymerisatiereactie van koolmonoxide en etheen een heel 

belangrijkk thema. 

Dee eerste stap die gezet moet worden om de kinetiek en het mechanisme van de solvolyse 

reactiess te begrijpen, is het definiëren van de structuren van de complexen die worden 

bestudeerd.. De structuur van methylpalladium(II) complexes in de vaste toestand en in 

oplossingg wordt beschreven in hoofdstuk 2. De nieuwe complexen die liganden bevatten uit 

dee Xantphosreeks tonen aan hoe belangrijk palladium-zuurstof interacties zijn. De liganden 

kunnenn als terdentaat liganden optreden en een palladium-zuurstof binding vormen terwijl de 

fosforr donoratomen trans-gecoördineerd (ionische complexen), bidentaat cis-chelerend 

(ionischee en neutrale complexen) en bidentaat trans-chelerend kunnen zijn (neutrale 

complexen).. In enkele gevallen wisselen de laatste twee conformaties uit in oplossing bij 

kamertemperatuur.. l,r-Bis(dialkylfosfino)ferroceen liganden vertonen ook een gevarieerd 

coördinatiegedrag.. Een dimeer complex dat een fosfineligand dat tussen twee 

palladiumatomenn brugt (l,r-bis(diethylfosfino)ferroceen), een cis-chelerend ligand (1,1'-

bis(diisopropylfosfino)ferroceen)) en een terdentaat ligand dat een palladium-ijzer interactie 

bewerkstelligdd (l,r-bis(di-ter^butylfosfino)ferroceen) werden gevonden. Een omlegging van 

hett dimere complex [(l,r-bis(diethylfosfino)ferroceen)Pd(CH3)Cl]2 naar het monomere 

complexx (l,r-bis(diethylfosfino)ferroceen)Pd(CH3)Cl werd ook gevonden. 

Dee protonolyse van alkylpalladiu(II) complexen wordt beschreven in hoofdstuk 3. Neutrale 

dimethylpalladium(II)) complexen reageren over het algemeen instantaan met een sterk zuur 

bijj  kamertemperatuur. In tegenstelling tot ionische vroege overgangsmetalen die 

alkylligandenn bezitten, is de reactiesnelheid van de metaal-koolstofbinding in ionische 
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methylpalladiumm complexen met een sterk zuur verrassend laag. Dit is echter in tegenstelling 

mett de observatie van diketo eindgroepen in de palladium gekatalyseerde alternerende 

copolymerisatiereactiee van koolmonoxide en etheen die in een zure methanoloplossing wordt 

uitgevoerd.. De protonolyse van alkylpalladium(II) intermediairen (1) is verantwoordelijk voor 

dee keten-overdracht in de katalytische reactie. De reactie van een protisch oplosmiddel 

(methanol)) of een sterk zuur met 1 is te laag om een effectieve ketenoverdrachtsreactie te 

kunnenn zijn. Complex 1 is in evenwicht met het oxoallylpalladium intermediair (2) in een 

dichloormethaanoplossingg bij kamertemperatuur. 

.Pd d 

CH, , 

H 3 C X X 

V)V V 
LL 0 

- C H 3 3 

Complexx 2 reageert in tegenstelling tot complex 1 instantaan met een protisch reagens onder 

vormingg van 2-butanon. De reactie van CH3OD of D2O met 1 of een evenwichtsmengsel van 

11 en 2 leiden beide tot een selectieve deuterering van het P-koolstofatoom in complex 1. Deze 

waarnemingen,, die door kinetische en katalytische experimenten worden ondersteund, 

bewijzenn dat complex 2 het intermediair is dat verantwoordelijk is voor de ketenoverdracht in 

dee alternerende copolymerisatiereactie van CO en etheen. 

Dee tweede ketenoverdrachtsreactie in de palladium gekatalyseerde CO en etheen 

copolymerisatiereactiee is de alcoholyse van een acylpalladium complex dat een ester 

eindgroepp geeft. Eerdere rappotages van stoichiometrische reacties van 

acylpalladiumcomplexenn met methanol toonden de vorming van een dinucleair 

hydridopalladium(I)) complex (3) en methylacetaat. 

(P-P)Pd—Pd(P-P) ) 
C C 
O O 

[X]--

3 3 

Inn onze studie focusseren we op het mechanisme van alcoholyse van ionische 

acylpalladiumcomplexenn die de terdentaat difosfine liganden die beschreven werden in 

hoofdstukk twee en bidentaat fosfine liganden bevatten (hoofdstuk 4). De terdentaat liganden 
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moetenn eerst omleggen tot een cis-chelerend difosfineligand om solvolyse te ondergaan. De 

mogelijkheidd van deze liganden om dat te doen werd aangetoond door de toevoeging van 

trifenylfosfinee aan de acylpalladiumcomplexen. De terdentaat liganden worden dan bidentaat 

enn triphenylfosfine coördineert aan het palladium centrum. 

Dee cis-chelerende difosfine liganden zijn moeilijker te bestuderen. De snelle decarbonylerring 

vann ionische acylpalladium complexen in de afwezigheid van koolmonoxide verhinderd in de 

meestee gevallen een mechanistische studie van de alcoholyse. De methanolysesnelheid van 

[(l,3-bis(diphenylphosphino)propane)PdC(0)CH3(CO)]++ [CF3SO3]" werd bestudeerd onder 

eenn koolmonoxide atmosfeer en hangt af van de zuurgraad van het reactiemedium. Een hogere 

zuurgraadd van methanol geeft een hogere methanolysesnelheid, maar dit effect houdt op bij 

eenn nog hogere zuurgraad. De synthese van methanolgecoördineerde i.p.v. CO 

gecoördineerdee acylpalladium complexen is niet eenvoudig. Het gebruik van zilvertriflaat in 

methanoll  bij lage temperaturen (< -60 °C) kan resulteren in een zilver-palladium complex (4) 

i.p.v.. het gewenste methanol gecoördineerde complex. 

II
P-Pd-0 0 

P h 2 A > > 
H3CC O 

[CF3SO3]" " 

Dee reactie van [(^«-Calix[6]areen difosfiet)PdC(0)CH3(Cl)] en thallium(I)triflaat in 

methanoloplossingg geeft het methanol gecoördineerde complex [(sy«-Calix[6]areen 

difosfiet)PdC(0)CH3(CD3OD)]++ [CF3S03]" bij -60 °C. Het complex [(syw-Calix[6]areen 

difosfiet)PdC(0)CH3(CD3OD)]++ [CF3S03]" vertoont een snelle methanolyse en, in 

tegenstellingg tot andere geteste verbindingen, decarbonyleert niet onder de reactiecondities 

vann de kinetische experimenten. Een hele hoge activeringsentropie werd gevonden. Deze 

gegevenss duiden erop dat de reductieve eliminatie de snelheidsbepalende stap is in de 

methanolysee van complexen die een bidentaat difosfineligand hebben. 
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