
The present invention concerns a catalyst system in particular a catalyst 

system comprising Palladium (Pd), a zwitterion and/or an acid-functionalized 

ionic liquid, and one or more phosphine ligands, wherein the Pd catalyst can be 

provided by a complex precursor, such as Pd(CH3COO)2, PdCI2, 

Pd(CH3COCHCOCH3), Pd (CF3COO)2, Pd(PPh3)4 or Pd2(dibenzylideneacetone)3. 

Such catalyst systems can be used for e.g. alkoxycarbonylation reactions, 

carboxylation reactions, and/or in a co-polymerization reaction, e.g. in the 

production of methyl propionate and/or propanoic acid, optionally in processes 

forming methyl methacrylate and/or methacrylic acid. Catalyst systems 

according to the invention are suitable for reactions forming separable product 

and catalyst phases and supported ionic liquid phase SILP applications. 
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Claims 

1. A catalyst system comprising a palladium (Pd) catalyst and 

a) a zwitterion; and/or 

b) an acid-functionalized ionic liquid, and 

c) one or more phosphine ligands. 

2. A catalyst system according to claim 1, wherein the Pd catalyst comprises 

a dissolved Pd complex, optionally provided or formed from one or more 

complex precursor(s), optionally from one or more palladium (II) or palladium 

(0) complex precursor(s), and optionally, wherein said complex precursor(s) 

is Pd(CH3COO)2, PdCl2, PdlCHsCOCHCOCHa), Pd(CF3COO)2, Pd(PPh3)4 or 

Pd2(dibenzylideneacetone)3 

3. A catalyst system according to claim 1 or 2, wherein the zwitterion is se­

lected from the group consisting of 1-(4-sulfonylbutyl)pyridinium, 1-(4-

sulfonylbutyl)3-methylimidazolium, 1 -(4-sulfonylbutyl)triethylammonium, and 

1-(4-sulfonylbutyl)tri-phenylphosphonium. 

4. A catalyst system according to any one of the preceding claims, wherein 

the one or more phosphine ligands are selected from the group consisting of 

monophosphine(s), biphosphine(s), monodentate phosphine(s), triphenyl-

phosphine, trihexylphosphine, tricyclohexylphosphine, tri-o-tolylphosphlnfe, 

bidentate phosphine(s), 1,2-bis(di-tert-butylphosphino)ethane, 1,2-

bis(diphenylphosphino)ethane, and 1,2-bis((di-tert-butylphosphlno)-

methyl)benzene, and any derivative(s), combination(s) and/or mixture(s) 

thereof. 

5. A catalyst system according to any one of the preceding claims, further 

comprising one or more inorganic and/or organic Bronsted acid(s). 
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6. A catalyst system according to any one of the preceding claims, wherein 

said system comprises one or more phosphine(s), one or more zwitterion(s), 

and one or more acid(s). 

7. A catalyst system according to any one of the preceding claims, further 

comprising one or more solvents, and/or one or more ionic liquid(s), wherein 

the ionic liquid is a salt being melted at reaction conditions. 

8. A catalyst system according to any one of the preceding claims, compris­

ing (a) a Pd catalyst; and (b) one or more acid-functionalized ionic liquid(s); 

and optionally, wherein said system does not comprise any further acid apart 

from the functionalized ionic llquid(s). 

9. A catalyst system according to claim 8, wherein the acid-functionalized 

ionic liquid comprises a combination of one or more cation(s) A and one or 

more anion(s) B, the acid-functionalized ionic liquid having formula [ A N H B ] " 

or [A]"'[BH]", and optionally, wherein H is a proton originating from a Bronsted 

acid with a pKa of less than 5. 

10. A catalyst system according to claim 9, wherein the acid-functionalized 

ionic liquid is selected from the group consisting of 1-(4-sulfonyl-

butyl)pyridinium hydrogensulfate, 1-(4-sulfonylbutyl)triethylammonium hydro-

gensulfate, 1-(4-sulfonylbutyl)imidazolium hydrogensulfate, 1-(4-sulfonyl-

butyl)imidazolium methanesulfonate and 1-(4-carboxylbutyl)imidazolium chlo­

ride, including any combination thereof. 

11. A catalyst system according to any one of claims 8-10, further comprising 

one or more zwitterion(s) and one or more phosphine(s). 
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12. A catalyst system according to any one of the preceding claims catalyz­

ing the reaction: 

RSR'2C=CHRS + CO + R^40H -^ RSR'2CH-CHR'3COOR'4 

wherein R'l, R'2, R'3, and RU can be selected independently from the group 

consisting of H, CH3, CH3CH2;alkyl, aryl, cyclic group, C1-C20 alkyl group, Ce-

C18 aryl group, cyclic group with 4-12 carbon atoms, optionally comprising 

one or more heteroatoms, such as nitrogen in the ring of the cyclic group; n"̂  

= 2-100.000 or more; and m"̂  is greater than n'; and optionally, wherein R'^, 

R'2, and R'3 are H, and R'4 is CH3. 

13. A catalyst system according to any one of claims 1-11 catalyzing the 

reaction: 

n"̂  (R^R'2C=CHR^3) + m^CO ^ ( - R S R ^ 2 C - C H R V C 0 - V + (m'-n^)CO 

wherein R\, R'2, R'̂ 3, and R'4 can be selected independently from the group 

consisting of H, CH3, CH3CH2, alkyl, aryl, cyclic group, C1-C20 alkyl group. Ce­

d e aryl group, cyclic group with 4-12 carbon atoms, optionally comprising 

one or more heteroatoms, such as nitrogen in the ring of the cyclic group; n̂  

= 2-100.000 or more; and m"̂  is greater than n''; and optionally, wherein R'^, 

R'2, and R'3 are H, and R4 is CH3. 

14. A catalyst system according to any one of claims 1-11, wherein the sys­

tem comprises a two-phase system, and wherein the Pd catalyst and the 

reaction product are essentially contained in different phases; and optionally, 

wherein said system does not comprise a volatile compound, with the excep­

tion of one or more substrate(s), and/or one or more the reaction product(s). 
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15. A catalyst system according to any one of claims 1-11, wherein the cata­

lyst is a Supported Ionic Liquid-Phase (SILP) catalyst; optionally, wherein the 

SILP catalyst is supported on a porous support; optionally wherein the cata-

lytically active Pd is present in an amount of up to 25% by weight, preferably 

up to 10% by weight, optionally wherein the porous support is selected from 

the group consisting of silica(s), organic polymer(s), carbon(s), zeolite(s), 

clay(s), alumina(s), titania(s), zirconia(s), and any derivatives, mixtures and 

combinations thereof; optionally comprising a ionic liquid is present in an 

amount up to 66% by weight, preferably up to 33% by weight, 

16. Use of a catalyst system according to any one of claims 1-11 in an 

alkoxycarbonylation reaction, a carboxylation reaction, and/or in a co-

polymerization reaction, optionally in the production of methyl propionate 

and/or propanoic acid, optionally in processes forming methyl methacrylate 

and/or methacrylic acid. 

17. Use of a catalyst system according to any one of claims 1-11 for catalyz­

ing the reaction: 

R^R^2C=CHR^3 + CO + R^40H ^ RSR'2CH-CHR'3COOR'4 

wherein RS, R'̂ 2, R'̂ 3, and R̂4 can be selected independently from the group 

consisting of H, CH3, CH3CH2, alkyl, aryl, cyclic group, C1-C20 alkyl group, Ce-

C18 aryl group, cyclic group with 4-12 carbon atoms, optionally comprising 

one or more heteroatoms, such as nitrogen in the ring of the cyclic group; n"̂  

= 2-100.000 or more; and m' is greater than n'; and optionally, wherein R^, 

R'2, and R'3 are H, and R'4 is CH3. 

. 18. Use of a catalyst system according to any one of claims 1-11 for catalyz­

ing the reaction: 
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n' (R^R^2C=CHR'3) + m'CO ^ (-RSR'2C-CHRVCO-)n'+ (m'-n^)CO 

wherein R'i, R'̂ 2, R'a. and R'̂4 can be selected independently fronn the group 

consisting of H, CH3, CH3CH2, alkyi, aryl, cyclic group, C1-C20 alky! group, Ce-

C18 aryl group, cyclic group with 4-12 carbon atoms, optionally comprising 

one or more heteroatoms, such as nitrogen in the ring of the cyclic group; n"" 

= 2-100.000 or more; and m' is greater than n'; and optionally, wherein R'^, 

R'2, and R'3 are H, and R'4 is CH3. 

19. A method for catalyzing the reaction: 

RSR'2C=CHR'3 + CO + R'40H -> RSR^2CH-CHR^3COOR'4 

wherein R'i, R'̂ 2, R'3. and R'̂4 can be selected independently from the group 

consisting of H, CH3, CH3CH2, alkyl, aryl, cyclic group, C1-C20 alkyl group, Ce-

C18 aryl group, cyclic group with 4-12 carbon atoms, optionally comprising 

one or more heteroatoms, such as nitrogen in the ring of the cyclic group; n"" 

= 2-100.000 or more; and m'' is greater than n"̂ ; and optionally, wherein R^, 

R'2, and R'3 are H, and R'4 is CH3, 

which method comprises the use of a catalyst system according to any one 

of claims 1-11. 

20. A method for catalyzing the reaction: 

n' (R'iR'2C=CHR'3) + m'CO -> (-R^R'2C-CHRVC0-)n' + (m'-n^CO 

wherein R'i, R'2, R'3, and R4 can be selected independently from the group 

consisting of H, CH3, CH3CH2, alkyl, aryl, cyclic group, C1-C20 alkyl group, Ce-

C18 aryl group, cyclic group with 4-12 carbon atoms, optionally comprising 

one or more heteroatoms, such as nitrogen in the ring of the cyclic group; n"" 
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= 2-100.000 or more; and m' is greater than n̂ ; and optionally, wherein R ,̂ 

R'2, and R'3 are H, and R'4 is CH3. 

which method comprises the use of a catalyst system according to any one 

of claims 1-11. ^^^. ' 

Dated this the 16th day of March 2012. ^ i ^ ^ 

(ASfflSH K. SHARMA) 
O/SUBRAMANIAM, NATARAJ & ASSOCIATES 

Attorneys for the Applicants 
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PALLADIUM CATALYST SYSTEM COMPRISING ZWITTERION AND/OR 

ACID-FUNCTIONALIZED IONIC LIQUID 

Field of the Invention 

The present invention concerns a catalyst system, in particular a catalyst 

system comprising Palladium (Pd) and a zwitterion and/or an acid-

functionalized ionic liquid, and one or more phosphine ligands. Such catalyst 

systems are suitable for e.g. carboxylation-, alkoxycarbonylation, and/or 

polymerization reactions, including Supported Ionic Liquid Phase (SILP) 

applications. 

Background of the invention 

Methyl methacrylate (MMA) is an organic compound with the formula 

CH2=C(CH3)C02CH3. This colourless liquid, the methyl ester of methacrylic 

acid (MAA) is a monomer produced on a large scale for the production of 

polymethyl methacrylate (PMMA), e.g. plexiglass 

MeCy.© polymerization [ 
I " ' \ x - ^ \ 

/ t ^ catalyst ^ ^ 

MMA poly-MMA 

The principal application, consuming approximately 80% of the MMA, is the 

manufacture of polymethyl methacrylate acrylic plastics. Methyl methacrylate 

is also used for the production of the co-polymer methyl methacrylate-

butadiene-styrene (MBS), used as a modifier for PVC. 

MMA can be manufactured by several methods, the principal one being the 

acetone cyanohydrin (ACH) route, using acetone and hydrogen cyanide as 

raw materials. The intermediate cyanohydrin is converted with sulfuric acid to 

a sulfate ester of the methacrylamide, methanolysis of which gives 

animonium bisulfate and MMA. Although widely used, the ACH route 
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coproduces substantial amounts of ammonium sulfate. Some producers start 

with an isobutylene or, equivalently, tert-butanol, which is sequentially 

oxidized first to methacrolein and then to methacrylic acid, which is then 

esterified with methanol. Propene can be carbonylated in the presence of 

acids to isobutyric acid, which undergoes subsequent dehydrogenation. 

Different synthesis routes are illustrated in Figures 1-3. The combined 

technologies afford more than 3 billfon kilograms per year. MMA can also be 

prepared from methyl propionate and formaldehyde. 

It is known that ethylene can be methoxycarbonylated to methylpropionate 

using a Pd catalyst: 

^Q ^ Homo. Pd catalyst ^ 9 Het. cata^st ^ 

MeCH MeO ^ ^ CH2O OMe"^ Y ^ "2'-' 

Wang et al. US 7 115 763 concerns Palladium catalyst systems for copoly-

merization reaction of alkenes, comprising "zwitterionic complexes". These 

zwitterionic complexes are different from the zwitterions and/or the acid func-

tionalized ionic liquids according to the present invention. 

Different Palladium catalyzed reactions, such as hydrogenations, Suzuki- and 

Heck coupling reactions etc. have been performed in ionic liquids, and 

WO06122563 pertains to a process for continuous carbonylation by sup­

ported ionic liquid-phase (SILP) catalysis. 

Balazs et al. (2006) reported Palladium-catalyzed alkoxycarbonylation of sty-

rene in conventional ionic liquids with phosphines and added Bronsted acids. 

Surprisingly and unexpectedly, the inventors have found that stability and 

reusability of a Pd catalyst system can be improved by the use of one or 

more zwitterion(s) and/or one or more acid-functionalized ionic iiquid(s) 

without inducing significant change of activity. Notably, said Pd catalyst 
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systems comprising zwitterions are found to be stable without addition of 

conventional Bronsted acids as stabilizing agents, even when containing 

preferred monophosphine ligands such as triphenylphopshine. 

When using acid-functionalized ionic liquids a phase-separable system is 

obtainable after reaction, where the product and the ionic liquid catalyst can 

be retained in separate phases due to mutual low miscibility. This allows 

easy separation of the product and reuse of the ionic liquid catalyst phase. 

Due to the non-volatile nature of acid-functionalized ionic liquids, the Pd 

catalyst systems according to the invention are also believed to be suitable 

for SILP catalysis. 

Summary of the invention 

The present invention concerns a catalyst system, in particular a catalyst sys­

tem comprising Palladium (Pd), a zwitterion and/or an acid-functionalized io­

nic liquid, wherein the Pd catalyst can be provided by a complex precursor. 

Such catalyst systems can be used for e.g. alkoxycarbonylation reactions, 

carboxylation reactions, and/or in a co-polymerization reaction. Catalyst sys­

tems according to the invention are suitable for reactions forming separable 

product and catalyst phases and supported ionic liquid phase SILP applica­

tions. 

Thus, in a first aspect, the present invention concerns a catalyst and/or a 

catalyst system comprising a palladium (Pd) catalyst and a zwitterion, and/or 

an acid-functionalized ionic liquid, and one or more phosphine ligands. 

According to an embodiment, the catalyst system comprises a Pd catalyst, a 

, and one or more phosphine ligands. 

According to an embodiment, the catalyst system comprises a Pd catalyst, 

an acid-functionalized ionic liquid, and one or more phosphine ligands. 
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According to an embodiment, the catalyst system comprises a Pd catalyst, a 

zwitterion.an acid-functionalized ionic liquid, and one or more phosphine li-

gands. 

According to an embodiment, the system comprises a two-phase system, 

wherein the Pd catalyst and the reaction product are essentially contained in 

different phases. 

According to an embodiment, the catalyst is a Supported Ionic Liquid-Phase 

(SILP) catalyst. 

A second aspect of the invention relates to reactions catalyzed by a catalyst 

system according to the first aspect, comprising e.g. carboxylation reactions, 

alkoxycarbonylation reactions and/or polymerization reactions. 

According to an embodiment, the reactions are: 

R^R'2C=CHR'3 + CO + R4OH ^ RSR'2CH-CHR'3COOR^4, and/or 

n'(R'iR'2C=CHR^3) + m'CO -^ (-R^R'2C-CHR^3-CO-)n'+ (m'-n')CO. 

wherein R^, R''2, R'̂ 3, and R''4can be selected as described below. 

A third aspect of the invention pertains to the use of a catalyst or catalyst 

system according to the first aspect, e.g. in reaction according to the second 

aspect. 

According to an embodiment, the catalyst is used in the production of methyl 

methacrylate and/or in the production of methacrylic acid. 

A fourth aspect of the invention concerns a method of providing a catalyst 

according to the first aspect. 

Figures 

Figure 1 shows the C-3 routes to methyl methacrylate/methacrylic acid 

(MMA/MAA). 

Figure 2 shows the C-2 routes to MMA/MAA. 
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Figure 3 shows the C-4 routes to MMA/MAA. 

Figure 4 shows Pd catalyst solutions with added acid and increasing concen­

trations of added zwitterion, respectively (left to right). 

Figure 5 shows the consecutive use of the acid-functionalized Pd catalyst 

system. 

Figure 6 shows a reaction mixture before (left) and after reaction (right), 

whereby a two-phase system is provided. 

Figure 7 shows different embodiments of phosphines. 

Detailed description of the invention 

In the context of the present invention, the terms "around", "about","~" or 

"approximately" are used interchangeably and refer to the claimed value, and 

may include variations as large as +/-0.1%, +/-1%, or +/-10%. Especially in 

the case of logio intervals, the variations may be larger and include the 

claimed value +/- 50%, or 100%. The terms "around", "about","~", or "approx­

imately" may also reflect the degree of uncertainty and/or variation that is 

common and/or generally accepted in the art. 

In the context of the present invention, the terms "optionally" and "alternative­

ly" can be used interchangeably. Often, these terms are used to indicate op­

tional and/or alternative embodiment(s). 

Definition of substituents 

As used in the present invention, the term "C1-C20 alky!" refers to a straight 

chained or branched saturated hydrocarbon having from one to twenty car­

bon atoms inclusive. Examples of such groups include, but are not limited to, 

methyl, 2-propyl, 1-butyl, 2-butyl, 2-methyl-2-propyl, 2-methyl-1-butyl, 1-

hexyl, 1 -octyl, 1 -decyl and 1 -dodecyl. 
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Similarly, the term "d-Ce alkyl" refers to a straight chained or branched satu­

rated hydrocarbon having from one to six carbon atoms inclusive. 

Similarly, the term "C1-C4 alkyl" refers to a straight chained or branched satu­

rated hydrocarbon having from one to four carbon atoms inclusive. 

As used herein, the term "C3-C6 cycloalkyi" typically refers to cyclopropyl, 

cyclobutyl, cyclopentyl and cyclohexyl. 

As used herein, the term "Ci-Ce alkoxy" refers to a straight chain or branched 

saturated alkoxy group having from one to six carbon atoms inclusive with 

the open valency on the oxygen. Examples of such groups include, but are 

not limited to, methoxy, ethoxy, n-butoxy, 2-methyl-pentoxy and n-hexyloxy. 

As used herein, the term "Ci-Ce alkoxides" refers to the anions of straight 

chain or branched saturated alkanols having from one to six carbon atoms 

inclusive with the negative charge on the oxygen atom. Typical examples in­

clude methoxide and te/t-butoxide. 

As used herein, the term "alkene" refers to a straight chained, branched or 

cyclic hydrocarbon having from one to twenty carbon atoms inclusive, and 

one, two or more double bonds which may be isolated or conjugated. 

As used herein, the term "halide" refers to the anion of a halogen atom. 

As used herein, the term "phosphine" refers to compounds of the general 

formula (II) as defined above. Analogously, as used herein, the term 

"phosphine oxides" refers to phosphines of the general formula (II) which 

have been oxidized to their related oxides. 
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As used herein, the terms "arene" and "aryl" both refer to a mono- or bicyclic 

aromatic group having from six to twelve carbon atoms inclusive. Examples 

of such groups include, but are not limited to, phenyl, naphthyl, indenyl, tet-

rahydronaphthyl and indanyl. 

As used herein, the term bi(C6-Ci2aryl) refers to two mono- or bicyclic aro­

matic groups joined by a single bond, each group having from six to twelve 

carbon atoms inclusive. A typical non-limitating example of such groups is 

biphenyl. 

As used herein, the term aryl-Ci-C4 alkyl refers to an aryl group as defined 

above, substituted with a C1-C4 alkyl as defined above, with the open valency 

on the terminal carbon of the C1-C4 alkyl group. Examples of such groups in­

clude, but are not limited to, benzyl and phenylethyl. 

As used herein, the term "arsine" refers to compounds of formula As(R)3 

wherein R may be the same or different and selected from Ci-Ce alkyl and 

aryl, as defined above. 

As used herein, the term "heteroaryl" refers to a mono- or bicyclic heteroaro-

matic group having from five to ten carbon atoms and from one to three het-

eroatoms inclusive, wherein the heteroatoms are selected individually from 

N, O and S. Examples of such groups include, but are not limited to, pyridyl, 

2-thienyl, 3-thienyl, 2-furyl, 3-furyl, quinolinyl and naphthyridyl. 

Abbreviations 

Unless defined differently, the following abbreviations are meant to comprise 

the following: 

Bn: Benzyl 

COD: 1,5-Cyclooctadiene 

Cy: Cyclohexyl 
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Cyp: Cyclopentyl 

ICy: 1,3-Dicyclohexylimidazol-2-ylidene 

I'Pr: 1,3-Di-iso-propylimidazol-2-yliclene 

IMe: 1,3-Dinnethylimidazol-2-ylidene 

IMes: 1,3-Dimesitylinnidazol-2-ylidene 

Imid: Imidazole 

I'BU: 1,3-Di-tert-butyllmidazol-2-ylidene 

KHMDS: Potassium bis(trimethylsilyl)amide 

Me: Methyl 

Mes: Mesityl, i.e. 2,4,6-trimethylphenyl 

NHC: N-Heterocyclic carbene 

Q: Quantitative 

RCM: Ring closing metathesis 

Catalyst 

The metal catalyst according to the invention is or comprises Pd. Pd catalyst 

complexes are known to form a dark or black precipitate known as 

"Palladium black" upon decomposition. These are believed to consist of 

elemental palladium. The catalyst system can be provided by, formed by, or 

be derived from a complex precursor. 

Dissolved Pd complex 

In the context or the present invention, the term "dissolved Pd complex" is 

meant to comprise a Pd complex formed by dissolution of one or more Pd 

precursor complex(es) in a solvent. 

Complex preGursor(s) 

In the context or the present invention, the term "complex precursor(s)" is 

meant to comprise a complex precursor(s) having formula PdX*̂ m*̂ , 

PdX*'ni'̂ ''n*'; or PdZV, wherein X* can be selected independently from the 

group comprising or consisting of one or more of R'̂ iR*̂ 2R'̂ 3CCOO, where 
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R^, R''2, and R '̂aare independently selected from H, CI, Br, I, or F; CH3COO, 

CF3COO, CI, Br, I, NO3, SO4, acetylacetonate, dibenzylideneacetone, tricy-

clohexylphosphine, and tri-o-tolylphosphlne, including any mixture(s) thereof; 

wherein Y* can be selected independently from the group comprising or con­

sisting of one or more of norbornadiene, 1,5-cyclooctadiene, tri-o-

tolylphosphine, triphenylphosphine, tris-t-butylphosphine, tricyclohexyl-

phosphine, 1,2-bis(diphenylphosphino)ethane, 1,3-bis(diphenylphosphino)-

propane, benzonitrile, acetonitrile, 2-Bis(phenylsulfinyl)ethane, and 2-

methylally, including any mixtures thereof; wherein Z^ can be selected inde­

pendently from the group comprising or consisting of one or more of 

triphenylphosphine, acetonitrile, tris-t-butylphosphine, and dibenzylideneace­

tone, including any mixtures thereof; and wherein "m*"', "n*"', or "o*'" can be 

selected independently, e.g. from 1,2,3 and/or 4, such as m'̂  = 1 or 2, n̂  = 

1,ando'' = 4. 

Zwitterion 

In the context or the present invention, the term "zwitterion" is meant to com­

prise an overall neutrally charged chemical molecule which carries formal 

positive and negative charges on different atoms in the molecule. Such a 

zwitterion can e.g. be a covalent molecule of formula Q -̂R -̂S ,̂ wherein Q̂  is 

one or more positively charged functional groups, such as functional groups 

selected from the group comprising or consisting of quaternary nitrogen-, 

quaternary phosphorous-, ternary sulphur-, ternary selene, optionally substi­

tuted with one or more organic group(s) including optionally substituted, lin­

ear or branched-chained C1-C20 alkyl group(s), optionally substituted Ce-Cie 

aryl group(s) and/or optionally substituted cyclic group(s) with 4-12 carbon 

atoms, wherein the ring of the cyclic group comprises one or more heteroa-

toms, such as nitrogen, oxygen and/or sulphur, including any combination 

thereof; wherein R* is an organic bridging group or spacer e.g. selected from 

the group comprising or consisting of one or more of 1-20 covalently bound 

carbon atoms including optionally substituted, linear or branched-chained Cr 
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Cio alkylidene group, for example, trimethylene and tetramethylene, or op­

tionally substituted C6-C18 aryi group(s) or optionally substituted cyclic 

group(s) with 4-12 carbon atonns, wherein the ring of the cyclic group com­

prises one or more heteroatoms, such as nitrogen, oxygen, sulphur, including 

any combination thereof, and exemplary substituents on the organic bridging 

group comprise e.g. halogens, alkoxy and carboxy groups; and wherein Ŝ  is 

one or more negatively charged functional groups, such as functional groups 

selected from the group comprising or consisting of carboxylate, thiocarboxy-

late, carbonate, sulfonate, sulfate, selenonate, selenate, phosphonate and 

phosphate, optionally including substituted, linear or branched-chained Ci-

C20 alkyl, optionally substituted with one or more Ce-Cis aryl, or optionally 

substituted cyclic or N-, 0-, or S-heterocyclic hydrocarbyl derivatives thereof. 

Concerning Q ,̂ R'', and/or S^, all groups can be selected independently, and 

suitable alkyl groups include, among others, methyl, ethyl, propyl, isopropyl, 

tert-butyl, cyclopentyl, cylohexyl or cyclooctyl. Exemplary cyclic groups con­

taining heteroatoms include, among others, 1-pyridyl and 3-methylimidazyl. 

Aryl groups include, for example, phenyl, benzyl, cumenyl, mesityl, tolyl and 

xylyl. 

Zwitterion complex 

In the context or the present invention, the term "zwitterion complex" is meant 

to comprise a neutrally charged entity consisting of or comprising a positively 

charged central metal ion coordinated to one or more negatively charged li-

gand via electron pair donation to the central metal ion. 

Phospine 

In the context or the present invention, the term "phosphine" is usually meant 

to comprise a monodentate phosphine of formula I: (R''i)3-P, or a bidentate 

phospine of formula II: 
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R2 p2 p4 p3 R6 

I I 

In formula I P represent a phosphorus atom, and R î represent an optionally 

substituted organic group. This organic group Is preferable a C1-C20 alkyl 

group, a Ce-Cis aryl group or a cyclic group with 4-12 carbon atoms in which 

the ring of the cyclic group also contains one or more heteroatoms, such as 

nitrogen. Mkyl groups Include, among others, methyl, ethyl, propyl, isopropyl, 

tert-butyl, cyclopentyl, cylohexyl or cydooctyl. Exemplary cyclic groups con­

taining heteroatoms include, among others, 6-methyl-2-pyridyl and 4,6-

dimethyl-2-pyridyl. Aryl groups include, for example, naphthyl, phenyl, benzyl, 

cumenyl, mesityl, tolyl and xylyl. The organic group can be substituted, for 

example, with halogen atoms, for example CI, Br or F, or with Ci-Ce alkyl, 

C6-C18 aryl, C1-C6 alkoxy, carboxy, carbalkoxy, acyl, trihalogenmethyl, 

cyano, dialkylamino, sulphonylalkyi or alkanoyloxy groups. Substituents can 

be groups with electron withdrawing or electron donating properties. 

Monodentate phosphine llgands Include, for instance, triphenylphosphine, tri-

p-tolylphophlne, tri-o-tolylphophine, dimethylphenyl-phosphine, ethyldlphenyl 

phosphine or cydohexyldiphenylphosphine. 

In phosphine formula II, P̂  and P̂  represent phosphorus atoms, and R\ 

R''3, R''5, and R̂ e represent optionally substituted organic group(s), which 

they can be the same or different. RP2, R\ R̂ 's, and R̂ e can be any group as 

specified earlier for R^i. RF4 is an organic bridging group having 3-20 carbon 

atoms, optionally R''4 can be any group as defined for R̂ . 

Furthermore, two groups selected from any one of R'̂ 2. R̂ 3, R'̂ s, and R̂ 'e. 

while bonded to one P-atom can form a divalent organic group, for example a 

diaryl group or a C2-C20 alkylene group. An exemplary alkenyl group Is bu-

tenyl. Examples of diaryl groups include diphenyl and dinaphthyl groups. 
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The substituents for the organic groups RF2, R'̂ a, R\ and R̂e can be the 

same as described above for the monodentate phosphine ligands. Examples 

of possible aliphatic and aryl groups can comprise the groups described for 

R̂ a, RP3, RP5, and R̂ e. 

Divalent organic bridging groups, such as R''4 can consist or comprise C4-

C10 alkylidene groups, for example tetramethyiene, pentamethylene or trans-

1,2-cyclobutene; and C6-C20 divalent arylgroups such as, for example, dina-

phythyl or diphenyl. One hetero atom may be present in R''4, for example ni­

trogen, oxygen or sulphur. 

Suitable phosphine ligands in the context of the present invention comprise 

e.g. one or more phosphines shown in Figure 7, such as triphenylphosphine, 

trihexylphospine, tricyclohexylphosphine, (PCya), 1,2-bis(di-tertbutyl-

phosphino-methyl)benzene ("(P-P)" or "(P-P) Ligand"), tri-o-tolylphosphine, 

and 1,2-bis(di-tert-butylphosphino)ethane. 

Acid 

In the context of the present invention, the term "acid" is meant to comprise 

one or more inorganic and/or organic Brensted acid(s), including any combi­

nation thereof. A Bronsted-Lowry acid (or simply Br0nsted acid) is a species 

that donates a proton to a Bronsted-Lowry base. 

Volatile - non-volatile 

In the context of the present invention, the terms volatile and/or non-volatile 

are usually used in connection with one or more compounds. Generally, non­

volatile compounds are characterized by having a non-measurable, negligi­

ble, and/or insignificant vapor pressure at conditions where the compound is 

intended to be used. On the contrary, a volatile compound has a measurable, 

non-negligible and/or significant vapor pressure and may evaporate under its 

use. 
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Acid-functionalized ionic liquid 

In the context of the present invention, the term "acid-functionalized ionic liq­

uid" is meant to comprise a combination of one or more cation(s) A and one 

or more anion(s) B, usually of formula [AH]*[B]" or [A]*[BH]'. "H" indicates a 

Bronsted acid proton with a pKa of usually less than 5. Said Bronsted acid 

proton H may e.g. originate from a carboxylic acid, sulfonic acid or phos-

phonic acid group covalently comprised in said A and/or B cations; wherein A 

can be selected from the group comprising or consisting of one or more of 

quaternary nitrogen-, quaternary phosphorous-, ternary sulphur-, and ternary 

selen-based cation(s), including any combination thereof; and B can be se­

lected from the group comprising or consisting of one or more of halide(s), 

nitrate(s), sulphate(s), sulfonate(s), sulfony! amide(s), phosphate(s), bo-

rate(s), antimonite(s), acetate(s), including optionally any hydrogen-, halo­

gen-, hydroxyl-, or Ci-Ce alkoxy-substituted hydrocarbyl derivative(s) thereof. 

Acid-functionalized ionic liquid may comprise compounds, wherein the cation 

A is a carboxylic acid and/or, sulfonic acid and/or phosphonic acid and/or any 

derivative thereof, optionally selected from the group comprising or consisting 

of (i), (ii), (iii), (iv), or (v); wherein 

(i) has formula: R̂  

R"* R-

wherein R ,̂ R'2, R̂ s, and R̂4 are independently selectable from the group 

consisting of optionally substituted, linear or branched-chained C1-C20 alkyl, 

optionally substituted cyclic C3-C20 alkyl, and optionally substituted C6-C20 

aryl; and Y is N or P; 

R 9 / 

(®j) R' 
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(ii) has formula: 

wherein R̂5 and RV are independently selected from the group consisting of 

optionally substituted, linear or branched-chained C1-C20 alkyl, optionally 

substituted cyclic C3-C20 alkyl, and optionally substituted C6-C2oaryl; and 

R̂6, R̂8 and R̂g are independently selected from hydrogen, optionally substi­

tuted, linear or branched-chained C1-C20 alkyl, optionally substituted cyclic 

C3-C20 alkyl, and optionally substituted C6-C2oaryl; 

(iii) has formula: f j 

wherein R̂ o is independently selectable from the group consisting of option­

ally substituted, linear or branched-chained C1-C20 alkyl, optionally substi­

tuted cyclic C3-C20 alkyl, and optionally substituted C6-C2oaryl; and 

R̂ 1 and R 2̂ are independently selectable from hydrogen, optionally substi­

tuted, linear or branched-chained C1-C20 alkyl, optionally substituted cyclic 

C3-C20 alkyl, and optionally substituted C6-C2oaryl; 

V 
+ 

(iv) has formula: f \ 

X 
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wherein R̂ 3 and RS4 are independently selectable from the group consisting 

of optionally substituted, linear or branched-chained C1-C20 alkyl, optionally 

substituted cyclic C3-C20 alkyl, and optionally substituted C6-C20 aryl; X is C, 

N, O, or S; n̂  and m̂  are independently from each other integers from 0 to 6 

with the proviso that the sum 1< m'+n̂  < 6; and 

(v) has formula: 

wherein R 5̂, R^6, and R^r are independently selectable from the group con­

sisting of optionally substituted, linear or branched-chained C1-C20 alkyl, op­

tionally substituted cyclic C3-C20 alkyl, and optionally substituted C6-C20 aryl; 

and Z is S or Se. 

Solvent 

In the context of the present invention, the term "solvent" is meant to com­

prise a reaction media, compound and/or composition, wherein a solid or liq­

uid compound can be dissolved forming a homogeneous solution. The sol­

vent is usually in a liquid state of matter before, during or after use and/or 

reaction according to the invention. The solvent can be a mixture of liquids 

including substrate(s) and/or reaction products like water, on or more ionic 

liquids and/or one or more organic liquids, such as e.g. alcohol(s). The sol­

vent can e.g. be liquid at room or environmental temperature, or under reac­

tion conditions. An ionic liquid and/or an acid-functionalized ionic liquid can 

also be a solvent. 

Supported Ionic Liquid-Phase (SILP) 

In the context of the present invention, the terms "Supported Ionic Liquid-

Phase" or "SILP" can be used interchangeably and are meant to comprise 

e.g. any example or embodiment as disclosed in WO06122563, said refer-
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ence herewith being incorporated by reference in its entirety. Often, a SILP 

catalyst is supported on a porous support. Suitable support material(s) may 

comprise e.g. silicas, organic polymers, carbon, zeolites, clays, alumina, tita-

nia, zirconia, and any mixture(s) and combination(s) thereof. 

A first aspect of the present invention concerns a catalyst and/or a catalyst 

system comprising a palladium (Pd) catalyst and a zwitterion, and/or an acid-

functional ized ionic liquid, and one or more phosphine ligands-

Thus, according to an embodiment, the catalyst system comprises a Pd cata­

lyst, one or more zwitterion(s), and one or more phosphine ligands. 

According to another embodiment, the catalyst system comprises a Pd cata­

lyst, one or more acld-functionalized ionic liquid(s), and one or more phos­

phine ligands. 

According to a further embodiment, the catalyst system comprises Pd cata­

lyst, one or more zwitterion(s), one or more acid-functionalized ionic liquid(s), 

and one or more phosphine ligands. 

According to an embodiment, the system comprises a two-phase system, 

wherein the Pd catalyst and the reaction product are essentially contained in 

different phases. 

According to an embodiment, the catalyst is a Supported Ionic Liquid-Phase 

(SILP) catalyst. 

According to an embodiment, the catalyst system comprises a dissolved Pd 

complex. Said complex can e.g. be provided from or formed via one or more 

complex precursor(s). Often, but not exclusively, the complex precursor will 

comprise or consist of one or more palladium (II) or palladium (0) complex 

precursor(s). Suitable complex precursor(s) may comprise e.g. one or more 

of is Pd(CH3COO)2, PdCl2, Pd(CH3COCHCOCH3), Pd(GF3COO)2, Pd(PPh3)4 

or Pd2(dibenzylideneacetone)3, including any derivative(s), combination(s) 

and/or mixture(s) thereof. 
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In case of a catalyst system comprising a zwitterion, or one or more zwitter-

ion(s), suitable zwitterjon(s) can be selected from the group comprising or 

consisting of 1-(4-sulfonylbutyl)pyriclinium, 1-(4-sulfonyl butyl )3-

methylimidazolium, 1-(4-sulfonylbutyl)triethylammonium, and 1-(4-

sulfonylbutyl)tri-phenylphosphonium, including any combination(s) and/or 

mixture(s) thereof. According to an embodiment of the invention, the one or 

more zwitterion(s) can be a covalent molecule of formula Q -̂R -̂S^ as defined 

above. 

A catalyst system according to the invention also comprises one or more 

phosphine(s). According to an embodiment of the invention, the one or more 

phosphine(s) is a covalent molecule of 

formula I: (RPi)3-P, ,. . , .- . 

ora bidentatephospineofformula II: j | 

as defined above. ^" ^" 

According to an embodiment, the one or more phosphine ligands can be se­

lected from the group comprising or consisting of monophosphine(s), bi-

phosphine(s), monodentate phosphine(s), triphenylphosphine, trihexyl-

phosphine, tricyclohexylphosphine, tri-o-tolylphosphine, bidentate 

phosphine(s), 1,2-bis(di-tert-butylphosphino)ethane, 1,2-bis(diphenyl-

phosphino)ethane, and 1,2-bis((di-tert-butylphosphino)methyl)benzene, and 

any combination and/or mixtures thereof. According to a further embodiment, 

the one or more phosphine(s) is a phosphine illustrated in Figure 7. 

A catalyst system according to the invention may also comprise one or more 

acids, such as one or more inorganic and/or organic Bronsted acid(s). Suit­

able acids in the context of the present invention are meant to comprise e.g. 

any acid(s) is/are selected from the group comprising or consisting of one or 

more of methanesulfonic acid, ethanesulfonic acid, 2-butanesulfonic acid, 

propanesulfonic acid, 1,2-ethanedisulfonic acid, benzenesulfonic acid, ethyl-
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benzenesulfonic acid, fluorosulfonic acid, clilorosulfonic acid, sulfamic acid, 

perfluorooctane sulfonic acid, octanesulfonic acid, 1-naphthalenesulfonic 

acid, 2-naphthalenesulfonic acid, 1,5-naphthalenedisulfonic acid, methionic 

acid, o-cresolsulfonic acid, phenol-4-sulfonic acid, 2-pyridinesulfonic acid, 4-

iodobenzenesulfonic acid, 4-chlorobenzenesulfonic acid, p-toluenesulfonic 

acid, 4-biplienylsulfonic acid, phenylhydrazine-4-sulfonic acid, phenol-4-

sulfonic acid, 1,3-propanedisulfonic acid, 1,4-butanedisulfonic acid, dimethyl-

benzenesulfonic acid, 5-sulfosalicylic acid dehydrate, formic acid, oxalic acid, 

2,6-dipicolinic acid, tricarballylic acid, sulfuric acid, hydrochloric acid, hydro-

bromic acid, hydroiodic acid, nitric acid, perchloric acid, trifluoromethylsulfo-

nic acid, and fluorosulfonic acid-pentafluoroantimon magic acid; and any 

combination(s) and mixture(s) thereof. According to a further embodiment, 

the phosphine is a phosphine illustrated in Figure 7. 

According to an embodiment of the invention, the catalyst system may com­

prise one or more zwitterion(s), and one or more acid(s). 

According to an embodiment of the invention, the catalyst system comprises 

one or more solvents. 

According to an embodiment of the invention, the catalyst system comprises 

one or more ionic liquid(s), wherein said ionic liquid is a salt composed en­

tirely or essentially of ions, wherein said salt is melted at reaction conditions. 

According to another embodiment, one or more ionic liquid can be acid-

functionalized ionic liquid(s). 

According to an embodiment of the invention, the catalyst system comprises 

one or more solvents, and one or more ionic liquid(s). 

According to another embodiment, the acid-functionalized ionic liquid and/or 

ionic liquid acts as solvent 
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According to an embodiment of the invention, the catalyst system comprises 

(a) a Pd catalyst; (b) one or more acid-functionalized ionic liquid(s) and (c) 

one or more phosphine ligands. According to another embodiment, the cata­

lyst system does not comprise any further acid apart from the funotionalized 

ionic liquid(s). 

According to an embodiment of the invention, the acid-functionalized ionic 

liquid comprises a combination of one or more cation(s) A and one or more 

anion(s) B, the acid-functionalized ionic liquid having formula [AHJ'̂ fB]" or 

[A]*[BH]" as defined above. According to an embodiment of the invention, the 

"H" of the acid-functionalized ionic liquid is a Bronsted acid proton, i.e. a pro­

ton originating from a Bronsted acid, wherein the Bronsted acid has a pKa of 

around 5, or less than 5, or alternatively around 4, or less than4. 

According to an embodiment of the invention, the one or more acid-

functionalized ionic liquid(s) can be selected from the group comprising or 

consisting of 1-(4-suifonylbutyl)pyridinium hydrogensulfate, 1-(4-

sulfonylbutyl)triethylammonium hydrogensulfate, 1 -(4-sulfonylbutyl)-

imidazolium hydrogensulfate, 1-(4-sulfonylbutyl)imidazolium methanesul-

fonate and 1-(4-carboxylbutyl)imidazolium chloride, including any combina­

tion thereof. 

According to the invention, suitable acid-functionalized ionic liquid of type 

[AH]*[B]" may also comprise any compound(s) selected from the group com­

prising or consisting of one or more of 1-methyl-3-(4-sulfobutyl)imidazolium 

trifluoromethylsulfonate, 1-methyl-3-(4-sulfobutyl)imidazolium p-

toluenesulfonate, 1-methyl-3-(4-sulfobutyl)imidazolium methanesulfonate, 1-

methyl-3-(4-sulfobutyl)imidazolium hydrogensulfate, 1 -methyl-3-(4-

sulfobutyl)imidazolium trifluoroacetate, 1-methyl-3-(4-sulfobutyl)imidazolium 

chloride, 1-methyl-3-(4-sulfobutyl)imidazolium bromide, 1-methyl-3-(4-
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sulfobutyl)imiclazolium nitrate, 1-methyl-3-(4-sulfobutyl)innidazolium tetra-

fluoroborate, 1-methyl-3-(4-sulfobutyl)imidazolium hexafluorophosphate, 1-

methyl-3-(4-sulfobutyl)imidazolium diethylphosphate, 1 -methyl-3-(4-

sulfobutyl)imidazolium bis(trifluoromethylsulfonyl)amide, 1 -methyl-3-(3-

sulfopropyl)imidazolium trifluoromethylsulfonate, 1-methyl-3-(3-

sulfopropyl)lmidazolium methanesulfonate, 1-ethyl-3-(4-

sulfobutyl)imida2olium trifluoromethylsulfonate, 1 -ethyl-3-(4-sulfo-

butyl)imidazolium p-toluenesulfonate, 1 -ethyl-3-(4-sulfobutyl)imidazolium 

methanesulfonate, 1-ethyl-3-(4-sulfobutyl)imidazolium hydrogensulfate, 1-

ethyl-3-(4-sulfobutyl)imidazolium trifluoroacetate, 1 -ethyl-3-(4-sulfo-

butyl)imidazolium chloride, 1-ethyl-3-(3-sulfopropyl)imidazolium trifluoro­

methylsulfonate, 1-ethyl-3-(3-sulfopropyl)imidazolium methanesulfonate, 1-

butyl-3-(4-sulfobutyl)imidazolium trifluoroacetate, 1 -butyl-3-(4-sulfo-

butyi)imidazolium trifluoromethylsulfonate, 1 -butyl-3-(4-suifobutyl)imidazolium 

p-toluenesulfonate, 1-butyl-3-(4-sulfobutyl)imidazoiium methanesulfonate, 1-

butyi-3-(4-sulfobutyl)imidazolium hydrogensulfate, 1 -butyl-3-(3-sulfo-

propyl)imidazolium trifluoromethylsulfonate, 1 -butyl-3-(3-sulfo-

propyl)imidazolium methanesulfonate, triphenyl(4-sulfobutyl)phosphonium 

trifluoroacetate, triphenyl(4-sulfobutyl)phosphonium trifluoromethylsulfonate, 

triphenyl(4-sulfobutyl)phosphonium p-toluenesulfonate, triphenyl(4-suifo-

butyl)phosphonium methanesulfonate, triphenyl{4-sulfobutyl)phosphonium 

hydrogensulfate, triphenyl(3-sulfopropyl)phosphonium trifluoromethylsul­

fonate, triphenyl(3-sulfopropyl)phosphonium methanesulfonate, 1-(4-

sulfobutyOpyridinium trifluoroacetate, 1-(4-sulfobutyl)pyridinium trifluoro­

methylsulfonate, 1-(4-sulfobutyl)pyridinium p-toluenesulfonate, 1-(4-

sulfobutyl)pyridinium methanesulfonate, 1-(4-sulfobutyl)pyridinium hydrogen­

sulfate, 1-(4-sulfobutyl)pyridinium chloride, 1-(3-sulfopropyl)pyridinium 

trifluoromethylsulfonate, 1-(3-sulfopropyl)pyridinium methanesulfonate, 1-

methyl-3-(4-sulfobutyl)pyrrolidinium trifluoroacetate, 1-methyl-3-(4-sulfo-

butyl)pyrrolidinium trifluoromethylsulfonate, 1-methyl-3-(4-sulfo-

butyl)pyrrolidinium p-toluenesulfonate, 1-methyl-3-(4-sulfobutyl)pyrrolidinium 



21 

methanesulfonate, 1-methyl-3-(4-sulfobutyl)pyrrolidinium hydrogensulfate, 1-

methyl-3-(3-sulfopropyl)pyrroliclinium trifluoromethylsulfonate, 1 -methyl-3-(3-

sulfopropyl)pyrrolidinium methanesulfonate, N-(4-sulfobutyl)trimethyl-

ammonium trifluoroacetate, N-(4-sulfobutyl)trimethylammonlum trifluoro­

methylsulfonate, N-(4-sulfobutyl)trimethylammonium p-toluenesulfonate, N-

(4-sulfobutyl)trimethylammonium methanesulfonate, N-(4-sulfobutyl)trlmethyl-

ammonium hydrogensulfate, N-(3-sulfopropyl)trimethylammonium trifluoro­

acetate, N-(3-sulfopropyl)trimethylammonium methanesulfonate, N-(4-

sulfobutyl)triethylammonium trifluoroacetate, N-(4-sulfobutyl)triethyl-

ammonium trifluoromethylsulfonate, N-(4-sulfobutyl)triethylammonium p-

toluenesulfonate, N-(4-sulfobutyl)triethylammonium methanesulfonate, N-(4-

sulfobutyl)triethylammonium hydrogensulfate, N-(3-sulfopropyl)triethyl-

ammonium trifluoromethylsulfonate, N-(3-sulfopropyl)triethylammonium 

methanesulfonate, N-(4-sulfobutyl)tributylammonium trifluoroacetate, N-(4-

sulfobutyl)tributylammonium trifluoromethylsulfonate, N-(4-sulfobutyl)tributyl-

ammonium p-toluenesulfonate, N-(4-sulfobutyl)tributylammonium methane­

sulfonate, N-(4-suifobutyl)tributylammonium hydrogensulfate, N-(3-

sulfopropyl)tributylammonium methanesulfonate, N-(3-sulfopropyl)-

tributylammonium trifluoromethylsulfonate, dimethyl(4-sulfobutyl)sulfonium 

trifluoromethylsulfonate, dimethyl(4-sulfobutyl)sulfonium methanesulfonate, 

diethyl(4-sulfobutyl)sulfonium trifluoromethylsulfonate, diethyl(4-sulfobutyl)-

sulfonium methanesulfonate, and any mixture(s) and combination(s) thereof. 

According to the invention, suitable acid-functionalized ionic liquid of type 

[A]*[BH]' may comprise any compound(s) selected from the group comprising 

or consisting of one or more of 1-methyl-3-methylimidazolium hydrogensul­

fate, 1-ethyl-3-methylimidazolium hydrogensulfate, 1-ethyl-3-ethylimidazolium 

hydrogensulfate, 1-ethyl-3-ethylimidazolium hydrogenselenate, 1-butyl-3-

methylimidazolium hydrogensulfate, 1-butyl-3-methylimidazolium hydro­

genselenate, 1-hexyl-3-methylimidazolium hydrogensulfate, 1-methyl-3-

octylimidazolium hydrogensulfate, N-methylpyridinium hydrogensulfate, N-
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butylpyridinium hydrogensulfate, N-butylpyridinium hydrogenselenate, N-

dimethylpyrrolidinium hydrogensulfate, 1-butyl-1-methylpyrrolidiniunn hydro­

gensulfate, trihexyl(tetradecyl)phosphonlum hydrogensulfate, tetramethyl-

ammonium hydrogensulfate, tetramethylammonlum hydrogenselenate, tetra-

ethylammonium hydrogensulfate, tetraethylammonium hydrogenselenate, 

tetrabutylammonlum hydrogensulfate, tetrabutylammonium hydrogensele­

nate, and triethylsulfonium hydrogensulfate, and any mixture(s) and cx)mbina-

tion(s) thereof. 

According to an embodiment of the invention, the catalyst system comprises 

a Pd catalyst, a zwitterion and one or more phosphine ligands, but said sys­

tem does not comprise acid, ionic liquid, acid-functionalized ionic liquid, and 

zwitterion complex. According to another embodiment, the catalyst system 

comprises a Pd catalyst and an acid-functionalized ionic liquid and one or 

more phosphine ligands, but said system does not comprise acid, Ionic liquid 

other than the acid-functionalized ionic liquid, zwitterion, and zwitterion com­

plex. According to a further embodiment, the catalyst system comprises a Pd 

catalyst, a zwitterion and an acid-functionalized ionic liquid and one or more 

phosphine ligands, but said system does not comprise acid, ionic liquid other 

than the acid-functionalized ionic liquid, zwitterion, and zwitterion complex. 

According to an embodiment of the invention, the catalyst system comprises 

a two-phase system, and wherein the Pd catalyst and the reaction product 

are essentially contained in different phases. 

According to the invention, the catalyst system can be suitable for a Sup­

ported ionic Liquid-Phase (SILP) application. According to an embodiment, 

the catalyst is a Supported Ionic Liquid-Phase (SILP) catalyst. The SILP 

catalyst can be confined in the ionic liquid catalyst solution on a porous sup­

port, and the porous support can e.g. be selected from the group comprising 

or consisting of silica(s), organic polymer(s), carbon(s), zeolite(s), clay(s), 
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alunnina(s), titania(s), zirconia(s), and any derivative(s), mixture(s) and com-

bination(s) thereof. According to an embodiment, the catalyticaliy active Pd is 

present in an amount of up to 25% by weight, preferably up to 10% by 

weight. According to an embodiment of the invention, the SILP catalyst com­

prises Pd present in an amount of up to 5, 10, 15, 20 or 25% by weight. In 

another embodiment, the SILP catalyst comprises Pd present in an amount 

of up to around 10% by weight. According to an embodiment, the (acid func-

tionalized) ionic liquid is present in an amount of e.g. up to 66%, up to 50%, 

or up to 33% by weight. 

According to an embodiment of the invention, the catalyst system catalyzes 

the reaction: 

RSR'2C=CHR'3 + CO + R4OH ^ RSR'2CH-CHR'3COOR'4, or 

(RSR'2C=CHR'3)n' + m'CO -> (-R'iR'2C-CHR^3-CO-)n'+ (m'-n^CO 

wherein RS, R'̂ 2, R̂ 3, and R'̂4 can be selected independently from the group 

consisting of H, CH3, CH3CH2, alkyl, aryl, cyclic group, C1-C20 alkyl group, Ce-

C18 aryl group, cyclic group with 4-12 carbon atoms, optionally cortiprising 

one or more heteroatoms, such as nitrogen in the ring of the cyclic group; 

n̂  = 2-10.000 (or 100.000) or more; and m' is greater than n'. In another em­

bodiment, R'l, R''2, and RS are H. In a further embodiment, R'i, R'̂ 2, and R's 

are H, and R4 is CH3. 

A second aspect of the invention relates to reactions catalyzed by a catalyst 

system according to the first aspect, comprising e.g. carboxylation reactions, 

alkoxycarbonylation reactions and/or polymerization reactions. 

According to an embodiment, the reactions are e.g.: 

CO - ^ . MeOH Pd(OAc). phosphine ^ ^ ^ X ^ 

zwitterion, ionic liquid (opt.) 

RSR'2C=CHR'3 + CO + R'40H -> RSR'2CH-CHR'3COOR'4, and/or 

n'(R'iR'2C=CHR'3) + m'CO-^ (-R'iR'2C-CHRVC0-)n'+(m'-n^CO; 
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wherein R'i, R'̂ 2, R's, and R^ can be selected and/or defined as described 

above. 

In an embodiment of the invention, the substrate is an ethylenically unsatu­

rated compound, such as an olefin or a mixture of olefins. Suitable ethyleni­

cally unsaturated compounds include, among others, ethylene, propylene, 

butylene, isobutylene, pentene, pentene nitriles, methyl 3-pentenoates, 2-and 

3-pentenoic acid. 

A third aspect of the invention pertains to the use of a catalyst or catalyst 

system according to the first aspect, e.g. in a reaction according to the sec­

ond aspect. 

According to an embodiment, the catalyst is used in the production of methyl 

methacrylate and/or in the production of methacrylic acid. 

According to an embodiment of the invention, a catalyst system according to 

the first aspect is used in an alkoxycarbonylation reaction, a carbonylation 

reaction, a carboxylation reaction, and/or in a polymerization reaction. 

According to another embodiment of the invention, the catalyst system is 

used in an alkoxycarbonylation reaction, a carboxylation reaction, and/or in a 

co-polymerization reaction, optionally in the production of methyl propionate 

and/or propanoic acid, optionally in processes forming methyl methacrylate 

and/or methacrylic acid. 

According to a further embodiment of the invention, the catalyst system is 

used in the production of methyl methacrylate and/or in the production of 

methacrylic acid and/or in the production of poly-MMA. 

A fourth aspect of the invention concerns a method of providing a catalyst 

according to the first aspect. 
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It is also shown that the stability and re-use of palladium catalyst complexes 

can be increased in the presence of zwitterions and/or ionic liquids in alkox-

ycarbonylation, where an alkene, CO and an alcohol are selectivity reacted to 

produce esters. 

Use and/or application of zwitterion(s) and/or acid-functionalized ionic liq-

uid(s) as co-catalysts and/or stabilizing agents and/or processing aid(s) make 

it possible to efficiently perform palladium catalyzed alkoxycarbonylation 

without acid additives, thus simplifying processing. 

Without wanted to be bound by any theory, it is believed that more expensive 

phosphine(s) can be replaced by less expensive phosphine(s), providing e.g. 

a cost reduction. 

Application of ionic liquids as solvent provide a phase-separable reaction 

system that e.g. allow easy separation of the product (e.g. by decantation) 

and reuse of the palladium catalyst system e.g. through effective immobiliza­

tion. 

Without wanting to be construed as limiting to the present invention, experi­

mental evidence is presented in the following section. This comprises exam­

ples of the palladium catalyst system with zwitterions/ionic liquids. Catalyzed 

reactions comprise methoxycarbonylation of ethylene with CO and methanol 

to yield methylpropionate. 

Without wanting to be limited by any theory, it is believed that acid-

functionalized ionic liquids or ionic liquids are practically non-volatile, and of­

ten, they possess a low flammability and/or toxicity. As solvent, they have a 

wide liquid range, good thermal/chemical stability and tunable solubility prop­

erties. They improve stability of metal catalyst, and their viscosity may limit 

diffusion in bulk systems. Roles for acid-functionalized ionic liquids or ionic 



26 

liquids may comprise tlieir use as catalyst, co-catalyst, ligand source, reac­

tion media, and separation media 

The invention is further exemplified in the following, non-limiting examples, 

including Tables and Figures. 

EXAMPLES 

Example 1 

1 -(4-sulfonvlbutvl)pvridinium 

A mixture of pyridine (0.077 mol) and 1,4-butanesultone (0.07 mol) were 

heated with stirring at 70°C overnight. On completion, the obtained white 

solid was washed three times with 80 mL of diethylether. Finally, the product 

was dried under vaccum. Yield 97.6%. 

Example 2 

1-(4-sulfonvlbutvl)3-methvlimidazolium 

A mixture of 3-methylimidazole (0.099 mol) and 1,4-butanesultone (0.09 

mol) were heated with stirring at 75°C for 2 hours. On completion, the ob­

tained white solid was washed three times with 80 mL of diethylether. Finally, 

the product was dried under vaccum. Yield 93.4%. 

Example 3 
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1-(4-sulfonvlbutvl)tri-ethvlamonium 

A mixture of triethylamine (0.077 mol) and 1,4-butanesultone (0.07 mol) were 

heated with stirring at 60°C overnight. On completion, the obtained white 

solid was washed three times with 80 mL of diethylether. Finally, the product 

was dried under vacuum. Yield 60.5%. 

Example 4 

1-(4-sulfonvlbutvl)tri-phenvlphosphonium 

[ -»- r""' " ^ "O Retex. Overnight W'-'"-v.^---\ ^SOs 

A mixture of triphenylphosphine (0.05 mol) and 1,4-butanesultone (0.045 

mol) in 30 mL of toluene were refluxed {aprox. 120°C) with stirring overnight. 

On completion, the obtained white solid was washed two times with 20 mL of 

toluene and three times with 80 mL of diethylether. Finally, the product was 

dried under vacuum. Yield 7.2%. 

Without wanting to be bound by any theory, the low yield could be explained 

by the volume of toluene used and the reaction conditions chosen. This zwit-

terion showed very poor solubility in MeOH. 

Example 5 

1 -(4-sulfonvlbutvl)pvridinium hydroqensulfate 

y J HSQ. 
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A mixture of 1-(4-sulfonylbutyl)pyriclinium (0.077 mol) and sulfuric acid (0.07 

mo!) were heated with stirring at 60°C overnight. During this time the solid 

liquefy, resulting in the formation of 1-(4-sulfonylbutyl)pyridinium hydrogen-

sulfate as a slighty yellow sticky oil that was dried under vacuum ovemight. 

Yield 97.6%. 

Example 6 

1 -(4-sulfonvlbutvl)triethvlammonium hvdroqensulfate. 

" ^ \ HSO,i 

A mixture of 1-(4-sulfonylbutyl)triethyiammonium (0.077 mol) and sulfuric 

acid (0.07 mol) were heated with stirring at 60°C overnight. During this time 

the solid liquefy, resulting in the formation of 1-(4-sulfonylbutyl)triethyl-

ammonium hydrogensulfate as a slighty yellow sticky oil that was dried under 

vacuum overnight. Yield 92.7%. 

Example 7 

1-(4-carboxvlbutvl)imidazolium chloride 

"^"m^- ^'"' OH 

A mixture of 1-methylimidazole (0.077 mol) and 4-chlorobutanoic acid (0.05 

mol) were heated with stirring at 70°C overnight. On completion ether was 

added. The solid-oil was washed with ether (50mLx3). The slighty yellow 

sticky oil was dried under vacuum overnight. 

Example 8 

1 -(4-sulfonvlbutvl)imidazolium hvdroqensulfate. 
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/ -^^ 

{?F> ^''" ^ ,-. SO3H 

HSOf 

A mixture of 1-(4-sulfonylbutyl)imidazol (0.077 mol) and sulfuric acid (0.07 

mol) were heated with stirring at 60°C overnight. During this time the solid 

liquefy, resulting in the formation of 1-(4-sulfonylbutyl)imidazoilum hydrogen-

sulfate as a slighty yellow sticky oil that was dried under vacuum overnight. 

Example 9 

1 -(4-sulfonvlbutvl)imidazolium methanesulfonate 

MeSO? 

A mixture of 1-(4-sulfonylbutyl)imidazol (0.077 mol) and methanesulfonic acid 

(0.07 mol) were heated with stirring at 60°C overnight. During this time the 

solid liquefy, resulting in the formation of 1-(4-sulfonylbutyl)imidazoilum 

methanesulfonate as a slighty yellow sticky oil that was dried under vacuum 

overnight. 

Example 10 

Catalytic Runs: (A) Svstem without pre-activation 

Catalytic reactions were carried out in a 50 mL Parr autoclave. The reactor 

containing palladium acetate (11.2 mg, 0.05 mmol), either no zwitterion or 

zwitterion (1, 2, 3, or 4 = zwitterion from Example 1,2,3, or 4) 1 mmol zwit­

terion (Pd/Zwitterion = 1/20), 2 mmol (Pd/Zwitterion = 1/40) or 3 mmol zwit­

terion (Pd/Zwitterion = 1/60), 1,2-bis((di-teAt-butylphosphino) methyl)benzene 

(0.25 mmol) dissolved in methanol was purged with a gas mixture 

C0/ethylene/N2 (40/40/20) 3 times. The autoclave was then pressurised to 

20 bar using the same gas mixture C0/ethylene/N2 (40/40/20) and heated 
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from R.T. to 80 °C. The pressure was allowed to fall during the reaction pe­

riod. After the reaction time, the reaction was terminated by rapid cooling of 

the autoclave and the unreacted gases vented. The reaction slurry was then 

filtered and the liquid kept for GC analysis. The activity for methyl propionate 

formation was determined by gas chromatography. 

Selected results from the experiments are comprised in Table I. 

Example 11 

Catalytic Runs: (B) Re-use of the catalytic system 

After terminating the reaction by rapid cooling of the autoclave, the unreacted 

gases were vented. Then for run 2, the autoclave was charged again with the 

gas mixture (20bar) and heated from R.T. (room temperature) to 80°C. The 

pressure was allowed to fall during the reaction period. After the reaction 

time, the reaction was terminated by cooling the autoclave and the unreacted 

gases were vented. The same procedure was followed for the re-use of the 

catalytic system. 

Selected results from the experiments are comprised in Table II. 

Example 12 

Catalytic Runs: (C) System with pre-activation using 1 •2-bis((di-tert-

butylphosphino)methyl or triphenvlphosphine as phosphine liqands 

Catalytic reactions were carried out in a 50 mL Parr autoclave. The reactor 

containing palladium acetate (11,2 mg, 0.05 mmol), either no zwitterion or 

zwitterion (1, 2, 3, or 4 = zwitterion from Example 1,2,3, or 4) 1 mmol zwit­

terion (Pd/Zwitterion = 1/20), 2 mmol (Pd/Zwitterion = 1/40) or 3 mmol zwit­

terion (Pd/Zwitterion = 1/60), 1,2-bis((di-ferf-butylphosphino)methyl)benzene 

(0.25 mmol) or triphenylphosphine (0.5 mmol (1:10) (Pd/P) or 1,25 mmol 

(1:25) (Pd/P)) dissolved in methanol was purged with Argon three times. The 

autoclave was then pressurised to 2 bar with Argon and heated at 80 °G 

overnight (12h, 14h or 16h). The autoclave was then cooled down to R.T. 
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and purged with a gas mixture C0/ethylene/N2 (40/40/20) 3 times. After that, 

the autoclave was pressurised to 20 bar using the same gas mixture 

C0/ethylene/N2 (40/40/20) and heated from R.T. to 80 °C in the case of the 

1,2-bis((di-fe/t-butylphosphino)methyl or to 100°C in the case of triphenyl-

phosphine. The pressure was allowed to fall during the reaction period (batch 

mode). After the reaction time, the reaction was terminated by rapid cooling 

of the autoclave and the unreacted gases vented. The reaction slurry was 

then filtered and the liquid kept for GC analysis. The activity for methyl propi­

onate was determined by gas chromatography. 

The triphenylphosphonium zwitterlon was only poorly soluble in MeOH. With­

out wanting to be bound by any theory, it is believed that this zwitterion could 

be more active in e.g. an alkoxycarbonylation of e.g. ethylene, once the ap­

propriate solvent has been selected for solubilisation of the zwitterion. 

Selected results from the experiments are comprised in Table III. 

Example 13 

Catalvtic Runs: (D) System with acid-functionalized ionic liquids using 1.2-

bis((di-tert-butvlphosphino)methvl liqand 

Catalytic reactions were carried out in a 50 mL Parr autoclave. The reactor 

containing palladium acetate (22.6 mg, 0.1 mmol) and 1,2-bis((di-fert-

butylphosphino)methyl)benzene (0.5 mmol) (1:10) (Pd/P) dissolved in 

methanol alone or methanol-ionic liquid (1-butyl-3-methylimidazolium acetate 

or 1-butyl-3-methylimidazolium hydrogensulfate) with methanesulfonic acid or 

methanol with acid-functionalized ionic liquids from Examples 8 and 9, was 

purged with a gas mixture C0/ethylene/N2 (40/40/20) three times. After that, 

the autoclave was pressurised to 20 bar using the same gas mixture 

C0/ethylene/N2 (40/40/20) and heated from R.T. to 80 "C. The pressure was 

allowed to fall during the reaction period (batch mode). After the reaction 

time, the reaction was terminated by rapid cooling of the autoclave and the 

unreacted gases vented. The reaction slurry was then filtered and the liquid 
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kept for GC analysis. The activity for methyl propionate was determined by 

gas chromatography. 

Selected results from the experiments are comprised in Table IV. 

Example 14 

Phase-separation: (E) System with acid-functionalized ionic liquids using 1.2-

bis((di-tert-butvlphosphino)methvl liqand 

The reaction mixture with the acid-functionalized ionic liquid 1-(4-sulfonyl-

butyl)imidazolium methanesulfonate with dissolved Pd catalyst, as described 

in Example 13, is shown In Figure 6. The homogeneous reaction mixture be­

fore reaction is shown to the left, and the phase separated reaction mixture 

after completion of the reaction to the right. The separated upper clear phase 

consists of the methyl propionate product with traces of methanol, while the 

lower coloured phase consists of the ionic liquid containing the dissolved Pd 

catalyst. 

The example illustrates the facile separation of the product from the recycla­

ble Pd catalyst system. 
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TABLES 

Table I 

Methoxycarbonylation of ethylene with CO and MeOH ° 

5, .^ . iReactionTimeiConversion ! Ratio h 
iZwitterioni .. . ' ,,,. ; , „ . , _ .̂  . . Product" (hours) (%) s (Pd/Zwitterion) \ 

! No I 8 i 42.1 ; No I methylpropionate i 

^ 1 i 8 92.3 (1/60) \ methylpropionate \ 

\ 2 \ 8 84.6 (1/60) \ methylpropionate i 

i 3 i 8 44.3 (1/60) \ methylpropionate \ 

\ A I 8 72.7 (1/40) \ methylpropionate \ ^ ^ /™™ \ 

\ ' ' '' ^ ^ \/ \ 4^ \/ 
'Pd(0Ac)2 0,05 mmol;Ligand(P-P) 0.25 mmol; MeOH volume 6 mL; Total " A / \ / " " 

pressure (N2/CO/Ethylene) (1/2/2) 20 bar; Reaction temperature 80'C. P ™ ^ ""-R 
''100%Selectivlty - ^ V " 

I / \ f S 

.̂..TableH 

Methoxycarbonylation of ethylene with CO and MeOhf 

I ^ .,, . i ReactionTime ^ Conversion i Ratio „ . ,b 
i Zwitterion i ,. , i .„/. ; ,c,j,-, xx • i ^ Product" 

(hours) (%) ; (Pd/Zwitterion) 
No-Run1 7 35.7 No i methylpropionate i 

No-Run2 7 17.1 No ; methylpropionate I 

1-Run1 8 92.3 (1/60) \ methylpropionate \ 

I 1-Run2 1 90.1 (1/60) i methylpropionate i 

2-Run1 8 84.6 (1/60) \ methylpropionate ^ 

i 2-Run2 1 i 91.9 i (1/60) I methylptxDpionate \ 

2-Run3 1 85.3 (1/60) i methylpropionate I 

3-Run1 8 44.3 (1/60) ; methylpropionate | 

\ 3-Run2 8 22.3 (1/60) : methylpropionate I 

I 4^un1 8 72.7 (1/60) i methylpropionate I 

4-Run2 6 11.5 (1/60) I methylpropionate I 

P̂d(OAc)2 0.05 mmol; Ligand (P-P) 0.25 mmol; MeOH volume 6 mL; Total pressure ^ 
(N2/C0/ahylene) (1/2/2) 20 bar; Reaction temperature SCO;" 100%Selectivity 
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