PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Pyrazolyl-functionalized 2-methylimidazolium-based ionic liquids and their
palladium(11) complexes as recyclable catalysts

Ruihu Wang, Melissa M. Piekarski and Jean’ne M. Shreeve*

Received 17th March 2006, Accepted 3rd April 2006
First published as an Advance Article on the web 20th April 2006
DOI: 10.1039/b604008;j

A series of pyrazolyl- and 3,5-dimethylpyrazolyl-functionalized 2-methylimidazolium-based salts have
been prepared through neat reactions of 1-pyrazolylmethylene-2-methylimidazole and 1-(3,5-dimethyl-
pyrazolylmethylene)-2-methylimidazole with alkyl or polyfluoroalkyl iodides or 1-bromohexane,
followed by anion exchange with LiN(SO,CF;), or KPF,. Their thermal properties were determined by
DSC and TGA. Most of the bis(trifluoromethanesulfonyl)amide salts are room temperature ionic
liquids. The influence of anions and of the structural variation in the 2-methylimidazolium-based
cations on the physicochemical properties is discussed. These salts reacted easily with palladium(1r)
chloride to generate mononuclear palladium ionic liquid complexes. The catalytic activity and
recyclability of the palladium complexes in the corresponding ionic liquids were preliminarily examined
using Heck, Suzuki and Sonogashira cross-coupling reactions in the absence of phosphine ligands.

Introduction

Palladium-catalyzed coupling and cross-coupling reactions exem-
plify one of the most important processes in organic chemistry
because they represent a powerful and popular method for the
formation of carbon—carbon bonds.'* Significant innovations in
the field have been made in the modifications of traditional
phosphine ligands and in the discovery of novel phosphine
systems.>* However, most of the phosphine ligands are sensitive
to air and moisture, with conversion to, for example, phosphine
oxides. This can lead to poisoning of the metal which may result in
catalyst decomposition. Other problems frequently encountered in
the use of phosphine ligands in catalysis, such as cost, high toxicity,
laborious synthesis and catalyst loss during product extraction,
have driven chemists to explore alternatives.

Nitrogen-containing ligands have been widely used in coordina-
tion chemistry, supramolecular chemistry and material science.*™*
Some of their palladium complexes were applied in palladium-
catalyzed coupling reactions and showed high stability and effi-
cient catalytic activity.>"® The preparation of these types of catalyst
precursors can be carried out in air without detrimental effects on
eventual catalytic reactions. Moreover, their coordinating ability
with palladium(ir) can be easily modified through the careful
choice of N-containing coordination groups, which enhances the
scope of catalysts for different catalytic applications. Some pal-
ladium(11) complexes prepared from nitrogen-containing ligands,
such as 1) monodentate ligands with imine,® oxime,” pyrazolyl,?
nitrile,” alkylimidazolyl,'®"** and pyridyl groups,'* and 2) chelat-
ing bidentenate ligands, including bisimidazolyl,"? diazabutanes®®
and dipyridyl ligands,” have been frequently used in numerous
transformations for laboratory and industrial applications. Ionic
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liquids have been shown to be effective in solvating N-containing
palladium(11) complexes.*** Catalyst precursors dissolved in ionic
liquids can be effectively recovered and recycled. The organic
products can also normally be easily separated from catalytic
solution by simple distillation or extraction. During the last
decade, many reactions were revisited in alternate solvents without
significant loss of yields, and sometimes with improved catalytic
activity'' and chemo- or regio-selectivity.'s

Tonic liquids, especially those based on 1,3-dialkylimidazolium,
have received growing interest as green alternatives to traditional
volatile solvents in catalysis and organic synthesis owing to their
specific physical and chemical properties.'’® However, the presence
of base is prone to deprotonate C2 of the imidazolium cation
resulting in potential side-products'” or inactive polycarbene metal
complexes.’® Moreover, the strong acidity of the proton at C2
also leads easily to extensive hydrogen bonding interactions."
Subsequent investigations have suggested that the drawbacks
could be avoided by utilization of 2-alkylimidazolium-based ionic
liquids.’®2° However, this type of ionic liquid has been used rarely
in palladium-catalyzed coupling reactions, despite the fact that
catalysts in these media sometimes exhibited higher catalytic
activity than corresponding imidazolium-based ionic liquids.”
This is mainly ascribed to the inability of 2-alkylimidazolium-
based ionic liquids to effectively stabilize palladium catalysts
during catalytic reactions and to leaching of catalysts during
separation of target products in the absence of supporting ligands.
Recently, metal-containing ionic liquids have been successfully
employed in highly recyclable coupling reactions, in which ionic
liquids serve as both immobilization solvent and ligand to the
catalysts.”'?? Inspired by that strategy, we speculated that if ap-
propriate nitrogen-containing coordinating groups were attached
to a 2-alkylimidazolium cation, palladium catalysts might be
immobilized effectively in the media by coordination, and the
advantages of both nitrogen-containing coordinating groups and
2-alkylimidazolium-based ionic liquids could be realized. Most
of all, further development of ionic liquids and their applications
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in other important processes may require the synthesis of new
ionic liquids with suitable properties. As an extension of our
research work in recyclable phosphine-free catalytic systems,"
we have been interested in the use of pyrazolyl-functionalized
ionic liquids, since pyrazolyl-based palladium(i1) compounds are
excellent candidates as nitrogen-containing ligands in catalysis
owing to their desirable coordinating ability with palladium.? In
this paper, we wish to report the syntheses and characterization
of a family of pyrazolyl and dimethylpyrazolyl-functionalized 2-
methylimidazolium-based ionic liquids, and to demonstrate their
suitability as both ligands and solvents in palladium-catalyzed
Heck, Suzuki and Sonogashira cross-coupling reactions.

Results and discussion

The synthetic pathway to salts 2a—2p is depicted in Scheme 1. Com-
pounds 1-pyrazolylmethylene-2-methylimidazole (1a) and 1-(3,5-
dimethylpyrazolylmethylene)-2-methylimidazole (1b) were easily
prepared from reactions of 1-(chloromethyl)pyrazole hydrochlo-
ride and 1-(chloromethyl)-3,5-dimethylpyrazole hydrochloride
with 2-methylimidazole in the presence of a base in DMF. In 1aand
1b, there are two basic nitrogen atoms available to participate in
quaternization reactions. Since the nitrogen atom in the imidazolyl
ring is a stronger electron donor than that in the pyrazolyl ring,
we envisaged it would be more easily monoquaternized under
appropriate conditions, and a pyrazolyl coordination center would
remain after monoquaternization. The neat reactions of 1a and 1b
with alkyl and polyfluoroalkyl iodides or 1-bromohexane were
carried out at 80 °C for 12 h; subsequent metathesis reactions
with either lithium bis(trifluoromethanesulfonyl)amide (LiNTTf,)
or potassium hexafluorophosphate (KPF,) led to the formation of
the corresponding salts 2a—2p in excellent yields.

All of the salts were stable in air and water. Since the
replacement of the C2 proton of imidazolium ring by a methyl
group precludes hydrogen bonding between the proton and water,
these compounds tend to be immiscible with water. This allows
purification by simple washing with water to remove water-soluble
impurities. The salts are soluble in ethyl acetate and acetone, but
they are immiscible with solvents of low polarity, such as ethers
and alkanes.

The new salts were characterized by 'H, BC, YF NMR and
elemental analyses. The "H and *C NMR data are routine with
minimal or no change in the chemical shifts of the 2-methylimida-
zolium parent ring. The chemical shifts of the protons of the
methylene bridge (-NCH,N-) in the pyrazolyl-functionalized and

: @

Table 1 Thermal properties of 2a-2p

Compound R R’ Y T./°C*  T4/°Ct
2a H CH, NTf, =2I° 295
2b H (CH,),CH,; NTf, —32¢ 288
2¢ H (CH,),CF; NTf, 85 285
2d H (CH,);CH;4 NTf, —44¢ 318
2e H (CH,);CF; NTf, 75 306
2f H (CH,);CH, NTf, —50¢ 304
2g H (CH,),(CF,);CF, NTIf, 112 292
2h H (CH,);CH,; PF, —28¢ 266
2 H (CH,);CF, PF, 114 268
2 H (CH,);CH, PE, 32 271
2k CH; CH, NTf, 80 267
21 CH, (CH,),CH, NTf, —34¢ 270
2m CH; (CH,);CH; NTf, —38¢ 282
2n CH; CH, PF, 163 242
20 CH; (CH,);CH, PF, —13¢ 221
2 CH, (CH,);CH, PF, 25 231

“ Melting point. ® Thermal degradation. © Glass transition temperature.

3,5-dimethylpyrazolyl-functionalized salts are in the range 6.54—
6.63 ppm and 6.41-6.46 ppm, respectively, which are downfield
shifts compared to those in 1a (6.03 ppm) and 1b (5.90 ppm).
Use of "F NMR spectra helped to monitor the progress of
metathesis reactions when introducing fluorine-containing anions
in the form of polyfluoroalkyl chains. The relative areas of the
resonance bands from the fluorine atoms of the anions (NTf, and
PF;) in 2c, 2e, 2g and 2i were readily compared with those of the
polyfluoroalkyl substituents in the 2-methylimidazolium cation.

Phase transition temperatures (midpoints of glass transition
and/or melting points) were determined by differential scanning
calorimetry (DSC) and are given in Table 1.

As anticipated, the anion exhibits a major influence on the
melting point. With the same substituents on the cations, changing
the anion PF in 2h-2j and 2n-2p to NTf, in 2d-2f and 2k-2m
lowers the respective melting points greatly. Melting points of some
salts containing PF anions, such as 2i and 2n, are above 100 °C
which places them outside of the range for ionic liquids.®® Salts
with the NTf, anion, except 2g, fall into the ionic liquid class of
compounds because of their lower melting points; most of them are
room temperature ionic liquids. With the same anion, an increase
of length and flexibility of alkyl groups on cations resulted in a
lowering of the melting point, which is in keeping with related salts,
such as alkyl-substituted imidazolium or 2-methylimidazolium
cations.* For example, for dimethylpyrazolyl-functionalized salts
with NTf, and PF,, variation of N-substituents from methyl to
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butyl to hexyl causes the melting points to decrease from 80 °C
(2k) to —34 °C (21) to —38 °C (2m) and from 163 °C (2n), to
—13 °C (20) to —25 °C (2p), respectively. A similar tendency
can also be observed in pyrazolyl-functionalized salts; the effect
of N-substituents in the NTf, salts on the melting points is
in the following order: methyl (=21 °C) > propyl (=32 °C) >
butyl (—44 °C) > hexyl (—50 °C). This suggests decreased
packing efficiency in the crystal lattice as the alkyl groups are
elongated.

It should be pointed out that the dimethylpyrazolyl-
functionalized ionic liquids 2k-2p have higher phase transition
temperatures than their pyrazolyl-functionalized analogues. In
general, replacement of alkyl substituents by polyfluoroalkyl
groups results in an increase in melting point of the salts. For
example, trifluoropropyl-substituted salt 2¢ and trifluorobutyl-
substituted salts 2e and 2i have higher melting points than
those with propyl- and butyl-substituents, 2b, 2d and 2h. The
phase transition temperature of 1 H,1 H,2H,2 H-nonafluorohexyl-
substituted salt 2g (112 °C) is much higher than that of its non-
fluoro analogue 2f (—50 °C). However, their thermal stabilities
were essentially identical as determined by thermogravimetric
analysis (TGA). The variation of the alkyl chain in the pyrazolyl-
functionalized and dimethylpyrazolyl-functionalized cations has
no obvious effect on the stability of the corresponding salts, but
variations of anions and functional groups have an apparent influ-
ence on the thermal degradation of the salts. The decomposition
temperatures of pyrazolyl-functionalized salts with NTf, and PF,
anions are in the range 285-318 and 266-271 °C, respectively,
which are higher than their dimethylpyrazolyl-functionalized
analogues (267-282 °C for 2k-2m and 221-242 °C for 2n-2p).
The salts with the NTf, anion are more stable thermally than the
corresponding salts with the PF, anion.

The coordination abilities of the pyrazolyl- and 3,5-dimethyl-
pyrazolyl-functionalized 2-methylimidazolium-based salts were
also briefly studied. The reactions of palladium(1r) chloride with
2 equiv. of 2d and 2l in methanol produced air stable yellow
complexes 3a and 3b (Scheme 2), respectively. There were obvious
downfield shifts in the '"H and “C NMR spectra of pyrazolyl
and methylimidazolium rings when compared with those of their
respective reactants. Since the melting points of 3a and 3b are 132
and 137 °C, respectively, they can not be regarded as ionic liquids.
Thermal decomposition occurred above 280 and 259 °C, which is

C
N‘N——ld—'N~N
RN
Ccl \>_
N
ONTE, BU/N\(-B)

3a 3b

Scheme 2

lower than the analogous temperatures of the corresponding salts
2d (318 °C) and 21 (270 °C).

Palladium-catalyzed Heck cross-coupling reactions in ionic liquid
2d

Palladium-catalyzed Heck cross-coupling reactions usually take
place under relatively mild conditions and tolerate a wide variety
of functional groups on either coupling partner. Various strategies
have been developed for recovery and reuse of notable palladium
catalysts in the Heck reaction, especially in the absence of bulky
phosphine ligands.>'** One of the predominant aims involving
metal-containing ionic liquids is that they can be demonstrated
to be ideal immobilization and activation agents for transition-
metal catalysts throughout the entire process. Some palladium-
containing ionic liquids were reused more than ten times without
significant loss of catalytic activity, and even led to the activation
of aryl chlorides.”® In our work, the Heck reaction was initially
evaluated using 3a as a catalyst precursor dissolved in pyrazolyl-
functionalized ionic liquid 2d. As expected, it was possible to
carry out the cross-coupling reactions of iodobenzene and n-butyl
acrylate nine times in the catalytic solution without detectable loss
of catalytic activity (Table 2, entry 1). Interestingly, using the same
protocols, 3a-catalyzed cross-coupling reaction of iodobenzene
and n-butyl acrylate in a non-functionalized ionic liquid, 1-butyl-
2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)amide (4),

Table 2 Recyclable Heck coupling reaction of iodobenzene and n-butyl acrylate®?

CO,"Bu
I ~
@/ + /\co anu ’ @\/
Cycle no.

Entry ILs Catalyst 1 2 3 4 5 6 7 8 9

1 2d 3a >99 >99 >99 >99 >99 >99 >99 >99 >99
2 4 3a >99 >99 >99 >99 >99 >99 >99 >99 >99
3 4 PdCl, >99 86 45 12 3

4 21 PdCl, >99 >99 >99 >99 >99 >99 >99 >99 >99

“ The reactions were carried out using 1.0 mmol iodobenzene, 1.25 mmol n-butyl acrylate, 1.5 mmol Et;N, 2 mol% catalyst and 3.0 g 2d at 110 °C for 3 h.

> GC yield.
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was also performed nine times with complete conversion of
iodobenzene (Table 2, entry 2). This case is very different from
the reported palladium-catalyzed cross-coupling reactions in that
medium.?* This likely happens because 3a possesses a pendant
2-methylimidazolium tag which is similar to ionic liquid 4. The
ionophilicity of 3a towards 4 was increased,” which promoted the
immobilization of 3a in 4. However, when PdCl, was used as the
catalyst instead of 3a in 4 under identical reaction conditions,
palladium black was formed during the first cycle, causing a
decrease of the catalytic activity after the first cycle, and the
catalytic solutions to become completely inactive after 5 cycles
(Table 2, entry 3). Not surprisingly, when the Heck reaction was
examined in 2l using PdCl, as the catalyst precursor following the
same protocols, the catalytic system could be recycled nine times
owing to pre-formation of the palladium-coordinating ionic liquid
(Table 2, entry 4).

To further test the scope and recyclability of 3a in the ionic
liquid 2d, the cross-coupling reactions between a wide array of aryl
halides and n-butyl acrylate were examined using similar protocols
(Table 3). The reactions of n-butyl acrylate with electron-rich 4-
iodotoluene and 4-iodoanisole as well as electron-deficient 1-iodo-
4-nitrobenzene and 1-fluoro-4-iodobenzene progressed smoothly.
The corresponding n-butyl (E)-cinnamates were obtained in high
yields with complete regioselectivity at the B-position. In addition,
no cis coupled products were observed. Interestingly, a hetero-
aromatic compound, 2-iodothiophene, also reacted with n-butyl
acrylate to give the target product in a satisfactory isolated yield
(entry 4). All coupled products were easily separated from the
catalytic solution by simple extraction with ether and hexane. After
extracting the products, the resulting solution was washed with
water to remove ammonium salts and dried under vacuum for
the next cycle. In the process, no apparent leaching of palladium
species was observed. The catalytic solution was recovered and
reused successfully twelve times without any detectable loss of
catalytic activity.

Table 3 Recyclable Heck coupling reactions of aryl halides with n-butyl
acrylate®

COanu » \ (e10] 2nBu
R

Entry R X (Cycle) Yield (%)®

1 H I (1)91 )91

2 Me I (3) 92 (4)93

3 MeO | (5)90 6) 92

4 1 (7) 84 (8) 87

5 NO, I (9)90 (10) 89

6 F I (1191 (12) 92

7 H Br (1)47 (2) 634

8 H Cl (3) <1

9 Me Br (@) 10¢ (5) 154¢
10 CF, Br 6) 75 (7) 904
11 CH,CO Br (8) 76 (9) 86
12 F Br (10) 69 (11) 85¢
13 NO, Br (12) 81 (13) 89

¢ Unless otherwise stated, the reactions were carried out using 1.0 mmol
aryl halides, 1.25 mmol n-butyl acrylate, 1.5 mmol Et;N, 2 mol% catalyst
and 3.0 g 2d at 110 °C for 3 h. ® Isolated yield. ¢ 2-Todothiophene acts as a
substrate. ¢ Reaction time 15 h. ¢ GC yield.

In order to continue to evaluate the catalytic system, we
used aryl bromides as reactants and found that their electronic
nature has a significant effect on the yields of coupled prod-
ucts. The cross-coupling reaction of bromobenzene with n-butyl
acrylate at 110 °C for 3 h gave rise to trans-cinnamic acid n-
butyl ester in a 47% yield (Table 3, entry 7). Aryl bromides
bearing electron-withdrawing substituents, such as 4-bromo-
(trifluoromethyl)benzene, 4-bromoacetophenone and 4-bromo-
fluorobenzene, reacted with n-butyl acrylate under identical
conditions and gave the corresponding coupled products in high
isolated yields (Table 3, entries 10-13); prolonged reaction time
resulted in the enhancement of the isolated yields. However, a
similar reaction using electron-rich 4-bromotoluene in the system
gave only a 15% GC yield even after 15 h (Table 3, entry 9). With
4-chlorobenzene, only a trace of the target product was detected
after 15 h (Table 3, entry 8).

Palladium(1r)-catalyzed Suzuki cross-coupling reactions in ionic
liquid 2d

Since our goal was to develop a highly recyclable phosphine-free
catalytic system, we next applied this system to Suzuki cross-
coupling reactions, another very important carbon-carbon bond
formation reaction for the synthesis of biaryl compounds. The
cross-coupling reactions of phenylboronic acid with aryl bromides
and activated aryl chloride were evaluated using procedures
reported previously.” In the present system, Na,CO; was used
as a base, and water was added as a co-solvent to improve the
solubilization of the inorganic base. As shown in Table 4, treatment
of phenylboronic acid with bromobenzene and deactivated 4-
bromoanisole in the presence of Na,CO; and 2 mol% catalyst in
2d at 110 °C for 1 h produced the corresponding coupled products
in 76 and 53% isolated yields, respectively. The higher isolated
yields were obtained when the reaction time was prolonged to
15h (Table 4, entries 1 and 2). The activated 4-chloroacetophenone
also reacted with phenylboronic acid, and a 31% isolated yield was
obtained after reaction at 110 °C for 15 h (Table 4, entry 3). The
reactions of activated aryl bromides and phenylboronic acid were
completed within 1 h, and the corresponding binary compounds
were obtained in high isolated yields (Table 4, entries 4-7).

Table 4 Recyclable Suzuki coupling reactions of aryl halides with phenyl-
boric acid*

Entry R X (Cycle) Yield (%)®

1 H Br (76 (2)91¢
2 MeO Br (3)53 (4) 82¢
3 CH,CO Cl (5) 107 (6) 31¢
4 CH,CO Br (791 (8) 93¢
5 F Br (9)92 (10) 90
6 CF, Br (11) 91 (12) 95¢
7 NO, Br (13) 89 (14)91°

“Unless otherwise stated, the reactions were carried out using 1.0 mmol
of aryl halide, 1.1 mmol phenylboric acid, 2.0 mol Na,CO;, 1 mL H,0, 2
mol% catalyst and 3.0 g 2d at 110 °C for 1 h. * Isolated yield. © Reaction
time 15 h. “ GC yield. ¢ Reaction time 3 h.
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Table 5 Recyclable Sonogashira coupling reactions of aryl iodides with

phenylacetylene”
O s =) — =0

R H Me MeO F NO, ¢
Cycle 1 2 3 4 5 6
Yield (%)® 93 91 94 95 91 87

“ All reactions were carried out using 1.0 mmol of aryl iodide, 1.0 mmol of
phenylacetylene, 2.0 mmol piperidine, 1.0 mol% 3b and 3.0 g 21 at 70 °C
for 3 h. ® Isolated yield. ¢ 2-Iodothiophene acts as a substrate.

These results showed that the palladium-containing pyrazolyl-
functionalized ionic liquid is more active for Suzuki than for Heck
cross-coupling reactions. It is noteworthy that the palladium(1r)-
containing catalytic solution was recycled fourteen times without
obvious loss of catalytic activity.

Palladium(ir)-catalyzed Sonogashira cross-coupling reactions in
ionic liquid 21

Palladium-catalyzed Sonogashira cross-coupling reactions have
been extensively used for the synthesis of substituted and con-
jugated alkynes in natural products chemistry and materials
science. Generally, the reaction requires the presence of phosphine
ligands and a co-catalyst, such as Cul, in order to achieve high
activities. Several improvements have recently been accomplished
which eliminate the need for Cul and/or phosphine ligands.”
Encouraged by the fine results from the present metal-containing
ionic liquids, we further evaluated Sonogashira cross-coupling
reactions. The reaction was carried out using 1.0 mmol aryl
iodides, 1.0 mmol phenylacetylene, 1.5 mmol piperidine, and
1.0 mol% 3b dissolved in ionic liquid 21 (Table 5). The correspond-
ing cross-coupled products were obtained in high isolated yields.
There was no apparent difference in yields obtained with electron-
rich and electron-deficient aryl iodides. The heteroaromatic re-
actant, 2-iodothiophene, also reacted with phenylacetylene to
produce 2-(phenylethynyl)thiophene in an 87% isolated yield
in the sixth cycle. It was important to note that Glaser-type
homocoupling products were not detected, which suggested a high
catalytic activity of the catalytic solution in Sonogashira cross-
coupling reactions. The catalytic solution was recycled six times
with different reactants without significant loss of catalytic activity.
This showed that the catalytic process tolerates heteroaryl iodide
and both electron-donating and electron-withdrawing substituents
in the aryl iodides.

Conclusions

The outstanding stability and activity of the palladium cat-
alysts of the pyrazolyl- and dimethylpyrazolyl-functionalized
2-methylimidazolium-based ionic liquids in the corresponding
reaction media result from a highly synergistic effect between
the pyrazolyl or dimethylpyrazolyl coordinating group and 2-
methylimidazolium. Since our ionic liquids can serve as both
solvents and ligands, the palladium catalysts are part of the ionic
liquids in the catalytic system, and the decomposition and leaching
of catalysts throughout the reaction and product separations can

be markedly reduced. Moreover, since the imidazolium group
was methylated at C2, the formation of potentially detrimental
side-products and strong hydrogen bonding interactions were pre-
cluded. When the palladium(ir)-catalyzed cross-coupling reactions
were carried out using catalysts without a pendant ionic group
in the methylimidazolium-based ionic liquids or using pyrazole-
palladium(11) complexes in non-functionalized ionic liquids,** the
catalysts showed poor activity with concomitant formation of
black precipitates. This indicates that neither the pyrazole nor
the methylimidazolium-based ionic liquid alone can effectively
activate and stabilize the palladium(in) catalysts.

In summary, a family of 2-methylimidazolium-based ionic
salts containing pyrazolyl- and 3,5-dimethylpyrazolyl-functional
groups was synthesized. The relationship between their structures
and melting points as well as thermal stabilities was determined.
Their reactions with palladium(ir) chloride gave rise to palla-
dium(1) ionic liquid complexes which were employed as catalyst
precursors for the Heck, Suzuki and Sonigashira cross-coupling
reactions in corresponding ionic liquids. The catalytic solutions
showed high stability and extended catalytic activity, and were
effectively recovered and recycled in the chemical transformations
without significant loss in the catalytic activity. This work has
demonstrated that the combination of 2-methylimidazolium and
pyrazolyl coordination groups is a promising pathway toward
design and synthesis of highly stable and active phosphine-free
catalytic systems.

Experimental
General

The compounds, 1-(chloromethyl)pyrazole hydrochloride,
1-(chloromethyl)-3,5-dimethylpyrazole  hydrochloride,® and
1-butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)-
amide'®* were prepared as previously reported. DMF was distilled
prior to use. The other chemicals were obtained commercially
and were used as purchased. A standard Schlenk line system
was used for handling the air- and moisture-sensitive reactions
under nitrogen. 'H, *C and YF NMR spectra were recorded on
a 300 MHz spectrometer operating at 300, 75 and 282 MHz,
respectively, by using acetone-d, as locking solvent except where
otherwise indicated. Chemical shifts were reported in ppm relative
to the appropriate standard: CFCl; for F and TMS for 'H and
BC NMR spectra. GC-MS spectra were determined using an
appropriate instrument. Differential scanning calorimetry (DSC)
measurements were performed using a calorimeter equipped
with an auto-cool accessory and calibrated using indium. The
following procedure was used for each sample: cooling from
40 °C to —80 °C and heating to 400 or 500 °C at 10 °C min~"'. The
transition temperature, 7',, was taken as peak maximum. Onset
of decomposition was taken as when the abnormal section of the
plot began. Thermogravimetric analysis (TGA) measurements
were carried out by heating samples at 10 °C min~' from room
temperature to 500 °C in a dynamic nitrogen atmosphere (flow
rate = 70 mL min~"). Thin-layer chromatography (TLC) analysis
was performed with Al-backed plates pre-coated with silica gel
and examined under UV (254 nm). Flash column chromatography
was executed on silica gel (60-200 um, 60 A). Elemental analyses
were obtained on a CE-440 Elemental Analyzer.
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Synthesis of 1-pyrazolylmethylene-2-methylimidazole (1a). 2-
Methylimidazole (8.21 g, 100 mmol) was slowly added to a
solution of sodium hydride (8.8 g, 220.0 mmol) in dry DMF
(120 mL) at 0 °C, and then stirred for 30 min at 25 °C. 1-
(Chloromethyl)pyrazole hydrochloride (16.0 g, 105.0 mmol) was
added slowly to the reaction mixture at 0 °C. After the mixture was
heated at 60 °C for 48 h and then cooled to 25 °C, the inorganic salt
was removed by filtration and washed with acetone (3 x 20 mL).
The combined aliquots were removed under reduced pressure, and
the residue was purified by flash chromatography on silica gel to
afford a colorless solid. Yield: 10.9 g (57%). '"H NMR (CDCl;):
7.53(d, 1H,J=1.5Hz),7.41(d, IH,J =2.4Hz),6.98(d, |H,J =
1.5Hz),6.89 (d, 1H, J = 1.4 Hz), 6.29 (t, |H, J = 2.1 Hz), 6.03 (s,
2H), 2.48 (s, 3H); *C NMR (CDCl,): 144.8, 140.7, 128.5, 128.1,
119.1,107.3,59.9, 13.0; GC-MS (EI) m/z (%) 162 (M*, 100). Anal.
Calcd for CgH (N, (162.09): C, 59.24; H, 6.21; N, 34.54. Found:
C, 59.62; H, 6.15; N, 34.11.

Synthesis of  1-(3,5-dimethylpyrazolylmethylene)-2-methyl-
imidazole (1b). Compound 1b was synthesized from reaction
of 1-(chloromethyl)-3,5-dimethylpyrazole hydrochloride and
2-methylimidazole by following the procedure described for 1a.
'"H NMR (CDCl,): 6.87 (d, 1H, J = 1.5 Hz), 6.86 (d, IH, J =
1.5 Hz), 5.90 (s, 2H), 5.82 (s, 1H), 2.51 (s, 3H,), 2.24 (s, 3H),
2.18 (s, 3H); *C NMR (CDCl;) 148.7, 144.5, 138.9, 127.5, 118.5,
106.7, 57.3, 13.2, 13.1, 10.7; GC-MS (EI) m/z (%) 190 (M*, 100).
Anal. Caled for C,\H\;N, (190.12): C, 63.13; H, 7.42; N, 29.45.
Found: C, 62.87; H, 7.36; N, 28.83.

General procedure for the preparation of 2a—2q

Compound 1 (1.0 mmol) and alkyl polyfluoroalkyl iodides or
1-bromohexane (1.5 mmol) were placed in a Pyrex glass tube.
After cooling to —195 °C, the tube was evacuated and sealed.
The neat reaction mixture was heated at 80 °C for 12 h. After
cooling and carefully opening the tube, the volatile materials
were removed at 80 °C under reduced pressure. The residue was
dissolved in a mixture of water (5 mL) and acetone (5 mL), and
then lithium bis(trifluoromethanesulfonyl)amide or potassium
haxafluorophosphate (1.5 mmol) was added. The reaction mixture
was stirred at 25 °C for 5 h. The acetone was evaporated under
reduced pressure, and the water layer was extracted with ethyl
acetate (3 x 10 mL). The combined organic layer was washed
with water (3 x 10 mL), once with saturated Na,S,O; solution
(5 mL), and then dried over anhydrous Na,SO,. After the solvent
was removed in vacuo, the products were washed with CH,Cl,
(3 mL) and were filtered to remove inorganic salts. The solvent
was removed again in vacuo to give pure products 2a—2q.

1-Pyrazolylmethylene-3-methyl-2-methylimidazolium  bis(tri-
fluoromethanesulfonyl)amide (2a). Pale-yellow liquid, yield:
89%. '"H NMR: 8.06 (d, 1H, J = 2.0 Hz), 7.70 (d, 1H, J =
2.0 Hz), 7.58 (d, 1H, J = 2.0 Hz), 7.55 (d, 1H, J = 2.1 Hz), 6.60
(s, 2H), 6.36 (t, 1H, J = 2.1 Hz), 3.94 (s, 3H), 2.96 (s, 3H); *C
NMR: 146.8, 142.5, 131.7, 123.9, 121.6, 120.8 (q, J = 319.2 Hz),
108.0, 61.6, 35.7, 10.1; YF NMR: —79.8 (s, 6F); Anal. Calcd for
C H;F¢N;0,S, (457.03): C, 28.89; H, 2.86; N 15.31. Found: C,
28.44; H, 2.81; N, 14.88.

1-Pyrazolylmethylene-3-propyl-2-methylimidazolium bis(tri-
fluoromethanesulfonyl)amide (2b). Pale-yellow liquid, yield:

93%. 'H NMR: 8.06 (d, 1H, J = 2.4 Hz), 7.73 (d, 1 H, J = 2.3 Hz),
7.62 (d, 1H, J = 2.2 Hz), 7.58 (d, 1H, J = 1.6 Hz), 6.60 (s, 2H),
6.36 (t, 1H, J = 2.1 Hz), 4.24 (t, 2H, J = 7.3 Hz), 2.99 (s, 3H),
1.88 (sextet, 2H, J = 7.4 Hz), 0.93 (t, 3H, J = 7.4 Hz); "C NMR:
146.4, 142.6, 131.8, 122.8, 122.0, 120.9 (q, J = 319.2 Hz), 108.1,
61.7, 50.8, 31.1, 23.5, 10.7; “F NMR: —79.8 (s, 6F); Anal. Calcd
for C,;H,F N;O,S, (485.06): C, 32.17; H, 3.53; N 14.43. Found:
C, 32.45; H, 3.52; N, 14.33.

1-Pyrazolylmethylene-3-(3,3,3-trifluoropropyl)-2-methylimida-
zolium bis(trifluoromethanesulfonyl)amide (2c). Colorless solid,
yield: 88%. '"H NMR: 8.06 (d, 1H, J = 2.4 Hz), 7.78 (d, 1H, J =
2.3Hz),7.73(d, 1H,J =2.2Hz),7.59 (d, 1H, J = 1.4 Hz), 6.63 (s,
2H), 6.37 (t, 1H, J =2.1 Hz), 4.64 (t,2H, J = 7.0 Hz), 3.04 (s, 3H),
2.94-3.00 (m, 2H); *C NMR: 147.1, 142.7, 131.9, 126.7 (q, J =
274.6 Hz), 122.9, 122.4,120.9 (q, J = 319.3 Hz), 108.1, 61.8, 42.6,
33.7(q, J =43.8 Hz), 10.4; YF NMR: —65.7 (t, 3F, J = 10.7 Hz),
—79.8 (s, 6F); Anal. Calcd for C;;H,,F,N;0,S, (539.03): C, 28.95;
H, 2.62; N 12.98. Found: C, 28.95; H, 2.52; N, 12.46.

1-(Pyrazolylmethylene)-3-butyl-2-methylimidazolium  bis(tri-
fluoromethanesulfonyl)amide (2d). Pale-yellow liquid, yield:
94%. 'HNMR: 8.06 (d, 1H, J =2.4Hz), 7.75(d, 1H, J = 2.2 Hz),
7.65 (d, IH, J = 2.2 Hz), 7.59 (d, 1H, J = 1.6 Hz), 6.62 (s, 2H),
6.37(t, 1H, J = 2.1 Hz), 4.29 (t, 2H, J = 7.4 Hz), 3.01 (s, 3H),
1.85 (quintet, 2H, J = 7.4 Hz), 1.39 (sextet, 2H, J = 7.8 Hz),
0.93 (t, 3H, J = 7.4 Hz); "C NMR: 146.3, 142.5, 131.8, 122.7,
122.0, 120.9 (q, J = 319.3 Hz), 108.0, 61.6, 49.1, 32.0, 19.9, 13.6,
10.2; YF NMR: —79.8 (s, 6F); Anal. Calcd for C,,H,;F;N;O,S,
(499.08): C, 33.67; H, 3.83; N 14.02. Found: C, 33.38; H, 3.55; N,
13.72.

1-Pyrazolylmethylene-3-(4,4,4-trifluorobutyl)-2-methylimida-
zolium bis(trifluoromethanesulfonyl)amide (2¢). Colorless solid,
yield: 89%. '"H NMR: 8.05 (d, 1H, J = 2.4 Hz), 7.78 (d, 1H, J =
2.2 Hz),7.72 (d, 1H, J = 2.2 Hz), 7.58 (d, 1H, J = 1.3 Hz), 6.62
(s, 2H), 6.36 (t, 1H, J = 2.1 Hz), 4.45 (t, 2H, J = 7.5 Hz), 3.05
(s, 3H), 2.34-2.43 (m, 2H), 2.15-2.23 (m, 2H); *C NMR: 146.8,
142.5,131.9, 127.9 (q, J = 273.7 Hz), 122.7, 122.4, 1209 (q, J =
319.1 Hz), 108.0, 61.7, 47.9, 30.9 (q, J/ = 29.2 Hz), 23.1 (q, J =
4.9 Hz), 10.3; YF NMR: —66.0 (t, J = 9.9 Hz, 3F), —79.8 (s, 6F);
Anal. Calced for C,,HsFyN;O,S, (553.05): C, 30.38; H, 2.91; N
12.65. Found: C, 29.90; H, 3.06; N, 12.75.

1-Pyrazolylmethylene-3-hexyl-2-methylimidazolium bis(trifluoro-
methanesulfonyl)amide (2f). Pale-yellow liquid, yield: 93%. 'H
NMR: 8.03 (d, 1H, J = 2.4 Hz), 7.68 (d, 1H, J = 2.2 Hz), 7.59
(d, 1H, J = 2.2 Hz), 7.57 (d, 1H, J = 1.7 Hz), 6.56 (s, 2H), 6.34
(t, 1H, J = 2.1 Hz), 4.24 (t, 2H, J = 7.3 Hz), 2.97 (s, 3H), 1.85
(quintet, 2H, J = 7.5 Hz), 1.28-1.38 (m, 6H), 0.84 (t, 3H, J =
6.7 Hz); "C NMR: 146.0, 142.4, 131.7, 122.5, 121.8, 120.7 (q, J =
319.2 Hz), 108.0, 61.5, 49.2, 31.5, 29.9, 26.2, 22.7, 13.9, 10.1; “F
NMR: —79.8 (s, 6F); Anal. Calcd for C,sH,;FsN;O,S, (527.11):
C, 36.43; H, 4.39; N 13.28. Found: C, 36.51; H, 4.31; N, 13.38.

1-Pyrazolylmethylene-3-(1H,1 H,2H 2 H -nonafluorohexyl)-2-
methylimidazolium bis(trifluoromethanesulfonyl)amide (2g). Col-
orless solid, yield: 85%. '"H NMR: 8.07 (d, I1H, J = 2.5 Hz), 7.87
(dd, 2H, J = 3.8, 2.3 Hz), 7.61 (d, 1H, J = 1.6 Hz), 6.70 (s, 2H),
6.38 (t, 1H, J = 2.1 Hz), 4.80 (t, 2H, J = 7.2 Hz), 3.15 (s, 3H),
2.97-3.13 (m, 2H); *C NMR: 147.6, 142.7, 131.9, 123.1, 122.6,
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121.0 (q, J = 319.4 Hz), 108.1, 61.8, 41.6 (t, J = 10.1 Hz), 30.1
(t, J = 21.0 Hz), 10.5; "F NMR: —79.9 (s, 6F), —82.0 (m, 3F),
—114.4 (m, 2F), —124.9 (m, 2F), —126.6 (m, 2F); Anal. Calcd for
C,H,,FsN;0,S, (689.02): C, 27.87; H, 2.05; N 10.16. Found: C,
27.82; H, 1.97; N, 9.50.

1-Pyrazolylmethylene-3-butyl-2-methylimidazolium hexafluoro-
phosphate (2h). Pale-yellow liquid, yield: 92%. '"H NMR: 8.06
(d, 1H, J = 2.4 Hz), 7.73 (d, 1H, J = 2.2 Hz), 7.64 (d, 1H, J =
2.2 Hz), 7.59 (d, 1H, J = 1.6 Hz), 6.60 (s, 2H), 6.36 (t, 1H, J =
2.1 Hz), 4.29 (t, 2H, J = 7.5 Hz), 3.00 (s, 3H), 1.85 (quintet, 2H,
J =7.4Hz), 1.38 (sextet, 2H, J = 7.6 Hz), 0.92 (t, 3H, J = 7.3 Hz);
BCNMR: 145.4,141.5,130.9, 121.8, 121.0, 107.0, 60.6, 48.2, 31.1,
19.0, 12.7,9.2; YF NMR: —71.0 to —73.6 (d, J = 707.3 Hz, 6F);
Anal. Calcd for C,,H;yF,N,P (364.13): C, 39.57; H, 5.26; N 15.38.
Found: C, 39.44; H, 5.19; N, 14.95.

1-Pyrazolylmethylene-3-(4,4,4- trifluorobutyl)-2-methylimida-
zolium hexafluorophosphate (2i). Pale-yellow liquid, yield: 83%.
'"H NMR: 8.05 (d, IH, J = 2.4 Hz), 7.73 (d, 1H, J = 2.2 Hz),
7.67 (d, 1H, J = 2.2 Hz), 7.59 (d, 1H, J = 1.6 Hz), 6.58 (s, 2H),
6.36 (t, I1H, J = 2.1 Hz), 4.42 (t, 2H, J = 7.5 Hz), 3.02 (s, 3H),
2.34-2.43 (m, 2H), 2.14-2.22 (m. 2H); "C NMR: 145.8, 141.7,
130.9, 127.0 (q, J = 273.8 Hz), 121.6, 121.3, 107.1, 60.7, 46.8, 29.8
(q,J/ =29.2Hz),23.1(q,J =3.2Hz),9.2; Y"FNMR: —66.7 (t, J =
11.0 Hz, 3F), —70.8 to —73.3 (d, J = 707.5 Hz, 6F); Anal. Calcd
for C,H,FyN,P (418.10): C, 34.46; H, 3.86; N 13.40. Found: C,
34.43; H, 3.68; N, 13.46.

1-Pyrazolylmethylene-3-hexyl-2-methylimidazolium hexafluoro-
phosphate (2j). Pale-yellow liquid, yield: 90%. '"H NMR: 8.04 (d,
1H,J=2.4Hz),7.66(d, 1H,J=2.2Hz),7.58 (d, 2H, J = 1.9 Hz),
6.54 (s,2H), 6.36 (t, 1H, J =2.1 Hz), 4.25 (t,2H, J = 7.5 Hz), 2.97
(s, 3H), 1.84 (quintet, 2H, J = 7.0 Hz), 1.27-1.38 (m, 6H), 0.85
(t, 3H, J = 6.9 Hz); "C NMR: 145.3, 141.7, 130.9, 121.7, 120.9,
107.2, 60.6, 48.3, 30.8, 29.1, 25.3, 22.0, 13.2,9.2; "F NMR: —70.4
to —72.9 (d, J = 708.7 Hz, 6F); Anal. Calcd for C,;H;F;N,P
(392.16): C, 42.86; H, 5.91; N 14.28. Found: C, 42.98; H, 5.97; N,
14.44.

1-(3,5-Dimethylpyrazolylmethylene)-3-methyl-2-methylimida-
zolium bis(trifluoromethanesulfonyl)amide (2k). Colorless solid,
yield: 89%. '"H NMR: 7.54 (s, 2H), 6.41 (s, 2H), 5.93 (s, 1H), 4.03
(s, 3H), 2.94 (s, 3H), 2.40 (s, 3H), 1.95 (s, 3H); *C NMR: 150.6,
146.7, 141.5, 123.8, 121.3, 120.8 (q, J = 319.2 Hz), 107.8, 59.5,
35.6, 13.4, 10.7, 10.3; "F NMR: —79.8 (s, 6F); Anal. Calcd for
C;H;F¢N;0,S, (485.06): C, 32.17; H, 3.53; N 14.43. Found: C,
32.19; H, 3.52; N, 14.20.

1-(3,5-Dimethylpyrazolylmethylene ) - 3-butyl - 2 -methylimida -
zolium bis(trifluoromethanesulfonyl)amide (21). Pale-yellow lig-
uid, yield: 96%. 'H NMR: 7.65 (d, 1H, J = 2.1 Hz), 7.59 (d, 1H,
J=2.1Hz),6.44(s,2H), 5.93 (s, 1H), 4.29 (t, 2H, J = 7.4 Hz), 3.00
(s, 3H), 2.41 (s, 3H), 2.11 (s, 3H), 1.86 (quintet, 2H, J = 7.6 Hz),
1.39 (sextet, 2H, J = 7.5 Hz), 0.94 (t, 3H, J = 7.3 Hz); "C NMR:
150.6, 146.2, 141.6, 122.6, 121.8, 120.9 (q, J = 319.4 Hz), 107.7,
59.6, 49.1, 32.1, 20.0, 13.6, 13.5, 10.7, 10.4; “F NMR: —79.8 (s,
6F); Anal. Calcd for C;4H,,F4N50O,S, (527.11): C, 36.43; H, 4.39;
N 13.28. Found: C, 36.44; H, 4.31; N, 13.51.

1-(3,5-Dimethylpyrazolylmethylene ) - 3-hexyl-2-methylimida -
zolium  bis(trifluioromethanesulfonyl)amide (2m). Pale-yellow

liquid, yield: 97%. '"H NMR: 7.66 (d, 1H, J = 2.2 Hz), 7.59 (d,
1H, J = 2.2 Hz), 6.44 (s, 2H), 592 (s, 1H), 429 (t, 2H, J =
7.5 Hz), 3.00 (s, 3H), 2.41 (s, 3H), 2.11 (s, 3H), 1.88 (quintet, 2H,
J = 7.5 Hz), 1.26-1.40 (m, 6H), 0.86 (t, 3H, J = 7.0 Hz); “C
NMR: 150.6, 146.2, 141.6, 122.6, 121.8, 120.8 (q, J = 319.4 Hz),
107.7, 59.5, 49.3, 31.8, 30.1, 26.4, 23.0, 14.1, 13.5, 10.7, 10.5; °F
NMR: —79.8 (s, 6F); Anal. Calcd for C,sH,,F;N;O,S, (555.14):
C, 38.91; H, 4.90; N 12.61. Found: C, 38.94; H, 4.94; N, 13.01.

1-(3,5-Dimethylpyrazolylmethylene)-3-methyl-2-methylimida-
zolium hexafluorophosphate (2n). Colorless solid, yield: 82%. 'H
NMR: 7.59 (s, 2H), 6.46 (s, 2H), 5.94 (s, 1H), 3.97 (s, 3H), 2.98
(s, 3H), 2.42 (s, 3H), 2.12 (s, 3H); *C NMR: 150.6, 146.8, 141.6,
123.9, 121.4, 107.8, 59.5, 35.7, 13.5, 10.7, 10.4; “F NMR: —71.4
to —73.9 (d, J = 706.7 Hz, 6F); Anal. Calcd for C;H;F,N,P
(350.11): C, 37.72; H, 4.89; N 16.00. Found: C, 37.92; H, 4.80; N,
15.78.

1-(3,5-Dimethylpyrazolylmethylene ) - 3-butyl - 2 -methylimida -
zolium hexafluorophosphate (20). Pale-yellow liquid, yield: 85%.
'HNMR: 7.62 (d, 1H, J = 2.0 Hz), 7.59 (d, 1H, J = 2.0 Hz), 6.41
(s, 2H), 5.94 (s, 1H), 4.28 (t, 2H, J = 7.5 Hz), 2.98 (s, 3H), 2.41
(s, 3H), 2.05 (s, 3H), 1.85 (quintet, 2H, J = 7.5 Hz), 1.39 (sextet,
2H, J = 7.7 Hz), 0.94 (t, 3H, J = 7.4 Hz); “C NMR (75 MHz,
acetone-dg): 150.6, 146.2, 141.7, 122.6, 121.7, 107.8, 59.5, 49.0,
32.1,20.0,13.7,13.5,10.7, 10.3; YFNMR: —71.0 to —73.6 (d, J =
707.3 Hz, 6F); Anal. Calcd for C,H,;FsN,P (392.16): C, 42.86; H,
5.91; N 14.28. Found: C, 43.05; H, 5.93; N, 14.27.

1-(3,5-Dimethylpyrazolylmethylene ) -3 - hexyl - 2 -methylimida -
zolium hexafluorophosphate (2p). Pale-yellow liquid, yield: 8§9%.
'"H NMR: 7.65 (d, 1H, J = 2.2 Hz), 7.59 (d, 1H, J = 2.2 Hz),
6.43 (s, 2H), 5.93 (s, 1H), 4.30 (t, 2H, J = 7.5 Hz), 3.00 (s, 3H),
2.41 (s, 3H), 2.11 (s, 3H), 1.88 (quintet, 2H, J = 7.5 Hz), 1.29—
1.38 (m, 6H), 0.86 (t, 3H, J = 7.0 Hz); “C NMR: 150.6, 146.3,
141.6, 122.6, 121.8, 107.7, 59.5, 49.3, 31.8, 30.3, 26.5, 23.0, 14.1,
13.5,10.7, 10.4; "F NMR: —71.2 to —73.7 (d, J = 706.7 Hz, 6F);
Anal. Calcd for C;sHy, FsN,P (420.19): C, 45.71; H, 6.47; N 13.33.
Found: C, 45.55; H, 6.45; N, 13.32.

General procedure for the preparation of palladium(ir) complexes
3a and 3b

PdCl, (0.035 g, 0.2 mmol) was added to a stirred solution of ionic
liquid 2d or 21 (0.4 mmol) in methanol (10 mL). The mixture was
stirred for 12 h at 25 °C. Slow evaporation of the resulting solution
gave rise to pale-yellow solid which was washed three times with
ethyl ether (10 mL).

3a. Pale-yellow solid, yield: 96%. '"H NMR: 8.46 (d, 2H, J =
2.2 Hz), 8.25(d, 2H, J = 2.3 Hz), 8.08 (d, 2H, J = 1.7 Hz), 7.91
(d, 2H, J = 2.3 Hz), 7.29 (s, 4H), 6.72 (t, 2H, J = 2.6 Hz), 4.36
(t, 4H, J = 7.4 Hz), 3.03 (s, 6H), 1.87 (quintet, 4H, J = 7.4 Hz),
1.41 (sextet, 4H, J = 7.6 Hz), 0.91 (t, 6H, J = 7.3 Hz); *C NMR:
147.1, 146.6, 138.4, 123.3, 123.1, 120.9 (q, J = 319.3 Hz), 110.4,
62.6,49.4,32.2, 20.1, 13.6, 11.0; “F NMR: —79.8 (s, 6F); Anal.
Caled for CxH3CLF,N,,OPdS, (1174.00): C, 28.59; H, 3.26; N
11.91. Found: C, 28.33; H, 3.20; N, 11.93.

3b. Pale-yellow solid, yield: 93%. '"H NMR: 8.04 (d, 2H, J =
2.3 Hz), 7.85 (d, 2H, J = 2.3 Hz), 7.45 (s, 4H), 6.35 (s, 2H), 4.40
(t, 4H, J = 7.5 Hz), 3.10 (s, 6H), 2.73 (s, 6H), 2.45 (s, 6H), 1.92
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(quintet, 4H, J = 7.5 Hz), 1.45 (sextet, 4H, J = 7.6 Hz), 0.96 (t,
6H, J = 7.3 Hz); “C NMR (75 MHz, acetone-d;): 155.0, 148.0,
145.7,123.7,121.1,120.8 (q, J = 319.4 Hz), 111.2, 60.6, 49.3, 32.2,
20.1, 15.7,13.7,11.7, 10.7, YF NMR: —79.8 (s, 12F); Anal. Calcd
for C;,HyCLF,N,,OsPdS, (1230.06): C, 31.19; H, 3.76; N 11.37.
Found: C, 30.95; H, 3.44; N, 11.05.

General procedure for the Heck reactions in ionic liquid

Palladium(11) complex 3a (23.4 mg, 0.02 mmol) was dissolved
in ionic liquid 2d (3.0 g), and then the solvent was degassed
under reduced pressure at 60 °C for 1 h before dry nitrogen
was introduced. The aryl halide (1.0 mmol), n-butyl acrylate
(1.25 mmol) and Et;N (1.5 mmol) were subsequently added
under nitrogen at 25 °C. The resulting mixture was stirred for
an appropriate time at 110 °C. The product was extracted from
the reaction mixture by addition of ethyl ether (3 mL), followed
by decanting off the ethyl ether solution of the product. This
process was repeated (3 x 3 mL). The combined organic layer
was concentrated by rotary evaporation. The residue was purified
by flash chromatography on silica gel to give the desired product.
The ionic liquid containing Pd(11) catalyst was washed with water
(3 x 10 mL) to remove excess base and its salt, then dried under
reduced pressure at 60 °C for 4 h to remove traces of ethyl ether
and water and employed for the next cycle.

General procedure for the Suzuki reactions in ionic liquid

Palladium(11) complex 3a (23.4 mg, 0.02 mmol) was dissolved
in ionic liquid 2d (3.0 g), and the mixture was degassed under
reduced pressure at 60 °C for 1 h before nitrogen was introduced.
The aryl halide (1.0 mmol), phenylboric acid (1.34 g, 1.1 mmol),
Na,CO;(0.21 g, 2.0 mmol) and H,O (1 mL) were added to the ionic
liquid solution containing the Pd(11) catalyst under nitrogen. The
resulting mixture was stirred for an appropriate time at 110 °C. The
product was extracted from the reaction mixture by addition of
ethyl ether (3 mL), followed by decanting the ethyl ether solution of
the product. This process was repeated (3 x 3 mL). The combined
organic layer was concentrated by rotary evaporation. The residue
was purified by flash chromatography on silica gel to give the
desired product. The ionic liquid containing the Pd(ir) catalyst
was washed with water (3 x 10 mL) to remove excess base and its
salt, then dried under reduced pressure at 60 °C for 4 h to remove
traces of ethyl ether and water and employed for the next cycle.

General procedure for the Sonogashira reactions in ionic liquid

Palladium(11) complex 3b (12.3 mg, 0.01 mmol) was dissolved
in ionic liquid 2I (3.0 g), and then the solvent was degassed
under reduced pressure at 60 °C for 1 h before nitrogen was
introduced. The aryl iodide (1.0 mmol), phenylacetylene (0.102 g,
1.0 mmol) and piperidine (0.128 g, 1.5 mmol) were added to the
ionic liquid solution containing the Pd(i1) catalyst under nitrogen.
The resulting mixture was stirred at 70 °C for 3 h. The product
was extracted from the reaction mixture by addition of ethyl
ether (3 mL), followed by decanting off the ethyl ether solution
of the product. This process was repeated (3 x 3 mL). The
combined organic layer was concentrated by rotary evaporation.
The residue was purified by flash chromatography on silica gel to

give the desired product. The palladium-containing ionic liquid
was washed with water (3 x 10 mL) to remove excess base and its
salt, then dried under reduced pressure at 60 °C for 4 h to remove
traces of ethyl ether and water and employed for the next cycle.
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