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Abstract

High-melting-point alkylammonium tetrafluoroborates melt with water or toluene to form biphasic mixtures at much lower
temperatures than their normal melting points, thus could serve as green reaction media for Suzuki and Heck couplings.
Advantages of using the aqueous-ammonium biphasic catalytic system include: (1) working well with a ligandless palladium
catalyst, (2) solving the solubility problem of organic substrates and (3) simplifying work-up procedures for both separation
of products and recycling of reaction media.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Ionic liquids (ILs) have recently attracted much at-
tention as environment friendly media for organic re-
actions and catalytic processes[1–6]. Almost all kinds
of reactions have been successfully carried out in ionic
liquids. For an environmental point of view, replace-
ment of traditional organic solvents is often expected
to make reactions or processes efficient, clean or prac-
tical, in a popular word, green. However, in contrast
to a wide variety of traditional organic solvents, the
availability of ILs is rather limited. Further, purifi-
cation of ILs themselves represents a big challenge
for chemists since ILs are liquids with little vapour
pressure or low-melting-point solids, thus incompati-
ble with the most widely used purifying techniques of
distillation for liquids and recrystallization for solid

∗ Corresponding author. Tel.:+86-21-62232764;
fax: +86-21-62232100.
E-mail address:gzou@chem.ecnu.edu.cn (G. Zou).

materials. One way to overcome the purification draw-
back of conventional ILs is using high-melting-point
salts. But this strategy is only suitable for reactions or
processes conducted at temperatures above the melt-
ing point of the salts[7]. The nature-occurring green
solvent, water, is another alternative[8]. However, wa-
ter has inherent drawbacks as solvent for organic reac-
tions, such as solubility problems of organic materials
in water. We report here an aqueous-ionic liquid bipha-
sic reaction medium based on high-melting-point hy-
drophobic alkylammonuim tetrafluoroborates and its
application to Suzuki and Heck couplings with a lig-
andless palladium catalyst.

2. Experimental

2.1. General considerations

All commercial reagents were used without further
purification.1H and13C NMR spectra were recorded
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with a Varian 300 instrument and chemical shifts are
reported in parts per million relative to the residues of
the deuteriated solvents. GC analyses were performed
on an SRI instrument with a 15 m MXT-1 column.
The Suzuki and Heck couplings were carried out un-
der N2 atmosphere and other manipulations were con-
ducted in air. Elemental analyses were performed by
the Analytical Center of ECNU.

2.2. Representative procedure for the synthesis of
alkylammoniums

To a solution of pyrrolidine (7.1 g, 0.1 mol) in
toluene (50 ml) was slowly added 2.5 eq.n-BuBr
(34 g, 0.25 mol), followed by 5 eq. NaOH (20 g in
30 ml H2O). The resulting mixture was heated at
90◦C until the middle layer (molten salt) stopped
increasing. The molten salt was then separated and
treated with 2.0 eq. NaBF4 (22 g, 0.2 mol) in acetone
(200 ml) for overnight at RT. Then 500 ml water was
added to the mixture and part of acetone was removed
in vacuum to give1 as white crystals 24 g (91%), mp
125–127◦C. Anal. for 1, C12H26NBF4 (required):
C, 53.24 (53.16); H, 9.80 (9.67); N, 5.22 (5.17).
NMR (CDCl3, 300 MHz, 25◦C), 1H (δ, ppm): 0.95
(t, J = 7.4 Hz, 6H, Me), 1.45 (m, 4H), 1.65 (m, 4H),
2.25 (br. s, 4H), 3.25 (m, 4H), 3.55 (br. s, 4H);13C
(δ, ppm): 13.62, 19.72, 21.95, 25.27, 59.76, 62.96.

Compounds 2–4 were prepared and characterised in
a similar manner to1.

2 (Yield: 85%), Anal. for C20H42NBF4 (required):
C, 62.75 (62.66); H, 11.30 (11.04); N, 3.53 (3.65).
NMR (CDCl3, 300 MHz, 25◦C), 1H (δ, ppm): 0.90 (t,
J = 6.8 Hz, 6H, Me), 1.35 (m, 20H), 1.65 (m, 4H),
2.25 (br. s, 4H), 3.20 (m, 4H), 3.55 (br. s, 4H);13C (δ,
ppm): 14.17, 21.96, 22.70, 23.42, 26.39, 29.13, 31.76,
59.91, 63.01.

3 (Yield: 94%), Anal. for C13H28NBF4 (required):
C, 54.76 (54.75); H, 10.08 (9.90); N, 4.87 (4.91). NMR
(CDCl3, 300 MHz),1H (δ, ppm): 1.00 (t,J = 7.3 Hz,
6H, Me), 1.45 (m, 4H), 1.65 (m, 4H), 1.75 (br. s, 2H),
1.90 (br. s, 4H), 3.25 (m, 4H), 3.55 (br. s, 4H);13C (δ,
ppm): 13.65, 19.75, 19.81, 20.90, 23.43, 58.44, 59.32.

4 (Yield: 87%), Anal. for C21H44NBF4 (required):
C, 63.50 (63.47); H, 11.40 (11.16); N, 3.38 (3.52).
NMR (CDCl3, 300MHz), 1H (δ, ppm): 0.90 (t,J =
7.1 Hz, 6H, Me), 1.35 (m, 20H), 1.65 (br. s, 4H), 1.75
(m, 2H), 1.90 (br. s, 4H), 3.20 (m, 4H), 3.35 (m, 4H);

13C (δ, ppm): 14.18, 19.86, 20.93, 21.57, 22.71. 26.42,
29.15, 31.77, 58.61, 59.39.

2.3. Representative procedure for cross-coupling
in the aqueous-alkylammonium tetrafluoroborate
biphasic system

To a suspension of alkylammonium tetrafluorobo-
rate (5 g) in water (5 g) (1:1 (w/w)) was added phenyl-
halide (3mmol), K2CO3 (9.0 mmol, ∼3 eq.), PdCl2
(11 mg, 0.06 mmol, 0.02 eq.) andp-tolylboronic acid
(3.3 mmol, 1.1 eq.) for the Suzuki coupling and butyl
acrylate (3.5 mmol, 1.2 eq.) for the Heck coupling un-
der nitrogen. Then the mixture was heated at 90◦C
(bath temperature) for 8–10 h. Conversion of the sub-
strates was determined by GC. After being cooled to
room temperature, the suspension was extracted with
hexane (3× 5 ml) and crude product was purified by
recystallization or passing a short pad of column of
silica gel. Yields were compiled inTables 2 and 3.

3. Results and discussion

Although there is theoretically unlimited possibil-
ity to make ionic liquids by combination of different
cations and anions, the practically used ones are
limited to a few sorts of compounds, such as alky-
lammonium, alkylphosphonium,N-alkylpyridinium
andN,N′-dialkylimidazolium salts, at present. In fact,
only alkylimidazolium salts have enjoyed the widest
use. However, alkylimidazoliums are intrinsically un-
stable under basic conditions or when being subjected
to metal salts due to the formation of stable carbenes
or carbene complexes[9,10]. Saturated alkylammo-
niums are expected to be more stable than imidazoli-
ums. To search for base-tolerant ILs, we prepared two
alkylpiperidiniums [C5H10NRMe]+BF4

− (R = Bu
or octyl) by quarterisation of the amine followed
by simple metathesis of alkylammonium halides
with NaBF4 in acetone. The resultingN-methyl-N-
octylpiperidinium tetrafluoroborate is a low-melting-
point solid or viscous liquid at room temperature if
not totally dried. Not surprisingly, we encountered
the problem to purify the ‘ionic liquid’ satisfactorily
since it resisted distillation, recrystallization and rou-
tine chromatography.N-methyl-N-butylpiperidinium
is water-soluble and has disappointingly high melting
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Scheme 1. Synthesis of alkylammonium tetrafluoroborates.

point of 155◦C. To further screen for proper am-
moniums,N,N-dialkylpyrrolidiniums (1 and 2) and
N,N-dialkylpiperidiniums (3 and 4) were prepared
(Scheme 1).

WhenN,N-dibutylpyrrolidinium 1 was heated in a
dry state it melted at 125◦C. However, we noticed
that the salt melted in water forming a biphasic mix-
ture, aqueous and molten organic salt (ionic liquid)
phases, at significantly lower temperature of about
50◦C, which falls in the range of temperatures for a
variety of organic reactions. Further, the dioctylam-
monium tetrafluoroborate2 melted at only 41◦C in
water to form a biphasic mixture (Table 1). The corre-
sponding piperidinium analogues have slightly higher
melting points: 159◦C (67◦C in water) for3 and 75◦C
(55◦C in water) for4, respectively. Even the commer-
cially available ammonium [Bu4N]+BF4

− turns into
liquid at around 80◦C in water although its normal
melting point is as high as 160◦C.

It has been known that some ionic liquids are
actually mixtures of corresponding salts and wa-
ter or in the form of hydrates. To test if hydrates
formed in the presence of water, the salts1, 3 and
[Bu4N]+BF4

− were recrystallized in hot water. Their
melting points remained unchanged after drying with
filter paper at room temperature. A rationale for the

Table 1
Alkylammoniums showing strong freezing-point-depression

Compound

1 2 3 4 [Bu4N]+BF4
−

Melting pointa 125–127 63–65 159–161 75–77 160–164
Melting point in H2O ∼50 ∼41 ∼67 ∼55 ∼80
Solubility in H2Ob 158.1 10.0 165.4 9.1 30.3
Melting point in toluene ∼78 c ∼95 c ∼55
Solubility in tolueneb 3.1 c 1.2 c 7.6

a Melting point in ◦C.
b Measured in g/l at 80◦C.
c Very soluble.

water-promoted phase-transition of these alkylam-
monium tetrafluoroborates probably lies in their ex-
tremely strong freezing-point-depression by a small
amount of dissolved water. In fact, we noticed that
other ‘impurities’, such as reaction substrates, have
also helped to reduce melting points of these alky-
lammonium tetrafluoroborates[11]. This prompted
us to investigate the freezing-point-depression effect
of other inert organic substances, such as toluene,
since there are many chemical processes sensitive
to moisture. We found that these high-melting-point
salts1, 3 and [Bu4N]+BF4

− also turned into liquid at
lower temperatures than their normal melting points
in toluene to form a biphasic mixture, ionic liquid
and organic phases, respectively. It is common to
use co-solvents in chemical processes, especially in
transition-metal catalysed organic reactions, so we
envisioned that the aqueous-alkylammonium tetraflu-
oroborate biphasic system should find wide applica-
tions in transition-metal-promoted organic reactions
or catalytic processes.

Application of the system was first investigated us-
ing a palladium-catalysed C–C bond-forming reaction,
Suzuki coupling, as a model reaction. Suzuki cou-
pling has become one of the most popular protocol
for construction of conjugated aryl moieties due to its
excellent tolerance of functional groups and moisture
[12,13]. Welton first reported Suzuki coupling in ionic
liquids using Pd(PPh3)4 as catalyst, but a special pro-
cedure had to be taken, otherwise the phosphine palla-
dium catalyst would deactivate at the early stage of the
reaction[14]. Recently, phosphonium has been also re-
ported to serve as an ionic medium for Suzuki reaction
[15]. Using our water–ammonium tetrafluoroborate
biphasic system the Suzuki coupling ofp-tolylboronic
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Table 2
Suzuki coupling in the water–alkylammonium biphasic systema

Entry Halide Catalyst Ammonium Yield (%) Recycle

1 C6H5I PdCl2 [Bu4N]+ 92 1
2 C6H5I PdCl2 [Bu4N]+ 76 (84)b 2
3 C6H5I PdCl2 [Bu4N]+ (52)b 3
4 C6H5I PdCl2 [C5H10NBu2]+ 93 1
5 C6H5I PdCl2 [C5H10NOct2]+ 90 1
6 C6H5I (dppf)PdCl2 [Bu4N]+ 93 1
7 C6H5I (PPh3)2PdCl2 [Bu4N]+ 89 1
8 C6H5Br PdCl2 [Bu4N]+ 84 (90)b 1
9 C6H5Cl PdCl2 [Bu4N]+ (6)b 1

a Reactions run in 3 mmol scale and isolated yields.
b Conversion by GC.

acid with iodobenzene was carried out satisfactorily
with 2% eq. (dppf)PdCl2 or (Ph3P)2PdCl2 as catalysts
(Table 2, Entries 6 and 7).

According to the widely accepted mechanism of
the Suzuki coupling, the real catalyst is palladium(0)
species. Phosphine ligands are only to support the ac-
tive palladium(0) species, thus preventing it from de-
activation. However, most phosphine ligands are toxic
and expensive. It is always attractive to use ligandless-
catalysts or catalyst precursors in transition-metal-
catalysed organic reactions. With this in mind, we
tested PdCl2 as a catalyst precursor to promote the
Suzuki coupling in our water–ammonium biphasic
system. The same amount of PdCl2 (2% eq.) gave
similar results to the above phosphine palladium com-
plexes (Table 2, Entries 1, 4 and 5). Palladium black
was observed in the reactions and during recovering
the ammoniums by recystallization in acetone–water
(1:10 (v/v)). So, it is reasonable to conclude the
true catalytic species is palladium metal, which is
stabilised in the molten alkylammoniums. Different
ammoniums displayed similar performance, so the
commercially available [Bu4N]+BF4

− was suggested
for use. Bromobenzene also gave the desired product
in a good yield (Table 2, Entry 8) while chlorobenzene
was only slightly converted. Reuse of the catalyst
was also explored, but its catalytic activity decreased
in subsequent runs possibly due to the loss of palla-
dium in work-up (Table 2, Entries 1–3). Separation
of the products could be effected by routine purifying
procedures: extraction of the reaction mixture with

hexane followed by filtration and removal of solvents.
The dialkylammonium tetrafluoroborates could be
recycled with almost no loss.

Encouraged by the success for Suzuki coupling,
we further extended the application of the aqueous-
ammounium biphasic system to Heck coupling, which
is another most important palladium-catalysed C–C
bond-forming reaction and often requires polar sol-
vents, such as DMF, and organic bases, such as Et3N,
etc. which often lead to tedious work-up procedures.
Unlike Suzuki coupling, inorganic palladiums, such
as Pd(OAc)2, nano-palladium metal and Pd/C have
been used for Heck coupling, even in ionic liquids
[16]. Recently, molten [Bu4N]+Br− has been used
as a green solvent for Heck coupling with advanced
palladium catalysts at elevated temperature (>130◦C)
[17–19]. In our water–ammonium biphasic system
the Heck coupling of iodobenzene with butylacrylate
proceeded smoothly with 2% eq. PdCl2 as catalyst
(Table 3).

Although Pd(OAc)2 had been used as catalyst for
the Heck coupling in alkylimidazolium ionic liquids,
the real catalytic species was believed to be carbene
complexes generated in situ[20]. In our cases, any
palladium carbene complex could be excluded, so
the palladium(0) metal should be responsible for the
catalysis. Again, different alkylammoniums showed
similar performance. However, bromobenzene was
almost inactive in the Heck coupling although it gave
a satisfactory yield in the Suzuki coupling using the
same system. Considering that Heck reaction is often
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Table 3
Heck coupling in water or toluene–ammonium biphasic systema

Entry Halide Ammonium Base Cosolvent Yield (%)

1 C6H5I [Bu4N]+ K2CO3 H2O 93
2 C6H5I [Bu4N]+ NEt3 Toluene 84
3 C6H5I [C5H10NBu2]+ K2CO3 H2O 90
4 C6H5Br [Bu4N]+ K2CO3 H2O 3b

5 C6H5Br [Bu4N]+ NEt3 Toluene 20b

a Reactions run in 3 mmol scale and isolated yields.
b Conversion by GC.

carried out with organic amine bases and under an-
hydrous conditions, we also investigated the Heck
reaction of arylhalides with butyl acrylate in the
toluene–ammonium biphasic system (Table 3, Entries
2 and 5). Iodobenzene could be converted smoothly
but bromobenzene still gave the desired product in a
very low yield.

Compared with the currently used reaction media
for Suzuki and Heck couplings, such as conventional
organic solvents and ionic liquids, our aqueous-
ammonium biphasic system has a couple of advan-
tages. Obviously, our system is environment-friendly
compared with those using volatile organic solvents.
Secondly, the high-melting-point alkylammonium
tetrafluoroborates, which served as liquid reaction me-
dia during reaction stage due to their strong freezing-
point-depression, could not only be readily separated
from products but also be readily purified and recy-
cled in the solid state by recrystallization, thus do not
cause the purification problem of conventional ILs.
Most importantly, cheap and non-toxic ligandless-
palladium compound PdCl2 could be successfully
used as the catalyst for both of the Suzuki and Heck
couplings in our aqueous-ammonium biphasic system.

4. Conclusion

In summary, we have developed a green and effi-
cient ionic medium for ligandless-palladium-catalysed
C–C bond forming reactions based on high-melting-
point dialkylammonium tetrafluoroborates through a
solute-promoted phase transition. Using our system
the simple palladium compound PdCl2 displayed

comparable activity to toxic phosphine palladium cat-
alysts that were normally required in Suzuki and Heck
couplings. Application of the aqueous-ammonium
biphasic system to other organic transformations is in
progress in our laboratory.
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