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Three polymer-supported quaternary ammonium mesylates were synthesized for recyclable polymeric
phase transfer catalysts (PTCs). Through comparison study using nucleophilic fluorination, tertiary alco-
hol containing polymer 3c proved to be the best catalyst with high catalytic activity and chemoselectiv-
ity. It also exhibited not only superior activity in other nucleophilic substitution reactions, such as
chlorination, bromination, iodination, acetoxylation, and azidation, but also good recyclability without
any loss of catalytic activity or product yield.

� 2008 Elsevier Ltd. All rights reserved.
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From economic and environmental points of view, the hetero-
genization of homogeneous catalytic reactions has attracted great
attention from a wide range of organic chemists over the last
two decades.1 Immobilization into insoluble polymeric supports
by covalent bonding or complexation enables the easy recovery
and reuse of expensive/toxic catalysts. Among numerous catalysts,
phase transfer catalysts (PTCs) occupy a specific class of organic
chemistry when using immiscible materials in reaction media.2

PTC facilitates the interphase migration of a reactant or another
catalyst in heterogeneous liquid–liquid and solid–liquid systems
from one phase into another where reaction can take place. PTCs
also increase the solubility and reactivity of insoluble inorganic salt
reactants in organic solution by continuous ion exchange. Tetraal-
kylammonium, tetraalkylphosphonium salts, and crown ether
derivatives are conventionally used as PTCs due to their ability to
accelerate the reaction progress in numerous nucleophilic substi-
tution reactions by enhancing the nucleophilicity of the anion
reactant.3

Imidazolium-based ionic liquids (ILs) were reported to exhibit
catalytic activity when used as a PTC or reaction media in several
nucleophilic substitution reactions4 such as fluorination with
metal fluorides,5 hydroxylation with water,6 C-alkylation of pyr-
role,7 and O-alkylation of carbonate.8 However, ILs can cause prob-
lems in product separation and recovery of ILs, especially when the
product is polar or somewhat soluble in water. To overcome this
limitation, we immobilized ILs into polystyrene-based, insoluble
polymer for ease of separation, thereby providing a family of poly-
ll rights reserved.
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mer-supported ILs (PSILs).9 These PSILs showed sufficient catalytic
activity in several nucleophilic substitution reactions and facili-
tated the isolation of product. Recently, we reported a functional-
ized, imidazolium-based IL [mim-tOH][OMs] (Fig. 1) possessing
tertiary alcohol moiety, which provided remarkable reactivity
and selectivity in nucleophilic fluorination by reducing the basicity
of the fluoride ion.10 In addition, the polar hydroxyl group of
[mim-tOH][OMs] is believed to elevate the solubility and reactivity
of anion nucleophiles such as halides, acetate, cyanide, and azide
(data not reported).

Herein, we describe a comprehensive study on the catalytic
activity of polymer-supported quaternary ammonium salts
prepared by solid phase quaternization of mesylate polymer with
triethylamine, N-methylimidazole, and N-(2-hydroxy-2-methyl-
propyl)imidazole.

In our previous report, the hexyl chain between the polystyrene
backbone and IL portion was proved to improve the reactivity and
selectivity in nucleophilic substitution reactions compared to
methyl, propyl, and dodecyl.11 For this study, therefore, a
hexanol-branched polystyrene was synthesized as spherical beads
by aqueous suspension radical polymerization with styrene
(0.5 equiv), 6-(4-vinylbenzyloxy)hexanol (0.5 equiv), and 2 mol %
[mim-tOH][OMs]

Figure 1. Hybridized ionic liquid with tertiary alcohol.
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Scheme 1. Preparation of hexanol-branched polystyrene.
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divinylbenzene initiated by benzoyl peroxide (Scheme 1). After
Soxhlet extraction and drying, the resulting resin was narrowed
using sieves to give 36% of polymer beads in a range of 100–
200 mesh size. 6-(4-Vinylbenzyloxy)hexanol was synthesized by
reaction of 4-chloromethylstyrene and excess 1,6-hexanediol in
the presence of NaOH at 50 �C for 6 h in 58% yield with 30% of
the undesired dimer, 1,6-di(4-vinylbenzyloxy)hexane.

Hexanol-branched polystyrene resin (1) was treated with meth-
anesulfonyl chloride in the presence of triethylamine in CH2Cl2

using a shaker to obtain mesylate polymer 2 (Scheme 2). Subse-
quently, a series of quaternizations of mesylate polymer 2 were
performed by shaking with triethylamine, N-methylimidazole, or
1-(2-hydroxy-2-methylpropyl)imidazole at 100 �C for 7 days to af-
ford the corresponding ionic polymers, that is, PS[hNEt3][OMs]
(3a), PS[hmim][OMs] (3b), and PS[him-tOH][OMs] (3c), respec-
tively. These were analyzed by elemental analysis to quantify the
percentage loading of the ammonium moieties by measuring the
nitrogen content, giving 1.68 mmol/g for 3a, 1.63 mmol/g for 3b,
and 1.21 mmol/g for 3c. All dried resins were slightly brown in col-
or and free flowing. They exhibited good swelling properties in po-
lar solvents such as CH3CN, acetone, DMSO, t-BuOH, and DMF for
sufficient access to the inside of the resin, considering that most
nucleophilic substitution reactions were carried out in such polar
solvents (Table 1).12
Table 1
Swollen volumes (mL/g) of ionic polymers 3a–c in various solventsa

Solvent 3a 3b 3c

CH3CN 4.2 4.2 4.0
Acetone 3.2 3.0 3.0
DMSO 6.2 7.8 5.6
t-BuOH 3.0 4.0 3.8
DMF 6.0 5.6 5.0

a Swollen volumes were determined by a syringe method using 50 mg of resin.
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Scheme 2. Preparation of quater
To evaluate and compare the catalytic abilities of ionic resins
3a–c, heterogeneous fluorination was examined with alkyl mesy-
late, 2-(3-methanesulfonyloxypropoxy)-naphthalene (4) using
3 equiv of CsF. The reactions were performed at 100 �C in CH3CN
using 0.5 equiv of catalyst resins until the starting mesylate 4 dis-
appeared on TLC. As shown in Table 2, the polymer-supported tri-
ethylammonium salt (3a) showed relatively slow transformation
and afforded 6% of the undesired, eliminated byproduct. Our previ-
ously reported PSIL 3b completed the reaction within 2 h.9 How-
ever, a small amount of byproduct was also obtained with 96% of
fluorinated product. Tertiary alcohol containing PSIL, 3c, displayed
superior reactivity and chemoselectivity to the above two entries,
ensuring fast reaction completion within 1.3 h and a nearly quan-
titative yield of fluorinated product with no byproducts. This result
was almost consistent with that of the solution phase,10 homo-
geneous reaction (50 min, 97% yield, no byproducts). Of note, the
heterogeneous reaction was generally much slower than the
homogeneous reaction. However, the reactivity of solid catalyst
3c approximately reached the inherent reactivity of the IL
[mim-tOH][OMs].

We further studied the relationship between reactivity and the
amount of catalyst 3c, which was varied from 0.1 equiv to
2.1 equiv (entries 4–6). In entries 5 (1.5 equiv) and 6 (2.1 equiv),
the reaction volume was increased because the resins used were
swollen over 3 mL. Interestingly, 0.1 equiv of 3c also catalyzed
the fluorination reaction sufficiently with high chemoselectivity
(entry 4). With more catalyst, the fluorination reaction was quickly
completed. However, in entries 5 and 6, a very small amount of al-
kene byproduct was formed and diminished the product yield
slightly, despite the faster reaction completion. The same reaction
did not proceed in the absence of catalysts (entry 7).

These results demonstrated that the synergism between the
imidazolium salt and the tertiary hydroxyl group was the key fac-
tor supporting the high catalytic activity and chemoselectivity. The
tertiary hydroxyl group was thought to have led to the dissociation
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Table 2
Nucleophilic fluorinations with CsF in the presence of polymer catalysts 3a–ca

O OMs O F

+4 5a alkene

3, CsF (3 eq)

CH3CN
100 ºC

5b

Entry 3 (equiv) CH3CN (mL) Time (h) Yieldb (%) Comments

1 3a (0.5) 3.0 5.0 89 6% of 5b
2 3b (0.5) 3.0 2.0 96 Trace of 5b
3 3c (0.5) 3.0 1.3 98 —
4 3c (0.1) 3.0 4.2 98 —
5 3c (1.5) 3.5 1.1 96 Trace of 5b
6 3c (2.1) 4.0 0.9 94 Trace of 5b
7 —c 3.0 5.0 Trace 94% of 4

a All reactions were carried out on a 1.0 mmol scale of mesylate 4.
b Isolated yield.
c In the absence of catalyst.

Table 3
3c-Catalyzed nucleophilic fluorination of mesylate 4 in various solventsa

Entry Solvent (mL) Time (h) Yieldb (%) Commentsc

1d CH3CN (3) 1.3 98 —
2 DMF (4) 1.0 90 7% of 5b
3 DMSO (4) 2.0 87 10% of 5b
4 [bmim][BF4] (3) 1.0 89 6% of 5b
5 t-BuOH (4) 1.1 93 4% ethere

6 Benzene (3) 9.0 82 17% of 4

a Unless otherwise noted, all reactions were carried out using 0.5 equiv of 3c
under the same condition as entry 3 in Table 2.

b Isolated yield.
c Determined by 1H NMR.
d Taken from entry 3 in Table 2.
e t-Butyl 3-(2-naphthoxypropyl) ether was detected.
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of fluoride ions from CsF (complex I in Scheme 3), thereby afford-
ing faster formation of the reactive fluoride, PS[him-tOH][F] (com-
plex II in Scheme 3) than PS[hmim][OMs] (3b). In addition, the
tertiary hydroxyl group can interact with the fluoride ion of
PS[him-tOH][F] by utilizing internal hydrogen bonding, which is
known to reduce the basicity of the fluoride ion. As shown in
complex III in Scheme 3, the fluoride ion, therefore, attacks only
a-carbon with no abstract of b-proton.

We conducted the nucleophilic fluorination reactions in several
solvents to determine the best solvent. The reaction volume de-
pended on the different swelling properties of 3c in each solvent.
While the polar solvents, including IL [bmim][BF4], gave fast trans-
formations, the fluorination in benzene proceeded much slower,
affording a produce yield of 82% with a recovery of 17% of the start-
ing molecule after 9 h (entry 6 in Table 3). In entries 1 and 2, fluo-
rination in the aprotic polar solvents, DMF and DMSO, gave good
yields along with alkene side-product in a short time. The same
reaction in conventional IL [bmim][BF4] afforded fluorinated prod-
uct at a yield of 89% and 6% of alkene byproduct (entry 4). The fluo-
rination in protic t-BuOH afforded product at a yield of 95% and a
considerable amount of t-butyl 3-naphthoxypropyl ether by ether-
ification with t-BuOH. It should be noted that although tertiary
alcohol solvents such as t-BuOH and t-amyl alcohol offer the great
advantage of remarkably reducing the eliminated byproduct, espe-
cially in nucleophilic fluorination reactions, the other byproducts
t-butyl or t-amyl ethers were usually synthesized. Consequently,
CH3CN was chosen as the best solvent for further nucleophilic
substitution reactions because only it gave no byproducts.
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Other nucleophilic substitutions such as chlorination, bromina-
tion, iodination, and acetoxylation were also investigated in the
presence of 0.5 equiv of polymer catalysts 3a–c, as shown in Table
4. Additional comparison studies were performed using three
polymer catalysts in chlorination and bromination (entries 1–3).
Unlike fluoride ion, chloride and bromide ions are known to form
few hydrogen bonds with protic proton, and possess only nucleo-
philicity. However, 3c offered better conversion than 3a and 3b.
In particular, while the bromination with NaBr (entry 2) using 3a
afforded no product, the use of 3c resulted in 66% conversion
within the same period of time, probably because the polar hydro-
xyl group contributed to the solvation and ion exchange of the
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Table 4
Nucleophilic substitution reactions of mesylate 6a

O

OMsO

O

OX6
7a, X = Br
7b, X = Cl
7c, X = I
7d, X = OAc

3, MNu

CH3CN

100 ºC

Entry 3 MNu Time (h) Yieldb (%)

1 3a/3b/3c KCl 2.0 16/25/52
2 3a/3b/3c NaBr 2.0 —/18/66
3 3a/3b/3c KBr 0.5 17/32/73
4 3c KCl 5.0 96
5 3c NaBr 6.0 90
6 3c KBr 1.1 98
7 3c CsBr 0.8 99
8 3c KI 0.5 98
9 3c KOAc 0.8 99

a All reactions were carried out on a 0.5 mmol scale of mesylate 6 using 1.5 mmol MNu and 0.5 equiv of 3 in CH3CN (3 mL) at 100 �C.
b Conversion determined by 1H NMR in entries 1–3, and isolated yield in entries 4–9.
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Scheme 4. Recycle of 3c in azidation reaction.
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insoluble NaBr in CH3CN, despite the absence of any hydrogen
bonding interaction. Based on our experimental finding that poly-
mer catalyst 3c has a superior activity as a PTC to the others, sev-
eral nucleophilic substitutions were attempted under the same
condition for different reaction times, depending on the reactant
reactivities. Chlorination with KCl was completed within 5.0 h with
a product yield of 96%. Bromination was carried out using three al-
kali metal bromides (entries 5–7) to afford good to excellent yields.
Iodinated compound was readily synthesized by using KI with a
yield of 98%. Acetoxylation with KOAc was completed in 0.8 h
and provided a product yield of 99%.

Nucleophilic azidation of bromo compound 7a was also per-
formed under the same condition as the other reactions listed in
Table 4 using polymer catalyst 3c (Scheme 4). The polymer catalyst
3c catalyzed that reaction well, affording a 98% yield for azido
compound 8, and was recovered by simple filtration and was
reused twice more without any loss of activity and product yield.

In conclusion, three polymer-supported, quaternary ammo-
nium mesylates, 3a–c, were synthesized and used as recyclable,
polymeric PTCs in various nucleophilic substitution reactions.
PS[him-tOH][OMs] (3c), having a tertiary alcohol group-containing
IL [mim-tOH][OMs], showed an excellent and superior catalytic
activity compared to that of the other two polymer catalysts, 3a
and 3b. This catalyst is therefore expected to be generally applica-
ble to various phase transfer catalysis.
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