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a b s t r a c t

We investigated various structurally modified polystyrene-supported oligoethylene glycols (PSoligoEG)
in order to find an optimized PSoligoEG by examining the dependence of their catalytic activity on the
oligoethylene glycol chain length and the loading level of the oligoethylene glycol portion on the
polystyrene support. From this, we found that the PSpentaEG with the highest pentaEG loading had the
best catalytic efficacy among the various PSoligoEGs in nucleophilic substitutions. This PSpentaEG ab-
sorbed both polar aprotic solvents, such as DMSO, DMF, and acetonitrile, as well as protic media, such as
tert-amyl alcohol and aqueous acetone, and swelled considerably. To expand the scope of the PSpentaEG
as a heterogeneous catalyst for diverse nucleophilic displacement reactions, we carried out the thio-
acetoxylation, nitrilation, azidation, iodination, bromination, chlorination, and methoxylation using the
corresponding alkali metal salts in the presence of PSpentaEG in various solvents; all the reactions
proceeded smoothly, affording the corresponding products in high yields.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Solid-phase chemistry using polymeric supports has played an
important role in the synthesis of bioactive oligomers, as well as the
eco-friendly catalyst-immobilization research field.1 In particular,
since catalysts tethered on various insoluble supports, such as silica
gel, metal particles, and polystyrenes, provide many merits, in-
cluding ease of recycling and separation, ease of handling, and the
unique microenvironment caused by the reactants within the
supports, they have received much attention in many chemical
processes.2 Among the various polymeric supports, the favorable
characteristics of polystyrene, such as chemical inertness, good
stability, facile functionalization, and low expense, garner it fre-
quent use as a polymeric support for just such purposes.3

Nucleophilic substitution using alkali metal salts as nucleophiles
is known to be one of the most essential chemical reactions for or-
ganic transformations, despite the low solubility of alkali metal salts
in organic media.4 In order to enhance their nucleophilicity and sol-
ubility, variousphase-transfer catalysts, suchas tetraalkylammonium

salts and crown ether derivatives, are commonly used in nucleophilic
displacement reactions.5e7 Moreover, over the past several decades,
various phase-transfer catalysts immobilized on polymeric supports
also have been developed to enable catalyst recovery and facilitate
product purification by simple filtration.8,9 However, these immobi-
lized phase-transfer catalyst systems generally show inefficient ac-
tivity in nucleophilic substitution reactionswhen comparedwith the
corresponding non-immobilized catalyst systems.8

Recently, itwas reported that nucleophilic substitution reactions,
including fluorination, using the corresponding alkali metal salts,
could proceed very quickly in oligoethylene glycol reaction solvents,
such as tetraethylene glycols.10 In this reaction method, the oligo-
ethylene glycol could act as amultifunctional catalyst throughmetal
cation chelation with the ether groups, as well as through protic
medium effects caused by the controlled hydrogen bonding be-
tween the nucleophiles and oligoethylene glycol. However, due to
their high boiling points, the use of these short chain oligoethylene
glycols as reaction solvents can often be inconvenient in chemical
processes.9,11More recently, a polystyrene-supportedpentaethylene
glycol (PSpentaEG) was introduced as a highly efficient heteroge-
neous catalyst for nucleophilic fluorination reactions.12 This
PSpentaEG not only demonstrated good performance in nucleo-
philic fluorination using CsF in tert-alcohol media, but also outlined
many practical merits, such as ease of handling, separation, and
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recovery. In this paper, we not only expand on studies of the struc-
tural modifications of polymer-supported oligoethylene glycols
(PSoligoEGs) by variation of their ethylene glycol chain lengths and
the loading level of the oligoethylene glycol portion on polystyrene,
but also further their applications in various nucleophilic sub-
stitution reactions using corresponding alkali metal salts in the
presence of PSoligoEGs. We also surveyed the swelling properties of
the PSoligoEG systems in several solvents.

2. Results and discussion

Scheme 1 illustrates the preparation of PSoligoEGs using a sim-
ple one-step reaction. We prepared various PSoligoEGs with dif-
ferent lengths of oligoethylene glycol portions and different loading
levels of pentaEG (EG¼ethylene glycol) portions on polystyrene
supports. Treatment of Merrifield resin13 (1% divinylbenzene) with
either triEG, tetraEG, pentaEG, hexaEG, octaEG, or polyEG600 in
anhydrous THF for 4 days afforded PStriEG (2.4 mmol of triEG
portion/g of polymer-supported product obtained), PStetraEG
(2.2 mmol tetraEG portion/g), PSpentaEG (1.9 mmol pentaEG por-
tion/g), PShexaEG (1.7 mmol hexaEG portion/g), PSoctaEG
(1.4 mmol octaEG portion/g), or PSpolyEG600 (1.1 mmol PEG600
portion/g), respectively. All PSoligoEGs were characterized by 13C
NMR (solid state) spectroscopy and elemental analysis.

Scheme 1. Preparation of polymer-supported oligoethylene glycols: PSoligoEGs.
DVB¼divinylbenzene; PS¼polymer support; EG¼ethylene glycol.

The catalytic activities of the PSoligoEGs toward nucleophilic
substitution reactions according to oligoethylene glycol chain
length in the PSoligoEG system were examined by carrying out
fluorination with CsF and acetoxylation with KOAc in the presence
of various PSoligoEGs, under uniform reaction conditions (fluori-
nation: at 100 �C for 2.5 h; acetoxylation: at 80 �C for 3.5 h) and in
CH3CN, as shown in Fig. 1. Interestingly, specific lengths of oligoEGs,

such as pentaEG and hexaEG, in the PSoligoEG system play a crucial
role in supporting the catalytic activity. PSpentaEG and PShexaEG
showed the most efficient catalytic activities toward nucleophilic
fluorination using CsF. It is speculated that the ether groups of
PSpentaEG, which act as a Lewis base toward the metal cation, are
of an optimized length for chelation with metal cations (in partic-
ular, Csþ) to generate ‘naked’ (free) fluorides, thereby enhancing
the nucleophilicity and solubility of the MF. Considering these re-
sults, we undertook further studies with the PSpentaEG system.
The catalytic activities of these PSoligoEGs in the acetoxylation
reaction using KOAc showed similar trends. However, the catalytic
effects of the PSoligoEGs, according to oligoethylene glycol chain
length, toward the acetoxylation reaction were not dramatic when
compared with those toward the fluorination reaction.

Table 1 illustrates the swelling properties of PSpentaEG
(100e200 mesh, 0.9 mmol pentaEG portion/g), together with the
reported swelling degree of the Merrifield resin (100e200 mesh,
0.9 mmol Cl/g).14 Immobilization of the pentaEG onto the poly-
styrene beads gave the PSpentaEG remarkably increased swelling
constants in polar aprotic solvents, such as DMSO, CH3CN, and DMF,
in comparison with the parent Merrifield resin. Moreover, this
PSpentaEGwas also quite swollen in protic media, such as tert-amyl
alcohol, methanol, and aqueous acetone, compared with the Mer-
rifield resin. However, the swelling properties of the PSpentaEG
were poor in benzene and ether-type solvents, such as 1,4-dioxane
and THF. Based on these results, it is expected that this PSoligEG
catalytic system might be efficient in polar aprotic and protic re-
action media.
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Fig. 1. Catalytic activity of PSoligoEGs in nucleophilic substitutions according to oligoethylene glycol length. (A) Fluorination using CsF in the presence of various PSoligoEGs.
(B) Acetoxylation using KOAc. Product quantity determined by 1H NMR. R¼2-naphthyl.

Table 1
Volume of swollen PSpentaEG (mL/g)a

Entry Solvent Merrifield resin PSpentaEG

1 THF 6.4 (6.4b) 4.5
2 Acetone 2.7 2.8
3 H2O/Acetone (1:1) 1.9 2.3
4 Benzene 6.3 (6.6b) 3.7
5 CH3CN 1.6 (1.8c) 2.6
6 DMF 4.7 (4.8b) 6.5
7 1,4-Dioxane 6.0 (6.0b) 3.9
8 CH2Cl2 6.1 (6.0b) 5.6
9 Methanol 1.7 (1.8b) 2.6
10 DMSO 1.7 (1.8b) 6.7
11 tert-Amyl alcohol 0.5 1.2

a Volumes were measured in syringes equipped with a sintered frit, after equil-
ibrating for 1 h using 100 mg of Merrifield resin (0.9 mmol/g) or PSpentaEG
(0.9 mmol/g). Both resins had dry volumes of approximately 1.5 mL/g.

b Ref. 14b.
c Ref. 14a.
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