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ABSTRACT: The one-pot nucleophilic ring-opening reaction of oligoethylene glycol macrocyclic sulfates provides an efficient
strategy for the monofunctionalization of oligoethylene glycols without protecting or activating group manipulation. In this strategy,
the hydrolysis process is generally promoted by sulfuric acid, which is hazardous, difficult to handle, environmentally unfriendly, and
unfit for industrial operation. Here, we explored a convenient handling solid acid, Amberlyst-15, as a replacement for sulfuric acid to
accomplish the hydrolysis of sulfate salt intermediates. With this method, 18 valuable oligoethylene glycol derivatives were prepared
with high efficiency, and gram-scale applicability of this method has been successfully demonstrated to afford a clickable
oligoethylene glycol derivative 1b and a valuable building block 1g for F-19 magnetic resonance imaging traceable biomaterial
construction.

■ INTRODUCTION
Oligoethylene glycols (OEGs), short poly(ethylene glycol)
(PEG) chains, have been extensively used as remarkable
building blocks due to their hydrophilicity, flexibility, chemical
stability, ion conductivity, and biocompatibility. Introducing
suitable OEGs is a promising strategy to endow molecules/
polymers with higher water solubility, improved pharmacoki-
netics, and better optoelectronic properties in drug develop-
ment and material sciences.1 Efforts have constantly been
made to develop methods for the conjugation of OEGs, which
mainly depends on the availability of activated OEGylation
agents. Therefore, the efficient and scalable synthesis of
functionalized OEGs with high purity is of great importance.
Monofunctionalized OEGs are the most used OEG

derivatives in drug development and material sciences.
However, as long linear molecules without sterical and
electronic effects for selective modification, the monofunction-
alization of OEGs is very challenging. Recently, a highly
efficient synthesis of monodisperse PEGs (M-PEGs) and their
derivatives through a macrocyclic sulfate-based strategy has

been developed in this group.2 In this strategy, the OEG
macrocyclic sulfates (MCSs) were ring-opened with nucleo-
philes to give sulfate salt intermediates and then hydrolyzed
with sulfuric acid to provide monofunctionalized OEGs in one
pot (Scheme 1). Nevertheless, the sulfuric acid-catalyzed
hydrolysis process suffers from several problems: the risk of
concentrated sulfuric acid exposure, possible decomposition of
the OEGs,3 tedious neutralization and purification processes,
and being environmentally unfriendly. In terms of safety and
economic and environmental perspectives, the employment of
an easy-handling and reusable acid for the hydrolysis process is
essential.
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Solid acids with anionic charges on their surface can
function as convenient heterogeneous acids, which are “green”
alternatives to conventional liquid acids by allaying safety and
environmental concerns.4 Amberlyst-15, a commercially
available cation exchange resin with strongly acidic sulfonic
groups that can perform heterogeneous acid catalysis, has been
effectively applied in a variety of acid-catalyzed reactions in
organic synthesis, including acetylation, alkylation, Michael
addition, esterification, etc.5 Compared with sulfuric acid, the
use of Amberlyst-15 is more desirable because it is safe and
convenient to use, readily removed at the end of the reaction,
easy to recycle, and needs no neutralization after the reaction,
which may overcome the shortcomings of sulfuric acid that
promoted the hydrolysis process mentioned above. Therefore,
we investigated the employment of Amberlyst-15 as a potential
heterogeneous acid to hydrolyze OEG macrocyclic sulfate salt
intermediates during the one-pot nucleophilic ring-opening
reaction of OEG macrocyclic sulfates to develop a green and
scalable approach for monofunctionalized monodisperse OEG
(M-OEG) preparation.

■ RESULTS AND DISCUSSION
Optimization studies were carried out using tetraethylene
glycol macrocyclic sulfate MCS-1 as the substrate and
commercially available benzyl alcohol as the nucleophile,
which can act as a UV active tag to facilitate reaction progress
monitoring and product purification. It is worth noting that
MCS-1 can be conveniently prepared from tetraethylene glycol
on multi-hundred-gram scales.6 MCS-1 was first treated with
benzyl alcohol in the presence of 1.5 equiv of NaH to provide
the sulfate salt intermediate. Then, 0.9 equiv of Amberlyst-15,
a resin with sulfonic groups that can perform as an acid
catalyst, and 2.0 equiv of H2O were added. The resulting
mixture was stirred at room temperature for 12 h. To our
delight, monobenzylated tetraethylene glycol 1a was isolated in
an 84% yield (Table 1, entry 1). It was noteworthy that the
reaction was very convenient to handle, during which
Amberlyst-15 was removed by filtration, and the resulting
solution was concentrated for chromatography purification
without neutralization or extraction. When the equivalence
ratio of Amberlyst-15 and benzyl alcohol was increased to 2.5,
the yield of 1a was decreased to 73% due to the potential
adsorption capacity of Amberlyst-15 (Table 1, entry 2).
Besides Amberlyst solid acid, we have screened HND series of
solid acids, such as HND-8, HND-580, and HND-582. It was
found that Amberlyst-15 gave the highest yield (Table 1,
entries 3−5), so Amberlyst-15 is the solid acid of choice. When
elevating the hydrolysis temperature to 45 °C, the yield was
increased to 90% (Table 1, entry 6). Ground Amberlyst-15 has

higher surface areas, allowing sufficient contact with the
reactant. Therefore, Amberlyst-15 was ground into powder
before adding it to the reaction. The hydrolysis was almost
stopped when 0.5 equiv of Amberlyst-15 was used because
Amberlyst-15 would be neutralized to its sodium salt form in
the presence of excess NaH (Table 1, entry 7). Satisfactorily,
full conversion can be achieved by varying the amount of
Amberlyst-15 (Table 1, entries 8−10), indicating the high
efficacy of the reaction.
Under the optimized conditions, the substrate scope was

further investigated for tetraethylene glycol macrocyclic sulfate
MCS-1 and pentaethylene glycol macrocyclic sulfateMCS-2. A
wide range of nucleophiles is compatible with this hydrolysis
procedure (Table 2). First, MCSs treated with O-nucleophiles,
including alcohol and phenol, in the presence of NaH provided
ether derivatives of M-OEGs 1a−1c and 2a−2c in excellent
yields (Table 2, entries 1−3). Monobenzyl tetraethylene glycol
1a and pentaethylene glycol 2a are useful building blocks in M-
PEG synthesis.7 M-OEGs 1b and 2b, functionalized with
alkyne groups, are ready for application in a click chemistry
reaction. When salts like MeONa were applied, DMF was used
as the solvent in the nucleophilic ring-opening step due to the
poor solubility of alkoxides in THF. DMF was removed after
the ring-opening reaction, and the sulfate salt intermediate was

Scheme 1. Previous and Current Works on the Monofunctionalization of M-OEGs

Table 1. Optimization of the Nucleophilic Ring-Opening
Reaction of MCSa

entry solid acid solid acid [equiv] temp.b yield [%]c

1 Amberlyst-15 0.9 rt 84
2 Amberlyst-15 2.5 rt 73
3 HND-8 0.9 rt 69
4 HND-580 0.9 rt 50
5 HND-582 0.9 rt 62
6 Amberlyst-15 2.5 45 °C 90
7d Amberlyst-15 0.5 rt trace
8d Amberlyst-15 0.9 rt 99
9d Amberlyst-15 1.5 rt 92
10d Amberlyst-15 2.5 rt 86

aUnless otherwise indicated, reactions were carried out with benzyl
alcohol (1.0 equiv), NaH (1.5 equiv), andMCS-1 (1.3 equiv) in THF
and then hydrolyzed with solid acid and H2O (2.0 equiv). bThe
reaction temperature of hydrolysis. cIsolated yields. dGround
Amberlyst-15 was used (particle size: 30−40 mesh).
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hydrolyzed in THF at room temperature. Hydrolysis catalyzed
with a lower equivalence ratio of Amberlyst-15 (0.7 equiv) did
not compromise the reaction efficiency (Table 2, entries 5−9)
since there are no acid consumption results from the presence
of NaH. A slightly increased equivalence ratio of Amberlyst-15
(1.0 equiv) should be applied to accomplish the hydrolysis
process, owing to the relatively strong alkalinity of MeONa
(Table 2, entry 4). Perfluoro-tert-butylated derivatives 1g and
2g with 9 symmetrical fluorines, which are valuable building
blocks in F-19 magnetic resonance imaging (19F MRI)
traceable biomaterials, were also conveniently prepared in
quantitative yields (Table 2, entry 7).8 From S-nucleophile
potassium thioacetate, sulfur can be efficiently introduced into

OEGs (Table 2, entry 8). Last but not least, the other two
clickable OEGs 1i and 2i were obtained in excellent yields
when NaN3 was employed (Table 2, entry 9). Notably, this
Amberlyst-15-catalyzed hydrolysis method provides higher or
comparable yields than our previous study using sulfuric acid.2

To demonstrate the practicality of the current strategy, the
gram-scale syntheses of M-OEG derivatives 1b and 1g were
performed under the optimized conditions (Scheme 2).
Satisfactorily, 6.1 g of M-OEG derivative 1b and 14.7 g of
M-OEG derivative 1g were obtained with good yields on a 39
mmol scale.

Table 2. Substrate Scope of the Nucleophilic Ring-opening Reaction of MCS

aReactions were carried out with a nucleophile (1.0 equiv), NaH (1.5 equiv), and MCS (1.3 equiv) and then hydrolyzed with Amberlyst-15 (0.9
equiv) and H2O (2.0 equiv) in THF. bIsolated yields. cYields of the monofunctionalization of M-OEGs through a macrocyclic sulfate-based
strategy employing sulfuric acid as the catalyst.2 dReactions were carried out with a nucleophile (1.5 equiv) and MCSs (1.0 equiv) and then
hydrolyzed with Amberlyst-15 (1.0 equiv) and H2O (2.0 equiv) in THF. eReactions were carried out with a nucleophile (1.5 equiv) andMCSs (1.0
equiv) and then hydrolyzed with Amberlyst-15 (0.7 equiv) and H2O (2.0 equiv) in THF.
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■ CONCLUSIONS
In this work, using a convenient handling solid acid,
Amberlyst-15, to hydrolyze OEG sulfate intermediates, an
efficient and scalable synthesis of monofunctionalized M-
OEGs was developed with a one-pot procedure. The use of
Amberlyst-15 instead of liquid acid H2SO4 in the hydrolysis
process is a significant improvement over previous work, which
is convenient, safe, and environmentally friendly. From easily
available MCSs, a wide substrate scope for the strategy has
been accomplished with good to excellent yields and provided
various useful monofunctionalized OEGs. Besides, the strategy
has been demonstrated in gram-scale production to afford a
clickable OEG derivative 1b and a valuable building block 1g
for F-19 MRI-traceable biomaterial construction. This strategy
may promote the availability and industrial application of
monofunctionalized M-OEGs to meet the urgent needs in drug
development and material sciences.

■ EXPERIMENTAL SECTION
General Information. All commercially available reagents

and solvents were used as received, unless otherwise
mentioned. 1H, 19F, and 13C NMR spectra were recorded on
a Bruker 400 or 500 MHz spectrometer. Chemical shifts were
in ppm and coupling constants (J) were in Hertz (Hz). 1H
NMR spectra were referenced to solvent D-atom using CDCl3
(s, 7.26 ppm) as a solvent. 13C NMR spectra were referenced
to solvent carbons (77.2 ppm for CDCl3). 19F NMR spectra
were referenced to 2% perfluorobenzene (s, −164.90 ppm) in
CDCl3. The splitting patterns for 1H NMR spectra were
denoted as follows: s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and combinations thereof. High-
resolution mass spectra (HRMS) were recorded on a Thermo
Fisher Scientific Q Exactive Focus.
Tetraethylene Glycol Macrocyclic Sulfate MCS-1.2 At 0

°C, SOCl2 (30 mL, 411.88 mmol, in 100 mL of CH2Cl2) was
added over 1 h to a stirring solution of tetraethylene glycol
(40.00 g, 205.94 mmol), triethylamine (137.80 mL, 988.53
mmol), and DMAP (1.27 g, 10.30 mmol) in CH2Cl2 (2.5 L).
After the addition, the mixture was stirred at 0 °C for 2 h and

washed with water (1 L) three times. The combined organic
layers were concentrated and purified by flash chromatography
on silica gel with EtOAc/PE (1/1) as eluents to give the
intermediate as a brown oil. The intermediate macrocyclic
sulfite was dissolved in a mixture of CH3CN (300 mL), CCl4
(300 mL), and water (450 mL) at 0 °C. NaIO4 (52.86 g,
247.13 mmol) and RuCl3·3H2O (0.27 g, 1.03 mmol) were
sequentially added to the reaction mixture, and the resulting
mixture was stirred at 0 °C for 1 h. The organic layer was
collected, and the aqueous layer was extracted with CH2Cl2
(250 mL, twice). The combined organic layers were dried over
anhydrous Na2SO4, filtered, and concentrated. The crude
product was purified by recrystallization with methanol to give
34.16 g of MCS-1 as a white solid with 65% yield. 1H NMR
(500 MHz, CDCl3) δ 3.64−3.69 (m, 8H), 3.83 (t, J = 7.5 Hz,
4H), 4.47 (t, J = 5.0 Hz, 4H).

Monobenzyl Tetraethylene Glycol 1a.2 Under an atmos-
phere of Ar, to a suspension of NaH (36.0 mg, 60% dispersed
in mineral oil, 0.90 mmol, in 2 mL of THF) was added a
solution of benzyl alcohol (64.9 mg, 0.60 mmol) in THF (1
mL) at 0 °C. The mixture was stirred for 30 min and a solution
of MCS-1 (200.0 mg, 0.78 mmol) in THF (2 mL) was added
at this temperature. The resulting mixture was stirred for 12 h
at rt. Then, H2O (21.6 μL, 1.20 mmol) and Amberlyst-15
(130.0 mg, 0.55 mmol) were added to the reaction mixture,
and the resulting mixture was stirred for 12 h at rt. After the
removal of Amberlyst-15 by filtration, the filtrate was collected
and concentrated under vacuum. The residue was purified by
flash chromatography on silica gel with MeOH/CH2Cl2 (1/
50−1/20) as eluents to give compound 1a (168.9 mg, 99%
yield) as a clear oil. 1H NMR (400 MHz, CDCl3) δ 3.59−3.71
(m, 16H), 4.56 (s, 2H), 7.26−7.31 (m, 1H), 7.34 (d, J = 4.8
Hz, 4H).

Monomethoxy Tetraethylene Glycol 1d.2 Under an
atmosphere of Ar, to a suspension of sodium methoxide
(63.2 mg, 1.17 mmol, in 3 mL of DMF) was added a solution
of MCS-1 (200.0 mg, 0.78 mmol) in DMF (2 mL) at rt. The
mixture was stirred overnight, and then, the solvent was
removed under vaccum. The residue was dissolved in THF and

Scheme 2. Gram-Scale Synthesis of OEG Derivatives 1b and 1g
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then H2O (28.1 μL, 1.56 mmol) and Amberlyst-15 (185.7 mg,
0.78 mmol) were added to the reaction mixture, and the
resulting mixture was stirred for 12 h at rt. After the removal of
Amberlyst-15 by filtration, the filtrate was collected and
concentrated under vacuum. The residue was purified by flash
chromatography on silica gel with MeOH/CH2Cl2 (1/50−1/
20) as eluents to give compound 1d (141.0 mg, 87% yield) as a
clear oil. 1H NMR (400 MHz, CDCl3) δ 3.33 (s, 3H), 3.50−
3.69 (m, 16H).
Monoacetyl-Tetraethylene Glycol 1e.2 Under an atmos-

phere of Ar, to a suspension of sodium acetate (96.0 mg, 1.17
mmol, in 3 mL of DMF) was added a solution of MCS-1
(200.0 mg, 0.78 mmol) in DMF (2 mL) at rt. The mixture was
stirred overnight and then the solvent was removed under
vaccum. The residue was dissolved in THF, and then H2O
(28.1 μL, 1.56 mmol) and Amberlyst-15 (130.0 mg, 0.55
mmol) were added to the reaction mixture, and the resulting
mixture was stirred for 12 h at rt. After the removal of
Amberlyst-15 by filtration, the filtrate was collected and
concentrated under vacuum. The residue was purified by flash
chromatography on silica gel with MeOH/CH2Cl2 (1/50−1/
20) as eluents to give compound 1e (156.6 mg, 85% yield) as a
clear oil. 1H NMR (400 MHz, CDCl3) δ 2.07 (s, 3H), 3.56−
3.74 (m, 14H), 4.22 (t, J = 6.0 Hz, 2H).
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