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Q » Synthesis of Highly pH-Responsive Glucose Poly(orthoester)**

Abstract: pH-Responsive polymers have great potential in
biomedical applications, including the selective delivery of
preloaded drugs to tissues with low pH values. These polymers
usually contain acid-labile linkages such as esters and acetals/
ketals. However, these linkages are only mildly pH-responsive
with relatively long half-lives (t,,). Orthoester linkages are
more acid-labile, but current methods suffer from synthetic
challenges and are limited to the availability of monomers. To
address these limitations, a sugar poly(orthoester) was synthe-
sized as a highly pH-responsive polymer. The synthesis was
achieved by using 2,3,4-tri-O-acetyl-a-D-glucopyranosyl bro-
mide as a difunctional AB monomer and tetra-n-butylammo-
nium iodide (TBAI) as an effective promoter. Under optimal
conditions, polymers with molecular weights of 6.9 kDa were
synthesized in a polycondensation manner. The synthesized
glucose poly(orthoester), wherein all sugar units were con-
nected through orthoester linkages, was highly pH-responsive
with a half-life of 0.9, 0.6, and 0.2 hours at pH 6, 5, and 4,
respectively.

pH-Responsive polymers and materials have demonstrated
great potential in biomedical applications, such as their use as
micro- and nanocarriers for selective drug delivery.!! Consid-
ering the relatively low extracellular pH values in tumor (ca.
pH 6.7)? and inflammatory tissues (ca. pH 5), it is advanta-
geous to design pH-responsive materials to selectively deliver
drugs to the respective targets. Ideally, these materials should
be stable at pH 7.4, but sensitive to acidolysis in environments
with lower pH values; thus allowing for rapid degradation and
quick release of prepacked drug payloads. pH-Responsive
polymers/materials usually contain acid-labile chemical link-
ages, including esters,” hydrazones,”! phosphoesters,’® and
acetals/ketals.”” Among them, acetals/ketals are considerably
acid-labile, making them particularly attractive for the
development of pH-responsive materials. For example,
Murthy and co-workers reported the synthesis of polyketal
copolymers as a pH-responsive delivery system in the treat-
ment of acute liver failure. Although effectiveness was
achieved, these polymers were only mildly sensitive to
acidolysis with a half-life (f,,) of 48 hours at pH 4.5.
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However, in the treatment of acute inflammatory diseases,
rapid degradation of the polymers to release the drugs,
usually within several hours, was crucial because of the fast
deterioration of tissue and organ functions.®

Compared to acetals/ketals, orthoester linkages are more
sensitive to acidolysis.”” However, study on poly(orthoester)
is very limited. Thus far, most of the work was reported by
Heller and co-workers, who developed four generations of
poly(orthoesters) using two major synthetic approaches:
1) transesterification using polyols and alkyl orthoesters,")
and 2) polycondensation using diols and a diketene acetal.'!
The transesterification method is very challenging, as it
requires high vacuum, high temperature, and prolonged
reaction time. This approach is also reported to have issues
with reproducibility.”) The polycondensation approach is
synthetically more practical, but is limited by the choice of
monomer. Currently, only one diketene acetal, 3,9-diethyli-
dene-2,4,8,10-tetraoxaspiro[5,5Jundecane (DETOSU), has
been reported.'!! This patented monomer™? is however
challenging to prepare and is sensitive to moisture. A few
other orthoester-containing polymers have been reported, but
the syntheses suffer from similar limitations.!!

To address these limitations, we pursued the synthesis of
a novel class of polymers as highly pH-responsive materials.
Herein sugar poly(orthoester) is of special interest, because of
efficient synthetic methods, as well as the excellent acid-
catalyzed degradability of the orthoester linkages. Further-
more, their feedstocks are abundant, renewable, and sugar-
based polymers have exhibited excellent biocompatibility.
However, sugar-based orthoester polymers have never been
studied before. A few monomeric sugar 1,2-orthoesters have
been reported, wherein they served as useful synthetic
intermediates or glycosyl donors in Lewis acid promoted
glycosylation reactions.™ The major approach to the syn-
thesis involves the reaction of 2-OAc-containing glycosyl
bromides with alcohols in the presence of a promoter, such as
tetra-n-butylammonium bromide (TBABr),'® silver triflate
(AgOTH),*** and potassium fluoride."”’ These promoters
facilitate the cleavage of the a-bromide to form oxocarbe-
nium and the subsequent acyloxonium ion, which is then
attacked by an alcohol to give a sugar 1,2-orthoester
(Scheme 1).11%

We hypothesized that if a glycosyl bromide, containing an
OH group at the C6 position and an OAc group at the C2
position, was used as a difunctional AB monomer, poly-
(orthoester) may be synthesized in a polycondensation
manner. Herein, we report the first synthesis of glucose
poly(orthoester) using 2,3,4-tri-O-acetyl-a-D-glucopyranosyl
bromide (3) as such a monomer (Scheme 2).

The synthesis of the monomer started from glucose (1),
which was converted to 2 according to a procedure reported
previously."® The subsequent conversion from 2 to 3 has been
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Scheme 1. Synthesis of monomeric sugar 1,2-orthoester.
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Scheme 2. Synthesis of monomer 3 and polymer 4.

reported, which was achieved through a three-step process:
1) selective anomeric deacetylation using cyclohexylamine,
2) conversion of 1-OH to 1-Br using triphenyl phosphine/
carbon tetrabromide (Ph;P/CBr,), and 3) deprotection of 6-
OTBDPS (tert-butyldiphenylsilyl) using HF/pyridine (HF/
py).'® This synthesis was however tedious with a low overall
yield. Herein we pursued a more efficient approach, wherein
the conversion 2 to 3 was achieved in a one-step manner using
titanium tetrabromide (TiBr,), which selectively converted 1-
OAc to 1-Br, while simultaneously deprotecting the 6-
OTBDPS group to give monomer 3 in 55% yield. This is an
important improvement, considering that convenient access
to monomer is essential for polymer synthesis.

With monomer 3 in hand, promoters were then screened
to effectively induce the polycondensation. Initially, the
polymerization was conducted using TBABr as the promo-
ter,'* which however only produced oligomers with molec-
ular weights (M, of 1.2 kDa, as monitored by gel permeation
chromatography (GPC; Figure 1 and Table 1, entry 1). Sim-
ilarly, when AgOTf**? was used, only oligomers were
produced (Figure 1 and Table 1, entries 2 and 3).

In polymer synthesis, the total number of collision is
significantly lower (compared to small-molecule synthesis)
because of the limited accessibility to the chain ends. Thus,
highly reactive chain ends are desired to increase the number
of successful collisions, and therefore the molecular weights of
the resulting polymer. Among the many reactive glycosyl
donors, glycosyl iodide is probably the most reactive thus
far.™! We hypothesized that if an OH-containing glycosyl
iodide could be generated in situ from monomer 3 by TBAI,
a high-molecular-weight poly(orthoester) may be produced.
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Figure 1. GPC curves of the polymerization under varying reaction
conditions (oligomers from Table 1, entries 1, 2, and 11 were not
purified by precipitation because of their low molecular weights).

Table 1: Polymerization conditions and results.

Entry Promoter Base Solvent T M, PDI Yield
(equiv) [kDa]®
1 TBABr (3.0) sym-colli- CH,Cl, reflux 1.2 1.5 nal
dine
2 AgOTf (3.0) lutidine  CH,Cl, reflux 1.5 1.8 nal
3 AgOTf (3.0) DIPEA CH,Cl, reflux 1.7 1.6 nal
4 TBAI (0.1)  DIPEA  toluene 65°C 1.7 1.7 nal
5 TBAI (3.0) DIPEA  toluene 65°C 1.6 1.7 nal
6 TBAI (0.1)  DIPEA benzene 65°C 1.7 1.6 nal
7 TBAI (0.1)  pyridine  pyridine 65°C 1.6 1.7 nal
8 TBAI (0.1)  DIPEA CH,Cl, reflux 6.6 1.38 70%
9 TBAI (1.0)  DIPEA CH,Cl, reflux 6.8 1.38 72%
10 TBAI(3.0) DIPEA CH,Cl, reflux 6.9 1.38 70%
1 - DIPEA CH,Cl, reflux 0.9 1.6 nal

[a] Measured by GPC, calibrated using polystyrene standards. [b] Mea-
sured after purification. [c] The oligomers were not purified by precip-
itation because of their low molecular weights. n.a.=not applicable.
PDI = polydispersity index.

The reaction was then conducted using 0.1 equivalent TBAI
as the promoter and toluene as the solvent, according to
a reported procedure for small-molecule synthesis.””) N,N-
Diisopropylethylamine (DIPEA) was chosen because it has
been reported to be an effective acid scavenger in glycosyl
iodide chemistry."” Unfortunately, when the reaction was
conducted at 65°C, the polymerization only gave oligomers
with molecular weights of about 1.7 kDa (Table 1, entry 4).
Neither increasing the amount of TBAI to 3.0 equivalents, nor
changing the solvent to benzene or pyridine increased the
molecular weights of the oligomers (Table 1, entries 5-7).
However, when the solvent was changed to refluxing
dichloromethane (CH,Cl,), polymers with molecular weights
of 6.6 kDa were produced (Figure 1, Table 1, entry 8). The
remarkable increase in molecular weight is possibly a result of
the good solubility of the polymers in CH,Cl,. The reaction
likely occurs by insitu conversion of the a-bromide to
a highly reactive B-iodide," thus setting the stage for the
subsequent intramolecular attack by the 2-OAc to form the
acyloxonium ion.”” Thereafter, intermolecular attack by the
6-OH afforded the desired sugar poly(orthoester) 4. Herein
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the conversion of a-bromide to B-iodide is crucial; when no
TBAI was used, only low-molecular-weight oligomers were
produced (Figure 1, Table 1, entry 11).

Next, we studied the effect of higher TBAI concentrations
on the molecular weights. However, when the amount of
TBAI was increased to 1.0 equivalent and even to 3.0 equiv-
alents, the molecular weights only slightly increased to 6.8—
6.9 kDa (Table 1, entries 9 and 10). Possibly, the accessibility
of the reactive chain end became a limiting factor on the
growth of the polymer when its size reached a certain value.

NMR analyses supported a successful synthesis of 4. As
shown in the '"H NMR spectra of monomer 3 (Figure 2, top)
and polymer 4 (bottom), the polymer possesses characteristic
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Figure 2. "H NMR spectra of monomer 3 (top) and polymer 4
(bottom). All NMR signals were assigned based on 2D COSY NMR
analyses (see the Supporting Information).

orthoester methyl protons, which resonate at 1.69 ppm, and
anomeric protons, which resonate at 5.71 ppm. Likewise, the
BCNMR spectroscopy analyses supported the structural
assignment, with characteristic orthoester carbon atoms
resonating at 121.3 ppm and anomeric carbon atoms at
97.3 ppm (see the Supporting Information).

The NMR studies indicated that there was no glycosyla-
tion product, suggesting that once the acyloxonium was
formed, the intermolecular attack of the 6-OH predominately
occurred at the acyloxonium carbon atom, instead of at the
anomeric carbon atom (Scheme 1). This is understandable, as
the formation of the orthoester is a kinetically favored
process; in the absence of an acid catalyst, orthoester is the
predominant product. The NMR studies also suggested that
other side reactions, such as the rearrangement of the
orthoester linkages™® and the formation of 1,6-anhydroglu-
cose, which could undergo ring-opening polymerization to
give polysaccharides,”! were minimal.

The synthesized sugar poly(orthoester) 4 was very stable
at pH 7.4. When monitored by '"H NMR spectroscopy, no
significant degradation was detected for 12 hours (Figure 3).
However, when the pH value was decreased to pH 6, acid-
olysis occurred and the 'H NMR signal intensity of the
orthoester (-CH; at 1.69 ppm) gradually decreased over
a period of 12 hours (Figure 3). When the pH value dropped
lower, the acidolysis progressed even faster and it took 6 and
2 hours to fully degrade all orthoester linkages at pH 5 and 4,
respectively (Figure 3). In all acidolysis studies, the kinetics
could be described by the first-order Arrhenius equation (see
the Supporting Information), with half-lives of 0.9, 0.6, and

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

pH=5 = pH=7.4
orthoest onhoest or!hoester orthoester
CH
°* oh
M M M Zh
2.5 2.0 1.5
ppm u “4 4h
T SR O
25 2.0 1.5
ppm N 8h
A 10h
2j5 ) 2t0 ' 1.5
ppm 12h
2:5 ‘ 2.0 . 1:5
ppm

Figure 3. Progress of acidolysis of 4 at varying pH values, as moni-
tored by '"H NMR spectroscopy.
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Figure 4. A) First-order Arrhenius plot of the acidolysis of 4 at pH 7.4,
6, 5, and 4. B) Progress of acidolysis of 4 at pH 6, as monitored by
GPC.

0.2 hours at pH®6, 5, and 4, respectively (Figure 4A). As
expected, when monitored by GPC, partial degradation of the
orthoester linkages resulted in a sharp decrease in molecular
weights. Within only 2 hours, low-molecular-weight oligomers
were produced (Figure 4B). This is very attractive in the
formation of pH-responsive materials for drug delivery, as
partial degradation of the polymer is sufficient for rapid
release of the drugs.

In conclusion, we have demonstrated the successful
synthesis of a new class of sugar-based polymers, in which
the sugar units are connected through orthoester linkages. To
the best of our knowledge, this is the first report describing
a sugar poly(orthoester). Considering the efficient and
practical syntheses of the monomer and the polymer, the
availability and abundance of monosaccharides, and numer-
ous methods for carbohydrate functionalization, this method
may have broad applications for the synthesis of diverse
sugar-based polymers. Because of its high sensitivity to
acidolysis, the reported sugar poly(orthoester) may be
useful in the synthesis of highly pH-responsive materials,
which could selectively and rapidly deliver drugs to malign
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tissues that have lower extracellular pH values. Future
studies, such as controlling the rate of acidolysis and
synthesizing nanostructures, are currently under way in our
laboratory.
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