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ABSTRACT: Monomers derived from glucose and
galactose, which contain an endocyclic alkene (in the
sugar ring) and a terminal alkyne, underwent a cascade
polymerization to prepare new polymers with the ring-
opened sugar incorporated into the polymer backbone.
Polymerizations were well-controlled, as demonstrated by
a linear increase in molecular weight with monomer-to-
initiator ratio and generally narrow molecular weight
dispersity values. The living nature of the polymerization
was supported by the preparation of a block copolymer
from two different sugar-based monomers. The resulting
polymers were also fully degradable. They underwent fast
and complete depolymerization to small molecules under
acidic conditions.

Limited quantities of fossil fuels and increased awareness of
the environmental impact of petroleum-based plastics

have fueled the search for new sustainable polymers.1,2

Materials from biomass-derived polymers have the potential
to be more environmentally friendly, and may have interesting
properties such as biocompatibility or degradability.3−6 The
most common forms of biomass from which polymers can be
derived include vegetable oils,7 terpenes,8 amino-acids,9

lignin,10 and carbohydrates (saccharides) such as cellulose11

and starch (polysaccharides).12 Sugars (mono- or disacchar-
ides), in particular, are an attractive option for polymer
building blocks given that they are widely available, environ-
mentally benign, generally nontoxic, structurally diverse, and
relatively easy to functionalize.13,14

Polymers in which sugars are attached as pendent groups to
the backbone, often called glycopolymers, are well established
in the literature.15,16 Sugar-based polymers (SBPs),17−20 in
which the sugar is incorporated into the backbone of the
polymer, have been much less developed and are typically
prepared by step-growth condensation reactions,13 or ring-
opening polymerization.14 The latter polymers are attractive as
they have the potential to yield polymers with degradable
backbones. Of particular interest to our group was the use of
olefin metathesis polymerizations to prepare degradable SBPs.
Acyclic diene metathesis (ADMET) polymerization,21,22 ring-
opening metathesis polymerization (ROMP),23−26 and cyclo-
polymerization27,28 are powerful polymerization techniques
that have been used to prepare a wide range of functional
polymers. While these techniques have been used to prepare
various partially or fully backbone-degradable polymers,29−37

they have rarely been used to prepare degradable SBPs.

Enholm and Mondal functionalized D-ribose derivatives with
terminal alkenes and used ADMET polymerization to prepare
polymers with the sugar intact.38 Meier, Gross, and co-workers
demonstrated the entropy-driven ROMP of a macrocyclic
monomer containing a disaccharide unit.39 They achieved
polymers with high number-average molecular weight (Mn >
75 kDa) with Grubbs second or third generation catalysts (G2
or G3, respectively), but with broad molecular weight
dispersity (ĐM values of 1.6−1.7). Of note, there are several
reports on ADMET polymerization or ROMP of biomass-
derived monomers, that do not contain sugars, but are still
derived from carbohydrate feedstocks, such as glucose,40,41

mannitol,38 pentose,42−44 and cellulose.45 Unfortunately, the
majority of these monomers did not enable controlled
polymerizations.
We sought to develop new monomers from widely available

glucose (GL) and its C-4 epimer galactose (GA) (Figure 1A).
In particular, we envisioned modifying sugars such that they
contained an endocyclic alkene which could serve as a handle
for ring-opening metathesis. However, 6-membered cyclo-
alkenes have very low ring strain and typically do not undergo
ROMP.46,47 Fortunately, we recently demonstrated that
cascade metathesis polymerizations can open 6-membered
rings when functionalized with terminal alkynes.48−50 Herein,
we report the controlled living cascade polymerization of
monomers derived from sugars which yield fully degradable
polymers.
From commercially available acetylated GL and GA, we

prepared monomers 1−6 in three to four steps depending on
the desired α/β stereochemistry of the anomeric carbon (see
Figure S1 in the Supporting Information, SI). We initially
explored the polymerization of 1 (N-tosyl) in tetrahydrofuran
(THF) using G3 as catalyst, which was the optimal solvent/
catalyst combination in our previous studies.48 With a
monomer-to-initiator ratio (M/I) of 50, we observed 56%
monomer conversion and a polymer with an Mn of 15.7 kDa
(ĐM of 1.39; see Table 1, entry 1). Attempts to significantly
increase conversion and lower the dispersity were unsuccessful
(see Table S1). By 1H nuclear magnetic resonance (NMR)
experiment revealed nearly equivalent and relatively fast
conversion of both α- and β-isomers in the first minute of
reaction (see Figure S2), but conversion quickly tapered off
(see Figure S3), suggesting degradation of the catalyst. We
envisioned that increasing the steric bulk of the sulfonamide
group might enhance the polymerization by speeding the
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reaction further via the Thorpe−Ingold effect,50 or helping
stabilize the propagating carbene via steric shielding.51 Thus,
we pursued the polymerization of monomers with bulkier N-
2,4,6-triisopropylbenzenesulfonyl (TPS) substituents.
As expected, for the GL-based monomer 2 (α:β of 1:4) with

the bulky TPS substituent, we observed much higher
conversion (>75%). With our standard conditions (0.1 M
concentration at 15 °C, see Table S1), we obtained high
molecular weight polymer (26.7 kDa) with narrower dispersity
(1.13) for a M/I of 50 (Table 1, entry 2). As we changed the
M/I ratio (as high as 100, entries 3−5), we observed a linear
increase in Mn (up to 54.8 kDa), while maintaining the ĐM
between 1.04 and 1.44 (Figure 2A). Polymerization of
monomers with higher stereopurity, 3 (α:β of 9:1, entry 6)
and 4 (α:β of 1:99, entry 7), gave comparable results to 2 at a
M/I of 50 (consistent with our observation of nearly
equivalent reactivity of the α- and β-isomers by 1H NMR
spectroscopy, see Figure S4). The GL-N-TPS monomers
reached ca. 4% conversion in 1 min (see Figure S2), and
conversion continued over several hours. This is in contrast to
the GL-N-Ts monomer (1) which had faster initial conversion
(ca. 11% in 1 min) and nearly stopped within 1 h. These
results suggested that the N-TPS group was serving as a steric
shield to protect the propagating carbene from decomposition,
which is further supported by 1H NMR experiments that show
much faster carbene decomposition during the polymerization
of 1 than 2 (see Figure S5).
We next explored the polymerization of GA-based

monomers. In contrast to the GL-based monomer reactivity,
we found that the α-isomer had a significantly faster

conversion rate than the β-isomer (ca. 11 vs <1% conversion
in 1 min, respectively, see Figures S2 and S6). Therefore, we
focused on the polymerization of the α-rich monomer 5 (Table
1, entries 8−15). To achieve higher conversion and molecular
weight for large M/I values (150−300), we slightly modified
conditions by increasing the temperature to RT (entries 13−
15, see the SI for more details). Overall, we observed a
relatively linear increase in Mn up to 135 kDa (M/I of 300),
while maintaining the ĐM between 1.05 and 1.44 (Figure 2B).
Polymerization of the β-rich monomer 6 (α:β of 1:5.5, entry
16), with a M/I of 50, gave a comparable Mn to 5, but with
increased dispersity (comparable to that of 3 and 4). Monomer
5 is the only monomer in which the alkyne is on the opposite
face of the sugar ring, respective to both the OAc and CH2OAc
substituents (see Figure S7). Thus, the alkyne may be less
sterically hindered for catalyst approach, which may explain the
enhanced reactivity of 5 (see the SI for more details).
To demonstrate the living nature of this polymerization, a

block copolymer was prepared. Monomer 2 was added to an
active P5 (first) block (Figure 2C). Sampling after polymer-
ization of the first and second blocks revealed a clear shift in
the SEC peak to the higher molecular weight region, without
any residual P5 block or tailing, and maintaining a ĐM of 1.05.
This supports the living nature of the chain end.
In addition to influencing their reactivity, the stereo-

chemistry of monomers also influenced the resulting stereo-
chemistry of the polymers, and led to differences in polymer
properties. For instance, P5 and P6 had higher E-alkene

Figure 1. (A) Chemical structures of glucose (GL) and galactose
(GA). (B) Chemical structures and α:β ratios for GL- and GA-based
monomers used in this study. (C) Proposed polymerization
mechanism.48 Ts = tosyl. TPS = 2,4,6-triisopropylbenzenesulfonyl.

Table 1. Polymerization Results for Sugar-Based Monomers
(M)a

entry M M/I
time
(h)

conv.b

(%)
yield
(%)

theor. Mn
c

(kDa)
Mn

d

(kDa) ĐM
d

1e 1 50 5 56 44 11.8 15.7 1.39
2 2 50 7 94 76 25.1 26.7 1.13
3 2 25 3 95 52 12.7 8.9 1.04
4 2 75 12 87 72 38.0 47.2 1.32
5 2 100 15 77 69 41.1 54.8 1.44
6 3 50 7 90 77 24.0 32.1 1.21
7 4 50 7 89 75 23.7 25.3 1.18
8 5 25 1 >99 79 13.2 13.5 1.04
9 5 50 5.5 >99 93 26.4 29.4 1.08
10 5 75 5.5 >99 83 39.6 37.6 1.21
11 5 100 7 >99 86 52.8 53.3 1.22
12 5 125 9 >99 83 66.0 64.2 1.28
13f 5 150 12 97 83 77.7 66.0 1.36
14f 5 200 14 97 86 103.5 92.6 1.26
15f 5 300 16 97 86 155.3 135.3 1.44
16 6 50 7 86 78 22.9 27.5 1.23

aAll polymerization conducted with a monomer concentration of 0.1
M and at a temperature of 15 °C, unless otherwise noted.
bConversion: determined by crude 1H NMR. cTheoretical Mn:
determined by multiplying the monomer molecular weight by M/I
and conversion. dDetermined by size exclusion chromatography
(SEC) using a multiangle light scattering (MALS) detector.
eMonomer concentration of 0.03 M. fPolymerization at room
temperature (RT, ca. 23 °C).
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content than P2−P4 (E:Z for P1, P2, P3, P4, P5, and P6 are
54:46, 49:51, 61:39, 50:50, 69:31, and 73:27, respectively; see
the SI for details). This is in contrast to our previous reports, in
which we only observed E:Z values of 6:4.48,49 The glass
transition temperature was also slightly elevated for P5 and P6
(51.5 and 54.7 °C, respectively) compared to P2−P4 (43.0,
47.1, and 46.0 °C, respectively). Finally, the optical activity
varied with the stereochemistry (see Table S2), with α- and β-
rich polymers rotating light in opposite directions.
A key aspect of these SBPs is that the hemiaminal ether in

the monomers is incorporated into the polymer backbone.
Hemiaminal ethers,52 and related derivatives,34,36 are known to
be acid sensitive; thus, we conducted several experiments to
test the degradability of these polymers. We sequentially added
small amounts of HCl to P2 in THF, and monitored the
degradation by SEC (Figure 3A; see the SI for details). With
increasing acid content, the SEC peak shifted to the lower
molecular weight region and increased in breadth. Only at the

later stages of degradation did we see the accumulation of a
single low molecular weight species, which was consistent with
a random backbone cleavage process.
Next, to follow the continuous degradation of polymers, P2

or P5 was dissolved in acetone-d6 and acidic D2O was added
(10% by volume) to give solutions with varying HCl
concentrations (ranging 1 × 10−2 to 1 × 10−4 M). By 1H
NMR, we observed faster depolymerization of P5 than P2 with
increasing acid content (see the SI for details) and complete
degradation to small molecules in as short as 2.5 min (Figure
3B; see Figure S8 for plots out to ca. 24 h). We identified that
polymers degraded into pyrrole-based products with E- or Z-
alkene stereochemistry (see Figure S9 for a proposed
mechanism). Pyrroles are known to have a wide range of
biological activity (N-arylsulfonyl pyrroles show antiviral
activity);53,54 thus, the degradation products may have added
utility. Regardless, these studies demonstrate the highly
degradable nature of GL- and GA-based polymers.
In conclusion, we have demonstrated, for the first time, the

cascade metathesis polymerization of sugar-based monomers
in which the sugar ring is opened and incorporated into the
polymer backbone. Polymerizations were well-controlled and
high molecular weights were obtained (Mn up to 135 kDa)
with generally narrow dispersity (1.04−1.44). Kinetics experi-
ments supported that the bulky TPS substituent (which

Figure 2. Demonstrating controlled cascade metathesis polymer-
ization of sugar-based monomers. (A) Linear plots of Mn versus M/I
× conversion for 2 and (B) 5. Labels represent the corresponding ĐM.
(C) Demonstrating the living nature of cascade polymerizations via
the production of a P5-b-P2 block copolymer. Molecular weight
characterization from SEC with MALS.

Figure 3. Demonstrating complete depolymerization of SBPs. (A)
Acidic degradation of P2 (initially at 1 mg/mL) in THF as monitored
by SEC with MALS. (B) Acidic degradation of P2 and P5 at various
HCl concentrations in 10% D2O in acetone-d6 (polymer at ca. 23 mg/
mL).
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suppressed decomposition of the propagating carbene) and
monomer stereochemistry (which influenced propagation rates
and led to differences in polymer properties) played important
roles in the polymerization. The living nature of the
polymerization was supported by the preparation of a block
copolymer from two different sugar-based monomers.
Degradation experiments also supported the fully degradable
nature of the polymers. Our future plans include optimizing
the sustainability of the monomer synthesis, exploring
postpolymerization functionalization (e.g., making polymers
water-soluble), further studying the influence of monomer/
polymer stereochemistry, and tuning the degradability of
polymers.
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