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The composition, sequence, length, and type of glycosidic linkages of polysaccharides
profoundly affect their biological and physical properties. However, investigation of the
structure-function relationship of polysaccharides is hampered by accessing well-defined
polysaccharides in sufficient quantities. Here, we report a chemical approach to precision
polysaccharides with native glycosidic linkages via living cationic ring-opening
polymerization of 1,6-anhydrosugars. We synthesized well-defined polysaccharides with
tunable molecular weight, low dispersity, and excellent regio- and stereoselectivity using a
boron trifluoride etherate catalyst and glycosyl fluoride initiators. Computational studies
revealed that the reaction propagated through the monomer a-addition to the oxocarbenium
and was controlled by the reversible deactivation of the propagating oxocarbenium to form
the glycosyl fluoride dormant species. Our method afforded a facile and scalable pathway to

multiple biologically relevant precision polysaccharides, including D-glucan, D-mannan, and
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an unusual L-glucan. We demonstrated that catalytic depolymerization of precision
polysaccharides efficiently regenerated monomers, suggesting their utility as a class of

chemically recyclable materials with tailored thermal and mechanical properties.

Polysaccharides are among the most abundant biopolymers on Earth. In addition to their
essential functions in biology!, the utilization of polysaccharide-based biomass in renewable
energy’? and sustainable materials® is also critical to reducing carbon emissions worldwide.
However, polysaccharides isolated from biological sources are often heterogeneous®, imposing
significant constraints on their characterization and utilization for emerging technologies.
Therefore, the development of synthetic approaches to polysaccharides has been one of the main
research areas in glycoscience’. For example, enzymatic synthesis has emerged as a promising
method for polysaccharide synthesis owing to the perfect regio- and stereoselectivity of the
enzymatic glycosylation, and the elimination of the need for protecting groups®. However, limited
enzyme availability and high specificity generally restrict them to specific substrates or reactions.
Iterative assembly strategies have been developed to prepare synthetic polysaccharides with
precise sequence and length’. Notably, the automated glycan assembly (AGA) techniques
developed by Seeberger has enabled the construction of complex polysaccharides (Fig. 1a)%.
Nevertheless, the stepwise assembly methods require significant investments in equipment and
reagents, and often have modest scalability.

Chemical polymerization is an efficient method for the scalable synthesis of polysaccharides
and glycomimetic polymers!®. Over the last ten years, many carbohydrate-derived monomers have
been used to generate carbohydrate polymers, such as isosorbide!!, xylose!'?, isohexide!?, and

levoglucosenyl ether!# (Fig. la). Particularly worth noting are the living anionic ring-opening
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polymerization of monosaccharide-derived cyclic carbonate and B-lactam reported by Wooley!?
and Grinstaff'®, respectively. However, these polymers all consist of non-glycosidic linkages, and
in some cases, control over the polymerization remains challenging. While the cationic ring-
opening polymerization (CROP) of 1,6-anhydrosugars has been employed to produce
polysaccharides since the 1960s!'’, achieving control over this polymerization remains a
formidable challenge. In this work, we leveraged the synergistic combination of a glycosyl donor
initiator and a mild Lewis acid catalyst to achieve /iving CROP of 1,6-anhydrosugars (Fig. 1b).
Native polysaccharides with controlled molecular weight and excellent regio- and stereoselectivity
could be readily prepared from these biorenewable monomers. Our proposed mechanism is
centered on reversible deactivation of the propagating oxocarbenium!'®, which is generated by the
fluoride abstraction from glycosyl fluoride initiator by boron trifluoride catalyst. Addition of the
1,6-anhydrosugar monomer to oxocarbenium from the less sterically demanding a-face affords an
a-oxonium'?. Followed by a rapid ring opening process, the oxocarbenium was regenerated. An
equilibrium between oxocarbenium species and dormant glycosyl fluoride is established to achieve
controlled chain growth (Fig. 1c). It is worth noting that Coates et al. recently harnessed a similar

strategy to accomplish the controlled polymerization of cyclic acetals?.

Results and discussion

Preparation and characterization of precision polysaccharides. From the outset, O-methylated
1,6-anhydro-B-D-glucopyranose Me-D-Glc was utilized as a model monomer, which can be readily
obtained after a one-step methylation of the biomass-derived and commercially available 1,6-
anhydro-f-D-glucopyranose ($1.3/g) in high yield and decagram scale (94%, 11.8 g). Previous

works by Kamigaito?! and Fors?? have shown that thiocarbamate chain transfer agents could
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regulate the propagation of oxocarbenium ions, which are structurally like the proposed
propagating species in the polymerization of 1,6-anhydrosugars (Fig. 1c). Separately, glycosyl
thiocarbamate also served as a good glycosyl donor in catalytic glycosylation reactions?. Based
on these seminal reports, a series of glycosyl donors were evaluated, including glycosyl
thiocarbamate I-1, glycosyl trithiocarbonate I-S1, and glycosyl xanthate I-S2, for their ability to
initiate the CROP of 1,6-anhydrosugars by mild Lewis acid catalysts (Supplementary Table 1).
While I-1 in conjunction with Cu(OTf), produced a polysaccharide with a number-average
molecular weight (M,) of 6.9 kg/mol, the high dispersity (P = 1.54) and the low fidelity of the w-
chain end suggested poor control over the polymerization (Fig. 2a (i)). We attributed the low level
of control to the lability of C—S bond in these glycosyl donors under acidic condition and
hypothesized that more stable glycosyl donors could lead to improved control. Indeed, glycosyl
chloride I-2 was found to afford a polysaccharide with a 60% fidelity of the w-chain end (Fig. 2a
(i1)). Encouragingly, a more stable glycosyl fluoride I-3 provided an excellent w-chain end fidelity
(90%) when boron trifluoride etherate (BF3*Et;O) was used as the catalyst (Fig. 2a (iii) and
Supplementary Fig. 57). Size-exclusion chromatography (SEC) analysis of the sample, P(Me-D-
Glc), revealed a monomodal molar mass distribution with a dispersity (D) of 1.23 (Supplementary
Fig. 44). The number-average molecular weight (M,) calculated based on the 'H NMR analysis
(9.5 kg/mol) agreed well with the theoretical value (8.7 kg/mol) (Fig. 3a, entry 1). In addition, the
chain-end groups were confirmed by matrix assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) mass spectroscopy (Fig. 2b). The well-defined structure of P(Me-D-Glc),
including the a-, m-chain ends and a-1,6-glucan backbone, was further demonstrated by '"H NMR
(Fig. 2¢) and 'F NMR analyses (Supplementary Fig. 59). Notably, the single anomeric carbon

signal at 96.34 ppm in 3C NMR (Supplementary Fig. 58) and the high positive specific rotation
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of [a]3® = +201.3° unambiguously supported that P(Me-D-Glc) was highly stereoregular?, i.e.,
a-glycosidic linkages were exclusively generated. The polymerization also displayed
characteristics consistent with living polymerization, including first-order reaction kinetics, linear
growth of the molecular weights over conversion, controlled molecular weights proportional to

[M]o/[I]o ratio, and low dispersity (Fig. 2d).

Monomer scope. With the initiator/catalyst pair identified, we then sought to explore the monomer
scope of this polymerization (Fig. 3a). O-alkylated 1,6-anhydrosugars with various alkyl side
chains, including ethyl, n-propyl, n-butyl, n-pentyl, and allyl all exhibited good reactivities and
excellent control over the polymerization (Fig. 3a, entry 2-6). Notably, 'H, 13*C NMR, and high
positive specific rotation values consistently supported exclusive a-1,6-D-glycosidic linkages in
these polysaccharides (see Supplementary Information for details). Remarkably, a polysaccharide
with a degree of polymerization (DP) of 185 was obtained with relatively low dispersity (P = 1.38)
when O-ethyl monomer Et-D-Glc was polymerized (Fig. 3a, entry 2). For the 1,6-anhydrosugars
with long O-alkyl side chains (e.g., n-butyl and n-pentyl), the addition of external fluoride ions
further improved control over the polymerization (Fig. 3a, entry 4-5). Furthermore, this
methodology was not limited to 1,6-anhydroglucose. O-allyl 1,6-anhydromannose All-D-Man and
O-ethyl 1,6-anhydrogalactose Et-D-Gal could also be polymerized with high efficiency and
excellent control (Fig. 3a, entry 9-10), yielding well-defined a-1,6-polymannose and a-1,6-

polygalactose, respectively.

Computational investigations. Density functional theory (DFT) calculations were performed to

gain more mechanistic insights into the reversible deactivation process in the living CROP and the
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origin of the excellent a-selectivity during the propagation step (Fig. 3b). The energy surface of
activation of the dormant glycosyl fluoride 1 was first calculated, showing that the reaction readily
gave an active oxocarbenium species 2 with an energy barrier of 7.1 kcal mol!. The facile
activation of glycosyl fluoride chain end was attributed to the hardness of the fluorine atom,
making it more readily to be abstracted by hard Lewis acid boron trifluoride. On the other hand,
the reverse reaction, namely the deactivation of oxocarbenium species 2 by BF4 counterion,
occurred with a low energy barrier of 4.4 kcal mol™!, and the fast deactivation process might arise
from the strong anomeric effect of the glycosyl fluoride. In short, the synergy of glycosyl fluoride
and boron trifluoride results in an equilibrium between the active and dormant species, with the
ratio of propagating oxocarbenium : dormant species being 0.01. The low concentration of the
propagating oxocarbenium results in livingness in the polymerization.

As for the propagation process, two sequential steps were then considered. A monomer first
attacked the oxocarbenium to form an oxonium species 3, and then a subsequent ring opening
reaction occurred to regenerate the propagating oxocarbenium. According to the DFT calculations,
the energy barrier of the a-addition was lower than that of the B-addition (TS2 30 = 4.9 kcal mol!
versus TS» 38 = 9.9 kcal mol!). The difference in transition state energies is primarily attributed to
the steric repulsion between the incoming anhydrosugar monomer and oxocarbenium species. This
a-selectivity is consistent with the experimental results, where the single anomeric carbon signal
was observed in *C NMR spectra of the precision polysaccharides. A ring opening process was
identified after the formation of oxonium intermediate 3a, which is considerably exergonic by 6.7
kcal mol™!, indicative of the facile regeneration of the oxocarbenium. It is noteworthy that the

direct addition to oxonium 3a by the anhydrosguar monomer proposed by Schuerch!” yielded no
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computationally viable transition states despite extensive searches. This result is consistent with a

recent work by Reineke!?.

Chain extension and chain end modifications. Synthesizing advanced polymeric architectures,
such as block copolymers, represents one of the greatest advantages of living polymerization.
Building upon this method, we attempted to access block copolysaccharides that are otherwise
laborious to synthesize. First, polymerization of "Bu-D-Glc was carried out in the presence of I-3
to give a macroinitiator P("Bu-D-Glc) (M, = 3.2 kg/mol, D = 1.15) with an excellent fidelity of
the m-chain end (Supplementary Fig. 3). Next, chain extension of P("Bu-D-Glc) by Me-D-Glc
yielded a diblock copolysaccharide P("Bu-D-Glc)-b-P(Me-D-Glec). A shift to higher molecular
weight, monomodal distribution with low D (1.17) and little to no tailing in SEC traces (Fig. 2e),
as well as a single peak in the diffusion-ordered spectroscopy (DOSY) NMR analysis
(Supplementary Fig. 6) firmly supported the successful chain-extension.

Furthermore, as glycosyl fluoride has been widely used as a glycosyl donor in catalytic
glycosylation reactions, the ®-F chain end presents a versatile handle for further functionalization.
As a proof of this principle, glycosylation of alkenyl and alkynyl alcohol by the @-F chain end of
P(Me-D-Glc¢) was examined using BF3*Et;O as an activator (Fig. 2f). The 'H NMR and MALDI-
TOF MS analyses indicated that the transformations of ®-F chain end were quantitative
(Supplementary Fig. 10-13), creating an opportunity for the post-polymerization functionalization
of precision polysaccharides via thiol-ene and Cu(I)-catalyzed azide-alkyne cycloaddition

(CuAACQ) click chemistries.
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Synthesis of native polysaccharides. Oligomeric a-1,6-glycans play significant roles in many
biological processes®’. Therefore, we sought to apply the current polymerization method to access
these biologically important glycans. Because of the facile removal of allyl groups, O-allyl 1,6-D-
anhydroglucose All-D-Gle was chosen as the monomer. Polymerization of All-D-Gle at [M]o:[I]o
ratio of 10:1 yielded a precision polysaccharide P(All-D-Glc) with excellent molecular weight
control (Fig. 3a, entry 6). Notably, this synthetic procedure was readily scalable (Fig. 4a): 1.1
grams of precise polysaccharide P(All-D-Gle) was obtained without loss of control as indicated by
a monomodal SEC peak and low D (1.24). Followed by Pd-catalyzed deprotection, a well-defined
a-1,6-D-glucan P(OH-D-Glc) was prepared. The obtained o-1,6-D-glucan showed identical 'H
NMR and "*C NMR spectra to the natural a-1,6-D-glucan (Fig. 4a and Supplementary Fig. 20),
which further verified the excellent regio- and stereoselectivity of this method. Importantly, the ®-
F chain end was still observed in synthetic glucan, which could potentially be used as a glycosyl
donor in enzymatic glycosylation to access more complex glycans?®.

Biosynthetic pathways of polysaccharides predominantly produce D-enantiomers which are
susceptible to enzymatic degradation?’. In contrast, a chemical polymerization process does not
discriminate either D- or L-anhydrosugars, providing a good opportunity to generate
physiologically stable all-L-polysaccharides. Indeed, in the presence of a L-glycosyl fluoride
initiator ent-1-3, 1,6-anhydro-B-L-glucopyranose "Bu-L-Glc and All-L-Gle could be polymerized
to give the corresponding all-L-polysaccharide without any erosion in efficiency and livingness
(Fig. 3a, entry 7-8). Applying the same deprotection protocol to P(All-L-Glc), a rare a-1,6-L-
glucan was obtained. Equal but opposite-in-sign specific rotation values were observed for D- and
L-glucans (Fig. 4b), confirming the stereoregularity and enantiopurity of both polysaccharides. To

the best of our knowledge, the a-1,6-L-glucan prepared herein represents the first example of
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precision all-L-glycans. Both D- and L-glucans were treated with dextranase from Penicillium
Sfuniculosum. SEC analyses of the degradation reaction revealed complete degradation of D-glucan,
while L-glucan remained intact (Fig. 4b). The remarkable resistance of L-glucans against
glycosidase-mediated degradation suggested their potential physiological stability for future
biomedical applications.

Furthermore, we demonstrated the synthetic utility of the current living CROP strategy to
synthesize o-1,6-D-mannan, a polysaccharide that exists in the cell wall of Mycobacterium
tuberculosis and is implicated in the human immune response to pathogens?®. To produce precision
a-1,6-D-mannan, All-D-Man was first polymerized into a well-defined polysaccharide P(All-D-
Man) (M, = 3.3 kDa, D = 1.24). After removing the allyl groups, a well-defined o-1,6-D-mannan
was readily generated (Fig. 4c), which was determined to be composed of a-1,6-D-glycosidic
linkages by 'H and '3C NMR (Supplementary Fig. 102-103). Therefore, the current polymerization
pathway becomes a promising alternative to the labor/equipment-demanding stepwise glycan

assembly strategies for constructing biologically relevant polysaccharides®’.

Depolymerization and repolymerization. Beyond biologically active polysaccharides, we also
explored renewable materials based on precision polysaccharides. One of the most desired
properties of the next-generation sustainable polymers is their inherent chemical recyclability,
which enables a closed-loop life cycle**3. Given that 1,6-anhydroglucose was produced by the
thermolysis of starch or cellulose, we first subjected precision polysaccharide P(Me-D-Glc) to
thermolysis conditions (450 °C, 30 mmHg). Indeed, monomer Me-D-Glc could be recovered in
34% yield (Supplementary Fig. 39). Despite the low yield, this result suggested the chemical
recyclability of precision polysaccharides. Further thermodynamic analysis via variable-

temperature '"H NMR (Supplementary Fig. 38) revealed the standard state thermodynamic
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parameters of the living CROP of Et-D-Glc: AH® = -26.8 kJ/mol, AS® = -73.1 J-mol!-K'..
Correspondingly, the ceiling temperature (7¢) was calculated to be 366 K (93 °C) at [M]o= 1.0 M,
suggesting that the precision polysaccharide could be catalytically depolymerized under a
relatively mild condition close to the 7c. Consistent with this rationale, we found P(Et-D-Glc)
could be quantitatively depolymerized to yield the monomer Et-D-Gle at 80 °C in the presence of
a catalytic amount of BF3+Et;0 (Fig. 5a). Additionally, the recovered Et-D-Glc was repolymerized
to give P(Et-D-Glc) with an efficiency comparable to the pristine monomer. Therefore, a circular
monomer-polymer-monomer life cycle of the precision polysaccharides was demonstrated (Fig.

5a).

Material properties. Labile main-chain groups (e.g., acetal, ester, enamine) are often incorporated

into the existing chemically recyclable polymers to enable depolymerization?%-34-38

, rendering these
polymers unstable under harsh conditions (e.g., strong acid/base, high temperature, etc.). In
contrast, the precision polysaccharides exhibited remarkable chemical and thermal stability. Little
to no change in molecular weight and dispersity was found when exposing P(Me-D-Glc¢) to an
excessive amount of Br¢nsted acid (e.g., acetic acid or trifluoroacetic acid) or base (e.g., pyridine,
triethylamine, or 1,8-diazabicyclo[5.4.0Jundec-7-ene) for 24 h (Fig. 5b (i)). Thermogravimetric
analysis (TGA) revealed an onset decomposition temperature 74 (defined by 5% weight loss)
greater than 345°C (Fig. 5b (ii)). Impressively, the morphology and thermal performance of
precision polysaccharides were readily tunable by side chain modifications. P(Me-D-Glc) turned
out to be highly crystalline with well-defined diffraction patterns as revealed by powder X-ray

diffraction (PXRD) spectrum, in which three major diffraction signals at 7.5° 13.1°, and 18.9°

were observed (Fig. 5c (i), inset). Additionally, a high melting temperature (71) of 284 °C was

10
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detected in differential scanning calorimetry (DSC) analysis (Fig. 5S¢ (i)). In contrast, a 7;, was not
found in the polysaccharides carrying longer alkyl groups. At the same time, their glass-transition
temperatures (7,s) changed from 67 °C to -23 °C when varying the O-alkyl substitution from ethyl
to n-pentyl (Fig. 5c (ii)). The precision polysaccharides represent a rare example that significant
changes in the polymer morphology and thermal properties can be induced by simply altering the
side chains!®¥.

The chemical recyclability, together with good chemical and thermal stabilities make these
polysaccharides promising candidates for sustainable materials (Fig. 5d). In particular, a
copolysaccharide PN1 consisting of 65 mol% "Pen-D-Gle, 30 mol% Me-D-Gle, and 5 mol%
crosslinker CL displayed mechanical properties typical for an elastomer: a Young’s modulus of
106.63 + 16.17 MPa, a tensile strength of 4.06 + 0.09 MPa, and elongation at break reaching 138
+ 15%. In contrast, a completely different material (PN2) was obtained when the copolysaccharide
composition changed to 30 mol% "Pen-D-Gle, 65 mol% Me-D-Glec, and 5 mol% crosslinker CL.
As a glassy material, PN2 showed higher Young’s modulus (0.82 + 0.10 GPa) and ultimate tensile
strength (19.17 + 1.92 MPa), with elongation at break of 2.6 + 0.3%. The drastic change in the
mechanical properties was attributed to the different 7,s of PN1 and PN2 (22 °C vs. 55 °C)*, which
lead to elastic (PN1) or glassy (PN2) characteristics, respectively. Both copolysaccharide-based
materials could be depolymerized completely (Fig. 5e), with the monomers and crosslinker
recovered in excellent yield (85%). The recovered 1,6-anhydrosugars were repolymerized, and the
resulting copolysaccharides PN1' and PN2' showed identical tensile properties to pristine PN1
and PN2, respectively (Supplementary Fig. 42-43).

Conclusions
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In conclusion, a chemical approach to precision native polysaccharides through /iving
polymerization of 1,6-anhydrosugars was developed. The generality of this method enabled the
facile synthesis of a variety of polysaccharides and oligo-glycans with excellent regio- and
stereoselectivity, precise molecular weight control, and high fidelity of the chain end groups. In
addition, the obtained materials displayed excellent chemical recyclability and tunable thermal and
mechanical properties. Overall, the method presented herein created a new paradigm for the
chemical synthesis of polysaccharides with strong implications in a range of applications spanning

from materials science to bioengineering.
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Methods

In a glovebox under a nitrogen atmosphere, an oven-dried vial was charged with [M], [I] and DCM
(or CDCl3), BF3*Et,O was added. After 6 hrs, the reaction vial was removed from the glovebox
and quenched with two drops of methanol. The polymer solution was precipitated into cold hexane
or MeOH/H,0 (v/v, 1/1), centrifuged, discarded the solvent, and redissolve in CHCIs. This
procedure was repeated three times to ensure any catalyst residue or unreacted monomer was

removed. The polymer was dried under high vacuum overnight to a constant weight.

Data availability
All data supporting the findings of this study are available within the article and its Supplementary

Information.
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