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Cationic Poly-Amido-Saccharides: Stereochemically-defined, 
Enantiopure Polymers from Anionic Ring-opening 
Polymerization of an Amino-Sugar Monomer 
Anant S. Balijepalli,*a Aladin Hamoud b and Mark W. Grinstaff a,b,c 

Efforts to develop synthetic carbohydrate polymers, despite their potential uses in biomedical applications, lag behind those 
of synthetic polypeptides and polynucleotides due to their structural complexity and the challenging methods associated 
with their synthesis. While carbohydrate polymers with functional groups such as carboxylic acids (alginic acid) and amines 
(chitosan) are used as hydrogels and nanocarriers for therapeutics, the potential for contamination, batch-to-batch variation, 
and poor chemical definition limits their translation to clinical application. Inspired by these challenges, we describe efforts 
towards the design and synthesis of enantiopure, amine-functional carbohydrate polymers with defined stereochemistry, 
narrow molecular weight distributions, helical confirmations, water solubility, and degrees of polymerization up to 50. 
Multiple synthetic routes are described, along with their limitations, to highlight the role of protecting group choices in the 
successful development of these polymers.   

Introduction 
Carbohydrate polymers are one of the three major classes of 
biopolymers found in all organisms, along with polypeptides 
and polynucleotides.1 While the discovery of biological and 
synthetic tools to manipulate polypeptides and polynucleotides 
such as proteases2, restriction enzymes3, cloning4, and solid 
phase synthesis5,6 have led to numerous biomedical advances as 
well as a widespread appreciation for their utility, efforts to 
synthesize and apply carbohydrate polymers lag behind due to 
the inherent complexity of these systems1,7–10. Unlike 
polypeptides and nucleic acids, which vary in functionality at a 
single position with identical stereochemistry and are usually 
linked linearly, carbohydrate polymers differ in functionalities, 
stereochemical configuration, and degree, stereochemistry, and 
regiochemistry of branching per monomer unit8–10. These 
structural and functional variations significantly impact their 
macromolecular chemical, physical, and biological properties, 
and as a result, are vital considerations in biomedical 
applications8,10,11. Additionally, such chemical diversity 
presents an obstacle for their extraction from natural sources as 
methods to isolate polysaccharides often yield products 
contaminated with chemically similar polysaccharides12–14 as 
well as products with poorly defined molecular weight 
distributions15–17 that are challenging to further purify. 
Additionally, synthetic efforts toward carbohydrate polymers 

must account for other challenges including the presence of 
multiple nucleophilic hydroxyl groups7,9–11, retention of 
stereochemistry at each position9–11, and the anomeric effect 
that leads to an α-favored α/β mixture at the C1 position18. To 
address these limitations, chemists are precluded from using 
many synthetically useful transformations1,8,9,11 and often 
utilize extensive protecting group strategies1,7,9,11. The 
associated time, and reduction in yield, while applicable to 
oligomers, are prohibitive for the synthesis of carbohydrate 
polymers (n>=25)19.  
 
As carbohydrates play a wide range of biological roles from 
metabolism and energy storage to cell-cell recognition, there is 
a high demand for their unique properties in biomedical 
applications1,7,8,10,11. Given the relative difficulty in obtaining 
enantiopure and high molecular weight synthetic carbohydrate 
polymers10,20,21, existing literature related to carbohydrate 
polymers primarily addresses either naturally obtained 
polysaccharides22 or synthetic linear backbone polymers 
(acrylates, carbonates, esters) grafted with saccharide moieties 
(i.e., glycomaterials)8,23–25. For example, heparin sulfate, alginic 
acid26, hyaluronic acid27, and chitosan26 are prime examples of 
polysaccharides widely utilized in biomaterial formulations 
such as hydrogels28 and nanoparticles29 in order to improve 
bioactivity, hydrophilicity, and shielding from immune 
clearance. These results, while encouraging, involve materials 
that may be contaminated by chemically similar material13,14, 
display significant batch-to-batch variation30,31, and possess 
poorly defined molecular weight distributions15–17. In response 
to the need for mild, reliable, and facile methods to synthesize 
carbohydrate polymers, our group reported new materials 
derived from glucose and galactose termed Poly-Amido-
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Saccharides (PAS)20,32,33. Unlike other recently reported 
carbohydrate-mimic polymers and glycopolymers that are 
either completely insoluble in water34–39 or comprised of linear 
aliphatic backbones with pendant monosaccharides40, PAS 
closely resemble natural polysaccharides by possessing a 
backbone comprised of rigid pyranose rings, enantiopurity, 
biocompatibility, hydrophilicity, dense hydroxyl functionality, 
and can be obtained with molecular weights exceeding 10 
kDa32. In contrast to natural polysaccharides, however, PAS are 
linked by an α-1,2-amide bond that confers advantageous 
hydrolytic resistance and are obtained pure with a well-defined 
molecular weight distribution20,32,33. Our recently reported PAS 
polymers resemble natural polysaccharides functionalized by 
hydroxyl groups, such as dextran, amylose, and glycogen that 
are largely associated with metabolic and structural roles20,32,41. 
Introducing functionality to glucose-based PAS via lipid 
initiating groups or co-polymerization with a L-lysine-β-lactam 
monomer has led to potent inhibitors of biofilm formation42 and 
antimicrobial agents43. Thus, the synthesis of functionalized or 
reactive PAS polymers will afford new compositions for study 
and insights into the limitations of the polymerization reaction, 
as well as widen the application space of PASs to mimic 
additional polysaccharides. 
 
We are particularly interested in developing a regioselectively 
functionalized PAS polymer based on an amino sugar repeating 
unit due to the widespread application of chitosan-based 
materials as mucoadhesives44, drug carriers29, and nucleic acid 
vectors45 (Chart 1). We recently communicated a PAS with 
regioselectively introduced 6-amino functionality (AmPAS) 
and our preliminary data indicate that these polymers are 
biocompatible and mucoadhesive, as expected46. The synthesis 
of these polymers, however, required significant optimization 
due to the competing requirements of stability towards 
monomer synthesis and polymerization in addition to simple 
deprotection. Herein, we complement our previously reported 
work by providing a detailed account of the strategy, synthetic 
efforts, and successes (as well as failures) to AmPAS including: 
1) identification of bicyclic candidate monomers; 2) anionic-
ring opening polymerization of these monomers and the 
dependence of the amine protecting group (e.g., Boc, Nosyl, 
Phth, Tosyl) on polymerization; 3) deprotection routes to the 
desired polymers; and, 4) physicochemical characterization of 
the resulting amino poly-amido-saccharides. The findings 
presented exclusively herein inform the synthesis of other 
functionalized PAS by identifying optimal routes for 
regioselective transformation and the scope of the [2+2] 
cycloaddition monomer synthesis. Additionally, our data 
provide guidance for the synthesis of other cationic β-peptide 
polymers by anionic ring opening polymerization by 
identifying suitable amine protecting groups.      

Experimental methods 

Small molecule synthetic methods 

We prepared the small molecule glycals 12, 14, 16, 18, and 19 
as described in the Supplementary Information. All reactions 

were performed on the multi-gram scale and yields were good 
to excellent. 

NMR cycloaddition reactions 

Glycals 12, 14, 16, and 18 were dissolved to 0.5 M in 400 µL 
from a fresh glass ampule of CD3CN (0.2 mmol). 
Trichloroacetyl isocyanate (2.0 eq, 50 µL, 0.4 mmol) was 
quickly added to the solution, the time was noted, and the 
mixture was transferred to an NMR tube. 1H-NMR experiments 
were performed at time points distributed over 48 hours; the 
peaks corresponding to starting material, [4+2] product, and 
[2+2] product were clearly separated and quantifiable. The 
relative ratio of starting material in the reaction mixture was 
calculated as a fraction of the peak areas of all 3 major reaction 
components. Although some byproducts were observed, these 
peaks comprised a negligible portion of the total integral and 
the ratio between the peak intensities of [4+2], [2+2], and these 
impurities remained constant over the experiment period. The 
logarithm of the ratio of starting material present in the mixture 
was plotted against time and linearly fit to extract the slope 
(reaction rate constant).    

Synthesis of protected AmPAS 

Freshly distilled THF was degassed with argon for 30 minutes 
while simultaneously evacuating and re-filling a Schlenk flask 
loaded with 3 Å molecular sieves under argon. LiHMDS was 
obtained from a glove box and a solution was prepared using 
the freshly-degassed THF (solution was stable for >12 h with 
no color / oxidation visible). A solution of initiator (4-tert-
butylbenzoyl chloride) was prepared using this freshly-
degassed THF. Monomer 20 was weighed out (200 mg, 0.427 
mmol), dissolved in 3 mL of degassed THF, and added to the 
Schlenk flask. The reaction mixture was cooled to 0 oC and the 
appropriate amount of initiator (2 mol % for 50-mer, 4 mol % 
for 25-mer, 8 mol % for 12-mer) was added (calculated to be 
500 µL) via a glass syringe to the Schlenk flask. After 10 
minutes, 2.5 eq of LiHMDS to the initiator (3.5 eq for monomer 
17) was added (also calculated to be 500 µL for ease of 
measurement) via glass syringe to the Schlenk flask quickly. 
The reaction mixture developed a yellow color and, after 30 
minutes, the ice bath was removed to allow the reaction to 
warm to room temperature. The reaction was then monitored by 
TLC for starting material consumption (permanganate stain, 
UV, TLC). The solvent was removed from the reaction mixture 
by rotary evaporation and the residue was dissolved in DCM, 

Chart 1. Comparison of repeating unit structures of Chitosan, previously reported 
α-1,2-amide glucose-PAS, and α-1,2-amide AmPAS. 
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washed with 1 M HCl, saturated bicarbonate, brine, dried over 
sodium sulfate, and evaporated to dryness. The crude residue 
was dissolved in a minimum amount of DCM and added 
dropwise to a stirring, ice-cold solution of pentane. The 
precipitate was obtained via filtration and air-dried followed by 
vacuuming drying to yield PB’’ as a white powder. (Yields 75-
82%, 150-164 mg).  1H NMR (500 MHz, CDCl3) δ 8.21-7.80 
(br), 7.55-6.55 (br), 6.21-5.10 (br), 5.08-3.88 (br), 3.88-2.46 
(br), 1.63-0.96 (br). SEC (THF) Mw = 6.8 kDa, Mn = 6.0 kDa, 
Đ = 1.1. 

AmPAS deprotection and isolation 

Polymers PB’’ (150 mg, 0.32 mmol repeating unit) were 
dissolved in 4 mL of DCM, and 2 mL of TFA was added to the 
stirring solution (due to TFA fumes, the reactions were 
conducted in glass vials and covered with glass stoppers). The 
reaction was allowed to proceed for 4 hours and the solvent was 
then removed by rotary evaporation. The residual TFA was 
removed by repeatedly adding DCM, dissolving the contents of 
the flask, and evaporating the mixture. After three of these 
rounds of evaporation, a sticky solid residue was obtained. To 
this residue was added 2 mL of 1 M NaOH and 2 mL of DCM 
and the mixture was vigorously dissolved with vortexing. More 
1 M NaOH and DCM was added in a 1:1 ratio until the total 
solution volume reached 8 mL to aid in dissolving the crude 
residue. Then, the mixture was diluted with 8 mL of DCM and 
washed 4 times with 4 mL of 0.1 M NaOH. The combined 
aqueous washes were back-extracted with 4 mL of DCM and 
this was added to the organic extracts. 4 mL of a 0.1 M NaOH / 
brine solution was added to the vial and, after washing, the 
organic layer was transferred to a fresh vial and sodium sulfate 
was added. The mixture was then filtered (and previous vials 
rinsed thoroughly with DCM) and the solvent was removed 
under rotary evaporation. A 250 mL tri-neck flask was 
equipped with a glass stir bar and condenser and was cooled to 
-63 oC (condenser was cooled to -78 oC). The flask was 
connected to an anhydrous NH3 tank and 100 mL of the gas 
was allowed to condense over 30 minutes while stirring. While 
ammonia was condensing, freshly distilled THF was degassed 
with argon for 30 minutes while simultaneously aliquoting 
LiHMDS from a glove box. The crude residue was then 
dissolved in 2 mL of freshly degassed THF in a vial equipped 
with a stir bar, while LiHMDS was dissolved to form > 1 mL of 
a 1 M solution. Sodium metal was cut in cyclohexane and 
added to the liquid ammonia to generate a deep blue-colored 
solution, followed by the addition of 3.0 eq of LiHMDS (vs. 
repeating unit, 960 µL, 0.960 mmol) to the THF solution of 
crude residue with vigorous stirring. The mixture of LiHMDS 
and crude product formed a bright red color, and the solution 
was transferred dropwise to the flask with liquid ammonia. The 
reaction was allowed to proceed for 45 ([M]o/[I] = 12), 60 
([M]o/[I] = 25), 90 ([M]o/[I] = 50), or 120 minutes ([M]o/[I] = 
100) and a saturated solution of NH4Cl was added dropwise to 
quench the reaction. The resulting clear solution was allowed to 
evaporate overnight while stirring to yield a white solid or a 
white paste. This white residue was dissolved in water and 
extracted twice with diethyl ether. The aqueous layer was then 

added to 1 kDa MWCO dialysis tubing and dialyzed overnight 
(changes at 4, 8, and 16 h). The contents of the dialysis bag 
were recovered after 24 h, passed through a 0.45 µm syringe 
filter, and lyophilized over 3 days to obtain P1-3 as a white, 
cotton-like, fluffy solid. (Yield 46-79% over two steps, 28 mg 
P1, 47 mg P2, 43 mg P3). 1H NMR (500 MHz, D2O) δ 5.68-
5.38 (bm, 1H, H1), 3.98-3.60 (bm, 1H, H4), 3.46-3.25 (bm, 1H, 
H3), 3.21-2.66 (bm, 3H, H5, H6-1, H6-2). 13C NMR (126 MHz, 
CDCl3) δ 169.43 (NHCO), 74.40 (C1), 71.83 (C5), 76.14 (C3), 
69.80 (C4), 51.49 (C2), 40.34 (C6). SEC (H2O, 0.1 M AcOH, 
0.02 M glycine, pH 2.3) Mw = 4.7 kDa, Mn = 4.1 kDa, Đ = 1.1. 

Size exclusion chromatography 

Protected polymer molecular weights were determined by size 
exclusion chromatography (SEC) versus polystyrene standards 
using THF as the eluent at a flow rate of 1.0 mL/min through 
two Jordi columns (Jordi Gel DVB 105 Å and Jordi Gel DVB 
104 Å, 7.8 x 300 mm) at 25 °C in series with a refractive index 
detector. All calculations were performed using Breeze GPC 
software (Waters, Milford, MA). Deprotected polymer 
molecular weights were determined by aqueous GPC versus 
poly(2-vinylpyridine) standards using aqueous buffer (0.1 M 
AcOH, 0.02 M glycine, pH 2.3) as the eluent at a flow rate of 
0.5 mL/min through two PL aquagel columns (OH 60 micron, 
7.8 x 300 mm) at 25 °C in series with a refractive index 
detector. All calculations were performed using Cirrus GPC 
software (Agilent, Santa Clara, CA). 

Polymerization kinetics 

Monomer 20 (100 mg, 0.213 mmol) was added to 2 mL of 
freshly degassed THF while stirring at 0 oC as previously 
described with [I] = [M]o/25. After 10 minutes, LiHMDS (2.5x 
[I]) was added quickly to the reaction and a timer was 
simultaneously started. 100 µL was removed from the reaction 
at 20, 40, 60, 90, 120, 180, 240, 300, 1800, and 3600 s and 
quickly injected into a saturated aqueous solution of NH4Cl to 
quench the reaction. The quenched reactions were diluted with 
DCM, washed with 0.1 M HCl, saturated bicarbonate, brine, 
dried over sodium sulfate, and evaporated to dryness. Residues 
were transferred to HPLC vials and reconstituted in exactly 1 
mL THF for SEC analysis using THF as the eluent and 
polystyrene standards. Chromatograms typically consisted of 
one lower retention time peak (polymer chain) and one higher 
retention time peak (monomer) that was outside the calibration 
curve range.  

Circular dichroism 

Circular dichroism (CD) studies were performed in a 1 mm 
path length cuvette using an Applied Photophysics CS/2 
Chirascan with a standard Mercury lamp. Polymers were 
dissolved in water (2 mg/mL) and diluted in the appropriate 
mixture of buffer and water to a final concentration of 0.2 
mg/mL for CD analysis. Measurements with polymers of 
different length, with varying temperature, and with varying 
salt concentration were performed using the buffer for pH 7 
(phosphate buffer w/o chloride). Measurements at pH 3 were 
conducted with phosphate buffer w/o chloride and 
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measurements at pH 9 were conducted with borate / NaOH 
buffer.  

Results and Discussion 

We reported the synthesis of glucose- and galactose-derived 
PAS in three steps from the commercially available tri-O-
benzyl-D-glucal and tri-O-benzyl-D-galactal20. First, these 
protected glycal structures underwent a [2+2] cycloaddition 
reaction with chlorosulfonyl isocyanate (CSI), followed by an 
in situ reduction by sodium bis(2-methoxyethoxy)aluminum 
hydride (Red-Al) to yield a tri-O-benzyl protected bicyclic 
sugar-β-lactam. The lactam was then polymerized via anionic 
ring opening polymerization (AROP) catalyzed by the sterically 
hindered strong base Lithium bis(trimethylsilyl)amide 
(LiHMDS), which also stoichiometrically participates in the in 
situ reaction of an activated carbonyl and monomer to form the 

initiator. After polymerization, a Birch-type reduction globally 
deprotected all O-benzyl groups and subsequent dialysis and 
lyophilization afforded the PAS20. Through judicious selection 
of an appropriately regioselectively 6-amine-functionalized 
protected glycal, we hypothesized that a similar approach 
would translate to the synthesis of AmPAS (Scheme 1).  

 

Identifying a suitable strategy for regioselective amine 
functionalization 

As shown in Scheme 2, we identified four strategies to 
regioselectively modify the commercially available D-glucal 
(1). Strategies 2A and 2B, involving the direct regioselective 
Mitsunobu reaction and reductive amination of the 6’ OH 
respectively, presented the most direct routes to the desired 
amine-modified glycal. In Scheme 2A, Mitsunobu reactions in 

	

Scheme 1. Retrosynthetic scheme of amine-functional PAS (AmPAS) from the commercially available D-glucal highlighting the key intermediates: 1) regioselectively 
amine-functionalized glycal and 2) di-protected AmPAS monomer with suitable stability for polymerization and deprotection. 

Scheme 2. (A-D) Retrosynthetic design for di-protected amine-functionalized glycals starting from commercially available D-glucal. See ESI for detailed synthetic methods for the synthesis of 
glycals 4-12, 14, 16, and 18.  
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DMF and DMF/THF mixtures using both diphenylphosphoryl 
azide (DPPA) and phthalimide afforded degradation reactions 
as starting material is consumed in the absence of a formed 
glycal product (2) by TLC. Attempts to perform a one-pot 
reductive amination (Scheme 2B) by in situ oxidation of the 6’ 
OH to the aldehyde by TEMPO followed by the addition of 
benzylamine and subsequent reduction by sodium 
cyanoborohydride (3) also led to degradation of the glycal by 
TLC. In Scheme 2C, we regioselectively installed a 6-O-tosyl 
group (4) with the goal of further reducing polarity via 3’ and 
4’-OH benzyl protection (5), followed by a nucleophilic 
displacement by sodium azide (6), subsequent Staudinger 
reduction (7), and in situ Boc protection (8). The 6-O-tosyl 
glycal, however, was highly unstable, and a previously reported 
intramolecular nucleophilic displacement reaction results in a 
considerable reduction in yield47 and difficulty in product 
isolation by chromatography. To mitigate losses, the crude 
product of the tosylation reaction (4) was immediately carried 
on to benzyl protection. Nevertheless, isolated yields over these 
two steps were low (34%) prompting examination of other 
strategies. As an alternative, Scheme 2D utilized bulky silyl 
protecting groups (9a, 9b, 9c) to enforce regioselectivity, 
followed by benzyl protection (10) and subsequent fluoride-
mediated deprotection to yield 3,4-di-O-benzyl-D-glucal (11). 
This method possessed several advantages including reagents 
compatible with the highly sensitive glycal alkene, significant 
polarity differences between starting materials and products for 
facile separation, and a final product useful for divergent 
synthesis. TBS, TIPS, and TBDPS protecting groups all readily 
formed the regioselectively-protected product with TBDPS 
protection affording the highest yield. This TBDPS-protected 

glycal, however, suffered from diminished yields when carried 
forward to benzyl protection (25%), likely as a result of the 
additional steric hindrance. Utilizing TIPSCl for regioselective 
protection of the glycal 6’-OH, instead of TBDPSCl, afforded 
the desired product in the highest yield (49%) over all 3 steps.    

Suitability of phthalimide amine protection to cycloaddition and 
polymerization 

To convert the single hydroxyl group of 3,4-di-O-benzyl-D-
glucal to a protected amine functionality in one step, we 
utilized the Mitsunobu reaction that was previously found to be 
unsuccessful. The Mitsunobu reaction is a powerful and well-
studied transformation with clear limitations including the pKa 
requirement of the pro-nucleophile and the challenging 
separation of reaction products48. Inspired by the Gabriel amine 
synthesis, the reaction was initially performed utilizing 
phthalimide as the nitrogen-containing pronucleophile, diethyl 
azodicarboxylate (DEAD), and triphenylphosphine in THF 
(Scheme 2D). We removed the resulting triphenylphosphine 
oxide by recrystallization from cold toluene and ether, and after 
chromatographic separation obtained an impure yellow solid 
product. Recrystallization from boiling isopropanol yielded the 
pure 3,4-di-O-benzyl-6-N-phthalimido-6-deoxy-D-glucal (12) 
in 85% isolated yield. The [2+2] cycloaddition reaction 
between this glycal and CSI, using previously reported 
conditions (Scheme 3A, -63 oC, 3 hours), did not proceed and 
only unreacted starting material could be isolated (~97% 
recovery). We repeated this reaction using higher temperatures 
(-55 oC, 4 hours; -40 oC, 4 hours) and in all cases only starting 
material was recovered from the reaction mixture. This result 
was extremely surprising, given the high reactivity of CSI with 

Scheme 3. (A-D) Retrosynthetic design for di-protected β-lactam monomers from 12 (Scheme 2D), 14 (Scheme 2C), 16 (Scheme 2D), and 18 (Scheme 2D). See ESI for detailed synthetic 
procedures for 13, 15, 17, and 19. Briefly, all glycals were reacted with 4.0 eq of trichloroacetyl isocyanate (TCAI) for 2-7 days, followed by cooling to -30 oC and slow quenching with 4.4 eq of 
benzylamine. 
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enol ether glycals. Thus, we investigated another activated 
isocyanate (trichloroacetyl isocyanate, TCAI) to synthesize β-
lactams from glycals, as previous literature reports indicated 
that the reaction proceeded under milder reaction conditions (20 
oC, atmospheric pressure) that could be monitored by TLC49,50. 
After performing this reaction to complete consumption of the 
phthalimide-protected glycal by TLC and subsequent removal 
of the N-trichloroacetyl group by benzylamine, we obtained 
only negligible quantities of the desired product. In order to 
determine if the glycal was being degraded, we performed 
NMR reactions in CD3CN and showed that the reaction 
proceeded smoothly, albeit with a significantly slower rate 
compared to 3,4,6-tri-O-benzyl-D-glucal (Figure S1). The 
benzylamine used to remove the N-trichloroacetyl group, 
however, was sufficiently nucleophilic to attack and open the 
phthalimide group. Although the phthalimide group is stable to 
the reductive conditions utilized to remove the N-
chlorosulfonyl group after the cycloaddition with CSI, the 
combination of long reaction times (>48 h) at low temperatures 
precluded the use of this protecting group in the monomer 
synthesis.  

Suitability of N-boc and N,N-di-boc protection to cycloaddition 
and polymerization 

To overcome these drawbacks, we next examined scheme 2C 
using the N-boc protected glycal for the [2+2] cycloaddition 
reaction. This glycal underwent a side reaction with TCAI 
(Figure S2), however the addition of a second boc group (14) 
allowed for a cycloaddition reaction (29% yield) with a similar 
rate constant observed for the phthalimide glycal (Figure S1). 
This lactam (15), (Scheme 3B) however, could not be isolated 
pure and failed to polymerize even with additional catalyst up 
to 5x [I], higher temperatures up to 50 oC, and longer reaction 

times up to 24 hours.  

Monomer synthesis and polymerization utilizing N-tosyl-N-boc 
protection 

Given these challenges, we revisited the Mitsunobu reaction 
with an N-tosyl-N-boc protection combination in order to 
provide the necessary stability to survive both the cycloaddition 
and polymerization reactions while reducing some bulkiness to 
improve polymerizability. We isolated the product, 3,4-di-O-
benzyl-6-N-tosyl-6-N-boc-6-deoxy-D-glucal (16), as an oil with 
minor impurities that could not be removed despite multiple 
chromatographic separations (Scheme 2D). Nevertheless, this 
glycal reacted with TCAI at a similar rate (Figure S1) to the 
phthalimide-protected glycal via NMR analysis. We obtained 
the desired lactam monomer product (17) in 48% yield 

(Scheme 3C) despite an equally favorable competing [4+2] 
cycloaddition reaction. Next, we polymerized (Scheme 4) 17 by 
addition of 4-tert-butylbenzoyl chloride, followed by LiHMDS 
to form the initiator in situ. The high reactivity of 4-tert-
butylbenzoyl chloride is well established20,43 and we 
accordingly expected lower Đ (< 1.3) when utilizing this 
reagent for the polymers reported in this manuscript compared 
to those previously reported using pentafluorophenyl S-
benzylthioglycolate. Polymers with Mn ranging from 5.6 kDa to 
74.8 kDa were obtained with isolated yields ~75% (Table 1, see 
methods for synthetic details). Size exclusion chromatography 
of these polymers, referenced to polystyrene standards, showed 
monomodal distributions with low Đ. While the polymerization 
of this monomer was not completely inhibited by steric bulk, a 
higher catalyst loading (up to 3.5x [M]o/[I]) was required to 
achieve complete conversion as indicated by TLC. 
Unfortunately, the Birch-type reduction to remove the N-tosyl 
and O-benzyl groups failed as the N-tosyl group remained even 
when performing the reaction at higher temperatures (-53 oC, -
44 oC) or with alternative metal reductions (Mg/MeOH, 
Na/Anthracene, SmI2/THF/H2O).  

Scheme 4. Polymerization of monomer 17 (see methods): 4-tert-
butylbenzoylchloride (I) is attacked by deprotonated monomer (M) to yield the 
initiating species. LiHMDS acts as stoichiometric base and polymerization 
catalyst.  

Table 1. SEC characterization of PTS’’ polymers obtained from polymerization 
of 17. 

Polymer [M]o/[I] 
LiHMDS 

x [I] 
Mn,theor 
(kDa) 

Mn,GPC 
(kDa) 

Đ Yield 

PTS1’’ 10 2.5 6.2 5.61 1.1 70% 

PTS2’’ 25 2.7 15.6 13.1 1.2 71% 

PTS3’’ 50 3.0 31.1 25.5 1.3 65% 

PTS4’’ 100 3.5 62.2 74.8 1.3 75% 

 

 

Figure 1. Mn vs. [M]o/[I] for PTS’’ polymers (monomer 17) indicates linearity up to 
[M]o/[I] = 100 and dispersities remain under 1.3. Inset shows SEC chromatograms of 
polymers. 
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Improving N-sulfonyl lability via nosyl protection 

We subsequently identified the N-(2-nitrobenzenesulfonyl) 
protecting group as a promising candidate for the cycloaddition 
and polymerization reactions due to its intermediate stability 
between the N-phthalimide and N-tosyl protecting groups, 
lower bulk than the di-N,N-boc system, and appropriate pKa for 
the Mitsunobu reaction. The greater polarity of this product 
compared to the other systems increased the difficulty of 
separation after the Mitsunobu reaction (Scheme 3D), even 
when using alternative Mitsunobu reagents such as the water 
soluble di-2-methoxyethyl-azodicarboxylate (DMEAD). 
Despite these challenges, we successfully isolated the product 
as an oil, again with minor impurities, from a toluene/ethyl 
acetate purification system. The NMR cycloaddition reaction of 
this glycal with TCAI occurred with similar reaction times as 
the other amine-modified glycals. Once more, the monomer did 
not successfully polymerize, likely due to steric constraints. 
Unlike the N-tosyl protected lactam monomers (17), we 
removed the nosyl group without affecting the lactam using 

thiophenol and potassium carbonate, and this was explored as 
an avenue to further reduce the steric constraints of this 
monomer (Scheme 5). Indeed, when comparing minimized 
geometries of these monomers (B3LYP/6-31G(d)) in Figure 2, 
the distance from the lactam nitrogen to the nearest atom is as 
low as 3.530 Å for the N-(2-nitrobenzensulfonyl)-N-boc 
protected monomer and as high as 5.238 Å for the N,N-di-boc 
protected monomer (Figure S3).  

N-nosyl removal reduces β-lactam monomer steric hindrance 
and facilitates rapid polymerization 

In particular, when comparing only the optimized geometries 
for the N-(2-nitrobenzenesulfonyl)-N-boc protected and N-boc 
protected monomers, there was a significant increase in the 
available space in the forward path of polymerization when the 
nosyl group is not present (3.530 Å to 6.676 Å). Concomitantly, 
this monomer readily polymerized (Scheme 5, Figure 3, see 
methods for synthetic details) with molecular weights 
determined by THF GPC with polystyrene standards ranging 
from 6.0 kDa to 38.9 kDa as a function of [M]o/[I] ratio (Table 
2).  
 
We observed high polymer conversions greater than 95% as 
determined by the relative area of the monomer and polymer 
SEC peaks with catalyst loading of 2.5 x [I] even for the 
highest molecular weight polymers. The relative reduction in 
catalyst loading necessary to facilitate complete conversion of 
monomer 20, compared to the 3.5 x [I] required for 17, is likely 
a result of its reduced steric hindrance. As before, size 
exclusion chromatograms displayed monomodal distributions 
with highly narrow Đ of 1.1. To investigate the kinetics of 
polymerization, we removed aliquots and quenched the 
polymerization reaction at set time points (20, 40, 60, 90, 120, 
180, 240, 300, 1800, 3600 s) from a polymerization reaction 
with [M]o/[I] = 25 and analyzed the product by SEC. As shown 
in Figure 4, these intermediate time points of the 
polymerization showed a peak with high retention time 
corresponding to the unreacted monomer and a lower retention 

	

Figure 2.  (A) Minimized structure (B3LYP/6-31G(d)) of monomer 19 displays steric 
hindrance at the lactam nitrogen. (B) Minimized structure of monomer (B3LYP/6-
31G(d)) 20 displays significantly larger space available for polymerization. 

Scheme 5. Nosyl deprotection of 19 via PhSH furnishes monomer 20 (see ESI). 
Polymerization of monomer 20 (see methods): 4-tert-butylbenzoylchloride (I) is 
attacked by deprotonated monomer (M) to yield the initiating species. LiHMDS 
acts as stoichiometric base and polymerization catalyst. 

Table 2. SEC characterization of PB’’ polymers obtained from polymerization of 
20. 

Polymer [M]o/[I] 
LiHMDS 

x [I] 
Mn,theor 

(kDa) 
Mn,GPC 

(kDa) 
Đ [α]D

25 Yield 
Conve
rsion 

PB1’’ 12 2.5 5.6 6.0 1.1 +30.7o 75% 100% 

PB2’’ 25 2.5 11.7 13.2 1.1 +21.6o 80% 99% 

PB3’’ 50 2.5 23.4 21.7 1.1 +16.1o 74% 98% 

PB4’’ 100 2.5 46.8 38.9 1.1 n.d. 62% 95% 

	

	
Figure 3. Mn vs. [M]o/[I] for PB’’ polymers (monomer 20) indicates linearity up to 
[M]o/[I] = 100 and dispersities remain under 1.1. Inset shows SEC chromatograms 
of polymers. 
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time peak corresponding to the growing polymer chain. As 
polymerization time increased, the calculated area of the 
monomer peak to the polymer peak decreased from 91.5 to 1.10 
mV*min as the monomer was consumed while the polymer 
peak molecular weight increased from ~6 kDa to ~17 kDa 
(Figure S4). Importantly, >95% conversion occurred rapidly 
after 15 minutes and suggests the potential for improving the 
controllability of the reaction by slowing chain propagation 
kinetics.  

Deprotection, isolation, and SEC method optimization of water-
soluble AmPAS 

We successfully deprotected these polymers by sequential 
TFA-mediated Boc removal, isolation of the free base, and 
Birch-type debenzylation (Scheme 6, see methods for synthetic 
details). The water-soluble (stable in solution up to 20 mg/mL) 
polymers are white, cotton-like solids following dialysis and 
lyophilization (Table 3). As these polymers are only sparingly 
soluble in DMF and insoluble in THF, we performed aqueous 
SEC with poly(2-vinylpyridine) standards to characterize their 
molecular weight distributions. After an exhaustive SEC buffer 
optimization (Figure S5), a glycine-acetic acid buffer system at 
pH 2.3 and total salt concentrations < 120 mM was found to 
somewhat mitigate these effects. These low pH conditions (< 3) 
were necessary in order to ensure protonation of the stationary 
phase to prevent interaction with the polymeric analytes. 
Additionally, we selected glycine due to its low pKa as well as 
monovalent charge to prevent crosslinking of our polycationic 
polymers and reduction of solubility. Finally, acetic acid was 
necessary to dissolve the poly(2-vinylpyridine) standards for 
accurate quantification of molecular weight. Under these 
conditions, experimental Mn were in good agreement with the 
theoretical Mn prediction and 1H-NMR end group analysis 
(Figure S6). Given the known challenges of applying aqueous 
SEC to the characterization of polyelectrolytes51,52, we were 
encouraged to find that the calculated dispersities remained ≤ 
1.3 even for molecular weights near 10 kDa (Table 3, Figure 
S7). 
 
AmPAS are water soluble, cationic, and adopt a helical 
conformation in aqueous solution 

Unlike our previously reported glucose- and galactose-derived 
PAS, the peaks of the 1H-NMR spectra of AmPAS (P1-P3) are 
broad (Figure S6) and the 1H13C-HSQC indicates overlap of the 
protons of C6 with those of C3 and C2 (Figure S8). 
Additionally, the 13C NMR spectra of the deprotected polymers 
show peaks at 170 ppm (amide), 73 ppm (C1), and 51 ppm 
(C2), confirming the presence of a pyranose ring with amide 
connectivity (Figure S9). The shift of the C6 carbon, 
importantly, is 42 ppm which is significantly upfield of the 62 
ppm observed for our fully hydroxyl-functionalized glucose 
PAS20. These data confirm our substitution of the 6’-OH with a 
less electronegative nitrogen for cationic amine functionality. 
The presence of cationic primary amines is further supported by 
a colorimetric titration assay (Figure S10) utilizing Alizarin 
Yellow R and Thymol Blue, in which the calculated pKa was 
found to be ~10.5 (Figure S10). As such the AmPAS are 
cationic polymers in aqueous solutions of, for example, pH 7.4. 
 
Despite numerous attempts to vary matrices and concentrations, 
we only obtained a MALDI-TOF spectrum of P1. As expected, 
the spectrum indicates a monomodal distribution of a singular 
polymeric species with peak molecular weight of 2.4 kDa 
uniformly spaced by 189 Da, which is equivalent to the 
molecular weight of the protonated monomer (189 Da) (Figure 
S11). IR spectroscopy of the protected polymers confirm the 
amide bonds and aromatic substituents with peaks at 1690 cm-1, 
1530 cm-1, and 700 cm-1. Following complete deprotection, the 
presence of hydroxyl groups is supported by a broad peak at 
3300 cm-1 along with a loss of the aromatic peaks at ~700 cm-1 
(Figure S12).  
 
In all cases, previously published PAS with hydroxyl 
functionality adopt a helical conformation in solution as 
supported by CD results, molecular dynamics simulations, and 
experimental 1H1H-NOESY data33. As a result, we collected 
CD spectra of P1-P3 over a range of pH, temperature, and salt 

concentrations to investigate the effect of introducing a cationic 

	

Figure 4. Kinetics of polymerization for monomer 20 are rapid, uniform, and 
indicate controllability. 

Scheme 6. Deprotection of PB’’ polymers (see methods): 1) TFA/DCM to remove 
Boc protecting groups; 2) Birch conditions to remove benzyl protecting groups. 

Table 3. SEC characterization of P polymers obtained from deprotection of PB’’. 

Polymer 
[M]o/ 

[I] 
Mn,theor 
(kDa) 

Mn,NMR 

(kDa) 
Mn,GPC 

(kDa) 
Mw,GPC 

(kDa) 
[α]D

25 Đ Yield  

P1 12 2.6 2.9 4.1 4.7 +98.1o 1.1 41% 

P2 25 5.2 6.7 5.6 6.5 +114.7o 1.2 79% 

P3 50 10.3 9.4 9.8 13.2 +106.5o 1.3 71% 
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group on the polymer backbone. As shown in Figure 5, the CD 
spectra of P1-P3 display a minimum near 220 nm ([Θ]MRE ~ -9 
x 103 deg cm2/dmol) and a maximum near 190 nm ([Θ]MRE ~ 30 
x 103 deg cm2/dmol) in agreement with values for intensity and 
wavelength obtained for the glucose-derived PAS. Negligible 
differences in both the intensity and wavelength of minima of 
spectra obtained at pH 3.0 (phosphate buffered) to 7 
(phosphate) to 10.0 (borate) indicate that the helical structure 
remains even as the charge density is dramatically varied from 
nearly complete protonation at pH 3.0 to ~50% protonation at 
pH 10.0. Additionally, only a slight decrease in intensity of the 
minima at 220 nm occurs upon heating P2 to temperatures as 
high as 55 oC ([Θ]MRE ~ -7 x 103 deg cm2/dmol to [Θ]MRE ~ -5 x 
103 deg cm2/dmol) and upon addition of high salt (NaF) and 
denaturant (urea) concentrations ([Θ]MRE ~ -9 x 10-3 deg 
cm2/dmol to [Θ]MRE ~ -7 x 10-3 deg cm2/dmol). These data 
together indicate that the helical conformation observed in 
solution is most likely a result of the conformational restriction 
imposed by the rigid pyranose rings on the ф and ψ angles of 
the amide bond in contrast to the interresidue hydrogen bonding 
observed for peptides and proteins33.  

Conclusions 
Functional polysaccharides obtained from nature, including 
chitosan, are widely studied as biomaterials and 
pharmaceuticals despite contamination by chemically similar 
material, significant batch-to-batch variation, and poorly 
defined molecular weight distributions. Efforts to address these 
drawbacks by the chemical synthesis of functional carbohydrate 
polymers are met by significant synthetic challenges due to the 
unique chemistry of carbohydrates including the presence of 
numerous stereocenters, hydroxyl groups requiring protection, 
and the anomeric effect. The poly-amido-saccharide (PAS) 
methodology, reported by our group, allows for the high-
yielding synthesis of carbohydrate polymers that share many 
properties with natural polysaccharides including the 
preservation of stereochemistry, functionalization by hydroxyl 
groups, and a backbone comprised of pyranose rings. We 
previously reported cationic AmPAS with promising 
biocompatibility and mucoadhesivity, however, due to the 
constraints of glycal stability, the [2+2] cycloaddition reaction, 
and polymerization, the synthesis of AmPAS is not 
straightforward. Thus, we present a systematic evaluation of 
synthetic routes and protecting groups suitable for AmPAS that 
is also generally applicable to the synthesis of other cationic, 
water-soluble polymers generated via anionic ring opening 
polymerization of β-lactam monomers. Specifically, protection 
of the 6’ OH by TIPSCl followed by benzylation and 
desilylation followed by a Mitsunobu reaction with either N-
boc-p-toluenesulfonamide or N-boc-2-nitrobenzenesulfonamide 
is the most efficient method to arrive at the desired amine-
modified glycals. While the lactam forms from the former 
glycal and polymerizes to molecular weights as high as Mn ~ 
74.8 kDa with [M]o/[I] = 100, the N-tosyl group cannot be 
deprotected without degrading the carbohydrate backbone. 
Lactams with N-nosyl-N-boc protection do not polymerize due 

to steric considerations, however, removal of the N-nosyl group 
affords a monomer that polymerizes rapidly and controllably 
with good yields and low Đ. Following deprotection, water 
soluble carbohydrate polymers are obtained as characterized by 
NMR, GPC, IR, CD, optical activity, and MALDI-TOF. In 
solution, these polymers adopt a helical conformation. 
Continued development of new polymerization methodologies 
and monomers, such as this one, are in need to address the 
growing demands for biopolymers and biomaterials in the drug 
delivery and tissue engineering areas.   
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Figure 5. CD spectra of AmPAS (P1-P3) with varying (A): degree of polymerization 
from 12 to 50; (B): temperature from 10 to 50 oC; (C): salts at high concentration; 
and, (D): pH from 3 to 10. 
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We expand the scope of the PAS methodology and 
evaluate multiple synthetic routes to generate a 
regioselectively-functionalized 6-amino carbohydrate 
polymer sharing key properties with natural 
polysaccharides, including high water-solubility. 

 

 

Page 12 of 12Polymer Chemistry


