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    Chapter 6   

 Heterofunctional Glycopolypeptides by Combination 
of Thiol-Ene Chemistry and NCA Polymerization       

     Kai-Steffen     Krannig     and     Helmut     Schlaad      

  Abstract 

   Glycopolypeptides are prepared either by the polymerization of glycosylated amino acid  N -carboxyanhydrides 
(NCAs) or by the post-polymerization functionalization of polypeptides with suitable functional groups. 
Here we present a method for the in-situ functionalization and (co-) polymerization of allylglycine 
 N -carboxyanhydride in a facile one-pot procedure, combining radical thiol-ene photochemistry and 
nucleophilic ring-opening polymerization techniques, to yield well-defi ned heterofunctional 
glycopolypeptides.  
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1      Introduction 

 Synthetic polypeptides, and especially glycopolypeptides, recently 
attracted increasing interest as promising materials for applications 
in biomedicine and biotechnology, e.g., tissue engineering, drug 
delivery, or as polymer therapeutics [ 1 – 4 ]. The synthesis, struc-
tural characteristics, self-assembly behavior, and ability of glyco-
polypeptides to recognize and selectively bind to proteins (lectins) 
have been investigated and highlighted in numerous articles, mani-
festing the increasing importance of this class of materials [ 2 ,  5 – 9 ]. 
Although signifi cant progress has been made [ 8 ], the preparation 
of well-defi ned glycopolypeptides is still a challenging task for syn-
thetic polymer chemists. Recent efforts include the polymerization 
of glycosylated  NCAs   as well as the post-polymerization function-
alization of ready-made polypeptides carrying appropriate func-
tional groups in the side chains. However, most of these approaches 
require multiple steps and sophisticated, tedious purifi cation pro-
tocols. Especially the works with hydrolytically unstable NCAs 
require careful and skillful handling and are labor- and time- 
consuming processes. 
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 We suggested a very facilitated (and transition metal-free) syn-
thesis of glycopolypeptides by in situ glycosylation and polymeriza-
tion of AGly NCA, combining radical thiol-ene photochemistry 
and nucleophilic ROP (Fig.  1a ) [ 10 ]. The so prepared glycopoly-
peptides contain a predetermined amount of sugar and remaining 
vinyl groups, which in a second step can be functionalized to yield 
heterofunctional glycopolypeptides with a variety of functionalities 
(exemplary here: carboxyl and glucosyl) (Fig.  1b ). These addi-
tional functionalities (e.g., amine, ethylene glycols, other carbohy-
drates) could be used to introduce stimuli-responsiveness or trigger 
the folding of polypeptide chains into higher order structures.

a

b

  Fig. 1    ( a ) One-pot partial glycosylation and copolymerization of AGly NCA and ( b ) subsequent functionalization 
with thiol to yield heterofunctional glycopolypeptides. Reagents and conditions:  a  thiol-ene photoaddition: 
benzophenone, hν, THF, r.t., 45 min ( y  <  x );  b  nucleophilic ROP: 1-hexylamine, THF/DMF, r.t., 7 days;  c  
3- mercaptopropionic acid, benzophenone, hν, THF, r.t., 16 h. Adapted from [ 10 ]       
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2       Materials 

       1.     DL -Allylglycine (>98 %) (BoaoPharma).   
   2.    Benzophenone (Sigma-Aldrich).   
   3.     N , N -Dimethylformamide (≥99.8 %, extra dry) 

(Sigma-Aldrich).   
   4.    Ethyl acetate (Th. Geyer GmbH & Co, KG), dried over CaH 2  

and distilled.   
   5.    Heptanes (99 %)  n -heptane (99 %) (Roth).   
   6.    1-Hexylamine (>99.5 %) (Sigma-Aldrich).   
   7.    Isopropanol (tech.)   
   8.    3-Mercaptopropionic acid (99 %+) (Sigma-Aldrich).   
   9.    α-Pinene (Alfa Aesar).   
   10.    Silica-gel (Fluka), dried at 150 °C for 48 h   
   11.    Tetrahydrofuran (99.5 %, extra dry), 1,4-dioxane (Acros 

Organics).   
   12.    1-Thio-β- D -glucose-2,3,4,6-tetraacetate (97 %) (Sigma-Aldrich).   

   13.    Triphosgene (Merck).      

        1.    Energy saving lamp Exo Terra ReptiGlo 5.0, 26W (Fig.  2 ) just 
below Subheading  2.2  UV light source.

3            Methods 

       1.    Add (suspend) 2.5 g of AGly (21.7 mmol, 1.0 equiv) in 100 
mL of THF and heat to 50 °C.   

2.1  Chemicals

2.2  UV Light Source

3.1  Monomer 
Synthesis [ 11 ]
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  Fig. 2    Energy saving lamp Exo Terra ReptiGlo 5.0, 26W ( left ) and UV/vis emission spectrum ( right ) (as provided 
by the manufacturer). Reprinted with permission from [ 11 ]. Copyright 2012, American Chemical Society       
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   2.    At this temperature, add 13.75 mL of α-pinene (86.8 mmol, 
4.0 equiv) and 2.57 g of triphosgene (8.7 mmol, 0.4 equiv) 
and fl ush a constant stream of argon through the reaction 
mixture.   

   3.    A clear solution usually forms within 45 min; otherwise add 
additional triphosgene (0.05 equiv/30 min).   

   4.    After 3 h, concentrate the solution to 1/3 of the volume and 
precipitate in excess heptanes.   

   5.    Collect the white precipitate and remove residual heptanes 
under high vacuo (ca. 1 h).   

   6.    Redissolve the powder in minimum amount of ethyl acetate 
and fi lter through standard fi lter paper into tenfold volume of 
heptanes.   

   7.    Repeat  steps 5  and  6  two times.   
   8.    Collect the white precipitate and remove residual solvent under 

high vacuo. Yield: 1.6 g (11.3 mmol, 52 %) ( see   Note 1 )   
   9.    Characterize the product by melting point ( see   Note 2 ) and 1H 

NMR ( see   Note 3 ). Melting point: 89–90 °C. 1H NMR (400 
MHz, CDCl 3 ): δ (ppm) = 6.59 (s, 1H, N H ), 5.74 (m, 1H, 
H 2 C = C H ), 5.28 (m, 2H,  H  2 C = CH), 4.40 (dd,  3  J  = 7.0 Hz, 
  4   J  = 4.3 Hz, 1H, H 2 C-C H -NH), 2.53 (td,  3  J  = 14.6 Hz,  3  J  = 7.4 
Hz, 1H diast.,  H  2 C-CH-NH), 2.10 (td,  3  J  = 14.6 Hz,  3  J  = 7.4 
Hz, 1H diast.,  H  2 C-CH-NH) .       

       1.    Dissolve AGly NCA (1.0 equiv), benzophenone (0.2 eq), and 
the respective amount of AcGlcSH (0.8 equiv) in dry THF 
(0.15 M) under an argon atmosphere.   

   2.    Irradiate the reaction mixture with UV light from two energy 
saving lamps (Exo Terra ReptiGlo 5.0 26W) (distance UV 
lamp to reaction vessel: ca. 5 cm) for ~45 min ( see   Note 4 ).   

   3.    Remove vessel from the lamps and add dry DMF (overall con-
centration 5 wt%) and desired amount of a 0.1 M solution of 
freshly distilled 1-hexylamine ([NCA] 0 /[amine] 0  = 30) in dry 
DMF   

   4.    Stir the reaction mixture for 7 days under reduced pressure (ca. 
0.5 mbar) at room temperature ( see   Note 5 ).   

   5.    Quench the polymerization by precipitation into a tenfold vol-
ume of isopropanol.   

   6.    Collect the product by centrifugation and dry at 65 °C in high 
vacuum. Isolated yield: 80 %.   

   7.    Characterize the product by  1 H NMR ( see   Note 3 ) and SEC 
( see   Note 6 ) and  1 H NMR (400 MHz, TFA-d): δ (ppm) = 5.6–
5.8 (- H C = C-), 5.6–5.4 (S-C H -O), 5.4–5.3 (Glc), 5.3–5.2 
(-HC = C H  2 , Glc), 4.3–4.8 (C(=O)-C H -NH), 3.8–4.0 (Glc), 

3.2  One-Pot 
Glycosylation/
Polymerization 
(Exemplary Procedure)
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3.4 (CH 2 -C H  2 -NH 2 ), 2.9–2.4 (S-C H  2 ), 2.3–1.6 (S-CH 2 - 
CH 2 -C H  2 , O Ac ), 1.3–1.2 (CH 3 -C H  2 -C H  2 -C H  2 -C H  2 -), 0.8 
(C H  3 ) .  Composition (AGly)/(GlcAGly) = 0.32/0.68 ( 1 H 
NMR), average number of Gly repeat units: 28 ( 1 H NMR 
end group analysis), number-average molar mass:  M  n  app  = 8500 
g/mol (SEC), dispersity:  Ð  = 1.22 (SEC).      

       1.    Dissolve partially glycosylated polypeptide ((AGyl)/
(GlcAGly) = 0.32/0.68 (9/19 units)), benzophenone (0.1 
equiv with respect to double bonds), and 3-mercaptopropi-
onic acid (1.5 equiv with respect to double bonds) in THF (ca. 
1.0 wt% with respect to AGly units) and put it under an inert 
argon atmosphere.   

   2.    Seal the vessel and irradiate it with UV light for 16 h ( see   Note 
7 ).   

   3.    Dilute the reaction mixture and extensively dialyze (RC 1000) 
against THF ( see   Note 8 ).   

   4.    Removal of THF and freeze-drying from 1,4-dioxane yield the 
fi nal products as fl uffy solids.   

   5.     1 H NMR (400 MHz, TFA-d): Fig.  3 . Quantitative conversion 
of AGly units ( 1 H NMR), number-average molar mass: 
 M  n  app  = 10,280 g/mol (SEC), dispersity:  Ð  = 1.26 (SEC).

3.3  Post- 
polymerization 
Functionalization 
(Exemplary Procedure)
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  Fig. 3     1 H-NMR spectrum (400 MHz, TFA-d) of carboxylated glycopolypeptide. Reprinted with permission from 
[ 10 ]. Copyright 2014, American Chemical Society       
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4            Notes 

     1.    The AGly NCA monomer needs to be stored in the freezer and 
is stable for up to 3 months.   

   2.    Melting points are determined using a MEL-TEMP ®  appara-
tus from Lab Devices INC, USA with a Fluke 51 
thermometer.   

   3.     1 H NMR measurements are conducted at room temperature 
using a Bruker DPX-400 spectrometer operating at 400 MHz. 
Deuterated chloroform and TFA are used as solvents (Sigma- 
Aldrich);  1 H NMR signals are referenced to the signals of 
CDCl 3  δ 7.26 ppm and TFA-d δ 11.52 ppm, respectively.   

   4.    Irradiation must start immediately after mixing of the reac-
tants. The reaction can be accelerated by using more lamps.   

   5.    The impact of pressure on polymerization has not been inves-
tigated. Key is the removal of CO 2  which is released during 
monomer addition.   

   6.    SEC with simultaneous UV and RI detection is performed 
with NMP (+0.5 wt% LiBr) as the eluent, fl ow rate: 0.8 ml/
min, at 70 °C using a set of two 300 × 8 mm 2  PSS-GRAM col-
umns with average particle sizes of 7 μm and porosities of 100 
and 1000 Å. Calibration was done using poly(methyl methac-
rylate) standards (PSS, Mainz, Germany).   

   7.    Full conversion of monomer is usually achieved within 3–5 h.   
   8.    Dialysis bags are becoming brittle in THF and should be han-

dled with care (to avoid damage or rupture).         
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