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The optimized reaction conditions for the Cu(I)-catalyzedNfC polymerization of azido-phenylalanyl-alanyl-
propargyl amide to yield either high molecular weight linear polymers or medium-sized cyclic polymers is described.
These reaction conditions will be applied to tailor the synthesis, properties, and structure of biologically relevant
peptide-based biopolymers.

Introduction

There is great interest in the use of functional peptides as
building blocks for the synthesis of peptide-based polymers,
since these polymers can be applied for a variety of purposes
such as drug delivery systems, scaffolds for tissue engineering
and repair, and as novel biomaterials.1 Nowadays, the majority
of such peptide-based polymers are hybrids ofN-terminally
grafted peptides to a synthetic polymer backbone.2 However,
peptide-based biopolymers derive their structural, mechanical,
and biological properties from their backbone sequential repeti-
tions rather than by grafting the peptide sequence to the
polymeric backbone. Examples of peptide biopolymers contain-
ing repetitive sequences are, among others, collagens,3 elastin
and spider silk,4 antifreeze proteins,5 mussel glue,6 and reflec-
tins.7

Current methods for the synthesis of amino acid-based
polymers use amino acid-basedN-carboxy anhydrides8,9 for the
synthesis of poly-Glu or poly-Lys, activated peptide esters
toward the synthesis of polymeric elastin models10 or condensing
agents such as diphenylphosphorylazide,5,11carbodiimides, and
acid chlorides12 (see, for a review, ref 2b).

The reaction between terminal acetylenes and organic azides
yielding the corresponding 1,4-disubstituted 1,2,3-triazoles13

catalyzed by copper (I) seems particularly suitable for chemose-
lective conjugation reactions. So far, this 1,3-dipolar cycload-
dition reaction denoted as the “click reaction”14 has led to a
plethora of applications in the literature.14,15 Recent studies
showed that the 1,2,3-triazole moiety is an effective mimic of
a peptide amide bond as present in aâ-strand15dor as a dipeptide
replacement inR-helical coiled coils.16 The possibility of
chemoselective azide-alkyne coupling in the presence of other
(unprotected) functional groups and these topological similarities
between peptide amides and 1,2,3-triazoles made us decide to
explore the 1,3-dipolar cycloaddition reaction for the synthesis
of peptide-based polymers.17

Here we describe that the model dipeptide azido-phenyl-
alanyl-alanyl-propargyl amide1 (Figure 1) can be efficiently

converted into high molecular weight amino acid-based poly-
mers (up to 45 000 Da) by a microwave-assisted 1,3-dipolar
cycloaddition reaction. Depending on the reaction conditions,
we found that the outcome of the click reaction can be directed
either to large linear polymers (up to 300 amino acid residues)
or medium-sized peptide macrocycles (4-20 amino acid
residues).

Experimental Section

Monomer Synthesis.Full experimental details of the monomer
synthesis and the analysis of the corresponding intermediates are given
in the Supporting Information section. Compound1 was obtained as a
white solid in 71% yield (2.13 g, 7.1 mmol).Rf ) 0.61 (CHCl3/MeOH/
AcOH 95:20:3 v/v/v); mp: 91°C; Fourier transform infrared (FTIR)
(KBr) υ: 2100 cm-1; 1H NMR (CDCl3, 300 MHz) δ: 1.27 (d, 3H,
âCH3 Ala), 2.23 (s, 1H, CtCH), 3.06-3.30 (dd (Jax 13.9 Hz,Jbx 121
Hz), 2H, âCH2 Phe), 4.02 (m, 2H, CH2, CH2CtCH), 4.19 (m, 1H,
RCH Ala), 4.48 (m, 1H,RCH Phe), 6.78 (broad t, 1H, NH), 6.88 (d,
1H, NH Ala), 7.22-7.35 (m, 5H, arom H).13C NMR (CDCl3, 75 MHz)
δ: 11.2 (âCH3 Ala), 22.5 (CH2CtCH), 31.6 (âCH2 Phe), 41.8 (RCH
Ala), 58.2 (RCH Phe), 65.0 (CtCH), 72.3 (CtCH), 120.6, 121.9,
122.6, 128.9 (arom C), 162.0 (CO Ala), 164.5 (CO Phe); Anal. Calcd
for C15H17N5O2: C 60.12%, H 5.72%, N 23.40%; found: C 60.04%,
H 5.65%, N 23.24%.

Polymer Synthesis.A complete list of all polymerization conditions
and the analysis of the isolated polymers is given in the Supporting
Information section, Table S1. In a typical experiment (entry 5),
monomer 1 (1000 mg, 3.34 mmol) was dissolved in N2-purged
dimethylformamide (DMF) (1 mL), and CuOAc (9 mg, 73µmol, 0.02
equiv) was added. The reaction mixture was placed in the microwave
reactor (Biotage) and irradiated at 100°C for 30 min. The clear solution
was transformed into a turbid gel. The gel was dissolved in additional
DMF (1 mL), 0.2 N HCl (20 mL) was added, and the aqueous solution
was vortexed. The white precipitate was centrifuged, and the pellet

* Corresponding author. Fax:+31 30 253 6655. Tel:+31 30 253 7396/
7307. E-mail: R.M.J.Liskamp@pharm.uu.nl; W.E.Hennink@pharm.uu.nl.

† Department of Medicinal Chemistry and Chemical Biology.
‡ Department of Pharmaceutics.

Figure 1. Structure of azido-phenylalanyl-alanyl-propargyl amide.
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was washed with 0.2 N HCl. The obtained solid was dissolved in AcOH
and lyophilized, and the crude polymer was obtained in 92% yield (920
mg).1H NMR (dimethyl sulfoxide (DMSO)-d6, 500 MHz)δ: 1.20 (m,
3H, âCH3 Ala), 3.34/3.39 (double m, 2H,âCH2 Phe), 4.28 (m, 3H,

RCH Ala/CH2), 5.55/5.70 (m, 1H,RCH Phe), 7.15 (m, 5H, arom H),
8.08 (s, 1H, CdCH, triazole), 8.41 (d, 1H, NH), 8.83 (d, 1H, NH),13C
NMR (DMSO-d6, 75 MHz) δ: 18.3 (âCH3 Ala), 34.1 (CH2), 37.5
(âCH2 Phe), 48.3 (RCH Ala), 63.4 (RCH Phe), 122.0 (C)CH), 126.6,
128.1, 128.7, 136.0 (arom C), 144.2 (CdCH), 167.1 (CdO, Phe), 171.4
(CdO, Ala); differential scanning calorimetry (DSC)Tg: 169 °C.

Results and Discussion

The initial polymerization reaction was carried out with 200
mg of azido-acetylene functionalized dipeptide1 in 1 mL of
DMF/H2O in the presence of CuSO4/Na-ascorbate (entry 1,
Table 1). After 3 days of stirring at room temperature, the
isolated white precipitate consisted of only small oligomers (up
to tetramers, i.e., eight amino acid residues, Figure 3) as was
determined by gel permeation chromatography (GPC), relative
to poly(ethylene glycol) (PEG)-based molecular weight stan-
dards (Figure 2), and liquid chromatography-mass spectrometry
(LC-MS). Since FTIR still showed a sharp signal atυ 2100
cm-1 of the azide functionality, it was concluded that these were
acyclicoligomers. Increasing the dipeptide monomer concentra-
tion to 500 mg in 1 mL of DMF/H2O (entry 2) resulted in the

Table 1. Reaction Conditions for the Polymerization of 1

entry reaction conditions Mn
a Mw

b PDIc Tg (°C)

1 200 mg 1, CuSO4/Na-ascorbate, RT, 3 days in 1 mL DMF/
H2O (95:5 v/v)

1100 1700 1.52 n.d.

2 500 mg 1, CuSO4/Na-ascorbate, RT, 3 days in 1 mL DMF/
H2O (95:5 v/v)

6900 12 700 1.74 n.d.

3 500 mg 1, CuOAc, RT, 3 days in 1 mL DMF 27 600 55 000 1.99 n.d.
4 500 mg 1, CuOAc, µW 100 °C, 30 min in 1 mL DMF 38 000 75 700 1.99 n.d.
5 1000 mg 1, CuOAc, µW 100 °C, 30 min in 1 mL DMF 44 700 77 900 1.84 169
6 1, melt 46 700 86 300 1.84 165
7 1, melt, CuOAc d d d 169
8 50 mg 1, CuOAc, µW 100 °C, 30 min in 1 mL DMF 3060 8000 2.61 124
9 500 mg 1, CuOAc, oil bath 100 °C, 30 min in 1 mL DMF 7050 8600 1.22 n.d.

a Mn (number average molecular mass) was determined by GPC with 10 mM LiCl in DMF, as eluens and PEG standards were used for calibration.
b Mw (weight average molecular mass). c PDI: polydispersity index. d Polymerization product could not be analyzed due its insolubility in organic solvents
used for spc; n.d.: not determined.

Figure 2. GPC chromatograms from the different polymerization
reactions. Entry 1: (pink) up to linear tetramers; Entry 2: (orange)
small polymers (6900); Entry 3: (turquoise) medium-sized polymers
(27 600); Entry 4: (red) microwave heating: large polymers (38 000);
Entry 5: (blue) microwave heating and increased concentration: large
polymers (44 700); Entry 6: (green) polymerization in the melt
(46 700), absence of copper (I); Entry 8: (black) cyclic oligomers.

Figure 3. Structures of the synthesized peptide-based polymers. Reaction conditions A and B lead predominantly to linear polymerization
products, while reaction condition C results in an increased ratio cyclic versus linear oligomer.
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formation of a small polymer withMn ) 6900 Da (23-mer, 46
amino acid residues). Since the formation of copper (I) by the
CuSO4/Na-ascorbate redox couple could be the rate-limiting step
of the click polymerization, copper (I) acetate was used instead.
This led to a 4-fold increase in the molecular weight:Mn )
27 600 Da (92-mer, 184 amino acids, entry 3). Thus, besides
increasing the azido-acetylene peptide monomer concentration,
the presence of sufficient Cu(I) in the reaction mixture is a
crucial parameter for increasing the molecular weight of the
amino acid-based polymer.

Recently,18 we showed the beneficial effect of heating by
microwave irradiation upon 1,3-dipolar cycloaddition in order
to attach a number of ligands to dendrimeric systems. Therefore,
it was expected that further improvement of the polymerization
reaction could be achieved in a microwave reactor. Indeed, the
reaction of1 at 500 and 1000 mg in 1 mL of DMF, respectively,
with CuOAc as a catalyst in a microwave reactor at 100°C
(entries 4 and 5, respectively) gave already after 30 min a high
molecular weight polymer,Mn ) 38 000 and 44 700 Da,
respectively (149-mer, ca. 300 amino acid residues, according
to GPC analysis, Figure 2), as was apparent from the rapid
transformation of the clear solution into a turbid gel. Microwave
heating not only resulted in an increase of polymer length but
also reduced the reaction time considerably. Moreover, the fact
that the polydispersity index (Mw/Mn, Table 1) was near 2 was
an additional indication for a high conversion rate of the
polymerization reaction, according to the Flory equation19 for
typical step polymerizations.

A further, albeit slight, increase inMn of the polymer (to ca.
46 700) was achieved by carrying out the polymerization in the
melt in a DSC apparatus (Figure 4), since 1 g in 1 mL of DMF
was close to saturation. Azido-acetylene peptide1 was stable
up to 250°C, as verified by thermogravimetric analysis.

First, the polymerization in the melt was carried out in the
absence of any copper (I) (entry 6), which clearly showed that
the melting point of1 was 91°C. Increasing the temperature
(10 °C/min) resulted in a sharp increase in the heat flow due to
the exothermic polymerization of1. As was indicated above, a
high molecular weight polymer,Mn ) 46 700 Da (156-mer,
>300 amino acid residues), was formed. However, as polym-
erization was carried out in the absence of copper (I),1H NMR
analysis clearly showed the presence of both cycloaddition
products (1,4-regioisomer:δH(triazole): 8.07 ppm, 1,5-regioi-
somer: δH(triazole): 7.41 ppm, both measured in DMSO-d6).
Next, in the presence of CuOAc (entry 7), the cycloaddition of
1 took place at a lower temperature, and the exothermic reaction
was even more pronounced than it was in the absence of CuOAc
(Figure 4). Unfortunately, this polymeric material could not be
analyzed further due to its insolubility in organic solvents used
for GPC analysis (e.g., DMF, tetrahydrofuran).

Thus, the microwave-assisted Cu(I)-catalyzed cycloaddition
of 1 at a concentration of 1000 mg in 1 mL of DMF led to high
molecular weight peptide-based polymers uniformly containing
a 1,4-substituted triazole linking moiety.

Interestingly, when the microwave-assisted Cu(I)-catalyzed
click polymerization was carried out at intermediate concentra-
tions (50-250 mg of1 per milliliter of solvent), GPC analysis
of the isolated polymerization products always showed a
bimodal molecular weight distribution (Figure 2, entry 8). It
was anticipated that the low molecular weight part would contain
both cyclic and linear oligomers (Figure 3, reaction conditions
C). To this end, a sample that was polymerized at 50 mg/mL
solvent (entry 8) was fractionated by preparative HPLC and
analyzed by FTIR, MALDI-TOF, and LC-MS (Figure 5). Also,
a second sample (entry 1, 200 mg1 per milliliter of solvent,
Cu(II), RT, reaction conditionsA) was purified by HPLC and
subsequently analyzed. In both samples, the linear and cyclic
oligomers could be separated and characterized. FTIRin
combination withmass spectrometry were used to distinguish

Figure 4. DSC thermograms of the polymerization of 1. The
polymerization was carried out in the melt; without CuOAc and with
CuOAc (dotted line).

Figure 5. LC-MS pattern of polymerization product (entry 8) showing the cyclic oligomers (n ) 0-6). Average ∆ m/z ) 299, corresponding
to the mass of the dimer repeat unit.
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between linear and cyclic peptide-based oligomers, since only
the linear derivatives showed an intense peak atυ 2100 cm-1,
corresponding to the azide moiety. These HPLC analyses made
it clear that the sample in entry 1 consisted primarily of short
linear oligomers, while the sample represented by entry 8
consisted mainly of small cyclic oligomers. The smallest cyclic
triazole oligomer that was identified contained two dipeptide
units (four amino acid residues,n ) 0 in Figures 3 and 5).20

Although the ratio of cyclic versus linear oligomers could be
influenced by choosing the reaction conditions, the exact value
of this ratio could not be determined accurately. Generally,
cyclic oligomers were predominantly formed at low monomer
concentrations (50-250 mg1 per milliliter of solvent, reaction
conditionsC), while, at higher concentrations of1, preferentially
linear oligomers were obtained (reaction conditionsA andB).

In a control experiment, monomer1 (dissolved in 1 mL of
DMF, entry 9) was subjected to a Cu(I)-catalyzed click
polymerization, which was carried out at 100°C by using a
conventional oil bath. After 30 min, a sample was drawn and
analyzed by GPC, while the remainder of the reaction mixture
was kept at 100°C. After 2 h and 24 h, another sample was
drawn and analyzed by GPC. It was found that conventional
heating did not result in high molecular weight polymers as
compared to microwave heating (compare entry 9 with entry
4, Table 1). Increasing the reaction time up to 24 h was not
effective since a significant increase in the molecular weight
of the reaction products was not observed. Apparently, the click
polymerization reaction needs very efficient heating, as is
provided by a microwave apparatus in the first 30 min, to obtain
high molecular weight polymers.

Conclusions

We have synthesized high molecular weight amino acid-
based polymers in a backbone polymerization connecting their
N- and C-termini employing the Cu(I)-catalyzed 1,3-dipolar
cycloaddition reaction. To obtain high molecular weight poly-
mers, the microwave heating was found to be superior to
conventional heating. Moreover, the right choice of the reaction
conditions was found to be an important factor to obtain either
large linear polymers or medium-sized peptide macrocyclic
oligomers. These optimized reaction conditions will be applied
for the synthesis of biologically relevant peptide-based biopoly-
mers.
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