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Abstract

Ring-opening metathesis polymerization (ROMP) of a heterofunctional azlactone-based
monomer, namely norbornenyl azlactone (NBAzl), is reported for the first time using third
generation ruthenium-based catalyst (G3’). It is demonstrated that ROMP of the mixture of
stereoisomers of NBAzl obtained by Diels-Alder reaction between 2-vinyl-4,4-dimethyl-5-
oxazolone (vinyl azlactone, VDM) and cyclopentadiene leads to well-defined polymers
(M, szc up to 52 500 g mol”', B < 1.37). The resulting polymers easily undergo click
postpolymerization modification by aminolysis of the azlactone groups using amine
nucleophiles. By using azido oligoethylene glycol amine, ROMP polymers having azido side-
chains capable of alkyne azide click modification are prepared, that are not attainable by
direct ROMP of azido-functionalized monomers. The successful clicking to the so-obtained
azido-functional ROMP polymer was demonstrated by copper-catalyzed alkyne—azide
cycloaddition (CuAAC) with alkyne-functionalized fluorescein. The reported versatile
methodology produces with complete atom economy a platform for new functional polymer

libraries, including polymer materials with potential medical and biological applications.



1. Introduction

Postpolymerization modification (PPM), also known as polymer analogous reaction, is an
attractive alternative to polymerization of functional monomers to obtain useful polymer-
based materials with specific properties and topologies [1-7]. By chemically modifying a
polymeric precursor after the polymer has been prepared, PPM allows for the synthesis of a
diverse library of functional polymers from a single polymer precursor and avoids possible
adverse side reactions that may occur with certain functional groups during polymerization.
Nowadays, controlled/living polymerization techniques allow the synthesis of polymers with
precise control over molecular weight, composition, and architecture. Well-defined polymers
can thus be produced using heterofunctional monomers, i.e., monomers having chemical
handles that are inert towards the polymerization conditions but which can be quantitatively
converted in a subsequent PPM step into a broad range of other functional groups.

Because the activated ester-amine chemistry has many characteristics of conventional click
chemistries, featuring metal free and mild reaction conditions, the nucleophilic substitution of
polymeric active esters such as N-hydroxysuccinimide (NHS) and pentafluorophenyl (PFP)
esters with amine derivatives has become the most common form of PPM [8,9]. However,
these activated ester groups suffer from a limited hydrolytic stability and from the toxicity of
the leaving group that is released during the PPM step which is not atom-efficient or
economical [10].

To circumvent the drawbacks associated with the use of activated esters, the azlactone (or
oxazolone) functionality has emerged as a powerful chemical handle because of its high
reactivity towards amine nucleophiles without generating by-products or requiring a catalyst
[11-13]. The aminolysis reaction takes place with complete atom economy and can be
conducted in a broad range of organic solvents as well as in aqueous solution at room

temperature, exhibiting the advantages of conventional click-type reactions [13-15].



Moreover, unlike emerging catalyzed approaches for the direct PPM conversion of esters to
amides [16-19], the azlactone group reacts efficiently and selectively with amines without
requiring the presence of a catalyst. PPM of (co)polymers derived from 2-vinyl-4,4-dimethyl
azlactone (VDM) has thus been widely explored for various applications [20-36], including
bioconjugation [14,37-42].

Among the different controlled/living polymerization techniques, ring-opening metathesis
polymerization (ROMP) of strained cyclic alkenes such as norbornenes has become a
versatile and widely used method to synthesize functional polymers in a controlled fashion
[43,44]. Thanks to the development of highly active ruthenium-based initiators, ROMP offers
an attractive route for the preparation of synthetic polymers displaying a diverse array of
functionalities with precise control over molecular weight and composition while release of
ring strain provides the driving force for high conversion in these systems [44-48]. In
addition, polymers generated by ROMP feature a double bond in the backbone, which can be
used for further functionalization. Among the reactive monomers that can be used in ROMP,
a number of norbornene-derived monomers bearing activated esters such as NHS or PFP
esters have been employed in PPM reactions to generate various polymer-based bioconjugates
[8,47-51].

Our group has previously been reporting the ROMP of norbornenyl azlactone (2-(norborn-2-
en-5-yl)-4,4-dimethyl-5-oxazolone, NBAzl in Scheme 1) [52,53], an azlactone-based
norbornene derivative that was originally described for photoinitiated thiol-ene reactions [54].
In our first report, ROMP of NBAzl was conducted in the presence of Ru-based initiators
(first and second generation Grubbs’ catalysts) and the subsequent PPM using methyl
glycinate, aqueous base or N,N-diethylamine gave the corresponding functionalized polymers
with quantitative yields. However, it was found that ROMP of the mixture of stereoisomers

could not be achieved efficiently, the endo isomer being much less reactive than its exo



counterpart, which requires the prior separation of the stereoisomers from the endo/exo
mixture. In addition, the corresponding polymers had high dispersities, a result which can be
attributed to the low reactivity of the catalyst, slow rates of initiation compared to
propagation, and to competitive chain transfer reactions [46,55]. Given the availability of the
highly efficient third generation Ru-based initiator G3’ (Scheme 1) [55], we decided to re-
investigate the ROMP of the endo/exo mixture of NBAzl. We therefore report herein the
synthesis of well-defined poly(norbornenyl azlactone) (PNBAzl) using G3’ catalyst and
subsequent efficient PPM using amine nucleophiles. By using an azido-functionalized
nucleophile we also demonstrate that subsequent click copper-catalyzed alkyne—azide
cycloaddition (CuAAC) can be efficiently conducted on the resulting polymers having
pendant azido groups. Because azides (and alkynes) are not compatible with ruthenium-based
initiators [48,56-59], the reported synthetic methodology provides unique access to ROMP
polymers having azido pendant groups capable of alkyne-azide click modification. This
sequential double click PPM strategy makes PNBAzl a unique platform for designing new

functional polymers.



2. Experimental

2.1. General Characterization

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AC-400 spectrometer
operating at 400.16 MHz for 'H NMR and 100.62 MHz for '>*C NMR. The chemical shifts are
reported in parts per million (ppm) relative to deuterated solvent resonances. The average
molar masses (number-average molar mass M, weight-average molar mass M,) and
dispersity (P = M,/M,) values of poly(norbornenyl azlactone)s (PNBAzl) and PNBAzl
modified with 11-azido-3,6,9-trioxaundecan-1-amine (m-PNBAzI-N3) of number-average
degree of polymerization (DP,) of 50 were measured by size exclusion chromatography
(SEC) using tetrahydrofuran (THF) as an eluent, and carried out using a system equipped with
a Waters 2707 autosampler, with a guard column (Waters, Styragel, 20 um Guard column, 30
x 4.6 mm) followed by two columns (Waters, 2 Styragel THF HR2+HR4, 300 x 7.8 mm) and
with a Waters RI-2414 detector. The instrument operated at a flow rate of 1.0 mL.min™' at
35°C and was calibrated with narrow linear polystyrene (PS) standards ranging in molar mass
from 580 g.mol! to 483 000 g.mol!. The average molar masses (M,, M,,) and P values of
PNBAzl modified with 1-aminopropan-2-ol (m-PNBAzl-OH), PNBAzl modified with 1-
aminopropan-2-ol and 11-azido-3,6,9-trioxaundecan-1-amine at a feed molar ratio of 90:10
((m-PNBAzI-OH)90-co-(m-PNBAZzI-N3)10) of DP,, = 100, and fluorescein-carrying modified
PNBAzl ((m-PNBAzl-OH)so-co-(m-PNBAzl-fluorescein)io) were measured by gel
permeation chromatography (GPC) using N,N-dimethylformamide (DMF) with LiBr at 1g-L!
as an eluent and carried out using a system equipped with a guard column (Polymer
Laboratories, PL gel 5 pum) followed by two columns (2 Phenomenex Phenogel 5 pum
columns, 500 A and 10* A porosity) with a Shimadzu RID-10A differential refractometer
(DRI) and a Shimadzu APD-20A UV detector operating at 633 and 285 nm, respectively. The

instrument operated at a flow rate of 1.0 mL-min™' at 50 °C and was calibrated with narrow



linear poly(methyl methacrylate) (PMMA) standards ranging in molecular weight from 904 to
304,000 g-mol!. Attenuated Total Reflectance (ATR) Fourier Transform Infra-Red (FT-IR)
spectra were obtained using a Nicolet avatar 370 DTGS system. Spectra were obtained at
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regular time intervals in the MIR region of 4000-500 cm™' at a resolution of 4 cm™ (640

scans) and analyzed using OPUS software.

2.2. Materials

All the reagents used in this study were purchased from Sigma-Aldrich, unless otherwise
noted. 1-Aminopropan-2-ol (93%), 11-azido-3,6,9-trioxaundecan-1-amine (90%), copper(l)
bromide (Cu(I)Br, 99,99%), deuterated chloroform (CDCls, 99.8% D, 0.03% TMS, Euriso-
top), deuterated dimethyl sulfoxide (DMSO-ds, 99.8% D, Euriso-top), dichloroethane (DCE,
99.8%), N,N-dimethylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.8%), ethyl
vinyl ether (99%, Acros), fluorescein alkyne (FAM-alkyne; 5-isomer, >95%, Lumiprobe), n-
hexane (95%, Biosolve), neutral alumina, N,N,N’.N’,N’’-pentamethyldiethylenetriamine
(PMDETA, 99%), and tetrahydrofuran (99%) were used as received. Nanopure water was
obtained from a reverse-osmosis purification system and had a conductivity of 18.2 MQ cm at
25 °C. Dialysis membrane tubing with a molar mass cutoff (MWCO) of 3.5 kDa was
purchased from Spectrum Laboratories, Inc. (Rancho Dominguez, CA, USA) and soaked for
5 min in nanopure water at room temperature before use. (1,3-Bis-(2,4,6-trimethylphenyl)-2-
imidazolidinylidene)dichloro- (phenylmethylene)bis(pyridine)ruthenium [60] (G3’) and

norbornenyl azlactone [52] (NBAzl) were synthesized according to literature procedures.

2.3. General procedure for ROMP



In a typical experiment, a dry Schlenk tube was charged with the desired quantity of NBAzl
and a stir bar. The Schlenk tube was capped with a rubber septum and subjected to six freeze-
pump-thaw cycles. The desired amount of degassed, anhydrous DCE was added via a syringe
under a nitrogen atmosphere to dissolve NBAzl ((NBAzl] = 0.487 mol L', Table S1 in SI). A
stock solution of G3’ in ImL of degassed anhydrous DCE was prepared in a separate vial.
The desired quantity of catalyst G3’ was injected quickly into the monomer solution to
initiate the polymerization (initial reaction time, t = 0). The Schlenk tube was then immersed
in an oil bath preset at 70°C and was stirred under argon for 24 h. Polymerizations were
quenched by adding two drops of ethyl vinyl ether. Solvent was removed under reduced
pressure from the final reaction mixture. The resulting green very viscous solution was then
diluted in DCE and passed through a neutral alumina column. The resulting polymer solution
was precipitated into 20 mL of stirred cold n-hexane, filtered and dried overnight under

reduced pressure.

Poly(norbornenylazlactone) (PNBAzl). Greenish plastic (79 mg, yield: 79%).
[NBAZz1]o/[G3’]o = 100 (Table 1, run 1); conversion: 100%; M), sec (THF) = 20 600 g.mol'; D
= 1.14. '"H NMR (400 MHz, DMSO-ds), d (ppm): 5.44 (bs, 1nH, =CHans), 5.26 (bs, 1nH,
=CH.is), 3.14 (bs, InH, =CH-CH-CH), 2.90 (bs, 1nH, =CH-CH-CH-CN), 2.70 (bs, 1nH,
=CH-CH-CH2), 1.98 (bs, 2nH, =CH-CH-CH»-CH-CN), 1.69 (bs, 2nH, (=CH-CH-CH»-CH-
CH=), 1.27 (bs, 6nH, CH3) (Fig. 1A). 3C NMR (100 MHz, DMSO-ds), & (ppm): 181.84
(C=0), 17578 (C=N), 133.77 (=CH-CH-CH:-CH-C=N), 129.38 (=CH-CH-CH), 65.12
(C(CHs)2), 55.03 (=CH-CH-CH>-CH-C=N), 45.28 (CH-C=N), 45.23 (=CH-CH-CH), 42.54
(=CH-CH-CH,-CH-CH=), 37.58 (CH,-CH-C=N), 24.26 (CH3). FT-IR (cm™): 2932 (v C-H
alkane), 1813 (v C=0), 1668 (v C=N), 1455 (6 C-H alkene), 1203 (v O-C-0), 708 (y C-H

alkane), 653 (y C-H alkene) (Fig. S1 in SI).



2.4. Kinetic studies

[NBAzl]o/[G3’]o = 100. A typical ROMP procedure was carried out. Aliquots of reaction
mixture were taken at different reaction times and polymerization was quenched by adding
two drops of ethyl vinyl ether for 'H NMR spectroscopy analysis. Aliquots were passed
through a neutral alumina column. The solvent of aliquots was then removed under reduced
pressure for further SEC measurements to determine number-average molar masses (M,) and

dispersity (D).

2.5. Postpolymerization modification of PNBAzI with 1-aminopropan-2-ol

In a typical experiment, PNBAzl (50 mg; 0.24 mmol in azlactone units) of DP, = 100, 1-
aminopropan-2-ol (21 mg; 0.28 mmol), and CDCIl; (0.5 mL) were charged to a 5 mL vial
equipped with a stir bar. The mixture was bubbled with a slow stream of argon for 5 minutes
and the vial was capped with a rubber septum. The solution was subsequently stirred at room
temperature for 16 h and directly analyzed by 'H NMR. Solvent was then removed under

reduced pressure for further SEC measurements.

m-PNBAzI-OH. Brown powder (68 mg, yield: 99%). DP, = 100; conversion: 100%; M), sgc
(DMF) = 26 500 g.mol’'; = 1.60 (Fig. S2 in SI). '"H NMR (400 MHz, DMSO-ds), § (ppm):
7.80 (bs, 1nH, NH-C(CH3)2), 7.18 (bs, InH, NH-CH>), 5.35 (bs, 1nH, =CHans), 5.21 (bs,
InH, =CH_.is), 3.63 (bs, 1nH, =CH-CH-CH-CO-NH), 3.55 (bs, InH, CH-OH), 3.52 (bs, 1nH,
=CH-CH-CHy), 2.96 (bs, 3nH, CH>-CH-CO-NH, CH-CO-NH), 2.35 (bs, 2nH, CO-NH-CH»),
1.87 (bs, 2nH, =CH-CH-CH>-CH-CH=), 1.29 (bs, 6nH, C(CH3)2), 1.00 (m, 3nH, CH(OH)-
CHs>) (Fig. S3 in SI). 3C NMR (100 MHz, DMSO-ds), d (ppm): 174.58 (C=0), 134.18 (=CH-
CH-CH»-CH-CO), 130.99 (=CH-CH-CH), 79.84 (CH-OH), 72.22 (C(CHs)2), 67.70 (NH-

CH»), 56.39 (=CH-CH-CH:-CH-CO), 52.90 (=CH-CH-CH), 49.59 (CH-CO-NH), 45.67



(=CH-CH-CH;-CH-CH=), 36.40 (CH>-CH-CO), 21.30 (C(CH3)2), 19.41 (CH(OH)-CH3). FT-
IR (cm™): 3004 (v O-H, v N-H), 2970 (v C-H alkane), 1650 (v C=0 amide), 1531 (& N-H

amide), 1454 (d C-H alkene), 726 (y C-H alkane), 645 (y C-H alkene) (Fig. S4 in SI).

2.6. Postpolymerization modification of PNBAzl with 11-azido-3,6,9-trioxaundecan-1-amine.

In a typical experiment, PNBAzl (108 mg; 0.49 mmol in Azl units) of DP, = 50, 11-azido-
3,6,9-trioxaundecan-1-amine (126 mg; 0.54 mmol), and DCE (1 mL) were charged to a 10
mL round-bottom flask equipped with a reflux condenser and a stir bar. The mixture was
bubbled with a slow stream of argon for 5 minutes. The round-bottom flask was then
immersed in an oil bath preset at 50°C and was stirred under argon for 3 h. After evaporation,
the resulting brown solid was then transferred to dialysis tubings and dialyzed against
nanopure water for at least 3 days, followed by freeze drying to afford the final m-PNBAzl-

Ns.

m-PNBAzI-N3. Brown powder (192 mg, yield: 92%). DP,, = 50; conversion: 100%; M), sec
(THF) = 11 000 g.mol!; © = 1.20 (Fig. S5 in SI). '"H NMR (400 MHz, CDCls), & (ppm): 6.92
(bs, 2nH, NH), 5.31 (bs, 2nH, =CH), 5.21 (bs, 1nH, =CH.is), 3.87-3.25 (bs, 16nH, CH>-CH>-O
and CH>-CH>-N3), 3.14 (bs, 1nH, =CH-CH-CH-CO-NH), 2.68 (bs, 3nH, =CH-CH-CH>-CH-
CO-NH), 2.39 (bs, 2nH, CH>-CO-NH), 2.39 (bs, 2nH, CH>-CO-NH), 1.87 (bs, 2nH, =CH-
CH-CH»-CH-CH=), 1.29 (bs, 6nH, C(CH3)2), 1.00 (m, 3nH, CH(OH)-CH3) (Fig. S6 in SI).
FT-IR (cm™): 3310 (v N-H), 2866 (v C-H alkane), 2100 (v N3), 1659 (v C=0 amide), 1520 (3

N-H amide), 1451 (& C-H alkene), 707 (y C-H alkane), 650 (y C-H alkene) (Fig. S7 in SI).

2.7. Postpolymerization modification of PNBAzl with [-aminopropan-2-ol and 11-azido-

3,6,9-trioxaundecan-1-amine in a 90/10 molar ratio.
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In a typical experiment, PNBAzl (100 mg; 0.48 mmol in Azl units) of DP, = 100, 11-azido-
3,6,9-trioxaundecan-1-amine (11 mg; 50 pmol), and DCE (20 mL) were charged to a 50 mL
round-bottom flask equipped with a reflux condenser and a stir bar. The mixture was bubbled
with a slow stream of argon for 5 minutes. The round-bottom flask was then immersed in an
oil bath preset at 50°C and was stirred under argon for 72 h. After cooling at 20 °C, 1-
aminopropan-2-ol (33 mg; 0.44 mmol) was added to the reaction mixture, and the reaction
was continued for 4h. After evaporation, the resulting brown solid was then transferred to
dialysis tubings and dialyzed against nanopure water for at least 3 days, followed by freeze

drying to afford the final (m-PNBAzIl-OH)90-co-(m-PNBAzl-N3)10.

(m-PNBAzl-OH)90-co-(m-PNBAzl-N3)10. Brown powder (125 mg, yield: 87%). DP, = 100;
conversion: 100%; M, sec (DMF) = 32 400 g.mol™; D = 1.19 (Fig. S8 in SI). 'H NMR (400
MHz, DMSO-d¢), 8 (ppm): 6.92 (bs, 2nH, NH), 5.31 (bs, InH, =CHuans), 5.21 (bs, InH,
=CH.is), 4.45 (bs, 0.9nH, OH), 3.86-3.25 (bs, 2.5nH, CH>-CH>-O and CH>-CH>-N3, CH-OH),
3.20-2.60 (bs, 3nH, =CH-CH, CH-CO-NH), 2.39 (bs, 1.8nH, CH>-NH-CO), 1.87 (bs, 4nH,
=CH-CH-CH>), 1.29 (bs, 6nH, C(CH3)>), 1.00 (m, 2.7nH, CH(OH)-CH3) (Fig. 1B). '*C NMR
(100 MHz, DMSO-dg), & (ppm): 174.54 (C=0), 138.40-127.15 (=CH), 79.67 (CH-OH), 70.28
(CH:2-0), 69.35 (CH2-N3), 65.46 (C(CHs)2), 50.68 (NH-CH), 49.28 (CH-CO-NH), 45.93
(=CH-CH-CH), 43.80-41.45 (=CH-CH-CH>-CH-CH=), 38.50-35.20 (CH>-CH-CO), 27.89
(C(CH3)2), 21.35 (CH(OH)-CH3). FT-IR (cm™): 3288 (v N-H, v O-H), 2929 (v C-H alkane),
2104 (v N3), 1646 (v C=0 amide), 1528 (& N-H amide), 1452 (& C-H alkene), 729 (y C-H

alkane), 644 (y C-H alkene) (Fig. S9 in SI).

2.8. Click functionalization of (m-PNBAzl-OH )oo-co-(m-PNBAzI-N3)io0
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For clicking alkynylated fluorescein to (m-PNBAzl-OH)9o-co-(m-PNBAZzI-N3)10, azido-
functionalized polymer of DP, = 100 (1.13 pmol), alkyne FAM (10.2 pmol) and
N,N.N’,N’,N’’-pentamethyldiethylenetriamine (PMDETA; 2.9 mg, 12.2 pmol) were charged
to a dry Schlenk tube along with degassed DMF (4 mL). The tube was sealed with a rubber
septum and subjected to six freeze-pump-thaw cycles. This solution was then cannulated
under nitrogen into another Schlenk tube, previously evacuated and filled with nitrogen,
containing Cu(I)Br (0.47 mg, 3.26 pmol) and a stir bar. The resulting solution was
subsequently stirred at room temperature for 24 h. The reaction mixture was passed through a

short neutral alumina column before purified by a three-days dialysis against Nanopure water

with MWCO 3.5 kDa and freeze drying.

(m-PNBAzl-OH)9-co-(m-PNBAzl-fluorescein)io. yellow solid (31 mg, yield: 81%). DP,, =
100; M, sec (DMF) = 38 800 g.mol™; & = 1.67 (Fig. S10 in SI). '"H NMR (400 MHz, DMSO-
ds), 6 (ppm): 7.90-7.02 (bs, 2.5nH, NH, CHuyiazole, NH-CO-CHar), 6.68 (s, 0.2nH, O-CHar-
OH), 6.54 (bs, 0.4nH, HO-CHaAr-CHar), 5.47-5.04 (bs, 2nH, =CH), 4.61-4.33 (bs, 1.3nH, OH,
Cuiazole-CH2-NH-CO), 3.73-3.43 (bs, 2.5nH, CH>-CH»-O, CH-OH), 3.22-2.60 (bs, 3nH, =CH-
CH, CH-CO-NH), 2.39 (bs, 1.8nH, CH>-NH-CO), 2.04-1.47 (bs, 4nH, =CH-CH-CH>), 1.30

(bs, 6nH, C(CH3)2), 0.99 (m, 2.7nH, CH(OH)-CHj3) (Fig. 1C).

12



3. Results and discussion

3.1. ROMP of norbornenylazlactone

Norbornenylazlactone (NBAzl) was prepared by a Diels-Alder cycloaddition between
cyclopentadiene and 2-vinyl-4,4-dimethyl-5-oxazolone according to a literature procedure
[52]. The endolexo ratio, calculated from 'H nuclear magnetic resonance (NMR) spectrum by
the comparison of integrations of the signals related to the olefinic protons in endo-position at
0 = 5.87 and 6.24 ppm (labeled c,,,4, and bendo, Fig. S11 in SI) and in exo-position at 6 = 6.16
and 6.19 ppm (labeled c,,, and b.., Fig. S11 in SI), was estimated at 67/33. Ring-opening
metathesis polymerization (ROMP) of NBAzl was then conducted at 70°C in dichloroethane
(DCE) using Grubbs’ third generation catalyst (G3’, Scheme 1) possessing dramatic tolerance
toward functional groups and providing polymers of narrow molecular weight distributions at
very high monomer conversions, together with fast polymerization rates [43,61]. Furthermore,
endo-substituted norbornenes are known to undergo ROMP significantly slower than their exo
analogs, attributed either to steric reasons or to the chelating propensity of endo-substituted
monomers [52,62-64]. It should be noted that our previous work showed that Grubbs’ first
(G1) and second generation (G2) catalysts were not sufficiently active to polymerize the
endo-NBAzl diastereoisomer [52].

Monomer-to-initiator molar ratio ((NBAzl]/[G3’]) was varied from 50 to 500 (Table 1). After
ROMP, full conversion of the monomer to polymer was observed within 24h for
(INBAzl]/[G3’] = 50 and 100 (runs 1 & 2, Table 1). Signals of the olefinic protons of NBAzl
at 0 = 5.86-6.25 ppm completely disappeared while broad cis/trans signals from the polymer
backbone appeared at 6 = 5.10-5.50 ppm. Increasing the monomer-to-initiator molar ratio to
500 led to a limited conversion even for a longer reaction time (Fig. S12 in SI). Nevertheless,
initiator G3’ induces a dramatically improved ROMP reactivity of endo-NBAzl compared to

G1 and G2 and provides a quantitative monomer conversion for [NBAzl]/[G3’] = 100.

13



09\)
NA 3 —OH
N:N
HO < / m-PNAzI-OH: m = 0; p = 100
AO/\/}SN\) m-PNAzI-N;: m = 50; p =

(m-PNBAzI-OH)gg-co-(m-PNBAZI-N;)1,

AVt

//NH NH
0] O//
p m
co (m-PNBAzI-OH)g,-co-(m-PNBAzI-fluorescein),q

Scheme 1. Synthesis of clickable polynorbornene by postpolymerization modification of

PNBAUzIl and fluorescein-carrying polynorbornene.

The calculated number-average degree of polymerization (DP,, ) was determined by 'H
NMR, based on monomer conversion (Table 1). 'H NMR end-group analysis has also been
used to calculate the DP, yyg of the polynorbornenylazlactone (PNBAzl) from the ratio of
the integrations of the olefinic protons signals of the polymer (labeled b and c, Fig. 1A) to the
styrenic end-group protons signal at 6 = 7.20-7.50 ppm (labeled z, Fig. 1A). These values are
in close agreement with the expected DP,, ., values (Table 1). Fourier Transform Infra-Red
(FT-IR) spectroscopy shows absorption peaks at 1813 cm™ (C=O0 stretching), 1668 cm™ (C=N
stretching), and 1203 cm™ (C-O stretching), that are assigned to the azlactone ring in PNBAzl

(Fig. 2A) [26].
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ds.
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Fig. 2. ATR-FTIR spectra of (A) PNBAzl, (B) m-PNBAzl-OH, (C) m-PNBAzI-N3 and (D)

(m-PNBAzI-OH)90-co-(m-PNBAzI-N3)10.

Plot of number-average molar mass determined by size exclusion chromatography (M, sec) as

a function of number-average degree of polymerization (DP,cqc or DP,nyg) values
determined from NMR analysis gave linear trend lines (Fig. S13 in SI). The SEC traces of the
PNBAzl displayed a monomodal symmetrical distribution with narrow dispersity values
ranging from B = 1.14 to 1.36 (Fig. S14 in SI). The precise control of both the molar mass

and B indicates that living ROMP of NBAzl was successfully achieved using G3’ initiator.
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Table 1. Characteristics of the polymers obtained by ROMP of NBAzl in DCE at 70 °C using

G3’ initiator for a reaction time of 24 h with varying monomer-to-initiator molar ratio.*

Run [NBAzI]/[G3’] Conv.” DP n,calc’ Mn,ca/cd DP n,NMR® Mn,NMHf Mn,SECg DF

%o g.mol’! gmol! gmol!
1 50 >99 50 10 370 53 11000 9900 1.17
2 100 >99 100 20 600 98 20200 20000 1.14
3 150 86 129 26 600 133 27400 26500 1.14
4 500 45 225 46 300 b b 52500 1.36

@ Results are representative of at least duplicated experiments. ° The monomer conversions were
determined by comparing the integrations of alkene protons of the norbornene at & = 5.86-6.25 ppm
and the alkene protons of polymers at & = 5.10-5.50 ppm from 'H NMR spectra of the crude mixtures.
¢ DP,cac = Conv. x (INBAzI]o/[G3’]0). ¢ My, carc = conv. x ([NBAzZI]o/[G3’]0) X Mnaa + Mex. With
Mngaa = 205 g.mol™! and Mexr. = 104 g.mol ™. ¢ Calculated from 'H NMR spectra of the precipitated
PNBAZzl by comparing the peak areas of the olefinic protons signals of the polymer at § = 5.10-5.50
ppm and the styrenic end-group protons signal at 8 = 7.2-7.5 ppm. " M, yyg = (DP,nmp X MnBaz) +
Mexe. With Mxgaa = 205 g.mol! and Mex. = 104 g.mol ™. ¢ Determined by SEC in tetrahydrofuran
(THF) using a RI detector, calibrated with linear polystyrene (PS) standards. " not observed.

First-order kinetics were observed for monomer conversion in the ROMP of NBAzl at 70°C

in DCE using G3’ for [NBAzl]/[G3’] = 100 (Fig. 3A). The first- and the second-order self-
propagation rate constant, (kgpp and k,, respectively) were calculated according to equation

(1) [65]:

M kzpp[M]t = ky[G3'To[MI: .

dt

These values are listed in Table 2 together with values taken from the literature for ROMP of
endo-substituted norbornene with G3’ as initiator [66,67]. NBAzl has a much lower reactivity
in ROMP even at high temperature than endo-substituted norbornenes, already reported as
poor reactive monomers because of their bulky steric profile (run 1 vs. runs 2-4, Table 2) [62].
Even if the mainly present endo-NBAzl polymerizes more slowly than its exo-counterpart, the
electronic effect of the azlactone group plays a crucial role in inhibiting the ROMP of NBAzl

with a k,, of the same order of magnitude than for the N-(2,2,6,6-tetramethylpiperidine-1-

oxyl)-exo-norbornene-5,6-dicarboximide (runs 1 & 5, Table 2).
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Table 2. Kinetic data for ROMP of NBAzl and endo-substituted norbornenes using G3’ as the initiator

with monomer-to-initiator molar ratio = 100.

Entry Monomer Solvent Temperature kp Ref.
°C s'.L.mol"!
1 NBAzIl DCE 70 0.005 This
work
2 endo,endo-norbornenyl-2,3-dimethyl ester ~DCM 25 2.24 [66]
3 endo,endo-norbornenyl-2,3-di-n-butyl ester DCM 25 0.362 [66]
4 N-tert-butyl-endo-norbornene-5,6- DCM 25 0.782 [66]
dicarboximide
5 N-TEMPO-exo-norbornene-5,6- DCM 25 0.006 [67]
dicarboximide?®

9 TEMPO: 2,2,6,6-tetramethylpiperidine-1-oxyl.

3.2. Postpolymerization modification of PNBAzl

The “click-like” nature of the amine-reactive azlactone functionality [12,13,68] was then
exploited to functionalize PNBAzl by treatment with primary amine-based nucleophiles. This
“grafting to” strategy applied to the PNBAzl platform leads to new side chain-functionalized
materials. PNBAzl was click grafted with 1-aminopropan-2-ol and 11-azido-3,6,9-
trioxaundecan-1-amine at a feed molar ratio of 90:10. This material has been designed with
(1) hydroxyl side groups and amide linkages to promote hydrogen bonding with water
molecules to facilitate polymer hydration [69,70] and (2) azide side groups for a further
functionalization through copper-catalyzed alkyne—azide cycloaddition (CuAAC) click
reaction [71].

The postpolymerization modification (PPM) of PNBAzl was first investigated with 1-
aminopropan-2-ol. The reaction was conducted in deuterated chloroform (CDCIl3) by using a
1.2:1 molar ratio of 1-aminopropan-2-ol to the azlactone ring at 25 °C for 16 h with a polymer
concentration of 100 g/L. The 'H NMR spectrum of the PNBAzl modified with 1-
aminopropan-2-ol (m-PNBAzl-OH) showed two individual signal peaks of NH protons in the

amides at 7.80 and 7.18 ppm (labeled i and 1’, Fig. S3 in SI) together with a multiplet signal
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of the methyl protons of the 1-aminopropan-2-ol moiety at 1.00 ppm (labeled 1, Fig. S3 in SI).
The PPM proceeded in a quasi-quantitative way as ascertained by comparing the ratio of the
integration areas of the olefin protons signals of the polymer backbone at 5.21 and 5.35 ppm
(labeled b and c, Fig. S3 in SI) and of the methyl group signal of the isopropanol side end-
group at 1.00 ppm (labeled I, Fig. S3 in SI). Complete conversion of the azlactone ring was
also confirmed by FT-IR spectroscopy, which indicated complete disappearance of the
azlactone C=0 (at 1813 cm™) and C=N (at 1668 cm™) stretching bands and the appearance of
bands attributed to amide N—H symmetric stretching (3304 cm™) and N-H bending (1531 cm’
1) (Fig. 2B) [24].

The PPM of PNBAzl with 11-azido-3,6,9-trioxaundecan-1-amine required more drastic
conditions to drive the reaction toward high conversion and was performed in DCE by using a
1.1:1 molar ratio of 11-azido-3,6,9-trioxaundecan-1-amine to the azlactone ring at 50°C for 3
h with a polymer concentration of 100 g/L. The '"H NMR spectrum of the PNBAzl modified
with 11-azido-3,6,9-trioxaundecan-1-amine (m-PNBAzl-N3) shows signals at 6.92 ppm (N-H
protons; Fig. S6 in SI) and between 3.25 and 3.87 ppm (CH>-CH»-O protons), indicating that
the click grafting actually occurs. The integration of the signals of the olefinic protons at 5.21
and 5.31 ppm (labeled b and c, Fig. S6 in SI) and of ethylene oxide protons between 3.25 and
3.87 ppm (labeled n, m, o and p, Fig. S6 in SI) gave a ratio of 1/8.5, which indicates a quasi-
quantitative modification. In the FT-IR spectrum of m-PNBAzI-N3 (Fig. 2C), the absorption
peaks at 1813 cm™ and at 1668 cm™, ascribed to stretch vibration mode of C=0 and C=N of
the azlactone, respectively, disappeared after PPM, while the stretching vibration peak of N-H
emerged at 3310 cm’!, together with asymmetric and symmetric stretching vibration peaks of
azides at 2100 cm™ and 1235 cm’!, respectively [72].

PNBAzl was then sequentially transformed into the corresponding (m-PNBAzl-OH)so-co-

(m-PNBAZzI-N3)10 copolymer (Scheme 1) according to a two steps one-pot procedure.
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PNBAzZzl was first reacted with 11-azido-3,6,9-trioxaundecan-1-amine in DCE at 50°C for 3h
using a molar ratio [amine]/[azlactone] = 10 % and a polymer concentration of 100 g/L.
Subsequently, 1-aminopropan-2-ol was added to the reaction mixture to react with the
remaining unreacted azlactone groups at 50°C for 4h. The copolymer was then purified by
dialysis and analyzed by SEC in N,N-dimethylformamide (DMF). The SEC trace displayed a
very broad distribution, resulting in a dispersity value higher than 2 (Fig. S15A in SI). The
broadness of the peak may be attributed to undesired coupling reactions between the hydroxyl
functionality of 1-aminopropan-2-ol and the azlactone ring, leading to partial crosslinking.
Since thermally activated alcohol-azlactone reactions have already been reported [73], the
temperature of the reaction was lowered from 50°C to 25°C before the addition of 1-
aminopropan-2-ol, reducing undesired coupling reactions (Fig. S15B in SI). Ring-opening
reactions of azlactone involving alcohols usually require the addition of an acid or base [11].
It can be inferred that 1-aminopropan-2-ol is basic enough to act as a catalyst for the
nucleophilic addition of alcohol on the azlactone moiety. It has thus been shown that amino
alcohols are more reactive than primary amines during the aminolysis of esters [74-77].
Fortunately, the undesired coupling reactions were suppressed by decreasing both the
temperature and the polymer concentration from 100 g/L to 5 g/L, as ascertained by the
monomodal distribution of the SEC chromatogram with a narrow dispersity of 1.19 (Fig.
S15C in SI). A shift to lower elution time in SEC occurs after sequential modification of
PNBAzl, which is consistent with the increase in molar mass and hydrodynamic volume
resulting from the grafting reaction (Fig. SI6A vs. S16B in SI). In the FT-IR spectrum (Fig.
2D), the strong carbonyl band of the azlactone ring at 1813 cm™ fully disappears, indicating
complete modification of the azlactone. The strong bands at 3288 cm™, 1646 cm™, and 1528
cm’! are attributed to N-H symmetric stretching, C=0 asymmetric stretching, and N-H

bending of secondary amides resulting from the effective PPM of PNBAzl with primary
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amines, respectively. The presence of the azido functionality is ascertained by the N3
asymmetric stretching band at 2104 cm’!. In addition, characteristic bands of carboxylate
functionality (expected around 1560 cm™') were not detected, indicating a quantitative PPM
and that hydrolysis of azlactone groups did not occur [21]. The 'H NMR spectrum of (m-
PNBAZzI-OH)9-co-(m-PNBAZzI-N3)10 is shown in Fig. 1B. The appearance of the methyl
group signal of 1-aminopropan-2-ol at 1.00 ppm (labeled k’, Fig. 1B) indicates that the
modification with 1-aminopropan-2-ol proceeded to high conversion. Furthermore, the peaks
attributed to the 11-azido-3,6,9-trioxaundecan-1-amine functionalized units appear at 3.25-
3.86 ppm (labeled m’, n’, o’ and p’, Fig. 1B). Integration of these signals leads to a 88:12
molar ratio of the pendent 1-aminopropan-2-ol and 11-azido-3,6,9-trioxaundecan-1-amine
groups, respectively, in good agreement with the molar ratio of reagents used during the PPM.
It should be emphasized that this click methodology provides the key advantage of
circumventing the known incompatibility of the alkyl azide side group in the monomer repeat
unit with ruthenium-based catalysts [58,59]. Indeed, ROMP polymers with azide groups in
the side chain cannot be prepared by direct ROMP of the corresponding azide monomers, thus
requiring an additional PPM by nucleophilic substitution of an halogen atom using sodium

azide, which is not an atom-economic reaction [48,57].
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3.3. Fluorescein-carrying modified PNBAzl

Applying click chemistry reactions to build bio-hybrid copolymers is a well-established route
toward highly functionalized bioconjugates [4]. The feasibility and efficiency of the click
CuAAC applied to (m-PNBAzl-OH)9o-co-(m-PNBAzI-N3)10 was herein evaluated using a
labeled alkynyl-modified fluorescein (FAM-alkyne). Briefly, (m-PNBAzl-OH)9o-co-(m-

PNBAZzI-N3)10 was reacted with FAM-alkyne in DMF at room temperature in the presence of

a catalytic amount of Cu(I)Br with N,N,N',N’,N " -pentamethyldiethylenetriamine (PMDETA)
as the ligand for 24 h (Scheme 1). Purification was conveniently achieved by flash column
chromatography on neutral alumina. After dialysis against water and lyophilization, (m-
PNBAzIl-OH)9o-co-(m-PNBAzl-fluorescein)io was obtained as a yellow solid. The 'H NMR
spectrum in Fig. 1C clearly shows that new peaks Hy», Hr and Hy» appeared after coupling
reaction at 0 = 4.33-4.61, 6.54 and 6.68 ppm, respectively, in addition to the typical proton
signals of the modified PNBAzl backbone. The peak H;» was assigned to the methylene group
next to the nitrogen of the triazole groups and the peaks Hy and Hu» were assigned to the
aromatic protons of FAM-alkyne. The average grafting efficiency of FAM-alkyne to the
backbone of modified PNBAzl was calculated using '"H NMR spectrum from the integration
areas of the olefin protons signals of the polymer backbone between 5.04 and 5.47 ppm
(labeled b” and ¢”, Fig. 1C) and the aromatic proton of FAM-alkyne (labeled t” and u’’, Fig.
1C at 6.54 and 6.68 ppm). The grafting efficiency was about 93%. Moreover, the SEC overlay
(Fig. 4) revealed a peak at 517 nm of the UV detector of the SEC, corresponding to the
fluorescein absorbance and demonstrating that the N3 functionality has reacted. This facile,
but versatile methodology will be applicable for the synthesis of a wide range of (bio)-
functionalized polymers and polymer libraries based on the PNBAzl platform through highly

efficient click-type reactions.
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Fig. 4. Overlaid SEC chromatograms (DMF eluent) from the UV detector at 517 nm for (A)
(m-PNBAzl-OH)9-co-(m-PNBAZzI-N3)10 (dashed line) and (B) (m-PNBAzl-OH)9o-co-(m-

PNBAZzl-fluorescein)1o (full line).

4. Conclusions

In summary, this paper reports the first synthesis of well-defined poly(norbornenyl azlactone)
(PNBAZzl) using the Ru-based G3’ catalyst without requiring the tedious separation of the
mixture of stereoisomers from the corresponding norbornenyl azlactone (NBAzl) monomer.
The facile PPM of the so-obtained PNBAzl by azlactone ring-opening was demonstrated
using amine nucleophiles, including azido-functionalized oligoethylene glycol-amine, leading
to functional ROMP polymers that cannot be accessed by ROMP of azido-functionalized
norbornenes. In addition, the easy access, on a multigram scale, to the corresponding NBAzl
monomer from inexpensive and commercially available reagents makes this method
particularly attractive. The ability of the resulting azido-functionalized polymers to enter
further alkyne-azide click modification was demonstrated using an alkynyl-fluorescein as a
model. The PNBAzl reported in this work thus provides a unique platform to prepare new
ROMP-based polymers through sequential PPM with complete atom economy using a wide
range of nucleophiles with multiple applications, including new functional materials and

bioconjugates for biology and medicine.
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