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Abstract

Copper-mediated azide-alkyne Huisgen's 1,3-dippjfaloaddition is a "click" reaction that was sucfaly

used to prepare pH-respon-sive, amphiphilic anddgoadable networks. Indeed, this reaction prowdiktvery
efficient in the "one pot" grafting of amino alkypato azide containing pokxcaprolactone) and the cross-
linking of these chains by,o-dialkynyl poly(ethylene oxide). The pH-controlleglease of guests hosted during
the cross-linking step was illustrated with an appred model dye.
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1. Introduction

The copper-mediated Huisgen's [3 + 2] cycloadditibalkyne and azide is the cream of the crop efdlass of
“click" reactions [1-3] and is increasingly moreppdar in the tailor-making of polymers [4,5]. Quitecently,
“click" chemistry was used in combination with ringening polymerization of lactones and lactides to
synthesize novel functional [6-8], star-shapedd®d graft copolyesters [6,10,11]. Indeed, copolyudr
poly(oxepan-2-one) [polgfcaprolactone) or PCL] substituted by many difféfemnctional groups, e.g., esters,
amines, ammonium salts, acrylates, bromides, alsphere synthesized by Huisgen's [3 + 2] cyclotaidiof
duly substituted alkynes onto P@o-P(@NseCL) (whereaNseCL stands for 3-azidooxepan-2-one) [6-8].
Remarkably, when "click" reaction was carried aubiganic solvents, such BsN-dimethylformamide (DMF)
and tetrahydrofuran (THF), at 35 °C chain degraeatvas minimized, if any. For instance, P@iaft-PEO
[where PEO stands for poly(ethylene oxide)] wagtsgsized by coupling an alkyne end-capped PEO B61o
bearing pendant azides. The experimental conditisesl were so mild that the grafting of PEO wags aésy
effective onto more sensitive PL#0-P(aN3eCL) copolyesters (LA stands for lactide or 3,6-dinyd-1,4-
dioxane-2,5-dione) [6]. More recently, a range ofel functionak-caprolactones were made available by the
direct cycloaddition of alkynes substituted by saV@nctional groups, e.g., esters, unprotectedtals,
acrylates, ammonium salts, onto 5-azidooxepanee2without any detrimental ring-opening of the laxad12].
Until now, only few examples of cross-linking bylit&" chemistry were reported [13-17]. Hawker et al
prepared shell "click" cross-linked nanoparticl&€3][ Networks were also prepared by intermoleccitass-
linking [14,15]. Although Huisgen's [3 + 2] cycladition is very promising in macromolecular chemista
special care must be taken anytime in handlingroelecular weight azides because of their very \wetwn
propensity to explode spontaneously.

Nevertheless, no example is known for cross-linkihgliphatic polyesters by "click" chemistry. Img respect,
Vert et al. cross-linked PCL by another chemisigtt however, shortened the chain length, i.e.alta¢ion by
lithium N,N-diisopropylamide followed by the addition @f»-dichlorofor-mate PEO [18]. This paper aims at
reporting on the synthesis of an amphiphilic amédg®CL/PEO network by "click” cycloaddition. Thdaof
the amines is to impart pH sensitivity to the crlisked amphiphile. The strategy relies on thedaling
sequence of reactions: (i) synthesis of an alipt@dlyester substituted by chlorides by ring-opgnin
polymerization of 3-chlorooxepan-2-one¢hloro€-caprolactone oaCleCL) [19], (ii) conversion of chlorides
into azides by reaction with sodium azide [7], @mination by reaction of part of the azides it
dimethylprop-2-yn-1-amine, (iv) cross-linking byaion of remaining azides withw-dialkynyl PEO
(Scheme 1).

This strategy is actually very flexible for tunittte properties of these pH-sensitive, amphiphitid a
biodegradable networks. Indeed, the length of batthydrophobic PCL chains and the hydrophilic REE@ins
can be predetermined in a very large range bedhasesynthesis is living/controlled. Moreover, ttentent of
both the amines and the cross-linkers can be clazaigeill by the composition of the PGis-P(aNzeCL)
copolymer and the stoichiometry of the aziMi@Fdimethylprop-2-yn-1-amine reaction.
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Scheme 1. General strategy for the synthesis of aminatedtapiylic networks by "click" chemistry.
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2. Experimental section
2.1. Materials

Toluene (Chem-lab), tetrahydrofuran (THF; Chem-Laijhloromethane (C}€l,; Chem-lab)N,N-
dimethylformamide (DMF; Aldrich), pent-4-ynoic adiéldrich), N,N'-dicyclohexylcarbodiimide (DCC;
Aldrich), N,N-dimethylpyri-din-4-amine (DMAP; Aldrich)q,»-diOH PEO M,, 2000 g/ mol; Fluka)N,N-
dimethylprop-2-yn-1-amine (Aldrich), cop-peril) i@ (Aldrich), triethylamine (Aldrich) were used eeceived.
Poly(@N3zeCL) was synthesized according to the procedureid Bt al. [7]. 1,1'-(Methanediyldibenzene-4,1 -
diyl)bis(3-{bis[2-(diethylamino)ethyl]Jamino}pyrrotline-2,5-dione), a model yellow dye, was prepaned b
Michael reaction oN-(2-aminoethyl)N-[2-(diethylamino)ethyl]N',N-diethylethane-1,2-diamine and 1,1'-
(methanediyldibenzene-4,1-diyl)bis{ipyrrole-2,5-dione) according a procedure repoeisdwhere [20].

2.2. Preparation of,w-dialkynyl PEO

a,0-DIOH PEO (1.0 gM,, = 2000), 251 mg of DCC and 20 mg of DMAP were atlué¢o a previously dried
glass reactor and dried by azeotropic distillabbdry toluene (3 times 5 ml). 4-Pentynoic acidg1ag)
dissolved in 10 ml of CkCl, was added. The mixture was stirred overnight atréemperature. Thd,N*-
dicyclohexylurea byproduct was removed by filtratia,o-Dialkynyl PEO was precipitated in cool diethyl eth
and collected by filtration at -20 °C (yield: 48%).

H NMR (CDCh): 4.25 (t,J = 5 Hz, GH,0C(=0)-, chain ends), 3.6 (s, GHGCH,0); 2.6 (m,J = 8 Hz, C(=0)-
CH3,-CHa-Cacetyienic Chain ends); 2.5 (nd,= 2Hz and 7 Hz, C(=0)-CJ-CH,-Cjcetyienis Chain ends); 1.95 @,= 2
Hz, C(Hkcetyienic Chain end). The attribution of the peaks at 28 @nd 2.6 ppm was carried out by 2D COSY
NMR spec-troscopy (not shown).

IR (cri%): 3413, 2918, 1643, 1456, 1350, 1257, 1095, 958, 8
2.3. General procedure for cross-linking of palCL-co-¢CL) with a,w-dialkynyl PEO

In a glass round-bottom flask reactor were addéxrs@ (0.035 mmol of polymer chains and 1.4 mmol of
pendant azide) of polyNs:eCL-co-¢CL) (30 mol% ofuNseCL, M, = 17 000), 0.28 g (0.14 mmol) afw-
dialkynyl PEO M, = 2000; 8 crosslinks per PCL chain), 36 mg (0.14at) of Cul, 14 mg (0.14 mmol) of
triethylamine and 5 ml of THF. After complete dikg@mn at 35 °C, the solution was transferred iatb ml pro-
pylene hypodermic syringe used as a mold. The tdlpeosyringe was closed with a parafilm beforengei
placed into an oven at 35 °C. The gel was formeat afh, the bottom part of the syringe was cutyawith a
razor blade and the gel was pushed out of thegyfdody with apiston. The gel was repeatedly eta¢chwith
100 ml of dichloromethane (6 times for 40 min eaa) then dried in vacuo until constant weight
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(typically 48 h). When prepared in a syringe, 4long rods with a diameter of 3.5 mm were made abégl
2.4. Grafting ofN,N-dimethylprop-2-yn-1-amine onto paif{scCL) and gelification

Poly(@N3eCL) (M= 10000, 190 mg, 0.019 mmol of polymer chains a@3 Inmol of pendant azide) and 30 mg
(0.36 mmol) ofN,N-dimethylprop-2-yn-1-amine were dissolved in 2 mTGIE Cul (9 mg, 4 mol% with respect
to the azide) was added to the reaction mixturewlaa stirred at 35 °C. The progress of the reactias
monitored by IR spectroscopy. After 150 min theirsity of the azide band (2107 ¢mdid not decrease
anymore. When 70% of the azides were convertedaimtimes, the polyester was less soluble, and Ocf ml
DMF was added to keep the solution homogeneouanfpke was picked out (0.5 ml) for the sake of asialy
The THF solution containing 0.015 mmol of func-tidimed polyester (cfr supra) was then added with hg
(0.06 mmol) ofo,m-dialkynyl PEO M, = 2000; 8 cross-links per PCL chain) and pour¢al énsyringe used as a
mold. The gel was formed after 2 h at 35 °C andvered as a rod (length = 4 cm, diameter = 3.5 that)was
repeatedly extracted with 100 ml of dichloromethéh&mes for 40 min each). The gel was then dimegacuo
until constant weight (typically 48 h).

2.5. Swelling experiments

Dry gel (30 mg) was immersed either in a solutibptoosphate buffer or into the organic solvent.eehr
phosphate buffers (pH = 5.5, 6.95 and 9; 0.1 M)tammdorganic solvents (Ci€l, and DMF) were used. The
sample was periodically removed from the solutidtihywincers, blotted with a filter paper and caligfu
weighed. Then, the sample was again immersed ihuffer.

2.6. Characterization

Size exclusion chromatography (SEC) was carriedroliiHF at 45 °C at a flow rate of 1 ml/min witlS&D
S5200 autosampler liquid chromatograph equippel ait SFD re-fractometer index detector 2000. PL5gel
um (16 A, 10* A, 10° A and 100 A) columns were calibrated with eithelyptyrene or PEO standardst
NMR spectra were recorded in CQ@k 400 MHz in the FT mode with a Brucker AN 40@atus at 25 °C.
Infrared spectra were recorded with a Perkin-EIRB4IR 1720X. The gels were analyzed by FT-IR ATR
spectroscopy using gallium germanide ATR crystal.

3. Results and discussion

The synthesis of poly{NseCL) was previously reported [7] and will not beaiked in this paper. Briefly,
poly(aNseCL) was synthesized by ring-opening polymerizatdnCleCL initiated by 2,2-dibutyl-2-stanna-1,3-
dioxepane (DSDOP) [19] followed by reaction witldgon azide [7]. Very minor chain degradation was
observed during the substitution reaction, whiclréased slightly the polydispersity index [7]. histwork,
poly(aNseCL) with M,, =10000 andv,,/M,, = 1.6 was synthesized.

The hydroxyl end groups ofw-diOH PEO M,, = 2000) were esterified by pent-4-ynoic acid inFr&t room
temperature for 24 h, in the presenc&igfi-dicyclohexylcarbodi-imide (DCC) and,N-dimethylpyridin-4-
amine (DMAP). NewH NMR resonances were observed at 1.9 ppm (alksotem), at 2.5 ppm (8,CH,—
alkyne) and at 4.25 ppm EO—CO—) (Fig. 1). The experimental molecular weighit, € 2000), calculated
from the relative intensity of the resonances ab4pm (for the end groups) and 3.6 ppm (for theH,&—
groups), is in close agreement with the origindliegM,, = 2000), which testified to the completeness ef th
esterification of the PEO chain ends.

Fig. 1. *H NMR spectrum of,w-dialkynyl PEO.
A

D B A A
/\)LO/VO\L/\OA;O%O E
HC® ¢ A A £CH
E o
D
B I\J \ c B
h I =
i {0\ l , i
= ;I“I. 7:«.‘.‘#,.._1”),( \ L — 4;»‘!‘ J'h'a — .PL_ =
4.0 3.5 3.0 2.5 2.0

Chemical Shift (ppim)



Published in: Polymer (2008), vol. 49, iss. 3, §97-702.
Status: Postprint (Author’s version)

Poly(@N3eCL) (M,= 10000) was reacted withw-dialkyne—PEQ ¥, = 2000) in a 1/4 molar ratio under the
mild conditions that were previously reported as-degrading for PCL (THF, triethylamine, 35 °C)7B,
Gelation was observed within 10 min and no unrehPteO could be extracted from this network thataioed
44 wt% of PEO.

The amphiphilicity of the network was illustrategd $welling experiments in dichloromethane and itervat
pHs 5.5 and 9.0, respectively (Fig. 2). Expecteddysignificant influence of the pH on the swelliwitthe
network was observed in water.

PCL with a lower content of azide was also prepénedo-polymerization ofiN;eCL (30 mol%) witheCL.
Gelation was again promoted by "click" cross-lirgkiof poly@Ns;eCL-co-¢CL) with o,»-dialkynyl PEO
although it took 1 h for gelation to occur.

Fig. 2. Swelling behavior of the PCL/PEO network in dicbimethane«) and in water at pHs 5.%) and 9.0
(A)at25°C.
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In order to impart pH sensitivity to the networksttary amines were attached onto PCL prior tostimking.
Poly-(@NzeCL) (M= 10000;M,/M,= 1.6) was reacted with 30 mol% and 70 mol%\gf-dimethylprop-2-yn-1-
amine in THF at 35 °C in the presence of coppé&flide and triethyl-amine [7], respectively. AftE50 min, a
sample was picked out and analyzed by H NMR and @B{F, polystyrene calibration). The amine contehnt
PCL was close to expectation, i.e., 32 mol% vs 80trand 65 mol% vs 70 mol%, respectively. The appar
molecular weight (SEC in DMF) was much higher thfaaoriginalM, of PCL (~35 000 vs 10000) and the
polydispersity index was 1.5 for the two samples.

Fig. 3. FT-IR ATR spectrum for the amphiphilic networkaidtd by gelation of the copolyester containing 70
mol% of amine.
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The amine containing copolyesters were immediatdgted witho,o-dialkynyl PEO (80 mol% of PEO), thus
without intermediate isolation and purification. Mover, copper iodide previously used for the grgfof
amines remained active and thus, no additionalysitaras needed for the cross-linking step. Expgte
gelation was slower as a result of the lower azwigent. Indeed, 50 min and 75 min were neededdtation of
the copolyesters containing 30 mol% and 70 mol%noine, respectively, to be observed. FT-IR ATR ysial

of the networks after THF elimination showed thierations typical of the triazole ring at 1533 taithough
unreacted azide was left (Fig. 3).

The swelling of the network prepared from PCL vd@thmol% of amine was investigated in DMF and in
dichloro-methane (Fig. 4) and in water at two pH&&nd 5.5 (Fig. 5). Remarkably, the water uptaks higher
at pH 5.5 than at pH 9.0 as a result of the pratonaf the pendant amines. After drying, the netweas again

swollen by water at the same pHs as before (Figl' %@ swelling was clearly reversible, even thotigh
swelling curves were not typically superposable.

Fig. 4. Swelling behavior of the PCL/PEO network with 3f1% of pendant amine onto PCL in DM#¥) @nd
dichloromethanex() at 25 °C.
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Fig. 5. Swelling behavior of the PCL/PEO network with 3d%mof amine onto PCL at pHs 5.8)(and 9.0 &)
(first cycle) and pHs 5.5 and 9.0 (A) (second cycle) at 25 °C.
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The swelling of the same PCL/PEO network althougipared with PCL containing 70 mol% of amines was
substantially increased in water as shown in FigNd@ only the higher hydrophilicity of the constitve

polyester chains can explain this observationalsd a lower effective cross-linking density beealess azides
were left on the PCL chains for cross-linking bfudctional PEO.
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Fig. 6. Swelling behavior of the PCL/PEO network with 3% of amine onto PCL at pHs 5.)@nd 9.0 ¢)
and with 70mol% of amine onto PCL at pHs mb4nd 9.0 &) at 25 °C.
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Hydrogel rods were prepared by "click" cross-linkin a hypodermic syringe used as a mold. Thesevwgele
completely green because of the copper catalygtabetained. However, after extraction with 0.1 §uaous
ethylene di-amine tetraacetic acid (EDTA) solution3 days [14], the gels turned out to be quakinbess (Fig.
7).

Fig. 7. Hydrogel rod prepared by "click" cross-linking énsyringe followed by extraction of the copper bzits
by 0.1 M aqueous EDTA solution.

Last but not least, the pH sensitivity of the antpataining gels makes them promising hosts foctherolled
release of low-molecular weight guests. For the s#ldemonstration, 1,1'-(methanediyldibenzene-4,1-
diyl)bis(3-{bis [2-(dieth-ylamino)ethyllamino}pyritdine-2,5-dione), a model yellow dye, was incomed into
an amphiphilic PCL/PEO network during the cros&ilig reaction. After drying, the network was swalie
water at pHs 1.0 and 7.0. At pH 1.0, the dye waw/l§l released as assessed by the yellow colorecdtfueous
phase after 5 h (Supplementary material). In cehitthe aqueous phase remained colorless at npttraithin
the same period of time. It must be noted thattier of the dye — and thus of the hydrogel rod karged
with pH (Supplementary material).
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4. Conclusions

Copper-mediated Huisgen's [3 + 2] cycloadditionverbto be very efficient for the "one pot" graftiojamino
alkynes onto azide containing PCL and the crodsrmof these chains hy,o-dialkynyl PEO. pH-responsive,
amphiphilic and biodegradable networks were acogtgliprepared. This strategy is very versatile beeahe
molecular weight of the constitutive PCL and PE@ioh can be predetermined in a very large range by
controlled/living polymerization techniques. Thentent of azides can also be changed at will, mdrgly
copolymerization of the azide containie@L with different amounts ofCL.

Finally, it is possible to attach additional fummetal groups to the network by "click" cycloadditiand to tune
accordingly the chemical properties and the biaalgactivity of the networks. "Click" chemistry hed out to
be very efficient to graft functional groups (ansne this work) and to perform the cross-linkingd$one pot"
procedure. The molar ratio of the amino alkyne thredalkyne end-capped PEO is an additional parartiee
controls the degree of cross-linking and the pHsiisity of the networks.

The pH-controlled release of guests entrapped duhia cross-linking step was illustrated by usingadel dye.
Because "click” chemistry tolerates a variety afdiional groups without needing protection/deprtitec
reactions, these groups could be attached to tiorieinstead of (or in addition to) the tertianpiames.
Accordingly, a large variety of functional amphifthinetworks can be envisioned, in order to fit the
requirements of specific and diverse applications.

Acknowledgements

The authors are grateful to the "Belgian Sciendedfor the financial support in the frame of the
"Interuniversity Attraction Poles Programme (PAV21)". P.L. is "Chercheur Qualifié" by the "Natidriund
for Scientific Research" (FNRS). R.R. thanks theri@is pour la Formation a la Recherche dans I'Inéust
I'Agriculture” (FRIA) for a fellowship. J.Z. is irebted to the Federal Science Policy Office forllafeship.

Appendix. Supplementary material

Supplementary data associated with this articlebeafound, in the online version, at doi:
10.1016/j.polymer.2007. 12.029.

References

[1] Kolb HC, Finn MG, Sharpless KB. Angew Chem Ed 2001 ;40: 2004-21.

[2] Rostovstev VV, Green LG, Fokin VV, Sharpless.k&igew Chem Int Ed 2002;41:2596-9.

[3] Tornoe CW, Christensen C, Meldal M. J Org Ch2002;67:3057-64.

[4] Lutz JF. Angew Chem Int Ed 2007;46:1018-25.

[5] Binder WH, Sachsenhofer R. Macromol Ragidmmun 2007;28: 15-54.

[6] Riva R, Schmeits S, Stoffelbach F, Jérome @rdé R, Lecomte Ph. Chem Commun 2005:5334-6.
[7] Riva R, Jérébme R, Lecomte Ph. Macromolecule®7240:796-803.

[8] Lecomte Ph, Riva R, Schmeits S, Rieger J, Vats&8e K, Jérome C, et al. Macromol Symp 2006;Z045.
[9] Hoogenboom R, Moore BC, Schubert UShe®@ Commun 2006: 4010-2.

[10] Parrish B, Breitenkamp R, Emrick T. J AmedhSoc 2005;127: 7404-10.

[11] Li H, Jérdme R, Lecomte Ph. Macromolecules7200:824-31.

[12] Riva R, Chafaqi L, Jérome R, Lecomte Ph. Aoki2007;x:292-306.

[13] Joralemon MJ, O'Reilly RK, Hawker CJ, Woolel.Kl Am Chem Soc 2005;38:16892-9.



Published in: Polymer (2008), vol. 49, iss. 3, §97-702.
Status: Postprint (Author’s version)

[14] Malkoch M, Vestberg R, Gupta N, MespouilleRybois Ph, Mason AF, et al. Chem Commun 2006:2774-6

[15] Ossipov DA, Hilborn J. Macromolecules 2006;83809-18.

[16] Johnson JA, Lewis DR, Diaz DD, Finn MG, Kolieia JT, Turro NJ. J Am Chem Soc 2006;128:6564-5.

[17] Diaz DD, Rajagopal K, Strable E, Schneiddfign MG. J Am Chem Soc 2006;128:6056-7.

[18] Coudane J, Laurent E, Vert MJacromol Rapid Commun 2004;25:1865-9.

[19] Lenoir S, Riva R, Lou X, Detrembleur C, JéroRiel ecomte Ph. Macromolecules 2004;37:4055-61.

[20] Grignard B, Jérome C, Calberg C, JéromeDRfrembleur C. Eur Polym J, in press. doi:10.10&6fpolymj.2007.11.020.



