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The modification of aliphatic polyesters by the pef) catalyzed azide-alkyne cycloaddition (CUAA@)S
successfully implemented in supercritical carbarxitie (scCGQ). Due to the remarkable properties of sgCO
the CUAAC reaction turned out to be quantitativerethough the aliphatic polyesters used in thiskwegre
insoluble in scC@Interestingly enough, the conditions were mildugtoto prevent polymer degradation from
occurring and finally, efficient removal of the abtst (>96%) was achieved by scECéxtraction.

Introduction

Since the pioneering work of Melded al* and Sharplesst althe copper(l) catalyzed azide-alkyne
cycloaddition (CUAAC), which is probably the mostpuilar “click reaction® has been the subject of extensive
research in very recent years for the developmemazromolecular engineerifg? This interest relies on the
major benefits related to the CUAAC reactipe, its versatility, high yields, stereospecificity,catihe absence of
undesirable by-products after reaction. Up to nowst of the works focused on the CUAAC reactioagneous
or in organic media. Very recently, Emriekal'* and Jéromet al,*****®showed that aliphatic polyesters can
be efficiently functionalized by the CUAAC reactidwevertheless, many aliphatic polyesters are ¢énsitve to
hydrolytic degradation to be functionalized by @@AAC reaction without degradation even though some
success was met by Emriekal for the functionalization of some less sensitivpagmers of poly(oxepan-2-
one)!* Interestingly enough, the implementation of theA&G reaction in an organic medium (DMF or THF)
allows functionalization of a wider range of moemsitive aliphatic polyesters without degradativtf At the
time being, no example of the CUAAC reaction isordgd in scC@ at least to the best of our knowledge.
Nevertheless, due to its low cost, non toxicity areftia towards reactive species (except anighg)use of
supercritical carbon dioxide as a green reactiodinme is a valuable alternative to the use of paadgttoxic
organic solvents. Moreover, the final materialirectly collected as a dry product free of catabystl residual
reactant, if any, thanks to supercritical fluidrextion. In this paper, the modification of alipkgiolyesters by
the CuAAC reaction in scCQs first investigated. Due to the low critical pareters of CQi.e. T.=31.2 °C
andP, = 73.8 bar, the CUAAC reaction was performed umaiéa conditions limiting any degradation risks.dn
second step, polymer purification by supercritfb@tl extraction of the copper catalyst is alsccdssed, leading
to the preparation of functional polyesters wittv lcatalytic residues.

Experimental

Materials

Prop-2-yn-1-ol (Aldrich)N,N-dimethylprop-2-yn-1-amine (Aldrich)\'-[2-(diethylamino)ethyl]N,N-
diethylethane-1,2-diamine (TEDETA, Aldrich), 3,314,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodemyp-
2-enoate (FDA, Aldrich) copper(l) iodide (Aldricehd CQ (N48, Air Liquide) were used as received. The

poly(aNzsCL-co-cCL) copolymers were prepared as previously repdfted

Synthesis of 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10¢@adecafluorodecyl-3-(bis(2(diethylamino)ethyl)ao)t
propanoate

FDA (2 ml, 6.2 1¢ mol) was introduced in a glass tube in the preserid eq. of TEDETA (1.34 g, 6.2 0
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mol) and 5 ml of methanol. The mixture was thentégat 50 °C for 24 h. After reaction, methanol was
removed from the reaction medium and the final pobavas collected as a pure orange oil (Quantiatield)
that was analyzed By NMR without any additional purification step.

'H NMR (CDCL): 6 = 0.99 ppm (triplet, 12H); 2.1 ppmd<< 2.5 ppm (multiplet, 20H) = 2.8 ppm (triplet,
2H); 0 = 3.92 ppm (triplet, 2H).

IR (NaCl): 1743 crit (C=0).
Solubility of the catalyst

The solubility of the catalyst was visually obsetweith the help of a 60 ml high pressure cell egaipwith
sapphire windows and a magnetic stirrer. In practc0842 g of Cul and 0.3329 g of
3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafl exge3-(bis(2(diethylamino)ethyl)amino) propanoateres
introduced into the cell. The high pressure cels wquilibrated at 80 bar at room temperature. éseh
conditions, the C@liquid phase rapidly becomes pale green attestitge solubility of the catalyst in scGO

Typical CUAAC reaction

Poly(@NzCL-co-eCL) (1 eq. of azide, Mn = 10 000 g rffoB0 mol% ofaNseCL ) was introduced into a 35 ml
high pressure cell in the presence of 1.2 eq ofrek0.1 eq of Cul and 0.1 eq of the perfluorindigand. The
vessel was then equilibrated at 40 °C for 3 h &ttadr. After the reaction, a sample was pickedoum the
reaction medium for SEC characterization and thel foroduct was dissolved in THF before precipitaiin
heptane and drying under vacuum at room temperat@might.

Cycloaddition of prop-2-yn-1-ol

'H NMR (CDCk): 7.68 ppm (1H, s, B=C triazole), 5.3 ppm (1H, s, triazoleH3C(O)), 4.8 ppm (2H, s, I6,-
OH), 4.2 to 4 ppm (4H, 2 m, 2H;-O-C(0)),2.3 ppm (2H, t, €,-C(O))and 2 to 1 ppm (12 H, m, 6H).

Cycloaddition of N,N-dimethylprop-2-yn-1-amine

'H NMR (CDCk): 7.7 ppm (1H, s, B=C triazole), 5.26 ppm (1H, s, triazole=aC(O)), 4.2 to 4 ppm (4H, 2 m,
2 CH,-0-C(0)), 3.6 ppm (2H, s, K-N(Me),, 2.3 ppm (2H, t, 6,-C(0)) and 2 to 1 ppm (12 H, m, 64g), 1.31
ppm (6H, s, N(El3)).

Synthesis of alkyne-terminated PDMS

In a typical experimenty-hydroxyl-terminated PDMS (5 &/, = 5000 g mot, 5 x 10* mol) was dried by 3
azeotropic distillations with toluene before betigsolved in dry CECl, (50 ml). The PDMS was then reacted
for 36 h at room temperature with pentynoic acid @ 10° mol) in the presence of dicyclohexylcarbodiimide
(0.2 g, 10° mol) and dimethy-laminopyridine (3.2 mg, 4fol). After reaction, the precipitate was remotgd
filtration and the solution was washed with a satenl solution of NaHC@ After drying of the organic phase
under MgSQ, PDMS was precipitated in methanol and dried urdeuum. Quantitative grafting of pentynoic
acid was confirmed b NMR spectroscopy (CD@)l by the complete disappearance of the peak canetipg
to the methylene protons efhydroxyl terminated PDMS)(= 3.75 ppm, El,-OH) and the apparition in the
NMR spectrum of a peak characteristic of the methglprotons bearing an ester grofig @.25 ppm, Elo-
0C(0)).

Characterization techniques

Size exclusion chromatography (SEC) was carriedroGiHF at 45 °C at a flow rate of 1 mL riwith a SFD
S5200 autosampler liquid chromatograph equippeld avBBFD refractometer index detector 2000 using &5
um (1G A, 10* A, 10° A and 100 A) columns or in DMF at 40 °C at a fleate 1 mL miff, using a Water 600
autosampler liquid chromatograph equipped withfizdintial refractometer index detector. Waters5ggim

(10° A, 10* A, 500 A and 100 A) columns were calibrated withystyrene standard¥%INMR spectra were
recorded in CDGlat 400 MHz in the FT mode with a Brucker AN 40@aratus at 25 °C. Infrared spectra were
recorded with a Perkin-Elmer FT-IR 1720X. The IRpdes were prepared by slow evaporation of a capety
solution, in THF, onto NaCl crystals.
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Safety note

All the experiments were performed in a high pressell equipped with a burst disc and speciallsigiged to
resist pressure of 550 bars. After reaction, tlesgure was slowly released in a fume hood in dodavoid the
vaporization of the potentially toxic residual aties or catalyst in the air.

Results

In our group, the strategy recently developed filyfactone functionalization is based on the coupbf
aliphatic polyesters bearing azido-pendant grouifis warious substituted alkyné$™ Toward this end,
poly(eCL-co-aN3zeCL) (aN3seCL stands fon-azido€-caprolactone or 3-azidooxepan-2-one) was syntbdsiy
the ring-opening copolymerization @€leCL (aCleCL stands fon-chloro€-caprolactone or 3-chlorooxepan-2-
one) anc:CL," followed by the quantitative conversion of pendaibrines into azides by reaction with NaN
according to a previously reported proceddré.

It is well-known that organometallic species ofeedhibit limited solubility or even insolubility incCQ**?° and
copper salts usually used for the CUAAC reacti@naacordingly poorly soluble in scG@efore conS|der|ng
the functionalization of polgCL-co-aNzcCL) by the CUAAC reaction in scGQit turned out to be necessary to
synthesize a perfluorinated aminoligand able toglemand to solubilize the copper catalyst in se@r this
reason, a perfluorinated amino-ligane, 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecaftienyl-3-(bis(2
(diethylamino)ethyl)amino)propanoate was prepanethb Michael addition of
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecaftienyl prop-2-enoate (FDA) witk'-[2-(diethyl-amino)ethyl]-
N,N-diethylethane-1,2-diamine (Scheme 1). The reactias performed in methanol at 50 °C during 24 hgisi
an equimolar ratio of TEDETA and FDA. After remowdlimethanol under vacuum, the final product was
collected as an orange oil and the completenetgakaction was confirmed By NMR spectroscopy.

Scheme 1:  Synthesis of a perfluorinated amino-ligand.
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The heterogeneous CUAAC reaction between thegi2bic (polyéCL-co-aN3;CL) and prop-2-yn-1-olN,N-
dimethylprop-2-yn-1-amine or alkyne end-functionali PDMS was investigated in scC@cheme 2) using
copper iodide as a catalyst complexed by the paifiated ligand whose synthesis is shown in Scheme

Scheme 2: Modification of polyCL-co-uNs¢CL) random copoly-esters with different alkyneshsy CuUAAC
reaction in scC@
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The grafting of prop-2-yn-1-ol onto pobf{scCL-co-¢CL) (30 mol% ofaNzcCL) was first tested (Table 1, entry
1) by introducing 1 g of polgCL-co-aNsCL) (M, =10000 g mot, 30 mol% ofaN5CL) in a 35 ml high
pressure cell in the presence of prop-2-yn-1-d €y compared taNscCL), Cul ([Cu]/[alkyne] = 0.1) and the
perfluorinated aminoligand ([Cu]/[ligand] = 1) thiatalready soluble at room temperature in liqu©, (30

bars). After 3 h at 40 °C and 300 bar, the higlsgues cell was cooled, the pressure was releaskthan
collected product was analyzed by IR dHdNMR spectroscopy. The IR spectrum showed the cample
disappearance of the typical absorption of theeagidup of the poly(NzcCL-co-¢CL) random copolymer. The
'H NMR spectrum confirmed this result by the compleisappearance of the peak corresponding to the
methylene proton bearing the azide groéip 3.85 ppm, CkN3) and the appearance of the peak characteristic
of the CH group of the triazole unif € 7.68 ppm). These characterizations, compared wéhiusly

published data® showed unambiguously that the CUAAC went to conein scCQeven though the aliphatic
polyester was not soluble and despite the highidiwf the medium. This remarkable result can cmanted
for by the exceptional mass transport propertiestha diffusivity of scC@comparable to those of gases.
Consequently, the diffusion of prop-2-yn-1-ol inke very well plasticized polylNscCL-co-eCL) matrix® was
rapid and the CuAAC reaction was fast and quaitéatvhatever the location of the azides. Interggyin
enough, the SEC trace, using THF as an eluent,ethawmarrow and monomodal molecular weight distidiou
and thus, no degradation was detected. When the szamtion was carried out in an organic mediumR)rH
rather than in scCQunder comparable conditions, a slight degraddiiptransesterification reactions was
observed as witnessed by a bimodal distribdtigRig. 1, Table 1, entry 25). As a rule, the graftbf prop-2-yn-
1-ol was fast as a result of the rapid diffusionprdp-2-yn-1-ol and the catalyst into the polymextmix and
proceeded without any degradation of the aliphadiyester due to the mild reactions conditions.

In order to optimize the experimental conditionsGuAAC, the same experiments were repeated aah@0

300 bars but for shorter reaction times,2 h, 1 h and 30 minutes (Table 1, entries 4-9). {&ffex the pressure,
even after 30 minutes, in the presence of 10 mdl%ub compared to the alkyne, the grafting of p@&yn-1-ol
onto poly@NseCL-co-¢CL) by CUAAC was quantitative, as evidenced'HyNMR spectroscopy. The effect of
the catalyst content on reaction kinetics was 8tadied. So, the same experiment was repeatedb¥tthr 3%

of Cul (instead of 10 mol% compared to the alkymeyithout addition of copper iodide for 30 minutesd 1 h

at 100 or 300 bars (Table 1, entries 10-21). Afaction, the conversion of prop-2-yn-1-ol int@hble was
determined byH NMR spectroscopy for each experiment. From tluzge, it can be concluded that a decrease
of the catalyst content from 10 to 3 mol% doesatfect the yield. It is worth noting that, as exiget; no

reaction was observed in the absence of Cul (Thbdatry 12, 15, 18 and 21).

Table1: Grafting of propargyl alcohol, 3-dimethylamino-1emyne or alkyne-terminated PDMS (M 5000 g
mol™) in scCQ: T = 40 °C
Entry Alkyne derivative Cu/ alkyne Alkyne/N; Time/h P/bar  Yield

(%) (%)°
1 Alcohol 10 1.2 3 300 100
2 Alcohol 10 1.2 3 200 100
3 Alcohol 10 1.2 3 100 100
4 Alcohol 10 1.2 2 100 100
5 Alcohol 10 1.2 1 100 100
6 Alcohol 10 1.2 0.5 100 100
7 Alcohol 10 1.2 2 300 100
8 Alcohol 10 1.2 1 300 100
9 Alcohol 10 1.2 0.5 300 100
10 Alcohol 5 1.2 1 100 100
11 Alcohol 3 1.2 1 100 100
12 Alcohol No Cu 1.2 1 100 —
13 Alcohol 5 1.2 0.5 100 100
14 Alcohol 3 1.2 0.5 100 100
15 Alcohol No Cu 1.2 0.5 100 —
16 Alcohol 5 1.2 1 300 100
17 Alcohol 3 1.2 1 300 100
18 Alcohol No Cu 1.2 1 300 —
19 Alcohol 5 1.2 0.5 300 100
20 Alcohol 3 1.2 0.5 300 100

21 Alcohol No Cu 1.2 0.5 300 —
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22 Amine 10 1.2 3 300 75

23 Amine 10 2 3 300 99

24 Alkyne-terminated 10 1.0 24 300 5
PDMS

25° Alcohol 10 1.2 3 — 100

3 estimated byH NMR spectroscopycarried out in THF

Fig. 1 SEC characterization (in THF) of polf§L-co-wNsCL) before (—) and after (- - - ) grafting of paogy!
alcohol in scCQ. Grafting of propargyl alcohol in THF (---).

20 35

In the next step, the functionalization reactiorswatended to the coupling of other substitutegiradk such as
N,N-dimethylprop-2-yn-1-amine or alkyne-terminated PDM8e grafting was attempted onto paiNgeCL-
co<£CL) (30 mol% of aNeCL) using the same conditions used for the graftihgrop-2-yn-1-ol ¢f Table 1
entry 1). In the case of the grafting of tH&\-dimethylprop-2-yn-1-amine, when a [alkyne]{Nnolar ratio of
1.2 was used, the conversion was limited to onB6 {%able 1, entry 22). The origin of this slow kie could
be accounted for by the competition between théymemated ligand and the dimethylamino group tfoe
complexation to the copper salt, which induces@aeaiese of the catalyst solubility in sc&€ven though
monodentate amines are known for being weaker digéman tridentate aminoligands. Nevertheless, this
problem could be overcome by increasing the allggrgent from 1.2 to 2 eq. compared to the azidogspand
the reaction went to completion (Table 1, entry. Bsides, the grafting of a high molecular-weigk-
soluble macromolecule was also investigated. Alkgrminated PDMSN, = 5000 g mof) was reacted with
poly (eCL-co-aN3CL) for 24 h in scC@(Table 1, entry 24). Unfortunately, the conversidthe CUAAC
reaction remained very low (5%). Although low malkr weight CQ-soluble organic compounds can
efficiently diffuse in the plasticized PCL, thefdi§ion of the high molecular weight PDMS is stelfica
hindered, which is detrimental to the success ®GbAAC reaction.

The use of copper catalysts that usually contamitiet "clicked" aliphatic polyesters is a sevemathtion in
view of future developments, particularly in themiedicai’ or in the packaging field. Although some
alternative strategies to get metal free produsttsh as heterogeneous cataf{fsi%or metal-free Huisgen's
cycloaddition®” have been reported in the literature, we evideicat scC@extraction is quite efficient to
remove the copper catalyst from the functionaltedifc polyesters after reaction in this medium eled,
because aliphatic polyesters are insoluble in so@@@reas the catalyst exhibits high solubilityhistmedium,
purification of the polymer by supercritical flugktraction (SFE) was investigated. In practiceftorg of prop-
2-yn-1-ol onto poly {CL-co-aN3CL) was first performed before removal of the capgatalyst by supercritical
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extraction at 300 bar and 40 °C with a {@w rate of 5 mL mift. After extraction with 200 mL of CQthe
residual copper content was estimated by atomicrpben. In these conditions more than 96% of thRlyst
was removed (residual copper content = 1853 ppniy €50 000 ppm). SFE is a thus a very promising
approach for purifying polymers and optimizatiortted extraction conditions is still under progrdes,nstance
by addition of an excess of perfluorinated ligasslwell as experiments relying on the recyclinghefcatalyst.

Conclusion

In this short communication, we have reported gy virst example of the CUAAC reaction in supdicail
carbon dioxide.

The concept was tested for the modification oftedific polyesters that are insoluble in seg@@Ad sensitive to
degradation. Even under heterogeneous and dilatedittons, the grafting of alcohol or amino groupdo the
polyesters chains was quantitative as a resuttetifffusion of the catalyst and the alkyne denxainto the
polymer matrix. No degradation of the polymer clairas observed thanks to the mild reaction conitidin

the case of grafting of prop-2-yn-1-ol onto padZ-co-aNsCL), it was demonstrated that the CuAAc was rapid
with quantitative conversions after 30 minuteshia presence of 3 mol% of catalyst compared to liyme.

Finally, removal of the copper catalyst was sudtdlgsealized by supercritical fluid extractiorgdding to the
formation of functional aliphatic polyester with recthan 96% of the catalyst being extracted afterts
extraction time.
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