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Recent advances in organometallic-mediated radical polymerization led to unique a,w-
difunctional poly(vinylacetate) (PVAc) and ethylene/vinyl acetate copolymers (EVA). A copper-
catalyzed Huisgen dipolar cycloaddition ring-closure reaction was applied to these
difunctional precursors paving the way to unprecedented PVAc and/or EVA macrocycles, and
to their PVOH- and EVOH-counterparts after hydrolysis.

The pastdecade haswitnessed huge progress in the design of copolymers with controlled molecular
parameters, compositionsand also topologiesincluding notably linear, branched or star polymers.
In particular, considerable efforts have been made to develop efficient synthetic routes towards
cyclic structures. Nowadays, these macrocycles are no longer considered as a curiosity and have
demonstrated distinct bulk and solution properties as compared to their linear analogs such as
increased glass transition temperature, lower hydrodynamic volume, higher thermostability, etc."”
34 Synthesis methods for cyclic polymers (c-polymers) are numerous and fall into two main
categories, i.e. ‘ring-expansion’ and ‘ring-closure’ techniques.*® The former almost exclusively
concerns c-polymers formed via ring-opening polymerization (ROP).® In contrast, the ‘ring-closure’
approach,®implying the cyclisation of a linear polymer, notably via‘clickreactions’,is more versatile
but depends on the availability of the corresponding difunctional linear precursors. In this respect,
progress in living/controlled polymerizations constantly offers new perspectives for the preparation
of novel macrocyclic structures.

In particular, controlled radical polymerization (CRP) constitutes a straightforward strategy for the
preparation of difunctional (co)polymers used as precursors of macrocycles.” For example, the
cyclisation of a,w-thiol polystyrene (PS), produced by sequential reversible addition fragmentation
chain transfer (RAFT) followed by the conversion of the dithioester end groups into thiols, was
achieved by disulfide bond formation under diluted conditions.®® As another illustration, o,w-
bromobenzyl-terminated PS formed by atom transfer radical polymerization (ATRP) were subjected
toallylation reaction followed by ring-closing metathesis in the presence of a Grubbs’ 2" generation
catalyst.’ Some heterodifunctional linear polymers produced by CRP also served as macrocycle
precursors. Indeed, cyclic PSwasobtained by the intramolecular copper-catalyzed Huisgen dipolar
cycloaddition (CuAAc) reaction of an a-alkyne-w-azido-terminated PS prepared by ATRP!!-'7 or
RAFT.!8 The samestrategy was applied to thering-closure of polyacrylates!®?°and thermoresponsive
poly-N-isopropylacrylamide (PNIPAM)?2 precursors. A series of polymers (PS, PNIPAM, poly(tert-
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butyl acrylate) (PtBA), and poly(N,N-dimethylacrylamide (PDMA)), bearing a thiol at one extremity
andan acrylategroup at the other chain end were preformed by RAFT and cyclized in one-pot using
a thiol-ene reaction.?® The intramolecular Diels-Alder reaction applied to an a-maleimide-w-
cyclopentadienyl functionalized PtBA and poly(methyl methacrylate), synthesized via ATRP, also
yielded the desired cyclesin high purity.*

As illustrated by the above mentioned examples, the very large majority of cyclic polymers derived
from CRP are produced from conjugated monomers. Despite the importance of polymers derived
from unconjugated vinyl monomers, also called ‘less activated monomers’ (LAMs), including
poly(vinyl ester)s, poly(N-vinylamide)s or ethylene-containing copolymers like ethylene/vinyl
acetate copolymers (EVA), examples of macrocycles based on LAMs are scarce. This limitation
mainly originates fromthedifficulty in producing difunctional linear LAM-based precursors with high
chain end fidelity. To our knowledge, only the group of Zhang reported a successful synthesis of
poly(vinylacetate) (PVAc) and poly(N-vinylpyrrolidone) (PNVP) macrocycles.?® Typically, linear
heterodifunctional polymers bearing cyclopropenone-masked dibenzocyclooctyne and azide end
groups were prepared by RAFT before cyclisation by a light-induced strain promoted azide-alkyne
cycloaddition (SPAAC) reaction under highly diluted conditions.

Herein, we developed a novel strategy for the synthesis of unique LAM-based macrocycles, including
PVAc and/or EVA-containing cycles. For this purpose, we took advantage of the latest progress in the
field of organometallic-mediated radical polymerization (OMRP),?¢ well-known for its ability to
control the polymerization of LAMs, especially VAc and ethylene/VAc.?¢7*° Our general strategy,
represented in Scheme 1, consists of four steps. Briefly, the OMRP of LAMs was initiated from an
halomethyl organocobalt(iii) complex®° (i) followed by radical dimerization of the polymers via
cobalt-mediated radical coupling (CMRC)3*! upon treatment with isoprene (ii) leading to a,w-dibromo
polymers. Subsequent conversion of the terminal bromides into azido groups (iii) and CuAAc
reaction of the resulting a,w-azide-terminated polymerswith 1,6-heptadiyne used asa difunctional
coupling agent (iv) produced the targeted PVAc or EVA-containing cyclic structures. Note that the
same cyclisation strategy was applied to a PVAc-b-EVA-b-PVAc triblock precursor for preparing the
corresponding c-PVAc-b-EVA macrocycle. Ultimately, the hydrolysis of the ester functions of these
unique structures was also considered leading to macrocycles composed of PVOH and/or EVOH
sequences (Scheme 1, v).
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Scheme 1. General strategy for the synthesis of PVAc and/or EVA-containing macrocycles and their hydrolyzed
counterparts.
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First, we prepared the a-bromo functional polymer chains by OMRP (i) and converted them in one
pot into the corresponding a,w-dibromo linear precursor via CMRC (ii) (Scheme 1). More precisely,
the OMRP of VAc was initiated at 40 °C in bulk from a bis-(acetylacetonato) organocobalt(iii) complex
bearing a bromomethyl function, i.e. BrCH-Co(acac).. The synthesis of this complex was described
recently as well as its ability to control the polymerization of VAc under these conditions.*° Upon
heating, the rupture of the C-Co bond occurred generating a bromomethyl radical, whichinitiated
the radical polymerization of VAc. Along the polymerization, the reversible capping of the growing
radical chains by Co(acac). ensured the control of the process. Starting from a [VAc]o/[BrCH,-
Co(acac);Joratioof 121, after 9 h, the conversion reached 18% leading to an a-bromo-PVAc-Co(acac),
with low dispersity (Mn=3000 g mol™*, M,=3370 g mol™, b= 1.17) (Table 1, entry 1). At this stage,
isoprene (about 20 eq. as compared to Co) was added into the polymerization medium in order to
promote the radical coupling of the chains and to produce the a,w-dibromo-PVAc (Br-PVAc-Br)
(Scheme 1, ii). SEC analysis revealed a monomodal peak with an almost perfect doubling of the
molar mass (M,=6640 g mol™*, M,=7770g mol ' =1.14) compared to the PVAc precursor suggesting
its quantitative coupling (Fig. S1AT). As expected, *H NMR analysis of the coupled product showed a
typicalsignal at 3.3 ppm corresponding to the bromomethyl (BrC£Z ,-) functions (Fig. S21). Adegree
of polymerization (DP) of 77 (Mnnwur=6620 g mol™) was determined based on the relativeintensities
of signals of BrC# ;- and -CZ OAc of the repeating units (at 4.8 ppm). This value s fully consistent
with the one obtained by SEC supporting a very high level of functionalization of the Br-PVAc-Br
chains. Structures of the a-bromo PVAc precursor and of the a,w-dibromo PVAc resulting from CMRC
were also confirmed by MALDI mass spectrometry (Fig. S3t). In agreement with the CMRC
mechanism,?? various populations differing by the number of inserted isoprene units (y=2-5) were
detected in the mass spectrum of the a,w-dibromo PVAc (Fig. S3BT).

Table 1. Synthesis of a-bromo and a,w-dibrominated polymers by OMRP and CMRC

o-Bromo OMRP product wi-Bromo CMRC product
Entry Folym M7 (gmol ™) M, (g mol™) o My (g mol ™) M,® (gmol ") iy Fothylere OF EVA®
1 Br-PVAc-Co™ 3000 3370 1.17 6440 7770 1.14
2 Br-EVA-Co™ 2510 3800 1.32 6O00 8060 117 0.59
3 Br-PVAc-b-EVA-Co™ 1780 2240 1.22 3470 5040 1.28 0.54

Polymerization and coupling conditions are detailed in the Experimental section. a Determined by SEC-THF
calibration. b Calculated with the copolymer composition from 'H NMR.

In a similar approach, we prepared a,w-dibromo EVA and PVAc-b-EVA-b-PVAc copolymers. The
organometallic-mediated radical copolymerization of VAc and ethylene was initiated by BrCH,-
Co(acac), at40°Cinbulkunder 50 bar of ethylene pressure. After 14% of VAc conversion, the reactor
was vented before the addition of isoprene leading to a low dispersity difunctional Br-EVA-Br (M=
6600 g mol™, b = 1.17) containing 59% of ethylene (Table 1, entry 2). On the other hand, the
sequential OMRP of VAc (conversion = 12%) followed by the pressurization of ethylene (E) at 50 bar
and VAc/E copolymerization (total VAc conversion =22%) led to Br-PVAc-b-EVA-Co" (Table 1, entry
3). Further isoprene-assisted radical coupling reaction of the latter produced a telechelic Br-PVAc-b-
EVA-b-PVAc-Brtriblock copolymer having two external PVAc blocks of 1170 g mol™ and one internal
EVA sequence of 1220 g mol™ characterized by an ethylene molar fraction (Fethyiene) Of 0.54.
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Before considering any CuAAc cyclisation, it was necessary to substitute the bromide functions of
the above mentioned telechelic (co)polymers with azide moieties (Scheme 1, iii). In this respect, Br-
PVAc-Br was reacted with an excess of sodium azide in DMF at 40 °C overnight. The substitution of
bromide functions at both chain ends and the formation of N3-PVAc-Ns were evidenced by *H NMR
and FT-IR spectroscopy (Fig. S2 and S4t) as well as by mass spectrometry (Fig. 1). *H NMR signals
corresponding to the terminal methylene -CH.X (X being either -Br or -Ns) shifted from 3.37 to 3.34
ppm upon substitution of bromides by azides (Fig. S2t). As evidenced by mass spectrometry,
different a,w-diazide PVAc populations containing various numbers of isoprene units (y = 2-5) in
their backbone were identified (Fig. 1). For instance, a theoretical model for a polymer with 56 VAc
unitsand 2 isoprene unitswassimulated andis presented in Fig. 1(b). The azide moieties were easily
detected by FT-IR with the appearance of a characteristic signal of the -Ns stretch band at 2090 cm™
(Fig. S41). A suitable post-modification of the Br-EVA-Br and Br-PVAc-b-EVA-b-PVAc-Br and the
formation of their azide-functionalized counterparts were also confirmed by *H NMR and FT-IR
spectroscopy (Fig. S2 and S4t).
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Fig. 1. MALDI mass spectrum of N3-PVAc-Ns: (A) global mass spectrum and (B) magnification between m/z5010
and m/z 5240 and comparison with theoretical model.
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In the cyclisation step (Scheme 1, iv), thelinear a,w-diazide precursors were reacted with a dialkyne
compound, i.e. 1,6-heptadiyne, in the presence of copper bromide (CuBr) and N,N,N',N'-
pentamethyldiethylenetriamine (PMDETA), which catalyzed the CuAAC ‘click’ reaction leading to
triazolefunctions (green circles in Scheme 1). Such a bimolecularring-closure approachinvolving a
telechelic polymer and a difunctional coupling agentoccurs in two steps: the reaction of one chain
end of the polymer with one complementary functional group of the coupling agent followed by an
intramolecularreaction between the residual polymer chain end and functionality on the coupling
agent. This approach is known to be sensitive to the stoichiometry of the reactant. Indeed, it is
reported thatexcess or deficit of coupling agent ascompared to the telechelic polymer significantly
affects the cyclisationyield.* In the former case, the reaction of the polymer with two different
coupling agents prevents the intramolecular cyclisation whereas intermolecular reaction, and
possibly oligomerization, occurs when a default of coupling agent is used.® Inspired by previously
reported procedures,®#33-35asafirst trial, we added a solution containing stoichiometric amounts of
linear N3-PVAc-N; and 1,6-heptadiynein tolueneata slow rate (0.3mLh™!) at rt within a highly diluted
CuBr/PMDETAsolutionintoluene (2.4 x 1073 M) (Table 2, entry 1). High dilution and slow addition of
the reactants were implemented in order to limit the local concentration of the species and favor
the intramolecular cyclisation rather than theintermolecular polyaddition. After complete addition
of the reactants, the medium wasstirred for 24 h before analyzing the products. SEC analysis of the
polymer after a clickreaction revealed a multimodal distribution (Fig. 2A). The latteris composed of
a main population (62% upon deconvolution) having a lower apparent molar mass (higher elution
volume) as compared to the precursor. This population corresponds to the targeted cyclic PVAc (c-
PVAc) asanticipated by the reductionin the hydrodynamic volume associated with the cyclisation.*
Importantly, no decrease of the molar mass of the polymer was observed upon mass spectrometry.
At variance, the middle of the distributionis slightly shifted toward higher molecular weight due to
the addition of the dialkyne (Fig. 3A). Therefore, we can unambiguously concludethat the increase
inthe SEC elution volume after CuAAc results from the reduction of the hydrodynamic volume of the
polymer following the cyclisation process and not from the degradation of the backbone. Although
the combination of MS and SEC results confirmed effective ring closure, a difference of 2 mass units
(u) was observed when comparing the theoretical and experimental isotopic distribution for the
sodiated c-PVAc (Fig.3B). Theformation of one unsaturation within the molecule might account for
such a discrepancy but, at this stage, we have no evidence supporting this hypothesis. Besides the
desired cyclic product, SEC traces also showed a minor population with a higher apparent molar
mass compared to the precursor (Fig. 2A), resulting from intermolecular polyaddition reactions.
Given the difficulty in reaching perfect equimolarity due to the imprecision (about 10%) in the 'H
NMR integration of the chain-end and taking into account the above-mentioned considerationson
the origin of the possible oligomerization in the bimolecular ring-closure approach,® we slightly
increased the amount of heptadiyne in the second assayin order to decrease the contamination of
c-PVAc (Table 2, entry 2). Moreover, when increasing the amount of diyne in the medium (Table 2,
entry 2), the probability of the formation of dialkyne-terminated chains should be higheras well as
the risk of formation of higher molar mass side products via Glaser coupling.®® The latter consists of
a Cu'-catalyzed coupling reaction between two alkyne end-chains 3¢ For thisreason, inspired by the
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work of Koberstein et al.,*® before any purification treatment of the macrocycles, weadded Sn(Oct),
in the crude mixture. It is expected to reduce Cu" possibly generated from Cu'exposed to oxygen
(Table 2, entry 2), and thus to avoid any Glaser coupling side reaction. Overall, under these
conditions, the extent of the higher molar mass population could be minimized and the yield of c-

PVAc increased to 74% (Table 2, entry 2 and Fig. 2B).
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Fig. 2. Size-exclusion chromatography traces of linear (- - -) and cyclic (—) PVAc (A and B, Table 2 entries 1 and

2, respectively), EVA (C, Table 2 entry 3) and PVAc-b-EVA-b-PVAc (D, Table 2 entry 4).
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Fig. 3. MALDI mass spectra: (A) comparison between N3-PVAc-N; (green) and cyclic PVAc (purple), (B)
magnification between m/z 5200 and m/z 5260 for cyclic PVAc and comparison with theoretical model.

Table 2. Copper(i)-catalyzed alkyne-azide cyclisation

Precursor Cyclic product
Entry Polym M, [gmal™) My (g mol™) o [1,6-Heptadiyne ][Ny P-N;] My (gmol™) Cyclic? (96)
19 N PVAC-N, 6650 7030 1.06 1.00 5640 62
2t N PVAC-N, 666D 7900 1.13 1.19 6130 74
3 N EVA-N, 6380 8270 1.21 1.25 6450 83
4 Nz (PVAC-B-EVA, 4060 5480 1.26 1.18 4210 63

Cyclisation conditions: Details are in the Experimental part (ESI), [PMDETA] = [CuBr] = 2.4 x 1073 M, flow rate:
0.3 mL h™ at room temperature. a The cyclic PVAc has been exposed to air, dried by rotavapor and purified
from the major part of copper salts using Cuprisorb in THF. b The cyclic polymer has been purified via column
chromatography under Ar after the addition of 2 eq. of Sn(Oct), as compared to CuBr. c Determined by SEC-
THF calibration PS. d Calculated from the areas of the convoluted SEC peaks.
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Applying this cyclisation strategy to the Ns-EVA-Nsprecursor gave access to EVAmacrocycles for the
very first time. The yield of c-EVAreached up to 83% (Table2 entry 3 and Fig. 2C), suggesting a high
level of chain end functionality of the precursor combined with a quite efficient cyclisation reaction.
Next, we considered the preparation of unique macrocycles composed of one PVAc segment and
one EVA block via cyclisation of the N3-PVAc-b-EVA-b-PVAc-N; triblock (Table 2, entry 4). This
challenging c-PVAc-b-EVAwas formed in a 63% yield (Fig. 2D). This moderate yield probably results
for the lower chain end fidelity of the linear multiblock precursor whose synthesis relies on a higher
number of steps. Nevertheless, the combination of OMRP and CUAAC paved the way to the formation
of unprecedented ethylene-containing multiblock macrocycles.

Finally, the ester moieties of these macrocycles were hydrolyzed in order to give access to the
corresponding cyclic structures composed of poly(vinyl alcohol) (PVOH) and/or ethylene vinyl
alcohol (EVOH). According to a well-described procedure,*"c-PVAc was treated overnight by KOH in
degassed methanol at40 °C. The FT-IR spectra in Fig. 4 confirmed the conversion of c-PVAcinto the
c-PVOH counterpart, as indicated by the disappearance of the carbonyl band at 1730 cm™ and the
appearance of a broad band at 3300 cm™. A similar procedure was applied to the cyclic EVA-
containing copolymers except that the latter were solubilized in toluene prior to the dropwise
addition of KOH/MeOH. Again, the hydrolysis of the acetate groups was complete leading to the
corresponding c-EVOH and c-PVOH-b-EVOH (Fig. 4).
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Fig. 4. FT-IR spectra of PVAc and/or EVA containing macrocycles before and after hydrolysis.

3600



Published in : Polymer Chemistry (2018), vol. 9, n°3, p. 273-278 -
DOI: 10.1039/CTPY01891F . g LIEGE
Status : Postprint (Author’s version) b universite

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors from ULiege thank the “Fonds de la Recherche Scientifique” (FRS-FNRS) for financial
support. A. D. and C. D. are Research Associate and Research Director, respectively, at the F.R.S.-
FNRS. J. D. is an FRIA PhD fellow supported by FNRS, Belgium. The authors are also grateful to P.
Lecomte for fruitful discussion. The UMONS MS laboratory acknowledges FRS-FNRS for its
contribution to the acquisition of the Waters Synapt G2-Si and QToF Premier mass spectrometers
and for continuing support.

Notes and references

1. H. R. Kricheldorf, J. Polym. Sci., Part A: Polym. Chem., 2010, 48, 251-284.

2. T. Yamamoto and Y. Tezuka, Soft Matter, 2015, 11, 7458-7468.

3. R. J. Williams, A. P. Dove and R. K. O’Reilly, Polym. Chem., 2015, 6, 2998-3008.

4. B. A. Laurent and S. M. Grayson, Chem. Soc. Rev., 2009, 38, 2202-2213.

5. Z. Jia and M. J. Monteiro, J. Polym. Sci., Part A: Polym. Chem., 2012, 50, 2085-2097.

6. T. Josse, J. De Winter, P. Gerbaux and O. Coulembier, Angew. Chem., Int. Ed., 2016, 55, 13944~
13958.

7. N. Akeroyd and B. Klumperman, Eur. Polym. J., 2011, 47, 1207-1231.

8. M. M. Stamenovic, P. Espeel, E. Baba, T. Yamamoto, Y. Tezuka and F. E. Du Prez, Polym. Chem.,
2013, 4, 184-193.

9. M. R. Whittaker, Y.-K. Goh, H. Gemici, T. M. Legge, S. Perrier and M. J. Monteiro, Macromolecules,
2006, 39, 9028-9034.

10. E. Baba, S. Honda, T. Yamamoto and Y. Tezuka, Polym. Chem., 2012, 3, 1903-1909.

11. N. V. Tsarevsky, B. S. Sumerlin and K. Matyjaszewski, Macromolecules, 2005, 38, 3558-3561.
12. B. A. Laurent and S. M. Grayson, J. Am. Chem. Soc., 2006, 128, 4238-4239.

13.Y.-Q. Dong, Y.-Y. Tong, B.-T. Dong, F.-S. Du and Z.-C. Li, Macromolecules, 2009, 42, 2940-2948.
14. D. E. Lonsdale, C. A. Bell and M. J. Monteiro, Macromolecules, 2010, 43, 3331-3339.

15. S. Zhang, L. Yin, W. Zhang, Z. Zhang and X. Zhu, Polym. Chem., 2016, 7, 2112-2120.



Published in : Polymer Chemistry (2018), vol. 9, n°3, p. 273-278 -
DOI: 10.1039/CTPY01891F . g LIEGE
Status : Postprint (Author’s version) universite

16. P. Sun, J. Chen, J. Liu and K. Zhang, Macromolecules, 2017, 50, 1463-1472.

17. T.E. Gartner, T. Kubo, Y. Seo, M. Tansky, L. M. Hall, B. S. Sumerlinand T. H. Epps, Macromolecules,
2017, 50, 7169-7176.

18. A. S. Goldmann, D. Quemener, P.-E. Millard, T. P. Davis, M. H. Stenzel, C. Barner-Kowollikand A.
H. E. Mueller, Polymer, 2008, 49, 2274-2281.

19. B. Chen, K. Jerger, J. M. J. Frechet and F. C. Szoka, J. Controlled Release, 2009, 140, 203-209.

20. L. Xiao, W. Zhu, J. Chen and K. Zhang, Macromol. Rapid Commun., 2017, 38, DOI:
10.1002/marc.201600675.

21. J. Xu, J. Yeand S. Liu, Macromolecules, 2007, 40, 9103-9110.

22. X.-P. Qiu, F. Tanaka and F. M. Winnik, Macromolecules, 2007, 40, 7069-7071.

23.D. Lu, Z. Jia and M. J. Monteiro, Polym. Chem., 2013, 4, 2080-2089.

24. M. Glassner, J. P. Blincoand C. Barner-Kowollik, Macromol. Rapid Commun., 2011, 32, 724-728.
25. Q. Tang, J. Chen, Y. Zhao and K. Zhang, Polym. Chem., 2015, 6, 6659-6663.

26. A. Debuigne, C. Jérome and C. Detrembleur, Polymer, 2017, 115, 285-307.

27. A. Debuigne, Y. Champouret, R. Jerome, R. Poli and C. Detrembleur, Chem. - Eur. J., 2008, 14,
4046-4059.

28. A. Kermagoret, A. Debuigne, C. Jérome and C. Detrembleur, Nat. Chem., 2014, 6, 179-187.

29. J. Demarteau, A. Kermagoret, C. Jérome, C. Detrembleur and A. Debuigne, ACS Symp. Ser., 2015,
1188, 47-61.

30. J. Demarteau, A. Kermagoret, I. German, D. Cordella, K. Robeyns, J. De Winter, P. Gerbaux, C.
Jéréme, A. Debuigne and C. Detrembleur, Chem. Commun., 2015, 51, 14334-14337.

31. A. Debuigne, C. Jérome and C. Detrembleur, Angew. Chem., Int. Ed., 2009, 48, 1422-1424.

32. A. Debuigne, R. Poli, J. De Winter, P. Laurent, P. Gerbaux, P.Dubois, J.-P. Wathelet, C. Jérome and
C. Detrembleur, Chem. - Eur. J., 2010, 16, 1799-1811.

33. N. Hadjichristidis, M. Pitsikalis, S. Pispas and H. latrou, Chem. Rev., 2001, 101, 3747-3792.

34. R. J. Williams, A. Pitto-Barry, N. Kirby, A. P. Dove and R. K. O’Reilly, Macromolecules, 2016, 49,
2802-2813.

35. J. Roovers and P. M. Toporowski, Macromolecules, 1983, 16, 843-849.

36. P. Leophairatana, S. Samanta, C. C. De Silva and J. T. Koberstein, J. Am. Chem. Soc., 2017, 139,
3756-3766.

37. A. Debuigne, J.-R. Caille, N. Willet and R. Jerome, Macromolecules, 2005, 38, 9488-9496.



