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Abstract

Telechelic polycyclooctenes (PCOEs) have been successfully synthesized by ring-
opening metathesis polymerization (ROMP)/cross metathesis (CM) of cyclooctene (COE)
using Grubbs’ 2"-generation catalyst (G2) in the presence of epoxide-functionalized chain-
transfer agents (CTAs). The monofunctional epoxide oxiran-2-ylmethyl acrylate CTA (1)
afforded the isomerized a-(glycidyl alkenoate),m-propenyl functional (IMF) PCOEs. The use
of 1,4-benzoquinone (BZQ) as additive completely inhibited the C=C isomerization process,
thereby leading selectively to a-(glycidyl alkenoate),w-vinyl telechelic (MF) PCOE. On the
other hand, difunctional epoxide CTAs, bis(oxiran-2-ylmethyl) fumarate (3), bis(oxiran-2-
ylmethyl) maleate (4), bis(oxiran-2-ylmethyl) (E)-hex-3-enedioate (5), and (Z)-1,4-bis(oxiran-
2-ylmethoxy)but-2-ene (6), selectively afforded the corresponding a,w®-di(glycidyl alkenoate)
telechelic PCOEs (DF), along with minor amounts of cyclic nonfunctional (CNF) PCOE. In
presence of these difunctional symmetric CTAs, the mechanism is proposed to proceed
through a tandem one-pot CM/ROMP/ring-closing metathesis (RCM) approach. CM was
more effective with Z- than E-configurated CTAs (4 > 6 >> 3 >> 5), regardless of the
presence of a methylene group in-between the C=C double bond and the glycidyl moiety.
Subsequent dithiocarbonatation of the o,m-diepoxide telechelic PCOEs upon reaction with
CS2 in the presence of LiBr quantitatively afforded the first examples of
bis(cyclodithiocarbonate)  end-functional PCOEs. Ensuing aminolysis of the
bis(cyclodithiocarbonate) telechelic PCOEs with the polyether (triethyleneglycol) diamine
JEFFAMINE EDR-148 quantitatively afforded, at room temperature without any added
catalyst, the desired poly(mercaptothiourethane)s NIPUs, as evidenced from FTIR
spectroscopy, TGA and DSC analyses.
Keywords: Chain-transfer agent, cyclodithiocarbonate, epoxide, NIPU, polycyclooctene,

polyurethane, ring-opening metathesis polymerization (ROMP), telechelic



Introduction
Conventional polyurethanes (PUs) are widely used in many applications such as foams,
paintings, adhesives, or coatings.>?**5 Classically, PUs are synthesized from the polyaddition
of a diol (or polyol) with a diisocyanate (or polyisocyanate) in the presence of a catalyst.5 89
However, isocyanates require hazardous and toxic phosgene for their manufacture, and they
are considered as toxic, hence limiting their use, in particular according to REACH European
regulations. Current academic and industrial research thus aims at establishing safer and
“greener” alternative routes to more environmentally friendly PUs. These more sustainable
approaches mainly include the use of bio-based isocyanates, the valorization of renewable
vegetable oils (natural oil polyols) or CO2 feedstocks, and isocyanate-free methods. Among
the latter ones, the aminolysis of a bis(cyclocarbonate) compound with a di- or polyamine to
form non-isocyanate PUs (NIPUs) is nowadays the most investigated and promising
Strategy.10'11'12'13'14'15’16'17'18

Although six-, seven- and eight-membered cyclocarbonates react more readily with
amines than five-membered cyclocarbonates (5CCs),1%2021:2223 the latter have been more
extensively used as they can be easily prepared in high yields and stored over long periods of
time due to their high stability. Polyaddition between 5CCs and amines, typically bi-
functional monomers, leads to polyhydroxyurethanes (PHUSs) featuring both primary and
secondary alcohols at the B-carbon atom of the urethane moiety, as depicted in Scheme

1 4-17,24,25,26
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Scheme 1. Typical aminolysis of a five-membered bis(cyclocarbonate).

One first synthetic approach towards PHUs/NIPUs we have been investigating relies
on the post-polymerization chemical modification of telechelic precursors such as
o,w-dihydroxy telechelic polycarbonate, polyesters or polyolefins, into their corresponding
5CC-functionalized polymers; this eventually enabled to reach high molar mass NIPU
materials (Mnsec up to 68 100 g.mol1).2"28 Another more straightforward route we have been
exploring towards the desired 5CC telechelic precursors of NIPUs relies on the direct
synthesis of 5CC end-capped polymers through the ring-opening metathesis polymerization
(ROMP) of a cyclic olefin using 5CC-based chain transfer agents (CTASs).2%2 Indeed, the
metathesis pathway enables, via bifunctional symmetric alkene CTAs (methacrylate, epoxide,
carboxylate, acetoxy, amino, carbonate, hydroxy, halide and pseudo-halide, trialkoxysilyl), to
access to well-defined telechelic polyolefins; as evidenced by
Grubbs31'32’33'34'35'36'37’38*39*40'41'42’43'44'45'46'47'48 Iater on by HiIImyer.49'50'51’52'53'54'55'56*57 and
recently by ourselves.’®%° The resulting telechelic polyolefins next mainly served as
macroinitiators towards the preparation of ABA triblock copolymers.

One drawback of the 5CCs is their high thermodynamic stability. Despite that several
parameters can be tuned to improve the carbonate/amine reaction,'??® major current issues to

tackle are the low reactivity of 5CCs at room temperature, the required presence of a catalyst,



and the reaching of high molar mass polymers in relation with the ability to strictly control the
functionality of the reactive telechelic precursors (both carbonate and amine).

Five-membered cyclothiocarbonates are promising, more reactive alternatives to their
corresponding 5CC analogues. Endo and coworkers evidenced that the polyaddition of
bis(cyclothiocarbonate)s with diamines under mild conditions (30 °C) afforded PUs featuring
thiourethane groups along the polymer backbone.®® The poly(mercaptothiourethane)s
resulting from the polyaddition of bifunctional five-membered cyclodithiocarbonates (DTC)
with diamines are then exempt of hydroxyl groups. On the other hand, the pendant thiol
functions of the dithiourethane moieties can be advantageously crosslinked by oxidation into

disulfide linkages, thus affording polymers with improved mechanical properties (Scheme
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Scheme 2. Typical aminolysis of a five-membered bis(cyclodithiocarbonate).

In the present work, we expand our approach to NIPUs via the ROMP/cross
metathesis (CM) strategy using Grubbs’ second generation catalyst and epoxide-based CTAs
to prepare o,m-epoxide telechelic poly(cyclooctene)s (PCOEs); these next served as
precursors to the corresponding o,o-DTC telechelic PCOEs. Indeed, our preliminary
investigations revealed that the direct approach consisting in using DTC-based CTAs in

ROMP/CM could not be implemented due to catalyst deactivation upon its reaction with the



thiol ring (Scheme S1).5” Whereas monofunctional epoxide-based CTAs gave linear PCOEs
end-capped by epoxide and vinyl groups, the symmetric epoxide-difunctional CTAs
selectively afforded the desired a,w-diepoxide functionalized PCOEs, possibly with some
cyclic polyolefin, through a ROMP/ring-closing metathesis (RCM)/CM approach (Schemes 3,
S2-54). These diepoxide telechelic PCOEs complement the (to our knowledge) very rare
such polyolefin examples previously reported from the ROMP of cyclooctadiene (COD),%
from the acyclic diene metathesis of 1,9-decadiene with epoxide-containing monoolefins,® or
from the chemical modification of a prepolymer.%® Subsequent reaction of the PCOE epoxide
end-functions with CS2 smoothly and quantitatively afforded the five-membered
bis(cyclodithiocarbonate) telechelic PCOEs, which successfully afforded
poly(mercaptothiourethane) NIPUs following an ensuing aminolysis (Schemes 4-5). The

polymers were thoroughly characterized by NMR, FTIR, DSC, TGA and MALDI-ToF MS.

Experimental section

Materials. All catalytic experiments were performed under inert atmosphere (argon, < 3 ppm
02) using standard Schlenk line and glove box techniques. Grubbs® 2"-generation catalyst,
([(IMesH2)(CysP)RuClz(=CHPh)], G2), acryloyl chloride, methacryloyl chloride, fumaroyl
chloride, CH2Cl2 (stabilized with amylene), triethylamine (EtsN), JEFFAMINE EDR-148
(triethyleneglycol diamine; Huntsman, primary amine content = 13.48 mequiv.g?), (E)-hex-
3-enedioic acid, and all other reagents (Aldrich, unless otherwise mentioned), were used as
received. Glycidol was distilled before use, and cyclooctene (COE, TCI Europe) was first
dried over CaH: overnight, and then distilled before use. Acrylate cyclodithiocarbonate
(DTC-Ac)®™ (*H and C{*H}NMR Figures S1-S2; HRMS (ESI): C7HsO3NaS2 [M+Na]*,
calcd 226.9807; found 226.9806), bis(oxiran-2-ylmethyl) maleate>”® (4) (*H and

BC{'HINMR Figures S5-S6; HRMS (ESI): CiHOsNa [M+Na]": calcd 251.05316; found



251.0531), and (Z)-1,4-bis(oxiran-2-ylmethoxy)but-2-ene®! (6) (Figures S7-S8; HRMS (ESI):
CuHis0:Na [M+Na]+: calcd 223.0946; found 223.0945) were synthesized according to the
previously reported procedure, respectively.

Instrumentation and measurements. *H (500, 400 MHz) and *C{*H} (125, 100
MHz) NMR spectra were recorded on Bruker Avance AM 500 and AM 400 spectrometers at
25 °C in CDCls. Chemical shifts () are reported in ppm and were referenced internally
relative to tetramethylsilane (5 0 ppm) using the residual *H and 3C solvent resonances of the
deuterated solvent.

Monomer conversions were determined from *H NMR spectra of the crude polymer
sample, from the integration (Int.) ratio Int.potymer/[INt.Polymer + INt.monomer], USINg the methine
hydrogens (-CH=CH-: $ 5.30 for PCOE, and 5.66 for COE).

The relative amounts of a-monofunctional (MF), isomerized
a-monofunctional (IMF), and o,m-difunctional (DF) polymers (neglecting linear non-
functional (LNF), isomerized linear non-functional (ILNF) and cyclic non-functional (CNF)
polymers — always found to be in minor amounts, vide infra —) were determined by *H NMR
analysis of the precipitated polymer samples. The signal for the internal olefinic hydrogens
adjacent to the CTA functional group (HY, & 7.02 Figure S9) was arbitrarily set to 1. The
signal corresponding to the terminal methylene hydrogens of the vinyl group of a vinyl-end-
functionalized polymer (H’, § 4.95, Figure S11) was used to determine the MF content as: MF
(mol%) = Int.(6 4.95) / 2 x 100%. The signal corresponding to the terminal methyl group
adjacent to a propenyl end-functional polymer (H®, & 1.65, Figure S9) was used to determine
the IMF content as: IMF (mol%) = Int.(5 1.65) / 3 x 100%. The percentage of DF in the

mixture is calculated from DF (mol%) = 100 — (MF + IMF)%.



The molar mass values of the polymers samples were determined by *H NMR analysis
in CDClIs (MnnwRr) from the integral value ratio of the signals of end-groups’ hydrogens
(typically & ca.7.02 (H9)) to internal olefin hydrogens (5 ca. 5.36 (H')) (Figure S9).

The average molar mass (Mnsec) and dispersity (Bm = Mw/Mn) values of the PCOE
samples were determined by size exclusion chromatography (SEC) in THF at 30 °C (flow rate
= 1.0 mL.min™!) on a Polymer Laboratories PL50 apparatus equipped with a refractive index
detector and a set of two ResiPore PLgel 3 um MIXED-E 300 x 7.5 mm columns. The
polymer samples were dissolved in THF (2 mg.mL1). All elution curves were calibrated with
12 monodisperse polystyrene standards (Mn range = 580-380,000 g.mol?). M sec values of
polymers were uncorrected for their possible difference in hydrodynamic volume in THF vs
polystyrene. The SEC traces of the polyolefins all exhibited a monomodal and symmetrical
peak.

Flash chromatography was performed on a REVELERIS Prep purification system
(Grace) using silica gel cartridges.

MALDI-ToF mass spectra were recorded at the CESAMO (Bordeaux, France) on a
Voyager mass spectrometer (Applied Biosystems) equipped with a pulsed N2 laser source
(337 nm, 4 ns pulse width) and a time-delayed extracted ion source. Spectra were recorded in
the positive-ion mode using the reflectron mode and with an accelerating voltage of 20 kV. A
freshly prepared solution of the polymer sample in THF (HPLC grade, 10 mg.mL™?), a
saturated solution of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile
(10 mg, DCTB) in THF (1 mL, HPLC grade) were prepared. A MeOH solution of the
cationizing agent (Nal or Ag(OCOCFs) (AgTFA), 10 mg/mL) was also prepared. The
solutions were combined in a 10:1:1 v/v of matrix-to-sample-to-cationizing agent. The

resulting solution (1-2 uL) was deposited onto the sample target and vacuum-dried.



FTIR spectra of the polymers were acquired (16 scans) with a resolution of 4 cm™' on
a Shimadzu IRAffinity-1 equipped with an ATR module.

Differential scanning calorimetry (DSC) analyses were performed with a Setaram
DSC 131 apparatus calibrated with indium, at a rate of 10 °C.min~%, under a continuous flow
of helium (25 mL.min™Y), using aluminum capsules. The thermograms were recorded
according to the following cycles: —-70 to 120°C at 10 °C.min"!; 120 to —-70°C at
10 °C.minY; =70 °C for 5 min; 70 to 120 °C at 10 °C.min"%; 120 to —70 °C at 10 °C.min"™.

Thermogravimetric analyses (TGA) were performed on a Metler Toledo TGA/DSC1
by heating polymer samples at a rate of 10 °C.min* from +25 °C to +500 °C in a dynamic
nitrogen atmosphere (flow rate = 50 mL.min*) (Figure S36).
Oxiran-2-ylmethyl acrylate (1). To a solution of glycidol (2.00 g, 27.0 mmol) and EtsN
(5.46 g, 54.0 mmol) in CH2Cl2 (27 mL), acryloyl chloride (2.44 g, 27.0 mmol) was added
dropwise at 0 °C. The reaction mixture was stirred at room temperature for 4 h, then filtered,
and concentrated under reduced pressure. Separation by flash chromatography (pentane/ethyl
acetate, gradient 100:0-60:40) afforded 1 as a colorless oil (2.90 g, 85%). *H NMR (400
MHz, CDCls, 25 °C): & (ppm) 2.66 (dd, J = 3, 5 Hz, 1H, OCH2CHCH20C(0)), 2.85 (t, 1H, J
= 5 Hz, OCH2CHCH20C(0)), 3.25 (dq, J = 3, 6 Hz, 1H, OCH2CHCH20C(0)), 4.01 (dd, J =
6, 12 Hz, 1H, OCH2CHCH20C(0)), 4.49 (dd, J = 3, 12 Hz, 1H, OCH2CHCH20C(0)), 5.87
(dd, J = 3, 10 Hz, 1H, CH2CHC(0)), 6.15 (dd, J = 10, 17 Hz, 1H, CH2CHC(QO)), 6.45 (dd, J
= 3, 17 Hz, 1H, CH2CHC(0)) (Figure S13). BC{"H}NMR (125 MHz, CDCls, 25 °C): &
(ppm) 44.8 (OCH2CHCH20C(0)), 49.5 (OCH2CHCH20C(0)), 65.1 (OCH2.CHCH20C(0)),
128.0 (CH2CHC(0)), 131.7 (CH2CHC(O)), 165.9 (CH2CHC(0)) (Figure S14). HRMS (ESI)
(m/z): C;H:0:Na [M+Na]*, calcd 151.0328; found 151.0327.
Oxiran-2-ylmethyl methacrylate (2). Compound 2 was synthesized following the same

procedure as described for 1, using glycidol (2.00 g, 0.027 mol), EtsN (7.29 mL, 0.054 mol),



CH2Cl2 (80 mL) and methacryloyl chloride (2.60 mL, 0.027 mol), and similarly purified by
flash chromatography (pentane/ethyl acetate, 70:30) to give 2 as a colorless oil (1.03 g, 35%).
'H NMR (400 MHz, CDCls, 25 °C) § (ppm) 1.95 (s, 3H, CH2C(CH3)C(0)), 2.66 (dd, J =3, 5
Hz, 1H, OCH2CHCH20C(0)), 2.85 (t, J = 5, 1H, OCH2CHCH20C(0)), 3.24 (dg, J = 3, 6 Hz,
1H, OCH2CHCH20C(0)), 4.00 (dd, J = 6, 12 Hz, 1H, OCH2CHCH20C(0)), 4.47 (dd, J = 5,
12 Hz, 1H, OCH:CHCH:0C(O)), 5.60 (s, 1H, CH2C(CHs)C(0)), 6.15 (s, 1H,
CH2C(CH3)C(0)) (Figure S3). ¥*C{*H} NMR (125 MHz, CDCls, 25°C): & (ppm) 18.2
(CH2C(CH3)C(0)), 445 (OCH2CHCH20C(O)), 49.3 (OCH2CHCH20C(0)), 65.1
(OCH2CHCH20C(0)), 126.1 (CH2C(CH3)C(0)), 135.8 (CH2C(CHs)C(O)), 166.9
(CH2C(CH2)C(0)) (Figure S4). HRMS (ESI) (m/z): C:HxO:Na [M+Na]*, calcd 165.0528;
found 165.0527.

Bis(oxiran-2-ylmethyl) fumarate (3). Compound 3 was synthesized following the same
procedure as described for 1 using glycidol (2.44 g, 33 mmol), EtsN (8.5 mL, 33 mmol),
CH2Cl2 (140 mL), and fumaroyl chloride (1.69 mL, 15 mmol). After 4 h of reaction at room
temperature, the reaction mixture was filtered. The filtrate was washed with brine (2 x 30
mL), dried and concentrated. The recovered residue was purified by flash chromatography
(pentane/ethyl acetate 100:0 to 0:100). Compound 3 was isolated as a colorless oil (0.85 g,
25%). 'H NMR (400 MHz, CDCls, 25°C): & (ppm) 2.68 (dd, J = 3, 5 Hz, 2H,
OCH2CHCH20C(0)), 2.88 (t, J = 4 Hz, 2H, OCH2CHCH20C(0)), 3.26 (dq, J = 3, 7 Hz, 2H,
OCH2CHCH20C(0)), 4.05 (ddd, J = 2, 6, 12 Hz, 2H, OCH2CHCH20C(0)), 4.54 (dd, J = 3,
12 Hz, 2H, OCH2CHCH20C(0)), 6.90 (s, 2H, CHC(0)) (Figure S15). *C{*H} NMR (100
MHz, CDCls, 25°C): 8 (ppm) = 44.7 (OCH2CHCH20C(0)), 49.1 (OCH2CHCH20C(0)),
66.0 (OCH2CHCH20C(0)), 132.1 (CHC(O)), 164.8 (OCH2CHCH20C(O)) (Figure S16).

HRMS (ESI) (m/z): CiH:.0sNa [M+Na]", calcd 251.0532; found 251.0533.
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Bis(oxiran-2-ylmethyl) (E)-hex-3-enedioate (5). A three neck flask (100 mL), equipped with
a condenser and a magnetic bar, was charged with (E)-hex-3-enedioic acid (2.00 g, 14 mmol)
and SOCI2 (4.02 mL, 56 mmol). The resulting suspension was heated to 75 °C and stirred
over 6 h. Gasses formed during the reaction were trapped with NEts. The resulting clear
solution was cooled to room temperature and excess of SOCIl2 was eliminated under vacuum.
The thus recovered (E)-hex-3-enedioyl chloride (2.53 g, 14 mmol) was used directly in the
next step for the synthesis of 5, following the same procedure as described for 3 using
distilled glycidol (2.60 g, 35 mmol), EtsN (7.6 mL, 56 mmol) and CH2Clz> (130 mL). The
recovered residue was purified by flash chromatography (pentane/ethyl acetate 90:10 to
0:100) to give 5 as a colorless oil (0.60 g, 17%). *H NMR (400 MHz, CDCls, 25 °C): § (ppm)
2.64 (dd, J =2, 5 Hz, 2H, OCH2CHCH20C(0)), 2.84 (t, J = 5 Hz, 2H, OCH2CHCH20C(0)),
3.14 (m, 4H, CHCH2C(0)0), 3.20 (ddd, J = 3, 4, 7 Hz, 2H, OCH2CHCH20C(0)), 3.92 (ddd,
J=2,6,12 Hz, 2H, OCH2CHCH20C(0)), 4.42 (dd, J = 5, 12 Hz, 2H, OCH.CHCH20C(0)),
5.71 (tt, J = 2, 4 Hz, 2H, CHCH2C(0)O) (Figure S17). ¥C{*H} NMR (100 MHz, CDCls,
25°C): & (ppm) 37.6 (CHCH2C(O)O), 44.7 (OCH2CHCH20C(0)), 49.3
(OCH2CHCH20C(0)), 65.3 (OCH2CHCH:0C(0)), 125.9 (CHCH2C(0)0), 171.2
(CHCH2C(0)O) (Figure S18). HRMS (ESI) (m/z): C..HiOsNa [M+Na]*, calcd 279.0845;
found 279.0841.

CTAs 1, 2, 3, and 5 were stable in air at room temperature over at least 24 months.

General procedure for ROMP/CM of COE. All polymerizations were performed according
to the following typical procedure (Table 2, entry 3). The only differences lie in the nature of
the solvent, CTA and its initial concentration ([CTA]o), and in the presence of an additive in
some cases. Under argon atmosphere, a Schlenk flask equipped with a magnetic stir bar, was
charged sequentially with CH2Cl2 (5.0 mL), COE (1.53 mL, 1.29 g, 11.7 mmol) and CTA 3

(27 mg, 0.12 mmol). The concentration of starting reagents (COE + CTA) was maintained at
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1.8 mol.L™1. The resulting solution was placed at 40 °C and the polymerization was started
upon addition of a fresh CH2Cl2 solution (2.0 mL) of G2 (5.0 mg, 5.9 umol). The reaction
mixture turned highly viscous within 2 min. The viscosity then slowly decreased over the
following 10 min. After the desired reaction time (typically 24 h), volatiles (solvent and
ethylene) were removed under vacuum. The polymer was recovered upon precipitation in
methanol (50 mL) (thereby allowing removal of the catalyst), filtration and drying at 25 °C
under vacuum. All polymers were recovered as white powders, readily soluble in chloroform
and THF, and insoluble in methanol (Tables 1-2). The isolated polymers were characterized
by 'H, BC{*H} NMR, SEC, MALDI-ToF mass spectrometry and DSC analyses (Figures
S9-S12, 1-3, S34).

General procedure for the chemical modification of PCOE epoxide chain-end groups
into cyclodithiocarbonate ones. The reaction was carried out according to a modified
literature procedure,® upon optimization of the initial stoichiometry, i.e. using PCOE-GA: (1
equiv.; GA = glycidyl alkenoate), LiBr (2 equiv.) and CSz (2.2 equiv.) (refer to the Supporting
Information, Figures S30-34).

Synthesis of NIPUs from bis(cyclodithiocarbonate) telechelic PCOE. All syntheses of
NIPUs were performed according to the following typical procedure. A Schlenk flask
equipped with a magnetic stir bar was charged sequentially with CH2Cl2 (1.0 mL), PCOE-
DTC2 (0.130 g, 0.87 mmol (DTC).g!, 0.113 mmol DTC, as determined by H NMR
spectroscopy using benzene as internal standard), and a polyether diamine (JEFFAMINE
EDR-148) (8 mg, 13.0 mmol (NH2).g™!; taking into account the primary amine content
(mmol.g™1), 0.104 mmol NHz), and hydroxyethyl acrylate (13 mg, 8.6 mmol (C=C).g%). The
resulting solution was stirred at 23 °C. The solution progressively turned slightly off white
and precipitation of an off white solid was gradually observed over the reaction course. After

the desired reaction time (typically 24 h; not optimized), the polymer was recovered upon
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complete precipitation in methanol (50 mL), filtration and drying at 25 °C under vacuum. All
polymers were isolated as off white powders. The polymers, insoluble in common organic
solvents (CHCIs, THF, CH2Cl2, DMF), were characterized by FTIR, TGA and DSC analyses

(Figures 6, S35).

13



Results and Discussion

The ROMP/CM of cyclooctene (COE) catalyzed by Grubbs’ second generation
catalyst (G2), in the presence of several epoxide- and DTC-based CTAs, including both
monofunctional (five-membered cyclodithiocarbonate acrylate (DTC-Ac), oxiran-2-ylmethyl
acrylate (1), oxiran-2-ylmethyl methacrylate (2)), or difunctional (bis(oxiran-2-ylmethyl)
fumarate (3), bis(oxiran-2-ylmethyl) maleate (4), bis(oxiran-2-ylmethyl) (E)-hex-3-enedioate
(5), and (2)-1,4-bis(oxiran-2-ylmethoxy)but-2-ene (6)) CTAs, has been investigated towards
the synthesis of o,w-diepoxide and -bis(cyclodithiocarbonate) telechelic PCOEs (Schemes 3,
S1-S4), the latter ultimately serving as precursors towards NIPUs (Schemes 4-5).
Synthesis of CTAs 1, 2, 3, 5. CTAs 1, 2, 3, and 5 were synthesized from the reaction of
glycidol and acryloyl chloride, methacryloyl chloride, fumaroyl chloride or (E)-hex-3-
enedioyl chloride, respectively, in the presence of triethylamine in CH2Cl2 (ca. 17-85% yield,
Figures S3—-S4, S13-S18).
Attempted direct synthesis of cyclodithiocarbonate difunctionalized PCOE. The
ROMP/CM of COE mediated by G2 in the presence of cyclodithiocarbonate acrylate (DTC-
Ac) was attempted in THF and CH2Cl2 at 40 °C for 2 h with [COE]o/[DTC-Ac]o/[G2]o =
1000:10:1 or 2000:20 or 80:1 (Scheme S1). However, whereas all COE was consumed, the
PCOEs recovered did not feature any detectable alkenoate dithiocarbonate end-group; only
linear non-functional PCOE (LNF) and possibly CNF was recovered, as evidenced by NMR
(Figure S19). The same polymerization, carried out in the presence of an additional CTA
known to be efficient in the ROMP of COE under similar conditions, namely the
corresponding five-membered cyclocarbonate acrylate (5CC-Ac),2>® proceeded with full
monomer consumption and gave the mono-(5CC-Ac) functional PCOE (Table S1, entry 2).
The absence of DTC end-groups likely indicates partial deactivation of the ruthenium catalyst

(most likely by C=S moieties)®’ after the fast ROMP stage, and the inability to perform the
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CM step with DTC-Ac (vide infra),®® while it could proceed to some extent with 5CC-AC.
Given the difficulties in using a DTC-based CTA in the direct ROMP/CM of COE to prepare
the corresponding bisDTC telechelic PCOE (PCOE-DTC2) and subsequently the
corresponding NIPU, we then undertook the synthesis of first diepoxide end-capped PCOEs,
prior to their post-polymerization dithiocarbonatation.

Epoxide functionalized PCOEs.

Mechanistic considerations. Depending on the functionality of the epoxide-based CTAs, a
range of various epoxide or vinyl end-functionalized PCOEs may thus be prepared (Schemes
3, S2-S4). Indeed, asymmetric CTAs are well-known to give a statistical distribution of end-
capped polymers during ROMP, including linear (isomerized) and/or cyclic non-functional
(LNF, ILNF CNF), (isomerized) a-monofunctional (IMF, MF) and/or o,o-difunctional (DF)
PCOEs (Schemes S2-S3).58%° On the other hand, symmetrical alkene CTAs such as bis-
epoxide CTAS 3-6 enable the selective formation of o,w-difunctional (DF) PCOE possibly
along with cyclic polymers (CNF; Schemes 3, S4). The functionality of PCOEs is thus

essentially imparted by the nature of the CTA as well as by operating conditions.

15



N/_\N
Mes~ “Mes
oI
Cl I'DCy?',Dh
G2
- FG
O e
solvent, n/x
40°C, 24 h
COE x CTA
/ (CNF)
FG  FG n-1/x
O 0) )
>\ O O
W/\O)J\/\H/O\/A OUO
(@] O :O

4
(@] (@]

0 3 )
%Owo/w |>_\O_\=/_O/_<|
5

6

Scheme 3. Tandem ROMP/CM/RCM of COE catalyzed by Grubbs’ second generation
catalyst G2 in the presence of a difunctional epoxide alkene CTA 3, 4, 5, or 6, showing the
possible polymers (FG: glycidyl functional group; DF: a,w-difunctional, CNF: cyclic non-

functional).

Monoepoxide functionalized PCOEs: synthesis and characterization. The polymerization of
COE mediated by G2 in the presence of glycidyl acrylate 1 and glycidyl methacrylate 2 as
CTAs (Scheme S2) was performed to assess any possible selectivity difference in the
functionality of the formed PCOEs (Table 1). In our previous related works, NMR and
MALDI-ToF MS analyses showed that the non-functionalized polymers (CNF, LNF and
ILNF) were always formed in minor amounts (< 15%), if any, as compared to the
functionalized polymers (MF, IMF, and DF).%®%® Therefore, only MF, IMF and DF were

considered to be formed in significant amounts in the present process.

16



Table 1. ROMP/CM of COE catalyzed by G2 using CTA 1 or 2, and BZQ in CH2Cl2 and

THF at 40 °C for 24 h.2
MF® IMF® DF® M theo © Mn R @ Mn sec ®

Entry CTA Solvent [COE]W/[1]o/[G2]o [BZQ]Jo (mol%) (molo6) (mol%)  (g.mol ) (@mol ™) (@.mol )

1 1 THF 1000:20:1 0 0 100 0 5700 5000 12 300

2 1 THF 1000:100:1 0 1 99 0 1200 1500 6700

3 1 THF 2000:20:1 0 1 99 0 11 100 11400 26 300

4 1 CH.CI, 1000:20:1 0 0 100 0 5700 5900 13 400

5 1 CHCl; 1000:50:1 50 90 10 0 2400 2800 7200

6 1 CH.CI, 1000:50:1 100 100 0 0 2300 1900 6900

7 2 CHCl, 1000:50:1 0 0 0 0 110000 - -

8 2 CHCl; 2000:50:1 0 0 0 0 220000 f - -

2 General conditions: Catalyst = 5.9 umol, [COE + CTA], = 1.8 mol.L™%; COE and CTA conversion observed by *H NMR analysis = 100% for
100% and 0% for 2, respectively. ® Relative molar ratio as determined by 'H NMR analysis of MF = a-functionalized PCOE; IMF = a-fun
isomerized PCOE; DF = a,w-difunctional PCOE (Scheme S2). ¢ Theoretical molar mass value calculated from Mo = {DF% x ([CC
COHV.COE)X Mcoe / (1/2 [CTA]O X COﬂV.CTA)} + {(MF% + |MF%) X ([COE]O x Conv. cog X MCOE) / ([CTA]() X COHV.CTA)}‘l' Mcta With Mcoe
g.mol?, Mcra1 = 128 g.mol?, Mcraz = 142 g.mol™, on the basis of the formation of only MF, IMF and DF without taking into account any LNF
and ILNF. ¢ Experimental molar mass value determined by 'H NMR analysis (refer to the Experimental Se
¢ Number-average molar mass (M sec) and dispersity (Bm = Mw/Mp) values determined by SEC vs polystyrene standards (uncorrected M, vall
THF at 30 °C. f Theoretical molar mass value calculated from My e = [COE]o / [G2]o X CoONV.coe X Mcoe With Mcoe =110 g.mol2, on the basis
formation of only LNF and CNF PCOE.

In the presence of CTA 1, both the monomer and the CTA were completely consumed,
as evidenced by *H NMR analyses (Figures S9, S11, S13). Similarly to CHzClz, THF was
found to promote the undesired ISOM; the isomerized monofunctional PCOE (IMF) was then
basically the only polymer recovered (Table 1, entries 1-4; Figures S20-S21). This
detrimental isomerization was also observed during the ROMP/CM/RCM of COE catalyzed
by G2 in the presence of an unsymmetrical trimethoxysilyl acrylate CTA.%%° The
experimental molar mass values of the polymers prepared from G2/CTA 1, regardless of the
solvent, as determined by 'H NMR spectroscopy (Mnnmr), generally varied inversely
proportionally with the amount of initial CTA 1 loading, thus suggesting an effective chain-
transfer process (Table 1). SEC analysis of the polymer samples gave molar mass values
(Mnsec) in fair agreement with both the expected molar mass values (Mnteo) and the

experimental ones as determined by NMR (Mnnmr), While displaying a single symmetrical
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peak (Bm = ca. 1.5; Figure S22). The 'H and *C{*H} NMR spectra of an IMF PCOE
prepared from [COE]o/[1]o/[G2]o = 1000:20:1 in THF (Table 1, entry 1) are illustrated in
Figures S9 and S10, respectively. The *H NMR spectrum evidenced, along with the signals of
the hydrogens of the repeating unit (H*, H?, H3; in red), the presence of the isomerized C=C
terminal bond (H*®, HS; in green), and glycidyl o,B-unsaturated carboxylate chain-end (H?,
Hf HY He, HS, H2 HP, H", H" in black) (Figure S9). Correspondingly, the C{*H} NMR
spectrum confirmed the presence of glycidyl o,p-unsaturated carboxylate end-group in IMF
(HY, Hf, He, HS, H°, H? H%": in black) (Figure S10). Also, the distinctive *C{*H} NMR
signals of the terminal methyl group (C®vans, C8s: in green; always displaying the same
integration ratio (ca. 2:1), consistent with a set of trans/cis isomers), and its adjacent
methylene hydrogens (C* C®; in green) characteristic of the propenyl-end-functionalized
polymers IMF, were observed (Figure S10). Remarkably, upon addition of 1,4-benzoquinone
(BZQ), a hydrogen acceptor known to successfully impede undesirable isomerization process
in various olefin metathesis reactions,®°%747>7 q-glycidyl,w-vinyl telechelic (MF) PCOE
could be isolated selectively (Table 1, entry 6). Indeed, the characteristic signal of IMF (H®) is
no longer observed, while the typical signal of a-glycidyl acrylate,»-vinyl PCOE, namely
(besides H-H') the methine HY, Hf, and H8, and methylene H’ hydrogens, then display the
relative integration values 1:1:1:2, respectively, supporting the monofunctionalization of
PCOE. Correspondingly, the **C signals of the C® cis/trans isomers disappeared, whereas the
characteristic resonance of the terminal methylene carbon atom C’ showed up at & 110.1 ppm
(Figures S11-S12).

On the other hand, when using glycidyl methacrylate (CTA 2) in CH2Clz, 'H NMR
analysis of the recovered sample showed the presence of only non-functional PCOEs, as the

characteristic methylene hydrogen signals of an o,p-unsaturated carboxylate chain-end (5 7.1,

5.8 ppm CH2CH=CHCOOQ) were not observed (Figure S23) (Table 1, entries 7-8). This
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indicates that CM did not take place during this polymerization. Control experiments carried
out using a 1:1 mixture of 1 and 2 as CTAs gave a full COE conversion and consumption of
1, whereas 2 remained unreacted (Table S2). The PCOEs thus formed only displayed a
glycidyl o,B-unsaturated carboxylate and a vinyl chain-ends. Since CTA 2 did not inhibit
these latter polymerizations, this suggests that the observed inactivity of the G2/2 catalytic
system did not arise from possible residual impurities which could deactivate G2, but rather
from the intrinsic inefficiency of 2 in promoting the ROMP/CM of COE (Table 1, entries
7-8).%

Diepoxide functionalized PCOEs: synthesis and characterization. The polymerization of
COE mediated by G2 was investigated in the presence of a difunctional glycidyl CTA (3-6),
at 40 °C for 24 h in CH2Cl2 (Scheme 3). All polymerizations proceeded with full monomer
consumption and selectively afforded DF and possibly CNF PCOEs. The most significant

results are gathered in Table 2.

Table 2. ROMP/CM of COE catalyzed by G2 using CTAs 3—6 in CH2Cl2 at 40 °C for 24 h.

Entry CTA [COE]J/[CTA]/[G2]o? cCTAb Mgneo® Mz Misec® g
Y [COEL 1/[G2]o ?(% (g.mol™) (g.mol) (g.moly) ™
1 3 1000:20:1 30 19600 29000 34700 1.5
2 3 1000:100:1 85 1300 2200 9400 1.4
3 3 2000:20:1 37 30100 32400 49150 1.7
4 3 2000:50:1 26 17200 15500 23300 1.9
5 3 2000:90:1 45 5700 7600 10600 15
6 3 2000:200:1 9 12500 12200 23600 1.5
7 4 1 000:40:1 27 10500 21900 37100 1.4
8 4 1 000:100:1 80 1600 1500 4700 1.5
9 4 2 000:20:1 78 11000 11600 18400 1.2
10 4 2 000:50:1 80 5600 5700 7500 1.6
11 4 2 000:50:1 100 4600 4700 8200 1.4
12 4 2 000:100:1 68 3500 3900 9400 1.4
13 4 3800:380:1 100 1300 1700 4300 1.5
14 4 5 000:500:1 33 3600 5000 7400 1.6
15 4 8 000:800:1 100 1300 1700 7200 1.5
16 4 10 000:1000:1 95 1400 3000 8100 1.4
17 5 1000:40:1 10 27800 26400 29000 1.5
18 5 1000:100:1 22 5300 5200 7800 1.4
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19 5 2000:50:1 20 22 300 27 000 27 200 1.6
20 5 2000:100:1 10 22 300 25 200 29 400 1.5
21 6 2000:20:1 62 18 000 26 600 31200 1.4
22 6 2000:50:1 70 6300 6300 8400 1.6
23 6 2000:100:1 57 4100 4100 8200 1.5

a General conditions: Catalyst = 5.9 umol, [COE + CTA], maintained at 1.8 mol.L™*, COE conversion
determined by 'H NMR analysis = 100% (refer to the Experimental Section). ® CTA conversion
determined by *H NMR analysis (refer to the Experimental Section). ¢ Theoretical molar mass value
calculated from Mn,theo = {MCOE X ([COE]O X COHV.COE) / ([CTA]O X COﬂV.CTA)} + Mcta with Mcoe= 110
g.mol, Mctaz = McTas = 228 g.mol™?, Mcras = 256 g.mol~, Mcras = 200 g.mol™, on the basis of the
formation of only DF (i.e. without taking into account any NF, LNF, CNF, and ILNF). ¢ Experimental
molar mass value determined by H NMR analysis (refer to the Experimental Section). ¢ Number-
average molar mass (Mnsec) and dispersity (Bm = Mw/M,) values determined by SEC vs polystyrene
standards (uncorrected M, values) in THF at 30 °C.

While the polymerization of COE using the fumarate CTA 3 afforded only DF and
possibly CNF PCOEs as evidenced from NMR analyses (Figures S24—S25), the consumption
of 3 remained low (< ca. 40%), regardless of the [COE]o/[3]o feed ratio (Table 2, entries 1-6).
Assuming that the analogous CTA featuring a Z configuration may facilitate its interaction
with G2, as a result of the better accessibility of the C=C bond,”” the ROMP/CM of COE was
then comparatively investigated using the maleate CTA 4 (Table 2, entries 7—16). Monitoring
the molar mass of the crude polymer sample as determined by NMR analysis, for a reaction
carried out with CTA 4 and [COE]o/[CTA]o/[G2]o = 2000:50:1, first revealed the sharp
increase of Mnnmr Within the first 10 min, in line with the visual increase of the viscosity of
the reaction medium (Figure 1). The consecutive Mnnwmr decrease, larger in the case of 4 vs 3,
is correlated to the CTA conversion (up to 80% with 4, vs 34% with 3), and thus to the better
efficiency of the CM with 4. Also, the molar mass of the polymers as determined by NMR
(Mnnmr) fairly matched the calculated value (Mntheo) and decreased proportionally to the
increasing amount of initial CTA loading, thus evidencing an efficient chain-transfer process
(Table 2). The SEC traces showed only one symmetrical peak (Bm = ca 1.65 Figure S26),

suggesting that DF, and CNF if any, had a similar molar mass.
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Figure 1. Monitoring of the molar mass determined by NMR over time of a polymer sample
prepared by the ROMP/CM of COE in the presence of G2/CTA 3 or 4, with

[COE]/[CTA]o/[G2]o = 2000:50:1, in CH2Cl2 at room temperature (Table 2, entries 4, 10).

'H and *C{*H} NMR analyses of a PCOE prepared from G2/CTA 4 evidenced the
sole formation of DF and possibly CNF (Figures 2, S27). Indeed, the main chain olefinic
hydrogens (H'-H3, C'-C®) were clearly observed along with the signals typical of the
glycidyl o,p-unsaturated carboxylate (H3-H', C*-C") end-groups (vide supra). The
characteristic signals of LNF, MF (allyl methylene terminus, dcH2 5.15, 4.90 ppm) and their
isomerized analogues ILNF and IMF (methyl group of the propenyl end-moiety, & 1.64 ppm)
were not observed. MALDI-ToF MS analyses were performed using a DCTB matrix and a
silver salt as cationizing agent so as to assess the presence of both DF and CNF PCOEs
(Figure 3). The mass spectra showed a major population of PCOE with a repeating unit of 110

g.mol-! end-capped with two glycidyl o,B-unsaturated carboxylate moieties, i.e. DF PCOE,
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With e.g. m/Z experimental = 1988.2 g.mol™! vs m/z simulated = 1988.6 g.mol~* for n = 15. This was
unequivocally supported by the close match of the simulated isotopic distribution of the DF
PCOE with e.g. m/zsimulated = 1988.6 g.mol~! for n = 15. A second minor population was
attributed to the CNF PCOE with e.g. m/Z experimental = 1981.4 g.mol~! for m = 17 vs m/z simulated
= 1980.8 g.mol~*. The typical isomerization pattern previously observed with sets of signals
separated by m/z = 14 g.mol-! around each peak of DF corresponding to a given degree of
polymerization (i.e. each n value),>® was clearly not observed in the spectra of the present

polymers, thereby evidencing the absence of isomerized COE units.
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Figure 2. 'H NMR spectrum (500 MHz, CDCls, 25 °C) of the polymer sample prepared by

ROMP/CM of COE in the presence of G2/CTA 4 showing DF and possibly CNF PCOEs

(Table 2, entry 15) (* stands for residual solvent (acetone 6 2.10 ppm), water (5 1.55 ppm)).
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Given the difference in the efficiency of CTAs 3-4 in the ROMP/CM of PCOE
resulting from the E vs Z configuration, respectively, with the less sterically encumbered
double bond of the alkene CTA 4 providing more efficient chain-transfer, we next evaluated
CTAs 5-6, structurally related to 3—4.”® The effect of the distance between the double bond
and the functional group within a CTA, studied for hydroxy, carboxylic, ester, ether, nitrile
and halide functions, revealed no general trend in literature reports.’®8%8! Experimentally, in
our case, the CM efficiency based on the CTA conversion was in the order 4 > 6 >> 3 >> 5,
with CTAs with a Z configuration being more effective than those with an E configuration
(similarly to 4 vs 3, vide supra), regardless of the presence of methylene group in-between the
C=C double bond and the glycidyl o,B-unsaturated carboxylate/ether moiety, as previously
reported®® (Table 2). The polymerization of COE mediated by G2 in the presence of CTA 5 or

6 similarly afforded the corresponding DF and possibly CNF PCOEs end-capped by the
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CTA’s functional group, as evidenced by H and *C{*H} NMR analyses (Figures S28—29).%
Note that the ROMP of cyclooctadiene (COD) mediated by the catalyst
[(PCy3)2Cl.Ru=CHPh)]/CTA 5 with [COD]o/[5]o/[catalyst]o = 4000:50-267:1, at 45 °C in 48
h, similarly afforded the diepoxide telechelic polybutenylene.*

Chemical modification of diepoxide telechelic PCOE into bis(cyclodithiocarbonate)
telechelic PCOE. Since the PCOE-DTC: could not be directly synthesized by the
polymerization of COE in the presence of DTA-Ac (vide supra), the post-polymerization
chemical modification of the diepoxide PCOE (PCOE-GA:) into PCOE-DTC: was then
performed. The reaction with CS2 proceeded at 40 °C for 17 h in quantitative yield upon
optimizing the quantity of LiBr to a stoichiometric amount (an excess led to the formation of
unidentified side-products) and lowering the CS2 excess to 1.1 equiv. (instead of the original
1.8 equiv.;® Scheme 4, Table S3). This is, to our knowledge, the first example of
cyclo(di)thiocarbonate end-functionalized PCOE. The reaction proceeded without alteration

of the molar mass (Mnnmr, Table 3).

O

(@)
(@) (0]
|>\/ \[(*/\/\/\/*)J\OM
o} PCOE-GA, n
CS, (1.1 equiv.)* LiBr (1.0 equiv)*
l * per GA moiety
S THF, 40°C, 17 h

PCOE-DTC, s

Scheme 4. Chemical modification of diepoxide telechelic PCOE (PCOE-GA:2) into

bis(cyclodithiocarbonate) telechelic PCOE (PCOE-DTC>).
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Table 3. Macromolecular characteristics of PCOE-GA2, PCOE-DTC:2 synthesized upon
dithiocarbonatation reaction of PCOE-GA2, and of the resulting poly(mercaptothiourethane)

NIPU synthesized upon aminolysis of PCOE-DTC: with JEFFAMINE EDR-148.

PCOE-GA> PCOE-DTC; NIPU

Entry I\/ln,NMRa Mn,secb DMb Tg Tm Tc I\/ln,NMRa Mn,secb DM b TgC Tmc ch TgC Tmc
(g.mol") (g.mol™) (°C) (°C) (6 (g.mol")  (g.mol™) Q) (6 (6 (© (9

1 2200 4400 14 no. 60 46 2300 4800 1.6 n.o. 57 45 no. 51

2 4500 7200 15 no. 60 45 4500 7300 1.5 n.o. 56 46 n.o. 50

3 6500 19000 15 no. 57 45 6500 19500 1.3 n.o. 56 43 no. 51
4 7600 20300 14 no. 59 46 7700 20400 1.3 n.o. 57 44 no. 49

a Experimental molar mass value determined by *H NMR analysis (refer to the Experimental Section). ® Number-average molar mass (Mn sk
dispersity (Bm = Mw/M,) values determined by SEC vs polystyrene standards (uncorrected M, values) in THF at 30 °C. ¢ Thermal transition temper
measured by DSC (second heating scan). n.o. not observed.

'H NMR monitoring of the dithiocarbonatation reaction showed, besides the main
chain olefinic hydrogens (H*, H?, H3; in red), the disappearance of the GA end-groups (vide
supra with 1) concomitantly to the appearance of the characteristic DTC signals (H*— H'; in
black) (Figure S30), up to the quantitative formation of the o,w-bisDTC telechelic PCOE
(Figure 4). Correspondingly, *C{*H} NMR spectroscopy confirmed the presence of the DTC
termini on the PCOE backbone (C?*~C"'; in black) (Figure S31). FTIR analysis of the PCOE-
DTC2 sample showed the DTC characteristic vc=s (1192 cm™), vc=0 (1726 cm™) (Figure
S32). Furthermore, MALDI-ToF MS analyses performed using a DCTB matrix and a sodium
or silver salt as cationizing agent, evidenced the presence of DF PCOE-DTC: and CNF
PCOE, respectively (Figure 5a and b). The mass spectra showed two major populations of
PCOE with a repeating unit of 110 g.mol* corresponding to COE. As unequivocally
supported by the close match of the simulated isotopic distributions, one population is end-
capped with two DTC moieties, i.e. DF PCOE, with e.g. m/zexperimentat = 1283.8 g.mol vs
M/Zsimulated = 1283.8 g.mol~* for n = 8 (Figure 5a), and the other one corresponds to the CNF

PCOE with e.g. M/Z experimental = 1210.2 g.mol-* for m = 10 vs m/z simulated = 1210.0 g.mol%, and
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With e.g. m/z experimental = 1337.8 g.mol~* for p = 11 vS M/z simulated = 1338.1 g.mol-* (Figure 5b).
Finally, DSC analyses of PCOE-DTC: samples revealed a thermal behavior similar to that of
PCOE-GA: precursors, with a melting and a crystallization temperatures at Tm = +56 °C and

Tc =445 °C, respectively (Table 3) (Figures S33—-S34).
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Figure 4. *H NMR spectrum (500 MHz, CDCls, 25 °C) of a PCOE-DTC: sample prepared by

reaction of PCOE-GA:2 with CSz in the presence of LiBr (Table S3, entry 5).
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Aminolysis of bis(cyclodithiocarbonate) telechelic PCOE into NIPU. The stoichiometric
aminolysis of PCOE-DTC: with a polyether diamine (JEFFAMINE EDR-148) was
investigated towards the formation of poly(mercaptothiourethane)s as NIPUs. Ethyl acrylate,
known to favor the thiol/acrylate Michael reaction,®? was used as an additive to prevent the
formation of disulfide bridges, so as to provide a priori linear polymer samples (Scheme 5).
The ring-opening of PCOE DTC chain-ends was quantitative at room temperature over 24 h,

as evidenced by the decreasing intensity of the vc=sptc) concomitant with the increasing

intensity of ve-nguipu).8 The formed NIPU materials were unexpectedly recovered as insoluble
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solids, thus precluding NMR and SEC analyses (and the subsequent evaluation of the molar
mass values). Considering the implemented stoichiometric polyaddition towards the
formation of the NIPU, a linear polymer was anticipated (Scheme 5). However, the
insolubility of the produced polymers most likely hints crosslinked, final structures. Several
origins may be envisioned for such crosslinking: i) possible presence of small amounts of
triamines or higher functionality polyamines in the commercial grade of JEFFAMINE EDR-
148 used; ii) formation of small amounts of disulfide bridges despite the use of thiol-
acceptors; iii) possible crosslinking via thiol-ene reaction involving C=C bonds of the polyene
backbone. A control click reaction of a linear PCOE-DTC2 with an excess of 2-
mercaptoethanol, performed under the same conditions as those used for the NIPUs synthesis
(CH2CI2, 23 °C, 24 h), showed the stability of the polyolefin backbone, thus ruling out this
latter scenario. The latter NIPUs were thus characterized by FTIR spectroscopy, DSC and
TGA analyses (Figures 6, S35, S36; Table 3). FTIR analyses showed the absence of the
ve=soTe) (1193 cm™1), along with the apparition of the distinctive vn-n (3385 cm™?) and ven
(1539 cm™?) (Figure 6).1°2%21 These results thus support the complete conversion of PCOEs-
DTC: into the corresponding NIPUs. DSC analyses showed the semi-crystallinity of the
poly(mercaptothiourethane)s NIPUs, alike PCOE-DTC. and PCOE-GA: (Table 3, Figure
S35). The NIPU materials did not display a Tq while both their Tm = ca. 51 °C and T. = ca.
32 °C were significantly lower than those of PCOE-GA2 and PCOE-DTC2 (Tm > 56 °C, Tc =
30-46 °C). TGA analyses revealed that PCOE-NIPU remained stable up to ca. 400 °C while
the onset of the degradation temperature of PCOE-DTC:2 was observed at ca. 310 °C. A lower
degradation temperature of the PCOE-DTC: (T«>® = temperature at which 50% of mass loss
occurs = 437 °C) precursor was observed as compared to that of the resulting NIPU which
displayed a slightly better temperature stability (T¢>®® = 451 °C) (Figure S36). Both

copolymers were fully degraded (96—98%) at ca. 480-487 °C. Polythiourethanes reported in
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literature are very scarce and feature different soft segments, making the comparison of
thermal characteristics delicate.%>828485 Thermal properties of known polythiourethanes
generally revealed Tg values (—29 °C—+57 °C) without any melting or crystallization
temperatures being mentioned. The reported thermal stability of these materials was also
lower (T¢®® < ca. 370 °C) than that of the PCOE-NIPU reported in the present work. The
thermal behavior of the PCOE-NIPU thus revealed these materials promising for industrial

applications.®®
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Scheme 5. Aminolysis of bis(cyclodithiocarbonate) telechelic PCOE (PCOE-DTC>) into the

corresponding poly(mercaptothiourethane) NIPU.
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Figure 6. FTIR spectrum of a polymer sample (black trace) prepared by reaction of PCOE-

DTC: (green trace) with JEFFAMINE EDR-148 in the presence of ethyl acrylate at 23 °C for

24 h in CH2Cl2 (Table 3, entry 3).
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Conclusion

Telechelic PCOEs have been successfully synthesized by tandem ROMP/CM of COE
using Grubbs’ 2"%-generation catalyst in the presence of various epoxide functionalized CTAs.
The monofunctional epoxide CTA 1 selectively gave the isomerized o-epoxy-wm,propenyl
monofunctionalized PCOE (IMF), but the use of 1,4-benzoquinone as additive allowed
inhibiting completely the isomerization process, thus selectively affording o-glycidyl
alkenoate,w-vinyl telechelic PCOE (MF). The methacrylate CTA 2 related to 1 only afforded
non-functionalized PCOE. As anticipated, the difunctional epoxide CTAs 3-6 selectively
afforded the corresponding a,w-diepoxide telechelic PCOEs (DF), and possibly CNF, through
a proposed tandem one-pot CM/ROMP/RCM mechanism. Z-configurated CTAS were more
effective than the E analogues (4 > 6 >> 3 >> 5). Subsequent cyclodithiocarbonatation of the
o, o-diepoxide telechelic PCOE (PCOE-GA:2) from CS2/LiBr quantitatively provided the first
example of cyclo(di)thiocarbonate end-functionalized PCOE, PCOE-DTC2. Although, CS2 is
a rather toxic compound, it is yet used herein as an intermediate reagent (fully consumed
under stoichiometric conditions) in the preparation of safe cyclodithiocyclocarbonate end-
capped NIPU pre-polymers. CSz has also otherwise been used as a resource towards
functional polymers.&

Finally, aminolysis of the PCOE-DTC. with JEFFAMINE EDR-148 quantitatively
afforded the desired poly(mercaptothiourethane)s as NIPUs. To our knowledge, NIPUs were
thus prepared in high vyield, for the first time from the room temperature reaction of a
dithiocarbonate a,m-end-capped prepolymer with a diamine and without any added catalyst.
Being able to prepare NIPUs from a room temperature reaction is a significant achievement in
comparison to the prior approach through the opening of the five-membered carbonates which
required heating at typically 50-80 °C.8122".28 Also noteworthy, the aminolysis was, in the

present work, carried out without any catalyst, another major improvement. Indeed, to our
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knowledge, a five-membered carbonate ring was reported to be successfully ring-opened at
room temperature, yet in the presence of triazabicyclodecene guanidine (TBD) or LiOTf as
catalyst/additive.®” These solid NIPUs and their forthcoming liquid congeners to be published
in due time, are envisaged as valuable synthons for adhesive, mastic or surface coating

industrial applications.®

Acknowledgements
Financial support of this research by the ANR, project CYRRENAS (Ph.D. grant to E.V.) is

gratefully acknowledged.
Electronic supplementary information (ESI) available: Complementary synthetic
procedures and macromolecular data, *H and *C{*H} NMR and FTIR spectra, DSC traces of

CTAs and polymers. (PDF)

Notes

The authors declare no competing financial interest.

Graphical Abstract

N/_\N
Mes~ Mes
=N ClI" 1" Ph
n + X R R PCys W
?)_/O O\_<? Metathesis o
COE CTA PCOE
Chemical .
modification | ©5% B
S
Hy
By "\, s s
0" °N YO o /&
) s S
HS Polyaddition
NIPU

32



References

10

11

12

13

14

Engels, H.-W.; Pirkl, H.-G.; Albers, R.; Albach, R. W.; Krause, J.; Hoffmann, A,
Casselmann, H.; Dormish, J. Polyurethanes: versatile materials and sustainable problem
solvers for today's challenges. Angew. Chem., Int. Ed. 2013, 52, 9422-9441.

P. Krol, Synthesis methods, chemical structures and phase structures of linear
polyurethanes. Properties and applications of linear polyurethanes in polyurethane
elastomers, copolymers and ionomers. Prog. Mater. Sci. 2007, 52, 915-1015.

M. Szycher, In Handbook of polyurethanes, CRC Press, Boca Raton, FL, 1999.

Guan, J.; Song, Y.; Lin, Y.; Yin, X.; Zuo, M.; Zhao, Y.; Tao, X.; Zheng, Q. Progress in
Study of Non-Isocyanate Polyurethane. Ind. Eng. Chem. Res. 2011, 50, 6517-6527.
Huybrechts, J.; Bruylants, P.; Vaes, A.; De Marre, A. Surfactant-free emulsions for
waterborne, two-component polyurethane coatings. Prog. Org. Coat. 2000, 38, 67— 77.
The polyurethane book, Randall, D.; Lee Eds. S., Wiley, NewYork, 2002.

N. Adams et al., Polyurethanes, Ullman’s Encyclopedia of Industrial Chem., Tth ed.,
Wiley-VCH, Weinheim, 2005, pp. 546-604.

Delebecq, E.; Pascault, J.-P.; Boutevin, B.; Ganachaud, F. On the Versatility of
Urethane/Urea Bonds: Reversibility, Blocked Isocyanate, and Non-isocyanate
Polyurethane. Chem. Rev. 2013, 113, 80-118.

Avar, G.; Meier-Westhues, U.; Casselmann, H.; Achten D. in Polymer Science: A
Comprehensive Reference, Vol. 10 (Eds.: K. Matyjaszewski, M. Mgller), Elsevier BV,
Amsterdam, 2012, pp. 411-441.

Rokicki, G.; Parzuchowski, P. G.; Masurek, M. Polym. Non-isocyanate polyurethanes:
synthesis, properties, and applications. Adv. Technol. 2015, 26, 707-761.

Blattmann, H.; Fleischer, M.; B&hr, M.; Miilhaupt, R. Isocyanate- and Phosgene-Free
Routes to Polyfunctional Cyclic Carbonates and Green Polyurethanes by Fixation of
Carbon Dioxide. Macromol. Rapid Commun. 2014, 35, 1238-1254.

Maisonneuve, L.; Lamarzelle, O.; Rix, E.; Grau, E.; Cramail, H. Isocyanate-Free Routes to
Polyurethanes and Poly(hydroxy Urethane)s. Chem. Rev. 2015, 115, 12407—12439.
Kathalewar, M. S.; Joshi, P. B.; Sabnis, A. S.; Malshe, V. C. Non-isocyanate
polyurethanes: from chemistry to applications. RSC Adv. 2013, 3, 4110—4129.

Nohra, B.; Candy, L.; Blanco, J.-F.; Guerin, C.; Raoul, Y.; Mouloungui, Z. From
Petrochemical Polyurethanes to Biobased Polyhydroxyurethanes. Macromolecules 2013,
46, 3771-3792.

33



15

16

17

18

19

20

21

22

23

24

25

26

Kreye, O.; Mutlu, H.; Meier, M. A. R. Sustainable routes to polyurethane precursors.
Green Chem. 2013, 15, 1431-1455.

Figovsky, O.; Shapovalov, L.; Leykin, A.; Birukova, O.; Potashnikova, R. Sci.
Nonisocyanate polyurethanes based on cyclic carbonates and nanostructured composites.
Isr.-Technol. Advantages 2012, 14, 95-106.

Pfister, D. P.; Xia, Y.; Larock, R. C. Recent Advances in Vegetable Oil-Based
Polyurethanes. ChemSusChem. 2011, 4, 703-717.

C. Hahn, H. Keul, M. Moller, Hydroxyl-functional polyurethanes and polyesters:
synthesis, properties and potential biomedical application. Polym. Int. 2012, 61, 1048—
1060.

Tomita, H.; Sanda F.; Endo, T. Reactivity comparison of five- and six-membered cyclic
carbonates with amines: basic evaluation for synthesis of poly(hydroxyurethane). J. Polym.
Sci., Part A: Polym. Chem. 2000, 39, 162-168.

Tomita, H.; Sanda F.; Endo, T. Polyaddition behavior of bis(five- and six-membered cyclic
carbonate)s with diamine. J. Polym. Sci., Part A: Polym. Chem. 2001, 39, 860-867.
Tomita, H.; Sanda F.; Endo, T. Polyaddition of bis(seven-membered cyclic carbonate) with
diamines: a novel and efficient synthetic method for polyhydroxyurethanes. J. Polym. Sci.,
Part A: Polym. Chem. 2001, 39, 4091-4100.

Maisonneuve, L.; More, A. S.; Foltran, S.; Alfos, C.; Robert, F.; Landais, Y.; Tassaing, T.;
Grau, E.; Cramail, H. Novel green fatty acid-based bis-cyclic carbonates for the synthesis
of isocyanate-free poly(hydroxyurethane amide)s. RSC Adv. 2014, 4, 25795 25803.

Yuen, A.; Bossion, A.; Gomez-Bengoa, E.; Ruipérez, F.; Isik, M.; Hedrick, J. L.;
Mecerreyes, D.; Yang, Y. Y.; Sardon, H. Room temperature synthesis of non-isocyanate
polyurethanes (NIPUSs) using highly reactive N-substituted 8-membered cyclic carbonates.
Polym. Chem., 2016, 7, 2105-2111.

He, Y.; Goel, V.; Keul, H.; Moller, M. Synthesis, Characterization, and Selectivity of
Bifunctional Couplers. Macromol. Chem. Phys. 2010, 211, 2366-2381.

Tasaki, H.; Toshima, K.; Matsumura, S. Enzymatic synthesis and polymerization of cyclic
trimethylene carbonate monomer with/without methyl substituent. Macromol. Biosci.
2003, 3, 436-441.

Figovsky, O. L.; Shapovalov, L. D. Features of reaction amino-cyclocarbonate for
production of new type nonisocyanate polyurethane coatings. Macromol. Symp. 2002, 187,
325-332.

34



27

28

29

30

31

32

33

34

35

36

Helou, M.; Carpentier, J.-F.; Guillaume, S. M. Poly(carbonate-urethane): an isocyanate-
free procedure from a,w-di(cyclic carbonate) telechelic poly(trimethylene carbonate)s.
Green Chem. 2011, 13, 266-271.

Annunziata, L.; Diallo, A. K.; Fouquay, S.; Michaud, G.; Simon, F.; Brusson, J.-M.;
Carpentier, J.-F.; Guillaume, S. M. a,®-Di(glycerol carbonate) telechelic polyesters and
polyolefins as precursors to polyhydroxyurethanes: an isocyanate-free approach. Green
Chem. 2014, 16, 1947-1956.

Annunziata, L.; S.; Michaud, G.; Simon, F.; Guillaume, S. M.; Carpentier, J.-F. Mono- and
di-cyclocarbonate telechelic polyolefins synthesized from ROMP using glycerol carbonate
derivatives as chain-transfer agents. Polym. Chem. 2013, 4, 1313-1316.

Diallo, A. K.; Annunziata, L.; S Fouquay, S.; Michaud, G.; Simon, F.; Brusson, J.-M.;
Guillaume, S. M.; Carpentier, J.-F. Ring-opening metathesis polymerization of cyclooctene
derivatives with chain transfer agents derived from glycerol carbonate. Polym. Chem.
2014, 5, 2583-2591.

Chung, T. C.; Chasmawala, M. Synthesis of telechelic 1,4-polybutadiene by metathesis
reactions and borane monomers. Macromolecules 1992, 25, 5137-5144.

S. Ji, T. R. Hoye and C. W. Macosko, Controlled Synthesis of High Molecular Weight
Telechelic Polybutadienes by Ring-Opening Metathesis Polymerization. Macromolecules
2004, 37, 5485-5489.

Hillmyer, M. A.; Grubbs, R. H. Preparation of hydroxytelechelic poly(butadiene) via ring-
opening metathesis polymerization employing a well-defined metathesis catalyst.
Macromolecules 1993, 26, 872-874.

Benedicto, A. D.; Claverie, J. P.; Grubbs, R. H. Molecular Weight Distribution of Living
Polymerization Involving Chain-Transfer Agents: Computational Results, Analytical
Solutions, and Experimental Investigations Using Ring-Opening Metathesis
Polymerization. Macromolecules, 1995, 28, 500-511.

Hillmyer, M. A.; Grubbs, R. H. Chain Transfer in the Ring-Opening Metathesis
Polymerization of Cyclooctadiene Using Discrete Metal Alkylidenes. Macromolecules
1995, 28, 8662-8667.

Hillmyer, M. A.; Nguyen, S. T.; Grubbs, R. H. Utility of a Ruthenium Metathesis Catalyst
for the Preparation of End-Functionalized Polybutadiene. Macromolecules 1997, 30, 718—
721.

35



37

38

39

40

41

42

43

44

45

46

47

Fraser, C.; Hillmyer, M. A.; Gutierrez, E.; Grubbs, R. H. Degradable Cyclooctadiene
/Acetal Copolymers: Versatile Precursors to 1,4-Hydroxytelechelic Polybutadiene and
Hydroxytelechelic Polyethylene. Macromolecules, 1995, 28, 7256-7261.

Morita, T.; Maughon, B. R.; Bielawski, C. W.; Grubbs, R. H. A Ring-Opening Metathesis
Polymerization (ROMP) Approach to Carboxyl- and Amino-Terminated Telechelic
Poly(butadiene)s. Macromolecules 2000, 33, 6621-6623.

Maughon, B. R.; Morita, T.; Bielawski, C. W.; Grubbs, R. H. Synthesis of Crosslinkable
Telechelic Poly(butenylene)s Derived from Ring-Opening Metathesis Polymerization.
Macromolecules 2000, 33, 1929-1935.

Bielawski, C. W.; Scherman, O. A.; Grubbs, R. H. Highly efficient syntheses of acetoxy-
and hydroxy-terminated telechelic poly(butadiene)s using ruthenium catalysts containing
N-heterocyclic ligands. Polymer 2001, 42, 4939-4945.

Bielawski, C. W.; Benitez, D.; Morita, T.; Grubbs, R. H. Synthesis of End-Functionalized
Poly(norbornene)s via Ring-Opening Metathesis Polymerization. Macromolecules 2001,
34, 8610-8618.

Hilf, S.; Berger-Nicoletti, E.; Grubbs, R. H.; Kilbinger, A. F. M. Monofunctional
metathesis polymers via sacrificial diblock copolymers. Angew. Chem. Int. Ed. 2006, 45,
8045-8048.

Hilf, S.; Grubbs, R. H.; Kilbinger, A. F. M. Sacrificial Synthesis of Hydroxy-
Functionalized ROMP Polymers: An Efficiency Study. Macromolecules 2008, 41, 6006—
6011.

Matson, B. J.; Scott, C. V.; Grubbs, R. H. Pulsed-Addition Ring-Opening Metathesis
Polymerization: Catalyst-Economical Syntheses of Homopolymers and Block Copolymers.
J. Am. Chem. Soc., 2009, 131, 3355-3362.

Thomas, M. R.; Grubbs, R. H. Synthesis of Telechelic Polyisoprene via Ring-Opening
Metathesis Polymerization in the Presence of Chain Transfer Agent. Macromolecules
2010, 43, 3705-3709.

Matson, J. B.; Grubbs, R. H. Monotelechelic Poly(oxa)norbornenes by Ring-Opening
Metathesis  Polymerization using Direct End-Capping and Cross-Metathesis.
Macromolecules 2010, 43, 213-221.

Scherman, O. A.; Rutenberg, I. M.; Grubbs, R. H. Direct Synthesis of Soluble, End-
Functionalized Polyenes and Polyacetylene Block Copolymers. J. Am. Chem. Soc. 2003,
125, 8515-8522.

36



48

49

50

51

52

53

54

55

56

57

58

59

Xia, Y.; Verduzco, R.; Grubbs, R. H. Well-Defined Liquid Crystal Gels from Telechelic
Polymers. J. Am. Chem. Soc. 2008, 130, 1735-1740.

Pitet, L. M.; Hillmyer, M. Combining Ring-Opening Metathesis Polymerization and Cyclic
Ester Ring-Opening Polymerization To Form ABA Triblock Copolymers from 1,5-
Cyclooctadiene and D,L-Lactide. Macromolecules 2009, 42, 3674-3680.

Theryo, G.; Jing, F.; Pitet, L. M.; Hillmyer, M. Tough Polylactide Graft Copolymers.
Macromolecules 2010, 43, 7394-7397.

Pitet, L. M.; Chamberlain, M. M.; Hauser, A. W.; Hillmyer, M. Synthesis of Linear, H-
Shaped, and Arachnearm Block Copolymers By Tandem Ring-Opening Polymerizations.
Macromolecules 2010, 43, 8018-8025.

Pitet, L. M.; Amendt, M. A.; Hillmyer, M. Nanoporous Linear Polyethylene from a Block
Polymer Precursor. J. Am. Chem. Soc. 2010, 132, 8230-8231.

Pitet, L. M.; Hillmyer, M. Carboxy-Telechelic Polyolefins by ROMP Using Maleic Acid
as a Chain Transfer Agent. Macromolecules 2011, 44, 2378-2381.

Martinez, H.; Hillmyer, M. Carboxy-Telechelic Polyolefins in Cross-Linked Elastomers.
Macromolecules 2014, 47, 479-485.

Amendt, M. A.; Pitet, L. M.; Moench, S.; Hillmyer, M. Reactive triblock polymers from
tandem ring-opening polymerization for nanostructured vinyl thermosets. Polym. Chem.
2012, 3, 1827-1837.

Martinez, H.; Ren, N.; Matta, M. E.; Hillmyer, M. Reactive triblock polymers from tandem
ring-opening polymerization for nanostructured vinyl thermosets. Polym. Chem. 2014, 5,
3507-3532.

Wang, Y.; Hillmyer, M. Hydroxy-telechelic poly(ethylene-co-isobutylene) as a soft
segment for thermoplastic polyurethanes. Polym. Chem. 2015, 6, 6806—-6811.

Diallo, A. K.; Michel, X.; Fouquay, S.; Michaud, G.; Simon, F.; Brusson, J.-M.;
Carpentier, J.-F.; Guillaume, S. M.; a-Trialkoxysilyl Functionalized Polycyclooctenes
Synthesized by Chain-Transfer Ring-Opening Metathesis Polymerization. Macromolecules
2015, 48, 7453-7465.

Michel, X.; Fouquay, S.; Michaud, G.; Simon, F.; Brusson, J.-M.; Carpentier, J.-F.;
Guillaume, S. M. a,m-Bis(trialkoxysilyl) difunctionalized polycyclooctenes from
ruthenium-catalyzed chain-transfer ring-opening metathesis polymerization. Polym. Chem.
2016, 7, 4810-4823.

37



60

61

62

63

64

65

66

67

68

69

70

71

Tomita, H.; Sanda, F.; Endo, T. Polyaddition of Bis(cyclic thiocarbonate) with Diamines.
Novel Efficient Synthetic Method of Polyhydroxythiourethanes. Macromolecules 2001,
34, 727-733.

Ochiai, B.; Endo, T. Carbon dioxide and carbon disulfide as resources for functional
polymers. Prog. Polym. Sci. 2005, 30, 183-215.

Moriguchi, T.; Endo, T. Polyaddition of Bifunctional Dithiocarbonates Derived from
Epoxides and Carbon Disulfide. Synthesis of Novel Poly(thiourethanes). Macromolecules
1995, 28, 5386-5387.

Motokucho, S.; Itagaki, Y.; Sudo, A.; Endo, T. Synthesis of a novel cyclic 5-membered
dithiocarbonate (DTC) having hydroxy group and its application to terminal
functionalization of polyurethane. J. Polym. Sci. A: Polym. Chem. 2005, 43, 3711-3717.
Horikiri, M.; Sudo, A.; Endo, T. Acceleration effect of five-membered cyclic
dithiocarbonate on an epoxy-amine curing system. J. Polym. Sci.: Part A: Polym. Chem.
2007, 45, 4606-4611.

Zhang, Y.; Sudo, A.; Endo, T. Syntheses of bisphenol-type oligomers having five-
membered dithiocarbonate groups at the terminals and their application as accelerators to
epoxy-amine curing system. J. Polym. Sci. A: Polym. Chem. 2008, 46, 1907-1912.

Ochiai, B.; Kato, Y.; Endo, T. One-Pot Synthesis of Graft Copolymer by Combination of
Free Radical Polymerization and Polyaddition. Macromolecules 2009, 42, 8001-8002.
Delaude, L.; Demonceau, A.; Wouters, Assessing the Potential of Zwitterionic NHC-CS2
Adducts for Probing the Stereoelectronic Parameters of N-Heterocyclic Carbenes. J. Eur. J.
Inorg. Chem. 2009, 1882-1891.

Tamura, H.; Nakayama, A. Functional telechelic polymer synthesis via ADMET
polymerization. Pure and Appl. Chem., 2002, A39, 745-758.

Jayaraman, R. B.; Facinelli, J. V.; Riffle, J. S.; George, S. E. Epoxy and hydroxy
functional polyolefin macromonomers. J. Polym. Sci. A: Polym. Chem. 1996, 34, 1543-
1552.

Motokucho, S.; Itagaki, Y.; Sudo, A.; Endo, T. Synthesis of a novel cyclic 5-membered
dithiocarbonate (DTC) having hydroxy group and its application to terminal
functionalization of polyurethane. J. Polym. Sci.: Part A: Polym. Chem. 2005, 43, 3711-
3717.

Chen, W.; Yang, H.; Wang, R.; Cheng, R.; Meng, F.; Wei, W.; Zhong, Z. Versatile
Synthesis of Functional Biodegradable Polymers by Combining Ring-Opening

38



Polymerization and Postpolymerization Modification via Michael-Type Addition Reaction.
Macromolecules 2010, 43, 201-207.

2 He, Y.; Keul, H.; Moeller, M. Synthesis, characterization, and application of a bifunctional
coupler containing a five- and a six-membered ring carbonate. React. & Funct. Polym,
2011, 71, 175-186.

3 Rauleder, G.; Roxo, B.; Waldmann, H.; Bottenbruch, L.; Traenckner, H. J.; Gau, W. United
Stated Patent, 4,562,274, Bayer Aktiengesellschaft, 31 Dec 1985.

" Hong, S. H.; Sanders, D. P.; Lee, C. W.; Grubbs, R. H. Prevention of Undesirable
Isomerization during Olefin Metathesis. J. Am. Chem. Soc. 2005, 127, 17160-17161.

> Fokou, P. A.; Meier, M. A. R. Studying and Suppressing Olefin Isomerization Side
Reactions During ADMET Polymerizations. Macromol. Rapid Commun. 2001, 31,
368-373.

® Djigoue, G. B.; Meier, M. A. R. Improving the selectivity for the synthesis of two
renewable platform chemicals via olefin metathesis. Appl. Catal. A Gen. 2009, 368,
158-162.

" Ulman, M.; Grubbs, R. H. Relative Reaction Rates of Olefin Substrates with
Ruthenium(11) Carbene Metathesis Initiators. Organometallics 1998, 17, 2484—2489.

8 The Z-configurated CTA 5 analogue featuring an additional methylene group on both sides
of the C=C double bond was not synthesized, given the non-commercial availability of (Z)-
hex-3-enedioic acid and the poor reactivity of E-configurated CTA 5.

" Hillmyer, M. A.; Grubbs, R. H.; Chain Transfer in the Ring-Opening Metathesis
Polymerization of Cyclooctadiene Using Discrete Metal Alkylidenes. Macromolecules,
1995, 28, 8662—-8667.

8 Cramail, H.; Fontanille, M.; Soum, A. Functional oligomers of norbornene. Part 1.
Oligomerization by ring-opening metathesis polymerization in the presence of unsaturated
diesters. J. Mol. Catal. 1991, 65, 193-203.

81 Reyx, D.; Campistron, I.; Heiling, P. Application of the metathesis reaction to the synthesis
of a,m-bifunctional prepolymers. Cometathesis between 1,5-cyclooctadiene and dimethyl
3-hexenedioate. Makromol. Chem. 1982, 183, 173-183.

8 V. Besse, G. Foyer, R. Auvergne, S. Caillol, B. Boutevin, Access to nonisocyanate
poly(thio)urethanes: A comparative study. J. Polym. Sci. A: Polym. Chem. 2013, 51,
3284-3296.

39



83

84

85

86

87

88

Note that reaction of the acrylate with the amine may also be envisioned. However, under
very similar conditions to those used in the present study, acrylates have been reported to
preferentially react with thiol rather than with amine functions.®? Also, FTIR analyses
support the absence of such an acrylate/amine reaction since the ven = 1220 cm™!
absorption (characteristic of the formation of the resulting secondary amine) was not
observed (Figure 6).

Inoue, Y.; Matsumoto, K.; T. Endo, T. Synthesis of thiourethanes and poly(thiourethane)s
bearing carboxylic groups by nucleophilic acylation using cyclic acid anhydrides; Polym.
Bull., 2016, 73, 1627-1637.

Inoue, Y.; Matsumoto, K.; T. Endo, T. Synthesis and Properties of Poly(thiourethane)s
Having Soft Oligoether Segments; J. Polym. Sci, A: Polym. Chem. 2015, 53, 1076-1081.
Endo, T.; Ochiai, B. Synthesis of polymers bearing five-membered cyclic carbonate
moieties. Prog. Polym. Sci., 2005, 30, 183-215.

Lombardo, V. M.; Dhulst, E. A.; Leitsch, Emily K.; Wilmot, N.; Heath, W. H.; Gies, A. P.;
Miller, M. D.; Torkelson, J. M.; Scheidt, K. A. Cooperative Catalysis of Cyclic Carbonate
Ring Opening: Application Towards Non-Isocyanate Polyurethane Materials. Eur. J. Org.
Chem. 2015, 13, 2791-2795.

Vanbiervliet, E.; Fouquay, S.; Michaud, G.; Simon, F.; Carpentier, J.-F.; Guillaume, S. M.
Fr. Pat. Appl. 15 54501 (20-05-2015), to Bostik SA, Université de Rennes 1, CNRS.

40





