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ABSTRACT: We describe a protocol to synthesize alternating
telechelic ROMP copolymers of 7-oxa-norbornene derivatives
and cycloalkenes under catalytic conditions. These copolymers
were synthesized using Grubbs’ second-generation catalyst. The
sterically less hindered backbone double bonds of the resulting
alternating copolymers facilitate the chain transfer (secondary
metathesis) reactions. In the presence of symmetrical chain
transfer agents (CTA), alternating copolymers could be
synthesized catalytically. This procedure allows the synthesis
of telechelic polymers based on potentially functional 7-oxa-
norbornene derivatives under thermodynamic equilibrium
conditions. The molar mass of the alternating copolymer was
controlled by the monomer to CTA ratio. The end group of the
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copolymers synthesized in the catalytic manner was addressed by the CTA functionality, yielding telechelic copolymers in
excellent yields. 'H NMR spectroscopy, MALDI-ToF mass spectrometry, and SEC analysis confirmed the chemical identity of

the alternating telechelic copolymers with excellent control over the molar mass.

ell-defined catalysts that are often capable of being

handled in air based mainly on ruthenium and
molybdenum have been developed by Grubbs"” and Schrock.®
As these are often tolerant toward many functional groups
and,"™” additionally, available commercially, ring-opening
metathesis polymerization has become a popular polymer-
ization method for the synthesis of highly functional
polymers.*~ "

ROMP polymers have applications in many different areas,
for examlple, as active therapeutics'' or materials for photonic
crystals.”” Slugove and co-workers synthesized ROMP
polymers that can be used as separators in lithium-ion
batteries.”> ROMP polymers for fluorescence imaging of
cancer cells were reported by the Wu group.'* Recently,
Choi and co-workers prepared semiconducting nanoribbons
via metathesis polymerization."

In a classical living ROMP, the metal carbene complex acts
as an initiator, with each complex generating exactly one
polymer chain. As a result, stoichiometric catalyst loadings are
required with respect to the number of polymer chains
synthesized. Use of a stoichiometric amount of toxic and
expensive catalyst can render the process noneconomical and
environmentally unfriendly. This is the case if shorter polymer
chains are targeted for which a higher initiator-to-monomer
ratio is required. Furthermore, removal of metal contami-
nations from the polymer can be challenging. However,
numerous approaches have been reported to reduce the metal
contamination in metathesis polymers, either by scavenging,
chromatography, oxidation, chelation, use of solid supported
catalysts or via metal free conditions.'”>" All these methods

require either postpolymerization treatment with an excess of
reagents, synthesis of specialized solid supported catalysts, or
are restricted to certain monomers in the metal-free approach.
As a result, metal contamination is expected to be one of the
limitations of ROMP polymers in several applications.”*>*

Metathesis polymers can also be prepared using only
catalytic amounts of metal carbene complexes. In a catalytic
ROMP, each metal carbene complex is capable of producing
more than one polymer chain via repeated chain transfer to an
additive, the chain transfer reagent (CTA). Early examples for
the synthesis of ROMP polymers using catalytic amounts of
metal carbene complexes were reported by Hillmyer and
Grubbs.”™** More recently, the Guillaume group used this
approach to prepare polymers catalytically.””

Common to all these examples are monomers with sterically
unhindered double bonds, such as cyclooctadiene (COD) or
cyclooctene (COE), polymerized in the presence of a
symmetrical chain transfer agent (CTA), using catalytic
amounts of metal carbene complexes. The molar mass of the
polymers was controlled by the monomer to CTA ratio under
thermodynamic equilibrium conditions (D =~ 2). This
synthetic method, therefore, relies on backbiting or secondary
metathesis reactions, that is, chain transfer to the polymer (to
the unhindered double bonds) in order to reach a
thermodynamically equilibrated state. The functionality of



//doc.rero.ch

http

both end groups of these polymers is thus defined by the
functionality present in the CTA. This approach represents,
therefore, the most common method to prepare telechelic
polymers via ROMP.

Consequently, the synthesis of polymers not able to undergo
secondary metathesis reactions is, more difficult under catalytic
conditions. ROMP polymers synthesized from norbornene and
its derivatives are reluctant to undergo secondary metathesis
reactions and, hence, thermodynamic equilibration is slow and
sometimes impossible within the lifetime of the ruthenium
carbene catalyst employed. Bielawski et al. reported the
synthesis of telechelic poly(norbornene) and its derivatives
with catalytic amounts of ruthenium complex.’>*' Unfortu-
nately, only unsubstituted norbornenes give satisfactory yields
of telechelic polymers at elevated temperature. Matson et al.*”
reported the synthesis of catalytic telechelic ROMP polymers
using norbornene based monomers via pulsed addition. This
concept was exploited by us to synthesize homotelechelic
poly(norbornene) derivatives under noncatalytic conditions.””

Guillaume and co-workers recently reported telechelic
copolymers based on norbornene derivatives and cyclo-
alkanes.”* However, their focus was on material properties of
the telechelics, and unfortunately, molar mass control by
varying the monomer/CTA ratio could not be confirmed by
SEC. A kinetically controlled synthesis of heterotelechelic
poly(norbornene) derivatives was later reported by us.*” In
these polymers the chain length is controlled kinetically by the
ratio of the rate of ring opening (propagation) to the rate of
chain transfer to the CTA. In the case of highly strained
monomers such as norbornene derivatives, the rate of ring
opening is much higher than the rate of chain transfer to
acyclic CTAs. Thus, high CTA loadings are required to
increase the number of catalytic cycles. Unlike in the case of
thermodynamic equilibration, the molar mass of the polymer
synthesized does not equate to the monomer/CTA ratio in
these cases. Therefore, poor molar mass control is typically
observed under kinetic control. Reports for the synthesis of the
telechelic poly(norbornene) derivatives under thermodynamic
equilibration are scarce.

The controlled incorporation of norbornene derivatives into
telechelic polymers is, however, very desirable, as the
norbornene monomer scaffold allows straightforward func-
tional modifications and hence the potential to synthesize
main-chain functional telechelic polymers. In contrast, strained
cycloalkenes such as COD or COE are typically more difficult
to derivatize and functionalize. Copolymerization attempts
using norbornene derivatives and cycloaklenes in the presence
of CTAs are more likely to give kinetically controlled
telechelics and, hence, lack the desired molar mass control.>*

A solution to this problem can be found by using highly
alternating copolymers of norbornene derivatives and COE/
COD. Recently, the ROMP polymerization has been high-
lighted as an effective tool to synthesize alternating
copolymers.**™* There, alternating copolymers using stoi-
chiometric amounts of metal carbene complex were reported.
Here, we report the synthesis of catalytic telechelic alternating
ROMP copolymers employing 7-oxa-norbornene derivatives
and COE/COD at thermodynamic equilibrium.

Under elevated temperature, nonsubstituted poly-
(norbornene) undergoes secondary metathesis to attain
thermodynamic equilibrium (P = 2), whereas for norbornene
derivatives, thermodynamic equilibration is less feasible.”>’"
To understand the ease of the backbiting efliciency of the

metathesis catalysts toward polyoxanorbornene derivatives
(Figure. la), we synthesized monomers M1 and M2 and
chain transfer agents CTA1—3 (Scheme 1).
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Figure 1. Reactivity order of the double bond (indicated in red)
toward secondary metathesis follows a®° < b*° < ¢* < d*). *This
report, see Figure 2.

Recently, Coughlin and co-worker reported the synthesis of
alternating copolymers between 7-oxa-norbornene derivatives
and cycloalkenes using Grubbs’ first-generation
(RuCl,(=CHPh)(PCy;),) and second-generation
((tricyclohexylphosphine)(1,3-dimesitylimidazolidine-2-
ylidene)benzylideneruthenium dichloride, G2) catalysts.”" We
hypothesized that the backbone of such alternating copolymers
(Figure 1c,d) would have a higher tendency toward secondary
metathesis reactions compared to the homopolymer of 7-oxa-
norbornene derivatives (Figure 1a). To prove our hypothesis, a
control experiment was performed where monomer M1 and
COE were copolymerized with 0.05 mol % of G2 in
dichloromethane at room temperature for 12 h, followed by
the addition of 50 equiv of CTA1 and heating for 24 h at 40
°C. A polymer sample was taken before addition of CTA1 and
after 24 h of equilibration in the presence of CTAl. SEC
analysis revealed (see SI) that a drastic reduction in the molar
mass occurred after 24 h of equilibration (before addition of
CTAIL: M, = 60000 g mol ™}, D = 2; after 24 h of equilibration
in the presence of CTAL: M, = 18000 g mol™', D = 1.8). This
indicated that cross metathesis reactions between CTAIl and
the M1/COE copolymer had occurred.

As a proof of principle that the synthesis of the alternating
telechelic copolymers of 7-oxa-norbornene derivatives under
thermodynamic equilibration can be achieved, a set of
experiments was performed varying the monomer to CTA
ratio. Monomer M1 and COE were copolymerized in the
presence of CTA1 using G2 in dichloromethane for 36 h at 40
°C.

A linear relationship between M, (SEC, THF) and
monomer/CTALl ratio (polymers P1—4, see Table 1) was
observed (Figure 2a). Surprisingly, the linear extrapolation of
the data gave a positive intercept with the molar mass (M,)
axis, suggesting insufficient thermodynamic equilibration.
Nonetheless, the excellent linear fit showed that good control
over the molar mass of the synthesized copolymers was
obtained.

Next, we investigated the degree of alternation of the
synthesized polymers according to the reported method.*!
Even though 7-oxa-norbornene derivatives have a higher ring
strain than COE or COD, the latter propagate faster in ROMP.
Interestingly, the endo/exo mixture of 7-oxa-norbornene
derivatives and COE or COD react in an alternating fashion
at a higher rate of propaﬁation than either of the corresponding
homopolymerizations.*’ The alternating character of the
resulting copolymers was confirmed by 'H NMR analysis.
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Scheme 1. Generalized Synthesis of Catalytic Alternating Telechelic Polymers by Ring-Opening Metathesis Polymerization”
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“All the reactions were carried out at 40 °C for 36 h at 0.5 M monomer concentration. "H NMR spectroscopy revealed ca. 80% alternating diads for

all copolymers investigated (see Figure 2 and Supporting Information).

Table 1. Polymerization Results and SEC Data for Different
Polymers”

polymer M1/CTA/G2 M, (theo) M, (cal) b
P1 500:50:1 3000 4000 1.7°
P2 1000:50:1 6000 5800 1.8%
P3 1500:50:1 9100 7700 1.8°
P4 2000:50:1 12100 10500 2P
Ps 500:50:1 3000 4700 2.3¢
P8 500:50:1 3000 4300 1.7°
P9 1000:50:1 6000 7200 2P
P10 1500:50:1 9000 10400 2?
P11 2000:50:1 12000 14700 2P
P12 500:50:1 3000 4600 22°

“All reactions were carried out with G2 (4 mg, 0.0047 mmol) at 40
°C for 36 h (see Supporting Information for results using different
equilibration times). For entries P1—P4, the reactions were carried
out with CTA1 (93 mg, 0.24 mmol), monomer M1, and cyclooctene
(COE). Reaction at higher temperature™ (60 °C in 1,2-dichloro-
ethane) did not significantly improve equilibration efficiency (see
Supporting Information). For entry PS, the reaction was carried out
with CTA3 (68 mg, 0.24 mmol), monomer M1, and cyclooctene
(COE). For entries P8—11, the reactions were carried out with CTA1
(93 mg, 0.24 mmol), monomer M1, and cyclooctadiene (COD). For
entry P12, the reaction was carried out with CTA3 (68 mg, 0.24
mmol), monomer M1, and cyclooctadiene (COD). ®Measured by
THF SEC. CMeasured by CHCl; SEC. 'H NMR spectroscopy
revealed ca. 80% alternating diads for all copolymers shown (see
Supporting Information).

The 'H NMR signal in the olefinic region for the copolymer
was compared to the signal for the corresponding homopol-
ymers, for each of the different monomers (Figure. 2). This
showed a characteristic different set of signals, confirming the
alternating nature of the copolymers, as previously shown by
Coughlin and co-workers.*’ 'H NMR spectroscopic inves-
tigation of the copolymerization of M1, COE, and CTAl
indicated about 80% alternating diads (Figure 2b).
MALDI-ToF mass spectrometric analysis of polymer P1
(M1/CTA1/G2 = 500:50:1. M, g (THF) = 4000 g mol™, D
= 1.7) and a detailed '"H NMR spectroscopic analysis of
polymer PS (M1/CTA3/G2 = 500:50:1. M, szc (CHCL;) =
4700 g mol ™!, P = 2.3, see SI) proved the excellent degree of
end functionalization. We also investigated the molar mass
control of the alternating copolymer with CTA2 and CTA3

carrying protected alcohol and amine functional groups in
combinations with different comonomers (M1 and M2) and
COE (see Tables 1 and SI). Monomer M2 and COE were
polymerized with CTA2 (M2/CTA2/G2 = 1000:25:1),
yielding a telechelic polymer (P6) with TMS-protected alcohol
groups at both chain ends of the polymer (M, szc (CHCl;) =
14900 g mol™!, P = 1.7, see SI). Similarly, telechelic polymer
(P7) was synthesized using CTA2, monomer M1, and COE
(M1/CTA2/G2 = 2000:25:1. M, (CHCL;) = 23000 g
mol™, b = 1.9, see SI).

Polymers of cycloalkenes synthesized via ROMP are well-
known to achieve thermodynamic equilibrium because of easy
accessibility of the backbone double bonds toward secondary
metathesis reactions.*”*’ In contrast to such polymers, the
backbone double bonds of the alternating copolymers
synthesized using M1 and COE will be less sterically accessible
for the necessary chain transfer reaction (Figure 1c). We
believe the steric crowding around the backbone double bonds
diminishes the rate of backbiting in the alternating copolymers
P1-7, leading to insufficient thermodynamic equilibration
within the catalyst’s lifetime.

To increase the accessibility of the backbone for the catalyst
we next investigated cyclooctadiene (COD) instead of COE as
a comonomer to synthesize alternating copolymers with M1.
We hypothesized that the additional and sterically less
hindered double bond within each repeat unit of the
copolymer would facilitate the equilibrium process.

To verify our hypothesis, M1 and COD were copolymerized
with varying monomer to CTALI ratios. The plot of M, (SEC,
THF) versus monomer/CTA1 ratio (polymers P8—11, see
Table 1) represents a linear relationship. The linear fit passed
through the origin, indicating sufficient thermodynamic
equilibration, as expected (Figure 2c).

The presence of characteristic 'H NMR signals (6 = 5.4—
5.95 ppm) due to cross-propagation confirmed the partially
alternating nature of the copolymers (Figure 2d). Unlike the
alternating copolymers based on COE and norbornene
derivatives, the alternating copolymer based on COD provides
an additional symmetric double bond (§ = 5.30—5.45 ppm in
the 'H NMR spectrum, Figure 2d). Using the described
method,”" we estimated the amount of alternating diads of the
copolymer to be 80% (Figure 2d).

MALDI-ToF mass spectrometry was performed on polymer
P8 (M1/CTA1/G2 = 500:50:1, M,sc (THF) = 4300 g
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Figure 2. (a) Dependence of observed molar mass (SEC, see Table 1, entries 1—4) vs monomer (M1 + COE) to CTALl ratio. (b) '"H NMR
spectrum of alternating copolymer synthesized from M1 and COE. (c) Dependence of observed molar mass (SEC, see Table 1, entries 5—8) vs
monomer (M1 + COD) to CTAL ratio. (d) "H NMR spectrum of alternating copolymer synthesized from M1 and COD. Central 'H NMR spectra
in (b) and (d) olefinic signals from homopropagations: § = 5.30—5.4 ppm and & = 5.95—6.15 ppm, olefinic signals from cross-propagations: § =
5.4—5.95 ppm. N-Ethyl oxanorbornene homopolymer signal intensities in the range from 5.5—5.9 ppm were neglected for the determination of the

degree of alternation.

mol™!, D = 1.7, see SI) as the relatively low molar mass allowed
good isotopic mass resolution. The measurement confirmed
the presence of the assumed end groups. 'H NMR
spectroscopic end group analysis was carried out for polymer
P12 (M1/CTA3/G2 = 500:50:1, M, szc (CHCL;) = 4600 g
mol™!, P = 2.2, see SI), which allowed good resolution of the
end group signals due to its relatively low molar mass. In
combination with the excellent molar mass control shown in
Figure 2, we believe that a very good degree of telechelicity was
achieved by this method (see also SI).

The scope of the method using COD was further
investigated by synthesizing polymers P13 (M2/CTA2/G2 =
1000:25:1, M, ggc (CHCI;) = 11800 g mol ™", B = 1.9, see SI)
and P14 (MI/CTA2/G2 = 2000:25:1, M, e (CHCL) =
26650 g mol™!, B = 1.9, see SI) with CTA2. Both polymers
showed excellent control of the molar mass via the monomer/
CTA ratio.

In conclusion, we have successfully developed a method to
synthesize alternating telechelic polymers under catalytic
conditions. This method allows us to synthesize telechelic
poly oxanorbornene derivatives using thermodynamic equili-
bration. Allylic alcohol, amine, and bromo isobutyrate groups
were installed at both ends of the polymers in excellent yield.
'"H NMR spectroscopy, SEC, and MALDI-ToF mass
spectrometric analyses show a high degree of alternation, end
group functionalization, and good molar mass control. This
method provides an easy and eflicient approach for the
synthesis of main chain functional telechelic polymers. It is
unique in that it allows the incorporation of readily

functionalizable oxanorbornene derivatives into a telechelic
polymer prepared under thermodynamic equilibrium con-
ditions.

B EXPERIMENTAL SECTION: POLYMERIZATION
METHOD

An equimolar mixture of monomers (M1/M2 and COE/COD) was
transferred into a vial equipped with a stir bar under an argon
atmosphere. The required amount of CTA was added to the mixture
of monomers. Dry, degassed dichloromethane was added to the vial to
obtain a 1 M monomer solution. Separately, a stock solution of
catalyst G2 was prepared in dry, degassed dichloromethane and the
required amount (4 mg, 4.7 umol) of catalyst solution was added to
the above vial. The reaction mixture was heated for 36 h at 40 °C
under an argon atmosphere. The reactions were quenched with excess
ethyl vinyl ether and precipitated into cold methanol to obtain a
telechelic alternating polymer.
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