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Vinyl ether based macro-chain transfer agents (m-CTAs) are used to produce different di or tri-block
copolymers under catalytic living ROMP conditions. Polystyrene (PS) vinyl ether m-CTA and polycaprolac-
tone (PCL) or polylactide vinyl ether (PLA) m-CTAs are synthesized straightforwardly via ATRP and ROP
respectively. Regioselectivity as well as the high metathesis activity of these m-CTAs enabled us to syn-
thesise a range of metathesis-based A-B diblock copolymers with controlled dispersities (O < 1.4). In this
manner, PS-ROMP (here, ROMP refers to a poly(MNI-co-DHF) block), PCL-ROMP and PLA-ROMP were
synthesized using substoichiometric amounts of ruthenium complex in a living fashion. Also, a more
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complex PEG-PCL-ROMP tri-block terpolymer was obtained catalytically. All block copolymers were
characterized by SEC and DOSY NMR spectroscopy. We believe that this methodology of using macro-
chain transfer agents to prepare degradable ROMP polymers under catalytic living ROMP conditions will
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Introduction

Over the past decades, block copolymers (BCPs) have attracted
the interest of the polymer community because of their wide-
spread applications in numerous fields such as nanotechno-
logy, nanolithography, photonics, polymeric self-assembly,
controlled drug delivery, thermoplastic elastomers, adhesives,
and many others.' ® The most common synthetic strategies are
based on (i) sequential addition of monomers via a living
polymerization technique, (ii) coupling reactions between
different chain ends of polymers and (iii) polymerization from
macroinitiators.” ** Although many living polymerization tech-
niques are known that allow the preparation of multiblock
copolymers with controlled molecular weight and dispersity,
the same polymerization technique is used to create all blocks
of the copolymer in most cases.">'® A second approach
towards BCP synthesis includes the conjugation of suitably
end-functionalized polymeric chains with one another. But
this method heavily relies on post-polymerization modifi-
cations which are often difficult to achieve.'” An alternative
strategy for the synthesis of a wide range of functionalizable
BCPs is the macro-initiation technique. Macro-chain transfer
agents are mostly used in RAFT and ATRP polymerization
methods to yield BCPs in a straight forward approach.'®*®
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High functional group tolerance, mild reaction conditions,
precise control over molecular weight, dispersity and
monomer composition have made ring opening metathesis
polymerization (ROMP) one of the most efficient methods for
synthesizing a diverse range of block copolymers with appli-
cations in different areas.”*>> Numerous ROMP-based block
copolymers have been synthesized via sequential monomer
addition using ruthenium and molybdenum-based metathesis
initiators.”®*” However, in all these reports, stoichiometric
amounts of metal complexes are required with respect to the
number of polymer chains formed. This often results in high
levels of ruthenium contamination in the synthesized block
copolymers hindering potential applications in life sciences.
Only few monomers can be polymerized via ROMP using sym-
metrical chain transfer agents (CTA) in a thermodynamically
driven catalytic process.’®*?° These homotelechelic polymers
can further be employed to produce A-B-A type block copoly-
mers via orthogonal polymerization techniques such as RAFT
or ATRP. However, there, the ROMP part (B) shows a broad dis-
persity for mechanistic reasons. Furthermore, the synthesis of
diblock (A-B) copolymers cannot be achieved by this
method.?**! The Boydston group has also demonstrated bidir-
ectional polymer growth in organocatalyzed ROMP in their
recent study.*>** Moreover, our group has recently reported a
catalytic living ROMP method exploiting a degenerative revers-
ible chain transfer mechanism.** One of the limitations of this
process is that only ROMP-ROMP di or tri-block copolymers
can be prepared catalytically via this methodology. A very
recent report describes the synthesis of PEG/PLA-ROMP
(A-B type) block copolymers using monosubstituted 1,3-diene
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derivatives as macro-chain transfer agents. However, as this
method relies on a kinetically controlled chain transfer mecha-
nism, the synthesized BCPs show broad dispersities.>* A cata-
lytic living polymerization technique capable of synthesizing
A-B or A-B-C type block co- and terpolymers via ROMP in
combination with other polymerization methods would be a
valuable addition to the polymer chemists’ synthetic toolbox.
Herein, we report the synthesis of di or tri — block copoly-
mers such as polystyrene (PS)-ROMP, polycaprolactone (PCL)-
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Fig. 1 Structures of the catalyst, monomers, and macro-chain transfer
agents used in this report.
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ROMP, polylactide (PLA)-ROMP and polyethylene glycol (PEG)-
polycaprolactone (PCL)-ROMP using either PS, PCL, PLA or
PEG-PCL vinyl ether-terminated macro chain transfer agents
(m-CTAs) under catalytic living ROMP conditions. As the
ROMP block of these copolymers is prepared via copolymeriz-
ing 2,3-dihydrofuran (DHF) with norbornene derivatives, it can
be easily degraded by addition of dilute HCI (due to the pres-
ence of acid-labile vinyl ethers) making them more environ-
mentally sustainable.*®

Recently our group has reported a strategy for the one-pot
synthesis of living and degradable ROMP polymers by copoly-
merizing 2,3-dihydrofuran (DHF) with several norbornene
derivatives using vinyl ethers as chain transfer agents under
catalytic living ROMP conditions.?” In that report, the ultrafast
and regioselective metathesis activity of vinyl ethers*®*° was
also exploited to synthesize a PEG-ROMP diblock copolymer
using a PEG-based macro chain transfer agent. Herein, we
have expanded this strategy to synthesize different A-B and
A-B-C type block co- and terpolymers with good control over
molecular weight and dispersity using catalytic amounts of
Grubbs’ ruthenium complexes.

Results and discussion

To begin with, a polystyrene (PS) vinyl ether macro-chain trans-
fer agent m-CTA1 (M,,, sgc (CHCl;) = 3.12 kDa, b = 1.16, ESI,
Fig. S11 and Fig. 1) was synthesized via ATRP using the CuBr/
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(A) Proposed mechanism of catalytic living ROMP for the syntheses of different block copolymers using vinyl ethers as macro-chain transfer

agents. (B) Mechanism of catalytic living ROMP illustrating reversible degenerative exchange between Fischer-carbene end groups.
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PMDETA catalyst system.*” Next, a one pot copolymerization of
M1 and DHF was performed using m-CTA1 and G2 in a ratio
of G2 : m-CTA1: M1 : DHF =1:10: 600 : 1200.%” (ESI, Table S1,}
entry 1) A SEC measurement of the precipitated copolymer
(P1) indicated good control over molecular weight in agree-
ment with a degree of polymerization determined by the
M1:m-CTA1 ratio as well as dispersity (M,spc (CHCl3) =
16.89 kDa, D = 1.33, My (theo) = 16.43 kDa, Fig. 3A). The
absence of any m-CTA1 signal in the SEC elugram as well as a
single diffusing species in DOSY NMR spectroscopy (Fig. 3B)
revealed the successful synthesis of the di-block copolymer. As
discussed in the previous report,>” norborneneimide deriva-
tives are slow to be ring-opened by the propagating Ru Fischer-
carbene. This allows for a rapid regioselective exchange
between the propagating Fischer-carbene and the vinyl ether
of m-CTA1 under these conditions. Once all m-CTA1 has been
transferred to the polymer chain ends, the degenerative, revers-
ible and regioselective Fischer-carbene exchange between the
end groups occurs faster than monomer propagation giving
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the macroscopic impression of all chains growing at the same
time. This quasi-simultaneous growth of all chains leads to a
straightforward synthesis of block copolymers with controlled
molecular weight (determined by the monomer/m-CTA ratio)
and narrow molecular weight distributions in one pot®”
(Fig. 2A and B).

Next, a series of PS-ROMP diblock copolymers (P2-P5) were
synthesized by varying the M1:m-CTAl ratio. All polymers
were characterized by SEC and DOSY NMR spectroscopy. (ESI,
Table S1,} entries 2-5, Fig. S2-S5 and S14-S17%). A linear cor-
relation between molecular weight and the M1 : m-CTAL1 ratio
was observed as expected for a living copolymerization
(Fig. 3C).

After that, monomer M2 and DHF were also copolymerized
in an analogous manner using m-CTA1 to yield polymer P6
(M, sec (CHCL;) = 9.31 kDa, P = 1.31, ESI, Table S1,} entry 6,
Fig. S6 and S187).

Since these di-block copolymers contain an acid labile
backbone functionality,’”*" treatment of P5 with dilute HCI
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(A) SEC (CHCls) traces of the m-CTA1 (blue) and the diblock copolymer P1 (red) (B) DOSY NMR spectra (400 MHz, CDCls) of P1 (C) Plot of

the number average molecular weight (M,, sec (CHCls) and molecular weight dispersity (D) versus the [M1]/[m-CTA1] ratio showing a linear corre-
lation. The ratios reported in brackets (z) denote the [G2]/[m-CTA1] ratio. (D) SEC (CHCls) traces of the m-CTA1 (blue), the diblock copolymer P4

(red) and the triblock terpolymer P7 (green).
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resulted in the degradation of the ROMP block whereas the
polystyrene block did not degrade under these conditions (ESI,
Fig. S121).

Next, a tri-block terpolymer was synthesized via reinitiating
polymer P4 with a catalytic amount of G2 and adding a
mixture of monomer M2 and DHF. The synthesis of this
PS-ROMP-ROMP tri-block terpolymer (P7) (M,sgc (CHCL;) =
33.47 kDa, P = 1.39) is a significant proof of the proposed
mechanism (Fig. 3D).

After that, to show the versatility of this method, different
macro-chain transfer agents were synthesized. Ring opening
polymerization (ROP) was employed to synthesize bio-
degradable polycaprolactone (PCL) m-CTA2 (M, sec (CHCL;) =
2.21 kDa, P = 1.22) and polylactide (PLA) m-CTA3 (M, skc
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(DMF) = 1.93 kDa, P = 1.18) based macro-chain transfer
agents.”** A one pot copolymerization of M1 and DHF using
m-CTA2 yielded the polymers P8 (M, sgc (CHCl;) = 14.81 kDa,
D =1.34) and P9 (M, spc (CHCL3) = 11.36 kDa, D = 1.30) respect-
ively (ESI, Table S2t). A single diffusing species in
the DOSY NMR spectrum as well as a clear shift in the SEC
elugram compared to the PCL macro-chain transfer agent
(m-CTA2) confirmed the successful PCL-ROMP di-block
copolymer formation (Fig. 4A and B). In a similar way, M1 and
DHF were copolymerized using the PLA-based macro-CTA
m-CTA3 and G2 with the ratio of G2:m-CTA3:M1:DHF =
1:50:2000:4000 to obtain a low dispersity di-block
copolymer P10 (M, sec (DMF) = 21.86 kDa, b = 1.32, (Fig. 4C
and D).
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(A) SEC (CHCl5) traces of the m-CTA2 (blue) and the diblock copolymer P8 (red) (B) DOSY NMR spectra (400 MHz, CDCls) of P8 (C) SEC

(DMF) traces of the m-CTA3 (blue) and the diblock copolymer P10 (red) (D) DOSY NMR spectra (400 MHz, CDClz) of P10.
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Next, we focused our attention on synthesizing a more
complex A-B-C type triblock terpolymer. To achieve this, the
PEG-PCL based macro-CTA m-CTA4 was synthesized via ROP
using the Sn(Oct), catalyst system (M, sec (DMF) = 4.16 kDa,
P = 1.23).** m-CTA4 was employed for the catalytic living co-
polymerization of M1 and DHF to obtain P11 (M, sgc (DMF) =
27.68 kDa, D = 1.35). SEC analysis showed a complete dis-
appearance of the m-CTA4 signal along with a significant
increase in the molecular weight of the final tri-block terpoly-
mer. Additionally, DOSY NMR spectroscopy supported the suc-
cessful synthesis of the PEG-PCL-ROMP tri-block terpolymer
(Fig. 5A and B).

Conclusions

In conclusion, we have successfully developed a straight-
forward strategy for the synthesis of A-B or A-B-C type block
co- and terpolymers catalytically (using up to 80 times less Ru
complex than in a classical metathesis polymerization) exploit-
ing the regioselectivity and high metathesis activity of vinyl
ethers as macro-chain transfer agents. Polystyrene, polycapro-
lactone and polylactide based macro -CTAs (m-CTA1-3) were
employed in the syntheses of PS-ROMP, PCL-ROMP,
PLA-ROMP di-block copolymers under catalytic living ROMP
conditions. A poly ethylene glycol-polycaprolactone based
diblock macro-CTA (m-CTA4) was also used to grow a ROMP
polymer block yielding a PEG-PCL-ROMP triblock terpolymer
using substoichiometric amounts of ruthenium complex for
the very first time. We believe that this versatile method will
provide a sustainable pathway towards the catalytic synthesis
of different metathesis-based degradable block copolymers
finding widespread applications in numerous fields.
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