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ents for the catalytic ring opening
metathesis polymerization of norbornenes†‡

Indradip Mandal, Ankita Mandal, Md Atiur Rahman
and Andreas F. M. Kilbinger *

Here, we present a detailed study of the metathesis activity of conjugated 1,3 diene derivatives in ring

opening metathesis polymerization (ROMP) using Grubbs' 3rd generation catalyst (G3). A comprehensive

screening of those derivatives revealed that monosubstituted 1,3 dienes show similar reactivities towards

G3-alkylidenes as norbornene derivatives. Therefore, they represent perfect candidates for chain transfer

agents in a kinetically controlled catalytic ROMP. This unprecedented reactivity allowed us to catalytically

synthesize mono-end-functional poly(norborneneimide)s on the gram scale. Much more complex

architectures such as star-shaped polymers could also be synthesized catalytically for the very first time

via ROMP. This inexpensive and greener route to produce telechelic ROMP polymers was further utilized

to synthesize ROMP block copolymers using bifunctional ROMP and ATRP/NCL initiators. Finally, the

regioselective reaction of G3 with 1,3 diene derivatives was also exploited in the synthesis of a ROMP-

PEG diblock copolymer initiated from a PEG macroinitiator.
Introduction

Over the last few decades, ring opening metathesis polymeri-
zation (ROMP) has emerged as a powerful polymerization
technique to produce highly functional and diverse materials.1

Typical metathesis initiators for ROMP are based on ruthe-
nium2 and molybdenum3 complexes. Among these, commer-
cially available ruthenium-based complexes discovered by
Grubbs' and coworkers are oen preferred due to their
robustness and excellent tolerance toward many functional
groups.4 Grubbs' 2nd generation catalyst (G2) and Grubbs' 3rd
generation catalyst (G3) are frequently used for
polymerizations.5–7 The mechanism of ROMP involves a chain-
growth polymerization where a strained cyclic olen (mono-
mer) is converted to a polymeric species.8 The high functional
group tolerance of Grubbs' catalysts allowed the synthesis of
telechelic ROMP polymers9–15 that has great importance in
many disciplines of chemistry.

Based on the choice of monomers, ROMP, in general, can
either be catalytic or stoichiometric in the ruthenium complex
(Scheme 1). For example, polymerization of cyclooctene and its
derivatives or unsubstituted norbornene can be carried out with
catalytic amounts of ruthenium carbene complexes using irre-
versible symmetrical chain transfer agents (CTAs) under
ourg, Chemin du Musée 9, 1700 Fribourg,

fr.ch

f Professor Robert H. Grubbs.

nformation (ESI) available.

the Royal Society of Chemistry
thermodynamically controlled conditions.16–19 This method
heavily relies on “backbiting” to produce homotelechelic poly-
mers. Even though it reduces the loading of costly ruthenium
catalysts, this method is restricted to very few monomers.

On the other hand, in a typical living ROMP where norbor-
nene imide-based monomers are oen used, equimolar
amounts of metathesis catalyst are required with respect to the
number of polymer chains formed, making the whole process
non-catalytic. Our group recently addressed this issue utilizing
a degenerative chain-transfer mechanism that used only cata-
lytic amounts of ruthenium complex.20,21 Although this new
method is mechanistically unique; it is limited in terms of
functional and readily available chain transfer agents. Pulsed
monomer addition is another technique in ROMP to obtain
telechelic polymers using a sub-stoichiometric amount of metal
complex.22–25 Lastly, a theoretically straightforward approach to
synthesizing ROMP polymers is based on a kinetically
controlled chain transfer mechanism. Katayama et al. reported
true heterotelechelic ROMP polymers using functional vinyl
ethers, vinyl thioethers, and vinyl acetates that undergo regio-
selective chain transfer.26–28 Only norbornene was used as
a monomer to give heterotelechelic poly(norbornene) in
a kinetically controlled catalytic process. Therefore, this method
is limited in terms of monomer scope.

Here, we report a new kinetically controlled chain transfer
ROMP mechanism. We developed a new class of chain transfer
agents containing monosubstituted 1,3 dienes to catalytically
produce mono-end-functional poly(norborneneimide)s, bi, tri,
and tetrafunctionally initiated linear and three and four-arm star
polymers for the very rst time in metathesis polymerization.
Chem. Sci., 2022, 13, 12469–12478 | 12469
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Scheme 1 Mechanistic illustration of three different approaches for the catalytic synthesis of ROMP polymers.
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Results and discussion
Mono-end functional poly(norborneneimide)s via catalytic
ROMP

Grubbs' Ru complexes react with electron-rich double bonds
such as vinyl ethers in a regioselective manner.29,30 We
hypothesized that monosubstituted 1,3 diene compounds con-
taining an electron-rich as well as the sterically accessible
conjugated double bond (Scheme S1‡) would exhibit a similar
fast, regioselective cross-metathesis reaction with G3.
12470 | Chem. Sci., 2022, 13, 12469–12478
Therefore, a functional monosubstituted 1,3- diene (CTA1,
Fig. 1) was synthesized in a few straightforward steps (see ESI‡).

To demonstrate our concept, G3 (1 equiv.) and 1 equiv. of
CTA1 was dissolved in dichloromethane-d2, added to an NMR
tube and the reaction was followed by 1H NMR spectroscopy
(see Fig. S1‡). Within the rst measurement (<10 min), the
signals of the terminal double-bond (CTA1) (5.15 ppm and 5.32
ppm) disappeared along with the generation of new peaks at
5.25 ppm and 5.75 ppm, which corresponded to the formation
of styrene.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of compounds investigated in this study: (A) monosubstituted, functional chain transfer agents (CTAs) (CTA1–20). (B)
Bi, tri, and tetra functional CTAs (CTA11–14). (C) Disubstituted CTAs (CTA15–26). (D) poly(ethylene glycol) based macroinitiator (PEG2k mac-
roinitiator). (E) Structures of monomers. (F) Structure of Grubbs' 3rd generation catalyst (G3).
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Moreover, looking at the ruthenium alkylidene region, we
observed the formation of a new doublet at 18.56 ppm. As
proposed, the ruthenium complex reacted regioselectively,
forming an electronically stable conjugated carbene (thus,
producing styrene) rather than the methylidene complex. The
fact that only 1 equiv. CTA1 could fully pre-functionalize
© 2022 The Author(s). Published by the Royal Society of Chemistry
commercial G3 benzylidene indicated an unexpectedly high
reactivity of the terminal conjugated double bond. Additionally,
an end-capping experiment was performed where a G3-benzy-
lidene initiated poly (exo-N-methyl norbornene imide, M1)
(M1 : G3 = 20) was end-capped with 1.2 equiv. of CTA1 in an
NMR tube. To our expectation, the complete disappearance of
Chem. Sci., 2022, 13, 12469–12478 | 12471
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the G3-alkylidene signal (at 18.45 ppm) and the formation of
a doublet at 18.56 ppm and a doublet of doublet at 8.40 ppm
were observed immediately, suggesting the formation of only
one type of conjugated Ru complex (Fig. 2). This regioselective
chain transfer was further conrmed by isotopically resolved
MALDI-ToF MS analysis of the precipitated polymer (P1),
showing a single set of mass distributions with expected poly-
mer end groups: phenyl on one end (fromG3) andmethylene on
the other (from CTA1, mono-isotopic mass: 4106.70 vs. observed
mass: 4106.61, Fig. S3‡). Analysis of P1 by size exclusion chro-
matography (SEC) showed a single, monomodal peak indicating
absence of any chain end coupling products (Fig. S208‡). The
exceptionally high metathesis reactivity of CTA1 prompted us to
investigate a catalytic ring opening metathesis polymerization
that exploits a kinetically controlled chain transfer process.
Next, we performed a one-pot polymerization using a ratio of
G3 : CTA1 : M1 = 1 : 40 : 400. SEC analysis of the resulting
polymer revealed a monomodal distribution with the molecular
weight very close to theM1/CTA1 ratio (P2,Mn, M1/CTA1= 2.0 kDa
vs. Mn, SEC (CHCl3) = 2.6 kDa) and dispersity of 1.77. This sug-
gested a catalytic polymerization involving a very efficient chain
transfer to CTA1. In this mechanism, a propagating polymer
chain reacts regioselectively with a CTA to regenerate the initi-
ating species while terminating the polymer chain irreversibly
(Fig. 3A). For this mechanism to work optimally, the chain
transfer and monomer propagation rate constants should be
identical. Moreover, isotopically resolved MALDI-ToF MS anal-
ysis conrmed the polymer structure with both CTA1 end
groups: a functional aromatic ring and a methylene unit
(Fig. 3B). The polymerization was repeated, varying the M1 to
CTA1 ratio (P3–5) (Table S1‡). The resulting polymers showed
a linear dependence between M1/CTA1, and the number
average molecular weight (Mn) determined by SEC (Fig. 3C)
indicating that excellent control over molecular weight could be
obtained by this method. Next, a methoxy substituted CTA2
was employed, and the G3 to CTA2 ratio was lowered to 1 : 300.
Fig. 2 1H NMR spectra (CD2Cl2, 400 MHz) showing the propagatingG3-a
equiv. of CTA1 after 5 min (doublet at 18.56 ppm, in blue and doublet o

12472 | Chem. Sci., 2022, 13, 12469–12478
A polymer with reasonable control over molecular weight
(P6, Mn, M1/CTA2 = 1.9 kDa vs. Mn, SEC (CHCl3) = 2.5 kDa) was ob-
tained in high yield (91%). To the best of our knowledge, this is
the lowest Ru-complex to CTA ratio ever employed to synthesize
norbornene imide-based metathesis polymers. Then, M1 was
polymerized using CTA3 (P7, G3 : CTA3 = 1 : 100, Mn, SEC (CHCl3)

= 3.9 kDa), CTA3 (P8,G3 : CTA3 = 1 : 50, Mn, SEC (CHCl3) = 44.0
kDa), CTA4 (P9, G3 : CTA4 = 1 : 100, Mn, SEC (CHCl3) = 4.4 kDa),
and CTA5 (P10, G3 : CTA5 = 1 : 200, Mn, SEC (CHCl3) = 2.3 kDa)
(Table S1‡). The puried polymers were fully characterized
using NMR spectroscopy and MALDI-ToF mass spectrometry.
P10 draws special attention here due to the ease at which our
method introduced a uorescent group (anthracene) to a poly-
mer chain end. It is worth mentioning that there have been
many attempts in ROMP to synthesize precisely labeled
metathesis polymers, in particular, uorescent labels, due to
their applications in bioimaging, drug delivery, etc.31,32

To elucidate the proposed kinetically controlled mechanism
in detail, a 1H NMR kinetics experiment was performed taking
G3 (1 equiv.), CTA3 (50 equiv.) andM1 (1000 equiv.) in CDCl3. 3-
bromopyridine was added as an additive to slow down the
polymerization, and thus, conversion of M1 and CTA3 were
followed over time. A plot of conversion vs. time for M1 and
CTA3 showed that both components of the polymerization
mixture were consumed almost at the same rate during the
polymerization (over 317 min) (Fig. 3D and S6‡). This strongly
suggests a kinetically controlled mechanism for this type of
CTA. To further elucidate the mechanism detailed kinetic study
was performed and the rate of consumption of both monomer
(M1) and CTA (CTA3) (see Fig. S263 and S264‡) were deter-
mined. Gratifyingly, rate constants obtained for both monomer
consumption (kM1

= 0.01531 min−1) and CTA3 consumption
(kCTA3 = 0.01434 min−1) are of a similar magnitude which was
predicted for a kinetically controlled chain transfer mechanism.

Moreover, the effect of CTA concentration on the kinetics of
polymerization was also exploited using 1H NMR spectroscopy.
lkylidene complex (at 18.45 ppm, red line) and its reaction with only 1.2
f doublet at 8.40 ppm, in magenta).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanistic details for the proposed kinetically controlled mechanism. (A) Mechanism of catalytic ROMP. G3 catalyst reacts with CTA
regioselectively to give a functional catalyst which, upon introduction of monomer (M1was used in the catalytic cycle as an example), produces
a propagating G3. As the rate of chain transfer to the CTA is fast, the propagating G3 reacts regioselectivity to give back the functional catalyst,
which closes the catalytic cycle. (B) Isotopically resolved MALDI-ToF mass spectrum (DCTB, AgTFA) of the polymer P2 matching the proposed
end groups that resulted from CTA1. (C) A plot of the number average molecular weight (Mn) versus monomer to CTA ratio showing a linear
correlation. Polymerizations were carried out with M1, CTA1, and G3 under standard degassed conditions. Mn was measured using SEC in
chloroform. (D) A plot of monomers (M1 and M2, 1000 equiv.) and CTA3 (50 equiv.) conversion vs. time determined by 1H NMR spectroscopy
(CDCl3, 300 MHz) showing both monomer and CTA were consumed at a similar rate during the polymerization, thus, suggesting a kinetically
controlled mechanism.
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As expected for a chain transfer chain growth polymerization,
rate of the reaction was inversely proportional to the concen-
tration of the CTA (see Fig. S272 and Table S6‡).

In CTA1–5, the diene double bond was necessarily trans
congured as their synthesis was based on trans-cinnamalde-
hyde derivatives. Only very few such derivatives are commer-
cially available and thus limit the introduction of functionality
in our CTAs. However, we envisioned that a CTA with a mixture
of cis and trans double bonds could be synthesized easily from
an aromatic aldehyde using allyl triphenylphosphonium
bromide in a Wittig reaction. Thus, CTA6–10 were prepared. A
polymer end-capping experiment, as described above, was per-
formed using CTA6, and the reaction was followed by 1H NMR
© 2022 The Author(s). Published by the Royal Society of Chemistry
spectroscopy (Fig. S11‡). Although all the propagating poly(M1)
alkylidene signals vanished immediately, several doublet peaks
were observed in the ruthenium alkylidene region, presumably,
due to the coordination of the cis double bond of CTA6 to the
ruthenium complex. Nonetheless, a clean MALDI-ToF mass
spectrum (Fig. S12‡) withmethylene terminated polymer chains
conrmed the expected regioselectivity. Furthermore, M1 was
polymerized using CTA6 (P11, G3 : CTA6= 1 : 100,Mn, SEC (CHCl3)

= 6.5 kDa), CTA8 (P12, G3 : CTA8 = 1 : 20, Mn, SEC (CHCl3) = 3.4
kDa), CTA9 (P13, G3 : CTA9 = 1 : 100, Mn, SEC (CHCl3) = 7.9 kDa),
and CTA10 (P14, G3 : CTA10 = 1 : 100, Mn, SEC (CHCl3) = 5.0 kDa)
(Table S1‡). All showed distinct end groups in the 1H NMR
Chem. Sci., 2022, 13, 12469–12478 | 12473

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04078f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
24

 1
:1

5:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
spectra and isotopically resolved MALDI ToF MS signals
matching the two expected end groups (see ESI‡).

Norbornene (M2) is a highly strained monomer that has
been studied immensely in ROMP. Norbornene propagates
more rapidly than norborneneimide derivatives and is, there-
fore, more difficult to polymerize catalytically under kinetic
control. Here, we have taken into account the very high reac-
tivity of our CTAs and synthesized monotelechelic poly (nor-
bornene) using a catalytic amount of Grubbs' initiator. For
example, CTA2 (P15, G3 : CTA2 = 1 : 100, Mn, SEC (CHCl3) = 7.2
kDa), CTA5 (P16, G3 : CTA5 = 1 : 100, Mn, SEC (CHCl3) = 8.8 kDa),
CTA7 (P17, G3 : CTA7 = 1 : 100, Mn, SEC (CHCl3) = 8.8 kDa), CTA9
(P18, G3 : CTA9 = 1 : 100, Mn, SEC (CHCl3) = 8.2 kDa), and CTA10
(P19, G3 : CTA10 = 1 : 170, Mn, SEC (CHCl3) = 7.0 kDa) (Table S1‡)
were employed to obtain poly(norbornene)s with excellent end
group delity as observed by both 1H NMR spectroscopy and
MALDI-ToF mass spectrometry. The molecular weights of the
poly(norbornene)s measured by SEC using CHCl3 as eluent
showed more than twice the theoretical value (see Table S2‡).
However, monodisperse poly(styrene) samples were used as
calibrants for SEC measurements, which have a different
hydrodynamic radius compared to polydisperse poly(-
norbornene)s, and therefore a discrepancy in the observed
molecular weights can be expected as Grubbs' and coworkers
have already reported.19

To demonstrate similar kinetic controlled mechanism works
for M2, G3 (1 equiv.), CTA3 (50 equiv.) M2 (1000 equiv.) and 3-
bromopyridine (60 equiv.) weremixed in CDCl3 in an NMR tube.
The consumption of M2 and CTA3 were followed over time.
Since M2 has a higher propagation rate than M1, full
consumption of M2 was observed within 70 min and the
conversion of CTA3 was almost at 90% (Fig. 3D, Fig. S7‡). This,
again, implied a kinetically controlled chain transfer mecha-
nism even for M2.

To obtain insight into the structure–property relationships
of monosubstituted 1,3 diene derivatives for catalytic ROMP,
Hammett studies were performed using CTA2, CTA3 and CTA8
(Fig. S275‡). A negative reaction parameter (r = −0.88) indi-
cated electron rich CTAs have higher reactivity and thus should
be the choice of CTA for catalytic ROMP.
Branched ROMP polymers

Bifunctional CTAs. Many attempts to synthesize a bifunc-
tional ruthenium complex have been reported in the literature
that oen required rigorous synthetic procedures, multi-step
reaction conditions, complex purication, and low yield of the
nal ruthenium complex.33 Above all, the polymerizations
carried out using those complexes are non-catalytic and very
oen dependent on the use of particular monomers.34 The
Boydston group recently demonstrated bidirectional polymer
growth in organocatalyzed ROMP from difunctional vinyl ether
initiators using norbornene as the only monomer.35

Encouraged by the unusual reactivity of our regioselective
CTAs, we synthesized CTA11 carrying a long spacer between the
two reacting sites. Then, a 1H NMR experiment was performed
to prove the pre-functionalization of CTA11 on both sides
12474 | Chem. Sci., 2022, 13, 12469–12478
(Fig. S8‡). Bifunctional CTA12 was employed for the catalytic
polymerization of both,M1 andM2 to obtain P20 (G3 : CTA12 =

1 : 50, Mn, SEC (CHCl3) = 6.8 kDa) and P24 (G3 : CTA12 = 1 : 100,
Mn, SEC (CHCl3) = 7.7 kDa) with a good control over the molecular
weights (Table S2‡). Since we could not rely on MALDI-ToF MS
analyses to conrm the bidirectional growth of the polymers,
additional support for the expected polymeric species was given
by 1H NMR spectroscopic data. There, we observed that upon
polymerization, the conjugated double bonds of the initiator
(CTA) shied completely into the expected signals for the chain
ends of the polymer (see ESI‡).

Star polymers. Having successfully carried out a catalytic
bifunctional initiation of M1 and M2, we hypothesized that
higher functionality initiators should also be possible, leading
to the formation of multi-arm star polymers (Fig. 4). Star poly-
mers are a particular case of branched macromolecular archi-
tectures which contain at least three arms connected to one
point, typically referred to as the “core”.36,37 Most synthetic
methods for star polymers include living anionic polymeriza-
tion, controlled/living radical polymerization38 and ring-
opening polymerization. ROMP can provide a wide variety of
functional groups and benign experimental conditions, but
still, there is no practical way to synthesize star-shaped ROMP
polymers. Many attempts were made to synthesize star-shaped
ROMP polymers that include using norbornene cross-linker,39

dendritic multiarm ruthenium catalysts,40 and in the recent
past by synthesizing trifunctionalized Hoveyda-Grubbs' catalyst
or Blechert's type catalyst.41,42 However, all these examples
require the synthesis of multi-functional initiators in stoichio-
metric amounts.

We rst synthesized trifunctional CTA13. Then, a 100 times
catalytic polymerization using M1 (M1 : CTA13 = 1 : 100)
produced tri-arm star polymer, P21, with the molecular weight
(4.6 kDa) controlled by the monomer (M1) to CTA13 ratio. We
then expanded our investigation further into catalytically
synthesizing four-arm star polymers. CTA14 was synthesized in
three straightforward steps. A 1H NMR tube polymerization
employing CTA14 and M1 was performed to show full
consumption of both CTA14 and M1, suggesting a tetra func-
tional growth (Fig. S10‡). In addition, SEC analysis of the
resulting polymer P22 provided a monomodal distribution with
controlled Mn, SEC (CHCl3) = 4.5 kDa (Mn, M1/CTA14 = 3.4 kDa). To
further demonstrate the applicability of this method, a higher
molecular weight tetra-arm star polymer P23 (Mn, SEC (CHCl3)= 70
kDa) was also synthesized. Finally, M3 was employed to obtain
a four-arm functional star polymer (P25, G3 : CTA14 = 1 : 64,
Mn, SEC (CHCl3) = 6.5 kDa). A combination of SEC and 1H NMR
spectroscopy conrmed the expected star-shaped structure of
the polymer. This straightforward route to making homo-arm
star polymers is unique and highly efficient. To the best of
our knowledge, this is the rst report of synthesizing such
complex polymeric architectures using a catalytic amount of
ruthenium complex in metathesis chemistry.

A major drawback of our catalytic method is that molecular
weight distribution or dispersity is relatively broad (1.45–2.10)
due to a mechanistic necessity of a kinetically controlled cata-
lytic polymerization. Nevertheless, the end-group delity of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Catalytic synthesis of three-arm and four-arm star polymers. Right inset: polymerization results for the synthesis of star-shaped polymers.
M = Monomer, Đ = dispersity.
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polymer chain ends is always very high. Besides, recently it has
been documented that both high and low dispersity polymers
exhibit distinctive properties. In many cases, high dispersity
polymeric materials are shown to be benecial in different
applications, including polymeric self-assembly, polymer
blends' processability, and in different rheological
properties.43,44

Disubstituted CTAs. In continuing our study of conjugated
carbon–carbon double bonds in ruthenium-catalyzed metath-
esis, we were further interested in understanding how steric
effects around the double bonds affect the reactivity and the
regioselectivity. To gain additional insight, we studied disub-
stituted 1,3 dienes (CTA15–26) as CTAs. Due to an increase in
steric congestion around the double bond, the reaction of these
CTAs with G3 was very sluggish. Moreover, the regioselective
chain transfer was highly inuenced by choice of the substitu-
ents (Fig. S13–33‡). Nevertheless, CTA15 and CTA17–19 were
successfully used as a single functionalization agent to produce
heterotelechelic metathesis polymers (Table S3‡) non-
catalytically following the same mechanism described recently
by our group.45

Interestingly, two sets of doublets were observed when
(1E,3E,5E)-1,6-diphenylhexa-1,3,5-triene (CTA26) (see Fig. S37‡)
was introduced to check the regioselectivity towards G3. More-
over, the end-capping experiment proved that non-
regioselective chain transfer was involved in the case of steri-
cally accessible triene derivatives (see Fig. S38 and S39‡).

Block copolymers. Catalytically synthesized end functional
telechelic ROMP polymers could be advantageous for
© 2022 The Author(s). Published by the Royal Society of Chemistry
synthesizing block copolymers in combination with ATRP.46–48

While a diblock copolymer was prepared straightforwardly,
methods that included synthesizing the ROMP part of the block
were always non-catalytic. This requires a very high loading of
costly ruthenium complexes, making the overall block copol-
ymer synthesis procedure unattractive.

ROMP-ATRP block copolymer. A chain transfer agent
carrying an ATRP initiator group could allow for the synthesis of
ROMP-ATRP block copolymers on a gram scale. a-Bromoester
(ATRP initiator) functionalized CTA9 produced a mono-
telechelic polymer P13 catalytically. P13 was then used as
a macroinitiator to grow a poly(styrene) block using the CuBr/
PMDETA catalyst system in bulk at 95 °C. Fig. 5A shows the
SEC traces of homopolymer P13 (blue line, Mn, SEC (CHCl3) = 8.0
kDa, Đ = 1.77) and block copolymer P13-b-PS (red line,
Mn, SEC (CHCl3) = 19.4 kDa, Đ = 1.29). A monomodal peak of the
nal block copolymer was observed, which suggested complete
initiation of the a-bromoester moiety. DOSY NMR spectroscopy
further supported the successful synthesis of block copolymer
(Fig. S167‡). Our catalytic ROMP method in conjugation with
ATRP could be further used to synthesize multiblock copoly-
mers in a greener and more cost-effective way.

Block copolymer by NCL. Native chemical ligation (NCL) is
a widely accepted method for synthesizing peptides and
proteins.49 This ligation technique is highly efficient, oen high
yielding, and can be performed under mild conditions. Despite
all this, there are limited literature reports regarding ligation
between two synthetic polymers.50 Inspired by the efficiency and
speed of NCL to produce block copolymers,51 here, we report an
Chem. Sci., 2022, 13, 12469–12478 | 12475
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Fig. 5 Synthesis of block copolymers. (A) Synthesis of P13-b-PS diblock copolymer via catalytic ROMP followed by ATRP and SEC (CHCl3)
characterization. (B) NCL synthesis of the diblock copolymer P14-b-PLA and SEC (CHCl3) characterization. (C) Synthesis of diblock copolymer
PEG2k-b-P(M1) via macroinitiation from a poly(ethylene glycol) macroinitiator (PEG2k macroinitiator) and SEC (DMF) characterization.
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economical, atom-efficient way to make such polymers under
very mild reaction conditions. Commercially available poly(L-
lactide) (PLA, Mn = 20 kDa, Đ = 1.08) was end-functionalized
with cysteine using a protection and deprotection strategy (see
ESI‡). We synthesized thioester end functional ROMP polymer
P14 (see above) catalytically. Then, both polymers were mixed in
a chloroform and dimethylformamide solvent mixture, followed
by adding a few drops of triethylamine to give PLA-ROMP
diblock copolymer, P14-b-PLA (Mn, SEC (CHCl3) = 19.3 kDa, Đ =

1.70). To conrm the formation of the block copolymer, SEC
was measured of both polymers before and aer coupling
(Fig. 5B). A bimodal distribution was observed before coupling,
which transformed into a monomodal distribution aer NCL.
Besides, the DOSY spectrum of the diblock copolymer showed
a single diffusing species aer the coupling reaction compared
to two distinctive signals observed when both polymers were
mixed before coupling (Fig. S172 and S173‡). Both SEC and
DOSY NMR spectroscopy strongly indicated the formation of
the diblock copolymer.

Macroinitiation via ROMP. So far, there have been very few
reports to grow ROMP polymers from a macromolecule using
olen metathesis catalysts.52–54 Functionalizing any metathesis
catalyst using only one equivalent pre-functionalization agent
12476 | Chem. Sci., 2022, 13, 12469–12478
attached to a polymer is exceedingly challenging. Given the
speed and high regioselectivity of our CTAs, we anticipated that
a monosubstituted 1,3 diene derivative attached to the chain
end of a polymer could serve as a macroinitiator to initiate
ROMP. Poly(ethylene glycol) (PEG) based macroinitiator, PEG2k

macroinitiator (Mn, SEC (DMF) = 2.6 kDa, Đ = 1.09) bearing
a conjugated double bond was synthesized in a few steps and
analyzed fully with SEC, 1H NMR spectroscopy, and MALDI-ToF
mass spectrometry (see ESI‡). A stock solution of both PEG2k

macroinitiator and G3 was prepared and mixed equimolarly
(see ESI‡). Aer ve minutes, a solution of M1 in degassed
dichloromethane was quickly added to the previous mixture.
Within ten minutes, all the monomer was consumed
(conrmed via 1H NMR spectroscopy), and the polymerization
was terminated by adding a few drops of ethyl vinyl ether. SEC
elugram of both PEG2k macroinitiator (rst block, Mn, SEC (DMF)

= 2.6 kDa, Đ = 1.09) and block copolymer, PEG2k-b-P (M1)
(diblock, Mn, SEC (DMF) = 36.5 kDa, Đ = 1.32) are shown in
Fig. 5C. The complete disappearance of the PEG2k macro-
initiator (rst block) signal was observed in the SEC chro-
matogram along with a signicant increase in the molecular
weight of the nal diblock copolymer suggesting a highly effi-
cient macroinitiation. This method highlights a very rapid and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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straightforward technique to prepare ROMP-based diblock
copolymers via the macroinitiation approach. We believe that
using this approach, many other types of diblock copolymers
such as poly(lactide)-ROMP, poly(dimethyl siloxane)-ROMP,
and so on could be synthesized with ease.

Conclusions

In conclusion, we have successfully designed a simple yet effi-
cient synthetic method to prepare ROMP polymers catalytically
in a one-pot approach using a new type of chain transfer agents.
The total polymerization time is typically less than een
minutes which emphasizes the ultrafast kinetics of the reported
CTAs. Various substituents are introduced selectively at one
terminus of the polymer chain producing monotelechelic
polymers in a catalytic fashion. The catalyst to CTA ratio studied
in this report was as low as 1 to 300, meaning a 300-fold saving
of costly and toxic ruthenium carbene complex. Complex poly-
meric architectures such as homo-arm star polymers have been
synthesized catalytically using a core-rst approach for the rst
time in metathesis-based polymerization. Telechelic polymers
obtained via our method were further employed to produce
block copolymers using orthogonal chemistry like ATRP and
NCL. Moreover, a macroinitiation approach was introduced to
prepare ROMP block polymers.

The development of catalytic ring opening metathesis poly-
merization methods is an ongoing effort. It reduces the cost of
expensive metathesis-based catalysts and offers considerable
potential for synthesizing functional ROMP polymers for
biomedical or materials uses where lower contaminations of
toxic ruthenium metal are critical. The current environmentally
friendly approach can be used to synthesize end functional
homopolymers, block copolymers, and other complex archi-
tectures that could lead to new applications in industrial and
materials chemistry.
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