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Catalytic living ring-opening metathesis
polymerization with Grubbs' second- and
third-generation catalysts

Mohammad Yasir'?, Peng Liu'? Iris K. Tennie' and Andreas F. M. Kilbinger ®™

In a conventional living ring-opening metathesis polymerization (ROMP), an equal number of ruthenium complexes to the num-
ber of polymer chains synthesized are required. This can lead to high loadings of ruthenium complexes when aiming for shorter
polymers. Here, a reversible chain-transfer agent was used to produce living ROMP polymers from norbornene derivatives
using catalytic amounts of Grubbs' ruthenium complexes. The polymers obtained by this method showed all of the character-
istics of a living polymerization (that is, good molecular weight control, narrow molecular weight dispersities and the ability to
form block copolymers). Monomers carrying functional moieties such as ferrocene, coumarin or a triisopropylsilyl-protected
primary alcohol could also be catalytically polymerized in a living fashion. The method presented follows a degenerative chain-
transfer process and is more economical and environmentally friendly compared with previous living ROMP procedures as it
utilizes only catalytic amounts of costly and toxic ruthenium complexes.

erization driven by the relief of the ring strain of cyclic olefins

to form polymers'. Monomers such as norbornene derivatives
can be polymerized in a living fashion due to the slow rates of irre-
versible chain-transfer events and termination reactions’ compared
with the relatively fast propagation rates. Typical metathesis initia-
tors for ROMP are based on ruthenium’ or molybdenum®’. The
high tolerance of ruthenium complexes towards many polar func-
tional groups, water and oxygen has made them popular choices
in organic as well as polymer chemistry®. The first and third gen-
erations of Grubbs’ metathesis catalysts (G1 and G3, respectively;
Fig. 1) are most commonly used for polymer synthesis due to
their high initiation-to-propagation-rate ratio”*. Thus, ROMP has
emerged as one of the most popular polymerization techniques due
to its high functional group tolerance and the possibility of obtain-
ing narrow dispersity polymers under mild reaction conditions and
short reaction times.

Functional ROMP polymers carrying ferrocenes’, chromo-
phores', fluorophores' or reactive functional groups'>-'* attached
to the monomer units have been synthesized. ROMP polymers find
applications as electroactive'’, mechanoresponsive'®” or water-
soluble polymers'®. Recently, tandem ring-opening/ring-closing
polymerizations of cycloalkenes attached to other cycloalkenes'’ or
a terminal alkyne?’** have been reported. Over the past decade, a
variety of methods for the preparation of mono and bis-end-func-
tional (telechelic) ROMP polymers have been developed*-*”. ROMP
polymers have also been prepared for biological/medicinal applica-
tions*~, electronics®~*, battery separators*, anion exchange mem-
branes™ and many others.

In a conventional living ROMP, the ruthenium carbene com-
plex represents the propagating species located at the end of every
polymer chain. For this reason, equimolar amounts of ruthenium
complex with respect to the polymer chains are required. This leads
to rather high ruthenium complex loadings if short polymer chains
are aimed for. The associated increased costs and high levels of

Ring-opening metathesis polymerization (ROMP) is a polym-

ruthenium contamination can make the synthesis of short polymer
chains via a conventional living ROMP unattractive.

Catalytic methods for the preparation of shorter ROMP
polymers have been reported. However, these methods rely
on irreversible chain-transfer agents (CTAs). The polymeriza-
tions are therefore non-living, showing broad molecular weight
dispersities, meaning that the transfer agents cannot be used
to prepare block copolymers®*. One way of achieving con-
trol over molecular weights and molecular weight dispersities
in polymerizations is degenerative chain transfer. Here, a CTA
is used to reversibly terminate the chain growth of polymers.
This concept has been successfully employed in controlled radi-
cal polymerizations (via the reversible addition-fragmentation
chain-transfer (RAFT) process)*, degenerative chain growth of
polyolefins*-*!, ring-opening polymerizations of cyclic esters*
and cationic RAFT polymerization®.

Recently, our group has reported a method based on a degenera-
tive reversible chain-transfer mechanism* that used only catalytic
amounts of ruthenium complex (G3) for living ROMP. However,
we were not able to reproduce the data shown in that report and
therefore retracted the article”. Nonetheless, the degenerative
chain-transfer mechanism reported in the retracted paper could
be reproduced and confirmed, but the CTA (CTA1L; Fig. 1) gives
much broader molecular weight dispersities and poorer molecular
weight control than was reported in the retracted paper. Here, we
report two different CTAs (CTA2 and CTA3; Fig. 1) that follow the
originally proposed mechanism, and give kinetic evidence as to why
these work better than CTAL.

Therefore, we report here a catalytic living ROMP with a revers-
ible CTA (CTA2 or CTA3) that exploits a degenerative reversible
chain-transfer polymerization mechanism requiring only catalytic
amounts of the ruthenium-based Grubbs’ second- (G2; Fig. 1)
and third-generation (G3) metathesis catalysts, yielding poly-
mers with good molecular weight control and narrow molecular
weight dispersities.
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Fig. 1| Structure of the metathesis catalysts, CTAs and monomers investigated in this study. The metathesis catalysts include Grubbs’

first- (G1), second- (G2) and third-generation (G3) ruthenium carbene complexes. The CTAs include (E)-(2-cyclohexylvinyl) benzene (CTAO),
(B)-(2-(cyclohex-2-en-1-yl)vinyl)benzene (CTAT), (E)-7-styryl-2,4a,5,6,7,7a-hexahydrocyclopental[blpyran (CTA2) and (E)-7-(2-cyclohexylvinyl)-
2,4a,5,6,7,7a-hexahydrocyclopenta[b]pyran (CTA3). The monomers include exo-N-methyl-norbornenecarboximide (M1), exo-4-ethyl-N-methyl-7-
oxanorbornenecarboximide (M2), exo-N-hexyl-norbornenecarboximide (M3), exo-N-triisopropylsilyloxyethyl-norbornenecarboximide (M4),
exo-N-ferrocenylcarbonyloxy-ethyl-norbornenecarboximide (M5) and exo-N-coumarin-3-carbonyloxy-ethyl-norbornenecarboximide (M6).

Results and discussion

Our group recently published a report on functional metathesis
catalysts showing that a structural analogue of CTA2 reacted with
a propagating ruthenium carbene to transfer a cyclohexenyl end
group onto the polymer chain ends while regenerating the ruthe-
nium benzylidene complex’®. This prompted us to exploit CTA2
in catalytic living ROMP. We believed that CTA2, similar to its
structural analogue, could be easily prepared from a functional
norbornene derivative in a tandem ring-opening/ring-closing
reaction sequence.

We observed that CTA2 reacted rapidly with G3-initiated
propagating ROMP polymers to give end-functional polymers car-
rying the bicyclic fragment of CTA2 at the chain end. The exo-
cyclic double bond of CTA2 is sterically hindered, similar to the
main chain double bonds of poly(norbornene) derivatives. Due
to the branching in both allylic positions, these double bonds do
not readily undergo secondary metathesis reactions. We therefore
concluded that CTA2 reacted first with the propagating ruthenium
carbene via its endocyclic double bond in a ring-opening/ring-
closing sequence.

To prove the unreactive nature of the exocyclic double bond of
CTA2, we synthesized the model compound CTAO whose exocy-
clic double bond resembles that of CTA1 and CTA2 but lacks the
endocyclic double bond. When CTAO (10equiv.) was added to a
G3-initiated exo-N-methyl-norbornenecarboximide (M1) solu-
tion (POLY-G3, prepared by adding 20 equiv. M1 to a solution of
G3 in CD,Cly; see Supplementary Information), no reaction
could be observed by 'H NMR spectroscopy after 10 min at room
temperature. Therefore, we concluded that CTA2 must react
with its endocyclic double bond first, followed by a ring-clos-
ing reaction with the exocyclic double bond. This shows that the
exocyclic double bond of CTA2 is reactive towards an intramole-
cular ring-closing metathesis reaction but not reactive in a
bimolecular metathesis reaction step with a propagating ruthenium
carbene complex.

When comparing CTA1 and CTA2, it was not immediately
apparent to us which of the two would react faster with a POLY-G3
carbene complex. Both reagents carry a strainless, six-membered
unsaturated ring, and the exocyclic double bond is virtually
identical in both cases. We therefore prepared two POLY-G3

solutions (20 equiv. M1 and 1 equiv. G3 in CD,Cl,; see Supplementary
Information) and added 10 equiv. of either CTA1 or CTA2. We then
followed the reactions with '"H NMR spectroscopy over time. CTA2
reacts rapidly with POLY-G3 (see Fig. 2a). The POLY-G3 ruthe-
nium carbene signal (18.5 ppm) is completely shifted to a new signal
at 19.07 ppm (which corresponds to the G3-benzylidene complex)
within 10 min.

In contrast, the identical reaction of CTA1 with POLY-G3 gener-
ated the G3-benzylidene 'H NMR signal only very slowly (Fig. 2b;
47% conversion after 170 min). In separate "H NMR experiments
(see the Supplementary Information), we estimated the kinetic
rate constants for the reaction of POLY-G3 with CTA1 (k=0.001)
and CTA2 (k=0.36). These data clearly confirm that CTA2 reacts
at least 300 times faster with the propagating polymer chain than
CTA1. We propose that this vast difference in rate constant could
be due to an entropically favoured ring closure in CTA2, due to its
bicyclic conformational restriction.

Most likely, the POLY-G3 ruthenium carbene complex and
the endocyclic double bond of CTA2 do not undergo a regioselec-
tive ring-opening metathesis reaction and therefore give rise to two
ring-opened ruthenium alkylidene species (Fig. 3, centre). One
pathway (Fig. 3, centre top) yields a ring-opened carbene inter-
mediate that cannot undergo a productive ring-closing metathesis
reaction (Fig. 3, centre top, red arrow) as this would form a highly
strained norbornene. This carbene intermediate will therefore
react back to the starting material and eventually undergo a
different ring-opening metathesis reaction yielding another inter-
mediate carbene (Fig. 3, centre bottom). This carbene can undergo
a productive ring-closing reaction (Fig. 3, centre bottom, pink
arrow) to form a polymer chain with the bicyclic fragment of CTA2
attached to the chain end (POLY-CTA2) via its exocyclic double
bond (Fig. 3, bottom right). All in all, the productive reaction path-
way shown in Fig. 3 shows substrate selectivity (endocyclic olefin)
and pseudo-regioselectivity (as only one ring-opened pathway
forms the product).

These findings prompted us to explore CTA2 as a reversible CTA
in a catalytic living ROMP. Figure 4 shows the proposed mecha-
nism of a catalytic living ROMP via degenerative chain transfer,
using the polymerization of M1 with G3 as an example. As shown
in Fig. 4a, G3 reacts with monomer M1 to form POLY-G3. As the
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Fig. 2 | 'H NMR spectra (CD,Cl,; 400 MHz) of the reaction of CTA1

or CTA2 with POLY-G3. a, Reaction of the POLY-G3 carbene complex
(20 equiv. M1and 1equiv. G3 in CD,Cl,; see Supplementary Information)
with 10 equiv. CTA2, yielding the G3-benzylidene complex (19.07 ppm)
within 710 min (100% conversion). b, Reaction of the POLY-G3 carbene
complex with 10 equiv. CTA1, yielding the G3-benzylidene complex
(19.07 ppm) within 770 min (47% conversion).

monomer is added slowly to the reaction mixture, its concentration
is low throughout the polymerization reaction. This dramatically
reduces the rate of propagation and hence increases the likelihood
of POLY-G3 reacting with the endocyclic double bond of CTA2
in the ring-opening/ring-closing sequence described above. This
yields a polymer POLY-CTA2 and regenerates the G3-benzylidene
complex. Once all of CTA2 has reacted in this manner, the active
polymer POLY-G3 will react with POLY-CTA2 (Fig. 4b).

Reaction of POLY-G3 (Fig. 4b, propagating polymer in red)
with POLY-CTA2 (Fig. 4b, in blue) leads to an exchange of end
groups (that is, after the reaction, the polymer depicted in blue car-
ries the propagating carbene complex (POLY-G3) and the polymer
depicted in red has been reversibly terminated with the bicyclic
CTA2 fragment (POLY-CTA2)). Therefore, our polymerization
system can be described as follows. Most of the polymer chains can
be represented by POLY-CTA2, while only a small number (a cata-
lytic number) of chains can be represented by POLY-G3. Because
the propagating ruthenium carbene complexes of POLY-G3 can
exchange with any of the chain ends of POLY-CTA2, all poly-
mer chain ends will be randomly and sequentially activated over
time. As this process is fast compared with the rate of monomer

propagation, it gives the macroscopic impression of all chains
growing at the same time.

Inspired by the above concept, the polymerization of M1 was
carried out under catalytic living ROMP conditions. Grubbs et al.””
had shown that the rate of propagation of ring-strained mono-
mers, such as norbornene derivatives, is significantly faster than
the olefin metathesis reaction with acyclic olefins. Therefore, M1
was added slowly via a syringe pump to keep its concentration,
and hence the propagation rate (k,), low throughout the polym-
erization process. The slow addition of an M1 (0.45g, 562 equiv.)
solution in dichloromethane (DCM) (0.025gml™") at a speed of
2mlh™' to a reaction mixture containing G3 (4.52 pmol, 1 equiv.)
and CTA2 (10equiv.) resulted in the complete consumption of
M1 and formation of a polymer P1 with a much lower molecu-
lar weight than that calculated from the [M1]:[G3] ratio. This
is an important indicator of a successful degenerative chain-
transfer reaction, as in this case the molecular weight should be
determined by the [M1]:[CTA2] ratio.

Looking at Fig. 4, one can see that during the initial consump-
tion of CTA2 the intermediate carbene complex (Fig. 4a) is part of
a non-degenerative pre-equilibrium. On one side of the pre-equi-
librium, POLY-G3 is formed, whereas the G3-benzylidene complex
is formed on the other. If an energetic bias towards the POLY-G3
complex existed for this pre-equilibrium, the initial consumption of
CTA2 would be retarded, which could potentially lead to a broad-
ening of the final polymer molecular weight distribution.

To investigate the effect of this pre-equilibrium, we synthesized
CTA3 (Fig. 1), which carries a cyclohexyl group (instead of the phe-
nyl group in CTA2) attached to the exocyclic double bond but is
otherwise identical to CTA2. We believed that at the pre-equilib-
rium stage (Fig. 4a), a potential energetic bias towards one of the
two sides of the equilibrium would be less pronounced for CTA3
than for CTA2. We proposed that during the CTA3 pre-equilib-
rium, the formation of POLY-G3 versus G3-cyclohexylmethylidene
would be energetically similar (in analogy to Fig. 4a). To our sur-
prise, the catalytic living ROMP with G3 and M1 in the presence of
CTA3 gave almost the same results as for CTA2 (see Supplementary
Table 1), indicating that the non-degenerative pre-equilibrium does
not affect the polymerization in these cases.

Next, we varied the [M1]:[CTA2] ratio (while keeping the
amount of G3 (4.52pmol) and the [M1]:[G3] ratio (562:1) con-
stant). As expected, different molecular weight polymers (P1-P6)
were obtained (analysed by gel permeation chromatography
(GPC)). When the molecular weights (analysed by GPC) of the
obtained polymers were plotted against the [M1]:[CTA2] ratio, a
linear correlation between molecular weight (M,, GPC) and the
[M1]:[CTA2] ratio was observed (Fig. 5a, in blue). All polymers
obtained showed relatively low molecular weight dispersities.

In addition, polymers P1-P6 were examined by isotopically
resolved matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry. All obtained masses fitted the
proposed polymer structures in which the bicyclic CTA2 fragment
is attached to one chain end of the polymer and the phenyl group
is attached to the other (see Supplementary Figs. 16-21). When
polymer P6 (8kDa; D=1.33) bearing the bicyclic CTA2 fragment
at the chain end (acting as POLY-CTA2) was redissolved in DCM
along with a new catalytic amount of G3-benzylidene complex
and exposed to the slow addition of a second strained monomer
(exo-N-hexyl-norbornenecarboximide, M3), a block copolymer P7
(16kDa; D=1.52) was formed, as observed by the shift of the GPC
trace to a higher molecular weight (see Supplementary Fig. 2). This
shows clearly that the reversibly terminated polymer chains can be
reactivated at a later stage, which supports the proposed degenera-
tive chain-transfer chain growth mechanism.

Furthermore, the catalytic living ROMP was examined using
catalyst G2. Generally, G2 yields ROMP polymers with broad



//doc.rero.ch

http

Sterically unfavoured

/

POLY-G3 CTA2

POLY

Never observed

Y
O\/\/POLY =—[Ru]
O
»* A5 ¥el

\ G3
/\_, (Ru]
POLY

+

Fig. 3 | Possible reactions of CTA2 with the POLY-G3 ruthenium carbene complex. We propose that the POLY-G3 ruthenium carbene complex (20 equiv.
M1 and 1equiv. G3 in CD,Cl,; see Supplementary Information) can react with the endocyclic double bond of CTA2 and proceed via two reaction pathways.
The red reaction pathway (top) is highly disfavoured as it would lead to the formation of a strained norbornene ring. The pink reaction pathway (bottom)
leads to the formation of POLY-CTA2 (a polymer chain with the bicyclic fragment of CTA2 as an end group) and the G3-benzylidene complex.

molecular weight dispersities and poorly controlled molecular
weights, due to its poor initiation-to-propagation-rate ratio’. To our
surprise, the catalytic living ROMP using G2 gave similar results
to those observed for the ruthenium complex G3. When varying
the [M1]:[CTA2] ratio, full control over the molecular weight and
molecular weight dispersities (P = 1.25-1.40) was achieved (Fig. 5a,
in red). All polymers obtained (P8-P11) were examined by isotopi-
cally resolved MALDI-TOF mass spectrometry, and the obtained
masses are in agreement with the proposed polymer structures
(see Supplementary Figs. 22-25). We believe that under reversible
chain-transfer polymerization conditions, any unfavourable ratio
between active and inactive catalyst species will only affect the rate
of polymerization, and not the final molecular weight dispersity.
This method is therefore an example of a controlled living ROMP
giving narrow molecular weight dispersities using the second-gen-
eration Grubbs’ catalyst.

The molecular weight dispersities obtained for polymers P8-
P11 resemble those of early Grubbs’ initiators*. However, virtu-
ally identical molecular weight dispersites have been reported for
cyclopolymerizations of diynes*’ or the polymerization to yield con-
jugated polyenynes®' with the G3 initiator in a conventional living
ROMP. Other examples include the G3-initiated copolymerization
of norbornene derivatives carrying peptides, chromophores and
poly(ethylene gylcol) chains in a living fashion, leading to slightly
broader molecular weight dispersites® or the polymerization of
chromophore-labelled monomers with the G3 complex''.

In catalytic living ROMP, all polymer chains carry the revers-
ible CTA at the chain end, which allows chain extension towards
block copolymer structures (see above). Additionally, polymers and
block copolymers with molecular weight dispersities of D <1.40 can
still be sufficiently narrow to be exploited in polymer self-assembly
applications™. Furthermore, the method presented here is one of
very few methods that allow a catalytic ROMP of norbornene deriv-
atives”". We believe that this polymerization method therefore rep-
resents a living polymerization following a reversible deactivation
mechanism®'. In particular, this method will be very beneficial for

the synthesis of biomedical polymers due to the reduced amount of
toxic ruthenium complexes.

We also examined Grubbs’ catalyst G1 regarding its performance
in catalytic living ROMP, but unfortunately polymers with broader
molecular weight dispersities and poor molecular weight control
were obtained. We believe that this is due to the poor reactivity of
G1 towards the low strain endocyclic double bond in CTA2.

To overcome the inconvenience of slow monomer addition via
a syringe pump, there are two principle options: either increase the
reaction rate of the reversible CTA or decrease the rate of mono-
mer propagation. Previous reports showed that sterically hindered
monomers were used to slow their propagation, to achieve alternat-
ing architectures with less bulky comonomers®>*. To slow the rate of
propagation, we chose a bridgehead-substituted norbornene deriva-
tive, exo-4-ethyl-N-methyl-7-oxanorbornenecarboximide (M2).

The monomer M2 (307 equiv., 0.025gml™ in DCM) was added
in one portion to a Schlenk flask containing a G2 (4.71 umol,
1equiv.) and CTA3 solution in DCM (1 ml), and polymerized for
24h at room temperature. The experiment was repeated by varying
the amount of CTA3 (P12: 20 equiv.; P13: 30 equiv.; P14: 40 equiv;;
P15: 50 equiv.) while keeping all other reaction conditions constant.
Polymers P12-P15 were obtained in this manner. Figure 5b shows
a plot of the number average molecular weight of P12-P15 (GPC in
tetrahydrofuran (THF)) versus the [M2]:[CTA3] ratio. Even though
the molecular weights obtained are higher than those targeted, the
graph shows a linear relationship between M, and the [M2]:[CTA3]
ratio. This indicates that excellent molecular weight control is pos-
sible. Furthermore, MALDI-TOF mass spectrometry revealed that
all polymer chains show isotopically resolved masses corresponding
to the proposed target structure carrying the CTA3 fragment at the
chain end.

To show that the degenerative chain-transfer mechanism of cata-
lytic living ROMP is not limited to monomers that do not carry reac-
tive functional groups (M1-M3), we prepared monomers M4-M6.
All three of these monomers represent exo-norborneneimides
carrying either a triisopropylsilyl-protected primary alcohol (M4),
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Fig. 4 | Mechanism of catalytic living ROMP, involving degenerative metathesis chain transfer. An example of the mechanism is depicted with catalyst
G3 and monomer M1. a, G3 initiates the polymerization of monomer M1, forming POLY-G3. All of CTA2 is consumed by an intermediate ruthenium
carbene complex, A, in a non-degenerative pre-equilibrium. The productive reaction (shown in red) yields the G3-benzylidene complex and POLY-CTA2.
The back reaction is shown in blue. b, Once all of CTA2 has been converted to POLY-CTA2 (shown in blue), a catalytic number of propagating POLY-G3
chains (shown in red) can react with the end groups of POLY-CTA2 (blue) to form a carbene intermediate, B, via a degenerative equilibrium. The reaction
to one side (top) of the equilibrium activates the polymer chain shown in red, whereas the reaction to the other side (bottom) activates the polymer chain
shown in blue. k, is the rate constant of propagation, and k is the rate constant of chain transfer.

a redox-active ferrocene substituent (M5) or the fluorescent couma-
rin (M6) attached via the imide nitrogen. All three monomers were
polymerized under catalytic living ROMP conditions (using G2
and CTA2) and showed excellent molecular weight control accord-
ing to the [monomer]:[CTA2] ratio (see Supplementary Tables 4-6).

In addition to economical savings, the polymers produced via
this method are generally colourless (see Supplementary Fig. 83)
due to the low amount of ruthenium complex necessary for their
preparation. We therefore believe that this method is an excel-
lent choice for the preparation of highly functional, low molecular
weight ROMP polymers, particularly when low amounts of toxic
ruthenium residues are required, such as in biomedical applications

or whenever metal impurities interfere with electronic or optical
properties of the polymers.

Conclusion

We have developed a new polymerization mechanism for
living ring-opening metathesis polymerization requiring only cata-
lytic amounts of Grubbs” second- or third-generation complex. In
catalytic living ROMP, we exploited the degenerative metathesis
reaction of reversible CTAs. Two reversible CTAs are presented.
Polymers with typical molecular weight dispersities <1.4 and
molecular weights determined by the monomer-to-CTA ratio were
obtained. This method allows the synthesis of living ring-opening
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Fig. 5 | Plots of the polymer number average molecular weight versus the monomer-to-CTA ratio. a, Polymerizations with M1, CTA2 and catalyst G3
(blue) or G2 (red). GPC data were measured in chloroform. Low polydispersity and a linear correlation between the molecular weight of the polymers
and the [M1]:[CTA2] ratio are indicative of a living polymerization under reversible chain-transfer conditions. The polymers shown in blue were
synthesized by keeping the amounts of G3 (4.52 pmol, Tequiv.) and M1 (562 equiv.) constant, while changing the equivalents of CTA2 (P1, 10 equiv.; P2,
20equiv.; P3, 30 equiv.; P4, 40 equiv.; P5, 50 equiv.). The polymers shown in red were synthesized by keeping the amounts of G2 (4.71umol, 1equiv.)
and M1 (539 equiv.) constant, while changing the equivalents of CTA2 (P8, 10 equiv.; P9, 20 equiv.; P10, 30 equiv.; P11, 40 equiv.). b, Polymerizations
with M2, CTA3 and G2. GPC data were measured in THF. A linear correlation was observed between the molecular weight of the polymers and different
[M2]:.[CTA3] ratios—a requirement for a successful degenerative chain-transfer polymerization. The polymers shown were synthesized by keeping the
amounts of G2 (4.71pmol, Tequiv.) and M2 (307 equiv.) constant, while changing the equivalents of CTA3 (P12, 20 equiv.; P13, 30 equiv.; P14, 40 equiv,;
P15, 50 equiv.). Squares refer to the molecular weight axis (left), whereas circles refer to the molecular weight dispersity axis (right). Each data point
corresponds to one measurement. See Supplementary Tables 1-3 for detailed polymerization conditions.

metathesis polymers and also block copolymers using substoichio-
metric amounts of ruthenium complex. The living polymerization
with narrow molecular weight dispersities using Grubbs’ second-
generation catalyst is particularly important, as this complex does
not give low-polydispersity polymers in the absence of the degen-
erative chain-transfer mechanism described here. To reduce the
monomer propagation rate with respect to the rate of reversible
chain transfer, the monomer is typically added slowly to the polym-
erization mixture. Using a sterically hindered monomer with slow
propagation characteristics, we were able to synthesize living poly-
mers under catalytic conditions without the need for slow monomer
addition. Furthermore, highly functional monomers carrying fer-
rocene, coumarin or a triisopropylsilyl-protected primary alcohol
in the side chain were also successfully polymerized under living
catalytic ROMP conditions. All polymers were fully characterized
by GPC (in chloroform or THF) and isotopically resolved MALDI-
TOF mass spectrometry, confirming the proposed degenerative
chain-transfer mechanism.

This method provides a more economical way to synthesize
low molecular weight ROMP polymers by reducing the loading of
expensive ruthenium complexes for their synthesis. Due to the low
amount of residual ruthenium complex, the polymers obtained by
this method are less coloured and less toxic than those prepared by
conventional living ROMP. This economical and environmentally
friendly method could therefore lead to new applications in materi-
als science, biology or medicine.

Methods

A typical procedure for the catalytic living ring-opening metathesis
polymerization with either G2 or G3 catalyst is described as follows. Schlenk
flasks containing monomer M1 (0.45 g, 2.54 mmol, 561.8 equiv.) and a mixture
of CTA2 (10-50 equiv.; see Supplementary Tables 1 and 2) and either G2 (4 mg,
4.71 pmol, 1 equiv.) or G3 catalyst (4 mg, 4.52 pmol, 1 equiv.) were closed,
evacuated and backfilled with argon three times. A solution of the deoxygenated
monomer M1 in dry, degassed DCM (4.5-18.0 ml; see Supplementary Tables

1 and 2) was then added to a mixture of G3 and CTA2 in dry, degassed DCM
(1ml) at room temperature using a syringe pump, which maintained the flow
rate at 2mlh~'. Immediately after the addition of the monomer, active metathesis

species were quenched with ethyl vinyl ether (222-231 equiv.). The crude
product was concentrated in vacuo, precipitated into cold methanol and dried
under high vacuum.

Data availability
All data generated or analysed during this study are included within the article and
its Supplementary Information files.
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