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ABSTRACT: Single chain transfer agents are used to synthesize narrowly distributed heterotelechelic ROMP polymers in one pot, exploiting
anew mechanistic and synthetic approach. The chain transfer agents carrying different functional groups are synthesized in few straightforward

steps. Pre-functionalization of commercially available Grubbs’ third-generation catalyst is realized in situ using regioselective chain transfer

agents within a short reaction period. After monomer consumption, the excess chain transfer agent in the reaction medium automatically end-
functionalizes the polymer chain yielding a heterotelechelic polymer via a ring-opening- ring-closing sequence. 'H NMR, MALDI-ToF, and
SEC analyses confirmed end group functionalization as well as excellent control over molecular weight and dispersity. This strategy highlights
a new way of synthesizing one-pot heterotelechelic ROMP polymers straightforwardly and efficiently.

Introduction

Ring opening metathesis polymerization (ROMP) has emerged as
an efficient method for polymer synthesis finding applications in dif-
ferent areas, such as therapeutics, bioconjugation, imaging and ma-
terials science both in academic and industrial environments."*°It is
a powerful technique for synthesizing different polymer architec-
tures, often with precise control over molecular weight, dispersity,
and monomer composition.'"” Molybdenum and ruthenium based
complexes developed by the Schrock and Grubbs groups are the
main well defined metathesis catalysts finding extensive applications
in polymer chemistry.” Among all these, the third generation
Grubbs’ catalyst (G3) is the most popular in ROMP due to its com-
mercial availability and high initiation to propagation rate ratio,
making it suitable for living polymerization.'”* The high functional
group tolerance of the catalyst has made ROMP highly prevalent for
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the synthesis of telechelic polymers.

Mono-end functional polymers can be synthesized by terminating
the polymer chain with vinyl carbonates, lactones, protected amines,
unsaturated acetals, acrylates or substituted vinyl ethers but also via

cross metathesis with acyclic and cyclic olefins.****

Homotelechelic polymers, that is, polymers carrying the same func-
tional group at both the chain ends, can be synthesized from mono-
mers such as cyclooctene or cyclooctadiene by sacrificing the living
character of the polymerization. Narrowly dispersed homotelechelic
polymer synthesis has been reported by the Grubbs group* as well

as our group.*

Heterotelechelic polymers, that is, polymers carrying different func-
tional groups at either chain end, find widespread application in bio-
materials synthesis, protein conjugation, imaging, sensing and many
more.**”” Synthesis of such polymers via several living polymeriza-
tion techniques such as RAFT,*® ATRP,” cationic polymerization®

and others have been reported. However, the synthesis of hetero-
telechelic polymers with specific control over composition, molecu-
lar weight and molecular weight distribution, is significantly more
challenging by ROMP and there are only few reports. One way of
preparation follows the sacrificial synthesis strategy.* However, this
method is limited to few functional end groups such as one alcohol
and either an aldehyde or a carboxylic acid end group. Another way
to synthesize heterotelechelic polymers is by prefunctionalization of
the initiator followed by termination with a different functional moi-
ety.** There are only few reports where pre-functionalized initia-
tors can be synthesized in high yielding reactions that allow their use
without additional purification.** However, all these strategies typ-
ically require cross-metathesis after monomer propagation with an
excess of a functional symmetrical chain transfer agent (CTA) to in-
troduce the desired end group. A heterotelechelic polymer synthesis
using a single regioselective chain transfer agent has recently been
reported by our group® but the method was limited to Grubbs’ 1*
generation catalyst (G1). Furthermore, heterotelechelic polymers
synthesized via this particular strategy show a high dispersity for
mechanistic reasons.

The synthesis of narrowly dispersed heterotelechelic polymers us-
ing only a single chain transfer agent would therefore be mechanisti-
cally interesting and potentially useful in various disciplines border-
ing synthetic polymer chemistry. Here, we have reported a new
mechanistic and synthetic approach for making narrowly dispersed
heterotelechelic polymers in one-pot using a single chain transfer
agent carrying different functional end groups. This strategy paves
the way for synthesizing well-defined heterotelechelic polymers that
might be of great interest for material science, biochemistry, or in-
dustrial use.



Scheme 1. Synthesis of chain transfer agents (10a -10e)
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Results and discussion

Recently, our group reported catalytic living ROMP with reversible
chain transfer agents (rCTA) based on a degenerative reversible
chain transfer mechanism.’**! However, the main drawbacks of the
currently available rCTAs are their poor stability, difficult synthetic
access and lack of functional groups.

To address the latter, we followed a synthetic procedure that al-
lows the preparation of 7-anti-hydroxy-norborneneimides 3
(Scheme 1).%> Alkylation of the hydroxy group of 3 with cinnamyl
bromide derivatives 8 yielded the CTA precursors 9 (Scheme 1).
Using Grubbs' 3" generation catalyst (G3), a ring-opening-ring clos-
ing sequence previously reported* allowed us to obtain compounds
10 carrying one type of functional group in para position of the sty-
rene moiety (Scheme 1, 10a-10e, blue) and a different functional
group on the imide nitrogen atom (Scheme 1, 10a-10e, red).

Initial kinetic investigations where 10a (10 equiv.) was added to
a solution of G3-initiated (1 equiv.) N-methylnorborneneimide
(MNI, 20 equiv.) in deuterated dichloromethane (DCM-d.) re-
vealed that 10a reacted nearly 12 times slower with the propagating
ruthenium carbene than the non-functional analogous compound
(E)-7-styryl-2,4a,5,6,7,7a-hexahydrocyclopenta[b]pyran® (see sup-
porting information Fig S1). We hypothesized that coordination of
the imide carbonyl oxygen atoms to the ruthenium center might be
responsible for the observed low reaction rates. This assumption was
further supported by the fact that addition of titanium tetrai-
sopropoxide to an otherwise identical experiment gave a rate of re-
action that was at least ten times higher (see supporting information
Fig S2).
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Figure 1. 'H NMR spectra (CD.Cl, 400 MHz) of reactions: (2) G3
(19.07 ppm) with 20 equiv. of 10b forming G3-Br (19.03 ppm)
within 60 minutes (98% conversion), (b) G3 with 20 equiv. of 10c
forming G3-COOMe (19.46ppm) within 55 minutes (97% conver-
sion), (c) G3 with 20 equiv. of 10d forming G3-Br (19.03 ppm)
within 60 minutes (96% conversion) (d) G3 with 20 equiv. of 10e
forming G3-Cl (19.03 ppm) within 45 minutes (98% conversion).

Although these new CTAs (10) are not appropriate for use in cata-
lytic living ROMP (see supporting information Table-A), we



assumed that they might be very useful for the preparation of one-
pot heterotelechelic polymers.

We have previously reported that the exocyclic double bond of
this type of CTA is sterically hindered and remains inert towards sec-
ondary metathesis reactions.*® Therefore, this type of CTA reacts
with ruthenium carbene complexes via its endocyclic double bond
in a ring-opening-ring-closing sequence. Here, in analogy, the com-
mercial ruthenium benzylidene complex (G3) will react with the en-
docyclic double bond of the CTAs (10) via a ring-opening/ ring-
closing sequence thereby generating new functional catalysts. These
catalysts could subsequently be used for the functional initiation of
suitable norbornene derivatives. As the rate of propagation of nor-
bornene derivatives (kromr) is much higher than the rate of transfer
to the CTA (kcra) the polymerization of norbornene derivatives
could be easily carried out in the presence of the excess CTAs (10)
without undesired chain transfer events reducing the molecular
weight of the polymer. Finally, when all monomers are consumed
the end functionalization would occur automatically with the excess
of CTAs (10) present in the reaction medium via a ring opening/
ring closing sequence. (Scheme2). Therefore, when 1 equiv. of G3
was treated with 20 equiv. of CTA (10a - 10e) (shown in Scheme

Scheme 2. One pot synthesis of heterotelechelic polymers

2 ) G3 first reacted with the endocyclic double bond of the CTA
(10a - 10e) rather than the exocyclic double bond which is sterically
hindered. Then, via ring-opening-ring-closing metathesis new func-
tional catalysts were generated (shown in Scheme 2 ). Next, on add-
ing monomers (M1/M2/M3) the polymerization was carried out
without undesired chain transfer occurring [because the rate of
propagation of norbornene derivatives (kromr) is much higher than
the rate of transfer to the CTAs (kcra) ] and upon consumption of
all monomer an in-situ end capping with the excess of CTA (10a -
10e) (via a similar ring-opening-ring-closing sequence) gave the
heterotelechelic polymers (shown in Scheme 2 ).

To prove our hypothesis, CTA 10b was synthesized as shown in
Scheme 1. Next, G3 was reacted with 20 equiv. of 10b and the reac-
tion followed by 'H NMR spectroscopy until almost complete con-
version (98%) of G3 benzylidene (19.07 ppm) to G3-Br benzyli-
dene (19.03 ppm, Figure 1a) was observed. After successful pre-
functionalization of the ruthenium carbene complex with the func-
tional group R* (=Br for 10b), 12 equiv. of monomer M1 were
added.
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Figure 2. (2) MALDI-ToF mass spectrum (DCTB, NaTFA) of polymer P1 with the correct repeating unit mass observed . (b)'H-NMR spectrum
(400 MHz, CD:CL) of polymer P1. Selected signals of both end groups (a-g) with peak integrals are marked in the spectrum. Backbone olefinic protons

with integration are also marked as (h).

The reaction with the highly strained monomer M1 is significantly
faster than the chain transfer to CTA 10b leading to a very fast prop-
agation of M1. Once all monomer M1 was consumed the chain
transfer reaction with the CTA 10b became dominant and the group
R' (=ethyl for 10b) was installed at the polymer chain end. This re-
sulted in the synthesis of a narrowly dispersed polymer P1 (Masec
(CHCL) = 3.1 kDa, D =1.12, Table 1, entry 1) carrying defined
groups R' and R” at either of its chain ends. Although M, determined
by SEC (CHCls) was slightly higher than the expected value the M,
calculated from '"H NMR integration (2.7 kDa) was in close accord-
ance with the theoretical molecular weight based on the monomer
to G3 ratio (2.5 kDa). We believe that SEC (CHCI;) calibration
with polystyrene standards caused this discrepancy of Mn vaules.
The end groups were confirmed by MALDI-ToF mass spectromet-
ric analysis as well as '"H NMR spectroscopy (Figure 2). An isotopi-
cally resolved MALDI-ToF mass spectrum matching both end
groups is shown as an inset to Figure 2(a). Furthermore, arepeating
structure with an average of 177.08 g mol™' was observed, matching
the correct molecular mass of monomer M1. Correct matching of
both end groups (a-g) and main chain olefinic protons (h) in the 'H
NMR spectrum of polymer P1 is shown in Figure 2(b). Even
though R” cannot be considered a functional group, mechanistically
speaking P1 represented a heterotelechelic polymer.

Next, to test the efficacy of this process in synthesizing higher mo-
lecular weight heterotelechelic polymers, G3 was pre-functionalized
with CTA 10b in a similar manner as described above followed by
polymerization with 100 equiv. of monomer M1 leading to the het-
erotelechelic polymer P2. (Ma,sec (CHCL;) =20.5 kDa, P =1.26, Ta-
ble 1, entry 2, also see supporting information). Full control over
molecular weight as well as dispersity signified that the chain transfer
constant of the CTA is low enough not to affect the degree of
polymerization. Only towards the end of the propagation reaction,
when the monomer concentration has drastically dropped, the chain
transfer reaction with the CTA becomes dominant leading to a nar-
rowly dispersed heterotelechelic polymer.

Thereafter, we investigated different monomers (M2, M3) to ex-
pand the applicability of this method. Heterotelechelic polymers P3
and P4 were synthesized using monomers M2 and M3 respectively
via prefunctionalization with CTA 10b under the identical reaction
conditions as above (P3: Mysec (CHCL;) = 2.9 kDa, D =1.14, Table
1, entry 3, P4: Mi,ssc (CHCL;) =3.9kDa, D =1.13, Table 1, entry 4).
In both cases MALDI-ToF mass spectrometric analyses confirmed
the presence of the expected end groups. (see supporting infor-
mation Fig S66,Fig S67).

Furthermore, to show the versatility of this method and to pro-
duce truly heterotelechelic polymers, a series of CTAs (10c to 10e)
carrying different functional end groups were synthesized. Next, pre-
functionalization of G3 using 20 equiv. of CTA 10c was followed
by 'H NMR spectroscopy. Disappearance of the G3 benzylidene
carbene (19.07 ppm) and formation the new carbene G3-COOMe
(19.46 ppm, Figure 1b) was observed within one hour with excel-
lent conversion (97%, Figure 1b). Thereupon addition of 15 equiv.
of monomer M1 gave the heterotelechelic polymer P$ carrying a
methyl benzoate group at one end and a bromo phenyl moiety on
the other end (Musec (CHCL) = 3.8 kDa, D =1.11, Table 1, entry
5). End groups were confirmed by MALDI -ToF mass spectrometry
and '"H NMR spectroscopy ( see supporting information Fig S68 ,
Fig S58).

Similarly, G3 was functionalized with CTA 10d and CTA 10e to
generate the corresponding new carbene complexes within a short
reaction time (Figure 1c, 1d). Heterotelechelic polymers P6 and
P7 were synthesized by prefunctionalization of G3 with 20 equiv. of
CTA 10d followed by addition of 10 equiv. and 50 equiv. of mono-
mer M1 respectively. In both the cases SEC analyses showed excel-
lent molecular weight control as well as narrow molecular weight dis-
tributions (P6: Masec (CHCL) = 3.9 kDa, D =1.13, Table 1, entry
6, P7: Masec (CHCL) = 9.9 kDa, B=1.19, Table 1, entry 7).

In a similar fashion, the prefunctionalization of G3 with CTA 10e
followed by addition of monomer M1 gave a chlorophenyl initiated



polymer P8 with an acetophenone moiety on the imide nitrogen
atom at the other chain end (Misec (CHClL;) = 3.1 kDa, D =1.09,
Table 1, entry 8). End groups were confirmed by MALDI-ToF mass

Table 1. Summary of all heterotelechelic polymers synthesized

spectrometric analyses (P6: see supporting information Fig S69, P8:
see supporting information Fig $70).

Entry Polymer CTA Monomer G3:Monomer M. M. (calc. M.(obs.) SEC | P
ratio (theo) from'H NMR | (CHCL)*
(kDa) spectros- (kDa)
copy) (kDa)
1 P1 10b M1 12 2.5 2.7 3.1 1.12
2 P2 10b M1 100 18.1 19.5 20.5 1.26
3 P3 10b M2 10 2.8 3.2 2.9 1.14
4 P4 10b M3 10 3.2 3.3 3.9 1.13
S PSs 10c M1 15 3.2 3.2 3.8 1.11
6 Pé6 10d M1 1§ 3.2 3.4 3.9 1.13
7 P7 10d M1 50 9.4 9.5 9.9 1.19
8 P8 10e M1 12 2.6 2.7 3.1 1.09

* SEC (CHCl:) was calibrated with polystyrene standards.
Conclusions

In conclusion, commercially available Grubbs’ benzylidene complex
(G3) was readily functionalized in-situ using an excess of the functional
CTAs (10). Subsequent polymerization and automatic end functionali-
zation towards the end of the propagation reaction led to the synthesis
of heterotelechelic polymers (P1 to P8) using different monomers
(M1-M3) and varying molecular weights (monomer to initiator ratio 10
to 100) (Table 1). In all cases SEC analyses showed narrow molecular
weight distributions. For polymers P1, P3-P6 and P8 MALDI -ToF
mass spectrometry confirmed the presence of both functional end
groups (Figure 2 and see supporting information). This method repre-
sents a facile new approach for the one-pot synthesis of narrow disper-
sity hetero-telechelic ROMP polymers. We believe that this method
could be most useful for the conjugation of biomolecules or the attach-
ment of end-functional polymers onto surfaces or nanoparticles.

Experimental Section

A General Procedure for the Synthesis of Heterotelechelic Poly-
mers

G3 (1 equiv., 0.0045 mmol) was dissolved in dry degassed dichloro-
methane (0.2 mL). Separately CTA 10 (20 equiv.,0.09 mmol) was
dissolved in dry degassed dichloromethane (0.6 mL). The G3 solution
was then added to the CTA solution. The reaction mixture was stirred
at room temperature for 1 h in order to ensure almost complete
conversion of G3 to respective functional catalyst. After that monomer
(M1/M2/M3) dissolved in dry degassed dichloromethane (0.2 M) was
added quickly to the above solution. After complete polymerization fol-
lowed by end functionalization (10 min), the reaction is quenched by
adding excess ethyl vinyl ether (0.5 mL). The solvent was removed
under reduced pressure. The concentrated solution obtained was
precipitated 3 times into cold methanol to give the respective hetero-
telechelic polymer.
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