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SUMMARY

Ring-opening metathesis polymerization (ROMP) using Grubbs-type initiators has
become a widespread polymerization technique due to its remarkable functional group
tolerance and reliability. This has enabled the synthesis of well-defined materials with
applications. However, efficient methods for chain-end modification of ROMP and
recycling metal initiators remain significant challenges. The research reported in this thesis
explored the design and application of functional enyne reagents to overcome these
challenges in ROMP. The key to all of these methods is a terminal alkyne that rapidly
reacts with the ruthenium alkylidene and serves as a directing group to promote otherwise
inefficient transfer reactions intramolecularly. Using this general relay strategy, different
enyne molecules can be designed to give direct polymer-polymer coupling (Chapter 2) or
to generate functional initiators (Chapter 3), enabling the functionalization of both ends of
the metathesis-derived polymer chain. The enyne derivatives are also capable of recycling
the ruthenium catalyst in pulsed-addition ring-opening metathesis polymerization (PAROMP) to produce multiple functional chains from single ruthenium initiator with low
dispersities (Chapter 4). In addition, the terminating type enyne derivatives can be designed
as a branching agent, which can be used to synthesize well defined branched ROMP
polymers in a convergent synthetic pathway (Chapter 5). Overall, the utilities of ROMP
for macromolecular construction are widely expanded through these functional enyne
reagents and could find broad applications in the design of functional materials.
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CHAPTER 1.

1.1

INTRODUCTION

Olefin Metathesis
Olefin metathesis is a carbon-carbon double bond exchange reaction that is mediated

by a variety of organometallic catalysts. This impressive reaction was first identified in the
1950’s, when the chemists at Du Pont, Standard Oil, and Phillips Petroleum reported the
serendipitous disproportionation of propylene into ethylene and butene using molybdenaalumina catalysts (Figure 1.1)1 The reaction was named “metathesis” by Calderon in 196723

though the mechanism of this reaction was not understood at the time. Several

mechanisms of olefin metathesis reactions were proposed in the following decades, and the
pathway proposed by Chauvin4 in 1971 was experimentally verified by Grubbs5 and Katz6
soon thereafter. This mechanism proceeds through the intermediacy of metal alkylidenes
containing carbon-metal double bonds that can react with carbon-carbon double bonds via
a reversible [2+2] cycloaddition to form four-membered metallacyclobutanes. These
intermediates then break down through a retro-cycloaddition to give either the original
starting materials or a new carbon-carbon double bond product.

Figure 1.1 Mechanism of olefin metathesis.

1

In the earliest olefin metathesis reactions, heterogenous catalyst systems were used
that combined transition-metal halides with co-catalysts such as WCl6/EtAlCl2,
MoO3/SiO2.7-8 These catalysts are reactive but the usage is limited due to the low functional
tolerance and high operating temperatures. Single-component metathesis catalysts system
based on titanium, tantalum and tungsten were reported in late 1970s,9 though were still
precursors to the active metal alkylidenes (Figure 1.2). Later, the development of catalysts
based on molybdenum alkylidenes were introduced by Schrock and co-workers.10
Although these early transition metal catalysts are highly active in metathesis reactions,
they possess are low functional group tolerance and are very sensitive to air and moisture,
normally requiring a glovebox to handle effectively.

Figure 1.2 Examples of early transition metal catalysts.
The functional group incompatibility and oxophilicity problems of early
transitional metal catalysts were addressed by the development of late transition metal
catalysts. This breakthrough occurred in the early 1990s when ruthenium carbene
complexes were reported by Grubbs and co-workers (Figure 1.3). The first metathesisactive ruthenium alkylidene complex (Ru-1) was reported in 199211 and was found to be
remarkably stable to air and moisture. This catalyst also tolerated many common polar
functional groups such as alcohols and carbonyl groups, enabling its rapid adoption
towards the synthesis of small molecules. This structure was further improved in 1996 with

2

introduction of the Grubbs first-generation catalyst (G1)12 containing a ruthenium
benzylidene and two tricyclohexyl phosphine ligands. G1 has similar functional tolerance
as ruthenium vinylidene (Ru-1) but displays higher reactivity in metathesis reactions. In
addition, this catalyst was be prepared on multi-kilogram-scale, which further accelerated
its use in synthesis.

Figure 1.3 Grubbs-type ruthenium catalysts.
With the discovery of N-heterocyclic carbene (NHC) based ruthenium catalysts9,
Grubbs and coworkers established the second generation catalyst (G2) in 199913. The NHC
ligand is a strong sigma donor making it is far less labile than the earlier phosphine ligands.
The π-back-bonding of the NHC also reduces the dissociation rate of the opposing
tricyclohexyl phosphine ligand and increased the overall stability of the ruthenium
system.14 Consequently, the metathesis activity and functional group tolerance was
dramatically increased. The Grubbs third generation (G3)15 catalyst retains the same NHC
ligand as G2 but replaces the phosphine ligand with two weakly coordinating pyridine
ligands that have very fast rates of dissociation from the ruthenium center. While this leads
to reduced thermal stability and tolerance to oxygen in solution, the high rates of initiation
and activity have led to widespread use in polymerization reactions.
1.2

Metathesis Polymerization

3

1.2.1

General Aspects
Before the intermediates and mechanism of metathesis were understood, the ability

of metathesis to generate high molecular weight polymers was already well appreciated.
There are two general approaches to making polymers using metathesis chemistry (Figure
1.4). The most commonly used technique is ring-opening metathesis polymerization
(ROMP) that involves the consecutive ring-opening of strained cyclic olefins and
frequently features living character. This powerful method for making polymers is readily
able to synthesize high molecular weight materials and will be the primary focus in this
chapter. A second and less common strategy is via acyclic diene metathesis polymerization
(ADMET).16 This relies on the sequential cross-metathesis (CM) of α,ꞷ - diene monomers
and extrusion of ethylene driving the formation of oligomers and eventually polymers.
While ADMET permits a range of functionality into the polymer backbone and has been
frequently used to make periodic polyethylene materials17-18, the step-growth character of
the polymerization leads to challenges in making high molecular weight and limits broader
use in the field.19

Figure 1.4 Polymerization via olefin-metathesis reaction.
A detailed mechanism for ROMP is described in Figure 1.5 using a generic
norbornene monomer with the G3 initiation. Before a metathesis reaction can occur

4

between the strained olefin and the ruthenium benzylidene, an open coordination site needs
to become available on the ruthenium center. Upon dissolution in a reaction solvent, the
first pyridine ligand immediately dissociates. The second pyridine ligand dissociates
slowly to give a reactive 14-election complex and then the norbornene coordinated to the
open site to form metallacyclobutane. This initiation step is critical to performing ROMP,
as the relative rates of initiation (ki) and propagation (kp) determine the ability to generate
low dispersity polymers. In the case of G3, values for ki/kp have been found to be >19
which is more than adequate to provide fast initiation and equal competition between
monomers during the proceeding propagation stage.15 The resulting mechanism follows a
normal metathesis pathway involving sequential [2+2] and retro-[2+2] reactions. The
reverse reaction to backbite and ring-close is highly discouraged by the high ring strain of
the norbornene monomers to push the equilibrium completely towards polymerization.
Other typical monomers for ROMP include strained cycloolefins such as cyclobutenes,
cyclooctenes, and norbornene derivatives and all possess ring strains above 7.4 kcal/mol.
Currently, norbornene derivatives such as oxanorbornenes and norbornene imides are the
most frequently used in ROMP due to straightforward synthetic access to functional
derivatives. An addition feature of norbornene-derived monomers is the hindered backbone
olefins after ring-opening that are resistant to secondary metathesis reactions. This prevents
chain transfer events and leads to polymerizations with fully living characteristics. These
properties of ROMP permitted the synthesis and study of well-defined materials with a
wide range of applications.

5

Figure 1.5 Mechanism and typical monomers for ROMP.
While ring strain is the most common driving force for ROMP, another strategy to
promote the polymerization is through entropy-driven ring-opening metathesis
polymerization (ED-ROMP)20-21 (Figure 1.6). This behavior is displayed in polymerization
of large macrocyclic olefins where the equilibrium is driven forward by the net entropy
gain arising from increased rotational and vibrational degrees of freedom in the polymeric
state. Meyer and coworkers leveraged this approach to synthesize sequence-defined
polyester copolymers through ED-ROMP of cyclic macromonomers using Grubbs second
generation (G2) catalyst. By modifying the Grubbs initiator, a trans geometry of the olefins
was selectively formed after ring-opening and suppressed secondary metathesis events on
the backbone. This led to a partially controlled polymerization in which the molecular
weights of polymers of the polymer could be targeted by varying the monomer-to-initiator
ratio.

6

Figure 1.6 Example of ED-ROMP of macrocyclic olefin.
Another method for promoting metathesis polymerization without the use of
strained cycloolefins is through cascade enyne and yne-yne metathesis. Unlike olefins,
carbon-carbon triple bonds perform addition reactions with metal alkylidenes to form
metallacyclobutenes that then undergo electrocyclic ring opening. This exothermic
reaction generates a new vinyl metal carbene that is usually sluggish in additional
metathesis reactions. A strategy widely developed by Choi and coworkers to overcome this
barrier is to use intramolecularity lower the entropic cost of this reaction and promote
further metathesis reactions.22-24 This is shown in the ring-closing/ring opening
polymerization of the 1,6-enyne monomer in Figure 1.7. Notably, the downhill
isomerization of the enyne system into a conjugated diene is sufficient to promote the ringopening polymerization of completely unstrained systems, such as a cyclohexene. In this
sense, the terminal alkyne can be viewed as a directing group for metathesis that enables
metathesis events to occur at otherwise unfavorable sites. This polymerization when
performed with G3 was very rapid, frequently complete in minutes at -10 °C, and featured
living characteristics.

7

Figure 1.7 Examples of tandem metathesis polymerization
1.2.2

Chain-Ends Modification of ROMP
Despite the ability of ROMP to polymerize a wealth of functional groups when

attached to a norbornene monomer, precisely controlling the chain-end chemistry of
ROMP polymers remains an unsolved problem. The chain-ends are defined by both the
initiator structure and also the mode of termination after ROMP is complete. Since the
Grubbs catalysts have been continuously optimized for highly chemoselective reactions
with π-systems, identifying reactions that can selectively excise the ruthenium center from
the chain-end while introducing a target functionality is quite challenging. Controlling the
chain-end chemistry is important, as it expands the potential of metathesis polymers
towards applications in surfaces modification25, bioconjugation26 or molecular labelling27.

8

At the present, several methods have been developed for ꞷ-end functionalization through
termination of the living chain end, but much less research has focused on the α-modified
polymers using custom initiators.
In the majority of metathesis polymerizations reported, commercially available
Grubbs initiators are directly employed and deliver in nonfunctional phenyl groups to the
initiating end of the polymer chains (Figure 1.8). Efforts to create custom initiator
structures have generally relied on either independent organometallic synthesis or the use
of direct cross metathesis methods, though neither have been widely adopted by polymer
chemists due to challenges in their synthesis and isolation (Figure 1.8). A series of welldefined metathesis catalysts was reported by Grubbs through the reaction of RuCl2(PPh3)2
with diazoalkanes.12, 28 While this method is efficient, the limited number of stable diazo
compounds available limits its broader use for functional derivatives. Direct cross
metathesis reactions between ruthenium benzylidenes and functional olefins (vinyl
derivatives or cis-olefin) is another approach although excess equivalents of olefins are
required (10 – 15 equivalents).28-29 In addition, using this method to generate modified
initiator in situ will lead to make homotelechelic polymer because these groups can also
act as an active agent to living polymer chain-end. Researchers have attempted to directly
isolate these modified initiators, too, though reaction yields are frequently low and require
column chromatography.
.

9

Figure 1.8 Traditional approaches to functional initiator synthesis
Several creative approaches had been established by Kilbinger et al. to
functionalize α-chain-end of ROMP through initiator modification.30 One strategy was
based on “sacrificial synthesis” method, where a cleavable block was introduced to
polymer chain and degraded afterwards to generate a specific chain-end functionality. This
cleavable block was polymerized from 2-methyl-1,3-dioxepine using G1 and then chainextended with a norbornene imide to form block copolymers (Figure 1.9A). After
polymerization is complete, the acetal moieties in the cleavable block were hydrolyzed
under acidic condition to generate a hydroxyl terminated polymer. While this “sacrificial
synthesis” method still required post-polymerization modification, a more efficient tandem
ring-open-ring-close strategy was reported in 2016 for in situ initiator functionalization.31
In this system norbornene covalently tethered to a functional styrene derivative was reacted
with G1 and G3. After ring-opening, the formed ruthenium alkylidene could
intramolecularly ring-close with the neighboring olefin to afford a bicyclic byproduct and

10

a functionalized ruthenium benzylidene structure (Figure 1.9B). Although this concept was
successful in modifying the G1 or G3 initiating structure, the small molecule byproduct of
the metathesis sequence was found to be reactive during the following polymerization and
led to termination events.

Figure 1.9 Kilbinger’s strategy for functional initiator synthesis.
In contrast to development of methods for initiator synthesis, several creative
approaches to functionalize α-chain-end of ROMP through initiator modification. In
standard ROMP procedures, addition of an excess of ethyl vinyl ether (EVE) is used to
cleave the ruthenium center from the polymer chain in a highly regioselective crossmetathesis reaction. While this process is generally quantitative and results in a deactivated
Fischer carbene, an unreactive terminal vinyl group remains on the chain-end. In 2000,
Kiessling and coworkers reported a substituted enol ether derivative was able to install an
ester group at the polymer terminus (Figure 1.10A)32. Since this time, enol ether
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terminating agents with ester, ketone, and azide groups have been developed and these endfunctionalized polymers were employed to attach biomolecules for cell surface studies.33
However, this method usually required long reaction times to complete (6-20 hrs).
Symmetrical cis-olefins have also been frequently employed to generate endfunctionalized polymers, as shown initially by Li and later explored in detail by Grubbs
(Figure 1.10B).34-35 These terminating agents was able to transfer various functional groups
and polymer chain-end, like protected Boc amine and ATRP initiator. While this reaction
leaves behind an active ruthenium species, the backbone olefins are generally resistant to
additional metathesis reactions. Many equivalents are also needed in this method but has
proven to be a reliable method for polymer termination if the functional group of interest
is not valuable.

Figure 1.10 Traditional cross-metathesis approach for functional termination
As mentioned before, Kilbinger has also explored the use of heterocyclic olefins to
introduce functionalities to the chain-ends through termination process (Figure 1.11). The
“sacrificial synthesis” strategy is the same process as the α-chain-end modification. A
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cleavable block was sequentially copolymerized with polynorbornenes and formed
hydroxy chain-end after acid hydrolysis of acetal moieties on the backbone.36-37 Vinyl
carbonate (VC) or 3H-furanone were reported as new functional terminating agents to give
aldehyde or carboxylic acid polymer end groups.38-39 The Fischer-type carbene linked to
polymer chain was cleaved during the formation of unreactive ruthenium-carbido complex,
the remaining chain-end decomposed to an aldehyde without further chemical
transformation (or carboxylic acid when using 3H-furanone). However, these strategies
only install single functionalities (aldehyde, acid) and do not represent a general solution
to the problem.

Figure 1.11 Ring-opening strategies for functional termination
A recent approach by Elling and Xia demonstrated used rapid single monomer
additions with near stoichiometric quantities of cyclopropene derivatives (1 equiv) that
provide chain-end functionalized polymers40 (Figure 1.12). The cyclopropene monomers
disubstituted with large phenyl and carbonyl groups were surprisingly unable to
polymerize, despite the very high ring strain of the three-membered ring. Instead, only
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single additions to the cyclopropene occurred because of the steric hindrance of the
substituents and the ability of the ruthenium alkylidene to chelate to the pendant carbonyl
groups. Given this highly selective monoaddition reaction, it enabled a variety of useful
functional groups (halides, ketones, aldehyde and dyes) to be installed to the polymer
chain-end. The living chain-end after addition could either be terminated with ethyl vinyl
ether or reinitiated with additional monomers.41

Figure 1.12 Single addition of cyclopropenes (CPEs) for chain-end modification.

1.3

Branched Polymers via Metathesis Polymerization
Branched polymers are polymers with more than two chain ends per molecule.

Different architectures of branched polymers are shown in Figure 1.13. including star
polymers, bottle brush polymers and hyperbranched polymers.42 Compared to the linear
polymer, branched polymers contain multiple functional chain-ends, lower viscosity, and
higher solubility. These polymers had broad applications from surface coatings, viscosity
modifiers in materials field to gene or drug delivery carriers in biochemistry arena.43 While
ROMP has emerged as the most versatile technique to synthesize high molecular weight
bottle brush polymers44-46 or star polymers47, the synthesis of highly ordered structures still
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remains challenges, particularly for controlling parameters like molecular weight
distribution and degree of branching in hyperbranched polymers.

Figure 1.13 Typical types of branched structures.
1.3.1

Graft Polymers
Graft polymers are large macromolecules with grafted polymeric side chains. The

three common grafting pathways include 1). “grafting onto”: the connection of side chain
polymers to the backbone polymers, 2). “grafting from”: the polymerization of side chains
from the ready backbone. and 3). “grafting through”: the homo- or copolymerization of
macromonomers (monomer + side chain polymers). Depending on different strategies,
ROMP or combination with other polymerization methods have been applied to grow
grafted polymers. While grafting-through and grafting-from have been successfully
utilized many times, the grafting-to method has been far less explored and generally been
an ineffective strategy due to the inability to generate densely grafted structures,
incomplete reactions and the difficulty of removing excess homopolymers.
For the grafting-from approach, macroinitiators are required on the polymer
backbone to initiate new polymer chains. Wooley et.al48 reported a one pot synthesis of
brush polymers through tandem catalysis using G1 catalyst. (Figure 1.14). Since G1 is an
effective catalyst for both ROMP and ATRP49, the α-bromoisobutyrate ATRP initiator
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functionalized norbornene monomers and methyl methacrylate monomer can be
polymerized in one pot because ROMP is faster than ATRP in this condition. This brush
polymer presented as nanoparticles on surface and shown as ellipsoidal shapes with
variable sizes. A strategy that only using ROMP for graft-from pathway was reported by
Kiessling in 2009.50 A ROMP-derived main chain was prepared from pendent maleimide
functionalized norbornene monomers. These functional moieties were converted to
norbornene by Diels-Alder reaction cyclopentadiene. These norbornene groups serve as
sites of initiation and subsequent ROMP generated the side chains from ROMP main chain.
Since grafting-from is also depend on post-polymerization modification on the backbone,
it can impact the graft density and may not form perfectly grafted bottlebrush polymers.

Figure 1.14 Synthesis of graft bottlebrush polymers by controlled ROMP and
ATRP
Grafting through has been widely utilized in ROMP for synthesis densely grafted
bottlebrushes by polymerization of macromonomers. This is a highly challenging
approach, as it requires the continual coupling of large monomers while also possessing a
very hindered site of propagation. Bowden et al first demonstrated the grafting-through
synthesis of bottlebrush polymer by ROMP using G1 and G2 catalysts.46 Xia and Grubbs
et al.44 in 2008 reported the use of a highly active G3 catalyst for achieving bottlebrush
16

polymer with high macromonomer conversion and low dispersity (Figure 1.15). Based on
the different design of the macromonomers, various well-defined polymer structures can
be prepared such as random or block bottlebrush copolymers45, Janus bottlebrush
copolymers51 and ABCD tetrablock bottlebrush polymers52. To further understand
structure-property relationships among polymers, a study on controlling graft density and
graft distribution by living ROMP was reported by Grubbs group, which provided general
parameters to design and synthesize brush polymers with any arbitrary grafting
distribution.

Figure 1.15 Synthesis of bottlebrush polymers by grafting through ꞷnorbornenyl macromonomer
1.3.2

Star Polymers
Star shape polymers contain multiple linear chains connected to the central core.

The synthesis of stat polymers generally follows “core-first” and “arm-first” approaches.
The core-first approach employs a multifunctional initiator (core) to grow star polymers by
divergently growing linear polymers (arms). There is rare example of growing star by
ROMP via core-first approach because the synthesis of metathesis initiator with multiple
17

metal complexes is quite challenging. A recent design of a ruthenium type multifunctional
core initiator was developed by Barnes53, based on γ-cyclodextrin modified with eight
norbornenes (γ-CD-Nb8).
In contrast to core-first approach, arm-first approach makes star polymers by
connecting arm polymers together through polymerization or coupling reactions. The first
synthesis of star polymer in ROMP was demonstrated by Schrock. In this approach, the
arm polymers were prepared by using Mo alkylidene catalyst. The endo-cis-endohexacycloheptadeca-6,13-diene was added as the cross-linking agent to afford amphiphilic
star block copolymers with a cross-linked core.54 In 2009, Nomura and co-workers further
developed this approach to synthesize well-defined core cross-linked star polymers with
high solubility in common solvents.55 Johnson and co-workers56 adopted Nomura’s core
cross-linking strategy to generate highly functional brush-arm star polymers for use in a
variety of biomedical applications.57-58 Bates has developed an alternative approach to
synthesize star and asymmetric miktoarm star polymers by graft-through polymerization
of macromonomers with a low degree of polymerization (DP).59
1.3.3

Hyperbranched Polymers
Hyperbranched polymers are highly branched structures, which usually synthesized

by step-growth polycondensations, self-condensing vinyl polymerization or multibranching ring-opening polymerizations. Grubbs et al. reported a simple method to make
hyperbranched polymers via acyclic diene metathesis polymerization (ADMET)60 (Figure
1.16). The molecules functionalized with acrylate groups and terminal olefins served as
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ABn monomer to grow hyperbranched polymers because the olefin metathesis between an
electron-rich and electron poor olefin is highly selective.

Figure 1.16 Hyperbranched polymers via olefin metathesis
A distinct strategy for synthesis of hyperbranched polymer is reported by Knauss
and co-workers via convergent synthesis (Figure 1.17). In this approach, a small molecule,
that has a monomer attached to a terminating group is introduced to the polymerization.
Upon reaction of this molecule with the propagating anion, a macromonomer is generated
in situ. The remaining active polymer chains can then graft-through polymerize the
macromonomer forming branches. The living anionic chain-end react with silyl chloride
much faster than react with vinyl group, which cause that each branched system only
contains a single active chain-end, and relatively low dispersity is observed with targetable
molecular weights. However, this strategy was only demonstrated successfully in anionic
polymerization, which limits the design of functional groups and monomers.
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Figure 1.17 Convergent approach via anionic polymerization.
Kilbinger and co-workers explored the possibility of a convergent branching
strategy using ROMP in 2016 with a exo-norbornene imide-functionalized enol ether
terminating monomer (Figure 1.18).61 However, only low molecular weight products
containing mixtures of linear, three arms star, and star coupled polymers were generated.
The internal olefin of the enol ether displayed slow rates of metathesis relative to the
norbornene monomer, resulting in only inefficient polymer termination and incomplete
branching. Given the ability of ROMP to efficiently synthesize densely grafted bottle brush
polymers with apparent ease, developing new methods to rapidly terminate metathesis
polymers and modify chain-end chemistry has the potential to greatly expand the synthesis
of well-defined and functional hyperbranched systems.

20

Figure 1.18 Branched polymer of ROMP via termimer.
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CHAPTER 2.

RELAY CONJUGATION OF LIVING
METATHESIS POLYMERS

(part of the text in this chapter is adapted with permission from: Fu, L.; Zhang, T.; Fu, G.;
Gutekunst, W. R. J. Am. Chem. Soc, 2018, 140, 12181-12188)
2.1

Abstract
The covalent coupling of complex macromolecules is a modern challenge in both

chemistry and biology. The development of efficient and chemoselective methods for
polymer coupling and functionalization are increasingly important for designing new
advanced materials and to interfacing with biochemical systems. In this chapter, we present
a new strategy to directly conjugate living polymers prepared using ring-opening
metathesis

polymerization

(ROMP)

to

both

small

molecules

and

synthetic

macromolecules. Central to this methodology is a terminal alkyne that serves as a directing
group to promote a rapid, intramolecular reaction with an otherwise unreactive olefin. This
highly chemoselective relay conjugation is compatible with a range of monomer families
and uses a bench-stable enyne motif that can be easily introduced to functional targets. The
rapid rate of the conjugation reaction paves the way for greatly streamlined construction of
complex macromolecular systems derived from metathesis polymerization techniques
without the need for specialized equipment.
2.2

Introduction
A longstanding challenge in polymer science is the ability to rapidly build functional

materials under milder conditions and with more straightforward protocols. “Click
37

chemistry” has furthered this goal by enabling polymer scientists to treat macromolecules
as individual building blocks in order to construct complex polymer architectures and block
polymers, provided the appropriate functional groups are installed (e.g., azides, alkynes,
cyclooctynes, tetrazines, and cyclopropenes).1-9 Unfortunately, these privileged reactive
groups frequently need to be introduced through post-polymerization modification, thereby
requiring additional synthesis and purification steps.10-11 A more straightforward approach
would be to use the reactive species or catalyst employed during polymerization to
immediately couple the “living” polymer to another macromolecule of interest.
Unfortunately, the stringent demands of polymer−polymer coupling resulting from
macromolecular entanglement and low chain-end concentration prevents the use of this
approach with most polymerization techniques, and application of this strategy with
functional-group tolerant methods has not yet been reported.12
One technique which appears to have all the features necessary for this ideal goal is
ring-opening metathesis polymerization (ROMP) using Grubbs-type ruthenium initiators1315

. In addition to the established chemoselectivity and functional group compatibility of

ROMP16-18, modern Grubbs systems are capable of rapid and repeated macromolecular
couplings during the synthesis of densely grafted bottle-brush polymers from
macromonomers.19-21 Despite the clear power of the propagating ruthenium alkylidene,
methods to rapidly and stoichiometrically terminate this species with functional small
molecules or macromolecules are lacking.22 As mentioned in Chapter 1, substituted vinyl
ether derivatives23-24 and symmetrical cis-olefin25-26 were the most common methods to
install functionalities at polymer terminus by undergoing cross-metathesis reaction but they
required excess amount of terminating agents and long reaction time. (Figure 2.1A).
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Kilbinger and co-workers reported several approaches by using unsaturated heterocyclic
molecules and sacrificial synthesis27-32 to modify the polymer chain-end, but they only
provided single functionality, not general methods. Very recently, a report by Elling and
Xia demonstrated rapid single monomer addition with near stoichiometric quantities of
cyclopropene derivatives (1.1 equiv) that provide chain-end functionalized polymers after
further termination.33 While a significant development, this and prior strategies have not
demonstrated the ability to perform direct and efficient polymer−polymer coupling. In this
chapter, the mild and stoichiometric method to couple living polymers with other
macromolecules is reported that simultaneously removes and deactivates the ruthenium
catalyst.

Figure 2.1 (A) Direct cross-metathesis and sacrificial synthesis strategies. (B)
Strategic applications of directing groups to overcome reactivity issues in small
molecule synthesis. (C) Design of new alkyne-directed relay metathesis for
polymer chain-end conjugation.
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In order to overcome issues of reactivity and selectivity in small molecule organic
synthesis, directing groups are commonly employed and can be seen in the flourishing area
of C−H activation34-35 (Figure 2.1B). A directing group guides a moderately reactive
catalyst species into proximity with the desired reaction site. By lowering the entropic
barrier, an otherwise unfavorable process is facilitated. Surprisingly, this powerful bond
forming strategy is not frequently applied to macromolecular systems. To translate this
concept to metathesis polymerization, we envisioned that a directing group could be
strategically applied to promote the reaction of the ruthenium alkylidene with a hindered
olefin. The design of the developed termination system takes inspiration from both Hoye’s
relay-ring

closing

metathesis36

(Figure

2.1B)

and

Choi’s

enyne

metathesis

polymerization37-39, and uses a terminal alkyne as the directing element. Terminal alkynes
display remarkable reactivity with NHC-ligated Grubbs systems and have also seen
increased utility to promote metallotropic polymerizations40 The overall design of the
termination system has three key elements (Figure 2.1C). First is the terminal alkyne,
which rapidly reacts with the living polymer chain and directs the ruthenium alkylidene
toward the neighboring olefin. Second is the nitrogen linker, which becomes covalently
linked to the end of the polymer and can be attached to an array of functional groups or
polymers. The final design component is the cinnamyl sulfide, which, after enyne
metathesis, traps the metal center as a thioether chelate that is inert to further metathesis41.
These components combine to create an extremely robust and bench stable motif for
polymer conjugation. The reactions are highly efficient and remarkably fast, such that the
stoichiometric coupling of two synthetic polymers can be achieved in a matter of hours and
without the need for installation of traditional “click” functional groups.
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2.3

Result and Discussion
To demonstrate the concept of this terminator strategy, a short synthesis of a versatile

“terminator amine” was developed from 2-fluorobenzaldeyde, as shown in Figure 2.2.
First, nucleophilic aromatic substitution of the fluoride with dodecanethiol was performed
with potassium carbonate in DMF to give thioether aldehyde in 88% yield. Wittig reaction
followed by hydrolytic work up afforded the substituted cinnamaldehyde. Lastly, reductive
amination of the cinnamaldehyde with propargylamine gave the targeted terminator amine
in good yield over the two steps. Given the numerous methods available to derivatize
secondary amines, many functional groups could be attached to terminator to give chainend modified polymers.

Figure 2.2 Synthesis of terminator amine.
To test the enyne termination concept, the terminator amine was reacted with tosyl
chloride to form a N-Ts terminator, in analogy to Choi’s monomer studies37. Exo-methyl
norbornene imide monomer (M1) was reacted with Grubbs 3rd generation catalyst (G3) at
9:1 ratio in DCM at room temperature under a nitrogen atmosphere (Figure 2.3). After
rapid initiation and propagation in 5 minutes, 1.3 eq tosyl terminating agent was added to
the polymerization solution. The colour of solution changed rapidly from yellow brown to
light green in a matter of seconds. The polymer solution was concentrated after 30 minutes
and participated in 1:1 hexane/ether for characterization analysis.
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Figure 2.3 Living metathesis polymerization terminated with an N-Ts enyne
This tosyl end-functionalized polymer was analyzed by 1H-NMR, gel-permeation
chromatography (GPC), and mass spectrometry. The proton on both sides of the chain can
be observed and clearly integrated, which suggested the chain-end functionalization was
successful (Figure 2.4A). The proton signal from styrenic olefin at 6.56 ppm (blue square),
and the proton from tosyl group at 7.75 ppm (red circle) have relative integration of 1 and
1.95, respectively. This correlates well with the expected ratio of 1:2 and suggested the
reaction occurred with high efficiency. In addition, ruthenium alkylidene peaks could be
observed at 17.28 and 17.18 ppm that corresponded to cis and trans isomers of the sulfur
chelate (Figure 2.4B). This isomerization has been studied by Lemcoff and to show that
the trans-isomer converts to the more stable cis-isomer over time41. Importantly, no other
ruthenium carbene peaks were visible in this region. Matrix-Assisted Laser
Desorption/Ionization – Time of Flight (MALDI-TOF) mass spectrometry was also used
to further confirm the structure and high chain-end fidelity. A single series of ions were
observed that directly correlated to the polymer chain with tosyl group at the end of the
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polymer chain, and each peak in the series was separated by the mass of one monomer unit
(Figure 2.4C).

Figure 2.4 Characterization of the N-Ts chain-end functionalized polymer.
Another experiment was performed to demonstrate the sulfur chelated ruthenium
complex is unreactive in the system and no further metathesis occurs (Figure 2.5). The NTs terminator was reacted with G3 initiator directly at 1.3:1 ratio to generate the sulfur
chelated ruthenium in situ. 30 eq monomer (M1) was added to the reaction mixture and no
polymerization was observed after 30 minutes, as analyzed by GPC. As a comparison, the
polymerization of 30 equivalents of monomer will complete in minutes by using G3.
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Figure 2.5 GPC trace to test ruthenium chelated metathesis activity.
At this point, Dr. Liangbing Fu joined the group and also the ROMP termination
project. Dr. Fu synthesized a series of functional terminators and explored the scope of the
method with different monomers, as shown in Table 2-1 and Figure 2-8. For each entry in
this table, a P1-[Ru] living polymer was synthesized with DP of 30 and was terminated
using 1.3 equiv of each enyne. These include a bromo-isobutryate that could serve as an
ATRP initiator (P1− Br), a benzyl alcohol derivative (P1-OH), an N-hydroxy succinimide
(NHS) ester (P1-NHS), and a thiolactone (P1- thiolactone). Amide derivatives of
terminator amine 4 were also synthesized and evaluated. These included a trifluoromethyl
benzamide (P1-CF3) to facilitate characterization, a cyclic carbonate (P1-carbonate) and
a TMS-alkyne (P1- alkyne). Each of these examples gave results as impressive as the
initial P1-Ts study. High chain-end conversions (>95%) were seen in all cases by 1H NMR,
and no other side reactions were observed. MALDI-TOF analysis of the polymers further
reinforced this assertion, though some displayed some intensity-dependent peaks attributed
to ion fragmentation. A particularly notable substrate in this series is the TMS-alkyne
terminator. While a free terminal alkyne enables the relay conjugation reaction to occur,
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the sterically hindered TMS-alkyne is unreactive and leads to an alkyne-terminated
polymer for possible further functionalization with copper-catalyzed azide−alkyne click
chemistry.
Table 2-1 Terminator and polymer scope of the enyne-mediated conjugation
reaction.

In addition to different terminating groups, various monomer types (M2−M6) were
also evaluated for compatibility with this method. (Table 2.1B). Both endo- and exo-benzyl
norbornene imides cleanly reacted to deliver the chain-end terminated polymers exo-P2Ts and endo-P2-Ts, respectively. The oxanorbornene derivative (M4) terminated
uneventfully, and the faster polymerizing norbornene butyl ester monomer (M3)
successfully underwent the termination reaction in a rapid and high yielding manner to give
P4-Ts and P3-Ts, respectively. Completely different monomer classes such as cyclic enyne
(M5) and yne-yne (M6) monomers were also explored to provide chain-end functionalized
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products. The 1,6-diyne monomer M6 showed slightly lower reaction efficiency, as
analyzed by 1H NMR (85%). It is believed that this is because the polymerization reaction
have some chain-end decomposition over time, which has been noted by Choi42.
Furthermor, 1H NMR suggested high fidelity (>95%) in all the above examples except the
yne-yne, and MALDI data reinforced the assertion in all cases that the polymers were able
to ionize.
In addition, while 1.3 equiv were employed for these experiments to ensure full
conversion, use of 1.05 equiv gave identical results after extending the reaction time to 1
hr (Figure 2.6). To test the efficiency termination with 1.05 equiv terminator, 1.05 equiv
N-Ts terminator was added to a living polymer (DP 30) chain, stirring for in hour and the
polymer was characterized by 1H NMR and MALDI-TOF. Only sulfur chelated ruthenium
benzylidenes proton was observed in ruthenium region of 1H NMR. A single series of ions
in MALDI-TOF indicated that the polymer was corelated with tosyl group at the end of the
polymer chain, and each peak in the series was separated by the mass of one monomer unit.

Figure 2.6 Test of termination with 1.05 equiv. N-Ts terminator.
To further evaluate the chain-end fidelity of the new enyne conjugation, chainextension experiments were performed using bromide-terminated polymer P1-Br as a
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macroinitiator (Figure 2.7). A poly(styrene) block was grown from P1-Br using CuBr and
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) ligand in DMF at 90 oC for 18
hours. The polymer mixture was pass through an alumina column eluting with DCM to
remove copper salts. As can be seen from the SEC chromatogram, the low dispersity
macroinitiator dramatically increases in molecular weight after polymerization of the
polystyrene block giving P1-b-PS (Mn = 30.5k, Đ = 1.29). Notably, the complete shift
observed in the elution peak of the di-block polymer after polymerization further suggests
the very high efficiency of the enyne chemistry and also demonstrates the ease in which
block polymers can be synthesized using this protocol.

Figure 2.7 Synthesis of P1-b-PS diblock polymer though chain extension with
styrene and SEC (CHCl3) characterization.
Based on the scope, speed and efficiency of enyne terminators, this termination
approach was further extended to polymer-polymer coupling. This would dramatically
expand the utility of ROMP-based methods.43-46 The modern methods to connect two
polymer chains rely on post-polymerization modifications, requiring further synthesis and
purification. The direct polymer-polymer coupling usually face challenges about steric
blocking of reactive site through macromolecule entanglement and low concentration at
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chain-ends. Our termination approach could provide a straightforward method for
polymer-polymer conjugation in which the living chain-end can be directly used (Figure
2.8). To test this potential strategy, linear PEO-derived terminators (5 kDa) were
synthesized by coupling commercially available amine-terminated PEO and NHS-ester
derived enyne terminator. Stoichiometric quantities of living P1-[Ru] and linear PEO
enyne macroterminator were reacted with each other at concentration of 3-4 mM for 3
hours. As shown by GPC, a significant increase in molecular weight was observed for
unimodal diblock polymer P1-b-PEO (Mn = 11.9 kDa, Ɖ = 1.11). Furthermore, 4-arm and
8-arm PEO enyne macroterminators were also prepared and performed similarly, showing
significant molecular weight shift in GPC. Importantly, the GPC chromatograms shown in
Figure 2.8 are crude reaction mixtures without any attempt to purify the product diblocks.
This highlights the near-stoichiometric ratios of these reactants and only trace quantities of
the ROMP homopolymer is detectable after relay conjugation. Overall, this relay
conjugation methodology shows high practical value for the rapid construction of complex
macromolecules with ruthenium metathesis.
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Figure 2.8 Direct polymer-polymer coupling of living metathesis polymers.

2.4

Conclusion
In conclusion, a new and highly efficient strategy for the conjugation of small and

macro-molecules to living metathesis polymers has been developed that exploits the
chemoselectivity of the ruthenium alkylidene. By leveraging the terminal alkyne as a
directing group for metathesis, an otherwise unfavorable cross-metathesis reaction can be
promoted to rapidly install diverse functionalities onto the end of ROMP-derived polymers,
while also removing the ruthenium catalyst as an unreactive chelate. This method is
compatible with many types of functional groups and is operationally straightforward to
execute. Furthermore, it is the first method that can directly couple a living polymer to
other macromolecules under mild conditions. This alters the traditional synthetic
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paradigms in which post-polymerization modification is needed for macromolecular
coupling and will serve to greatly streamline functional materials synthesis using
metathesis methods. Given the established compatibility of ruthenium metathesis in
aqueous environments, there are clear opportunities for direct conjugation to
biomacromolecules, as well as for the functionalization of nanoparticles and surfaces
leading to diverse applications in materials science.47
2.5
2.5.1

Experimental Section
General procedure
General procedures. All reactions were carried out under a nitrogen atmosphere

with dry solvents using anhydrous conditions unless otherwise stated. Dry, degassed
dichloromethane (CH2Cl2), N,N-dimethylformamide (DMF), and tetrahydrofuran (THF)
were obtained from a JC Meyer solvent purification system. PEO amine HCl salt, 4-arm
PEO amine (pentaerythritol) HCl salt and 8-arm PEO amine (tripentaerythritol) HCl salt
were purchased from JenKem Technology. Unless otherwise stated, all other reagents were
purchased at the highest commercial quality and used without further purification. Yields
refer to chromatographically and spectroscopically (1H-NMR) homogeneous materials,
unless otherwise stated. Reactions were monitored by thin layer chromatography (TLC)
carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light as the
visualizing agent and basic aqueous potassium permanganate (KMnO4), and heat as
developing agents. E. Merck silica gel (60, particle size 0.043–0.063 mm) was used for
flash column chromatography. NMR spectra were recorded on Bruker Avance 400, 500 or
700 MHz instruments and calibrated using residual undeuterated solvent as an internal
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reference (CHCl3 @ 7.26 ppm 1H NMR, 77.16 ppm 13C NMR). The following
abbreviations (or combinations thereof) were used to explain the multiplicities: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. Mass spectra (MS) were
recorded on LC/MS (Agilent Technologies 1260 Infinity II/6120 Quadrupole) or a timeof-flight mass spectrometer by ESI or matrix assisted laser desorption/ionization (MALDI)
using a trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
matrix and AgTFA ionizing agent. Polymer samples were analyzed using a Tosoh EcoSEC
HLC 8320GPC system with TSKgel SuperHZ-L columns eluting CHCl3 containing 0.25%
NEt3 at a flow rate of 0.45 mL/min. All number-average molecular weights and dispersities
were calculated from refractive index chromatograms using PStQuick Mp-M polystyrene
standards. Melting points were measured on a MEL-TEMP II Laboratory Devices
(uncorrected).
2.5.2

Experimental Procedure

Synthesis of terminator amine 4.

2: 2-Fluorobenzaldehyde (1) (2.0 g, 16.1 mmol, 1.0 eq) was dissolved in
DMF (10 ml) at room temperature, followed by addition of K2CO3 (2.67
g, 19.3 mmol, 1.2 eq). The mixture was bubbled with argon for 5 minutes, and 1dodecanethiol (4.25 ml, 17.8 mmol, 1.1 eq) was added via syringe. The reaction was placed
in an oil bath that was preheated to 50 °C and stirred for 48 hours, then was quenched by
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H2O (20 ml). The aqueous layer was extracted by diethyl ether (3×30 ml). The combined
organics were washed with brine (30 ml), dried over Na2SO4, and concentrated in vacuo.
The residue was purified by column chromatography (10% EtOAc in hexane) to give 2 as
a light-yellow oil (4.33 g, 88%).
MS (m/z): calcd for C19H31OS, [M+H]+, 307.21; found, 307.2.
1H

NMR (400 MHz, CDCl3) δ 10.41 (s, 1H), 7.84 (ddd, J = 7.7, 1.6, 0.3 Hz, 1H), 7.52

(ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 7.43 (dd, J = 8.0, 1.1 Hz, 1H), 7.30 (dddd, J = 8.2, 7.3, 1.2,
0.5 Hz, 1H), 2.96 (t, J = 7.4 Hz, 2H), 1.71 (p, J = 7.5 Hz, 2H), 1.47 (p, J = 7.3 Hz, 2H),
1.38 – 1.23 (m, 16H), 0.90 (t, J = 6.9 Hz, 3H).
13C

NMR (126 MHz, CDCl3) δ 191.51, 142.29, 133.93, 133.83, 131.91, 128.10, 125.15,

33.28, 31.87, 29.59, 29.58, 29.53, 29.43, 29.30, 29.13, 28.94, 28.53, 22.65, 14.09.
3: Compound 2 (4.60 g, 15.0 mmol, 1.0 eq) and ((1,3-dioxolan-2yl)methyl)triphenylphosphonium bromide (7.73 g, 18.0 mmol, 1.2 eq)
was dissolved in dry THF (45 mL). Potassium tert-butoxide solution (1.7 M in THF, 22.5
mmol, 13.2 mL, 1.5 eq) was added dropwise under nitrogen atmosphere at room
temperature. The reaction was stirred further at room temperature for 2 hours. Then HCl
(2 N, 75 mL) was added. The reaction was stirred at room temperature for 14 hours. The
reaction mixture was extracted with Et2O (60 mL + 40 mL). The combined organics were
washed with brine (50 mL), dried over Na2SO4, and concentrated in vacuo. The residue
was purified by column chromatography (5% to 10% Et2O in hexanes) to give 3 as a light
yellow solid (4.53 g, 91%). Note: E/Z olefin isomers are initially obtained in the Wittig
reaction, but fully equilibrates to the E-isomer over time during hydrolytic workup.
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m.p.: 50 – 52 ℃;
MS (m/z): calcd for C21H33OS, [M+H]+, 333.23; found, 333.2.
1H

NMR (500 MHz, CDCl3): δ 9.79 (d, J = 7.8 Hz, 1H), 8.16 (d, J = 15.9 Hz, 1H), 7.63

(dd, J = 7.8, 1.5 Hz, 1H), 7.48 (dd, J = 7.9, 1.3 Hz, 1H), 7.40 (td, J = 7.6, 1.5 Hz, 1H), 7.30
– 7.27 (m, 1H), 6.69 (dd, J = 15.9, 7.8 Hz, 1H), 2.94 (t, J = 7.4 Hz, 2H), 1.66 (p, J = 7.4
Hz, 2H), 1.44 (p, J = 7.3 Hz, 2H), 1.38 – 1.20 (m, 16H), 0.90 (t, J = 6.9 Hz, 3H).
13C

NMR (126 MHz, CDCl3): δ 193.97, 149.94, 138.59, 134.46, 131.10, 130.54, 129.82,

127.42, 126.59, 34.71, 31.92, 19.65, 29.64, 29.58, 29.50, 29.36, 29.15, 29.02, 28.81, 22.71,
14.15.
4: Compound 3 (1.66 g, 5.0 mmol, 1.0 eq) was dissolved in DCM
(10 mL) at room temperature, followed by addition of MgSO4 (0.91
g, 7.5 mmol, 1.5 eq) and propargyl amine (0.42 g, 7.5 mmol, 1.5 eq). The reaction was
stirred at room temperature for 12 hours. Then the mixture was filtered, and washed with
additional dry DCM. The volatiles were removed under reduced pressure, the residue was
dissolved in MeOH (30 mL) in an ice bath, and NaBH4 (0.76 g, 20.0 mmol, 4.0 eq) was
added in one portion. The reaction was stirred at room temperature for 2 hours, then was
quenched by H2O (3 mL). After removing the solvent in vacuo, H2O (30 mL) and ethyl
acetate (50 mL) were added to the residue. The aqueous layer was further extracted with
ethyl acetate (30 mL), and the combined organics were washed with brine (50 mL), dried
over Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (25% to 60% EtOAc in hexanes) to give 4 as a light yellow oil (1.64 g,
88%).
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MS (m/z): calcd for C24H38NS, [M+H]+, 372.27; found, 372.3.
1H

NMR (400 MHz, CDCl3): δ 7.48 (dd, J = 7.0, 2.2 Hz, 1H), 7.40 – 7.31 (m, 1H), 7.24 –

7.14 (m, 2H), 7.10 (d, J = 15.7 Hz, 1H), 6.21 (dt, J = 15.8, 6.4 Hz, 1H), 3.57 (dd, J = 6.4,
1.5 Hz, 2H), 3.51 (d, J = 2.5 Hz, 2H), 2.87 (t, J = 7.4 Hz, 2H), 2.27 (t, J = 2.4 Hz, 1H),
1.64 (p, J = 7.3 Hz, 2H), 1.43 (p, J = 7.2 Hz, 2H), 1.32 – 1.28 (m, 16H), 0.91 (t, J = 6.8
Hz, 3H).
13C

NMR (126 MHz, CDCl3): δ 137.64, 135.10, 129.81, 129.77, 129.45, 127.74, 126.31,

126.24, 82.06, 71.56, 50.56, 37.43, 34.08, 31.93, 29.67, 29.65, 29.61, 29.53, 29.37, 29.21,
29.07, 28.90, 22.71, 14.15.
Synthesis of terminators 5, S5-S9.

5: To a stirred solution of compound 4 (149 mg, 0.40 mmol, 1.0 eq) and triethylamine (61
mg, 0.60 mmol, 1.5 eq) in CH2Cl2 (2 mL) in an ice bath was added TsCl (76 mg, 0.40
mmol, 1.0 eq). Then the reaction was warmed to room temperature. After 2 hours, the
reaction mixture was diluted with DCM (15 mL), washed with 1N HCl (10 mL), brine (10
mL), dried over Na2SO4 and concentrated in vacuo. The residual oil was purified by
column chromatography (5% to 10% Et2O in hexanes) to give the product as a colorless
oil (200 mg, 95%).
MS (m/z): calcd for C31H43NNaO2S2, [M+Na]+, 548.26; found, 548.2.
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1H

NMR (500 MHz, CDCl3): δ 7.78 (d, J = 8.1 Hz, 2H), 7.39 (dd, J = 7.5, 1.5 Hz, 1H),

7.34 (dd, J = 7.5, 1.5 Hz, 1H), 7.31 (d, J = 8.1 Hz, 2H), 7.21 (td, J = 7.5, 1.5 Hz, 1H), 7.17
(td, J = 7.5, 1.5 Hz, 1H), 7.11 (d, J = 15.7 Hz, 1H), 6.00 (dt, J = 15.7, 6.9 Hz, 1H), 4.15 (d,
J = 2.4 Hz, 2H), 4.03 (dd, J = 6.9, 1.0 Hz, 2H), 2.82 (t, J = 7.4 Hz, 2H), 2.44 (s, 3H), 2.06
(t, J = 2.4 Hz, 1H), 1.59 (p, J = 7.4 Hz, 2H), 1.38 (p, J = 7.1 Hz, 2H), 1.31 – 1.25 (m, 16H),
0.88 (t, J = 6.9 Hz, 3H).
13C

NMR (126 MHz, CDCl3): δ 143.61, 136.89, 135.98, 135.43, 132.88, 130.02, 129.53,

128.28, 127.85, 126.50, 126.35, 124.82, 76.54, 73.95, 48.80, 35.96, 34.19, 31.93, 29.66,
29.64, 29.60, 29.52, 29.37, 29.19, 29.10, 28.87, 22.71, 21.59, 14.16.

S1: 5-methyl-2-oxo-1,3-dioxane-5-carboxylic acid (synthesized according to a known
procedure)48 (48 mg, 0.30 mmol, 1.00 eq) was suspended in THF (1.5 mL), followed by
addition of three drops of DMF. Oxalyl chloride (32 μL, 48 mg, 0.375 mmol, 1.25 eq) was
added and the reaction mixture was stirred at room temperature for 1 hour under nitrogen.
Volatiles were then removed under vacuum. The crude acid chloride obtained was
dissolved in DCM (1 mL), and was added to a mixture of compound 4 (112 mg, 0.30 mmol,
1.00 eq) and NEt3 (84 μL, 61 mg, 0.60 mmol, 2.00 eq) in DCM (1 mL) in an ice bath. The
reaction was stirred at room temperature overnight. The reaction mixture was diluted with
DCM (20 mL), washed with 1N HCl (10 mL), saturated aqueous NaHCO3 (10 mL), brine
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(10 mL), dried over Na2SO4 and concentrated in vacuo. The residue was purified by
column chromatography (0% to 40% EtOAc in hexanes) to give the product as a light
yellow powder (107 mg, 69%).
m. p.: 59 – 61 ℃;
MS (m/z): calcd for C30H44NO4S, [M+H]+, 514.30; found, 514.9.
1H

NMR (500 MHz, CDCl3): δ 7.41 (d, J = 7.6 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 7.23 (t,

J = 7.5 Hz, 1H), 7.17 (t, J = 7.4 Hz, 1H), 7.06 (d, J = 15.8 Hz, 1H), 5.97 (dt, J = 15.8, 5.9
Hz, 1H), 4.71 (d, J = 11.0 Hz, 2H), 4.36 (d, J = 11.0 Hz, 2H), 4.27 (d, J = 5.6 Hz, 2H), 4.17
(d, J = 2.0 Hz, 2H), 2.85 (t, J = 7.4 Hz, 2H), 2.32 (br s, 1H), 1.61 (p, J = 7.4 Hz, 2H), 1.55
(s, 3H), 1.40 (p, J = 6.8 Hz, 2H), 1.33 – 1.18 (m, 16H), 0.87 (t, J = 6.9 Hz, 3H).
13C

NMR (126 MHz, CDCl3): δ 169.71, 147.86, 136.22, 135.55, 131.92, 129.39, 128.43,

126.38, 126.14, 124.09, 77.83, 73.59, 73.01, 48.66, 40.08, 35.86, 33.91, 31.83, 29.56,
29.55, 29.51, 29.43, 29.26, 29.09, 29.00, 28.82, 22.61, 18.01, 14.05.

S2: To a stirred solution of compound 4 (75 mg, 0.20 mmol, 1.0 eq) and triethylamine (81
mg, 0.80 mmol, 4.0 eq) in CH2Cl2 (1 mL) in an ice bath was added 2,4,6triisopropylbenzenesulfonyl chloride (182 mg, 0.60 mmol, 3.0 eq), and the reaction was
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warmed to room temperature. After 5 days, the reaction mixture was diluted with DCM
(15 mL), washed with 1N HCl (10 mL), saturated aqueous NaHCO3 (10 mL), brine (10
mL), dried over Na2SO4 and concentrated in vacuo. The residual oil was purified by
column chromatography (0% to 40% DCM in hexanes) to give the product as a white
powder (65 mg, 51%).
m. p.: 76 – 77 ℃;
MS (m/z): calcd for C39H60NO2S2, [M+H]+, 638.41; found, 638.9.
1H

NMR (400 MHz, CDCl3): δ 7.43 (dd, J = 7.5, 1.4 Hz, 1H), 7.36 (d, J = 7.6, 1.2 Hz,

1H), 7.26 – 7.15 (m, 5H), 6.06 (dt, J = 15.6, 7.1 Hz, 1H), 4.19 (p, J = 6.8 Hz, 2H), 4.12 (d,
J = 7.1 Hz, 2H), 4.04 (d, J = 2.4 Hz, 2H), 2.93 (p, J = 6.9 Hz, 1H), 2.86 (t, J = 7.4 Hz, 2H),
2.32 (d, J = 2.8 Hz, 1H), 1.62 (p, J = 7.2 Hz, 2H), 1.45 – 1.38 (m, 2H), 1.36 – 1.22 (m,
34H), 0.90 (t, J = 6.7 Hz, 3H).
13C

NMR (101 MHz, CDCl3): δ 153.41, 151.71, 136.98, 135.41, 133.24, 130.48, 130.05,

128.22, 126.52, 126.32, 124.95, 124.00, 77.59, 73.46, 47.71, 34.51, 34.20, 31.92, 29.72,
29.65, 29.60, 29.52, 29.35, 29.19, 29.11, 28.88, 24.86, 23.57, 22.70, 14.14.

S3: To a stirred solution of the compound 4 (372 mg, 1.0 mmol, 1.0 eq) and triethylamine
(152 mg, 1.5 mmol, 1.5 eq) in CH2Cl2 (5 mL) in an ice bath was added 4-
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(trifluoromethyl)benzoyl chloride (250 mg, 1.2 mmol, 1.2 eq). The reaction was warmed
to room temperature and stirred for 13 hours. Then the reaction mixture was diluted with
DCM (30 mL), washed with 1N HCl (20 mL), brine (20 mL), dried over Na2SO4 and
concentrated in vacuo. The residual oil was purified by column chromatography (0% to
20% EtOAc in hexanes) to give the product as a colorless oil (522 mg, 96%).
MS (m/z): calcd for C32H41F3NOS, [M+H]+, 544.29; found, 544.3.
1H

NMR (500 MHz, CDCl3): rotamers: δ 7.77 – 7.59 (m, 4H), 7.50 – 7.03 (m, 5H), 6.28 –

5.91 (m, 1H), 4.45 – 3.98 (m, 4H), 2.87 (t, J = 7.4 Hz, 2H), 2.39 – 2.31 (m, 1H), 1.62 (p, J
= 7.4 Hz, 2H), 1.41 (p, J = 7.2 Hz, 2H), 1.36 – 1.15 (m, 16H), 0.88 (t, J = 7.0 Hz, 3H).
13C

NMR (126 MHz, CDCl3): major rotamer: δ δ 170.16, 138.91, 136.39, 135.72, 131.81,

131.41, 129.17, 128.36, 127.30, 126.38, 126.05, 125.58 (q, J = 4.0 Hz), 124.93, 123.63 (q,
J = 272.5 Hz), 78.36, 72.31, 50.36, 46.87, 38.28, 34.08, 33.87, 31.85, 29.57, 29.53, 29.45,
29.36, 29.29, 29.13, 29.01, 28.85, 22.63, 14.07.

S4: Compound 4 (74 mg, 0.20 mmol, 1.05 eq), 7-(trimethylsilyl)hept-6-ynoic acid (37 mg,
0.19 mmol, 1.00 eq), 1-hydroxybenzotriazole (HOBt) (33 mg, 0.25 mmol, 1.32 eq) and 1ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (44 mg, 0.25 mmol, 1.32 eq) were
mixed in 4 mL N,N-dimethylformamide (DMF) under nitrogen and stirred overnight at
room temperature. The reaction mixture was diluted with 15 mL water and 20 mL ethyl
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acetate and 1 N HCl was then applied to adjust the pH to about 3. The organic layer was
collected and the removal of solvent gave the crude product. The product was obtained via
flash chromatography purification (10% EtOAc in hexanes) to give the product as a
colorless oil (66 mg, 65%).
MS (m/z): calcd for C34H54NOSSi, [M+H]+, 552.37; found, 552.0.
1H

NMR (500 MHz, CDCl3): rotamers: δ 7.49 – 7.40 (m, 1H), 7.34 – 7.32 (m, 1H), 7.23 –

7.14 (m, 2H), 7.06 – 7.01 (m, 1H), 6.06 – 6.00 (m, 1H), 4.29 – 4.22 (m, 4H), 2.85 (t, J =
7.6 Hz, 2H), 2.49 – 2.41 (m, 2H), 2.29 – 2.21 (m, 3H), 1.79 (p, J = 7.8 Hz, 2H), 1.64 – 1.57
(m, 4H), 1.40 (p, J = 7.1 Hz, 2H), 1.21 – 1.31 (m, 16H), 0.88 (t, J = 6.9 Hz, 3H), 0.14 –
0.13 (m, 9H).
13C

NMR (126 MHz, CDCl3): major rotamer: δ 172.40, 136.73, 135.61, 130.67, 129.46,

127.98, 126.43, 126.24, 125.64, 107.05, 84.65, 79.32, 71.67, 49.00, 36.41, 34.17, 32.72,
31.92, 29.66, 29.65, 29.61, 29.53, 29.36, 29.20, 29.08, 28.92, 28.33, 24.32, 22.70, 19.72,
14.15, 0.19.
Synthesis of terminators S5-S9.
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S5: To a stirred solution of compound 4 (250 mg, 0.672 mmol, 1.05 eq)
and triethylamine (88 mg, 0.874 mmol, 1.30 eq) in CH2Cl2 (3.2 mL)
cooled with an ice bath was added methyl 4-(chlorosulfonyl)benzoate
(150 mg, 0.640 mmol, 1.00 eq). Then the reaction was stirred until completion of the
reaction as judged by TLC (30 minutes). then was quenched by H2O (3 mL). Then the
reaction mixture was diluted with DCM (30 mL), washed with 1N HCl (20 mL), dried over
Na2SO4 and concentrated in vacuo. The residual oil was purified by column
chromatography (0% to 10% EtOAc in hexanes) to give the product as a pale yellow oil
(343 mg, 94%).
MS (m/z): calcd for C32H44NO4S2, [M+H]+, 570.27; found, 570.5.
1H

NMR (500 MHz, CDCl3): δ 8.18 (d, J = 8.2 Hz, 2H), 7.97 (d, J = 8.2 Hz, 2H), 7.39 (d,

J = 7.6 Hz, 1H), 7.34 (d, J = 7.7 Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.17 (t, J = 7.4 Hz, 1H),
7.12 (d, J = 15.7 Hz, 1H), 6.00 (dt, J = 15.7, 6.9 Hz, 1H), 4.19 (d, J = 2.5 Hz, 2H), 4.05 (d,
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J = 6.9 Hz, 2H), 3.97 (s, 3H), 2.83 (t, J = 7.4 Hz, 2H), 2.03 (t, J = 2.5 Hz, 1H), 1.71 – 1.54
(m, 2H), 1.42 – 1.35 (m, 2H), 1.31 – 1.22 (d, J = 4.9 Hz, 16H), 0.88 (t, J = 6.9 Hz, 3H).
13C

NMR (126 MHz, CDCl3): δ 165.71, 142.96, 136.67, 135.53, 133.92, 133.30, 130.13,

129.95, 128.41, 127.82, 126.51, 126.34, 124.27, 76.01, 74.28, 52.65, 48.92, 35.99, 34.17,
31.92, 29.65, 29.63, 29.59, 29.51, 29.35, 29.18, 29.08, 28.87, 22.70, 14.14.

S6: To a mixture of compound S5 (370 mg, 0.65 mmol, 1.0 eq) in
THF/H2O (60 mL/12 mL) was added lithium hydroxide
monohydrate (273 mg, 6.5 mmol, 10.0 eq) at rt. The reaction was
stirred at room temperature overnight. After concentration, it was
acidified to pH = 1 with 1 N HCl. Then it was extracted with ethyl acetate (3 x 30 mL).
The combined organics were washed with brine (40 mL), dried over Na2SO4 and
concentrated to afford the crude carboxylic acid.
To a stirred suspension of the carboxylic acid obtained above in DCM (3.2 mL) was added
N-hydroxysuccinimide (NHS) (90 mg, 0.78 mmol, 1.2 eq) at room temperature. Then
the N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (187 mg, 0.98
mmol, 1.5 eq) was added. The reaction mixture was stirred for 24 hours at room
temperature, concentrated in vacuo, and purified by column chromatography (30% EtOAc
in hexanes) to give the product as a colorless powder (340 mg, 81%).
m. p.: 64 – 66 ℃;
MS (m/z): calcd for C35H45N2O6S2, [M+H]+, 653.27; found, 653.1.
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1H

NMR (500 MHz, CDCl3): δ 8.27 (d, J = 8.1 Hz, 2H), 8.04 (d, J = 8.2 Hz, 2H), 7.39 (d,

J = 7.6 Hz, 1H), 7.34 (d, J = 7.6 Hz, 1H), 7.22 (t, J = 7.4 Hz, 1H), 7.17 (t, J = 7.5 Hz, 1H),
7.14 (d, J = 15.9 Hz, 1H), 6.00 (dt, J = 15.7, 6.9 Hz, 1H), 4.20 (d, J = 2.4 Hz, 2H), 4.05 (d,
J = 6.9 Hz, 2H), 2.93 (s, 4H), 2.83 (t, J = 7.4 Hz, 2H), 2.10 (t, J = 2.4 Hz, 1H), 1.59 (p, J =
7.3 Hz, 2H), 1.37 (p, J = 7.0 Hz, 2H), 1.30 – 1.24 (m, 16H), 0.87 (t, J = 6.9 Hz, 3H).
13C

NMR (126 MHz, CDCl3): δ 169.01, 160.88, 145.03, 136.68, 135.72, 133.62, 131.21,

130.03, 129.03, 128.60, 128.32, 126.64, 126.48, 124.13, 75.94, 74.76, 49.10, 36.17, 34.27,
32.04, 29.77, 29.76, 29.72, 29.64, 29.48, 29.30, 29.21, 29.01, 25.82, 22.82, 14.27.
S7: To a mixture of compound S6 (65 mg, 0.10 mmol, 1.0 eq) and
DL-homocysteine thiolactone hydrochloride (18 mg, 0.12 mmol,
1.2 eq) in DCM (0.5 mL) was added NEt3 (25 mg, 0.25 mmol, 2.5
eq). The reaction was stirred at room temperature for 12 hours
before it was concentrated and purified by column chromatography (33% EtOAc in
hexanes) to give the product as a colorless oil (42 mg, 64%).
LC-MS (m/z): calcd for C35H47N2O4S3, [M+H]+, 655.27; found, 655.2.
1H

NMR (500 MHz, CDCl3): δ 8.12 – 7.89 (m, 4H), 7.41 (d, J = 7.5 Hz, 1H), 7.35 (d, J =

7.7 Hz, 1H), 7.24 (t, J = 7.4 Hz, 1H), 7.19 (t, J = 7.4 Hz, 1H), 7.14 (d, J = 15.7 Hz, 1H),
6.77 (d, J = 5.8 Hz, 1H), 6.01 (dt, J = 14.6, 6.9 Hz, 1H), 4.72 (dt, J = 12.7, 6.3 Hz, 1H),
4.20 (d, J = 2.2 Hz, 2H), 4.05 (d, J = 6.8 Hz, 2H), 3.47 (td, J = 11.8, 5.1 Hz, 1H), 3.35 (dd,
J = 11.4, 6.8 Hz, 1H), 3.10 (dt, J = 12.3, 5.9 Hz, 1H), 2.85 (t, J = 7.4 Hz, 2H), 2.17 – 2.00
(m, 2H), 1.61 (p, J = 7.5 Hz, 2H), 1.40 (p, J = 6.9 Hz, 2H), 1.33 – 1.20 (m, 16H), 0.90 (t,
J = 6.8 Hz, 3H).
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13C

NMR (126 MHz, CDCl3): δ 205.40, 166.32, 142.04, 137.32, 136.61, 135.54, 133.27,

129.86, 128.42, 128.10, 127.87, 126.52, 126.33, 124.20, 76.02, 74.50, 59.96, 48.92, 36.04,
34.11, 31.92, 31.80, 29.65, 29.64, 29.60, 29.51, 29.35, 29.18, 29.09, 28.88, 27.70, 22.70,
14.16.
S8: Compound S5 was dissolved in DCM (5.6 mL), and the solution
was cooled to 0 ℃. Then a DIBAl-H solution (1.1 M in cyclohexane,
1.27 mL, 1.4 mmol, 2.5 eq) was added dropwise. The reaction was
warmed to room temperature slowly. After 30 minutes, TLC showed
completion of the reaction, and the reaction was quenched by Rochelle’s salt (saturated
aqueous sodium potassium tartrate solution) and stirred until homogeneous. The reaction
mixture was diluted with DCM (30 mL), washed with brine, dried over Na2SO4 and
concentrated in vacuo. Purification of the crude mixture by column chromatography (20%
to 35% EtOAc in hexanes) afforded the product as a colorless oil (278 mg, 92%).
MS (m/z): calcd for C31H44NO3S2, [M+H]+, 542.28; found, 542.3.
1H

NMR (500 MHz, CDCl3): δ 7.83 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H), 7.38 (d,

J = 7.6 Hz, 1H), 7.33 (d, J = 7.7 Hz, 1H), 7.21 (t, J = 7.3 Hz, 1H), 7.16 (t, J = 7.4 Hz, 1H),
7.10 (d, J = 15.6 Hz, 1H), 5.99 (dt, J = 15.6, 6.9 Hz, 1H), 4.77 (s, 2H), 4.15 (d, J = 2.4 Hz,
2H), 4.02 (d, J = 6.9 Hz, 2H), 2.82 (t, J = 7.4 Hz, 2H), 2.26 (brs, 1H), 2.03 (t, J = 2.4 Hz,
1H), 1.58 (p, J = 7.4 Hz, 2H), 1.38 (p, J = 7.0 Hz, 2H), 1.31 – 1.20 (m, 16H), 0.88 (t, J =
6.9 Hz, 3H).
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13C

NMR (126 MHz, CDCl3): δ 146.31, 137.73, 136.79, 135.45, 132.99, 129.96, 128.33,

127.97, 126.84, 126.50, 126.34, 124.60, 76.42, 74.13, 64.22, 48.84, 36.01, 34.16, 31.92,
29.66, 29.64, 29.60, 29.51, 29.36, 29.18, 29.09, 28.87, 22.70, 14.15.
S9: compound S8 (160 mg, 0.30 mmol, 1 eq) was dissolved in dry
DCM (1.5 ml). Triethylamine (62 µL, 0.45 mmol, 1.5 eq) was
added to reaction and cooled to 0 °C in an ice bath. 2Bromoisobutyryl bromide (44 µL, 0.36 mmol, 1.2 eq) was added
to mixture dropwise slowly. The reaction was stirred until completion (10 minutes) as
monitored by TLC and then was quenched by methanol, stirred 30 minutes and
concentrated in vacuo. The residue was purified by column chromatography (10% EtOAc
in hexane) to give the product as a colorless oil (181 mg, 89%).
MS (m/z): calcd for C35H49BrNO4S2, [M+H]+, 690.27; found, 690.6.
1H

NMR (500 MHz, CDCl3) δ 7.90 (d, J = 8.5 Hz, 2H), 7.53 (d, J = 8.7 Hz, 2H), 7.40 (dd,

J = 7.6, 1.6 Hz, 1H), 7.34 (dd, J = 7.8, 1.2 Hz, 1H), 7.21 (td, J = 7.5, 1.6 Hz, 1H), 7.17 (td,
J = 7.4, 1.0 Hz, 1H), 7.12 (d, J = 15.8 Hz, 1H), 6.00 (dt, J = 15.7, 6.9 Hz, 1H), 5.29 (s, 2H),
4.16 (d, J = 2.5 Hz, 2H), 4.04 (dd, J = 6.9, 1.1 Hz, 2H), 2.82 (t, J = 7.4 Hz, 2H), 2.03 (t, J
= 2.5 Hz, 1H), 1.97 (s, 6H), 1.58 (p, J = 7.5 Hz, 2H), 1.37 (p, J = 7.0 Hz, 2H), 1.33 – 1.20
(m, 16H), 0.88 (t, J = 7.0 Hz, 3H).
13C

NMR (126 MHz, CDCl3) δ 171.38, 140.69, 138.93, 136.89, 135.59, 133.20, 130.08,

128.47, 128.27, 128.01, 126.62, 126.47, 124.68, 76.35, 74.28, 66.47, 55.45, 49.02, 36.10,
34.28, 32.05, 30.85, 29.78, 29.76, 29.72, 29.64, 29.48, 29.31, 29.22, 29.00, 22.83, 14.28.
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Synthesis of PEO terminators S10-S12.

Linear PEO terminator S10:
To a stirred solution of the sulfonamide NHS Ester S6 (72 mg, 0.11 mmol, 2.2 eq) and
linear PEO amine hydrochloride (5K, 250 mg, 0.05 mmol, 1.0 eq) in dry DCM (4 mL) was
added NEt3 (12 mg, 0.11 mmol, 2.2 eq). The reaction was further stirred at room
temperature for 24 hours before it was precipitated by adding to a mixture of
hexanes/diethyl ether (1/1). The precipitated polymer was then characterized using GPC
and 1H NMR.
Physical state: white solid; Mn,GPC = 12.9 kDa; Đ = 1.05.
1H

NMR (500 MHz, CDCl3): δ 7.98 (d, J = 8.3 Hz, 2H), 7.92 (d, J = 8.3 Hz, 2H), 7.40 –

7.37 (m, 2H), 7.31 (d, J = 7.7 Hz, 1H), 7.19 (t, J = 7.4 Hz, 1H), 7.15 (t, J = 7.4 Hz, 1H),
7.10 (d, J = 15.7 Hz, 1H), 5.98 (dt, J = 15.6, 6.9 Hz, 1H), 4.17 – 3.44 (m, 582H), 3.36 (s,
3H), 2.80 (t, J = 7.4 Hz, 2H), 2.07 (t, J = 2.5 Hz, 1H), 1.56 (p, J = 7.4 Hz, 2H), 1.36 (p, J
= 6.9 Hz, 2H), 1.28 – 1.22 (m, 16H), 0.85 (t, J = 6.9 Hz, 3H).
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4-Arm PEO terminator S11:

To a stirred solution of the sulfonamide NHS Ester S6 (86 mg, 0.132 mmol, 8.8 eq) and 4Arm PEO amine hydrochloride (10K, 150 mg, 0.015 mmol, 1.0 eq) in dry DCM (2 mL)
was added NEt3 (14 mg, 0.132 mmol, 8.8 eq). The reaction was stirred at room temperature
for 48 hours before it was precipitated by adding to a mixture of hexanes/diethyl ether
(1/1). The precipitated polymer was then characterized using GPC and 1H NMR.
Physical state: white solid; Mn,GPC = 21.0 kDa; Đ = 1.08.
1H

NMR (500 MHz, CDCl3): δ 8.00 (d, J = 8.2 Hz, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.45 –

7.36 (m, 2H), 7.32 (d, J = 7.8 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 7.16 (t, J = 7.5 Hz, 1H),
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7.11 (d, J = 15.7 Hz, 1H), 5.99 (dt, J = 14.7, 6.7 Hz, 1H), 4.16 (apt s, 2H), 4.02 (d, J = 6.9
Hz, 2H), 3.78 – 3.48 (s, 291H), 3.40 (s, 2H), 2.81 (t, J = 7.4 Hz, 2H), 1.58 (p, J = 7.5 Hz,
2H), 1.37 – 1.17 (m, 19H), 0.86 (t, J = 6.8 Hz, 3H). Resonance peak the alkynyl proton
was embedded in the water peaks.

8-Arm PEO terminator S12:

To a stirred solution of the sulfonamide NHS Ester S6 (230 mg, 0.352 mmol, 17.6 eq) and
8-Arm PEO amine hydrochloride (10K, 200 mg, 0.02 mmol, 1.0 eq) in dry DCM (2 mL)
was added NEt3 (36 mg, 0.352 mmol, 17.6 eq). The reaction was stirred at room
temperature for 48 hours before it was precipitated by adding to a mixture of
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hexanes/diethyl ether (1/1). The precipitated polymer was then characterized using GPC
and 1H NMR.
Physical state: light yellow solid; Mn,GPC = 19.6 kDa; Đ = 1.22.
1H

NMR (500 MHz, CDCl3): δ 7.99 (d, J = 8.3 Hz, 2H), 7.92 (d, J = 8.2 Hz, 2H), 7.40 –

7.37 (m, 2H), 7.31 (d, J = 7.7 Hz, 1H), 7.20 (t, J = 7.5 Hz, 1H), 7.15 (t, J = 7.2 Hz, 1H),
7.10 (d, J = 15.7 Hz, 1H), 5.98 (dt, J = 15.7, 6.9 Hz, 1H), 4.15 (d, J = 2.5 Hz, 2H), 4.02 (d,
J = 6.8 Hz, 2H), 3.86 – 3.19 (m, 141H), 2.81 (t, J = 7.4 Hz, 2H), 2.07 (t, J = 2.5 Hz, 1H),
1.57 (p, J = 7.4 Hz, 2H), 1.36 – 1.19 (m, 19H), 0.86 (t, J = 6.9 Hz, 3H.

2.5.3

Polymerization/Termination General Procedure
Monomer M1-M6 (30.0 eq) is added to an 8 mL vial (Chemglass, CG-4909-03)

equipped with a stir bar, placed under a nitrogen atmosphere, and is dissolved in degassed
DCM (0.2 M) at room temperature. In separate 4 mL vials, solutions of Grubbs 3rd
generation catalyst in degassed DCM and terminator in degassed DCM are prepared.
Appropriate volume (1.0 eq) of Grubbs 3rd generation catalyst solution is rapidly
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transferred to the stirred reaction mixture containing monomer solution using a microliter
syringe. Unless otherwise indicated, after 5 minutes, the polymerization is stopped by
addition of appropriate volume of the terminator solution (1.3 eq). The reaction mixture is
further stirred for 30 minutes and allowed to stir open to air. The reaction is then
concentrated, dissolved in CDCl3 to determine conversion by 1H NMR, and precipitated
twice into 15-fold volume of MeOH or hexanes/diethyl ether (1/1). The precipitated
polymer is then characterized using GPC, 1H-NMR and MALDI. The chain end fidelity
was estimated by 1H-NMR by integrating isolated protons present at each terminus of the
polymer. For the initiating terminus, the proton at 6.5-6.7 ppm was referenced to 1 and
represents the styrenyl proton next to the phenyl ring (see proton A, Fig S1). For each
terminating group, different protons were selected and are reported in each example.

P1-Ts: Prepared following the general procedure using M1 as the monomer and 5 as the
terminator. The polymer was precipitated from methanol. Chain end fidelity: >95%
referencing protons on the tosyl ring.
Physical state: light gray solid; Mn,GPC = 3.6 kDa; Đ = 1.12.
1H

NMR (500 MHz, CDCl3): δ 7.79 – 7.73 (m, 2H), 7.40 – 7.30 (m, 6H), 7.27 – 7.19 (m,

1H), 6.72 – 6.46 (m, 1H), 6.40 – 6.14 (m, 1H), 5.96 – 5.85 (m, 0.4H), 5.86 – 5.61 (m, 10H),
5.60 – 5.36 (m, 10H), 4.66 – 3.92 (m, 4H), 3.39 – 2.85 (m, 57H), 2.79 – 2.73 (m, 10H),
2.44 (s, 3H), 2.36 – 1.95 (m, 10H), 1.91 – 1.45 (m, 11H).
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Top: 1H NMR spectra showing polymer P1’ quenched with EVE. Bottom: 1H NMR
spectra showing polymer P1-Ts quenched with N-Ts terminator.
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GPC-CHCl3 and MALDI-TOF data for polymer P1-Ts.

P1-OH: Prepared following the general procedure using M1 as the monomer and S8 as the
terminator. The polymer was precipitated from hexanes/Et2O. Chain end fidelity: >95%
referencing the aryl sulfonamide and benzyl alcohol protons.
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Physical state: light gray solid; Mn,GPC = 8.7 kDa; Đ = 1.09.
1H

NMR (500 MHz, CDCl3): δ 7.88 – 7.84 (m, 2H), 7.56 (d, J = 7.9 Hz, 2H), 7.40 – 7.31

(m, 4H), 7.26 – 7.23 (m, 1H), 6.62 – 6.53 (m, 1H), 6.35 – 6.22 (m, 1H), 5.95 – 5.88 (m,
0.5H), 5.82 – 5.65 (m, 33H), 5.58 – 5.46 (m, 33H), 4.81 (s, 2H), 4.35 – 4.10 (m, 4H), 3.30
– 2.94 (m, 198H), 2.81 – 2.73 (m, 33H), 2.31 – 2.02 (m, 33H), 1.72 – 1.52 (m, 33H).

GPC-CHCl3 and MALDI data for P1-OH.
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P1-Br: Prepared following the general procedure using M1 as the monomer and S9 as the
terminator. The polymer was precipitated from hexanes/Et2O. Chain end fidelity: >95%
referencing the aryl sulfonamide and gem-dimethyl protons.
Physical state: light gray solid; Mn,GPC = 9.0 kDa; Đ = 1.11.
1H

NMR (500 MHz, CDCl3): δ 7.92 – 7.87 (m, 2H), 7.59 – 7.56 (m, 2H), 7.41 – 7.31 (m,

4H), 7.27 – 7.23 (m, 1H), 6.62 – 6.53 (m, 1H), 6.34 – 6.24 (m, 1H), 5.96 – 5.90 (m, 0.5H),
5.82 – 5.67 (m, 34H), 5.59 – 5.46 (m, 34H), 5.29 (s, 2H), 4.37 – 4.11 (m, 4H), 3.30 – 2.89
(m, 204H), 2.81 – 2.73 (m, 34H), 2.31 – 2.01 (m, 33H), 1.98 (s, 6H), 1.72 – 1.52 (m, 33H).
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GPC-CHCl3 and MADLI data for P1-Br.

P1-NHS: Prepared following the general procedure using M1 as the monomer and S6 as
the terminator. The polymer was precipitated from hexanes/Et2O. Chain end fidelity: >95%
referencing the aryl sulfonamide and dihydropyrrole methylenes protons.
Physical state: light gray solid; Mn,GPC = 8.1 kDa; Đ = 1.12.
1H

NMR (500 MHz, CD2Cl2): δ 8.36 – 8.33 (m, 2H), 8.08 – 8.03 (m, 2H), 7.45 – 7.33 (m,

4H), 7.29 – 7.25 (m, 1H), 6.62 – 6.55 (m, 1H), 6.38 – 6.26 (m, 1H), 5.96 – 5.93 (m, 0.5H),
5.84 – 5.68 (m, 38H), 5.63 – 5.52 (m, 38H), 4.45 – 4.15 (m, 4H), 3.28 – 2.72 (m, 266H),
2.26 – 2.01 (m, 38H), 1.72 – 1.51 (m, 38H).
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GPC-CHCl3 and MALDI data for P1-NHS.
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P1-Thiolactone: Prepared following the general procedure using M1 as the monomer and
S7 as the terminator. The polymer was precipitated from hexanes/Et2O. Chain end fidelity:
>95% referencing the aryl sulfonamide and methine proton in the thiolactone.
Physical state: light gray solid; Mn,GPC = 9.2 kDa; Đ = 1.10.
1H

NMR (500 MHz, CD2Cl2): δ 7.98 – 7.70 (m, 4H), 7.57 – 7.25 (m, 5H), 6.79 (brs, 1H),

6.57 – 6.54 (m, 1H), 6.34 – 6.23 (m, 1H), 5.81 – 5.66 (m, 33H), 5.55 – 5.49 (m, 33H), 4.75
(brs, 1H), 4.31 – 4.11 (m, 4H), 3.44 – 2.71 (m, 232H), 2.22 – 2.01 (m, 33H), 1.59 – 1.51
(m, 33H).
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GPC-CHCl3 and MALDI data for P1-Thiolactone.

P1-CF3: Prepared following the general procedure using M1 as the monomer and S3 as
the terminator. The polymer was precipitated from hexanes/Et2O. Chain end fidelity: >95%
referencing the aryl protons in the CF3-substituted benzamide.
Physical state: light gray solid; Mn,GPC = 10.8 kDa; Đ = 1.11.
1H

NMR (500 MHz, CD2Cl2): δ 7.87 – 7.65 (m, 4H), 7.40 – 7.35 (m, 5H), 6.59 – 6.52 (m,

1H), 6.42 – 6.31 (m, 1H), 6.15 – 6.10 (m, 0.4H), 5.94 – 5.66 (m, 36H), 5.64 – 5.49 (m,
36H), 4.61 – 4.20 (m, 4H), 3.56 – 2.71 (m, 252H), 2.29 – 2.01 (m, 36H), 1.67 – 1.47 (m,
36H).
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GPC-CHCl3 and MALDI for P1-CF3.

P1-Carbonate: Prepared following the general procedure using M1 as the monomer and
S1 as the terminator. The polymer was precipitated from methanol. Chain end fidelity:
>95% referencing the carbonate and dihydropyrrole methylenes.
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Physical state: light gray solid; Mn,GPC = 11.3 kDa; Đ = 1.09.
1H

NMR (500 MHz, CD2Cl2): δ 7.40 – 7.24 (m, 5H), 6.59 – 6.54 (m, 1H), 6.40 – 6.32 (m,

1H), 6.08 – 6.00 (m, 0.4H), 5.84 – 5.65 (m, 34H), 5.63 – 5.49 (m, 34H), 4.81 – 4.65 (m,
2H), 4.50 – 4.25 (m, 6H), 3.22 – 2.91 (m, 204H), 2.75 – 2.71 (m, 34H), 2.34 – 2.00 (m,
34H), 1.66 – 1.49 (m, 37H).

GPC-CHCl3 and MALDI for P1-Carbonate.
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P1-Alkyne: Prepared following the general procedure using M1 as the monomer and S4
as the terminator. The polymer was precipitated from hexanes/Et2O. Chain end fidelity:
>95% referencing protons on TMS.
Physical state: light gray solid; Mn,GPC = 13.3 kDa; Đ = 1.11.
1H

NMR (500 MHz, CDCl3): δ 7.38 – 7.30 (m, 4H), 7.25 – 7.22 (m, 1H), 6.58 – 6.52 (m,

1H), 6.36 – 6.27 (m, 1H), 6.07 – 5.9 (m, 0.3H), 5.94 – 5.33 (m, 64H), 4.53 – 4.26 (m, 4H),
3.28 – 2.93 (m, 194H), 2.77 – 2.70 (m, 34H), 2.33 – 2.01 (m, 36H), 1.69 – 1.46 (m, 34H),
0.25 – 0.01 (m, 9H).
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GPC-CHCl3 and MALDI for P1-Alkyne.

exo-P2-Ts: Prepared following the general procedure using exo-M2 as the monomer and
5 as the terminator. The polymer was precipitated from methanol. Chain end fidelity: >95%
referencing protons on the tosyl ring.
Physical state: light gray solid; Mn,GPC = 12.1 kDa; Đ = 1.10.
1H

NMR (500 MHz, CDCl3): δ 7.79 – 7.74 (m, 2H), 7.36 – 7.17 (m, 199H), 6.62 – 6.53

(m, 1H), 6.35 – 6.19 (m, 1H), 5.96 – 5.85 (m, 0.5H), 5.85 – 5.45 (m, 74H), 4.62 – 4.46 (m,
74H), 4.26 – 4.05 (m, 4H), 3.26 – 2.57 (m, 150H), 2.45 – 2.42 (m, 3H), 2.27 – 2.06 (m,
37H), 1.62 – 1.45 (m, 37H).

81

GPC-CHCl3 and MALDI data for exo-P2-Ts.

endo-P2-Ts: Prepared following the general procedure using endo-M2 as the monomer
and 5 as the terminator. The polymerization went on for 1 hour before it was stopped with
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5. The polymer was precipitated from methanol. Chain end fidelity: >95% referencing
protons on the tosyl ring.
Physical state: light gray solid; Mn,GPC = 10.7 kDa; Đ = 1.11.
1H

NMR (500 MHz, CDCl3): δ 7.76 – 7.70 (m, 2H), 7.47 – 7.15 (m, 155H), 6.65 – 6.58

(m, 0.4H), 6.40 – 6.20 (m, 1H), 6.05 – 5.91 (m, 1H), 5.76 – 5.23 (m, 60H), 4.85 – 4.52 (m,
60H), 4.36 – 4.11 (m, 4H), 3.37 – 2.89 (m, 120H), 2.47 – 2.34 (m, 3H), 1.97 – 1.59 (m,
30H), 1.28 – 0.98 (m, 30H).

GPC-CHCl3 and MALDI data for endo-P2-Ts.

P3-Ts: Prepared following the general procedure using M3 as the monomer and 5 as the
terminator. The polymer was precipitated from methanol. Chain end fidelity: >95%
referencing protons on the tosyl ring.
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Physical state: gray syrup; Mn,GPC = 12.9 kDa; Đ = 1.12.
1H

NMR (500 MHz, CDCl3): δ 7.78 – 7.70 (m, 2H), 7.35 – 7.03 (m, 7H), 6.46 – 6.309 (m,

1H), 6.23 – 6.06 (m, 1H), 5.84 – 5.72 (m, 0.5H), 5.59 – 4.95 (m, 66H), 4.39 – 3.90 (m,
70H), 3.11 – 2.52 (m, 99H), 2.43 (s, 3H), 2.20 – 1.88 (m, 66H), 1.69 – 1.59 (m, 99H), 1.38
– 1.10 (m, 99H), 1.01 – 0.81 (m, 98H).

GPC-CHCl3 and MALDI data for P3-Ts.
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P4-Ts: Prepared following the general procedure using M4 as the monomer and 5 as the
terminator. The polymer was precipitated from methanol. Chain end fidelity: >95%
referencing protons on the tosyl ring.
Physical state: light gray solid; Mn,GPC = 8.8 kDa; Đ = 1.11.
1H

NMR (500 MHz, CDCl3): δ 7.72 – 7.69 (m, 2H), 7.43 – 7.27 (m, 5H), 6.82 – 6.73 (m,

1H), 6.43 – 6.40 (m, 0.5H), 6.34 – 6.19 (m, 1H), 6.09 – 5.56 (m, 75H), 5.12 – 4.46 (m,
75H), 4.26 – 4.09 (m, 4H), 3.44 – 3.21 (m, 74H), 3.01 – 2.82 (m, 111H), 2.42 (s, 3H).
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GPC-CHCl3 and MALDI data for P4-Ts.

P5-Tris: Prepared following the general procedure but by performing the reaction in THF
(0.4 M) and using M5 as the monomer and S5 as the terminator. The polymerization went
on for 10 minutes before it was stopped with S2 and the polymer was precipitated from
hexanes/Et2O. Chain end fidelity: >95% referencing protons on the trisyl ring.
Physical state: light gray solid; Mn,GPC = 14.3 kDa; Đ = 1.33.
1H

NMR (500 MHz, CDCl3): δ 7.87 – 7.56 (m, 92H), 7.36 – 7.22 (m, 97H), 7.18 – 7.16

(m, 2H), 7.06 – 7.01 (m, 0.7H), 6.74 – 6.70 (m, 1H), 6.55 (d, J = 11.9 Hz, 0.3H), 6.35 –
6.30 (m, 1H), 6.18 – 5.74 (m, 47H), 5.58 – 5.16 (m, 92H), 4.58 – 3.98 (m, 145H), 2.89 (p,
J = 6.9 Hz, 1.3H), 2.53 – 2.26 (m, 141H), 2.21 – 1.98 (m, 93H), 1.86 – 1.66 (m, 94H), 1.55
– 1.34 (m, 93H), 1.28 – 1.22 (m, 23H).
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GPC-CHCl3 and MALDI data for P5-Tris.

P6-Ts: Prepared following the general procedure but by performing the reaction in THF
(0.5 M) at 0 ℃ and using M6 as the monomer and 5 as the terminator. The polymerization
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went on for 10 minutes before it was stopped with 5 and the polymer was precipitated from
hexanes/Et2O. Chain end fidelity: 81% referencing protons on the tosyl ring.
Physical state: red solid; Mn,GPC = 14.8 kDa; Đ = 1.16.
1H

NMR (500 MHz, CDCl3): δ 7.80 – 7.78 (m, 1.6H), 7.51 – 7.47 (m, 1.6H), 7.38 – 7.30

(m, 4H), 7.25 – 7.22 (m, 1H), 6.79 – 6.03 (m, 80H), 5.67 (brs, 1H), 4.45 – 3.99 (m, 166H),
3.56 – 2.96 (m, 162H), 2.46 – 2.40 (m, 2.5H), 1.34 – 1.18 (m, 242H).

GPC-CHCl3 and MALDI for P6-Ts.
2.5.4

Chain extension reactions using macroinitiator P1-Br

P1-b-PS: A stock solution of 5.0 μL N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA) in 1.0 mL N,N dimethylformamide (DMF) was prepared and degassed by
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purging with nitrogen gas. The macroinitiator 7 (32.5 mg, 0.005 mmol) and CuBr (0.72
mg, 0.005 mmol) were added into a vial, evacuated, and backfilled with nitrogen.
PMDETA solution (200 μL) and styrene (250 μL, 500 eq) were injected into the vial and
the sealed reaction mixture was stirred at 90 ℃ for 18 hours. To stop the polymerization,
the vial was immersed in ice bath and opened to air. An aliquot was removed to determine
the conversion of the reaction by NMR (c.a. 50%), and the mixture was passed through an
alumina column eluting with DCM to remove copper salts. The crude material was
concentrated under reduced pressure and precipitated once from 5 mL MeOH. After drying
under vacuum, the polymer was analyzed by GPC and NMR.
Physical state: light gray solid; Mn,GPC = 30.5 kDa; Đ = 1.29.
1H

NMR (500 MHz, CDCl3): δ 7.25 – 6.96 (m, 600H), 6.78 – 6.35 (m, 400H), 5.80 – 5.50

(m, 68H), 3.30 – 2.95 (m, 204H), 2.83 – 2.74 (m, 34H), 2.31 – 1.38 (m, 672H).

GPC-CHCl3 traces for P1-b-PS
2.5.5

Polymer-Polymer Coupling Procedure
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P1-b-PEO

A 2.0 mg/243 μL stock solution of the Grubbs 3 catalyst in DCM was prepared; in a
separate vial, a 16.0 mg/400 μL solution of the macromolecular terminator PEO-enyne was
prepared. The monomer M1 (17.7 mg, 0.10 mmol, 40 eq) was dissolved in degassed DCM
(0.28 mL) at room temperature. Then 220 μL of G3 stock solution (1 eq) was added rapidly.
After 5 min, 350 μL of enyne solution (1 eq) was added. After stirring at room temperature
for 45 minutes, 50 μL of ethyl vinyl ether (EVE) was added to quenched any residual
ruthenium species and allowed to stir open to air. The reaction was then concentrated and
analyzed by GPC and was precipitated from 15x hexanes/diethyl ether (1/1). Note: the
actual content of the enyne functionality was determined using 1H NMR with 1,3,5trimethylbenzene as an internal reference.
1H

NMR (500 MHz, CDCl3): δ 8.02 – 7.89 (m, 4H), 7.38 – 7.22 (m, 5H), 6.60 – 6.51 (m,

1H), 6.32 – 6.20 (m, 1H), 5.87 – 5.40 (m, 108H), 4.27 – 4.09 (m, 4H), 3.82 – 3.48 (m,
575H), 3.31 – 2.87 (m, 324H), 2.79 – 2.71 (m, 54H), 2.29 – 2.01 (m, 54H), 1.69 – 1.46 (m,
54H).
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GPC-CHCl3 traces for P1-b-PEO
4-Arm P1-b-PEO

A 6.0 mg/500 μL stock solution of the Grubbs 3 catalyst in DCM was prepared; in a
separate vial, a 13.0 mg/250 μL solution of the macromolecular terminator PEO-enyne was
prepared. The monomer M1 (17.7 mg, 0.10 mmol, 40 eq) was dissolved in degassed DCM
(0.35 mL) at room temperature. Then 151 μL of G3 stock solution (1 eq) was added rapidly.
After 5 min, 234 μL of enyne solution (1 eq) was added. After stirring at room temperature
for 45 minutes, 50 μL of ethyl vinyl ether (EVE) was added to quenched any residual
ruthenium species and allowed to stir open to air. The reaction was then concentrated and
analyzed by GPC, and was precipitated from 15x hexanes/diethyl ether (1/1). Note: the
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actual content of the enyne functionality was determined using 1H NMR with 1,3,5trimethylbenzene as an internal reference.
Physical state: light gray solid; Mn,GPC = 47.7 kDa; Đ = 1.09.
1H

NMR (500 MHz, CDCl3): δ 8.03 – 7.89 (m, 4H), 7.34 – 7.21 (m, 5H), 6.60 – 6.51 (m,

1H), 6.32 – 6.20 (m, 1H), 5.88 – 5.40 (m, 80H), 4.27 – 4.09 (m, 4H), 3.81 – 3.45 (m, 297H),
3.33 – 2.85 (m, 240H), 2.78 – 2.71 (m, 40H), 2.31 – 1.99 (m, 40H), 1.71 – 1.46 (m, 40H).

GPC-CHCl3 traces for 4-Arm P1-b-PEO
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8-Arm P1-b-PEO

A 2.5 mg/200 μL stock solution of the Grubbs 3 catalyst in DCM was prepared; in a
separate vial, a 28 mg/500 μL solution of the macromolecular terminator PEO-enyne was
prepared. The monomer M1 (17.7 mg, 0.10 mmol, 40 eq) was dissolved in degassed DCM
(0.35 mL) at room temperature. Then 145 μL of G3 stock solution (1 eq) was added rapidly.
After 5 min, 97 μL of enyne solution (1 eq) was added. After stirring at room temperature
for 45 minutes, 50 μL of ethyl vinyl ether (EVE) was added to quenched any residual
ruthenium species and allowed to stir open to air. The reaction was then concentrated and
analyzed by GPC and was precipitated from 15x hexanes/diethyl ether (1/1). Note: the
actual content of the enyne functionality was determined using 1H NMR with 1,3,5trimethylbenzene as an internal reference.
Physical state: light gray solid; Mn,GPC = 68.8 kDa; Đ = 1.14.
1H

NMR (500 MHz, CDCl3): δ 8.04 – 7.89 (m, 4H), 7.38 – 7.21 (m, 5H), 6.60 – 6.51 (m,

1H), 6.33 – 6.21 (m, 1H), 5.88 – 5.44 (m, 88H), 4.27 – 4.09 (m, 4H), 3.83 – 3.38 (m, 149H),
3.32 – 2.86 (m, 264H), 2.80 – 2.69 (m, 44H), 2.29 – 1.99 (m, 44H), 1.70 – 1.49 (m, 44H).
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GPC-CHCl3 traces for 8-Arm P1-b-PEO
2.6
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CHAPTER 3.

PRACTICAL SYNTHESIS OF FUNCTIONAL

INITIATORS USING ENYNE REAGENTS

(part of the text in this chapter is adapted with permission from: Zhang, T.; Fu, L.; Fu, G.;
Gutekunst, W. R. Macromolecules. 2018, 11, 250-264).
3.1

Abstract
Grubbs-type ruthenium initiators have found extensive use in complex polymer

synthesis but are greatly limited to the nonfunctional derivatives that are commercially
available. This chapter describes the design of functional enyne molecules that rapidly and
efficiently convert the third-generation Grubbs catalyst (G3) into a variety of custom
initiators for use in polymer synthesis. The identification of electron-deficient sulfonamide
derivatives enables high conversion efficiency (>98%) to functional initiator structures
with a minimal number of enyne equivalents (2.5–3 equiv). The catalyst transformations
are complete in minutes at room temperature and can be directly used in polymerization
without intermediate purification. Through combination with existing termination
methods, this technology gives practical entry into well-defined heterotelechelic polymers
using metathesis polymerization.
3.2

Introduction
Over the past two decades, metathesis polymerization with Grubbs-type ruthenium

initiators has developed into one of the most user-friendly and robust methods in the
polymer chemist’s toolbox.1-4 This is a result of the exquisite chemoselectivity and
reactivity of the ruthenium alkylidene that permits highly complex and even
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macromolecular monomers to be polymerized with ease5-9. When considering the
widespread use of ring-opening metathesis polymerization (ROMP), it is surprising that
there are few methods available to modify the initiator structure to generate chain-end
functionalized polymers (Figure 3.1A).

Figure 3.1 Approaches to initiator functionalized polymers using ruthenium
metathesis.
Given the significant role of chain-end modified polymers for block polymer
synthesis10-11, bioconjugation12, surface functionalization13, and molecular labeling14, the
invention of a robust method to modify the initiator structure would expand the utility of
this already powerful polymerization technology. This chapter presents the development
and optimization of a user-friendly method to prepare custom ruthenium initiators using
sulfonamide-linked enyne derivatives. As mentioned in Chapter 1, the direct
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organometallic synthesis of functional initiators15-16 or the modification of commercial
catalyst with cis-olefin17-22 usually led to low yielding or long reaction time. Kilbinger
group has developed a norbornene derived relay ring-open-ring close approach is used to
direct an intramolecular metathesis reaction and generate a new initiator structure in situ,
but the small molecule byproduct of the metathesis sequence was also reactive and
terminated the living polymer chains.23 At the same time as our research, the Kilbinger
group also explored terminal alkynes as alternative directing groups for initiator
functionalization and recently published a report with ether-linked enynes24 (Figure 3.1B).
The ether-based enynes display significantly different reactivity with the Grubbs third
generation (G3) initiator at room temperature, leading to decomposition of the ruthenium
benzylidene. To resolve this issue, Kilbinger performed the reactions at −10 °C for
extended periods or added a large excess of 3-bromopyridine ligand (30 equiv) to suppress
the catalyst reactivity. Unfortunately, the excess ligand also dramatically affects the rate of
polymerization, and the reactions at −10 °C are inconvenient to perform for long reaction
times. To transform this concept into a more practical system for materials synthesis, this
chapter reports sulfonamide-tethered enynes as new motifs for relay functionalization that
are highly efficient and do not generate reactive byproducts (Figure 3.1C). Our solution to
this problem was able to explore structural alternatives, leading to the identification of
sulfonamide-linked enynes that are devoid of these side reactions. This simple modification
permits the transformation of the G3 initiator to functional derivatives in 15 min at room
temperature without significant decomposition observed. In addition, the selection of
electron-deficient substituents minimizes the amount of enyne needed for high conversions
(2.5−3 equiv) and also presents a convenient handle for introduction of useful end-groups.
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Overall, this presents a more practical and operationally effective method for initiator
modification to generate chain-end modified polymers with ROMP.
3.3

Result and Discussion
The overall design of the initiator modification system was derived from the enyne

metathesis chemistry,25-27 Choi’s cascade metathesis chemistry28-29 and the relay ernyne
metathesis terminating strategy, as we established in Chapter 2. The proposed mechanism
of the relay functionalization sequence is shown in Figure 3.2. First, the third generation
Grubbs catalyst (G3) reacts rapidly with the terminal alkyne to give a vinyl rutheniue m
alkylidene intermediate. This positions the ruthenium intermediate for a rapid
intramolecular metathesis reaction with the disubstituted olefin to provide a new initiator
that contains a functional group (FG) of interest. A byproduct is excised in this process that
is expected to be unreactive under the reaction conditions due to the relatively hindered
nature of the trans-disubstituted styrenic olefin. A potential problem with this approach is
that the newly formed initiator competes with G3 for reaction with the enyne and would
likely requiring several equivalents to achieve complete conversion to a new initiator
species. It was reasoned that the number of equivalents required for full conversion could
be minimized if the ring closing metathesis step was rate limiting (kclose) or if the new
functional initiator had lower reactivity than G3 (kalkyne > k’alkyne). Both of these approaches
were explored in the design of a suitable enyne platform.

102

Figure 3.2 Enyne metathesis strategy of functional initiators
First, to test the enyne metathesis concept, N-tosyl 4-chlorophenyl-enyne (enyne1) was synthesized from 4-chlorocinnamyl alcohol and propargyl tosylsulfonamide by
Mitsunobu reaction and 5 equivalents of enyne-1 reacted with G3 at room temperature for
30 minutes in deuterated chloroform (Figure 3.3). As analyzed by NMR, enyne-1 was
completely consumed in this time and the G3 initiator was fully converted to 4chlorobenzylidene derivative, where the peak at 19.20 ppm and 19.13 ppm were assigned
for G3 and Cl-G3, respectively.

Figure 3.3 Test of enyne metathesis concept with enyne-1.
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After demonstrating this proof-of-concept, enyne structures were designed to
reduce the number of equivalents needed to achieve full conversion of the G3 initiator. In
order to slow down the ring closure and potentially make this step rate limiting, enynes
reagents with different linker chemistry, linker spacing, and olefin substitutions were
investigated. To test these enyne derivatives for effectiveness in initiator modification, G3
was reacted with each enyne reagents in varying amounts (0.5, 1.0, 1.5, 2.0, 2.5 eq) in
deuterated chloroform and the conversion to the new benzylidene was monitored by 1HNMR. The results of these experiments at 2.0 equivalents enyne are shown in Figure 3.4.
The ether linked enyne (enyne-2) formed an oxygen-ruthenium chelate during the reaction
which could slow down the ring close step, that has been observed by Choi in related
studies of ether-linked enyne monomers.30 However, the conversion of new initiator using
enyne-2 (85%) decreased compared to enyne-1 (93%) and catalyst decomposition was
observed. Grubbs-type ruthenium carbenes are also very sensitive to steric effects, so
introducing further substitution to the olefin may cause a slower cyclization reaction. To
test this, a cyano-substituted derivative was examined that also could decrease the
cyclization rate through electronic effects (enyne-3). The 1H NMR suggested the
conversion using enyne-3 increased to 96%. The final approach involved making the linker
longer so that a 6-membered ring would form, also a possibility suggested by Choi’s early
work on polymerization (enyne-4)28 although it did not significantly improve the
conversion.
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Figure 3.4 Effect of chloro-functionalized enyne reagents on conversion
efficiency.
Since the previous analysis of enyne-3 performed gave relatively high conversion,
next step is to test the efficiency of initiation with the newly formed ruthenium. The in situ
formed initiator was reacted with 30 equivalents of exo-methyl norbornene imide monomer
and terminated with ethyl vinyl ether (EVE) after 5 minutes (Figure 3.5). This gave a
molecular weight of 4-chloror benzylidenes initiated polymer. Concurrently, an identical
polymerization was initiated using G3 to give the control polymer for comparison. The
results of each polymerization were analyzed by gel permeation chromatography (GPC).
The chloro-polymer eluted earlier compared to the G3 control experiment. A larger
molecular weight of modified polymer indicates fewer initiators present implying some
catalyst decomposed during enyne metathesis. Based on these relative molecular weights,
10% of catalyst decomposed from metathesis step and implied slow initiation.
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Figure 3.5 Decomposition test of nitrile substituted enyne molecule.
Given the challenges encountered when trying to slow the cyclization, efforts were
made to change the substituent on phenyl ring to evaluate the steric and electronic effects
on the rate of alkyne addition (k’alkyne). To do this, a short, two-step enyne synthesis for
this series of molecules was developed. Substituted halogenated benzenes were coupled to
the allylic tosyl sulfonamide shown in Figure 3.6 under Heck reaction conditions, followed
by propargylation, to provide the functional enyne molecules in 70-85% yield for
evaluation. To test electronic effects, both electron rich methoxy derivatives, as well as an
electron deficient methyl ester were prepared. Steric effects were probed by making orthosubstituted enynes (Figure 3.7).
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Figure 3.6 Synthesis of functional enyne compounds.
The same equivalents experiments were performed as with the previous enyne
molecules to determine conversion efficiency. The first derivative tested was the orthomethyl enyne compound (enyne-5) and it was found to have lower G3 conversion (61%),
which indicated the new initiator has higher reactivity than G3 catalyst. This was surprising
at the time, as the initial hypothesis was that a more sterically hindered benzylidene would
be less reactive. The reason for this result could come the mechanism of metathesis (Figure
3.7). The rate limiting step for G3 is dissociation of the second pyridine ligand to create an
open coordination site.31 It is proposed the methyl group hinders pyridine ligand
association, creating a higher concentration of reactive benzylidene. The electron donating
methoxy-enyne (enyne-6, 95%) has a slight increase in conversion compared to the chloroenyne (93%). Fortunately, a distinct difference was observed in the 4-carboxy methyl
enyne. A 98% conversion to the methyl ester initiator was achieved by using 2 equivalents
enyne-7. We are also curious to see how other ring substitutions would perform, so the
meta-isomer evaluated, but was found to have lower efficiency. The ortho-isomer achieved
full conversion rapidly to a new initiator rapidly, but the enyne is not fully consumed
(enyne-9). This is because the ester can chelate the ruthenium center to reduce the
metathesis reactivity making it unsuitable for polymerization.
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Figure 3.7 Effect of enyne structures on conversion efficiency.
The full set of equivalents experiments for the 4-carboxymethyl enyne (enyne-7)
are shown in Figure 3.8A and highlights the essentially complete conversion to a modified
initiator with 2.5 equivalents. Similar to the cyano enyne derivative, a control
polymerization with G3 was performed to examine the loss of initiation activity. In this
experiment, the GPC trace of methyl ester polymer and the control are superimposable,
implying high initiation efficiency with little or negligible amounts of decomposition in
enyne metathesis. The MALDI-TOF spectrum is shown in Figure 3.8C and displays a
series of molecular ion peaks separated by 177.4 atomic mass units, corresponding to each
monomer unit. Importantly, each peak directly correlates to the expected mass of a 4carboxymethyl initiated polymer chain that is ionized by silver. Collectively, this data
suggests a highly efficient enyne metathesis cascade reaction without significant
decomposition of the ruthenium benzylidenes.
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Figure 3.8 Equivalents test and characterization of 4-methyl carboxy enyne
compound.
To test the reactivity of byproduct, this byproduct of the enyne metathesis was
isolated and purified by column. 3.0 equivalents of the byproduct mixed with the living
polymer reaction and stirred for 45 minutes, the 1H-NMR of the ruthenium alkylidene
proton region showed no change and no other parts of the NMR spectrum. This result
suggested undesired reactivity of byproduct and there is no further influence on metathesis
reaction (Figure 3.9).
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Figure 3.9 1H-NMR of P1 polymer alkylidene in the presence and absence of the
enyne byproduct.
Based on these findings, the scope of enyne molecules with different functional
groups were explored. Table 3-1 shows the enyne derivatives examined and lists the
conversion to the new initiating structure when three equivalents of enyne are employed.
Additionally, each entry reports the corresponding control polymerization experiment to
verify initiation quality and evaluate any potential catalyst decomposition (control
polymerization listed below in parenthesis). The versatile N-hydroxysuccinimide (NHS)
ester enyne-10 as a precursor was used to prepare the amide derivatives 13–16 in Table 31, but also can be directly polymerized and reacted afterwards with amine nucleophiles.
Azide (11) and aldehyde (12) derivatives were prepared for application in alkyne and
oxime “click” chemistry, respectively. All the enyne molecules fully convert G3 to new
initiating species with three equivalents (>98%). In some entries, the polymerization with
functional initiators displays small (<10%) increases in number average of molecular
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weight relative to the controls, which implies some decomposition in enyne metathesis step
could be occurring.
Table 3-1 Scope of the enyne metathesis approach to generate functional
initiators for metathesis polymerization.

Successful introduction of the functional groups into the initiator structure and
further confirmation of the polymer structure was confirmed by a post-polymerization
modification sequence. To do this, the versatile NHS ester initiated 10-P1 was reacted with
methylamine hydrochloride in the presence of triethylamine in DCM (Figure 3.10). This
should lead to the N-methyl amide-initiated polymer, 13-P1, that was already prepared
independently with the secondary N-methyl amide enyne. After isolation of the polymer,
the success of the reaction was clearly observed by MALDI-TOF-MS analysis. A new
series of mass signals appeared that each had a reduced molecular weight by 84.4 atomic
mass units compared to 10-P1. This exactly corresponds to the loss of an NHS functionality
in exchange for an N-methyl amide, and the new molecular weight series exactly
corresponded to the independently prepared 13-P1. This also demonstrates how a
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conveniently prepared parent NHS-ester polymer could be used to divergently prepare a
series of amide-functionalized polymers from a common precursor.

Figure 3.10 Post-polymerization modification of NHS ester 10-P1
As a final demonstration of these methodologies from Chapter 2 and 3,
heterotelechelic polymers can be synthesized by combining the two enyne metathesis
approaches (Figure 3.11). Using the developed standard protocols, this proved to be highly
effective. As analyzed by GPC, this heterotelechelic polymer with molecular weight 12.5
kDa and low dispersity (Ð = 1.1) was efficiently synthesized in just one hour, greatly
improving on the ease and speed of heterotelechelic ROMP polymer synthesis in the
literature.32 MALDI-TOF spectrum show the single series of ion with expected mass of
two different polymer chain-ends which again indicates methyl ester group and tosyl group
are attached to the both chain-ends successfully.
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Figure 3.11 Polymerization and characterization of heterotelechelic polymer
3.4

Conclusion
A new class of optimized, sulfonamide-linked enyne molecules is reported that can

be used to convert the third-generation Grubbs initiator (G3) into functional derivatives.
The reactions proceed at ambient temperature without additional reagents to cleanly deliver
functional initiator products in under 15 min. No purification of the newly formed initiators
is needed and polymerizations can be directly performed from the crude reaction solutions.
This is highlighted through the preparation of a series of new initiators for metathesis that
bear useful functionality for further application and derivatization of the resulting
polymers. This approach also gives rapid and practical access to heterotelechelic ROMP
polymers in a single operation that to date have been difficult to prepare. This study also
gives some insight into the effects of structure on the reactivity of NHC-ligated ruthenium
complexes, an area that has been significantly missing in the literature to date for
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nonchelated Grubbs systems and deserves more attention in the future.33-34 Collectively,
this report presents new directions in catalyst design and also will aid in the preparation of
new functional materials using ruthenium metathesis polymerization.
3.5

Experimental Section

3.5.1

Experimental Procedures for Small Enyne Molecules

To a solution of 4-chlorocinnamyl alcohol S135 (100 mg, 0.59
mmol, 1.0 eq.), S236 (123 mg, 0.59 mmol, 1.0 equiv.), and PPh3
(246 mg, 0.94 mmol, 1.6 eq) in THF (7.8 ml) was added diisopropyl azodicarboxylate
(DIAD) (179 mg, 0.89 mmol, 1.5 eq.) at 0 °C. The mixture was then stirred for about 24
hours at room temperature. After evaporation, the residue was purified by column
chromatography on silica gel (hexanes/EtOAc = 10:1 to 5:1) to give a white solid (183 mg,
86%).
m.p.: 114 – 116 °C
MS (m/z): calcd for C19H18ClNNaO2S, [M+Na]+, 382.1; found, 381.9
1H

NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 7.30 –

7.27 (m, 4H), 6.55 (d, J = 15.7 Hz, 1H), 6.09 (dt, J = 15.9, 6.8 Hz, 1H), 4.15 (d, J = 2.5
Hz, 2H), 4.00 (d, J = 6.8 Hz, 2H), 2.46 (s, 3H), 2.07 (t, J = 2.5 Hz, 1H).
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13C

NMR (126 MHz, CDCl3) δ 143.64, 135.96, 134.56, 133.70, 133.45, 129.50, 128.75,

127.74, 127.70, 123.71, 76.53, 73.84, 48.43, 35.97, 21.52.

S7: 2-bromotoluene (302.7 mg, 1.77 mmol, 1.5 eq), N-allyl-4methylbenzenesulfonamide

(250

mg,

1.18

mmol,

1.0

eq),

palladium(II) acetate (20.2 mg, 0.09 mmol, 0.05 eq), tri(otolyl)phosphine (54.8 mg, 0.18 mmol, 0.15 eq) were dissolved in acetonitrile (MeCN, 2.9
ml) under N2 gas. Triethylamine (0.33 ml, 2.37 mmol, 2.0 eq) was added via syringe and
the mixture was placed in the oil bath that was preheated to 70 °C and stirred for 24 hrs.
Then the reaction was quenched by H2O (10 ml). The aqueous layer was extracted by
dichloromethane (3×10 ml). The combined organics were washed with brine (10 ml), dried
over Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (hexane/EtOAc = 2:1) to give S7 as a white solid (110 mg, 33%). NMR
characterization data matches that from literature. 2
5: Compound S72 (110 mg, 0.36 mmol, 1.0 eq) and potassium
carbonate (101 mg, 0.73 mmol, 2.0 eq) was dissolved in DMF
(1.9 ml) at room temperature, followed by addition of propargyl
bromide (0.04 ml, 0.39 mmol, 1.1 eq). The mixture was placed in an oil bath that was
preheated to 40 °C and stirred for 12 hours, then was quenched by H2O (5 ml). The aqueous
layer was extracted by diethyl ether (3×5 ml). The combined organics were washed with
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brine (5 ml), dried over Na2SO4, and concentrated in vacuo. The residue was purified by
column chromatography (hexane/EtOAc = 3:1) to give 5 as a white solid (85 mg, 70%).
m.p.: 92 – 94 °C
MS (m/z): calcd for C20H21NNaO2S, [M+H]+, 362.4; found,362.1
1H

NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.0 Hz, 2H), 7.40 – 7.33 (m, 3H), 7.22 – 7.15

(m, 3H), 6.84 (d, J = 15.6 Hz, 1H), 5.98 (dt, J = 15.6, 6.8 Hz, 1H), 4.17 (t, J = 2.4 Hz, 2H),
4.04 (d, J = 6.8 Hz, 2H), 2.46 (s, 3H), 2.34 (s, 3H), 2.09 (t, J = 2.4 Hz, 1H).
13C

NMR (126 MHz, CDCl3) δ 143.58, 135.96, 135.44, 135.23, 133.12, 130.28, 129.49,

127.93, 127.78, 126.12, 125.81, 124.03, 76.54, 73.79, 48.82, 35.82, 21.52, 19.67.

S8: 1-iodo-4-methoxybenzene (391 mg, 1.77 mmol, 1.5 eq), Nallyl-4-methylbenzenesulfonamide (250 mg, 1.18 mmol, 1.0 eq),
palladium(II) acetate (20.2 mg, 0.09 mmol, 0.05 eq), tri(o-tolyl)phosphine (54.8 mg, 0.18
mmol, 0.15 eq) were dissolved in acetonitrile (MeCN, 2.9 ml) under N2 gas. Triethylamine
(0.33 ml, 2.37 mmol, 2.0 eq) was added via syringe and the mixture was placed in the oil
bath that was preheated to 70 °C and stirred for 24 hrs. Then the reaction was quenched by
H2O (10 ml). The aqueous layer was extracted by dichloromethane (3×10 ml). The
combined organics were washed with brine (10 ml), dried over Na2SO4, and concentrated
in vacuo. The residue was purified by column chromatography (hexane/EtOAc = 2:1) to
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give S8 as a white solid (105 mg, 51%). NMR characterization data matches that from
literature.
6: Compound S42 (70 mg, 0.25 mmol, 1.0 eq) and
potassium carbonate (69.1 mg, 0.5 mmol, 2.0 eq) was
dissolved in DMF (1.3 ml) at room temperature, followed by addition of propargyl bromide
(0.03 ml, 0.28 mmol, 1.1 eq). The mixture was placed in an oil bath that was preheated to
40 °C and stirred for 12 hours, then was quenched by H2O (5 ml). The aqueous layer was
extracted by diethyl ether (3×5 ml). The combined organics were washed with brine (5 ml),
dried over Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (33% EtOAc in hexane) to give 6 as a white solid (73 mg, 83%).
m.p.: 84 – 86 °C
MS (m/z): calcd for C40H42N2O6S2, [2M+Na]+, 733.9; found, 734.2
1H

NMR (500 MHz, CDCl3) δ 7.76 (d, J = 8.0 Hz, 2H), 7.31 – 7.26 (m, 4H), 6.85 (d, J =

8.4 Hz, 2H), 6.51 (d, J = 15.7 Hz, 1H), 5.93 (dt, J = 15.7, 7.0 Hz, 1H), 4.12 (d, J = 2.5 Hz,
2H), 3.96 (d, J = 7.0 Hz, 2H), 3.81 (s, 3H), 2.43 (s, 3H), 2.03 (t, J = 2.5 Hz, 1H).
13C

NMR (126 MHz, CDCl3) δ 159.52, 143.51, 136.07, 134.43, 129.45, 128.85, 127.77,

127.74, 120.48, 113.98, 76.64, 73.68, 55.27, 48.62, 35.70, 21.52.
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S9: Methyl-4-iodobenzoate (5.0 g, 19.0 mmol, 1.4 eq), Nallyl-4-methylbenzenesulfonamide (2.9 g, 13.6 mmol, 1.0
eq), palladium(II) acetate (153 mg, 0.68 mmol, 0.05 eq), tri(o-tolyl)phosphine (621 mg,
2.04 mmol, 0.15 eq) were dissolved in acetonitrile (MeCN, 34 ml) under N2 gas.
Triethylamine (3.8 ml, 27.2 mmol, 2.0 eq) was added via syringe and the mixture was
placed in the oil bath that was preheated to 70 °C and stirred for 24 hrs. Then the reaction
was quenched by H2O (50 ml). The aqueous layer was extracted by dichloromethane (3×30
ml). The combined organics were washed with brine (30 ml), dried over Na2SO4, and
concentrated in vacuo. The residue was purified by column chromatography (5% MeOH
in DCM) to give S9 as a white solid (2.1 g, 44%).
m.p.: 156 – 159 °C
MS (m/z): calcd for C36H38N2NaO8S2, [2M+Na]+, 713.2; found, 713.2
1H

NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.4 Hz, 2H), 7.80 (d, J = 8.3 Hz, 2H), 7.33 (m,

4H), 6.51 (d, J = 15.9 Hz, 1H), 6.16 (dt, J = 15.9, 6.2 Hz, 1H), 4.47 (t, J = 6.2 Hz, 1H),
3.93 (s, 3H), 3.82 (td, J = 6.3, 1.5 Hz, 1H), 2.45 (s, 3H).
13C

NMR (126 MHz, CDCl3) δ 166.70, 143.66, 140.44, 137.02, 131.93, 129.89, 129.76,

129.36, 127.18, 126.91, 126.25, 52.09, 45.29, 21.49.
7: Compound 5 (2.0 g, 5.8 mmol, 1.0 eq) and potassium
carbonate (1.6 g, 11.6 mmol, 2.0 eq) was dissolved in
DMF (29 ml) at room temperature, followed by addition of propargyl bromide (0.7 ml, 6.4
mmol, 1.1 eq). The mixture was placed in an oil bath that was preheated to 40 °C and
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stirred for 12 hours, then was quenched by H2O (60 ml). The aqueous layer was extracted
by diethyl ether (3×30 ml). The combined organics were washed with brine (30 ml), dried
over Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (33% EtOAc in hexane) to give 7 as a white solid (1.7 g, 80%).
m.p.: 110 – 112 °C
MS (m/z): calcd for C21H21NNaO4S, [M+Na]+, 406.1; found, 406.1.
1H

NMR (500 MHz, CDCl3) δ 7.96 (d, J = 8.0 Hz, 2H), 7.74 (d, J = 7.9 Hz, 2H), 7.37 (d,

J = 8.0 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 6.59 (d, J = 15.8 Hz, 1H), 6.19 (dt, J = 14.6, 6.7
Hz, 1H), 4.12 (d, J = 2.0 Hz, 2H), 4.00 (d, J = 6.7 Hz, 2H), 3.89 (s, 3H), 2.41 (s, 3H), 2.07
(app s, 1H).
13C

NMR (126 MHz, CDCl3) δ 166.67, 143.70, 140.48, 135.90, 133.57, 129.90, 129.54,

129.39, 127.73, 126.39, 125.89, 76.48, 74.02, 52.07, 48.44, 36.14, 21.51.

S10: Methyl-3-iodobenzoate (500 mg, 1.9 mmol, 1.4 eq), Nallyl-4-methylbenzenesulfonamide (290 mg, 1.36 mmol, 1.0
eq), palladium(II) acetate (15.3 mg, 0.068 mmol, 0.05 eq), tri(o-tolyl)phosphine (62.1 mg,
0.20 mmol, 0.15 eq) were dissolved in anhydrous acetonitrile (MeCN, 3.4 ml) under N2
gas. Triethylamine (0.38 ml, 2.72 mmol, 2.0 eq) was added via syringe and the mixture
was placed in the oil bath that was preheated to 70 °C and stirred for 24 hrs. Then the
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reaction was quenched by H2O (10 ml). The aqueous layer was extracted by
dichloromethane (3×10 ml). The combined organics were washed with brine (10 ml), dried
over Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (hexane/EtOAc = 2:1) to give S10 as a white solid (200 mg, 42%).
m.p.: 100 – 102 °C
MS (m/z): calcd for C36H38N2NaO8S2, [2M+Na]+, 713.2; found, 713.2
1H

NMR (500 MHz, CDCl3): δ 7.89 (dt, J = 9.2, 1.7 Hz, 2H), 7.78 (d, J = 8.3 Hz, 2H),

7.41 (dt, J = 7.7, 1.6 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.30 (d, J = 8.0 Hz, 2H), 6.46 (d, J
= 15.9 Hz, 1H), 6.09 (dt, J = 15.9, 6.2 Hz, 1H), 4.72 (t, J = 6.3 Hz, 1H), 3.91 (s, 3H), 3.77
(td, J = 6.3, 1.5 Hz, 2H), 2.40 (s, 3H).
13C

NMR (126 MHz, CDCl3): δ 166.82, 143.61, 137.03, 136.41, 131.90, 130.66, 130.46,

129.74, 128.85, 128.61, 127.44, 127.18, 125.54, 52.17, 45.28, 21.45.
8: Compound S6 (435 mg, 1.26 mmol, 1.0 eq) and
potassium carbonate (348 mg, 2.5 mmol, 2.0 eq) was
dissolved in DMF (6 ml) at room temperature, followed by addition of propargyl bromide
(0.15 ml, 1.4 mmol, 1.1 eq). The mixture was placed in an oil bath that was preheated to
40 °C and stirred for 12 hrs, then was quenched by H2O (12 ml). The aqueous layer was
extracted by diethyl ether (3×10 ml). The combined organics were washed with brine (10
ml), dried over Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (33% EtOAc in hexane) to give 8 as a white solid (195 mg, 51%).
m.p.: 134 – 136 °C
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MS (m/z): calcd for C21H21NNaO4S, [M+Na]+, 406.1; found, 406.1.
1H

NMR (500 MHz, CDCl3) δ 8.00 (s, 1H), 7.92 (d, J = 7.7 Hz, 1H), 7.76 (d, J = 8.1 Hz,

2H), 7.52 (d, J = 7.7 Hz, 1H), 7.39 (t, J = 7.7 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H), 6.61 (d, J
= 15.8 Hz, 1H), 6.17 (dt, J = 15.8, 6.7 Hz, 1H), 4.13 (d, J = 2.5 Hz, 2H), 4.01 (d, J = 6.7
Hz, 2H), 3.92 (s, 3H), 2.43 (s, 3H), 2.06 (t, J = 2.7 Hz, 1H).
13C

NMR (126 MHz, CDCl3) δ 166.80, 143.66, 136.41, 135.96, 133.71, 130.70, 130.53,

129.52, 128.99, 128.68, 127.75, 127.66, 124.39, 76.50, 73.90, 52.17, 48.39, 35.98, 21.52.

S11: Methyl-2-iodobenzoate (500 mg, 1.9 mmol, 1.4 eq), N-allyl4-methylbenzenesulfonamide (290 mg, 1.36 mmol, 1.0 eq),
palladium (II) acetate (15.3 mg, 0.068 mmol, 0.05 eq), tri(otolyl)phosphine (62.1 mg, 0.20 mmol, 0.15 eq) were dissolved in anhydrous acetonitrile
(MeCN, 3.4 ml) under N2 gas. Triethylamine (0.38 ml, 2.72 mmol, 2.0 eq) was added via
syringe and the mixture was placed in the oil bath that was preheated to 70 °C and stirred
for 24 hrs. Then the reaction was quenched by H2O (10 ml). The aqueous layer was
extracted by dichloromethane (3×10 ml). The combined organics were washed with brine
(10 ml), dried over Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (hexane/EtOAc = 2:1) to give S11 as a white solid (365 mg; 77%).
m.p.: 84 – 86 °C
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MS (m/z): calcd for C18H20NO4S, [M+H]+, 346.1; found, 346.2
1H

NMR (500 MHz, CDCl3) δ 7.86 (d, J = 7.3 Hz, 1H), 7.78 (d, J = 8.2 Hz, 2H), 7.43 (t,

J = 7.3 Hz, 1H), 7.36 (d, J = 7.6 Hz, 1H), 7.33 – 7.28 (m, 3H), 7.25 (d, J = 15.8 Hz, 1H),
5.94 (dt, J = 15.7, 6.4 Hz, 1H), 4.69 (t, J = 6.2 Hz, 1H), 3.87 (s, 3H), 3.77 (td, J = 6.3, 1.0
Hz, 2H), 2.41 (s, 3H).
13C

NMR (126 MHz, CDCl3) δ 167.55, 143.50, 138.10, 136.96, 132.16, 131.91, 130.41,

129.73, 129.66, 128.24, 127.52, 127.50, 127.19, 126.93, 126.42, 52.10, 45.63, 21.47.
9: Compound S11 (356 mg, 1.06 mmol, 1.0 eq) and potassium
carbonate (293 mg, 2.12 mmol, 2.0 eq) was dissolved in DMF (5.3
ml) at room temperature, followed by addition of propargyl bromide (0.13 ml, 1.2 mmol,
1.1 eq). The mixture was placed in an oil bath that was preheated to 40 °C and stirred for
12 hrs, then was quenched by H2O (12 ml). The aqueous layer was extracted by diethyl
ether (3×10 ml). The combined organics were washed with brine (10 ml), dried over
Na2SO4, and concentrated in vacuo. The residue was purified by column chromatography
(33% EtOAc in hexane) to give 9 as a white solid (89 mg, 22%).
m.p.: 88 – 90 °C
MS (m/z): calcd for C21H21NNaO4S, [M+Na]+, 406.1; found, 406.1.
1H

NMR (500 MHz, CDCl3) δ 7.89 (d, J = 7.8 Hz, 1H), 7.77 (d, J = 8.2 Hz, 2H), 7.47 (d,

J = 4.2 Hz, 2H), 7.37 – 7.29 (m, 4H), 5.98 (dt, J = 15.7, 6.8 Hz, 1H), 4.18 (d, J = 2.5 Hz,
2H), 4.02 (d, J = 6.8 Hz, 2H), 3.88 (s, 3H), 2.43 (s, 3H), 2.04 (t, J = 2.4 Hz, 1H).
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13C

NMR (126 MHz, CDCl3) δ 167.58, 143.56, 138.10, 135.97, 133.90, 132.17, 130.47,

129.47, 128.45, 127.79, 127.64, 127.59, 125.66, 76.71, 73.80, 52.09, 48.61, 35.94, 21.51.

10: Compound 7 (600 mg, 1.56 mmol, 1.0 eq) was dissolved
in THF/H2O (144 ml/29 ml) at room temperature. Lithium
hydroxide (1.3 g, 31.3 mmol, 20 eq) was added and stir overnight. After concentration, it
was acidified to pH = 1 with 1 N HCl. Then it was extracted with ethyl acetate (3 x 60 mL).
The combined organics were washed with brine (80 mL), dried over Na2SO4 and
concentrated to afford the crude carboxylic acid S12.
To a stirred suspension of the carboxylic acid S12 obtained above in DCM (1.3 mL)
was added N-hydroxysuccinimide (NHS) (36 mg, 0.31 mmol, 1.2 eq) at room temperature.
Then the N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (75 mg,
0.39 mmol, 1.5 eq) was added. The reaction mixture was stirred for 24 hours at room
temperature, concentrated in vacuo, and purified by column chromatography (30% EtOAc
in hexanes) to give the product as a colorless powder (88 mg, 73%).
m.p.: 168 – 170 °C
MS (m/z): calcd for C24H23N2O6S, [M+H]+, 467.1; found, 467.0.
1H

NMR (500 MHz, CDCl3) δ 8.07 (d, J = 8.3 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 7.44 (d,

J = 8.4 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 6.63 (d, J = 15.9 Hz, 1H), 6.27 (dt, J = 15.9, 6.6
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Hz, 1H), 4.14 (d, J = 2.5 Hz, 2H), 4.04 (d, J = 6.3 Hz, 2H), 2.91 (s, 4H), 2.44 (s, 3H), 2.07
(t, J = 2.5 Hz, 1H).
13C

NMR (126 MHz, CDCl3) δ 169.20, 161.47, 143.76, 142.48, 135.90, 133.00, 130.96,

129.56, 127.74, 127.47, 126.75, 124.15, 76.48, 74.01, 48.39, 36.29, 25.64, 21.54.

To a solution of S12 (74 mg, 0.2 mmol, 1.0 eq) in
DCM (0.5 mL) was added triethylamine (0.05 mL,
0.33 mmol, 1.2 eq) and 3-azidopropanol (0.02 ml, 0.2 mmol, 1.0 eq) and then, followed by
the addition of 1-(3dimethylaminopropyl)-3-ethylcarbodiimide (EDC, 46 mg, 0.24 mmol)
and DMAP (3.3 mg, 0.02 mmol, 0.1 eq). The reaction was stirred for 12 hours at room
temperature. Then the reaction mixture was washed HCl (aq., 1 M, 5 mL), NaHCO3 (sat.
aq., 5 mL) and brine (5 mL), dried over Na2SO4, and then concentrated under reduced
pressure concentrated and purified by column chromatography (33% EtOAc in hexanes)
to give the product as a colorless oil (67 mg, 74%).
MS (m/z): calcd for C23H25N4O4S, [M+H]+, 453.2; found, 453.0.
1H

NMR (500 MHz, CDCl3) δ 7.97 (d, J = 7.9 Hz, 2H), 7.76 (d, J = 7.9 Hz, 2H), 7.39 (d,

J = 8.0 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 6.61 (d, J = 15.8 Hz, 1H), 6.22 (dt, J = 14.9, 6.7
Hz, 1H), 4.41 (t, J = 6.3 Hz, 2H), 4.13 (app s, 2H), 4.01 (d, J = 6.6 Hz, 2H), 3.48 (t, J = 6.8
Hz, 2H), 2.43 (s, 2H), 2.08 – 2.02 (m, 3H).
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13C

NMR (126 MHz, CDCl3) δ 166.02, 143.70, 140.66, 135.91, 133.52, 129.92, 129.53,

129.24, 127.74, 126.43, 126.05, 76.48, 73.94, 61.83, 48.42, 48.26, 36.13, 28.24, 21.53.

S13: 4-bromobenzyladehyde (351 mg, 1.9 mmol, 1.4 eq), Nallyl-4-methylbenzenesulfonamide (290 mg, 1.36 mmol, 1.0
eq), palladium(II) acetate (15.3 mg, 0.068 mmol, 0.05 eq),
tri(o-tolyl)phosphine (62.1 mg, 0.20 mmol, 0.15 eq) were dissolved in anhydrous
acetonitrile (MeCN, 3.4 ml) under N2 gas. Triethylamine (0.38 ml, 2.72 mmol, 2.0 eq) was
added via syringe and the mixture was placed in the oil bath that was preheated to 70C and
stirred for 24 hrs. Then the reaction was quenched by H2O (10 ml). The aqueous layer was
extracted by dichloromethane (3×10 ml). The combined organics were washed with brine
(10 ml), dried over Na2SO4, and concentrated in vacuo. The residue was purified by
column chromatography (5% MeOH in DCM) to give S13 as a white solid (56 mg; 10%).
m.p.: 140 – 142 °C
MS (m/z): calcd for C17H18NO3S, [M+H]+, 316.1; found, 316.1.
1H

NMR (500 MHz, CDCl3) δ 9.97 (s, 1H), 7.84 – 7.73 (m, 4H), 7.39 (d, J = 8.3 Hz, 2H),

7.31 (d, J = 7.9 Hz, 2H), 6.51 (d, J = 15.9 Hz, 1H), 6.20 (dt, J = 15.9, 6.1 Hz, 1H), 4.67 (t,
J = 6.2 Hz, 1H), 3.80 (td, J = 6.2, 1.5 Hz, 2H), 2.41 (s, 3H).
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13C

NMR (126 MHz, CDCl3) δ 191.58, 143.69, 142.03, 136.98, 135.61, 131.62, 130.06,

129.78, 128.03, 127.17, 126.87, 45.21, 21.49.
12: Compound S13 (56 mg, 0.17 mmol, 1.0 eq) and potassium
carbonate (23 mg, 0.34 mmol, 2.0 eq) was dissolved in DMF
(0.85 ml) at room temperature, followed by addition of propargyl bromide (0.02 ml, 0.19
mmol, 1.1 eq). The mixture was placed in an oil bath that was preheated to 40 °C and
stirred for 12 hrs, then was quenched by H2O (5 ml). The aqueous layer was extracted by
diethyl ether (3×5ml). The combined organics were washed with brine (5 ml), dried over
Na2SO4, and concentrated in vacuo. The residue was purified by column chromatography
(33% EtOAc in hexane) to give 12 as a white solid (44.9 mg, 75%).
m.p.: 88 – 90 °C
MS (m/z): calcd for C20H20NO3S, [M+H]+, 354.1; found, 354.1.
1H

NMR (500 MHz, CDCl3): δ 9.98 (s, 1H), 7.83 (d, J = 8.2 Hz, 2H), 7.76 (d, J = 8.2 Hz,

2H), 7.48 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 6.63 (d, J = 15.9 Hz, 1H), 6.27 (dt,
J = 15.9, 6.6 Hz, 1H), 4.14 (d, J = 2.5 Hz, 2H), 4.03 (d, J = 6.5 Hz, 2H), 2.43 (s, 3H), 2.07
(t, J = 2.5 Hz, 1H).
13C

NMR (126 MHz, CDCl3): δ 191.58, 143.75, 142.01, 135.87, 135.69, 133.31, 130.10,

129.55, 127.74, 127.01, 127.01, 76.44, 74.00, 48.41, 36.21, 21.53.
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13: To a solution of compound 10 (80 mg, 0.17 mmol, 1.0
eq) in DCM (1.0 mL) was added methylamine (2M in THF,
0.26 ml, 0.26 mmol, 3.0 eq). The reaction was stirred at room temperature for 12 hours
before it was concentrated and purified by column chromatography (50% EtOAc in
hexane) to give the product as a white solid. (46 mg, 70%).
m.p.: 128 – 130 °C
MS (m/z): calcd for C21H23N2O3S, [M+H]+, 383.1; found, 383.1.
1H

NMR (400 MHz, CDCl3): δ 7.78 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.40 (d,

J = 8.1 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 6.62 (d, J = 15.8 Hz, 1H), 6.19 (dt, J = 15.7, 6.7
Hz, 2H), 4.15 (d, J = 2.5 Hz, 2H), 4.03 (d, J = 6.7 Hz, 2H), 3.04 (d, J = 4.8 Hz, 3H), 2.46
(s, 3H), 2.08 (t, J = 2.5 Hz, 1H).
13C

NMR (126 MHz, CDCl3): δ 167.59, 143.69, 139.04, 135.91, 133.82, 133.60, 129.53,

127.74, 127.18, 126.59, 125.18, 76.48, 73.92, 48.43, 36.07, 26.81, 21.53.
14: To a mixture of compound 10 (107.7 mg, 0.2 mmol, 1.0
eq) and dimethylamine hydrochloride (28.3 mg, 0.35
mmol, 1.5 eq) in DCM (1.2 mL) was added NEt3 (89 mg, 0.88 mmol, 2.5 eq). The reaction
was stirred at room temperature for 12 hours before it was concentrated and purified by
column chromatography (33% EtOAc in hexanes) to give the product as a white solid (53
mg, 67%).
m.p.: 122 – 123 °C
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MS (m/z): calcd for C22H25N2O3S, [M+H]+, 397.1; found, 397.2.
1H

NMR (400 MHz, CDCl3): δ 7.79 (d, J = 8.0 Hz, 2H), 7.43 – 7.36 (m, 4H), 7.34 (d, J =

8.1 Hz, 2H), 6.61 (d, J = 15.9 Hz, 1H), 6.16 (dt, J = 15.8, 6.7 Hz, 1H), 4.16 (d, J = 2.5 Hz,
2H), 4.03 (d, J = 6.7 Hz, 2H), 3.13 (s, 3H), 3.01 (s, 3H), 2.46 (s, 3H), 2.07 (t, J = 2.6 Hz,
1H).
13C

NMR (126 MHz, CDCl3): δ 171.16, 143.65, 137.31, 135.96, 135.72, 133.89, 129.51,

127.75, 127.54, 126.38, 124.42, 76.52, 73.86, 48.46, 39.51, 36.01, 35.34, 21.53.

15: To a mixture of compound 10 (80 mg, 0.17
mmol, 1.0 eq) and NBoc-ethylenediamine (43 mg,
0.26 mmol, 1.5 eq) in DCM (1.2 mL) was added NEt3 (89 mg, 0.88 mmol, 2.5 eq). The
reaction was stirred at room temperature for 12 hours before it was concentrated and
purified by column chromatography (33% EtOAc in hexanes) to give the product as a white
solid (56 mg, 64%).
m.p.: 136 – 138 °C
MS (m/z): calcd for C27H34N3O5S, [M+H]+, 512.2; found, 512.2
1H

NMR (500 MHz, CDCl3): δ 7.78 – 7.75 (m, 4H), 7.37 (d, J = 8.2 Hz, 2H), 7.31 (d, J =

8.1 Hz, 2H), 7.20 (br s, 1H), 6.59 (d, J = 15.8 Hz, 1H), 6.17 (dt, J = 16.0, 6.7 Hz, 1H), 4.95
(br s, 1H), 4.14 (d, J = 2.5 Hz, 2H), 4.01 (d, J = 6.6 Hz, 2H), 3.57 – 3.54 (m, 2H), 3.43 –
3.44 (m, 2H), 2.44 (s, 3H), 2.06 (t, J = 2.5 Hz, 1H), 1.43 (s, 9H).
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13C

NMR (126 MHz, CDCl3): δ 167.14, 143.67, 139.05, 135.97, 133.70, 133.38, 129.52,

127.74, 127.35, 126.52, 125.09, 80.07, 76.53, 73.88, 48.43, 42.32, 39.84, 36.05, 28.29,
21.52.
16: To a solution of compound 10 (100 mg, 0.21 mmol,
1.0 eq) in DCM (1.0 mL) was added NEt3 (25 mg, 0.25
mmol, 2.5 eq) and diethanolamine (0.03 ml, 0.26 mmol,
1.2 eq). The reaction was stirred at room temperature for 12 hours before it was
concentrated and purified by column chromatography (5% MeOH in DCM) to give the
product as a white solid. (29 mg, 30%).
m.p.: 114 – 116 °C
MS (m/z): calcd for C24H29N2O5S, [M+H]+, 457.2; found, 457.3.
1H

NMR (500 MHz, CDCl3): rotamers: δ 7.76 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.1 Hz,

2H), 7.36 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 6.58 (d, J = 15.8 Hz, 1H), 6.14 (dt,
J = 15.9, 6.8 Hz, 1H), 4.13 (d, J = 2.6 Hz, 2H), 4.05 – 3.74 (m, 8H), 3.48 – 2.79 (m, 4H),
2.44 (s, 3H), 2.05 (t, J = 2.6 Hz, 1H).
13C

NMR (126 MHz, CDCl3): δ 173.41, 143.68, 137.41, 135.93, 135.64, 133.81, 129.51,

127.77, 127.76, 126.48, 124.58, 76.51, 73.87, 53.23, 49.27, 48.45, 36.01, 21.52.
3.5.2

General Procedure for Equivalents Test
In separate 4 mL vials (Chemglass, CG-4909-03), solutions of Grubbs 3rd

generation catalyst (18.0 mg/225 L) and enynes 1-16 (1.0 eq/100 L) were prepared in
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degassed CDCl3. In five separate 4 mL vials, quipped with a stir bar, was added appropriate
volume (0.5, 1.0, 1.5, 2.0, 2.5 eq) of enyne solution under nitrogen. To these stirred
solutions was added Grubbs 3rd solution (50 L, 4.0 mg, 0.0055 mmol, 1.0 eq). After
stirring for 10 minutes at room temperature under nitrogen, NMR samples were directly
prepared under nitrogen from the reaction mixture, and the ratio of the benzylidene protons
of the two species was measured by 1H-NMR.
3.5.3

General Procedure for Polymerization.
Enyne molecule 7, 10-16 (3.0 eq) was added to an 8ml vial equipped with a stir bar,

placed under a nitrogen atmosphere, and dissolved in degassed CDCl3 (200 µL). A second
vial is prepared under nitrogen in the absence of enyne as a control. A solution of Grubbs
3rd generation catalyst (50 µL, 2.7 mg, 0.0037 mmol, 1.0 eq in CDCl3) is rapidly
transferred to the stirred enyne solution and control vial using a microliter syringe. After
15 minutes, a degassed solution of monomer M1 (20-30 equivalents) in 300 µL CDCl3 was
added to both vials. Ethyl vinyl ether (50 µL) was added to each reaction after 5 minutes
to terminate the living polymer. The reaction mixture was concentrated, dissolved in CDCl3
to determine conversion by 1H-NMR, and precipitated twice into a 15-fold volume of
MeOH or hexanes/diethyl ether (1/1). The precipitated polymer was then characterized
using GPC, 1H-NMR and MALDI-ToF-MS.
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Equivalents study of enyne-1

Equivalents study of enyne-2
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Equivalents study of enyne-3

Equivalents study of enyn-4
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Equivalents study of enyne-5

Equivalents study of enyne-6

133

Equivalents study and characterization of enyne 7 and 7-P1

a 1

H NMR spectra showed the ratio of ruthenium alkylidene versus six-proton singlet of
catalyst NHC ligands is 0.97/6
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Note: 1H NMR spectrum showed the functional chain-ends on 7-P1 and the E/Z ratio
of the chain ends olefin is 3/7.

Equivalence study enyne-8
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Equivalents study of enyne-9

Equivalents study and characterization of enyne-10 and 10-P1

a 1

H NMR spectra showed the ratio of ruthenium alkylidene versus six-proton singlet of
catalyst NHC ligands is 1.03/6.
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Equivalents study and characterization of enyne-11 and 11-P1

a 1

H NMR spectra showed the ratio of ruthenium alkylidene versus six-proton singlet of
catalyst NHC ligands is 0.87/6.
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Note: red circle corresponds to 11-P1+Ag; blue triangle fragmentation from loss of
nitrogen (N2).

Equivalents study and characterization of enyne 12 and 12-P1.

a 1

H NMR spectra showed the ratio of ruthenium alkylidene versus six-proton singlet of
catalyst NHC ligands is 0.92/6.
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Equivalence study and characterization of enyne 13 and 13-P1.

a 1

H NMR spectra showed the ratio of ruthenium alkylidene versus six-proton singlet of
catalyst NHC ligands is 1.01/6.
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Equivalence study and characterization of enyne 14 and 14-P1.

a 1

H NMR spectra showed the ratio of ruthenium alkylidene versus six-proton singlet of
catalyst NHC ligands is 0.99/6.
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Equivalence study and characterization of enyne 15 and 15-P1.

a 1

H NMR spectra showed the ratio of ruthenium alkylidene versus six-proton singlet of
catalyst NHC ligands is 0.98/6.
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Note: red circle corresponds to 15-P1+Ag+, blue triangle is from loss of the Boc group
during ionization
Equivalence study and characterization of enyne 16 and 16-P1.

a 1

H NMR spectra showed the ratio of ruthenium alkylidene versus six-proton singlet of
catalyst NHC ligands is 0.79/6.
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3.5.4

Post Polymerization Modification of Polymer 10-P1
Polymer 10-P1 (38 mg) prepared by the general procedure of polymerization was

dissolved in DCM (0.1 ml), methyl amine (0.05 ml, 2M in THF) was added to the reaction.
The mixture was stirred overnight at room temperature. The polymer solution was
concentrated and precipitated twice in hexane / diethyl ether (1:1) to give polymer 13– P1.
MALDI-TOF spectrum show the mass shifts from N-hydroxysuccinimide ester to methyl
amide.
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MALDI-TOF of post-polymerization modification of ROMP polymer 10-P1
3.5.5

Synthesis of Hetero-telechelic ROMP Ploymer 7-P1-Ts
Enyne molecule 7 (3.0 eq) was added to an 8ml vial equipped with a stir bar, placed

under a nitrogen atmosphere, and dissolved in degassed CDCl3 (200 L). A second vial is
prepared under nitrogen in the absence of enyne as a control. A solution of Grubbs 3rd
generation catalyst (50 L, 2.7 mg, 0.0037 mmol, 1.0 eq in CDCl3) is rapidly transferred
to the stirred enyne solution and control vial using a microliter syringe. After 15 minutes,
a degassed solution of monomer M1 (30 equivalents) in 300 L CDCl3 was added to both
vials. After 5 minutes, a solution of enyne terminator (1.3 eq) in 100 L CDCl3 was added
to the reaction and was stirred at room temperature for 30 minutes to terminate the living
polymer. Then the reaction mixture was concentrated, and precipitated twice into 15-fold
volume of hexanes/diethyl ether (1/1). The precipitated polymer was then characterized
using GPC, 1H-NMR and MALDI-ToF-MS.
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3.5.6

Test the Reactivity of Enyne Metathesis Byproduct with Living Polymer
Monomer M1 (30.0 eq) was added to an 8 mL vial (Chemglass, CG-4909-03)

equipped with a stir bar, placed under a nitrogen atmosphere, and was dissolved in
degassed CDCl3 (0.2 M) at room temperature. To this solution was rapidly added a Grubbs
3rd generation catalyst solution (1.0eq) in degassed CDCl3 at room temperature. After 5
minutes, the byproduct (3 eq) was added to this living polymer, and the reaction mixture
was stirred an additional 45 minutes. 1H-NMR of the ruthenium alkylidene proton showed
no change and no other parts of the NMR spectrum suggested undesired reactivity.
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1H-NMR

of P1 polymer alkylidene in the presence and absence of the enyne

byproduct S13.

3.6
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CHAPTER 4.

PULSED-ADDITION OF RING-OPENING

METATHESIS POLYMERIZATION WITH FUNCTIONAL
ENYNES

(part of the text in this chapter is adapted with permission from: Zhang, T.; Gutekunst, W.
R. Polym. Chem. 2020, 11, 250-264)
4.1

Abstract

Generation of polymers with reduced quantities of metal initiator and control of chain-end
functionality remain challenges for metathesis polymerization techniques. This chapter
reports the application of functional enyne molecules in pulsed-addition ring-opening
metathesis polymerization (PA-ROMP) to generate multiple functional polymer chains
from a single 3rd generation Grubbs initiator. The chain-transfer process is fast and
efficient, requiring only 1.2 equivalents of enyne per cycle, and delivers well-defined
homopolymers and diblock polymers with low dispersities.
4.2

Introduction
Ring-opening metathesis polymerization (ROMP) involves the polymerization of

strained olefin-containing monomers mediated by organometallic initiators containing
carbon-metal double bonds.1-4 This technology has become increasingly used by polymer
chemists with the invention of functional group-tolerant ruthenium-based initiators
pioneered by Grubbs,5-8 but challenges still remain in this area due to the stoichiometric
amounts of metal employed in the polymerizations and the difficulty in controlling end-
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group functionality.9-10 The requirement of large quantities of ruthenium initiator leads to
high costs of polymer synthesis, as well as difficulty in removing residual heavy metal
contaminants that can be detrimental to electronic11 and biomedical applications12-13.
Methods to reduce the amount of initiator in metathesis polymerization have focused
on the development of chain-transfer agents (CTAs) capable of shuttling the active metal
species between different polymer chains. Initially explored with simple acyclic olefins,
CTAs have been shown to produce telechelic polymers with medium-strain olefins, though
these result in polymers with identical functionality at both chain-ends and have significant
secondary metathesis that prevent block polymer synthesis.14-21 As mentioned in Chapter
1, several strategies had led to effective chain-end control of living polymerization and
used to synthesize heterotelechelic polymers,22-23 based on different functional CTA
designs Another approach from the Kilbinger group cleverly designed a CTA that actively
returns the ruthenium center to existing polymer chains, resulting in living catalytic
ROMP.24 Central to this method is the mediation of propagation and chain-transfer rates
by slow addition of the monomer. A distinct strategy to lower the catalyst loading is pulsedaddition ROMP (PA-ROMP). In this system, the rate of polymer propagation is much faster
than the rate of chain-transfer, so the CTA can be present in moderate quantities during
polymerization. After consumption of the monomer, the CTA reacts with the fully formed
living polymer to regenerate the initiator. More monomer is added (a “pulse”) to grow a
new polymer chain, followed by further reaction with the CTA in a process that can be
iterated multiple times. This technique was first demonstrated by Schrock and Gibson using
molybdenum initiators, and later extended to telechelic polymer synthesis using ruthenium
systems.25-26 While operationally intensive, Matson and Grubbs demonstrated PA-ROMP
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up to 10 cycles with the Grubbs 3rd generation initiator (G3) using an automated Symyx
robotic system (Figure 4.1A).27 Using cis-4-octene as the CTA maintained high crossmetathesis rates and permitted synthesis of low dispersity homopolymers and diblock
polymers. In this chapter, enyne-containing CTAs are shown to be highly efficient
mediators of PA-ROMP that provide well-defined polymers with full control over the
polymer chain-end chemistry.

Figure 4.1 Approach to synthesize heterotelechelic polymer via enyne-mediated
pulsed-addition ROMP.
Enyne-containing small molecules have recently emerged as highly efficient chaintransfer agents for controlling the end group chemistry of metathesis polymers. As we
mentioned in Chapter 3, 1,6 enyne derivatives was reported for the modification of the
Grubbs 3rd generation (G3) initiator. In this process, the alkyne acts as a directing group
to relay metathesis to the neighboring alkene and form functional initiators in situ. The
sulfonamide-linked enynes were particularly efficient in this process and delivered new
initiator structures with minimal decomposition and unreactive enyne metathesis
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byproducts. The use of these molecules as CTAs in pulsed-addition ROMP was expected
to provide advantages over existing systems due to the regioselective nature of the enyne
metathesis cascade, the rapid reaction rates, and the ability to fully consume the enyne after
each addition. Use of bifunctional enyne molecules lead to the generation of
heterotelechelic polymers, and the absence of CTA during polymerization prevent
unwanted termination before the polymerization is completed in each cycle (Figure 4.1B).
4.3

Result and Discussion

Figure 4.2 Enyne chain-transfer agents and monomers used
To test the competence of sulfonamide-containing enynes in pulsed-addition
ROMP, the individual chain-transfer steps were analyzed through proton nuclear magnetic
resonance (1H-NMR) using CTA1 (Figure 4.2) which contains a carboxymethyl group on
the 4-position of the phenyl ring and a tosyl group on the nitrogen linker. Consistent with
our previous studies in Chapter 3, addition of three equivalents of CTA1 to the G3 initiator
in CDCl3 at room temperature resulted in full conversion to a new ruthenium benzylidene,
as seen from the disappearance of the benzylidene proton at 19.2 ppm and appearance of a
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new downfield proton at 19.6 ppm (Figure 4.3). Next, 25 equiv. of exo-methyl norbornene
imide M1 was added to the reaction mixture to generate a living polymer, resulting in an
upfield shift of the proton to 18.6 ppm. To recycle the active ruthenium chain-end to a new
initiating species, an additional 1.2 equiv. CTA1 was added and full conversion back to
the carboxymethyl benzylidene proton signal at 19.6 ppm was seen within 30 minutes.

Figure 4.3 Elementary steps of PA-ROMP with G3 and CTA1
Notably, the transfer of the chain-end alkylidene to the benzylidene initiator only
need 1.2 equiv. of CTA1. It is much faster than the previous initiator modification, which
employed 3 equiv. of CTA1. Since both of these ruthenium carbenoids could react with
the enyne, this implies that the rate of alkylidene cycloaddition onto an alkyne is much
faster than the rate of benzylidene cycloaddition. The alkylidene is a more electron rich
ruthenium species than benzylidenes, this is also shown by the relative upfield position of
the proton NMR. and this electronic effect could be the origin of the reactivity difference.
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Supporting this hypothesis is a report by Diver that shows the ability of electron rich
alkoxy-substituted ruthenium alkylidenes to react with alkynes- intermediates that are
usually inert in olefin metathesis.28

Figure 4.4 (A) General process of PA-ROMP with CTA1. (B) SEC traces of
polymer P1. (C) Dependence of Mn and Đ on number of PA-ROMP cycles.
(D)MALDI-TOF spectrum of isolated P1 after 10 pulses
After verifying the competence of the enyne in the elementary steps of PA-ROMP,
experiments were performed using the same system to identify the overall efficiency of the
process in multiple cycles. Upon generation of the carbomethoxy initiator from G3 with 3
equiv CTA1, sequential additions of 25 equiv M1 and 1.2 eq CTA1 were cycled with
reaction times of 5 min and 30 min for polymerization and chain-transfer, respectively
(Figure 4.4A). Independent experiments were performed for cycles 1 to 10 in order to
determine the degree of catalyst decomposition over time as measured by size-exclusion
chromatography (SEC). After completion of the targeted number of pulses for each
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experiment, ethyl vinyl ether (EVE) was added to deactivate the benzylidene initiator. This
results in polymers that all contain a single methyl ester functionality at the initiating end
of the chain and a tosyl sulfonamide at the terminus.
Analysis of each of the PA-ROMP experiments by SEC displayed monomodal
elution peaks with low dispersities (Đ) for all cycles (Figure 4.4B). This supports the high
efficiency of enyne chain-transfer because incomplete conversion of the chain-end
alkylidene to the initiating species would result in a doubling of the molecular weight. The
incomplete consumption of the enyne would also produce low molecular weight tailing,
which was seen in earlier reports.25-26 . As the number of pulses increases from 1 to 10, the
number average molecular weight (Mn) slowly increases from 7.0 kDa to 8.2 kDa (Figure
4.4C and Table 4-1, entries 1 and 2), which is presumed to be the result of small amounts
of catalyst decomposition in each cycle. Further analysis of the molecular weights obtained
from each pulse show that 50% of the initial ruthenium initiator is still active after 10
cycles, which corresponds to a 4% catalyst death per cycle (see Experimental Section 4.5.3,
Table 4-2, Table 4-3).
This is a significant improvement over the use of cis-4-octene as a chain-transfer
agent in PA-ROMP, which was reported to have 8.5% initiator loss per cycle. MALDITOF-MS analysis of the polymer formed (P1) after 10 PA-ROMP cycles confirmed the
high degree of chain-end fidelity obtained using the enyne chemistry (Figure 4.4D). A
single series of ions were observed separated by the 177 amu corresponding to a single
monomer unit, and each individual mass matched a silver charged polymer ion with methyl
ester and tosyl sulfonamide end groups (n = 29, calc’d: 5628.3 m/z; observed: 5628.3 m/z).
Since these PA-ROMP cycles are executed manually using standard Schlenk technique,
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small amounts of oxygen could be introduced during the multiple operations performed at
high pulse numbers, which may be improved if performed using automated approaches in
a glovebox environment as shown by Grubbs.
Table 4-1 PA-ROMP data for M1-M4 and CTA1-CTA2.

a

entry

enyne

monomer

polymer

pulse

Mn (Da)a

Ða

1
2
3
4
5
6
7
8
9b
10b
11
12
13
14

1
1
1
1
1
1
1
1
1
1
2
2
1
1

M1
M1
M2
M2
M3
M3
M4
M4
M4
M4
M1
M1
M1,M2
M1,M2

P1
P1
P2
P2
P3
P3
P4
P4
P4
P4
P5
P5
P1-b-P2
P1-b-P2

1
10
1
5
1
5
1
5
1
5
1
5
1
5

7000
8200
7700
8600
14600
15600
6800
9600
5000
6200
7000
7600
7800
9300

1.13
1.16
1.14
1.18
1.13
1.14
1.12
1.25
1.14
1.17
1.13
1.17
1.13
1.16

Determined by CHCl3 size-exclusion chromatography (SEC) calibrated using polystyrene

standards. b Experiments with 2.4 equiv CTA1.
With the successful proof-of-concept demonstrated for enyne-enabled PA-ROMP,
different monomer structures (M2-M4) were prepared and evaluated in this methodology
up to five pulses. SEC data of the polymers prepared from one pulse and five pulse
experiments are shown in Table 4-1 (entries 3-10). The SEC and MALDI spectra are
exhibited in Figure 4.5 and the tabulated SEC data for each trace can be found in the
Experimental Section 4.5.4, Table 4-4 to 4-6. The exo-benzyl (M2) and exo-t-butyl ester
norbornene imide (M3) monomers provided the corresponding methyl ester-functionalized
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polymers with low dispersities using 1.2 equiv CTA1 per cycle. Both of these monomers
displayed small losses in initiator activity for each cycle with 80% of the initiator activity
present after 5 cycles.

Figure 4.5 GPC and MALDI data for PA-ROMP with CTA1 and M2-M4.
Use of exo-methyl oxanorbornene imide (M4) in the enyne PA-ROMP with 1.2
equiv CTA1, though, resulted in higher polymer dispersities due to the presence of a high
molecular weight shoulder (Table 4-1, entries 7 and 8). This was rationalized to be due to
the incomplete chain-transfer of the ruthenium chain-end of the oxanorbornene polymer,
and a separate set of pulsed-addition experiments were performed with 2.4 equiv of CTA1
in each cycle (Table 4-1, entries 9 and 10). This change removed the high molecular weight
polymer population and resulted in the gradual increase in number average molecular
weight of 5.0 kDa in the first cycle to 6.2 kDa in the fifth. This corresponds to 70% initiator
activity over 5 cycles, likely due to the greater number of metathesis events that occur with
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higher CTA loadings. The reduction in chain-transfer efficiency is possibly due to the
electronic effect of the electronegative oxygen atom on the neighboring ruthenium
alkylidene. The alkylidene proton of the living oxanorbornene imide polymer has a more
downfield chemical shift relative to the methyl norbornene imide polymer (Figure 4.6),
which suggested it is more electron deficient. Reducing the rate of alkyne addition of this
species would lead to competitive consumption of CTA1 by the in situ formed
carbomethoxy benzylidene, therefore requiring an increased CTA loading to achieve full
conversion.

Figure 4.6 1H-NMR of ruthenium alkylidene (oxanorbornene vs methyl
norbornene).
MALDI-TOF-MS characterization of polymers generated from monomers M2 and
M4 reinforce the well-defined nature of the products, with a single series of molecular ions
observed that correspond to the chain-end functionalized polymers (Figure 4.5). M3 could
not be characterized in this manner due to unavoidable fragmentation of the labile tertbutyl esters under the ionization conditions.
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Figure 4.7 Synthesis and characterizations of heterotelechelic polymer P5
The polymers prepared above all contain a single functional methyl ester placed at
the initiating end of the polymer chain. Since the chain-transfer reaction is highly
regioselective, the bifunctional CTA2 was prepared that contains a t-butyl ester on the 4position of the phenyl ring and a hydroxyl group present on the 4-position of the
sulfonamide to prepare a heterotelechelic polymer. PA-ROMP experiments were
performed up to 5 cycles using 1.2 equiv of CTA2 under the standard conditions and
reaction times (Figure 4.7A). Similar to CTA1, a series of low dispersity elution peaks
were observed by SEC that gradually increased in molecular weight from 7.0 kDa to 7.6
kDa (Figure 4.7B and Table 4-1, entries 11 and 12) over the course of five pulses. MALDITOF analysis of the polymers confirmed the clean incorporation of a single t-butyl ester
and a single hydroxymethyl onto each polymer chain and successful formation of the
targeted heterotelechelic polymer (Figure 4.7C). The secondary series of molecular ions
observed in the MALDI-TOF spectrum is due to partial loss of isobutylene from the t-butyl
ester during ionization.
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Figure 4.8 Synthesis and characterization of block polymer P1-b-P2.
Since enyne-mediated PA-ROMP is a living process and produces well-defined
products, functional diblock polymer synthesis was examined. The use of enyne CTAs in
PA-ROMP would present an advantage over the previously reported approach to PAROMP diblocks, as the CTA is fully consumed after each addition. In Grubbs’ report, there
is an excess of CTA present during the polymerization that could lead to premature
termination before chain-extension with the second monomer, and addition times had to be
precisely managed. The diblock polymer was prepared following the standard pulsedaddition procedure, only changing to the sequential addition of monomers M1 (12.5 equiv)
and M2 (12.5 equiv) to give an overall degree of polymerization of 25 (Figure 4.8A). The
polymerization time of the first block was kept at 5 min to maintain high confidence of full
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conversion, compared to the intervals of 30 seconds reported by Grubbs. The SEC traces
of the diblocks for cycles 1-5 are shown in Figure 4.8B which show the generation of low
dispersity products that increase in molecular weight from 7.8 kDa to 9.3 kDa over the
course of sequence (Table 4-1, entries 13 and 14). The lack of a low molecular weight tail
reinforced the absence of premature chain-transfer and the successful generation of the
desired methyl ester-functionalize diblock polymers.
4.4

Conclusion
In conclusion, the generation of monofunctional and heterobifunctional polymers

are reported using substoichiometric amounts of G3 initiator and through the use of
functional enyne chain-transfer agents in combination with pulsed-addition ROMP. The
enyne CTAs demonstrated high efficiency (1.2 equiv per cycle), rapid reaction rates, and
the ability to recycle the initiator to 10 cycles of polymerization with minimal loss of
catalyst activity. This approach is compatible with a variety of norbornene-derived
monomers and is readily applicable to the synthesis of functional block copolymers.
Further, subtle electronic effects in enyne metathesis were observed that present new
opportunities for the development of chemoselective methods in both small molecule and
macromolecular synthesis. Overall, this chapter presents a catalyst economical and userfriendly method for functional polymer synthesis that gives materials with reduced residual
metal contamination29 that could find use in biomedical and electronic materials
applications.
4.5
4.5.1

Experimental Section
Experimental Procedure
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Monomers M130, M230, M331, M427, and CTA132 were prepared according to literature
procedures.
Synthesis of CTA2.

S1: To a stirred solution of allylic amine (741 mg, 13.0 mmol, 1.1 eq)
and triethylamine (1.2 g, 11.8 mmol, 1.0 eq) in CH2Cl2 (60 ml) in an ice
bath was added methyl-4-(chlorosulfonyl) benzoate (2.1 g, 11.8 mmol,
1.0 eq). Then the reaction was warmed to room temperature. After 2 hours, the reaction
mixture was diluted with DCM (200 ml), washed with 1N HCl (200 ml), brine (200 ml),
dried over Na2SO4 and concentrated in vacuo. The residual was purified by column
chromatography (20% to 30% Et2O in hexanes) to give the product as white solid (1.8 g,
78%).
m.p.: 88 – 90 °C
MS (m/z): cacld for C11H13NO4S, [M+H]+, 256.06; found, 256.2.
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1H

NMR (400 MHz, CDCl3) δ 8.13 (d, J = 8.2 Hz, 2H), 7.92 (d, J = 8.4 Hz, 2H), 5.66 (ddt,

J = 11.4, 8.6, 5.8 Hz, 1H), 5.23 (s, 1H), 5.13 (d, J = 17.1 Hz, 1H), 5.05 (d, J = 10.2 Hz,
1H), 3.93 (s, 3H), 3.60 (t, J = 5.9 Hz, 2H).
13C

NMR (126 MHz, CDCl3) δ 165.63, 144.01, 133.80, 132.59, 130.31, 127.07, 117.95,

52.65, 45.74.
S2: t-Butyl-4-bromobenozate (1.31g, 5.09 mmol, 1.3 eq),
S1 (1.0 g, 3.92 mmol, 1.0 eq), palladium (II) acetate (66.9
mg, 0.30 mmol, 0.076 eq), tri(o-tolyl) phosphine (179 mg,
0.59 mmol, 0.15 eq) were dissolved in acetonitrile
(MeCN, 10 ml) under N2 gas. Triethylamine (1.1 ml, 7.84 mmol, 2.0 eq) was added via
syringe and the mixture was placed in the oil bath that was preheated to 70 °C and stirred
for 24 hrs. Then the reaction was quenched by H2O (50 ml). The aqueous layer was
extracted by dichloromethane (3×10 ml). The combined organics were washed with brine
(50 ml), dried over Na2SO4, and concentrated in vacuo. The residue was purified by column
chromatography (hexane/EtOAc = 2:1) to give S2 as a white solid (1.37 g, 80%).
m.p.: 127 – 130 °C
MS (m/z): cacld for C18H16NO5S+, [M-C4H9O]-, 358.07; found, 358.3.
1H

NMR (500 MHz, CDCl3) δ 8.16 (d, J = 8.6 Hz, 2H), 7.96 (d, J = 10.2 Hz, 2H), 7.89 (d,

J = 8.4 Hz, 2H), 7.27 (d, J = 7.9 Hz, 2H), 6.49 (d, J = 15.9 Hz, 1H), 6.11 (dt, J = 15.8, 6.3
Hz, 1H), 4.66 (t, J = 6.2 Hz, 1H), 3.96 (s, 3H), 3.83 (td, J = 6.2, 1.3 Hz, 2H), 1.58 (s, 9H).
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13C

NMR (126 MHz, CDCl3) δ 165.50, 165.34, 144.05, 139.66, 133.93, 132.53, 131.41,

130.37, 129.75, 127.12, 126.11, 125.95, 81.07, 45.41, 28.14.
S3: Compound S2 (1.37 g, 3.17 mmol, 1.0 eq) and
potassium carbonate (1.32 g, 9.52 mmol, 3.0 eq) was
dissolved in DMF (16 ml) at room temperature, followed
by addition of propargyl bromide (0.53 ml, 4.76 mmol, 1.5
eq). The mixture was placed in an oil bath that was preheated to 40 °C and stirred overnight,
then was quenched by H2O (200 ml). The aqueous layer was extracted by diethyl ether
(3×50 ml). The combined organics were washed with brine (50 ml), dried over Na2SO4,
and concentrated in vacuo. The residue was purified by column chromatography (33%
EtOAc in hexane) to give S3 as a white solid (541 mg, 36%).
m.p.: 83 – 85 °C
MS (m/z): cacld for C25H27NNaO6S+, [M+Na]+, 492.15; found, 492.6.
1H

NMR (500 MHz, CDCl3) δ 8.18 (d, J = 8.7 Hz, 2H), 7.94 (dd, J = 14.1, 8.5 Hz, 4H),

7.37 (d, J = 8.3 Hz, 2H), 6.62 (d, J = 15.9 Hz, 1H), 6.20 (dt, J = 15.8, 6.7 Hz, 1H), 4.17 (d,
J = 2.4 Hz, 2H), 4.04 (dd, J = 6.7, 0.9 Hz, 2H), 3.97 (s, 3H), 2.03 (t, J = 2.4 Hz, 1H), 1.59
(s, 9H).
13C

NMR (126 MHz, CDCl3) δ 165.64, 165.34, 142.86, 139.73, 134.19, 133.95, 131.48,

130.11, 129.77, 127.74, 126.26, 124.88, 81.07, 75.95, 74.28, 52.63, 48.59, 36.12, 28.15.
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CTA2: S3 was dissolved in DCM (9 mL), and the
solution was cooled to -78 ℃ . Then a DIBAL-H
solution (1.1 M in cyclohexane, 1.8 mL, 1.99 mmol, 2.2
eq) was added dropwise. The reaction was warmed to room temperature slowly. After 1
hour, TLC showed completion of the reaction, and the reaction was quenched by
Rochelle’s salt (saturated aqueous sodium potassium tartrate solution) and stirred until
homogeneous. The reaction mixture was diluted with DCM (30 mL), washed with brine,
dried over Na2SO4 and concentrated in vacuo. Purification of the crude mixture by column
chromatography (20% to 35% EtOAc in hexanes) afforded the product as a colorless oil
(157 mg, 40%).
MS (m/z): cacld for C24H27NNaO5S+, [M+Na]+, 464.15; found, 464.7.
1H

NMR (400 MHz, CDCl3) δ 7.92 (d, J = 8.3 Hz, 2H), 7.85 (d, J = 8.4 Hz, 2H), 7.50 (d,

J = 8.4 Hz, 2H), 7.36 (d, J = 8.3 Hz, 2H), 6.60 (d, J = 15.9 Hz, 1H), 6.19 (dt, J = 15.8, 6.7
Hz, 1H), 4.79 (s, 2H), 4.14 (d, J = 2.4 Hz, 2H), 4.01 (d, J = 6.7 Hz, 2H), 2.06 (t, J = 2.4
Hz, 1H), 1.59 (s, 9H).
13C

NMR (126 MHz, CDCl3) δ 165.43, 146.23, 139.90, 137.78, 133.88, 131.35, 129.75,

127.93, 126.82, 126.24, 125.29, 81.09, 76.39, 74.06, 64.19, 48.49, 36.11, 28.15.
4.5.2

General Procedure for PA-ROMP
CTA 1 or 2 (3.0 eq) was added to five 8ml vials equipped with a stir bar, placed

under a nitrogen atmosphere, and dissolved in degassed CDCl3 or DCM (200 µL). A
solution of Grubbs 3rd generation catalyst (50 µL, 2.7 mg, 0.0037 mmol, 1.0 eq in CDCl3
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or DCM) is rapidly transferred to the stirred CTA solution and each vial using a microliter
syringe. After 15 minutes, a degassed solution of monomer M1-M4 (25 eq) in 300 µL
CDCl3 or DCM was added to each vial. CTA 1 or 2 (1.2 eq) was added to each reaction
vial after 5 minutes to terminate the living polymer and regenerate new initiators. The
reaction mixtures were stirred 30 minutes, then vial 1 was quenched with ethyl vinyl ether
(EVE). Monomer solution M1-M4 (25 eq) and CTA (1.2 eq) were added in order as
previous steps until all vials were terminated. Polymer mixture was concentrated and
precipitated twice into a 15-fold volume of MeOH or hexanes/diethyl ether (1/1). The
precipitated polymer was then characterized using GPC, 1H-NMR and MALDI-TOF-MS.
4.5.3

Calculation for determining catalyst death rate
Percentage catalyst living and catalyst death rate per cycle were calculated

according to previous literature27. A theoretical data of 10 cycles of PA-ROMP is
constructed in Table 4-2. The Mn for each pulse (Mn(pulse)) and the % catalyst living in each
vial are calculated by the two equations shown below. An exponential trend is clearly
observed, and the data are graphed. The equation determined from fit line is y =
6715.8e0.0204x (R2 = 0.8543). Calculated values for each pulse are shown in Table 4-3. The
total average catalyst death per cycle is calculated to 3.82%.
Mn(pulse) = n(Mn) – (n-1)(Mn-1)
% catalyst living = M1/Mn(pulse), where n = vial number.
4.5.4

PA-ROMP Characterization and Calculation

PA-ROMP for M1 up to 10 cycles with CTA1
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Table 4-2 Theoretical Mn trend over 10 cycles of PA-ROMP assuming initial
molecular weight of 7025 Da.

Cycle

Mn

% catalyst living

PDI

1

7025

100%

1.13

2

7079

98%

1.15

3

6852

110%

1.15

4

7324

80%

1.15

5

7591

81%

1.16

6

7289

122%

1.16

7

7681

70%

1.16

8

7900

74%

1.18

9

8362

58%

1.16
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10

8202

104%

1.16

Exponential fit

Table 4-3 Calculated Mn and catalyst death rate depend on exponential fit.

cycle

Mn
(calc.)

Mn (pulse.calc)

% cat.death from
initial

% cat.death from
cycle

1

6854

6854

0%

N/A

2

6995

7137

3.96%

3.96%

3

7140

7428

7.72%

3.92%

4

7287

7728

11.31%

3.88%

5

7437

8038

14.72%

3.85%

6

7590

8357

17.98%

3.82%

7

7747

8685

21.08%

3.78%
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8

7906

9024

24.04%

3.75%

9

8069

9373

26.87%

3.72%

10

8236

9732

29.57%

3.69%
3.82% (Average)

PA-ROMP for M2 with CTA1

Table 4-4 Theoretical Mn trend over 5 cycles of PA-ROMP for M2 with CTA 1.

Cycle

Mn

% living catalyst
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PDI

1

7683

100%

1.14

2

8214

88%

1.16

3

7881

106%

1.18

4

8521

74%

1.17

5

8590

87%

1.18

PA-ROMP for M3 with CTA1.

Table 4-5 Theoretical Mn trend over 5 cycles of PA-ROMP for M3 with CTA 1.

cycle

Mn

% living catalyst

PDI

1

14600

100%

1.13

2

15294

91%

1.13

3

15602

90%

1.13

4

15332

101%

1.14

5

15575

87%

1.14
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PA-ROMP for M4 with CTA1

Table 4-6 Theoretical Mn trend over 5 cycles of PA-ROMP for M4 with CTA1.

Cycle

Mn

% living catalyst

PDI

1

4987

100%

1.14

2

5667

79%

1.16

3

5932

77%

1.15

4

6062

77%

1.15

5

6188

75%

1.17

172

PA-ROMP for M1 with CTA2.

Loss of t-butyl
group

Table 4-7 Theoretical Mn trend over 5 cycles of PA-ROMP for M1 with CTA2.

Cycle

Mn

% living catalyst

PDI

1

6984

100%

1.13

2

7070

98%

1.14

3

7488

84%

1.15

4

7773

81%

1.16

5

7614

100%

1.17
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5 cycles PA- ROMP for block polymers

Table 4-8 Theoretical Mn trend over 5 cycles of PA-ROMP for block polymers.

4.6

cycle

Mn

% living catalyst

PDI

1

7756

100%

1.13

2

8041

93%

1.15

3

8601

80%

1.16

4

8325

103%

1.17

5

9268

59%

1.16
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CHAPTER 5.

CONVERGENT SYNTHESIS OF BRANCHED

POLYMERS VIA RING-OPENING METATHESIS
POLYMERIZATION

5.1

Abstract
Highly branched polymers have been used in many fields in recent years. Despite the

abundant methods reported to synthesize various branched structures, controlling
parameters such as the location of branch points and molecular weight distribution still
remains a challenge. This chapter explores the ability of enyne-containing branching agents
to synthesize star and miktoarm star polymers through a convergent synthesis pathway
using ring-opening metathesis polymerization (ROMP). The branching agents contain an
enyne metathesis terminator covalently linked to a norbornene monomer. When these
agents are introduced into a living ROMP, macromonomers are generated in situ that
continue to propagate via a grafting-through process with the remaining living chains. This
strategy permits control over the degree of polymerization of the star arms, control of the
number of star arms, and chain-extension with addition monomer to produce functional
asymmetric miktoarm star polymers.
5.2

Introduction
Branched polymers have attracted significant attention since the middle of 20th

century due to their unique properties.1-3 In comparison to linear polymer with the same
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molecular weight, branched polymers possess a higher density of functional groups, lower
viscosities, and higher solubilities.4 Various complex polymer architectures have been
reported to study structure-property relationships in application areas such as rheology
modifiers, additives in coatings, and diagnostics.5 While star polymers and linear graft
polymers have been extensively studied, the preparation of well-defined polymers with
higher orders of branching remains a challenge if features such as molecular weight, degree
of branching and branch position within a target architecture need to be precisely
controlled.
To achieve this goal, either a living chain-growth process needs to be employed.
Ring-opening metathesis polymerization (ROMP) has emerged as the most versatile
technique to synthesize high molecular weight bottle brush polymers via the “graft
through” method of macromonomers6-8. Using this approach, well-defined brush block
polymer bottlebrush polymers, Janus bottlebrush copolymers9-10 and super-soft elastomeric
bottlebrush networks11-13 have readily been prepared. Despite the proclivity of ROMP to
proceed in sterically constrained environments, exploration of additional branched
architectures has only received limited attention. The synthesis of star polymers has been
largely hindered by the inability to readily synthesize multifunctional ruthenium carbene
initiators. Recently, Barnes and coworkers achieved this goal by performing adding the
Grubbs 3rd generation initiator (G3) to a norbornene-functionalized γ-cyclodextrin.14
Johnson and co-workers15 beautifully adopted Nomura’s core cross-linking strategy16 to
generate highly functional brush-arm star polymers for use in a variety of biomedical
applications.17-18 Bates has developed an alternative approach to synthesize star and
asymmetric miktoarm star polymers by graft-through polymerization of macromonomers
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with a low degree of polymerization (DP).19 It was found that these polymers have
properties nearly identical to analogous star polymers with the same degree of branching
when the backbone DP is less than 12.20
A distinct synthetic strategy for the preparation of highly branched polymers was
pioneered by Knauss and coworkers in 2000 using anionic polymerization of styrene
(Figure 5.1A).21-23 In this approach, a styrene monomer functionalized with a terminating
silyl chloride is added to a living anionic polymerization of styrene in substoichiometric
quantities. Upon reaction of the silyl chloride with an anionic polystyrene chain, a
macromonomer is generated in situ that can react with the remaining active polymers in a
graft-through fashion to form branches. By controlling the timing of addition and the
quantity of branching agent added, a variety of architectures could be prepared ranging
including hyperbranched star-shape polystyrene, radially linked star-b-linear polystyrene,
and star-b-linear-b-star triblock (Pom-Pom) triblock polystyrene.24-25 In contrast to
initiator-monomer chain-growth branching strategies which are uncontrolled, each living
branched polymer contained a single active chain-end and permitted the generation of
targetable molecular weights with low dispersities.
The considerable success of ROMP to synthesize high molecular weight bottlebrush
polymers via graft-through methods presents a promising opportunity to utilize Knauss’
convergent synthesis concept to metathesis-derived materials. Recognizing this potential,
Kilbinger and co-workers26 first explored the convergent branching strategy with ROMP
in 2016 through the use of an exo-norbornene imide monomer linked to an enol ether
terminator. Unfortunately, the internal olefin of the enol ether displayed slow rates of
termination relative to the propagation of the norbornene monomer, resulting in an
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inseparable mixture of low molecular weight linear, three arm star, and semidendritic
branched polymers. Since this report, significant advancements in termination methods for
efficient termination of metathesis polymer has been developed, prompting the convergent
branching strategy to be revisited using ROMP. As mentioned in Chapter 2, we reported
a series of functional enyne reagents to terminate of living metathesis polymers through a
cascade metathesis sequence initiated by rapid addition to the terminal alkyne.27 In addition
to introducing a range of small functional molecules, this method could also promote
stoichiometric coupling to enyne-terminated polymers to directly afford block polymers.
In this chapter, a norbornene-derived monomer covalently bound to an enyne terminator is
studied to further expand the scope of ROMP using a convergent branching strategy
through the accelerated rates of enyne-mediated termination (Figure 5.1B).

Figure 5.1 Approach to synthesize branched polymers via convergent pathway.
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5.3

Result and Discussion
In the convergent strategy, the overall degree of branching is determined by the

quantity of terminating monomer introduced into the polymerization. When a branching
agent is added, a portion of the living polymers are converted into macromonomers, which
then continue to polymerize with the remaining living chains in a graft-through process.
This requires a substoichiometric amount of branching agent to be successful, with the
number of new branch points formed increasing as the number of branching agents
approaches the number living polymers in the system. A visual depiction of the process is
shown in Figure 5.2 for a representative polymerization using ROMP in which 9 molecules
of branching agent (orange circular sector designates terminator) are added to a
polymerization mixture containing 10 living polymers (P1). In an ideal sequence of events,
this would result in a short bottlebrush with a number average degree of polymerization
(DP) of 10 (P110). Bates and coworkers19-20 have shown that bottlebrushes of this length
effectively behave like star polymers with the same number of arms, and these branched
polymers will be referred to as star polymers in this chapter. To achieve this ideal course
of events using enyne termination, the rate of addition to the terminal alkyne by the living
polymer will need to sufficiently outcompete addition to the norbornene. If the addition to
norbornene occurs first, it could still branch in a grafting-to pathways, but lead to unreacted
terminating enyne.
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Figure 5.2 Visual depiction of convergent branching using ROMP

Figure 5.3 Branching agents, monomers and initiators used in convergent
branching strategy.
To investigate this concept, the initial branching agent exo-T1 was prepared through
an EDC coupling between exo-N-hydroxyethyl norbornene imide and a carboxylic acid
modified enyne terminator (Figure 5.3). Initial branching experiments were performed
using living oligomeric arms (DP 10) prepared from the addition of Grubbs 3rd Generation
initiator (G3) to exo-benzyl norbornene imide (M1) in dichloroethane (DCE). After stirring
for 5 minutes, 0.9 equivalent of exo-T1 was added to the reaction mixture, stirred at room
temperature for four hours, and quenched with an excess of ethyl vinyl ether (Figure 5.4A).
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Analysis of the resulting polymer by size-exclusion chromatography (SEC) revealed a
substantial increase in molecular weight, though a minor peak remained. The elution times
of the minor peak was similar to the initial oligomer and implied incomplete conversion of
DP 10 arms (P1) (Figure 5.4B). The percentage of oligomer converted was calculated by
the integration of the two elution peaks after deconvolution to determine 56% of the
oligomeric arms were incorporated into the final star product. The observation of unreacted
oligomers was surprising, since undesired initial ring-opening of the norbornene could still
lead to higher molecular weight branched products.

Figure 5.4 (A) Convergent branch process with 0.9 equiv. exo-T1. (B) Branched
polymer formation with exo-T1; (C) Proposed macrocyclic side-reaction.
The branching agent structure revealed the possibility of intramolecular
macrocyclization after ring-opening of the norbornene, as estimated by molecular models
(Figure 5.4C). This was proposed as a possible explanation because the reaction was
operated in very dilute conditions (enyne concentration of 10 mM). To test this hypothesis,
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the experiment was repeated with a final enyne concentration of 100 mM to promote
intermolecular branching reactions. This alteration led to increase in conversion of the
oligomeric arms to 67%, though a substantial low molecular weight shoulder still
remained. (Figure 5.4B).
To prevent the possibility of intramolecular cyclization immediately after
norbornene ring-opening, a 2nd generation branching agent (exo-T2) was prepared that
replaces the flexible ester linker with a norbornene imide directly attached to the sulfonyl
arene (Figure 5.2). In addition to rigidity, studies by Grubbs have shown that the N-phenyl
norbornene imide monomers have a lower polymerization rate than N-alkylated imide
monomer28, potentially offering additional selectivity for the alkyne over the norbornene.
The same branching experiment was repeated in Figure 5.5A with exo-T2 and resulted in
complete consumption of the starting oligomer P1 after four hours. A new monomodal
peak was generated by SEC analysis with a number average molecular weight of 10.6 kDa
and dispersity of 1.4 (Figure 5.5B). While this new branching agent appeared to resolve
the issue of immediate macrocycle formation, termination events could still occur through
formation of larger macrocyclic loops. This is based on the norbornene ring opened
oligomer further propagating with other macromonomers and cyclized on the backbone
(Figure 5.5C). It is difficult to detect these loops through 1H NMR and SEC analysis, so 23
equivalents of exo-methyl norbornene imide monomer (M2) was added relative to G3 to
form an asymmetric miktoarm star polymer (P110-P2). This quantity of monomer was
found to be sufficient to provide resolution of the living stars from the deactivated stars by
SEC, and indeed a portion of the star-polymers did not reinitiate. The different solubilities
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of the methyl and benzyl norbornene blocks could be utilized to isolate the pure miktoarm
star polymer after precipitation from THF and MeOH.

Figure 5.5 (A) Illustration of graft-through branch and extension. (B) SEC
traces of polymers by using exo-T2. (C) Proposed mechanism for large cyclic
formation. (D) 1H NMR spectrum of P110-P2 showing chain-end in CDCl3.
The purified P110-P2 was analyzed by 1H NMR spectrum and was able to enable
further characterization of the structure and determine the efficiency of the branching
process (Figure 5.5D). The styryl protons from each initial oligomer (red circle) were
observed at 6.59 ppm and the peaks at 4.45 ppm could be assigned to the methylene protons
(green triangle) at the chain-extended terminus. The relative integration of these peaks
indicated the number of N-benzyl norbornene arms in the polymer to be 7.4, slightly below
the theoretical 10 arms expected from the amount of added enyne (The replicated
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experiments were performed multiple times with standard deviation ±1, which potentially
due to the limitation of NMR instrument). Integration of the tosyl protons at 8.0 ppm (blue
square) relative to the initiating styryl protons confirms that 0.9 equiv exo-T2 is
incorporated into the polymer. In a desired convergent process, it should only contain 0.86
equiv tosyl protons for a 7.4 arm star. The slightly excess tosyl proton implied that small
quantity of exo-T2 copolymerized but did not result successfully terminate. These results
support the hypothesis that the rigid branching agent is able to suppress initial termination
reactions but does not prevent all instances of initial ring-opening at the norbornene center.
The incomplete consumption of the terminators suggests that the enynes remain
geometrically inaccessible or are kinetically too slow to react when embedded in the
branched polymer core. By comparing the experimental degree of polymerization of M2
in the chain-extension to the theoretical value, the total percent of living stars after
convergent branching could be calculated and was found to be 42%.
Several strategies were pursued to improve the convergent branching process by
increasing the selectivity between enyne and norbornene additions, and the results of these
efforts are summarized in Table 1. Experiments increasing or decreasing concentration of
the reaction did not lead to more efficient branching (Table 1, entry 1-3). When a higher
enyne concentration of 90 mM was employed, the number of star arms increase to 10.5,
which is closer to the target value. Compared to a 10 mM reaction, a dilute reaction 5 mM
led to decrease in degree of star-arms (7.0) as well as living star conversion (38%). The
introduction of additional pyridine ligand has been shown to stabilize the ruthenium
carbene in cascade enyne metathesis polymerization. The addition of 3.0 equiv of pyridine
relative to initial G3 has similar conversion as the standard conditions, though
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concomitantly decreased the average number of arms to 4.9 in the miktoarm product (Table
1, entry 4). Since the terminal alkyne is less sterically hindered than the norbornene, the
bulkier initiator H2Dipp-G3 bearing isopropyl substituents was examined in hopes of
improving the selectivity for initial reaction at the enyne (Figure 1, Table 1, entry 5). This
improved the overall number of star arms to 11 although the percentage of living stars
didn’t improve significantly.
Table 5-1 Branching condition optimization data.
Entry

Branching
Agent (equiv.)

Branching
Concentration.

Branching
Conversiona

Number of
star-arm
(narm)b
1
exo-T2 (0.9)
0.09M
42%
10.9/10
2
exo-T2 (0.9)
0.01M
42%
7.4/10
3
exo-T2 (0.9)
0.005M
38%
7.0/10
c
4
exo-T2 (0.9)
0.01M
46%
4.9/10
5d
exo-T2 (0.9)
0.01M
45%
11.2/10
a,b
Branching conversion and number of star-arm was calculated by 1H NMR of purified
miktoarm star polymer. cBranching experiment with 3.0 equivalents pyridine addition.
d
Branching experiment using H2Dipp-G3 catalyst.
Lastly, an endo-T2 isomer was synthesized by coupling the terminating aniline
with endo-norbornene anhydride in neat condition. Branch experiment was examined
under the standard reaction conditions (0.9 equiv, 10 mM, 4 hour). Guironnet determined
that the ruthenium alkylidene cycloaddition onto endo-norbornenes has a higher energy
transition29. This could potentially lead to higher selectivity for an enyne-first pathway.
Unfortunately, the overall reduction in norbornene reactivity suppressed complete
propagation in the graft-through stage to give incompletely converted star intermediates.
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Figure 5.6 Branch process with 0.9 equivalents endo-T2.
Despite the lack of success in these optimization experiments, the ability to easily
isolate pure miktoarm products from this process encouraged further studies with exo-T2
to determine the impact of enyne stoichiometry (Figure 5.7) and molecular weight of initial
P1 arms (Figure 5.8) on the convergent branching process. As the equivalents of branching
agent exo-T2 increases from 0.7 equiv to 0.9 equiv, the average number of molecular
weight (Mn) gradually increases from 7.5 k Da to 11 kDa, suggesting star products with
increasing numbers of arms (Figure 5.7A). The experimental Mn for P15 and P110 is lower
than the calculated value, which is expected in SEC due to the lower hydrodynamic volume
of star polymers vs relative to linear analogs. Further 1H NMR analysis confirms this trend
with 0.7 equiv and 0.8 equiv of enyne giving 2.7 arms and 3.8 arms, respectively, and
percentage of living star decrease from 56% to 42%.
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Figure 5.7 Effects of different equivalents on star, miktoarm star and purified
miktoarm star polymers
An extreme condition for this system is adding 1.0 equiv of exo-T2, this condition
ideally should only contain terminated oligomers without any branching. While some
living stars still remained, this is because some of chains undergo norbornene addition first.
These chains led to star formation and the enyne functional group remaining on the chain
might never be terminated due to the steric effect, as we mentioned before. The chainextension delivered a very high molecular weight (145 kDa) polymer as a result of very
few initiation sites remaining.
As the molecular weight of initial P1 arms increased from DP 10 to DP 30 (Figure
5.8), the number average molecular weights of the intermediate star polymers similarly
increased from 10 kDa to 28 kDa. The number of star arms decreased to 7.5 and 6.5 for DP
20 and DP 30, respectively, and the percentage of living stars slightly decreased from 38%
to 37%. In all cases, the final asymmetric miktoarm polymers could be cleanly isolated via
precipitation to give monomodal and low dispersity materials by SEC analysis.
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Figure 5.8 Initial arm length effect: star, miktoarm star and purified miktoarm
star polymers.
One of the desirable features of branched polymers is the high degrees of
functionality provided by the large number of chain-ends. Since all of the polymers
synthesized thus far contain non-functional phenyl initiating end groups, a non-terminating
enyne reagent containing a methyl ester was used to prepare a functional MeO2C-G3
initiator30 for use in the convergent branching process (Figure 5.9). The initiator cleanly
formed after reaction with G3 for 15 minutes at room temperature and was directly used to
form DP 10 oligomers of M1 without further purification. Addition of 0.9 equiv of exo-T2
to these oligomers, followed by chain extension with M2 produced the arm-functionalized
miktoarm star polymer MeO2C-P110-P2. Analysis of the purified polymer by 1H NMR
verified the successful generation of a product with 7.9 arms derived from M1 and an
overall star livingness of 39%.
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Figure 5.9 Convergent branching ROMP for MeO2C-P110-P2

5.4

Conclusion
A new enyne-mediated branching agent is reported and applied to convergent

branching in ring-opening metathesis polymerization for the synthesis of low dispersity
star and asymmetric miktoarm star polymers. Tunable control over the average number of
arms and overall arm lengths was achieved by varying the quantity of branching agent
employed and degree of polymerization of macroinitiators used. Detailed analysis of the
purified polymers by 1H NMR and SEC analysis permitted an understanding of branching
efficiency, characterization of side reactions, and highlighted the importance of a rigid
branching agent structure. Furthermore, this synthesis process is compatible with in situ
initiator modification to construct chain-end modified miktoarm star polymers, which
opens the path to generate functional asymmetric miktoarm structures use in drug delivery
and other biomedical applications. These results also highlight the need for metathesis
termination methods with increased reaction rates to fully realize the potential of
convergent branching processes for ROMP materials.
5.5

Experimental Section
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5.5.1

Synthesis of branching agents

To a solution of S1 (150 mg, 0.27 mmol, 1.0 eq) in DCM (1.35 mL) was
added

N-(2-hydroxyethyl)-cis-5-norbornene-exo-2,3-dicarboximide

(67.1 mg, 0.32 mmol, 1.2 eq) and then, followed by the addition of 1(3dimethylaminopropyl)-3-ethylcarbodiimide (EDC, 78 mg, 0.41 mmol)
and DMAP (33 mg, 0.27 mmol, 1.0 eq). The reaction was stirred for 12
hours at room temperature. Then the reaction mixture was washed HCl
(aq., 1 M, 5 mL), NaHCO3 (sat. aq., 5 mL) and brine (5 mL), dried over Na2SO4, and then
concentrated under reduced pressure concentrated and purified by column chromatography
(33% EtOAc in hexanes) to give the product as white solid (151 mg, 75%).
m.p.: 75 oC
LC-MS (m/z): calcd for C42H55N2O7S2+, [M+H2O+H]+, 762.33; found, 762.3.
1H

NMR (500 MHz, CDCl3) δ 8.10 (d, J = 8.6 Hz, 2H), 7.95 (d, J = 8.6 Hz, 2H), 7.40 (dd,

J = 7.6, 1.6 Hz, 1H), 7.33 (dd, J = 7.8, 1.4 Hz, 1H), 7.22 (td, J = 7.6, 1.6 Hz, 1H), 7.17 (td,
J = 7.6, 1.4 Hz, 1H), 7.12 (d, J = 15.7 Hz, 1H), 6.28 (t, J = 1.9 Hz, 2H), 6.00 (dt, J = 15.6,
6.9 Hz, 1H), 4.50 (dd, J = 5.7, 4.7 Hz, 2H), 4.17 (d, J = 2.5 Hz, 2H), 4.05 (dd, J = 6.9, 1.3
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Hz, 2H), 3.93 (t, J = 5.2 Hz, 2H), 3.25 (q, J = 1.8 Hz, 2H), 2.85 – 2.79 (m, 2H), 2.71 (d, J
= 1.3 Hz, 2H), 2.07 (t, J = 2.4 Hz, 1H), 1.64 – 1.55 (m, 3H), 1.46 (dt, J = 9.9, 1.7 Hz, 1H),
1.40 – 1.35 (m, 2H), 1.33 – 1.20 (m, 16H), 0.87 (t, J = 6.9 Hz, 3H).
13C

NMR (126 MHz, CDCl3) δ 177.79, 164.84, 143.10, 137.79, 136.66, 135.54, 133.43,

133.33, 130.20, 129.94, 128.41, 127.85, 126.53, 126.35, 124.28, 75.88, 74.46, 62.24,
48.95, 47.86, 45.27, 42.67, 37.41, 35.96, 34.15, 31.92, 29.65, 29.63, 29.60, 29.51, 29.35,
29.18, 29.09, 28.88, 22.70, 14.14.

S3: To a stirred solution of termination amine S2 (1.86 g, 5.0 mmol,
1.05 eq) and triethylamine (0.97 g, 9.52 mmol, 2.0 eq) in CH2Cl2 (24
ml) in an ice bath was added 4-nitrobenzenesulfonyl chloride (1.0 g,
4.76 mmol, 1.0 eq). Then the reaction was warmed to room
temperature. After 2 hours, the reaction mixture was diluted with DCM (200 ml), washed
with 1N HCl (200 ml), brine (200 ml), dried over Na2SO4 and concentrated in vacuo. The
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residual was purified by column chromatography (10% ethyl acetate in hexanes) to give
the product as white solid (2.0 g, 75%).
m.p.: 78 oC
LC-MS (m/z): calcd for C30H41N2O4S2+, [M+H]+, 557.25; found, 557.3.
1H

NMR (500 MHz, CDCl3) δ 8.36 (d, J = 8.9 Hz, 2H), 8.08 (d, J = 8.9 Hz, 2H), 7.39 (dd,

J = 7.7, 1.5 Hz, 1H), 7.34 (dd, J = 7.8, 1.3 Hz, 1H), 7.23 (td, J = 7.6, 1.6 Hz, 1H), 7.17 (td,
J = 7.5, 1.0 Hz, 1H), 7.13 (d, J = 15.7 Hz, 1H), 6.00 (dt, J = 15.6, 6.9 Hz, 1H), 4.22 (d, J =
2.5 Hz, 2H), 4.07 (dd, J = 6.9, 1.3 Hz, 2H), 2.91 – 2.76 (m, 2H), 2.07 (t, J = 2.4 Hz, 1H),
1.59 (p, J = 7.4 Hz, 2H), 1.41 – 1.35 (m, 2H), 1.30 – 1.24 (m, 16H), 0.88 (t, J = 7.0 Hz,
3H).
13C

NMR (126 MHz, CDCl3) δ 150.17, 144.90, 136.38, 135.65, 133.63, 129.77, 129.07,

128.57, 126.49, 126.30, 124.16, 123.75, 75.85, 74.56, 49.08, 36.09, 34.10, 31.92, 29.65,
29.63, 29.59, 29.51, 29.35, 29.18, 29.08, 28.88, 22.70, 14.14.
S4: S3 was suspended in a mixture of methanol (2.5 ml) and
dioxane (2.5 ml), treated with powdered iron (279 mg, 5.0 mmol, 10
eq) and a solution of NH4Cl (279 mg, 5.2 mmol, 10.5 eq) in water
(5 ml). The mixture was heated at reflux for 4 hours. The organic
solvents were removed by rotary evaporator and the residue was diluted with DCM and
followed by suction filtration. The filter material was suspended in mixture of methanol
and DCM (2.5 ml each) in an ultrasound bath, again suction filtered. The filtrates were
washed with brine and dried over MgSO4 and concentrate in vacuo. The residual was
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purified by column chromatography (30% ethyl acetate in hexanes) to give the product as
light-yellow solid (130 mg, 50%).
m.p.: 68 oC
1H

NMR (500 MHz, CDCl3) δ 7.68 (d, J = 8.7 Hz, 2H), 7.43 (dd, J = 7.6, 1.7 Hz, 1H),

7.36 (dd, J = 7.7, 1.5 Hz, 1H), 7.23 (td, J = 7.5, 1.8 Hz, 1H), 7.19 (td, J = 7.4, 1.3 Hz, 1H),
7.13 (d, J = 15.7 Hz, 1H), 6.71 (d, J = 8.7 Hz, 2H), 6.04 (dt, J = 15.7, 6.9 Hz, 1H), 4.13 (t,
J = 2.2 Hz, 2H), 4.02 (dd, J = 6.9, 1.4 Hz, 2H), 2.92 – 2.77 (m, 2H), 2.10 (t, J = 2.4 Hz,
1H), 1.61 (dd, J = 15.7, 8.2 Hz, 2H), 1.39 (q, J = 7.1 Hz, 2H), 1.27 (d, J = 3.9 Hz, 16H),
0.90 (t, J = 7.0 Hz, 3H).
13C

NMR (126 MHz, CDCl3) δ 150.60, 137.02, 135.36, 132.65, 130.05, 129.99, 128.20,

127.14, 126.51, 126.37, 125.18, 113.92, 76.88, 73.83, 48.76, 35.93, 34.20, 31.92, 29.66,
29.64, 29.60, 29.52, 29.36, 29.19, 29.10, 28.88, 22.70, 14.15.
exo T2: To a mixture of S4 (200 mg, 0.38 mmol, 1.0 eq) and cis-5norbornene-exo-2,3-dicarboxylic anhydride (125 mg, 0.76 mmol, 2.0
eq) was added 0.3 ml toluene. The mixture was heated at 80 C for 4
hours and then heated up to 120 C for overnight. The residual was
purified by column chromatography (30% ethyl acetate in hexanes) to
give the product as white solid (153 mg, 60%).
m.p.: 77 oC
LC-MS (m/z): calcd for C39H51N2O5S2+, [M+H2O+H]+, 691.32; found, 691.3.
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1H

NMR (500 MHz, CDCl3) δ 7.98 (d, J = 8.7 Hz, 2H), 7.50 (d, J = 8.7 Hz, 2H), 7.40 (dd,

J = 7.6, 1.7 Hz, 1H), 7.34 (dd, J = 7.7, 1.5 Hz, 1H), 7.21 (td, J = 7.5, 1.7 Hz, 1H), 7.17 (td,
J = 7.6, 1.4 Hz, 1H), 7.13 (d, J = 15.7 Hz, 1H), 6.37 (t, J = 1.9 Hz, 2H), 6.00 (dt, J = 15.6,
6.9 Hz, 1H), 4.16 (d, J = 2.5 Hz, 2H), 4.04 (dd, J = 7.0, 1.3 Hz, 2H), 3.43 (p, J = 1.7 Hz,
2H), 2.89 (d, J = 1.3 Hz, 2H), 2.87 – 2.60 (m, 2H), 2.09 (t, J = 2.4 Hz, 1H), 1.65 (d, J =
10.0 Hz, 1H), 1.62 – 1.56 (m, 2H), 1.46 (d, J = 10.0 Hz, 1H), 1.42 – 1.18 (m, 2H), 1.29 –
1.21 (m, 16H), 0.88 (t, J = 7.0 Hz, 3H).
13C

NMR (126 MHz, CDCl3) δ 176.34, 138.70, 138.05, 136.78, 135.78, 135.49, 133.23,

130.04, 128.67, 128.34, 126.60, 126.54, 126.40, 124.41, 76.08, 74.47, 48.96, 47.96, 45.98,
43.10, 36.03, 34.21, 31.92, 29.65, 29.64, 29.60, 29.51, 29.36, 29.18, 29.10, 28.88, 22.70,
14.15.

endo T2: To a mixture of S4 (65 mg, 0.12 mmol, 1.0 eq) and cis-5norbornene-endo-2,3-dicarboxylic anhydride (40 mg, 0.24 mmol, 2.0
eq) was added 0.15 ml toluene. The mixture was heated at 80 C for 4
hours and then heated up to 120 C for overnight. The residual was
purified by column chromatography (66% ethyl acetate in hexanes) to
give the product as white solid (49 mg, 61%).
m.p.: 74 oC
LC-MS (m/z): calcd for C39H51N2O5S2+, [M+H2O+H]+, 691.32; found, 691.3.
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1H

NMR (500 MHz, CDCl3) δ 7.94 (d, J = 8.6 Hz, 2H), 7.40 (dd, J = 7.6, 1.7 Hz, 1H),

7.37 – 7.32 (m, 3H), 7.21 (td, J = 7.5, 1.7 Hz, 1H), 7.17 (td, J = 7.5, 1.5 Hz, 1H), 7.13 (d,
J = 15.7 Hz, 1H), 6.27 (t, J = 1.9 Hz, 2H), 6.00 (dt, J = 15.7, 6.9 Hz, 1H), 4.14 (d, J = 2.5
Hz, 2H), 4.03 (dd, J = 6.9, 1.3 Hz, 2H), 3.53 (dq, J = 3.3, 1.7 Hz, 2H), 3.47 (dd, J = 3.0,
1.6 Hz, 2H), 2.87 – 2.78 (m, 2H), 2.08 (t, J = 2.4 Hz, 1H), 1.81 (d, J = 8.9 Hz, 1H), 1.64
(d, J = 8.8 Hz, 1H), 1.58 (q, J = 7.4 Hz, 2H), 1.42 – 1.33 (m, 2H), 1.28 – 1.24 (m, 16H),
0.88 (t, J = 6.9 Hz, 3H).
13C

NMR (126 MHz, CDCl3) δ 176.13, 138.63, 136.79, 135.81, 135.48, 134.71, 133.20,

130.05, 128.56, 128.33, 126.93, 126.54, 126.40, 124.46, 76.08, 74.43, 52.38, 48.95, 45.93,
45.64, 36.01, 34.21, 31.92, 29.65, 29.64, 29.60, 29.51, 29.36, 29.18, 29.10, 28.88, 22.70,
14.15.
5.5.2

General Procedure of branching and extension

A degassed monomer (M1) solution (250 µL, 25.3 mg, 0.1 mmol, 10 equiv. in DCE) was
added to 8 ml vial, equipped with a stir bar under nitrogen. A solution of Grubbs third
generation (G3) catalyst (250 µL, 7.26 mg, 0.01 mmol, 1.0 equiv in DCE) was rapidly
transferred to the stirred monomer solution and control via using microliter syringe. After
5 min, a solution of branching agent exo-T1 and exo-T2 (400 µL, 0.009 mmol, 0.9 equiv.
in DCE) was added to the reaction and stirred 4 hours. 100 µL reaction mixture was taken
and quenched with ethyl vinyl ether (EVE) for SEC measurement and second monomer
(M2) solution (40 mg in 500 µL DCE) was added to remaining solution for additional 2
hours. The reaction mixture was quenched with EVE and precipitated into THF and MeOH,
separately. The purified polymer was characterized by using SEC and 1H NMR.
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5.5.3

Characterization of branched polymers

Branched Polymer Data and Characterization with exo T1:
Entry Initial
DP

Branching
(equiv.)

Agent Branching
Concentration [M]

Branching Conversion

1
10
T1 (0.9)
0.01
56%
2
10
T1 (0.9)
0.1
67%
Note: branching conversion was estimated based on area % of peaks after GPC
deconvolution analysis.
SEC traces of 4 hours branching process with exo T1 under different concentration.

Table 5-2 GPC and NMR summary of all branching process with exo-T2
Entry DP

1
2
3
4
5
6
7a
8b
9

10
10
10
10
10
10
10
10
20

Branching
Agent
(equiv.)
T2 (0.7)
T2 (0.8)
T2 (0.9)
T2 (1.0)
T2 (0.9)
T2 (0.9)
T2 (0.9)
T2 (0.9)
T2 (0.9)

Branching
Conc
0.01
0.01
0.01
0.01
0.09
0.005
0.01
0.01
0.01

Star
Polymer
(Mn, D)
7.5k, 1.3
10k, 1.2
10.6k, 1.4
8.1k, 1.5
15.8k, 1.4
11.8k, 1.3
7.4k, 1.4
9.4k, 1.45
20.6k, 1.3
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µ-arm star
polymer
(Mn, D)
29.3k, 1.1
43.2k, 1.2
71.6k, 1.2
144.9k, 1.4
123k, 1.1
109.5k, 1.2
45.7k, 1.2
117k, 1.1
124k, 1.1

Living
star%
56%
49%
42%
42%
38%
46%
45%
38%

Number
of arm
(narm)
2.7
3.8
7.4
10.5
7.0
4.9
11.2
7.5

Target
DB
3.3
5
10
10
10
10
10
10

10
12c

30
10

T2 (0.9)
T2 (0.9)

0.01
0.01

28.2k, 1.2
9.2k, 1.5

108k, 1.2
152k, 1.3

37%
39%

6.5
7.9

10
10

a. branching with 3.0 eq pyridine; b. using bulky H2Dipp-G3; c. initiator modification with
3.0 eq 4-CO2Me enyne.
Branching process with 0.7 eq exo T2 (Table 5-2, Entry 1)

Branching process with 0.8 eq exo T2 (Table 5-2, Entry 2)
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Branching process with 0.9 eq exo T2 (Table 5-2, Entry 3)

Branching process with 1.0 eq exo T2 (Table 5-2, Entry 4)
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Branching process with 0.9 eq exo T2 and DP 20 initial P1 (Table 5-2, entry 9)

Branching process with 0.9 eq exo T2 and DP 30 initial P1 (Table 5-1, Entry 10)
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SEC traces for exo T2 concentration test (Table 5-1, Entry 3, Entry 5-6)

Branching process with 0.9 eq exo T2 and 3.0 eq pyridine addition (Table 5-2, Entry
7)
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Branching process with bulkier catalyst H2Dipp-G3 (Table 5-2, Entry 8)
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Branching process with 0.9 equiv exo T2 with initiator modification (Table 5-2, Entry
10)
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CHAPTER 6.

CONCLUSION AND OUTLOOK

This dissertation covers the design and applications of functional enyne molecules
in ring-opening metathesis polymerization. I employed highly efficient enyne metathesis
chemistry to overcome several challenges in ROMP polymer synthesis, in situ initiator
modification, rapid polymer termination, and recycling of the ruthenium initiators through
a pulsed addition strategy. The applications of ROMP were further extended to achieve
direct polymer-polymer conjugation and the synthesis of branched polymers.
In Chapter 2, functional termination for ROMP using enyne-based small molecules
and macromolecules was described. This enyne reagent contains three parts: a terminal
alkyne, a nitrogen linker and cinnamyl group with thioether at the ortho position. Different
functionalities can be introduced to the agent by connecting nitrogen to a secondary amine
precursor. The enyne metathesis strategy proceeds through a rapid alkyne addition in
combination with an intramolecular cyclization to overcome existing reactivity issues with
intermolecular termination strategies. The functional groups can be transferred to polymer
chain-end with concomitant formation of an inert sulfur chelated ruthenium complex. This
terminating approach was demonstrated to be fast and efficient and was further applied to
direct polymer-polymer coupling.
The design of enyne reagents in Chapter 3 are similar as that in Chapter 2. Removal
of the chelating thioether and introduction of functionality to the cinnamyl group
transforms these enyne reagents into chain transfer agents. When the functional enyne
compounds react with the commercial Grubbs 3rd generation catalyst under same enyne-
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metathesis cascade process a newly formed functional ruthenium initiator results and can
be used in situ to grow a polymer chain with custom functionalities at α chain-end.
In addition, the enyne reagents in Chapter 3 can be added to a living polymer chain,
in which they terminate the polymer chain and regenerate a functional initiator at same
time. The regenerated initiator can reinitiate a new polymer chain with an additional
monomer addition. We reported up to 10 cycles initiator recycling by using this pulsedaddition ROMP strategy (Chapter 4). In this case, multiple polymer chains can be generated
with single ruthenium initiator, in contrast to traditional strategies that rely on a
stoichiometric amount of ruthenium per polymer. Both heterotelechelic polymers and
block polymers can be synthesized in using these methods by varying the functional groups
on the enyne and the order of pulse-addition and monomer addition steps.
In Chapter 5, the functional enyne reagents were designed to synthesize branched
polymers via a convergent synthesis pathway. This enyne reagent combines the terminating
enyne in Chapter 2 and a norbornene monomer, resulting in a branching agent.
Substoichiometric of branching agent can be added to the living polymer to generate
macromonomers in situ. The remaining living polymer proceed to graft through these
macromonomers to form star polymers in a convergent synthetic pathway. While the
current design still leads to some undesired termination events arising from
macrocyclization due to the selectivity between norbornene addition and terminal alkyne
addition pathways, purified miktoarm star polymers can be easily isolated with variable
arms lengths and numbers of star arms.
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In the future, the branching concept in Chapter 5 still has further potential if
increased selectivity between alkyne addition and monomer cycloaddition can be obtained.
This system would be further developed to construct more complex architectures such as
hyperbranched polymers. Moreover, different amounts of branching agent and effects of
addition time could be explored to understand structure and property relationships in
branched polymers. When combined with the high chemoselectivity of the metathesis
chemistry, this could lead to a powerful platform to generate functional materials.
Along the course of my thesis research, a number of surprising observations have
been made related to reactivity of ruthenium benzylidenes and alkylidenes prepared either
through initiator modification or while using different propagating polymer species. Very
little fundamental research has been performed to investigate the rates and selectivity of
these systems with alkynes. The key to improving the rates of termination reaction in
metathesis polymerization, as well as the invention of new polymerization concepts, is
likely to come from a deeper understanding of these reaction systems.
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