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ABSTRACT
Subnaik, Selesha I., Performing Ring Opening Metathesis Polymerization (ROMP)
Reactions and Post-Polymerization Modifications Under Flow Conditions. Master of
Science (Chemistry), May, 2020, Sam Houston State University, Huntsville, Texas.

Ring opening metathesis polymerization (ROMP) reactions of norbornene derived
monomers and Grubbs 3™ Generation catalyst were run under continuous flow
conditions. Typically, ROMP reactions are performed using “batch” reaction conditions
that involve the use of round-bottomed flasks and mechanical stirrers to allow for mixing.
Further, these experiments are typically carried out under inert atmospheres to achieve
oxygen exclusion and prevent catalyst death, which can affect the expected monomer to
initiator ([M]:[I]) ratio of the polymerization reaction. However, under continuous flow
conditions, the ROMP reactions in this study were performed under air atmosphere using
a simple bench-top setup with syringe pumps, segments of reaction tubing, connectors
and syringes that allowed for betting mixing, and excessive reaction times which can lead
to less controlled polymerization reactions. Nuclear magnetic resonance (NMR) analysis
provided percent conversion of monomer to polymer, and gel permeation
chromatography (GPC) analysis provided number-average molecular weights (Mn) and
polydispersity index (PDI, P) values. Homopolymerization reactions were performed
with residence times (tr) of 22.5 s and 7.5 s. D values ranged from 1.14-1.33 and 1.07-
1.18 for tr =22.5 s and tr=7.5s, respectively, for most norbornene derived monomers
studied. Monocyclic monomers such as cyclopentene, cyclooctene and cyclooctadiene
were not able to be successfully analyzed post polymerization under flow conditions to
give an indication of control over the reactions. Block copolymers consisting of a block

of norbornene followed by a block of exo-functionalized norbornene were synthesized



using a tr of 22.5 s. Percent conversions were >95% for all block copolymerization
reactions. Thio-bromo click reactions were performed in flow where an exo-a-bromo
ester functionalized norbornene monomer was polymerized in flow and subsequently
followed in-line with a solution of thiol and triethylamine for a “click” reaction to occur.
Both the polymerization and the thio-bromo click reaction percent conversions were
>95% as determined by 'H NMR.

KEY WORDS: Continuous flow, Ring opening metathesis polymerization (ROMP),

Norbornene, Homopolymerization, Block copolymerization, Thio-bromo “click”
reaction, Post-polymerization modification
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CHAPTER |
Introduction
1.1 Living polymerization

The development and use of controlled (“living”) polymerization techniques
allows scientists the ability to prepare polymeric materials with astonishing control over
structure, morphology, and size.! Living polymerizations are defined as polymerization
reactions that occur in the absence of termination events; this results in high levels of
control over polymer molecular weight. Additionally, these reactions produce polymer
chains consisting of active chain ends which can be used to prepare block copolymers.
The first truly “living” polymerizations were anionic polymerizations described by
Szwarc.? It would take another few decades before both controlled (“living”) free radical
and ring opening metathesis polymerization (CRP and ROMP, respectively) reactions
were invented.

In order to impart such fine control over polymerization, typical batch reactions
must be carried out to adequately perform these reactions in the absence of air to prevent
side reactions or catalyst death, which would negatively impact molecular weight.
Polymerizations can require the use of excessive amounts of organic solvent (to keep the
synthesized polymer in solution and stirring for a homogenous reaction), generating
relatively large amounts of laboratory waste, rendering this a “green” chemistry issue.
This problem may be exacerbated in the formation of block copolymers where multiple
solvent precipitations may need to be carried out in order to isolate each block. Although
it is not always required, batch reactions are typically conducted utilizing a sophisticated

apparatus, such as a glove box or Schlenk line.?



1.2 Continuous flow polymerization

Continuous flow polymerization reactions offer a range of benefits compared to
batch polymerization reactions. The benefits of continuous flow chemistry include:
improved heat transfer, enhanced mixing, and superior control over crucial aspects of
reactions like temperature and time compared to batch.® Through manipulation of the
concentration of reactants, the flow rate of reaction, and the ratio of [M]:[I] (or catalyst in
some cases), polymers of varying molecular weight can be isolated during the
polymerization.? Simple scale up for a reaction is possible to produce comparable results
compared to batch by elongating the length of the reaction tubing.* All flow systems
contain a solvent/reagent delivery system, mixer and reactor components. Comparatively,
batch reactions may need to be set up in a glove box or with the use of a Schlenk line,
whose use is arguably more cumbersome than what is needed for a flow setup.

The application of continuous flow in polymer synthesis is not novel. Szwarc first
described the use of continuous flow as a means for the development of high throughput
anionic polymerizations over 50 years ago.! The utility of continuous flow chemistry all
but laid dormant for decades until the development of CRP reactions. For instance, atom
transfer radical polymerization (ATRP) reactions have successfully been performed
where the reaction tubing of the continuous flow reactor was subjected to light exposure
to facilitate the activation, or initiation step of the ATRP reaction (Figure 1).°
Furthermore, reversible addition-fragmentation chain-transfer polymerization (RAFT)
reactions have been adapted to continuous flow conditions where a two block copolymer
was synthesized through the utilization of two segments of reaction tubing.® The success

of performing both ATRP and RAFT polymerization reactions under continuous flow



conditions suggests that the method could be extended to accommodate a ROMP

reaction.
N f e
Y, K
07 "OCHj
= Fo ATRP
light
flow

Figure 1. ATRP in flow with light source.

Continuous flow methods have also been coupled with batch reactions to
synthesize designer macromolecules. In a recent study, Guironnet’s group utilized
continuous flow to perform ring opening polymerizations (ROP) with a norbornene-based
initiator. The resulting macromonomers were then polymerized via ROMP in batch to
generate bottle brush copolymers (Figure 2).” In another study, unsymmetrical
cyclooctenes were functionalized through a two-step continuous flow procedure, but
again the ROMP was performed under standard batch conditions in a grafting-through
method (Figure 3).8 In terms of metathesis polymerizations performed under continuous
flow, both RCM and CM reactions have been successfully performed by Buchmeiser’s
laboratory,® which supports the idea that ROMP that can be adapted to flow reaction

conditions.
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Figure 2. Continuous flow ROP followed by batch ROMP to synthesize bottle brush
polymers.
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Figure 3. Synthesis of unsymmetrical cyclooctenes in flow, followed by ROMP in batch.
1.3 Olefin metathesis

Although the “olefin metathesis method” was only recognized by the Royal
Swedish Academy of Sciences with the Nobel Prize 15 years ago, this reaction has been
an academic and industrial curiosity for more than half a century.'° The name
‘metathesis’ is derived from the Greek word for ‘transposition’, because the reaction
resembles two alkenes simply swapping “R groups” (Figure 4). The mechanism for an
equilibrium olefin metathesis reaction is slightly more complex than this. Chauvin first
proposed the addition of the catalyst to the alkene bond of the starting material to form a
metallocyclobutane intermediate that subsequently ring opens to form new alkene bonds

through a [2 + 2] cycloaddition (Figure 5).1* However, many of the catalysts used to carry



out these reactions were ill-defined. The groups of Grubbs and Schrock were responsible
for preparing the first “well-defined” catalysts based on ruthenium, molybdenum and
tungsten; ruthenium centered catalysts specifically have been coined as Grubbs-type
catalysts or initiators (Figure 6). These catalysts can be used to carry out ring closing
metathesis*? (RCM) (Figure 7), cross metathesis'® (CM) (Figure 8), and ROMP reactions
(Figure 9); for these discoveries, Grubbs, Schrock and Chauvin were awarded the 2005

Nobel Prize in Chemistry.

Ry Ry
R R
cat ! 2

R, Ry 2 y=(

Rz_ R, R, R,

R R
Figure 4. Cartoon depiction of olefin metathesis.

R R'
M=/ + —

Figure 5. Olefin metathesis mechanism.
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Figure 6. Chemical structures of Grubbs 1% Generation (1), Grubbs 2"! Generation (2)
and Grubbs 3™ Generation (3) catalysts.
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Figure 7. Example of a ring closing metathesis reaction.
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Figure 8. Example of a cross metathesis reaction.
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Figure 9. Ring opening metathesis polymerization (ROMP) abbreviated mechanism.

1.3.1 Release of ring strain as driving force for ROMP

Two major forms of strain that are alleviated through a ROMP reaction are angle
and torsional strain about the alkene bond of the monomer. Torsional, or twisting, strain
about the double bond exists due to the inability of free rotation within the confines of a
cyclic molecule; torsional strain for cycloalkenes such as norbornene (4) are described in
reference to the double bond of the ring. Norbornene has a ring strain value of 27.2
kcal/mol, more than double the 13.3 kcal/mol ring strain value of cyclooctadiene;* but
both molecules readily polymerize via ROMP. Generally speaking, polymerization is
almost always an entropically-disfavored process because of the high levels of order
needed to convert multiple molecules of monomer into just a few molecules of polymer.
ROMP can overcome this entropy issue because the release of ring strain is sufficiently
large -to keep the reaction favored.
1.3.2 Norbornene derivative monomers

ROMRP is also a very versatile polymerization reaction due to its ability to be
performed using monomers that are cyclic with high ring strain values and contain an
alkene bond. For instance, disubstituted norbornene rings have been polymerized in two

steps with Grubbs-type catalysts as initiator to generate block copolymers with tailored



functionality (Figure 10).%® In another study, functionalized cyclooctadiene was
polymerized further showing how ROMP can be used to polymerize different monomers

(Figure 11).1

Figure 10. ROMP in batch with initiator 3 to generate block copolymer.

O N WP
Figure 11. Functionalized cyclooctene ROMP polymerized with initiator 3. Note: Fc is
ferrocene.

Norbornene and oxa-norbonene derivatives can be highly functionalized and still
successfully undergo ROMP in the presence of the Grubbs initiator. In an extensive 2003
study by Grubbs, his research group performed ROMP reactions on norbornene derived
monomers under batch conditions utilizing ruthenium catalysts. Polydispersity index (D)
values (described in section 1.4) reported were 1.10 or less indicating a high degree of
control for the ROMP reaction.!’ This study is one of many that exemplifies how reaction
conditions for performing ROMP as a “living” polymerization reaction have been
optimized to achieve high control in the decades since its discovery.

1.3.3 Development of metathesis catalysts
Catalysts tailored to facilitate olefin metathesis date back to the mid-1900s and

contained metal centers such as titanium,® tungsten,'® and molybdenum?® (Figure 12).



Although these species exhibited high catalytic activity, they were limited in their
application due to low functional group tolerance and were highly sensitive to oxygen

and moisture, rendering them difficult to handle in a laboratory setting.

~ (OC)sW (ome
Cp,-Ti “AI—Cl, »—CeHs MeO. | _C-t-Bu
¢l ChsO CI” 1. NHAr

Figure 12. Early metathesis catalysts with Ti, W and Mo metal centers.

Because of the lack of functional group tolerance and moisture sensitivity of early
transition metals, ruthenium-centered catalysts were found to be highly tolerant of
different functional groups on the monomers. Additionally, they were oxygen tolerant,
allowing for more ease of use. A ruthenium carbene species was experimentally found to
be the active species for polymerizations through observation of a stable propagating
carbene system using kinetic studies.?! Grubbs (among others) went on to develop and
define three generations of ruthenium-centered catalysts containing a carbene bond on the
ruthenium center that participates in the initiation step of the olefin metathesis
polymerization reactions, Grubbs 1%t Generation (1), Grubbs 2" Generation (2), and
Grubbs 3 Generation (3) are found in Figure 6. Even initiator 1 demonstrated greater
functional group tolerance than other transition metal catalysts previously designed for

olefin metathesis (Figure 13).

X Grubbs-type
i\i\(/ _ catalysts m
R

X =0, -CH,-

R = variable functional groups
Figure 13. Variability of functionality on ROMP monomers with use of Grubbs-type
catalysts.



Initiator 2 differs from 1 in that the PCyzs ligand is replaced through a substitution
reaction to add the N-heterocyclic carbene (NHC) ligand named S1Mes, a saturated
variant of the IMes ligand described by Arduengo (Figure 14).22 Use of the NHC ligand
resulted in a more efficient initiator to achieve the RCM of sterically hindered dienes.?®
Initiator 2 could also achieved ROMP of low-strained monomers.?* Initiator 3 was
designed to be a faster initiator compared to initiator 2 or 1 initiator by replacing the PCys

ligand with a more labile pyridine ring in solution.?

S et

IMes SIMes

Figure 14. IMes and saturated SIMes NHC ligand of 2 and 3.

1.3.4 Oxygen exclusion

Oxygen exclusion is necessary for living polymerization reactions to preserve the
reactivity of the initiator. Since Grubbs-type initiators are much more tolerant of moisture
and air than Schrock-type initiators, a flow set up should provide a sufficiently closed
system and a short enough reaction time to negate the need to deoxygenate the solutions
prior to polymerization. A major benefit to flow chemistry is the ability to fine tune the
length of time the monomer reacts with initiator in the reaction tubing, and consequently
control the amount of time for polymerization. Within the reaction tubing of a flow
system, a small quantity of monomer and initiator reacts at a time. Since the mass amount
of monomer and the reaction time needed to fully polymerize are directly correlated, high
conversions can be achieved in a shorter reaction time with flow. Batch reactions are

limited in the sense that they need a sufficiently long reaction time to fully polymerize all
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monomer present in the reaction vessel.
1.4 Polymer characterization terminology (Mn, My, D)

Typical polymerization reactions consist of three steps: initiation, propagation and
termination. “Living” polymerization reactions differ in that there is a negligible amount
of termination. Some event must transpire for a “living” chain to be “killed” (such as
addition of a quenching agent to cleave the reactive terminal, or omega, end of a polymer
chain). When characterizing a synthesized polymer, it is necessary to have a method to
quantify how controlled the living polymerization reaction was performed. In a ROMP
reaction, each molecule of Grubbs-type catalyst contains the ruthenium-carbene bond that
reacts with a molecule of monomer to initiate the polymerization; each molecule of
catalyst can initiate only one polymer chain. Consequently, if a large [M]:[1] is used for a
reaction, polymer chains of a larger molecular weight would be generated. Using a
smaller [M]:[1] would result in more initiations comparatively and generate shorter

polymer chains since there is a finite quantity of monomer to react in the reaction flask.

Molecular weights of polymers are reported as an average weight value of all
polymer segments in a sample; note all polymer segments are not exactly the same length
due to initiations beginning at different points in time during the polymerization reaction.
M stands for number-average molecular weight and equals the summation of the mole
fraction of each polymer species times its molecular weight. My, is the weight average
molecular weight, a value that sums the weight fraction of each polymer species times its
molecular weight. Consequently, My, is always larger than Mn due to larger molecular
weights contributing more to My calculations. The D value is equal to the ratio of Mw/M

and is always greater than 1.
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D is used to indicate the degree of uniformity in polymer weights or lengths of the
sample. The more uniform the sample, the closer to 1.00 the value and the more narrow
the Gaussian distribution of the chromatogram. Similarly, the more broad the molecular
weight distributions, the larger the B value. In theory, if a 200:1 [M]:[I] was used for the
polymerization reaction, the polymer chains produced should have averaged to be 200
monomer lengths long. However, if the initiator decomposed prior to polymerization as is
possible under ambient conditions, larger M, values would be expected because the

[M]:[1] increased.

Theoretical Mn = MW of monomer * monomer ratio value (1)

In equation (1), theoretical M is the value we anticipate for molecular weight if the
ROMP flow reaction occurred perfectly and all polymer chains were the same length
(monodisperse, H=1), “MW?” is the molecular weight and the “monomer ratio value” is
the ratio value of monomer that reacted with 1 equivalent of initiator. Note actual M
values are typically rounded to the hundreds place due to the inability of the instrument to
report on the polymer values more precisely with confidence. Polymers are typically

classified as shown in Table 1.

Table 1. Polymer size classification based on D values.

Type of polymer b value
Monodisperse 1
Narrow distribution Less than 1.2
Medium width distribution Between 1.2 and 3

Note that polymer chemists aim to achieve a narrow distribution for their

polymer, but polymers with a medium width distribution are most common. Optimization
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of experimental parameters can lead to a lower percent error between the theoretical and
actual M values and a P value less than 1.2.

Gel permeation chromatography (GPC) is a type of size exclusion
chromatography (SEC). GPC is a method of liquid chromatography in which there is a
stationary (solid) phase and a mobile (liquid) phase. The GPC instrument provides a
means of physical partitioning of the sample tested based on the variety of sizes of the
components that comprise the sample, but tells nothing of the chemical properties of the
sample. Through GPC analysis M», My and D values are determined.

1.5 “Click” reactions

The concept of click chemistry was developed and defined by Sharpless and was
coined to describe reactions that are high yielding, atom economical and “green”.?’ The
prototypical “click” reaction is the copper-catalyzed azide/alkyne cycloaddition
(CUAAC) reaction (Figure 15).28 However, this is not the only “click” reaction that has
been developed. For instance, strain-promoted alkyne azide cycloaddition (SPAAC) is
another “click” process with a major difference from CuAAC in that it does not require
copper catalysts (Figure 16).2° There is also the thiol-ene Michael “click” reaction where
a thiol reacts with the alkene in the presence of an amine to generate a thiol
functionalized product (Figure 17).%° Furthermore, Diels-Alder reactions are considered
“click” reactions (Figure 18).%!

-N
©/\N3 =—CH; ©/\'\\‘\<N
Cu (l) cat.

CHj3

Figure 15. Example of a CuAAC “click” reaction.
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N X
N__~ o N _~ o N,
j‘ " CD4C N
X | N
Figure 16. Example of SPAAC “click” reaction.

GHs

o N0 CH,
T oMo
HC SH —— ﬁ
3 O
S
Figure 17. Example of thiol-ene Michael “click” reaction.

- 0= 00 : @q{o

Figure 18. Example of Diels-Alder “click” reaction.

The nucleophilic substitution between thiols and a-bromo esters (dubbed a “thio-
bromo click reaction”) was first described by Percec for the synthesis of dendrimers and
dendritic polymers.32 Since the initial reports, the use of this strategy to modify polymers
derived from ATRP and RAFT has been explored.

There is interest in the utilization of a thio-bromo “click” reaction as a tool for the
post-polymerization modification of materials derived from ROMP.3-% They are
especially useful to transform polymeric materials since their high yield suggests all

functional groups can be reacted to have a new functionality by utilizing click processes.



14

Furthermore, since click reactions are somewhat “green” the amount of chemical and
solvent waste generated can be minimized.

Previous publications of the Hobbs research group included research where thio-
bromo “click” reactions were performed as a post-polymerization strategy on ROMP-
derived monomers. Hobbs’ laboratory has utilized this strategy for the modification of
polymers derived from norbornene and cyclooctene derivatives. Furthermore, they have
applied “click” chemistry to the development of polymers that are useful for drug
delivery® (Figure 19) or can act as flame-retardants.®® Recently, they have shown that
these transformations can be carried out under solvent-free and mechanochemical
reaction conditions where the polymerization is performed under batch conditions and
followed by quenching using ethyl vinyl ether (EVE). The polymer, thiol and
triethylamine was then placed in a ball mill where mechanical force drove the click
reaction forward (Figure 20).%” It was a goal to utilize a “one-pot synthetic procedure” to
perform these thio-bromo “click” reactions, which could easily be extended to a
continuous flow setup by addition of subsequent reaction tubing and allowing the

reaction to proceed in situ.

m

NEt;, CH,Cl,

Ph

n n
3 O(\/\O%M o O<\/\Oi4

Figure 19. Thio-bromo “click” post-polymerization modification on polymerized bottle
brush block copolymers.
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Figure 20. ROMP followed by mechanochemical thio-bomo “click” reaction.

1.6 Aim of this research

Polymerization reactions are often performed under batch conditions and have
been optimized to obtain polymer chains of low dispersity and desired molecular weights.
The main target of this research was to develop a process to perform ROMP reactions
under continuous flow conditions using norbornene derived monomers. In order to
achieve this, it was necessary to first optimize reaction conditions such as concentration
of reactants and flow rate, and determine appropriate reagents. Optimized continuous
flow reaction conditions were then adapted to generate homopolymers and block
copolymers. It was a goal to use continuous flow to perform post polymerization thio-

bromo click reactions in situ with adapted optimized reaction conditions.
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CHAPTER II
Materials and Methods

2.1 General

All reagents and chemicals were purchased and used as received from commercial
sources (Alfa Aesar Chemicals, Sigma Aldrich, TCI Chemicals). Continuous flow was
performed using a dual syringe pump (Harvard Apparatus Model 22 or Harvard
Apparatus) for synthesis of the homopolymers. A monosyringe pump (Cellpoint
Scientific Inc.) was utilized in addition to the dual syringe pump to polymerize the block
co-polymers and to perform the thio-bromo click reactions under flow conditions. Plastic
(laboratory-grade polypropylene and polyethylene resin) syringes (13 mm diameter) with
tubular reaction loop of 92 cm length polymer tubing (outer diameter x inner diameter
(OD x ID): 1/16 x 0.04, IDEX Health and Science) were connected to a T-mixer (1/16 in
PEEK 0.040 thru, IDEX Health and Science). Two segments of inlet tubing of 14 cm
length were connected to the T-mixer on one end and the plastic syringes on the other

(Figure 21).

reaction

mono syringe
pump

Figure 21. Experimental set-up for continuous flow reactions.
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All reactions were quenched in 1 mL of ethyl vinyl ether. Solvent was removed
using a vacuum pump, and a crude *H NMR spectra was obtained. The polymer products
were washed with methanol and dried prior to calculating yields. The polymer was
subsequently precipitated in methanol and dried under vacuum prior to preparing a 2
mg/mL sample used for GPC analysis.

'H and *C NMR spectra were recorded on a Jeol NMR3® instrument, operating at
300.53 MHz. Chemical shifts are reported in in & (ppm) relative to *H (CDCls: § 7.26)
and 3C (CDCls: § 77.23). The splitting patterns are designated as s (singlet); d (doublet);
t (triplet); g (quartet); dd (doublet of doublets); td (triplet of doublets); m (multiplet); bs
(broad singlet). Gel Permeation Chromatography (GPC) analysis was conducted on a
Viscotek VE 1122 solvent delivery system and VE 3580 RI detector with LT4000L
mixed column and molecular weight data were calculated relative to polystyrene
standards.

Percent (%) conversion of monomer was ascertained through *H NMR integration
analysis. Integral ratios of the post polymerization spectra analyzing the disappearance of
the monomer and the appearance of the expected broad polymer peaks gave percent yield
values. GPC was used to determine M, and D values. Furthermore, the block
copolymerizations were analyzed by overlaying the GPC traces.

2.2 Synthesis

Synthesis of Grubbs 3rd Generation Catalyst (3).> Commercially available
Grubbs 2" Generation Catalyst (0.1000 g, 0.1180 mmol, 1.000 equiv) was added to a 20
mL vial equipped with a stir bar. Once the vial was clamped under the hood on a stir-

plate, 2-bromopyridine (0.3927 g, 2.490 mmol, 21.20 equiv) was added dropwise using a
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glass pipette. The reaction was stirred for 20 minutes. Pentane (10 mL) was added and
stirred for 5 minutes until the product precipitated. Using a Buchner funnel, the reaction
mixture was vacuum filtered to obtain a bright green solid powder (0.0863 g, 82.6%
yield). The product was stored at 4 °C and utilized within 48 hours of synthesis.
Synthesis of monomers. Figure 22 shows the monomer scope of this study and

Figure 23 shows the synthesis of the monomers.

T e
ol ol g

10 OTIPS

Figure 22. Monomer scope of this study.
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Figure 23. Synthesis of norbornene derived monomers.

Synthesis of exo-2-norbornene-5-carboxylic acid (11).%° A 7:3 endo:exo
mixture of 2-norbornene-5-carboxylic acid (4.00 g, 29.0 mmol, 1.50 equiv.) in agueous
NaHCO3(2.68 g, 31.8 mmol, 1.60 equiv, 0.800 M) was added to a 250 mL round bottom

flask equipped with a stir bar. In a 150 mL Erlenmeyer flask, an aqueous solution
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containing I2 (4.90 g, 19.4 mmol, 1.00 equiv) and KI (5.28 g, 31.8 mmol, 1.60 equiv) in
80 mL of DI water was prepared and added three times. Using an addition funnel, the
I2/K1 solution was added dropwise to the stirring round bottom flask containing the 2-
norbornene-5-carboxylic acid until the solution retained a dark brown color. The mixture
was filtered and transferred to a 250 mL separatory funnel. The solution was washed with
diethyl ether (5 x 120 mL). Next, the aqueous layer was discolored using dropwise
addition of 10% NaS»0s. The clear solution was acidified to a pH of 2 using 1 N H2SO4
and verified using pH paper. The product was extracted with diethyl ether in a 250 mL
separatory funnel (4 x 120 mL). The combined organic layers were dried over Na>SOa.
Solvent was subsequently removed under reduced pressure to yield pure solid product of
an off-white color (1.14 g, 37.5% yield). *H NMR (301 MHz, CDCls3) § 6.14 (m, 2H),
3.11 (s, 1H), 2.94 (s, 1H), 2.27 (m, 1H), 1.95 (m, 1H), 1.54 (d, 1H), 1.40 (m, 2H).
Synthesis of methyl exo-2-norbornene-5-carboxylate (5).4° Exo-2-norbornene-
5-carboxylic acid (1.00 g, 7.20 mmol, 13.6 equiv), methanol (0.88 mL, 21 mmol, 40
equiv) and DCM (2.1 mL) was added to a 25 mL 2-neck round bottom flask equipped
with a stirbar. Next, a catalytic amount of concentrated sulfuric acid (4 drops) was added
dropwise to the stirring solution. The reaction mixture was refluxed using an oil bath and
condenser for 17 hours. The reaction mixture was then cooled to room temperature and
added to an 80 mL separatory funnel. The round bottom was rinsed with DCM (15 mL).
The organic layer was washed with DI water (3 x 15 mL). Next, the organic layer was
washed with saturated NaHCO3 (15 mL). The product was then dried over Na>SOg,
filtered and all solvent removed under reduced pressure. The resulting viscous yellow oil

(1.09 g, 100.% yield) was sufficiently dried under the Schlenk line prior to using. *H



21

NMR (301 MHz, CDCl3) 6 6.12 (dd, 1H, J = 5.6, 2.7 Hz), 6.09 (dd, 1H, J = 5.6, 3.1) 3.62
(s, 3H), 3.02 (s, 1H), 2.94 (s, 1H), 2.25 (dd, 1H, J = 9.2, 4.4), 1.93 (dt, 1H, J = 11.6, 9.2,
3.6), 1.48-1.52 (m, 2H), 1.30-1.45 (m, 2H).

Synthesis of exo-5-norbornene-2-methanol (12).!! Exo-2-norbornene-5-
carboxylic acid (11) (1.14 g, 8.25 mmol, 1.00 equiv) was added to a flame dried 50 mL 2-
neck round bottom flask under N2 atmosphere equipped with a stir-bar. Next, THF (25
mL) was added. The round bottom was cooled with an ice bath to 0 °C on top of the stir
plate. While stirring, lithium aluminum hydride was added in small increments allowing
any bubbling to subside prior to another addition. The reaction mixture was left to stir for
17 hours. The cloudy grey solution was poured into a 150 mL round bottom flask to
accommodate following solvent additions. Slowly, methanol (25 mL) was added slowly
not allowing any bubbling to overflow the round bottom flask. Next, all solvent was
subsequently removed under reduced pressure. Once dried, DCM (50 mL) was added to
the round bottom and a spatula was used to dislodge any solid from the interior of the
round bottom. The reaction mixture was then vacuum filtered and the filtrate evaporated
to yield the clear viscous oil as product (0.84 g, 82% yield). *H NMR (301 MHz, CDCls)
§6.08 (M, 2H), 3.70 (m, 1H), 3.54 (m, 1H), 2.82 (s, 1H), 2.74 (s, 1H), 1.64 (m, 1H), 1.30
(m, 3H), 1.12 (m, 1H).

Synthesis of triisopropyl silane (-TIPS) protected exo-5-norbornene-2-
methanol (6).*! Exo-5-norbornene-2-methanol (12) (2.00 g, 16.1 mmol, 1.00 equiv) was
added with triisopropylsilyl chloride (3.14 g 17.7 mmol, 1.10 equiv) and imidazole (3.29
g, 48.3 mmol, 3.00 equiv) to a 250 mL round bottom flask equipped with a stirbar. DCM

(80 mL) was added to the reaction flask and allowed to stir for 17 hours at room
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temperature. The mixture was concentrated by removal of solvent under reduced pressure
and transferred to the top of a short layer of silica gel and flushed with hexane. Fractions
were collected and solvent was subsequently removed under reduced pressure to yield a
clear viscous oil (3.30 g, 73.0% yield). *H NMR (301 MHz, CDCls) § 6.15-6.22 (m, 1H),
5.97-6.12 (m, 1H), 3.71-3.85 (dd, 1H, J = 9.7, 6.2 Hz), 3.52-3.66 (t, 1H, J = 9.1 Hz), 2.82
(s, 2H), 1.53-1.72 (m, 2H), 0.98-1.43 (m, 21H), 0.87-0.96 (M, 2H).

Synthesis of exo-5-norbornene-2-bromopropionate (7).*> Exo-5-norbornene-2-
methanol (12) (0.49 g, 4.0 mmol, 1.0 equiv) and triethylamine (1.1 mL, 8.0 mmol, 2.0
equiv) was added to 15 mL of DCM in a 100 mL round bottom flask equipped with a
stirbar and septum. Next, 2-bromopropionyl bromide (0.84 mL, 8.0 mmol, 2.0 equiv) was
added dropwise through the septum using a syringe. The reaction was stirred for 1 hour.
All solvent of the resultant mixture was removed under reduced pressure. Next, diethyl
ether (20 mL) was added, and the solution vacuum filtered. The filtrate was then added to
a 60 mL separatory funnel and washed with DI water (3 x 15 mL). The organic layer was
then dried over Na2SO4 and filtered. All solvent of the filtered solution was removed
under reduced pressure to result in a viscous yellow oil (0.81 g, 78% yield). *H NMR
(301 MHz, CDCls) & 6.09 (s, 2H), 4.32-4.52 (m, 1H), 4.16-4.32 (m, 1H), 3.99-4.12 (m,
1H), 2.86 (s, 1H), 2.62-2.85 (m, 2H), 2.21-2.45 (m, 2H), 1-61-1.98 (m, 3H), 1.10-1.43
(m, 2H).

Synthesis of furan-maleic anhydride adduct (13).%® Maleic anhydride (20.00 g,
204.0 mmol, 1.000 equiv) was added to a 250 mL round bottom flask equipped with a
stirbar. Diethyl ether (100 mL) was added and stirred until all maleic anhydride was fully

dissolved. Furan (69.4 g, 1020 mmol, 5 equiv) was added to the reaction flask and
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allowed to stir overnight. The next day, the solution was vacuum filtered and rinsed with
diethyl ether to yield a white solid (26.78 g, 79.04% yield). *H NMR (301 MHz, CDCls)
§ 6.54 (s, 2H), 5.48 (s, 2H), 3.18 (s, 2H).

Synthesis of oxa-norbornene-dimethyl-2,3-dicarboxylate (8).* Furan-maleic
anhydride adduct (13) (4.00 g, 24.1 mmol) was dissolved in methanol (40 mL) and added
to a 100 mL round bottom flask equipped with a stirbar. The solution was refluxed for 4
hours. Once the reaction flask was cooled to room temperature, it was immersed in an
ice-bath to form crystals. After 10 minutes the flask was scratched with a spatula to
promote crystal formation. The solution was vacuum filtered and washed with cold
methanol leaving a solid white flaky powder (2.10 g, 41.1% vyield). *H NMR (301 MHz,
CDCl3) 6 6.43 (s, 2H), 5.24 (s, 2H), 3.64 (s, 6H), 2.79 (s, 2H).

Synthesis of norbornene-dimethyl 2-endo, 3-exo-dicarboxylate (9).% First, 2-
Butenedioic acid dimethyl ester (1.63 g, 11.3 mmol, 1.00 equiv) was added to a 15 mL
round bottom flask equipped with a stirbar, covered with a septum and clamped in place
over a stir plate. Cyclopentadiene (1.0 mL, 12 mmol, 1.1 equiv) was added through the
septum using a syringe. The reaction solution was stirred at room temperature for 16 h.
All solvent of the solution was removed under reduced pressure and resulted in a
colorless oil (1.62 g, 68.2% yield). *H NMR (301 MHz, CDCl3) § 6.23 (dd, 1H, J = 3.2,
6.1 Hz), 6.02 (dd, 1H, J = 3.1, 6.0 Hz), 3.68 (d, 6H), 3.34 (t, 1H, J= 3.8 Hz), 3.27 (s, 1H),
3.19 (s, 1H), 2.68 (dd, 1H, J = 4.5, 1.7 Hz), 1.54-1.64 (m, 1H), 1.3-1.48 (m, 1H).

Synthesis of endo-5-norbornene-2,3-methanol (14). In a 100 mL round
bottom flask equipped with a stirbar, 5-norbornene-endo-5,6-dicarboxylic acid anhydride

(2.25 g, 7.60 mmol, 1.00 equiv) was dissolved in 25 mL of THF. While stirring, lithium
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aluminum hydride (0.59 g, 15 mmol, 2.0 equiv) was added in small increments allowing
any bubbling to subside prior to another addition. The reaction mixture was left to stir for
5.5 hours. The cloudy grey solution was poured into a 150 mL round bottom flask large
enough to accommodate addition of more solvent. Slowly, methanol (25 mL) was added
slowly not allowing any bubbling to overflow the round bottom flask. Next, all solvent
was removed under reduced pressure. Once dried, DCM (50 mL) was added to the round
bottom and a spatula was used to dislodge any solid from the interior of the round
bottom. The reaction mixture was then vacuum filtered and the distillate evaporated to
yield the clear viscous oil as product (1.19 g, 98.9% yield). *H NMR (301 MHz, CDCls)
§6.03 (t, 2H, J = 1.9 Hz), 3.64 (d, 2H), 3.44 (t, 2H, J = 9.9 Hz), 2.81 (d, 4H), 2.52 (d,
2H), 1.33-1.46 (m, 2H).

Synthesis of TIPS protected endo-5-norbornene-2,3-methanol (10).¢ Endo-5-
norbornene-2,3-methanol (14) (1.39 g, 9.00 mmol, 1.15 equiv), TIPS-CI (3.85 mL, 18.0
mmol, 2.00 equiv), imidazole (2.45 g, 36.0 mmol, 4.00 equiv) and 4.5 mL of
dimethylformamide was added to a 100 mL round bottom flask equipped with a stirbar
and was allowed to mix vigorously for 20 h. The reaction mixture was then poured into a
60 mL separatory funnel. Next, a 50% diethyl ether/hexane solution (20 mL) was added.
The organic layer was washed with 1 N aqueous sulfuric acid (2 x 20 mL). The aqueous
layer was subsequently removed, and the organic layer washed with saturated aqueous
NaCl (2 x 20 mL). Lastly, the organic layer was dried over Na2SOa, filtered, and the
solvent removed under reduced pressure to yield a clear viscous oil (3.58 g, 85.3% vyield).
IH NMR (301 MHz, CDCls) 5 6.08 (s, 2H), 3.48-3.2 (m, 4H), 3.28 (t, 2H, J = 1.3 Hz),

2.9 (s, 2H), 2.34 (s, 2H), 0.91-1.42 (m, 42H).
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2.3 General procedure for continuous flow homopolymerizations

All homopolymerization reactions were performed utilizing these conditions
unless otherwise specified (Figure 24). To a 6 mL, plastic (laboratory-grade
polypropylene and polyethylene resin) syringe was loaded a solution of monomer (1.5
mmol) in CH2Cl> (4 mL). Another 6 mL syringe was loaded with a solution of initiator 3
(0.0066 mmol) in CH2Cl2 (4 mL). The two syringes were then connected to the reaction
loop, placed in the syringe pump, and subsequently pumped through the reaction loop at

the appropriate flow rate corresponding to a specific residence time (Figure 25).

X
X
A7 oy
R 1)flow, CH,Cl, ”
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) | o

ethyl vinyl ether

Figure 24. Generalized homopolymerization reaction (top) and cartoon schematic of
experimental set-up for homopolymerization reactions (bottom).

Figure 25. (a) Drawing 1 mL of air into monomer headspace; (b) syringes loaded with
dissolved monomer (A) and initiator (B); (c) properly positioned syringe pump block.
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Note that residence time is calculated by dividing the reaction tubing volume by

the flow rate of the syringe pump. An example calculation is found below (Equation 3).

reaction tubing volume (mL 0.75 mL .
g (mb) _ —— = 0.75min =45s (3)
flow rate (——) 1.0—
min min

Rt:

For experiments performed at 0 °C, the mixer and reaction tube reactor were
submerged in an ice water bath. The product solution was collected in a vial of stirring
ethyl vinyl ether (EVE) (1 mL) and stirred for a few minutes. To determine %
conversion, *H NMR analysis was performed after excess solvent and ethyl vinyl ether
were removed under vacuum. Purified product was obtained through solvent precipitation
into methanol followed by characterization by *H NMR and GPC.

Homopolymerization of 4. Monomer 4 was polymerized according to the general
procedure outlined above. The product was isolated in 76% yield for 7.5 s. Product was
isolated in 83% yield for tr=22.5 at 0 °C. *H NMR (300 MHz, CDCls) § 5.35-5.25 (m,
1H), 5.2-5.15 (d, 2H), 2.85-2.7 (bs, 2H), 2.5-2.35 (bs, 1H), 1.9-1.7 (bs, 5H), 1.6-1.15 (m,
12H), 1.1-0.9 (bs, 2H). GPC analysis showed My = 44,200 g/mol and B = 1.18 and M, =
32,000 g/mol and B = 1.14 at 0 °C for tr = 22.5 and M, = 36,500 g/mol and B = 1.07 for
tr=7.5s.

Homopolymerization of 5. Monomer 5 was polymerized according to the general
procedure outlined above. The product was isolated in 77% yield for t=7.5s. *H NMR
(300 MHz, CDCl3) § 5.4-5.1 (m, 2H), 3.7-3.6 (bs, 3H), 3.2-2.9 (m, 1H), 2.8-2.4 (m, 2H),
2.2-1.8 (m, 2H), 1.75-1.43 (bs, 2H), 1.4-1.1 (bs, 2H). GPC analysis showed M, = 43,400
g/mol and B = 1.30 for tr = 22.5 and Mn = 34,900 g/mol and = 1.11 fortr=7.5s.

Homopolymerization of Sendorexo). MONOMer Sendorexo) Was polymerized according

to the general procedure outlined above. The product was isolated in 40% yield for tr =
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22.5 s. Product was isolated in 45% yield for tr = 7.5 s. GPC analysis showed Mn =
11,000 g/mol and b = 1.67 for tr = 22.5 and Mn = 22,000 g/mol and B = 1.57 for tr = 7.5
S.

Homopolymerization of 6. Monomer 6 was polymerized according to the general
procedure outlined above. The product was isolated in 86% yield for tr= 7.5 s *H NMR
(300 MHz, CDCls) & 5.38-5.05 (m, 5H), 3.8-3.3 (m, 12H), 2.9-2.65 (bs, 2H), 2.6-2.3 (bs,
2H), 2.25-2.1 (bs, 1H), 1.95-1.65 (bs, 6H), 1.6-1.35 (bs, 10H), 1.3-1.2 (m, 1H). GPC
analysis showed M, =54,000 g/mol and B = 1.16 for tr = 22.5 and M, = 68,300 g/mol and
b=118fortr=7.5s.

Homopolymerization of 7. Monomer 7 was polymerized according to the general
procedure outlined above. The product was isolated in 93% yield for t=7.5s. *H NMR
(300 MHz, CDCl3) & 5.4-5.1 (bs, 2H), 4.45-4.3 (m, 1H), 4.25-3.9 (m, 2H), 3.0-2.8 (bs,
1H), 2.65-2.4 (m, 1H), 2.1-1.8 (m, 4H), 1.4-1.05 (m, 3H). GPC analysis showed M, =
44,000 g/mol and B = 1.33 for tr = 22.5 and Mn = 45,200 g/mol and B = 1.12 for tr=7.5
S.

Homopolymerization of 8. Monomer 8 was polymerized according to the general
procedure outlined above. The product was isolated in 76% yield for tr = 450 s. *H NMR
(300 MHz, CDCl3) § 5.95 (s, 1H), 5.65-5.5 (bs, 2H), 5.23 (m, 1H), 5.15-5.0 (s, 2H), 4.7
(s, 1H), 3.8-3.6 (s, 10H), 3.5-3.0 (s, 3H), 1.7-1.5 (s, 7H), 1.4-1.25 (bs, 1H). GPC analysis
showed and M, = 52,000g/mol and B = 1.24 for tr =450 s.

2.4 General procedure for continuous flow copolymerizations
All copolymerization reactions were carried out utilizing these conditions, unless

otherwise stated (Figure 26). To a 6 mL plastic (laboratory-grade polypropylene and
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polyethylene resin) syringe was loaded a solution of norbornene (4) (0.66 mmol) in
CHCI> (2 mL). Another 6 mL syringe was loaded with a solution of (5, 6, or 7) (0.0066
mmol) in CH2Cl> (2 mL). The two syringes were then connected to the first segment of
reaction loop. A third 6 mL syringe was loaded with a solution of monomer (0.66 mmol)
and connected to the inlet tubing of the second segment of reaction loop and placed in the
monosyringe pump. The solution of 3 was pumped through the first segment of reaction
loop at a flow rate of 2 mL/min until the solution reached the second T-mixer at which
point the monosyringe pump was turned on at a rate of 2 mL/min. The product solution
was collected in a vial of stirring ethyl vinyl ether (1 mL) and was allowed to stir for a
few minutes. To determine % conversion, *H NMR analysis was performed after excess
solvent and ethyl vinyl ether were removed under vacuum. Purified product was obtained
through solvent precipitation into methanol to remove any unreacted monomer and

initiator followed by characterization by *H NMR and GPC.

Lb W 5 6, °r7 W
flow, rt flow rt, CH2CI2

4 CH,Cl, 2) then, EVE

ethyl vinyl ether

5,6,0r7

Figure 26. Generalized copolymerization reaction (top) and cartoon schematic of
experimental setup for copolymerization reactions (bottom).
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Copolymerization of 4 and 5. Monomers 4 and 5 were polymerized according to
the general procedure outlined above. The product was isolated in 78% yield for tr = 22.5
s for each loop. *H NMR (300 MHz, CDCls) § 5.4-5.05 (m, 2H), 3.7-.55 (bs, 2H), 3.2-2.9
(bs, 1H), 2.9-2.3 (m, 2H), 2.1-1.45 (m, 4H), 1.4-0.8 (m, 3H). GPC analysis showed My =
35,600 g/mol and B = 1.21.

Copolymerization of 4 and 6. Monomers 4 and 6 were polymerized according to
the general procedure outlined above. The product was isolated in 71% yield for tr = 22.5
s for each loop. *H NMR (300 MHz, CDCls) § 5.4-5.1 (m, 2H), 3.8-3.35 (m, 1H), 2.9-2.7
(bs, 1H), 2.65-2.1 (m, 1H), 2.0-1.65 (bs, 3H), 1.6-1.2 (m, 2H). GPC analysis showed M,
= 44,500 g/mol and B = 1.25.

Copolymerization of 4 and 7. Monomers 4 and 7 were polymerized according to
the general procedure outlined above. The product was isolated in 80% yield for tr = 22.5
s for each loop. *H NMR (300 MHz, CDCls) § 5.4-5.15 (m, 2H), 4.5-4.3 (m, 2H), 4.25-
4.15 (m, 2H), 2.9-2.7 (bs, 2H), 2.6-2.3 (bs, 1H), 2.1-1.5 (bs, 18 H), 1.4-1.1 (m, 7H). GPC
analysis showed M, = 43,600 g/mol and b = 1.27.
2.5 General procedure for continuous flow ROMP & thio-bromo “click” reactions

All thio-bromo click reactions were carried out utilizing these conditions unless
otherwise specified. To a 6 mL plastic (laboratory-grade polypropylene and polyethylene
resin) syringe was loaded a solution of monomer 7 (1.5 mmol) in CH2Cl> (2 mL).
Another 6 mL syringe was loaded with a solution of 3 (0.0066 mmol) in CH2Cl2 (2 mL).
Those two syringes were then connected to the first segment of reaction loop. A third 6
mL syringe was loaded with a solution of thiol (15, 16 or 17) (4.5 mmol) (Figure 27) and

triethylamine (4.5 mmol) in sufficient THF to create a total 2 mL volume (0.66 mmol)
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that was then connected to the inlet tubing of the second segment of reaction loop and
placed in the monosyringe pump (Figure 28). The monomer 7 and 3 solution were
pumped through the first segment of reaction loop at 2 mL/min until the solution reached
the second T-mixer at which point the monosyringe pump was turned on at a rate of 2
mL/min. The product solution was collected in a vial of stirring ethyl vinyl ether (1 mL)
and was allowed to stir for a few minutes. To determine % conversion, *H NMR analysis
was performed after excess solvent and ethyl vinyl ether were removed under gentle
vacuum. Purified product was obtained through solvent precipitation into methanol to
remove any unreacted monomer and inititor followed by characterization by *H NMR

and GPC.
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8 \)J\o/\
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Figure 27. Thiols utilized to perform thio-bromo click reactions in flow.
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0]

- 15,16, or 17 ethyl vinyl ether

Figure 28. Generalized thio-bromo click reaction (top) and cartoon schematic of
experimental set-up for thio-bromo click reactions (bottom).
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Thio-bromo click reaction of 7 with 15. Monomer 7 was polymerized according to
the general procedure outlined above, then reacted with 15. The product was isolated in
78% yield for tr= 22.5 s. 'H NMR (300 MHz, CDCl3) § 7.5-7.3 (d, J 5 6.07 Hz, 1H),
7.3-7.18 (s, 2H), 5.5-5.0 (M, 2H), 4.42— 4.27 (t, 3 5 71.79 Hz, 1H), 3.6-3.4 (s, 2H), 3.03—
2.16 (m, 1H), 2.04-0.9 (m 5H). GPC analysis showed M, = 48,800 g/mol and b = 1.43.

Thio-bromo click reaction of 7 with 16. Monomer 7 was polymerized according to
the general procedure outlined above, then reacted with 16. The product was isolated in
82% vield for tr= 22.5 s. 'H NMR (300 MHz, CDCls) § 7.48-7.3 (d, J 5 22.18 Hz, 1H),
7.2-7.0 (s, 1H), 5.38-5.08 (m, 1H), 4.13-3.71 (d, J 5 36.03Hz 1H), 3.78-3.6 (s, 1H),
3.58-3.42 (s, 4H), 3.02-2.5 (m, 3H), 2.08-0.91 (m, 7H). GPC analysis showed My =
41,700 g/mol and B = 1.39.

Thio-bromo click reaction of 7. Monomer 7 was polymerized according to the
general procedure outlined above, then reacted with 17. The product was isolated in 74%
yield for te=22.5 5. 'H NMR (300 MHz, CDCls) § 7.5-7.3 (s, 1H), 5.49-5.1 (m, 9H),
4.3-3.8 (m, 13H), 3.6-3.57 (M, 3H), 3.5-3.414 (m, 13H), 3.37-3.239 (M, 3H), 3.13-2.69
(m, 5H), 2.6-2.24 (m, 4H), 2.10-1.53 (m, 12H), 1.52-1.38 (m, 9H), 1.36-1.04 (m, 18H).
2.6 'H NMR percent conversion determination

NMR spectroscopy is used in organic synthesis because it is a highly sensitive
and powerful tool to verify product purity of synthesized monomers, as well as to
calculate percent conversions for polymerization reactions.

2.6.1 Homopolymerizations and block copolymerizations
This study focused on the polymerization of norbornene derived monomers under

continuous flow conditions. The alkene hydrogens on the norbornene ring appear around
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6 ppm for exo norbornene isomer monomers. Once ROMP is done using the monomer,
the product consists of a non-branched polymer chain (Figure 9). The hydrogens off of
the alkene bonds in the polymer chain appear at about 5.0-5.5 ppm as a broad singlet. A
broad peak is expected due to there existing a slightly different chemical environment for
the functional groups appending off the carbon chain backbone of the polymer chain and
the hydrogens off of the alkene bond of the ROMP generated product polymer. The
spectrum for a polymer is the equivalent of a bunch of overlaid diastereomers. By
obtaining the values of the integrated area from 5.0-5.5 ppm (correlating to the polymer
alkene hydrogens) and comparing it in relation to the sum of the total integrated area
from 5.85-6.2 ppm (correlating to the monomer alkene hydrogens) and the 5.0-5.5 ppm, a
percent conversion of monomer to polymer can be obtained as shown in equation 2.

lintegrated area of polymer peak|

* 100 =
lintegrated area of monomer peak + integrated area of monomer peak|

|integrated area from 5.0 — 5.5 ppm| 100

|integrated area from 5.85 — 6.2 ppm + integrated area from 5.0 — 5.5 ppm| )
)
The same logic can be extended to calculate the percent conversion of monomer
to block copolymer since the two monomers used are both norbornene derived
monomers.
2.6.2 Thio-bromo “click” reactions
To quantify the percent conversion of the a-bromo ester functional group of 7 to
thiol functionality (15, 16 or 17) on the polymer chain in the thio-bromo click reaction,
the peak correlating to the a-carbon hydrogen can be integrated and compared (Figure

29).



33

oo Nttt st i i o i

S4 53 52 S0 50 49 48 47 46 45 44 43 42 40 40 39 133

Figure 29. Overlaid spectra showing partial *H NMR spectra of polymer 4 before (top)
and after (bottom) thio-bromo click modification.

The hydrogen of the a-bromo ester group of 7 appears at about 4.2-4.4 ppm, more
downfield than the hydrogen of the less electronegative thio ether functional groups of
15, 16 and 17 which appears at about 3.6-3.75 ppm.

2.7 Precipitation methodology

To a 25 mL Erlenmeyer flask equipped with a stir bar, about 5-10 mL of methanol
were added. The flask was clamped in place above a stir plate and set to stir at the fastest
speed setting. In another vial, the crude product of the flow reaction was dissolved in
minimal DCM (at most 1.5 mL). The crude product was fully dissolved ensuring the
solution was viscous. The crude product solution was loaded into a disposable pipette and
dropped slowly (one drop at a time in a controlled manner) into the stirring methanol.
The methanol was in enough excess to allow the polymer to precipitate out of solution.
The excess solvent (containing the unreacted monomer and initiator) was decanted, and

the precipitate placed under vacuum on the Schlenk line to remove any residual solvent.



CHAPTER 111
Results and Discussion

3.1 Optimizing reaction conditions
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The goal of this research was to adapt ROMP to a continuous flow procedure. The

initial experimental parameters included the use of initiator 2 to facilitate the ROMP of 4.

Initially, a 0.48 M solution of 4 and a 0.0024 M solution of 3 initiator was loaded into
separate 6 mL plastic syringes affording a 227:1 [M]:[I] ratio. The syringes were
connected to the flow set up and loaded into the dual syringe pump. The reaction was
carried out using a flow rate of 1 mL/min, correlating to a residence time (tr) of 45 s.
Performing the flow homopolymerization of 4 with the aforementioned reaction
conditions resulted in an extremely viscous polymer solution that clogged the reactor
tubing, resulting in a product not able to be analyzed (Figure 30). This likely occurred
due to the slower initiation rate of initiator 2, which resulted in faster propagation to

generate polymer chains higher molecular weights that could not be pumped out of the

tubing.
2
(0.0024 M)
4 CHchZ 18
2) then, EVE

Figure 30. Initial reaction conditions of failed flow homopolymerization of 4 with
initiator 2.

To prevent future clogging of the flow reactor tubing, the experimental

parameters were adjusted to use the faster-initiating 3 instead of 2. Additionally, this

initiator was used in more dilute reactions (0.38 M and 0.0019 M for the initial monomer

(IM]o) and initiator ([1]o), respectively). Polymerization of 4 (with these corrections in
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place) could successfully be carried out with a flow rate of 2 mL/min (tr = 22.5 s) to

provide 18 in >95% conversion (Table 2, Entry 1) (Figure 31).

3
@ (0.0019 M) _ m

1)tr=225s 18
4 flow, CH,Cl, > 95 % conv
2)then, EVE M, = 44,200 Da
PDI=1.18

Figure 31. Optimized reaction conditions for successful flow homopolymerization of 4
with initiator 3.

Next, GPC analysis was performed on the flow generated 18. D was relatively
low (1.18), but the Mn was much higher (44,200 Da) than the theoretical M, (21, 372 Da)
(Table 2, Entry 1). Grubbs and coworkers found that cooling the ROMP reaction to 0 °C
could provide better control over molecular weight by retarding the propagation rate of
the polymerization.*’ In flow, this can easily be achieved by simply submerging the
reaction tubing and T-mixer in an ice-water bath. Indeed, this resulted in better control

(Mn= 32,000 Da and O = 1.14) (Table 2, Entry 2) (Figure 32).

3
@ (0.0019 M) _ m

1)tg=225s 18
4 flow, CH,Cl, > 95 % conv
(0.38 M) 0°C M, = 32,000 Da
2) then, EVE PDI = 1.14

Figure 32. Improved flow homopolymerization of 4 with initiator 3 at 0 °C.

Table 2. Homopolymerizations under flow conditions

* Conv.2 Mn(theor.) Mnb
Monomer (%) Da Da b
4 >05 21372 44 200 1.18
4° >05 21372 32 000 1.14

*Conditions: M:1 = 227:1, [M]o= 0.38 M, [1]o= 0.0017 M, tr = 22.5 s, tubular path length
=92 cm, room temperature. *Determined by *H NMR. ®Determined by GPC. °tr = 450 s.
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3.2 endo/exo selectivity

With the successful flow generation of 18, we next decided to carry out the
ROMP of other norbornene derivatives under the optimized flow conditions at room
temperature. The next experiment attempted utilized a commercially-available mixture of
endo and exo (ca. 1:1) 5. Results were somewhat discouraging, with a low conversion of
only 35% from monomer to polymer (Table 3). Changing the flow rates and initial
concentrations of the monomer and initiator solutions did not yield any substantial
improvement in *H NMR calculated percent conversion values. Through analysis of the
NMR spectra of the endo/exo mixture of 5 as monomer, (Figure 33, top) and comparing it
to the NMR spectra of the generated polymer of 5 (Figure 33, bottom), it was discovered
that the exo isomer of 5 polymerized under the flow conditions at a much more rapid rate
than the endo isomer. Note that the rate at which endo versus exo isomers of a monomer
can be polymerized is not typically an issue under batch polymerization reaction
conditions since ample reaction time is allowed to elapsed to allow for both isomers to

react to completion.
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Figure 33. Partial *tH NMR spectra of the commercially-available exo/endo monomer 5
(top) and the crude spectrum after polymerization (bottom). Exo olefin hydrogens are
shown using the red circle and the endo olefin hydrogens are the blue stars.

An attempt was made to improve M, and P values by manipulating tr. With a tr
of 7.5 s, there is slight improvement of both M, and & compared to the retention with a tr
of 22.5 s (Table 3). Although the conversion for the shorter tr is larger (45%) than the
longer tr, which is not to be expected, it is a minimal variation in percent conversion and
can be considered a minor inconsistency to the general expectation that long tr would

lead to higher conversion. Lastly, GPC traces were monomodal, but wide as reflected by

the D values (Figure S22 and S23).
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Table 3. Endo/exo 5 at varying residence times

tr* Conv.? Mn(theor.) Mnb )
(s) (%) Da Da

22.5 40 34 547 11 000 1.67
7.5 45 34 547 22 000 1.57

*Conditions: M:1 = 227:1, [M]o= 0.38 M, [I]o= 0.0017 M, tubular path length =92 cm,
room temperature. Determined by *H NMR. ®Determined by GPC.

3.3 Flow ROMP homopolymerization study

Utilizing the optimized reaction conditions determined for 4, various other flow
homopolymerization reactions were performed on different functionalized norbornene
derived monomers at room temperature. Note the 22.5 s tr. Polymerizing the exo 5
afforded product polymer in high conversion with moderate control of molecular weight
and dispersity (Table 4, entry 1). Protected alcohol 6, a sterically functionalized
norbornene derivative, was also successfully polymerized under the flow conditions with
product polymer characterized as actual M, of 54,000 Da and D of 1.16 (Table 4, entry
2). Next, exo a-bromo ester 7 was polymerized successfully in good conversion with
moderate control over My and D (Table 4, Entry 3).

Table 4. Homopolymerizations under flow conditions with tr = 22.5 s.

Monomer” Cg)z\)/.a M”[(;'zc’“) l\[/)lr; p
5 94 34 547 43 400 1.30
6 93 63 678 54 000 1.16
7 90 58 825 44 000 1.33
8¢ 76 48 169 52 000 1.24

*Conditions: M:1 = 227:1, [M]o= 0.38 M, [1]o= 0.0017 M, tr = 22.5 s, tubular path length
=92 cm, room temperature. 2Determined by *H NMR. "Determined by GPC. ‘tr = 450 s.
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Flow homopolymerization reactions were performed at room temperature despite
cooling to 0 °C for 4 resulting in better control of the polymerization reaction because
cooling monomers 5-7 resulted in lower conversions and less control over My and D as
shown in Table 5. For this reason, flow reactions were performed at room temperature to
ensure more narrow distributions and M, values closer to theoretically calculated values.

Table 5. Flow homopolymerization of norbornene derived monomers performed at 0 °C.

* Conv.? Mn(theor.) Mnb
Monomer (%) Da Da b
4 89 34,547 19,400 1.65
5 87 63,678 22,100 1.77
6 70 58,825 28,800 1.61

*Conditions: M:1 = 227:1, [M]o= 0.38 M, [1]o= 0.0017 M, tr = 22.5 s, tubular path length
=92 cm,. Determined by *H NMR. "Determined by GPC. ‘tr = 450 s.

GPC traces for polymerization reactions performed at 0 °C (Figure S24-S26) were
monomodal, albeit lacking symmetry and sharpness to the curve, as quantitatively
expressed in D values presented in Table 5.

3.4 Homopolymerizations at shorter residence time

Due to the rudimentary experimental setup of a basic syringe pump and the
pump’s limited range of attainable flow rates, a flow rate of 2 mL/min was initially used
for all flow homopolymerization reactions, which correlated to a tr of 22.5 s. When a
faster flow rate of 6 mL/min was tested (closer to the upper limit of performable flow
rates for the dual syringe pump) equating to a tr of 7.5 s, an improvement in M, and D
were observed for monomers 4-7 (Table 6). The improvement in polymer
characterization values is likely due to less opportunity for side reactions to occur at a
shorter tr. For instance, backbiting (Figure 34) or chain transfer (Figure 35) reactions

could occur involving the alkene bonds in the polymer backbone and the ruthenium
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carbene of the “living polymer chain; this can result in a wider variety of polymer chain

lengths which would account in discrepancies of M, and D values.

Table 6. Homopolymerizations under flow conditions

Monomer” Cg);)\)/.a M”ggor') I\é';: D
4 >05 21372 36 500 1.07
5 86 34 547 34 900 1.11
6 >95 63678 68 300 1.18
7 83 58 825 45 200 1.12

*Conditions: M:1 = 227:1, [M]o= 0.38 M, [1]o= 0.0017 M, tr = 7.5 s, tubular path length
=92 cm, room temperature. ®Determined by *H NMR. PDetermined by GPC.

%7 N\
%7 N\

Figure 34. Backbiting side polymerization reaction.
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Figure 35. Chain-transfer polymerization reaction.

The GPC traces of the homopolymerization reactions carried out with a tr = 22.5
s were monomodal, but D values were higher than expected and M, values were not in
great agreement with theoretical values. Upon shorting tr to 7.5 s, the GPC traces
remained monomodal, and D values were lower correlating to a more narrow distribution
in GPC traces (Figure S27-S32). Furthermore, M, values were more in agreement with

theoretical values as can be seen in Table 6.
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Another idea investigated was the influence of having non-deoxygenated
solutions for the flow reactions. Using monomer 5, a homopolymerization reaction was
performed where both the monomer and initiator solutions were degassed using a freeze-
pump-thaw methodology prior to being loaded into the plastic syringes. With tr = 7.5 s,
the polymer was generated in >95% conversion of monomer to polymer, but the
experimental M, value was determined by GPC to be only 26,640 Da with D equal to
1.45. The reason why polymer characterization values were worse compared to
performing the reaction without the degassing step (Table 6, Entry 2) is likely due to the
initiator being dissolved in the DCM for a longer time, allowing for more initiator
decomposition prior to beginning the flow reaction. This would explain the larger B
value since the degree of control over the polymerization reaction using the degassed
solutions was less because a greater distribution of polymers were generated. Better
results are shown when the initiator is dissolved and loaded into the syringe immediately
before beginning the flow reaction to allow for minimal decomposition of initiator.

3.5 Monomer scope

Oxanorbornene 8 was polymerized, but with an astonishingly low 20%
conversion from monomer to polymer when subject to the outlined generalized
homopolymerization procedure. Coordination of the oxanorbornene oxygen to the Ru
center of the 3 initiator likely retarded polymerization rates as has been previously
observed.*” To remedy the low conversion that was resultant of the slower
polymerization rate, the tr was increased to 450 s (flow rate of 0.1 mL/min) (Figure 36).
Lamentably, 19 was generated in 76% conversion of monomer to polymer, notably lower

than the conversions of 4-7. However, adequate control over the polymerization was
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observed with Mnand H values of 52,000 Da and 1.24 respectively for 19. The GPC trace
showed a leading bump in the curve, likely due to the generation of larger polymer chains
through side reactions such as chain transfer and back-biting reactions. Also, the curve
does not return back to baseline immediately, further corroborating the possibility that

some smaller chains were generated through side reactions as well (Figure S15).

o
o}
n
o~ 3 .o o)
O._ 1) flow, CH,Cl, o o
tR =450s / \
8 2) then, EVE 19
76% conv
M, = 52, 000 Da
PDI = 1.24

Figure 36. Homopolymerization of 8 with prolonged residence time of 450 s.

Going into this research, there was hope to successfully be able to polymerize
under flow conditions non-norbornene derived monomers (Figure 37). When cyclooctene
(20) and cyclooctadiene (21), with ring strain values of 8.7 and 13.3 kcal/mol
respectively, were polymerized under general flow homopolymerization results (tr = 22.5
s), a black viscous oil formed which was incapable of being analyzed by GPC due to the
inability to precipitate and isolate the polymer. Also, 20 and 21 were polymerized in
lower conversion values of 26% and 66.8% respectively. Higher yield could likely be
obtained by prolonging tr, but no comparable analysis of the polymer can be made since

purification cannot be done on the viscous oil.
20 21 22

Figure 37. Non-norbornene derived monomers.
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Cyclopentene (22) was incapable of being isolated in any significant yield at room
temperature under flow conditions, likely due to its much lower ring strain value of 6.2
kcal/mol. A recent study utilized 22 as monomer for variable temperature ROMP.*® At
room temperature, the ring strain of 22 is not large enough to act as a driving force for
ROMP, but at colder temperatures, ROMP can more easily be achieved. Performing
ROMP under the general homopolymerization procedure outline using 22 as monomer
yielded apparent high percent conversion values of >95 %, but very low percent yields of
polymer after washing with methanol. It is most probably that since 22 has a boiling point
of 44 °C, any monomer not polymerized was removed by vacuum prior to obtaining the
crude *H NMR sample utilized to determine percent conversion of monomer to polymer.
Polymerizing at 0 °C under flow conditions was ruled out due to the inability to
accurately calculate percent conversion and yield with the outlined procedure since
polymer was oily and not able to be precipitated in methanol.

Due to the observation of the exo isomer being selectively polymerized in flow,
di-substituted monomers were investigated subject to the general homopolymerization
procedure. Monomer 9 was polymerized to generate 23 in 92.6% conversion. However, a
low control over the ROMP was evident by its actual Mn value of 12,700 Da, very low in
comparison to its theoretical My value of 47,722 Da, as well as its high D value of 2.20.
(Figure 38). Subject to the general flow homopolymerization procedure, zero

polymerization was observed in the crude *H NMR of 10 to generate 24 (Figure 39).
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Figure 38. Homopolymerization flow reaction of 9.

@"‘\\OTIPS 3 - m
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OTIPS CHCl, I
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No reaction

Figure 39. Homopolymerization flow reaction of 10.

3.6 ROMP in flow “livingness” study

Theoretically, the [M]:[1] ratio dictates the number of repeating units in a
generated polymer chain for a living polymerization reaction. The degree of control over
a living polymerization reaction can be experimentally determined by plotting
experimental M, values as a function of [M]:[1] ratio. As the [M]:[1] ratio increases,
theoretical My increases as well. Ideally, the B value should remain about the same as an
indicator that performing these ROMP reactions on the norbornene derived monomers is
an overall well controlled polymerization reaction.

Using monomer 5, homopolymerization flow reactions were performed at various
[M]:[1] ratios. The monomer amount was consistently 1.5 mmol, and initiator amount
varied. Each sample was dissolved in 4 mL of DCM prior to being pumped through with
tr = 7.5 s. The flow ROMP reactions performed are a living polymerization reaction,
therefore the propagation step continues until all monomer is reacted and the polymer
chain has an active termination site on the omega end of the polymer chain, or until the

reaction is quenched rendering the active site on the polymer chain inactive. Ethyl vinyl
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ether was used as a quenching agent for the flow polymerization reactions in this study.
Through reaction with ethyl vinyl ether, the active ruthenium-carbon double bond is
substituted to an inactive species containing a -CH at the end of the polymer chain.

As seen in table 8 and Figure 40, M, increases directly proportionally in relation
to M:I ratio and all actual Mn values are within plus or minus 5000 Da of theoretical M.
The R? of the linear regression line for the experimental data equals 0.9856, meaning the
regression fit the data well. The trend observed supports the claim that performing ROMP
reactions under flow conditions does not adversely affect the degree of polymerization of
the reaction compared to batch. Furthermore, B values ranges from 1.236-1.245 (Table
8), and the graph plotting H against M:I ratios yields a line of slope approximately equal
to 0 (Figure 41). The slope value can be approximated to zero to support the claim that
there are no significant variation in the B, or control over polymerization for the ROMP
reactions performed under flow conditions.

Table 7. GPC results for homopolymerizations of 5 at different M:1 ratios.

M:1* [|]0 Mn(theor.) Mn? P2
(X:1) M Da Da

127 0.002675 19 328 19 077 1.238
227 0.001650 34 549 41 021 1.242
327 0.001163 49 766 51970 1.239
427 0.000810 64 985 60 947 1.236
527 0.000608 80 204 75 608 1.245

*[M]0=0.375 M, tubular path length =92 cm, tr = 45 s, room temperature. Determined
by GPC.
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Figure 40. Graph plotting Mn values dependent on the various [M]:[1] ratios. Red circles
are theoretical data points, and blue crosses are experimental data points.
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Figure 41. Graph plotting P as a function of [M]:[I] ratios.

3.7 Block copolymerizations

Under most circumstances, ROMP can be considered a living polymerization

reaction, and consequently block copolymers can be generated. The flow experimental

set up used to generate the homopolymers was successfully adapted by installing a
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second T-mixer junction, syringe and syringe pump to facilitate the sequential second
monomer addition. To demonstrate proficiency of utilizing the flow apparatus to generate
block copolymers, polymers consisting of two monomers were generated. Preparing the
first block was identical to that described for the homopolymerization process utilizing
the dual syringe pump. After the 22.5 s tr in the first tubular reactor, the resulting reaction
solution was introduced to the second T-mixer at a rate of 2 mL/min. The second inlet
portion of the T-mixer was attached to the monosyringe pump which held a syringe
containing a DCM solution (0.38 M) of the second monomer (M2; 5, 6, or 7). After the
second 22.5 s trin the second tubular reactor, the block copolymer was quenched with
ethyl vinyl ether.

Table 8. Block copolymerizations under flow conditions

* Conv.? Mn(theor.) Mnb
M2 (%) Da Da i
5 >05 24 634 35600 1.21
6 >05 37 467 44 500 1.25
7 >95 35329 43 600 1.27

*Conditions: 4:M2:1 = 100:100:1, [4]o= [4]o = 0.33 M, [I]o= 0.0033 M, reactor 1 tr =
22.5 s, reactor 2 tr = 22.5 s, total tr = 45 s, tubular path length =92 cm for each reactor,
room temperature. 2With respect to both monomers, determined by *H NMR.
bDetermined by GPC.

IH NMR analysis indicated apparent complete conversion for each block
copolymer (Table 3). For instance, the block copolymer comprised of 4 and 5 provided

24 in 95% conversion. GPC analysis indicated M, and D values of 35,600 Da and 1.21,

respectively (Table 3, Entry 1) (Figure 42).
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Figure 42. Block copolymerization reaction of 4 and 5.

Seeing as the generated block copolymers consisted of two blocks of monomers
with a ratio of 100:100:1 for its 4:M2:1 ratio, a homopolymer consisting of only 4
polymerized with a [M]:[I] ratio of 100:1 was generated and analyzed by GPC (Figure
S33) to further corroborate the chain extension with the introduction of M2. Block
copolymers of 4 with 6 and 7 were also prepared and analyzed (Table 3, entries 2, and 3,
respectively). GPC analysis shows a clear shift from lower to higher molecular weights,
indicating successful chain extension (Figure S34-35). Since GPC is a method of size
exclusion chromatography, the larger the components that make up the sample, the
shorter amount of time the sample resides within the column of the GPC, so it eludes
faster and is detected at a shorter residence time. A sample of smaller molecular weight
can more easily partition in and out of the porous material of the column; this means the
column retains the sample longer and delays it being detected.
3.8 Thio-bromo “click” reactions

The major motivation to adapt typical batch reaction procedures for performing
post-polymerization modifications to continuous flow were to cut down on the amount of
materials and solvent needed to obtain the modified polymer chain. The interest was to
carry out the polymerization, followed inline by the modification, without the need to

stop and purify the initially polymerized starting material for the modification.
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The procedure for the generation of block copolymerizations was adapted to
accommodate the requirements of completing a thio-bromo click reaction. The first
requirement was ensuring a sufficiently long tr elapsed to allow complete conversion of
monomer 7 to polymer within the first segment of reaction tubing, and subsequently a
sufficiently long tr for the post polymerization reaction to go to completion within the
second segment of reaction tubing. Furthermore, instead of the second syringe in the
monosyringe pump utilized for the block copolymerizations containing a second
monomer, it was instead filled with a solution of thiol (15,16, or 17) and triethylamine; it
was possible to perform the post-polymerization modification inline. Another notable
difference was the necessity of using THF instead of the DCM as solvent due to the
insolubility of the salt formed between the thiol and base in syringe 2. The presence of
THF meant it took a longer time to completely remove all solvent from the
polymerization reaction post quenching, but before *H NMR analysis.

Nonetheless, the three post-polymerization thio-bromo click reactions worked and
indicated >95% polymerization of 7 and substitution of bromine by thiol functionality.
Furthermore, M, were across the board lower than anticipated by at least 20,000 Da and
D values were within an acceptable range of 1.21-1.22 in magnitude (Table 7) (Figure

S36).
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Table 9. Homopolymerization of 7 and click modification under flow conditions

g Conv.? Mn(theor.) Mnb
Thiol (%) Da Da D
15 >05 65 403 43 200 1.21
16 >95 68 583 48 100 1.22
17 >05 67 738 40 000 1.21

*Conditions: 7:thiol:Nets:1 = 227:681:681:1, [7]o= 0.38 M, [thiol]o = 2.25 M, [1]o=
0.00317 M, reactor 1 tr = 22.5 s, reactor 2 tr = 22.5 s, total tr = 45 s, tubular path length
=92 cm for each reactor, room temperature. ®With respect to both ROMP and click
reaction, determined by *H NMR. PDetermined by GPC.

To further corroborate the ability to perform these thio-bromo click reactions in
flow, an additional control reaction was performed where bromo ester 7 was polymerized
in flow utilizing the homopolymerization methodology to generate 25, quenched with
ethyl vinyl ether, isolated and lastly purified. The product was then subjected to a click

reaction in flow where one syringe contained 25 dissolved in DCM, and the other syringe

of the dual syringe pump contained the 16/triethylamine/THF solution to generate

QL

¢!
n 16 3
NEt; o S
OH 1) flow, THF 26
25 g 2)then EVE

O >95% conv CHj
M, = 48,100
PDI =1.22

Figure 43. Control post polymerization thio-bromo click reaction.

polymer 26 (Figure 43).
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CHAPTER I
Conclusion

Homopolymers and block copolymers were synthesized in flow using norbornene
derived monomers with moderate control over molecular weight and D. Polymerizations
followed inline by post-polymerization thio-bromo “click” modifications were
successfully performed with >95 % conversion of starting polymer functionality to
desired functionality. Upon optimization of reaction conditions for homopolymerizations
in flow utilizing initiator 3 with the various norbornene derivatives, it was simple to
expand the experimental setup and adapt it to accommodate both block
copolymerizations and post-polymerization modifications in flow by addition of a second
reactor loop and syringe pump.

The monomer scope success was limited to norbornene derived monomers
because the ring strain of norbornene proved large enough to readily polymerize in flow;
other monomers did not polymerize well under the outlined procedures of this study. For
instance, the oxanorbornene derivative (8) required a significantly longer R; to obtain a
high conversion of monomer to polymer likely due to the oxygen in the norbornene
bridge chelating to the ruthenium center of 3 retarding the rate of polymerization.
Monocyclic monomers such as cyclopentene, cyclooctene and cyclooctadiene did not
polymerize well in flow due to their much lower ring strain compared to norbornene.
Disubstituted norbornene monomer derivatives were problematic as well likely due to
steric effects preventing ROMP from occurring at the alkene bond in the norbornene ring.

All three block copolymerizations distinctly support successful chain extension by

GPC analysis where the block copolymer trace shifted to a shorter retention time and
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remained monomodal. Since the polymer sample eluted sooner than the homopolymer of
the first block of 1 only, it signified larger molecular weight supporting chain extension.
Furthermore, the GPC traces remained monomodal for the blockcopolymer showing
chain extension and not just synthesis of two separate homopolymers.

Future work on performing ROMP under flow conditions can be expanded to
include a larger monomer scope than what was explored by this study. Optimization of
each monomer subset can be explored in a more exhaustive effort to perform ROMP on
other monomers than norbornene derived monomers in flow. Also, a follow-up to this
study could include analysis of how changing experimental parameters such as feed ratio,

concentration and flow rate can affect molecular weight and b.
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APPENDIX

5 (ppm)
Figure S1. *H NMR spectrum of exo-2-norbornene-5-carboxylic acid (11) in CDCls
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Figure S2. 'H NMR spectrum of exo-5-norbornene-2-methanol (12) in CDCls
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Figure S3. 'H NMR spectrum of methyl exo-2-norbornene-5-carboxylate (5) in CDCls
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Figure S4. 'H NMR spectrum of -TIPS protected exo-5-norbornene-2-methanol (6) in
CDCls
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Figure S5. 'H NMR spectrum of exo-5-norbornene-2-bromopropionate (7) in CDCls
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Figure S6. *H NMR spectrum of furan-maleic anhydride adduct (13) in CDCls
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Figure S7. 'H NMR spectrum of oxa-norbornene-dimethyl-2,3-dicarboxylate (8) in
CDCl3
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Figure S8. *H NMR spectrum of norbornene-dimethyl 2-endo, 3-exo-dicarboxylate (9) in
CDCls
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0 (ppm)
Figure S9. *H NMR spectrum of endo-5-norbornene-2,3-methanol (14) in CDCls

Figure S10. *H NMR spectrum of di-TIPS protected endo-5-norbornene-2,3-methanol
(10) in CDCl3
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Figure S11. *H NMR spectrum of polymerized norbornene (4) in CDCls
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Figure S12. *H NMR spectrum of polymerized methyl exo-2-norbornene-5-carboxylate
(2) in CDCl3
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Figure S13. *H NMR spectrum of polymerized TIPS protected exo-5-norbornene-2-
methanol (6) in CDCl3

Figure S14. *H NMR spectrum of polymerized exo-5-norbornene-2-bromopropionate (7)
in CDCls
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Figure S15. *H NMR spectrum of polymerized oxa-norbornene-dimethyl-2,3-
dicarboxylate (8) in CDCl3

Figure S16. *H NMR spectrum of block copolymer (4) and (5) in CDCls
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Figure S17. *H NMR spectrum of block copolymer (4) and (6) in CDCls
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Figure S18. *H NMR spectrum of block copolymer (4) and (7) in CDCls
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Figure S19. 'H NMR spectrum of polymerized (7) followed by click reaction with 15 in
CDCl3
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Figure S20. 'H NMR spectrum of polymerized (7) followed by click reaction with 16 in
CDCls;
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Figure S21. *H NMR spectrum of polymerized (7) followed by click reaction with 17 in
CDCl3
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Figure S22. GPC trace of endo/exo 5 homopolymerization trace for tr=22.5 s
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Figure S23. GPC trace of endo/exo 5 homopolymerization at tr=7.5s
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Figure S24. GPC trace of 4 homopolymerization performed at 0°C
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Figure S25. GPC trace of 6 homopolymerization performed at 0°C
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Figure S26. GPC trace of 7 homopolymerization performed at 0°C
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Figure S27. GPC trace of 4 homopolymerization carried outattr = 7.5 s
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Figure S28. GPC trace of 5 homopolymerization carried outattr = 7.5 s
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Figure S29. GPC trace of 6 homopolymerization carried outattr = 7.5 s
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Figure S30. GPC trace of 7 homopolymerization carried outattr = 7.5 s
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Figure S31. GPC trace of 8 homopolymerization carried out at tr = 450 s
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Figure S32. GPC trace of 9 homopolymerization
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Figure S33. Overlaid GPC traces of first block of 4 (yellow) and generated block
copolymer of 4 and 5 (black)
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Figure S34. Overlaid GPC traces of first block of 4 (yellow) and generated block
copolymer of 4 and 5 (black)
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Figure S35. Overlaid GPC traces of first block of 4 (yellow) and generated block
copolymer of 4 and 7 (black)
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Figure S36. GPC trace of homopolymerization of 7 followed by post polymerization
modification utilizing 15
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Figure S37. GPC trace of homopolymerization of 7 followed by post polymerization
modification utilizing thiol 16
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Figure S38. GPC trace of homopolymerization of 7 followed by post polymerization
modification utilizing thiol 17
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