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ABSTRACT: The development of facile synthetic strategies to access well-defined polymers promises to provide advanced soft
materials with functionality that rivals that observed from nature. To this end, ring-opening metathesis polymerization (ROMP)
presents a compositionally simple and rapid strategy for controlled polymerization, yet it has received far less attention relative to
radical counterparts. This limited attention arises in part from scattered reports on optimization strategies and a narrow monomer
scope. Contemporary ROMP methods favor the use of exo-norbornene derivatives and highly reactive nonchelated Ru-alkylidenes,
such as Grubbs Catalysts. In contrast, endo-norbornene derivatives, from which analogous exo-forms are often generated, present a
more accessible alternative, yet examples of their utility in ROMP remain scarce. Herein, a systematic examination of ROMP with
endo-norbornene monomers using stable chelated Ru-alkylidene initiators is presented. Through initiator screening and
polymerization optimization, the ROMP process is shown to be versatile and robust, providing rapid access to polymers with
excellent molecular weight control, low dispersities (P < 1.1), good functional group tolerance, and high chain-end fidelity that
enabled the preparation of block copolymers via sequential monomer addition. Furthermore, the process is oxygen-tolerant, allowing
for ROMP to be performed under ambient conditions on the bench, which was showcased in synthesizing mechanically robust endo-
norbornene imide thermoplastics with high glass transition and decomposition temperatures. This report provides a comprehensive
overview of the scope and limitations of endo-norbornene ROMP with chelated initiators, serving as a user guide for the polymer
chemistry community to develop well-defined next-generation functional plastics.

Bl INTRODUCTION widespread implementation of ROMP are high cost,® limited
monomer accessibility, and the requirement for air-free
reaction conditions.”

Inexpensive, industrially relevant cyclic olefin monomers are
commercially available (e.g., $31/kg for norbornene and $66/
kg for cyclooctene),” but functionalized derivatives are rare
and expensive (e.g, >$65/g for exo-S-norbornenecarboxylic
acid).'’ Although exo-5-norbornenecarboxylic acid is one of
the most commonly employed functional monomer precursors

The sophistication and associated functionality of current
synthetic materials pale in comparison to those found in nature
due to limitations in controlled polymerization method-
ologies.' ™ These limitations include a lack of rapid and
economical strategies to control composition, architecture, and
size. Contemporary controlled polymerization strategies
include those that proceed via ionic, radical, or metathetic
mechanisms.* Among these, ring-opening metathesis polymer-
ization (ROMP) offers an unrivaled combination of speed,

control, functional group tolerance, and simplicity (fewer Received: June 8, 2022
reagents and milder reaction conditions).” Despite its merits, Revised:  July 12, 2022
the ROMP of strained cyclic olefins has received much less Published: July 26, 2022

attention relative to controlled radical polymerizations of
acrylics via atom transfer radical polymerization and radical
addition fragmentation chain transfer. Primary obstacles to
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for ROMP, S-norbornene-endo-2,3-dicarboxylic anhydride
represents an attractive low-cost alternative (e.g., <$15/
kg)'"'? that can be easily transformed into a diverse array of
functional diester or imide monomers in a single step.
However, literature examples conventionally use exo-norbor-
nene monomers'>~>® for ROMP owing to their reduced steric
encumbrance and concomitantly increased reactivity and
polymerization control relative to their endo-counter-
parts.”” > Although reports on ROMP of endo-norbornene
monomers exist,”>* the utility of stable chelated initiators in
combination with these less reactive, yet more accessible endo-
derivatives has not been systematically examined. The reduced
accessibility of exo-norbornene imide monomers arises in part
from the requisite endo-to-exo isomerization for norbornene-
anhydride that is both energy (~180 to 250 °C) and time/
material intensive (up to 16 h reaction time and as many as six
recrystallizations from benzene with <20% overall
yield)."**>™%7 From an applied perspective, endo-norbornene
imide polymers have been observed to possess higher glass
transition temperatures relative to their exo-analogues, a likely
consequence of increased segmental packing and energetic
barriers to backbone rotation while retaining comparable
thermal stability and mechanical performance.*”** Thus, a
rapid and controlled polymerization strategy for endo-
norbornene monomers using a tunable and stable metathesis
initiator would be of significant utility to the polymer science
community.

Exacerbating the hurdles to widespread implementation of
ROMP are the oxygen sensitivity (particularly in solution)
and high cost (~$70 to $500/g)*”*" of widely adopted
ruthenium alkylidene initiators. To address stability issues,
Hoveyda and co-workers developed ruthenium initiators that
possess an internal oxygen chelate, which has enabled
purification by chromatography.*>** While these complexes
have greatly improved air and moisture stability relative to
analogous Grubbs Catalysts, they have primarily been utilized
for ring-closing metathesis and cross-metathesis, with only a
few reports of ROMP in the literature.”*~*" To the issue of
cost, recent work on catalytic ROMP via degenerative chain
transfer by Kilbinger and co-workers'® " and metal-free
ROMP by Boydston and co-workers’"*” paves an avenue
toward more economical strategies while maintaining a
controlled polymerization.

Herein, the rapid and controlled polymerization of endo
feedstock monomers using bench-stable chelated ruthenium
initiators is systematically examined (Figure 1). The key to
polymerization control is the reduced propagation rates of
endo-monomers (relative to exo) complemented by the
reduced initiation rates of chelated initiators. Despite these
reduced rates, quantitative monomer-to-polymer conversion is
possible in under 2 h. To this effect, a small library of chelated
ruthenium initiators with varying stereoelectronic properties
was examined and compared for their ROMP of endo-
norbornene monomers. The addition of triphenylphosphine
(PPh;) provided polyolefins with narrow-molecular-weight
distributions (D < 1.1) and enabled the one-pot preparation of
block copolymers. Moreover, the employment of endo-
norbornene monomers enabled the use of chelated initiators
for controlled ROMP under ambient conditions, which
provided facile access to mechanically robust thermoplastics
bearing high glass transition and decomposition temperatures.
The present manuscript showcases a user-friendly approach to
perform ROMP that is anticipated to both motivate and
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Figure 1. Overview of the contemporary preparation and use of exo-
norbornene monomers in ring-opening metathesis polymerization
(ROMP) with nonchelated ruthenium alkylidenes (right) in
juxtaposition with the current work on ROMP of endo-norbornene
monomers with more stable chelated ruthenium alkylidenes (left).

inform further monomer and initiator development to harness
more sophisticated, next-generation functional plastics.

B RESULTS AND DISCUSSION

Initiator Screening. Butyl norbornene imide (NBI) was
selected as the prototypical endo-monomer for initial studies
due to the corresponding polymer's anticipated solubility in
organic solvents granted by the aliphatic side chain. The facile
synthesis of these exo- and endo-NBI monomers was carried
out by refluxing exo- or endo-cis-S-norbornene-2,3-dicarboxylic
anhydride in toluene with 1.2 equiv of readily available 1-
butylamine in the presence of catalytic triethylamine.
Purification involved solvent removal followed by flash silica
gel chromatography with ethyl acetate as the eluent, providing
the two isomers in a good isolated yield (>80%). To examine
ROMP of NBI monomers (Figure 2a), a selected few of the
most prevalent and commercially available ruthenium
alkylidene initiators were screened (Figure 2b). Namely,
Grubbs Catalyst 1st (G1), 2nd (G2), and modified 3rd
(G3’)—in which pyridine ligands replace 3-bromopyridine
used for G3—generations along with Hoveyda—Grubbs
Catalyst 1st (HG1) and 2nd (HG2) generations were tested.

Initial polymerizations to compare Ru-based initiators were
carried out inside of a nitrogen-filled glovebox at room
temperature (Figure 2). A starting monomer concentration
(IM]y) of 0.5 M was used, along with a target degree of
polymerization (DP) of 250 to showcase a rapid route to high-
molecular-weight polymers (M, (heory) = 55 kg/mol). Reactions
were tracked using 'H NMR to determine monomer-to-
polymer conversion. Gel permeation chromatography (GPC)
was employed to estimate molecular weight and dispersity (D)
(relative to polystyrene standards). For endo-NBI, it was
observed that HG2 and G3’ resulted in full monomer
conversion ~2X faster than observed using G2 in a variety
of solvents (Table S1 in the Supporting Information). Little-to-
no conversion was observed using G1 and HG1 within 15 min.
Narrow-molecular-weight distributions were achieved with
HG2 and G3’' (P < 1.3), with the smallest dispersities
obtained when employing tetrahydrofuran (THF) as the
solvent (P < 1.2). In contrast to the ROMP of endo-NBI with
HG2, ROMP of exo-NBI under equivalent conditions resulted
in large dispersities (P > 2.6) (Figure 2c). Alternatively, G3’
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Figure 2. ROMP of endo- and exo-norbornene imide (NBI)
derivatives. (a) Polymerization schematic. (b) Chemical scope of
initial ruthenium alkylidenes examined. (c) Overlaid gel permeation
chromatograms of poly(endo-NBI) and poly(exo-NBI) prepared with
Hoveyda—Grubbs Catalyst 2nd generation (HG2).

maintained good control over polymerization of exo-NBI (P <
1.05). The distinction in polymerization control is attributed to
a combination of faster propagation for exo-NBI relative to
endo-NBI*’7*° and slower initiation for the chelated HG2
initiator relative to G3'.>>** For further ROMP studies with
endo-monomers, HG2 was selected as the initiator of choice
due to its purported superior bench and solution stability
relative to traditionally employed G3',°**° in addition to its
similarly rapid polymerization rate.

Polymerization Optimization. In an effort to improve
control over endo-NBI ROMP using HG2, ligands were
incorporated into the reaction mixture to reduce the rate of
propagation such that all chains initiate and grow simulta-
neously. Specific ligands examined were triphenylphosphine
(PPh;) and 3-bromopyridine (3-BrPy), which are both capable
of reversibly binding ruthenium alkylidene initiators (Tables
S4—S10 in the Supporting Information). Thus, these ligands
act as antagonists (competitors) with respect to alkene
binding, improving control over ROMP. In combination with
endo-NBI and HG2, both PPh; and 3-BrPy were found to
effectively reduce D. Further experimentation was performed
using PPh; due to its reduced toxicity, cost, and ease of
handling relative to 3-BrPy. Optimization of PPh; loading was
performed by monitoring the ROMP of endo-NBI with HG2
(Figure 3). "H NMR revealed a linear correlation between the
natural log change in monomer concentration over time
(In[M]y/[M],), which is indicative of a controlled polymer-
ization”” (Figure 3a). From this result, the apparent rate
constant of propagation (k,"") was determined from the
slope.”” This showed that as PPh; loading was increased, kP
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Figure 3. Effect of PPh; loading on polymerization kinetics and
molecular weight distributions for endo-NBI with HG2. (a) Plot of the
natural log change in molecular weight over time with linear fit (black
line). (b) Bar chart of the apparent polymerization rate (kpaPp) and
dispersity (D). Error bars represent + one standard deviation from
the mean.

generally decreased: 0.153 + 0.002, 0.181 + 0.002, 0.046 =+
0.001, and 0.028 + 0.001 min™" for 0, 10, 30, and 100 equiv of
PPh; relative to HG2, respectively (Figure 3b). It is
hypothesized that the modest increase in k,*" at small PPh;
loadings (10 equiv relative to HG2) results from a fast
equilibration between PPh; and HG?2 leading to the formation
of a more rapidly initiating phosphine-coordinated initiator in
situ, prior to the first monomer addition.*® This rapidly
initiating species serves to increase the overall apparent rate
more so than the antagonistic effect of PPh; on slowing
propagation. GPC analysis showed a trend toward decreased D
upon increasing PPh; loading: 1.13 + 0.06, 1.10 + 0.02, 1.06 +
0.02, and 1.05 + 0.02 for 0, 10, 30, and 100 equiv of PPh,
(Figure 3b). Given the trade-off between k,"*? and D upon
increasing PPh;, further studies compromised by primarily
using 30 equiv of PPh; relative to HG2.

Platform Scope. Initial versatility assessment surrounded
the effect of the monomer-to-HG2 ratio on polymerization
control (Table 1, entries 1—5). To identify upper limitations,
30 equiv of PPh; relative to HG2 were used in variable DP
studies. ROMP of endo-NBI at a target DP = 500 was complete
within 4 h, and GPC revealed molecular weight values near
theoretical and low D (Table 1, entry 1). The first attempts to
target a DP of 1000 were accomplished at a reduced monomer
concentration (0.1 M) to avoid issues associated with high
reaction viscosity. However, despite high monomer conversion
(98%), under dilute conditions, deleterious side reactions
dominated, such as “back-biting” and/or cross-metathesis,*’
which led to a loss of polymerization control. To favor polymer
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Table 1. ROMP Versatility of endo-Norbornene Monomers with HG2

[monomer]
entry monomer equiv PPhy (M) NBI comonomer (S mol %)
1 endo-NBI 30 0.5
2 0.1
3 1.0
4 1.0
R 1.0
6 endo-NBI 30 0.5 —OH
7 —SMe
8 —NH,
9 —COOH
10 —NMe,
11 endo-NBdE 0 0.5
12 10
13 30
14 100

CONV.(NMR) M, GPC (M theo
target DP  time (h) (%) (kg/ mo')

500 4.0 >99 111 (110) 1.14
1000 16.0 98 26 (219) 1.57
1000 2.0 97 214 (219) 1.17
1500 2.0 91 273 (329) 1.34
2000 2.0 76 377 (439) 1.43

250 4.0 >99 54 (SS) 1.11

>99 56 (55) 1.11
7 6 (55) 121
>99 57 (56) 1.17
>99 N/A? (55) N/A“
250 0.5 >99 75 (74) 1.20
1.0 >99 81 (74) 1.08
1.5 99 81 (74) 1.0S
2.0 89 74 (74) 1.04

“GPC data not obtained for entry 10 due to presumed column interactions precluding sample elution.

chain growth over metathetic side reactions, ROMP was
performed at an increased monomer concentration (1.0 M).
For example, targeting a DP of 1000 at a monomer
concentration of 0.1 vs 1.0 M provided a D of 1.57 vs 1.17,
respectively (Table 1, entries 2 and 3). At these higher
concentrations, poly(endo-NBI) with molecular weights in
excess of 375 kg/mol (DP =~ 1700) was achievable; however,
the D values notably increased to 1.34 and 1.43 when targeting
a DP of 1500 and 2000, respectively (Table 1, entries 3—S5).
Moreover, the relative number average molecular weight from
GPC (M, cpc) began to deviate to a greater extent at target
DPs beyond 1000, which represents a potential chain-length
maximum for the current conditions.

To further assess versatility of the present platform, a small
series of functionalized endo-monomers were synthesized and
evaluated as comonomers with endo-NBI (Figure 4 and Table

o H endo-NBI H endo-NBdE Oi exo-NBdE
& H A
8 % L%O/\/\ Ill O
o) O/\/\ H
g gy gy g gy
? E—\_ E—\_'/ 5‘\_" Qon Y
E OH SMe NH, $-#10 NMezi

_____________________________________________________________

Figure 4. Chemical structures for norbornene monomers examined
using HG2 for ROMP. The check marks represent functional group
tolerance using the present approach. The primary amine derivative,
endo-NBI-NH,, was the only one that prevented ROMP under the
current conditions.

1, entries 6—10). Specifically, primary alcohol, thioether,
primary amine, carboxylic acid, and tertiary amine functionality
were examined. For clarity, the corresponding naming system
of functional monomers was used: endo-NBI-X where X is
—OH, —SMe, —NH,, —COOH, or —NMe,. To mitigate issues
with polymer solubility in THF, which is used as the reaction
solvent as well as for GPC analysis, each functional group was
incorporated as S mol % of the overall monomer feed
alongside endo-NBI, at a target DP = 250. Each polymerization
was run for 4 h, at which point 'H NMR spectroscopy revealed
complete conversion (and thus incorporation) of all functional
group monomers with the exception of endo-NBI-NH, (7%
conversion). It is hypothesized that the nucleophilic primary
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amine poisoned HG2, precluding ROMP, as previously
observed for other Grubbs Catalysts.” ROMP with endo-
NBI-OH, —SMe, and —COOH monomers maintained good
control, as indicated by low dispersities (D < 1.2). Attempts to
characterize polymers containing —NMe, functionality by
GPC proved unsuccessful, which is attributed to the basicity of
the amine resulting in column interactions. Overall, the
demonstrated functional group tolerance provides a useful
handle to facilitate polymer post-modification processes and/
or polymer self-assembly.

As a final measure of versatility, an additional class of
inexpensive and synthetically accessible endo-norbornene
monomers was examined using the present HG2 ROMP
conditions. Specifically, endo-norbornene butyldiester (endo-
NBdE) was synthesized in a high yield (>80%) from the same
starting material as endo-NBI, namely, cis-S-norbornene-endo-
2,3-dicarboxylic anhydride. The aforementioned starting ma-
terial was heated to 75 °C with an excess of 1-butanol in the
presence of an acid catalyst for 16 h, followed by removal of
butanol under reduced pressure, acid neutralization, and drying
to give the product. Relative to endo-NBI, ROMP of endo-
NBdE with HG2 was found to be ~1.25X faster (k,"" = 0.191
+ 0.007 min~" without PPh,) (Table S13 in the Supportlng
Information). The enhanced polymerization rate is postulated
to arise from reduced Ru-chelation strength of endo-NBdE
relative to endo-NBL>’ In the absence of PPh,, D values <1.2
were obtained (Table 1, entry 11). Addition of PPh; again
resulted in significant improvements in D, with values <1.1
(Table 1, entries 12—14). For completeness, the analogous
exo-norbornene butyldiester (exo-NBdE) was synthesized and
polymerized with HG2, showing reduced control over
molecular weight and dispersity (P > 1.35) (Table S3 in the
Supporting Information).

An attractive feature of oxygen-chelated ruthenium
alkylidenes is their design scope with regard to stereoelectronic
tunability.”’ ~®* In this respect, three additional oxygen-
chelated initiators bearing different functionalities designed
to facilitate rapid initiation were examined (Figure S). All
initiators were analogous to HG2 but respectively contained
the following groups relative to the Ru alkylidene: 2-methoxy
chelate (methoxy—HGZ), S-nitro substltuent (discovered by
Grela and co-workers) (nitro-Grela),®® and a 3-phenyl
substituent discovered by Blechert and co-workers (Ble-
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Figure 5. ROMP of endo-NBI as a function of the oxygen-chelated
ruthenium alkylidene initiator employed. (a) Chemical structures for
the three additional derivatives examined. (b) Plot of the natural log
change in molecular weight over time with linear fit (black line) and
inset tabulating the resultant k,* and D.

chert’s)®” (Figure 5a). Using 30 equiv of PPh, relative to each
Ru-alkylidene, ROMP was found to result in comparably low
D (<1.1) and faster k,"" relative to HG2 (Figure Sb). The
most rapid ROMP occurred when employing Blechert’s
catalyst, providing a k,"** of 0.077 + 0.001 min~', ~1.7X
faster than HG2, which is attributed to its faster rate of
initiation.**®

Block Copolymers. To assess the “livingness” of the
present platform, chain-end fidelity was examined through
sequential endo-NBI monomer addition to form pseudo-block
copolymers. Targeting a DP = 100, poly(endo-NBI) was
synthesized with HG2 in the presence of 30 equiv PPh;. At 90
min intervals, endo-NBI was added (DP = 100 for each block),
immediately prior to which a small aliquot was removed for
GPC and 'H NMR analysis, with the latter confirming near-
quantitative monomer conversion at each block (Table S17 in
the Supporting Information). This process was repeated to
successfully yield a pseudo-hexablock polymer (DP ~ 600)
with D < 1.2. This demonstrated a high degree of controlled
chain growth up to as many as five extensions (Figure 6a).
Additionally, a mixed ABA triblock copolymer (P = 1.13) and
an ABABA pentablock copolymer (D = 1.22) were successfully
synthesized from alternating DP = 100 poly(endo-NBI) and
poly(endo-NBdE) homopolymer subunits (Figure S12 and
Table S18 in the Supporting Information). It is postulated that
marginally increased D with the block copolymer systems
resulted from (1) ruthenium chain-end decomposition at
longer reaction times and/or (2) reduced steric hindrance
surrounding the NBJE repeat units in the mixed block
copolymer case, leading to increased cross-metathesis.

Modest increases in P with each block addition prompted
an investigation into quantifying the chain-end fidelity of the
present ROMP method. This was accomplished by preparing
pseudo-diblock copolymers and examining the effects of
prolonged time delays in monomer addition between the
first and second blocks after the first block had reached full
monomer conversion (Figures 6b and S13 and Table S19 in
the Supporting Information). It was qualitatively observed that
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Figure 6. Poly(endo-NBI) chain extensions. (a) Polymerization
schematic for pseudo-hexablock synthesis with GPC plots of
molecular weight vs normalized signal intensity for each block. (b)
Overlaid GPC traces for A-block and AA-diblock polymers, where the
second monomer addition was performed at different times after
~quantitative monomer consumption to form the first A-block to
demonstrate good chain-fidelity. *Polymerization time for the first A-
block, corresponding to the point of second monomer addition.
PPercent chain extension (Ext.) was calculated by integrating two
Gaussians of best fit, described in the Supporting Information.

GPC traces of the AA-diblocks had increasingly larger residual
A-block (homopolymer) signals for longer delay times prior to
the second monomer addition. This lack of chain extension
was attributed to a loss in chain-end activity (i.e., a decrease in
chain-end fidelity) that likely arises from side reactions, such as
back-biting or cross-metathesis. In an effort to quantify the
chain-end fidelity, GPC trace deconvolution was accomplished
by fitting each curve with two Gaussian distributions and
taking the relative area under each as a representation of the
AA-diblock to A-block ratio (further details are provided in the
Supporting Information). Note that this process assumes that
there is no significant change in the refractive index upon chain
extension. From this fitting process, it was found that 95% of
chains extended if the monomer was added at 1.5 h, which
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decreased to 89% if the reaction was allowed to stir for 24 h
prior to monomer addition. This roughly corresponds to a
0.3% loss in chain-end fidelity per hour using the present
ROMP process of endo-NBI (Figure S15 in the Supporting
Information). Notably, performing the same analysis on exo-
NBI revealed a 3.4% loss in chain-end fidelity per hour (Figure
S16 and Table S21 in the Supporting Information). The
improved stability in chain-end fidelity observed for poly(endo-
NBI) relative to poly(exo-NBI) is hypothesized to arise from
greater steric interactions that reduce metathetic side reactions,
making endo-NBI monomers better suited for the one-pot
preparation of block copolymers.

Bench Polymerizations. As a testament to the superior
solution stability and utility of chelated initiators, such as HG2,
relative to the traditionally employed G3’ initiator, stock
solutions (0.025 M in THF) of both were independently
prepared on the bench under ambient conditions and used to
synthesize poly(endo-NBI) (target DP = 250) in capped vials
under an air atmosphere (~77% headspace). To date, the use
of chelated initiators in air has been limited to ring-closing
metathesis reactions, where, unlike ROMP, large catalyst
loadings can be implemented, and side reactions do not
mitigate product formation.”” In our method, polymerizations
were set up at 2 h intervals following initiator stock solution
preparation and allowed to progress for 90 min before
quenching with excess ethyl vinyl ether. Resultant poly(endo-
NBI) samples were characterized using GPC and 'H NMR
spectroscopy (Figure 7). ROMP with HG2 and 30 equiv of
PPh; provided polymers with D < 1.2 up to and including 8 h
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Figure 7. GPC traces for poly(endo-NBI) samples prepared via
ambient ROMP on the bench using HG2- (top) and G3'- (bottom)
stock solutions. Polymerizations were initiated at varying times after
initiator stock solution preparation (f = 0). Insets—images of the
bottom half of vials laying down that contain initiator stock solutions
before and after air exposure, showing a visible color change for G3’
solutions. *Time from initiator stock preparation. "Conversion
determined by "H NMR. °M, and P determined by GPC.
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following initiator solution preparation. Notably, monomer
conversion at 90 min decreased slightly as the initiator stock
solution aged, from 95 to 82% conversion when using 0 and 8
h stocks, respectively. This suggests that the initiator activity
decreased when stored under ambient conditions in solution.
In contrast, poly(endo-NBI) prepared using G3’ stock
solutions (with and without PPh;, see Table S22 in the
Supporting Information) had significantly reduced control, as
indicated by lower monomer conversions for samples prepared
using >2 h old initiator stocks, polymer molecular weights
exceeding targets in all cases (55 kg/mol), and increasing D
upon stock aging (>2.0 when using >4 h old initiator stocks).

The difference in control was attributed to an increased
oxygen stability for HG2 relative to G3’, which was
qualitatively indicated by a color change from green to
brown for the G3’ stock solutions and little color change for
the HG2 solutions (Figure 7, inset). Additionally, ambient
polymerization using a G2 initiator stock solution prepared in
air, with 30 equiv of PPhs, resulted in a significant loss of
control (e.g, low monomer conversion and increasing D to
~1.7 over an 8 h initiator stock lifetime) (Figure S17 and
Table S23 in the Supporting Information). Degradation was
corroborated by comparative 'H NMR studies of HG2 and
G3’ in solution, prepared under both ambient and inert
conditions. The percentage of the active initiator was
quantified by monitoring the alkylidene signals over time at
~16.5 and ~19.2 ppm for HG2 and G3’, respectively, relative
to an internal standard (anthracene). This revealed a little-to-
no decrease in the signal for HG2 relative to G3’, along with
an accelerated degradation for G3’ solutions prepared under
ambient conditions (Figure S18 in the Supporting Informa-
tion).

To showcase the utility of air-tolerant ROMP in accessing
thermomechanically robust materials, poly(endo-NBI) pre-
pared on the benchtop and poly(exo-NBI) prepared under
inert conditions were compared using a suite of standard
characterization methods (Figures 8 and S3—S7 in the
Supporting Information). For consistency, molecular weights
were all ~100 kg/mol. Moreover, hydrogenation was
performed to expand the material scope and compare the
unsaturated polymers to their more oxidatively stable saturated
analogues.”” Thermogravimetric analysis revealed similarly
high 5% mass thermal decomposition temperatures (Tys) of
380 and 400 °C for the endo- and exo-NBI polymers,
respectively (Figure 8a). Differential scanning calorimetry
(both standard and modulated) revealed glass transition
temperature (T,) values nearly 50 °C higher for the
unsaturated endo- relative to exo-NBI polymers (169 =+ S
and 120 + 3 °C, respectively, Figure 8b). Upon hydrogenation,
T, values decreased, yet the endo-NBI derivatives were still
~30 °C higher relative to their exo-NBI counterparts (118 + 3
and 87 + 2 °C, respectively). These results are in-line with
prior reports and hypothesized to arise from improved packing
of the endo-NBI polymers.*” Finally, tensile testing on dogbone
specimens punched from sheets of the four thermoplastics was
accomplished to characterize the mechanical performance
(Figure 8c). In doing so, all materials were found to be strong
rigid plastics, with max stress (o,,) ranging from 32 to 40 MPa
and moduli (E) from 1.3 to 1.9 GPa. In general, hydrogenation
produced stronger and stiffer polymers relative to the
unsaturated precursors. Overall, it was shown that poly(endo-
NBI) materials prepared under ambient conditions represent
promising candidates for applications that require high T,
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Figure 8. Thermomechanical characterization of poly(endo-NBI)
prepared by ROMP under ambient conditions and poly(exo-NBI)
prepared under inert conditions, along with their corresponding
hydrogenated derivatives. (a) Thermogravimetric analysis. (b)
Differential scanning calorimetry with traces stacked for clarity. (c)
Stress—strain data from uniaxial tensile testing. Ty = thermal
decomposition temperature at 5% mass loss; T, = glass transition
temperature; E = Young’s modulus (stiffness); o,, = max stress
(strength); and & = strain at failure.

thermal stability, and mechanically strong and rigid thermo-
plastics.

B CONCLUDING REMARKS

A rapid, controlled, and accessible approach to ROMP that
makes use of readily available endo-monomers and solution-
stable chelated initiators was showcased. A diverse array of
functionalized monomers were synthesized in a single step
from inexpensive starting materials and optimal conditions for
their controlled polymerizations up to 375 kg/mol were
identified. The use of triphenylphosphine as an additive
enabled the preparation of uniform polymer chains with D <
1.1, reaching ~quantitative monomer conversion in 90 min or
less. The versatility of the conditions presented was
demonstrated by the incorporation of carboxylic acid,
thioether, alcohol, and tertiary amine functionality into
polymer backbones. The effect of altering the initiator
alkylidene groups on the rate of polymerization was evaluated
by examining methoxy-HG2, Blechert’s, and nitro-Grela
initiators. In doing so, it was revealed that subtle stereo-
electronic variations affect the overall rate of polymerization,
demonstrating the tunability of chelated initiators. Block
copolymer syntheses were successfully carried out, showing
only marginal losses in chain-end fidelity over long periods of
time. Furthermore, highly controlled benchtop polymerizations
were demonstrated under ambient conditions using HG2, in
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contrast to the rapid loss of control observed when employing
the more traditional G3’ ROMP initiator. Finally, ROMP of
endo-NBI under ambient conditions provided thermoplastics
with T, values higher than their exo-NBI counterparts while
maintaining good thermal stability, mechanical strength, and
rigidity. Thus, the present systematic report on an endo/
chelated initiator ROMP platform serves to broaden the scope
of tools at one’s disposal when designing sophisticated soft
materials such as block copolymers, thermoplastics, or
thermoplastic elastomers. It is envisioned that this work will
both encourage and inform the use of ROMP as a viable
approach that, together with other emergent strategies, will
pave the way toward accessible next-generation plastics.
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