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The interplay between equilibrium ROMP thermodynamics and the regioregular insertion of allylic trialk-
ylsiloxy-substituted cyclopentenes during propagation with Hoveyda-Grubbs 2nd generation catalyst at varying
temperatures is investigated. In general, bulkier substituents reduce monomer conversion and increase re-
gioregular insertion. However, polymerization entropy (AS,) also appears to play an important role on ROMP
thermodynamics when compared to ring strain (AH,,) which is typically the parameter of focus for the efficacy of

low-strain monomer conversion. This analysis has allowed for the determination of a “Goldilocks” monomer (i.e.
one that provides the best compromise of monomer conversion (56% conversion at —10 °C) and regioregularity
(97% HT insertion) to be 3-(tert-butyldimethylsiloxy)cyclopentene which has never before been explored or
reported. Due to this study, this monomer has now been identified as the ideal choice for isotactic poly-
pentenamer studies moving forward.

1. Introduction

Ring opening metathesis polymerization (ROMP) of low ring strain
monomers, such as cyclopentene (CP), is an increasing area of interest
due to the large variety of unexplored precision and functionalized
elastomeric materials possible [1]. For example, polypentenamers have
recently shown promise as recyclable rubber additives [2], styrenic
rubbers [3,4], dynamic covalent networks [5], precision polyelec-
trolytes [6], bottlebrush elastomers [7], and stimuli-responsive mate-
rials [8]. The challenges associated with successful ROMP of these
monomers involves leveraging the thermodynamics that encapsulate
both the enthalpic driving force for polymerization (— AHp), i.e. release
of ring strain, and the penalty associated with loss of translational en-
tropy during molecular aggregation (—AS) [9,10]. Both terms become
considerably more complex for low ring strain ROMP when the ex-
ergonic free energy (—AG;) is small [1,11,12]. Consequently, the
conversion of monomer to polymer becomes highly sensitized to factors
that contribute to the Gibbs free energy expression for equilibrium
polymerization, such as temperature (T) and monomer concentration
[M] [13], as quantified in Eq. (1) [14]. The AS; also becomes particu-
larly interesting since the process of ring opening increases rotational
entropy which counteracts some of the loss of translational entropy of
polymerization [1,9].

AG, = AH, — TAS, = RTIn[M] &)
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Another factor that warrants considerable attention for ROMP of
low strain rings is the size and chemistry of substituents and their ef-
fects on thermodynamics. While a majority of ROMP studies have been
focused on achiral CP monomers featuring a homoallylic substituent
[2,4,5,11,12,15-18], allylic substituted CP monomers are significantly
understudied [11,19,20,27]. One major advantage of allylic substituted
CPs is that they are chiral and offer the potential to achieve an isotactic
branch spaced at every fifth carbon along the backbone [1]. To achieve
this, these monomers must be polymerized with regioregular head-to-
tail (HT) insertion into the metal alkylidene of metathesis catalysts or
else scrambling of the stereochemistry will occur upon head-to-head
(HH) and tail-to-tail (TT) propagation. Sita showed that 3-methylcy-
clopentene undergoes ROMP in a highly regioregular fashion using
Schrock-type Mo catalyst [19]. Kobayashi et al. reported a series of
allylic substituted cis-cyclooctene monomers that propagate in a highly
HT regioregular and trans fashion with G2 catalyst [21]. This micro-
structural precision operates through the steric hindrance provided by
the allylic substituent; it governs the direction of cycloalkene insertion
on the Ru-alkylidene from a distal approach [21-24]. Density function
theory (DFT) calculations were also reported by Martinez et al. to fur-
ther illustrate the mechanistic details and governing factors of this
process [25]. Inspired by these reports, our group recently showed that
bulky allylic substituted cyclopentene monomers are also able to pro-
pagate in a highly regioregular and trans fashion with HG2 catalyst to
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produce isotactic polypentenamers from enantiopure monomers [20].
The effects of a precise, 5-carbon isotactic branch periodicity on ma-
terial properties is particularly intriguing as very few examples of iso-
tactic polyolefins exist outside the more common 2-carbon branch to-
pology [26].

To further develop these isotactic technologies, understanding of
the interplay between regioregular insertion and ring strain needs fur-
ther exploration. Such is the purpose of this study. While the inter-
change between bulky substituents and regioregular insertion appears
effective for CP monomers, allylic substituents often present difficulties
with the thermodynamics of ROMP due to reduced ring strain and
potential bond order effects on the olefin. Density functional theory
studies recently performed on a variety of homoallylic and allylic
substituted CPs suggest a mixed variety of ring strains are possible
depending on the substituents [15]. However, experimental ROMP on
allylic substituted CPs have shown that many have low conversions, if
any. [11,19,20]. To the best of our knowledge, these isodesmic equa-
tions produce enthalpic quantities (AH,) and may not encapsulate the
complex entropic contributions of these polymerizations. Herein, we
expand the experimental knowledge of the effect of bulky trialkylsiloxy
substitutents on CP and investigate the “give and take” of bulky allylic
substituents on ROMP thermodynamics and microstructural regior-
egularity.

2. Materials and methods
2.1. Materials

Diisobutylaluminum hydride (DIBAL) solution (1.0M in di-
chloromethane  (DCM)), chlorotriethylsilane  (99%), chloro-
triisopropylsilane (97%), and toluene-dg were purchased from Sigma-
Aldich and used as received. 2-Cyclopenten-1-one (99%) and tert-bu-
tyldimethylchlorosilane were purchased from Oakwood chemicals and
used as recieved. Basic alumina and imidazole (99%) were purchased
from Beantown Chemicals and used as received. Magnesium sulfate was
purchased from EMD Millipore and wused as received.
Chlorotrimethylsilane was purchased from Fluka Chemicals and used as
received. Ethyl vinyl ether (EVE) was purchased from Alfa Aesar and
used as received. Hoveyda-Grubbs 2nd generation catalyst (HG2) was
donated from Umicore and used as received. Chloroform-d was pur-
chased from Cambridge Isotope Laboratories Inc. Anhydrous DCM and
toluene were obtained from an SG Waters glass contour solvent pur-
ification system under nitrogen that was packed with neutral alumina
and the solvents were passed through a 2 um filter prior to being dis-
pensed.

2.2. Characterizations

1H and '*C NMR experiments were taken on a Bruker Advance III
400 MHz and 600 MHz spectrometer, respectively, unless noted other-
wise. Variable Temperature (VT) NMR experiments were taken on a
Bruker Advance III 500 MHz spectrometer. Polymers were character-
ized on an Agilent-Wyatt combination triple detection size exclusion
chromatography (SEC) instrument containing 3 successive Agilent PL
gel Mixed-C columns (THF mobile phase), and an Agilent 1260 infinity
series pump, degasser, autosampler, and thermostatted column
chamber. The Wyatt triple detection unit hosts a mini-Dawn TREOS 3-
angle light scattering detector, Optilab TrEX refractive index detector,
and a Viscostar II differential viscometer. Molar mass and dispersities
were determined by a 10-point conventional column calibration with
narrow dispersity polystyrene standards varying from 2 to 1800 kDa.
Gas chromatography with electron ionization mass spectrometry (GC-
EI/MS) was performed at the University of Florida Chemistry
Department Mass Spectrometry Research and Education Center. 5 uL of
sample was diluted in 1 mL of chloroform prior to analysis. Differential
Scanning Calorimetry (DSC) experiments were performed from on a TA
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Instruments Model Q100 using a heating rate of 10 °Cmin~! under N,
flow (40 mL min ') followed by a cooling rate of 10 °C min~ ! using an
RCS cooler (Model RCS90, refrigerated cooling system).
Thermogravimetric analysis (TGA) was performed on a TA Instruments
TGA-550 instrument under argon flow (50 mL min~b). Samples were
heated to 100 °C, held isothermally for 5 min, and then heated to 550 °C
at a rate of 10°C min~'. Monomer densities (p) were determined by
gravimetric analysis of a volumetric pycnometer at 23 = 1°C. IR
spectra were taken on a Perkin Elmer Spectrum 100 Fourier Transform-
Infrared (FT-IR) Spectrometer with a ZnSE crystal overcoated with a
diamond attenuated total reflectance (ATR) sample chamber.

2.3. Synthesis of cyclopent-2-ene-1-ol (2CPOH).

To a 500 mL flame dried round bottom flask (RBF) equipped with a
polytetrafluoroethylene (PTFE)-coated stir bar, 9.00 g (110 mmol) of 2-
cyclopenten-1-one and 150 mL of anhydrous DCM was added. The so-
lution was purged with argon for 15min then cooled to 0°C. Over
45 min, 150 mL of DIBAL solution (1 M in DCM) was added in 50 mL
portions. The solution was then warmed to 23 °C and stirred for 5 h. The
reaction was diluted with 100 mL of DCM, cooled to 0 °C, and quenched
with 130 mL of a 10:3 v/v water:methanol solution that was added
slowly over 30 min. The quenched solution was allowed to stir for 12h
followed by filtering and washing of the filtrate twice with 200 mL of
distilled water. The organic phase was collected, dried over MgSO,, and
concentrated via rotary evaporation. The crude product was purified by
reduced vacuum distillation at 60°C, 3torr, affording 4.65g
(55.3 mmol, 49.9% yield) of 2CPOH as a clear, colorless oil. The pro-
duct was confirmed by NMR analysis in comparison to previous lit-
erature (Figs. S1 and S2) [20].

'H NMR (400 MHz, CDCls), ppm: 6.00 (m, 1H), 5.84 (m, 1H), 4.86
(s, 1H), 2.52 (m, 1H), 2.26 (m, 2H), 1.70 (m, 2H). '*C NMR (150 MHz,
CDCl3), ppm: 135.1. 133.3, 77.58, 33.31, 30.96.

2.4. Synthesis of 3-(trimethylsiloxy)-cyclopentene (M1).

To a 500mL dry RBF equipped with a PTFE stir bar, 2.00g
(23.8 mmol) of 2CPOH and 150 mL of anhydrous DCM was added and
sparged with argon for 15min. Imidazole (6.48 g, 95.2mmol) was
added and the solution was cooled to 0 °C. Over the course of 15 min,
3.02mL (23.8 mmol) of chlorotrimethylsilane was added. The solution
was gradually warmed to 23 °C then heated to reflux for 14 h. After
cooling to room temperature, the precipitated imidazolium salts were
filtered and the filtrate was collected and washed twice with 50 mL of
distilled water. The organic phase was collected, dried over MgSO,, and
then concentrated via rotary evaporation. The crude product was pur-
ified by column chromatography with a 95:5 hexane: DCM mobile
phase. After solvent removal, 0.8 g (5.1 mmol, 21.6% yield) of pure
product was afforded as a clear, colorless oil. The product was con-
firmed by NMR analysis in comparison to previous literature (Figs. S3
and S4) [20].

'H NMR (400 MHz, CDCls), ppm: 5.95 (m, 1H), 5.74 (m, 1H), 4.9
(M, 1H), 2.51 (m, 1H), 2.22 (m, 2H), 1.70 (m, 1H), 0.16 (9H). '*C NMR
(150 MHz, CDCl3), ppm: 133.93, 133.58, 77.63, 33.33, 31.01, 0.22. p
(23 £ 1°C) = 0.856gcm ™3,

2.5. Synthesis of 3-(triethylsiloxy)-cyclopentene (M2).

The same procedure for synthesis and purification of M1 was per-
formed to produce M2 with the following exceptions.
Chlorotriethylsilane (3.99 mL, 23.8 mmol) was reacted with 2.00g
(23.8 mmol) of 2CPOH. The reaction yielded 2.86 g (14.4 mmol, 60.5%
yield) as a clear, colorless oil. The product was confirmed by NMR
analysis in comparison to previous literature (Figs. S12 and S13) [20].

H NMR (400 MHz, CDCl,), ppm: 5.92 (m, 1H), 5.74 (m, 1H), 4.93
(m, 1H), 2.51 (m, 1H), 2.21 (m, 2H), 1.70 (m, 1H), 0.99 (t, 9H), 0.65 (q,
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Scheme 1. Synthesis of various allylic-substituted trialkylsiloxy-cyclopentene monomers used in this study.

6). '*C NMR (150 MHz, CDCl), ppm: 133.80, 133.7, 77.67, 33.53,
31.02, 6.69, 4.86.p (23 = 1°C) = 0.895gcm >,

2.6. Synthesis of 3-(tert-butyldimethylsiloxy)-cyclopentene (M3).

The same procedure for synthesis and purification of M1 was per-
formed to produce M3 with the following exceptions. tert-
Butyldimethylchlorosilane (4.72 g, 23.8 mmol), was reacted with 2.00 g
(23.8 mmol) of 2CPOH. The reaction yielded 2.91 g (14.7 mmol, 61.6%
yield) as a clear, colorless oil. This new monomer was not reported
previously and therefore was confirmed by 'H and '3C NMR analysis in
addition to GC-MS (Figs. S21-523).

'H NMR (400 MHz, CDCls), ppm: 5.91 (m, 1H), 5.74 (m, 1H), 4.93
(m, 1H), 2.50 (m, 1H), 2.21 (m, 2H), 1.68 (m, 1H), 0.92 (s, 9H), 0.1 (s,
6H). *C NMR (150 MHz, CDCl,): 133.8, 133.5, 78.13, 33.53, 31.01,
26.0, 18.33, —2.95,-4.53. GC-EI/MS (m/2): caled 198.4, found 198.3. p
(23 £ 1°C) = 0.860 gcm ™3,

2.7. Synthesis of 3-(triisopropylsiloxy)-cyclopentene (M4).

The same procedure for synthesis and purification of M1 was per-
formed to produce M4 with the following exceptions.
Chlorotriisopropylsilane (5.09 mL, 23.8 mmol) was reacted with 2.00 g
(23.8 mmol) of 2CPOH. The reaction yielded 3.40 g (14.1 mmol, 59.5%
yield) as a clear, colorless oil. This new monomer was not reported
previously and therefore was confirmed by 'H and '*C NMR analysis in
addition to GC-MS (Figs. S33-S35).

'H NMR (400 MHz, CDCls), ppm: 5.91 (m, 1H), 5.79 (m, 1H), 5.01
(m, 1H), 2.51 (m, 1H), 2.25 (m, 2H), 1.72 (m, 1H), 1.10 (m, 21H). '*C
NMR (150 MHz, CDCl3), ppm: 134.13, 133.32, 78.00, 33.91, 31.02,
18.03,12,23. GC-EI/MS (m/2z): caled 240.4 found 240.3. p
(23 + 1°C) = 0.887 gcm ™2,

2.8. Variable temperature '"H NMR analysis

As a representative example, 0.20g (1.05mmol, 0.242mL) of
argon-purged M3 was added to an NMR tube capped with a septum. In
a dry 4mL vial, 0.171 mL of argon-purged toluene-dg was added to
0.6 mg (1.1 umol, 0.1 mol%) of HG2 catalyst under argon. The catalyst
solution was injected into the NMR tube and allowed to react for 3 h at
25°C. The NMR tube was then placed into the NMR spectrometer at
25°C and scans were taken to ensure monomer:polymer equilibrium
had been established. The NMR sample was then reduced in tempera-
ture by 5 °C increments within the spectrometer and scans were taken
until equilibrium was established at each temperature. This process was
repeated down to 10 °C which is the minimum stable temperature set-
ting for the instrument.

2.9. General polymerization procedure

As a representative example, 0.10 g (0.504 mmol, 0.116 mL) of M3
was added to a dry 4 mL vial, capped with a rubber septum and purged
with argon. Into a separate dry 4 mL vial, 0.6 mg (1.01 umol, 0.2 mol%)
of HG2 was added. The vial was sealed with a rubber septum and
purged with argon. Anhydrous and argon-purged toluene (50 pL) was
added into the catalyst vial. The catalyst solution was added to the
monomer ([M]p = 3.0 M) and the polymerization was allowed to stir at
-10°C for 5 h. The polymerization was terminated with 0.05 mL of EVE
and allowed to stir for 12 h at -10 °C to ensure full termination prior to
warming the polymer solution. A crude aliquot was then taken to de-
termine % monomer conversion by "H NMR (Fig. $28). The remaining
solution was warmed to room temperature, diluted with DCM, and
passed through a basic alumina column twice. The polymer solution
was concentrated slightly via rotary evaporation and precipitated in
MeOH. Dissolution and precipitation were done twice. The wet polymer
was dried under high vacuum for 12 h. This afforded 0.049 g (89.1%
recovery based off of a 56% conversion) of P3 as a colorless, gummy
solid.

3. Results and discussion

To understand the effects of allylic substituents on both the ROMP
thermodynamics and the regioselectivity of monomer insertion, four
monomers were synthesized through protection of 2CPOH with various
trialkylsilyl groups (Scheme 1). The resulting CP monomers, M1 — M4,
represent a diversified quantity of steric bulk on the allylic position. We
reported preliminary evidence that M2 results in better regioregularity
outcomes versus M1 [20], however, extending the suite of silyl pro-
tected monomers to M3 and M4 (which are both derived from readily
available trialkylchlorosilane precursors) will allow a more complete
elucidation of the governing impacts of these monomers with ROMP.
Furthermore, from these studies a “Goldilocks” monomer can be de-
termined that marries together the best option for both ROMP ther-
modynamics and regioregular insertion. NMR spectroscopy within the
supporting information confirms the successful synthesis and purifica-
tion of M1 and M2 in addition to new monomers M3 and M4 which are
also confirmed by high resolution mass spectrometry (HRMS). Densities
for all monomers at 23 * 1°C were also determined through the
gravimetric analysis of a volumetric pycnometer (Table 1).

3.1. Determination of thermodynamic values

The relationship between equilibrium monomer concentration,
[M]eq and T is provided in Eq. (2) through rearrangement of Eq. (1). VT
1H NMR allows the determination of [M]eq as a function of T through
comparative integration of the unique proton signals associated with
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Table 1
Thermodynamic and characterization data of monomer/polymer systems.
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D Monomer specifics Polymer specifics

pasc(@em™®) " [Mlpyy (mol ™1 —AH, (kJ mol™ )"  —AS, G mol ' K™ T¢ pui (C) M, (kg mol )¢ B°  HT (%)! trans (%)° T, Q) T4 (O
M1/P1 0.856 5.47 12.66 49.95 80 173.6 1.68 80.3 95.7 < —60 275
M2/P2 0.895 4.51 21.26 80.20 41 121.3 1.51 89.5 96.0 —-50 273
M3/P3 0.860 4.33 6.84 29.59 120 296.4 1.52 96.7 94.6 -4 265
M4/P4 0.887 3.69 n.d. n.d. n.d. 91.3 1.44 >99 95.5 —-11 340

@ Determined by pycnometry at 23 = 1°C.

> Determined by VT-'H NMR.

¢ Determined by SEC versus polystyrene standards.

4 Determined by 'H NMR using deconvolution of peaks analysis.
¢ Determined by '"H NMR using deconvolution of peaks analysis.
f Determined by DSC.

¢ Determined by TGA analysis at the point of 5% mass loss.

a) b) Fig. 1. Logarithmic equilibrium monomer con-
; y =-1522.2x +6.008 ; y = -2557.7x +9.646 centration as a function of inverse temperature
2 _. i 2 _ (between 10 and 25°C) for (a) M1
Ll R*=0.9997 LR RF=0,3936 (IM1o = 2.54 M), (b) M2 ([M], = 3.00M), and
1 -/ t — (&) M3 ([M], = 2.54 M) as determined by vari-
1.0 /Si\ —~ 1.0+ . si able temperature 'H NMR analysis using in-
T E Q—O = 1 \\ O/ bl tegration ratio comparison between the
S 0.9 4 . M © 0.9 . (M2) monomer and polymer olefin proton peaks. Each
é J \\\ (M1) é i Y experiment was performed in toluene-dg using
S 0.8 4 s S 0.8 . HG2 catalyst at 0.1 mol% of monomer. The
= i . ‘E‘ i \°\ linear regression equations provided were used
= 0.7 e = 07 . to determine AH, and AS;. (d) Equilibrium
' Tl ’ . monomer concentration as a function of tem-
1 T 1 _ Yo perature for M1 (triangles), M2 (circles), and M3
0.6 [A/I]g =254 M 0.6 [A/,]O =3.00M * (squares). Solid line traces represent the ceiling
T T T T T T T T temperature (T.) for each monomer based on
335 340 345 350 355 335 340 345 350 355 concentration as determined by the AH,, and AS,
T'x10°% (K'1) T'x10% (K'1) values provided by data in (a-c). Horizontal da-
shed lines represent the bulk monomer con-
C) d) centration of each monomer. The solid red box
. y =-823.5x +3.559 10 = columns outline the temperature and con-
1.1 R2 =0.9992 ] centration range where AH;, and AS, were de-
| ] ™ termined. (For interpretation of the references to
104 > / I, T s M colour in this figure legend, the reader is referred
= ~._/ iy f T S ok . to the web version of this article.)
I=he E: (M3) é fﬁ‘/-/
S08- = S? 1 -AH, | -AS,
— ] . = / (KJ/mol)|(J/ K mol)
<07 Tt o o ——M1 127 | 50
1 ] M2 21.3 | 80
0.6 [I\/I]0 =254 M ] —— M3 6.8 30
1 T " 1T 1 T T L BN BN B L B |
335 340 345 350 355 -50 -30 -10 10 30 50 70 90 110 130
T'x10° (K" T(°C)
monomer and polymer olefin signals (Figs. S7, S16, S27, S39) at a 1n[M],, = AH, AS,
specific T. Once equilibrium is established (i.e. the integration ratios no “I " RT R 2)

longer change) [M]. can be calculated for that T and the process is
repeated at a new T. This design of experiments was performed on M1 -
M4 in toluene-dg using HG2 catalyst at a 0.1 mol% ratio compared to
the initial moles of monomer. Equilibrium was monitored between 10
and 25°C at 5°C intervals starting from known initial monomer con-
centrations, [M]o, between 2.54 and 3.00 M. Logarithmic [M]. as a
function of inverse T is plotted for M1, M2, and M3 in Fig. 1 a-c, re-
spectively. A linear regression analysis of this data allows determina-
tion of AH,, and AS;, in accordance with Eq. (2) which are provided in
Table 1. M4, predicted to be the bulkiest monomer of the set, displayed
no conversion to polymer at even the coldest temperature (10 °C).

Monomer ring strain (— AH},) is often the parameter of focus for the
efficacy of ROMP and a survey of these values in Table 1 shows that M2
(21.3 kJ mol 1) is significantly higher than M1 (12.7 kJ mol ~ ') and M3
(6.8 kJmol ). By using AH,, alone, it would be concluded that M2 is
the most thermodynamically favorable monomer regardless of T.
However, when also factoring in experimentally determined (—AS;) to
the calculation of critical monomer concentrations at varying tem-
peratures, as shown in Fig. 1d, it becomes apparent that —AH,, alone
does not fully encapsulate the thermodynamics. In fact, the extra-
polated ceiling temperature of bulk monomer T pux of M3 (horizontal
dashed lines in Fig. 1d) is 120 °C, which is ~80 °C higher than T i of
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M2 (Table 1). This phenomenon draws directly from the differences in
—AS, between M2 (80Jmol 'K™!) and M3 (30Jmol 'K™!). In
other words, the entropic penalty for ROMP of M3 appears significantly
reduced. Although the exact reasoning warrants further investigation, it
may be hypothesized from the varying degrees of rotational entropy
that are gained in the ring-opened state by each specific monomer; each
serves to reduce the translational entropic penalty to varying degrees.
M1 exhibited an intermediate —AS,, (50 J mol~ 1K~ when compared
to M2 and M3 (Table 1).

Fig. 1d also provides a rational design blueprint for anticipated
monomer conversion of ROMP performed at various temperatures. The
solid line traces represent the lower limit of [M].q. Any conditions of
[M] and T below and to the right of these lines would not be expected to
produce polymer. Any conditions above/left of the lines (with an upper
limit of the dashed lines, [M]yu) would produce polymer until the
solid lines, [M].q, are reached. To test this, ROMP of M3 was performed
at —10°C with [M]o = 3.00M (see experimental). The resulting %
monomer conversion after was 56% (Fig. S28), which is close to the
theoretical value (49%) predicted from Fig. 1d.

3.2. Determination of regioregularity outcomes

The combination of 'H and *C NMR allows direct insight into the
microstructural regularity of the polymers produced. Specifically, me-
thine proton signals resulting from HT and HH regioisomers produce
unique shifts in 'H NMR that allow peak deconvolution analysis and
quantification of %HT and %trans content of the materials. Polymers
(P1 - P3) were produced from monomers (M1 — M3), respectively, at
cold temperature (—10 °C) and [M]o = 3.0 M. At these conditions, M4,
still did not produce polymer. Therefore we performed a final ROMP of
M4 in bulk (3.69M) at —10°C and found that ~14% monomer con-
version ([M]eq = 3.2M at —10 °C) was achieved under these conditions
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(Figure S40), providing enough polymer for analysis. It is clear, how-
ever, that M4 has the least favorable thermodynamics for ROMP. Fig. 2
displays the 'H NMR analysis of P1 — P4 in CDCl;. While the full
spectrum with annotated peaks are provided at the bottom of each
figure quadrant, the insets display zoomed in regions of interest for
microstructure determination. The olefin signal region between 5.2 and
5.8 ppm (blue dashed box) shows unique signals associated with the
trans-head-to-tail (t-HT) and cis-head-to-tail isomers in addition to the
expected splitting (doublet-of-doublets at ~5.40 ppm and doublet-of-
triplets at ~5.55 ppm) of the major ¢-HT signals for each polymer. More
importantly, the methine proton region between 3.75 and 4.50 ppm
(red solid boxes) display unique signals for both the ¢HT
(4.05-4.11ppm) and the trans-head-to-head (tHH) protons
(4.96-4.05 ppm) in addition to the (c-HT) signal. Although the t-HH
and t-HT are not fully resolved, a deconvolution of peak analysis allows
the approximate determination of the % HT content within the micro-
structure (Figs. S45 — S48) in addition to the overall % trans content.
These values are provided for P1-P4 in Table 1. While each polymer
contains approximately the same amount of trans isomers (95 + 1%),
the regioregularity outcomes are highly influenced by the sterics of
each monomer substituent. P1 and P2 contain HT regioregularity of
80.3 and 89.5% which is slightly improved for P1 (68%) and nearly the
same for P2 (92%) as our previous report [20]. However, P3 and P4
resulted in superior regioregularity of 96.7 and > 99% HT, respec-
tively.

The high degree of microstructural regularity displayed by these
systems can also be seen in *C NMR analysis (Fig. 3). The presence of
additional olefin carbon signals (dashed blue boxes, 129-135 ppm) and
methine signals (solid red boxes, 70-76 ppm), in addition to their re-
lative size, is a qualitative display of their regioirregularity. While these
signals are seen for P1 and P2, they are completely absent for highly
regioregular P3 and P4 within the limits of the signal-to-noise ratio.

Fig. 2. H NMR spectra (CDCl3, 25 °C) of (a) P1,
(b) P2, (¢) P3, and (d) P4 with chemical struc-
tures and peaks annotated. The dashed line
(blue) boxes surround the olefin proton region
which is amplified in the top inset of each plot.
The solid line (red) boxes surround the backbone

methine proton which is amplified in the bottom
inset of each plot. Peaks associated with trans

regioregular head-tail (+HT), cis regioregular
head-tail (c-HT), and trans head-head isomers (t-
HH) signals are annotated in each inset for the

corresponding proton peaks. (For interpretation

of the references to colour in this figure legend,

the reader is referred to the web version of this

article.)
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a ° e Fig. 3. *C NMR spectra (CDCl, 25 °C) of (a) P1,
b/ S (b) P2, (c) P3, and (d) P4 with chemical struc-
o) tures and peaks annotated. The dashed line

(blue) boxes surround the olefin carbon region
which is amplified in the left inset of each plot.
The solid line (red) boxes surround the backbone
methine carbon which is amplified in the right

inset of each plot. Regioregular head-tail (HT)
y/ isomer signals are only seen in P3 and P4 while
some head-head (HH) and tail-tail (TT) isomer

signals are seen in P1 and P2. (For interpretation
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Hence, °C NMR analysis is an effective method to qualitatively confirm
the regioregular outcomes concluded by 'H NMR analysis.

3.3. Other polymer characterizations

Size exclusion chromatography of each polymer in THF reveals
substantial molar masses (100 — 300 kg mol™ 1Y) and moderate dis-
persities, D, between 1.4 and 1.7 (Table 1). Based on the 500:1
monomer to catalyst ratios used, the resulting molar masses are much
higher than theoretical and suggest that initiation at —10 °C is much
slower than propagation. This outcomes agrees with similar cold in-
itiation problems displayed by Ru-based catalysts discussed in our
previous ROMP studies.* '3 It is possible that a variable temperature
ROMP'® may improve upon these outcomes, however, neither targeted
molar mass or narrow D are necessary for the purposes of this study.
The high molar masses do allow for accurate analysis of the glass
transition temperatures (Tg) of these polymers. DSC reveals an inter-
esting range of T, values that result from the different trialkylsiloxy
pendants on the polypentenamers (Figs. S11, S20, S32, S44). While P1
and P2 exhibit low T, (= —50°C), consistent with previous literature
[20], P3 and P4 display greatly increased values of —4 and —11 °C,
respectively (Table 1). These outcomes suggest that bulky allylic sub-
stituent not only modulate the regioregularity and ROMP thermo-
dynamics, but also the thermal properties of the resulting materials.
TGA analysis of the thermal decomposition temperature (Ty), taken at
the point of 5% mass loss, reveals a good thermal stability for these
systems (Table 1). While T4 for P1, P2, and P3, were between 265 and
275 °C, P4 had a much higher value of 340 °C. The reason for this en-
hanced thermal stability may possibly be attributed to the relative
stability of the triisopropylsiloxy (TIPS) group but may also be effected
by the extremely regioregular microstructure of P4 which has very few

olefins that contain the TIPS group on both sides of the olefin from a HH
regioisomer.

4. Conclusions

An in-depth study on the thermodynamics and microstructural
outcomes from ROMP of four different allylic trialkylsiloxy-substituted
cyclopentene monomers has been investigated. The order of calculated
[M]eq (mol L™1) at —10°C was determined to be M2 (0.93) < M1
(1.25) < M3 (1.53) < M4 (~3.2). However, due to slight differences
in [M]puk and significant differences in experimentally determined AS,
at similar concentrations, the bulk T, values follow a nearly opposite
trend (M3 (120°C) > M1 (80°C) > M2 (41°C). These outcomes
suggest that the complete thermodynamics with AS;, and not just ring
strain AH,, are important parameters that govern the successful ROMP
of low strain cyclopentenes at varying T. While all polymers produced
had a %trans olefin content of 95 + 1%, the steric bulk of the sub-
stituent had a great effect on the regioregularity. P1 had the lowest %
HT (~80%) while P4 had a near perfect regioregular structure (> 99%
HT). However, M4 was by far the worst monomer from a thermo-
dynamics approach and only reached 14% monomer conversion from
bulk at —10 °C. The regioregularity of P3 (~97% HT) was significantly
higher than P2 (~90% HT). Interestingly, the T, value of P3 (—4°C)
was also significantly higher than P2 (—50 °C). Therefore our search for
a “Goldilocks” monomer that produces both adequate thermodynamics
and superior levels of microstructural regularity concludes with the
discovery of a new monomer/polymer system, M3/P3, which satisfies
this criterion for future isotactic polypentenamer studies.
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