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Ring-opening metathesis polymerization (ROMP) is a powerful tool to produce various polymers with
diverse structures and functions, but its tacticity controllability, especially for enantio-pure monomers, is
relatively unexplored. The challenge lies in both the difficulty of achieving chiral monomers and the
control of head/tail regioselectivity during ROMP. We herein report the synthesis and application of
a sulfonamide derivative of commercial chiral Vince lactam. The easily available monomer showed
simultaneous living ROMP capability and tunable head/tail regioselectivity with commercial Ru-based
catalysts. More specifically, the use of the Grubbs' Il catalyst (Ru-3) gave rise to head-to-tail
regioselectivity, leading to isotactic “living” polymers. In contrast, the use of cyclometalated Ru-based
catalysts (Ru-4 and Ru-5) enabled the formation of head-to-head polymers, leading to syndiotactic
polymers. Detailed experimental and DFT studies suggest that the regioselectivity is dominated by the
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Introduction

Tacticity significantly influences polymer properties, including
thermal behavior, crystallinity, mechanical strength, and
dielectric performance.*” In conventional vinyl-addition poly-
merization, well-defined tacticity (i.e., isotactic or syndiotactic)
is achieved using prochiral vinyl monomers and stereo-
controlled catalysts. Alternatively, ring-opening polymerization
(ROP) enables the incorporation of stereocenters via cyclic
chiral monomers. During ROP, the inherent chirality of
monomers is directly translated into polymer tacticity, thereby
expanding the diversity of backbone chirality in synthetic
polymers.

Ring-opening metathesis polymerization (ROMP) is a unique
type of ROP that employs olefin metathesis reactions for ring-
opening.*” ROMP offers advantages including broad functional
group tolerance™®? and living polymerization characteristics for
precise structural control.'*™® While monomer diversity, cis/
trans-stereoselectivity, and head/tail-regioselectivity have been
extensively explored in ROMP,"* the studies about tacticity
control are mostly limited to symmetric monomers.>® For
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example, the pioneer work by Schrock,*** Grubbs,”® Ivin,>
Rooney,” Delaude,” and Noels* et al. systematically studied
the tacticity and cis/trans-selectivity control for monomers like
norbornene, norbornadiene, 7-oxanorbornene, exo,exo-2,3-
dicarbomethoxy-5-norbornene, and cyclopropene derivatives,
but only a few chiral norbornene derivatives were investigated
(Scheme 1).2* This is mostly because for normal norbornene
derivatives, it is extremely challenging to isolate or selectively
synthesize a single enantiomer out of at least four possible R/S
and endo/exo-isomers.>” For chiral norbornene monomers, as
the influence of cis/trans-selectivity can be eliminated upon
backbone hydrogenation, tacticity is governed by both mono-
mer chirality and head/tail regioselectivity (Scheme 1a).2%2*%°
For instance, even when using optically pure chiral monomers,
poor head/tail regioselectivity can result in atactic polymers,
leading to a waste of chirality. In comparison to Ru-based
catalysts, Mo- and W-based catalysts are more prevalent for
tacticity control in ROMP, likely due to the high rotational
barriers of their carbene species, which provide the steric
constraints necessary for stereo-control during polymeriza-
tion.**> However, the air and moisture sensitivity issues of Mo-
and W-based carbene -catalysts restrict their widespread
application.***

There are a limited number of examples using chiral cyclic
alkene monomers to produce isotactic polymers from Ru-
catalyzed ROMP reactions (Scheme 1b). For example, Hillmyer
and coworkers reported that chiral 3-substituted cyclooctene,
synthesized through Pd-catalyzed kinetic resolution of allylic
nucleophilic substitution, undergoes ROMP with high head-to-
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a) ROMP of chiral monomers with high head-to-tail (HT) or head-to-head (HH) regioselectivity
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Scheme 1

(a) ROMP of chiral monomers with high HT or HH regioselectivity, leading to isotactic and syndiotactic polymers after hydrogenation,

respectively. (b) Representative chiral monomers for regioselective ROMP and their comparison. Abbreviations: ROMP: ring-opening metathesis
polymerization; HT: head-to-tail; HH: head-to-head; S. M.: starting material.

tail (HT) and trans-selectivity using the Grubbs second-
generation catalyst (Ru-2 in Scheme 2). Subsequent hydroge-
nation yielded isotactic poly(ethylene-co-ethyl acetate) (EVA),
exhibiting a substantially higher melting temperature (7,,) and
crystallinity compared to commercial EVA produced by radical
copolymerization.***” Similar chiral polymers can also be made
from chiral 3-substituted cyclopentene.*® However, these poly-
merizations often exhibit broad molecular weight distributions
due to chain transfer. More recently, 3-pinene, a bio-derived
chiral monomer, has emerged as the only known monomer
capable of achieving living polymerization with the Grubbs
third-generation catalyst (Ru-3 in Scheme 2), while maintaining
high trans- and HT-selectivity.* Nevertheless, its low ring strain

a) The synthesis and structures of monomers

([3.1.1] bicyclic structure) and significant steric hindrance result
in slow polymerization kinetics, and its copolymerization
potential remains largely unexplored.

Notably, Vince lactam, a [2.2.1]-bicyclic strained alkene
structurally analogous to norbornene, is commercially available
in both enantiomeric forms as a key pharmaceutical reagent.*’
Its lactam moiety can be readily functionalized to generate
chiral monomers suitable for ROMP. Buchmeiser and
coworkers demonstrated that ROMP of (+)-Vince lactam and its
derivatives proceeds with high regio- and stereoselectivity only
when using Mo-, W-, or cyclometalated Ru-based initiators,
whereas the use of Ru-3 yielded atactic polymers.** The authors
revealed tunable regioselectivity, in which HT selectivity from
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Scheme 2 (a) The synthesis and structures of monomers; (b) Ru-based catalysts used in this work.
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Mo catalysts and head-to-head (HH) selectivity from W catalysts.
However, the resulting polymers exhibit poor molecular weight
control and inability for hydrogenation due to limited solubility
(restricted to organic acids), and thus their microstructure-
property relationships remain poorly understood. In this work,
we present a two-step derivatization of Vince lactam to synthe-
size substituted chiral aza-norbornene monomers capable of
living ROMP using commercially available Ru catalysts (Scheme
1b). Intriguingly, we observed tunable HT and HH regio-
selectivity from Ru-3 and cyclometalated Ru catalysts, respec-
tively. Both experimental and density functional theory (DFT)
calculations support a chain-end-control model for high regio-
selectivity.*> This approach enables the synthesis of structurally
precise polymers and provides a platform to systematically
investigate how monomer functionality and catalyst selection
dictate the microstructure. Moreover, the achieved stereo-
control allows for probing the effects of tacticity in these
novel poly(aza-norbornene) derivatives on crystallization and
dielectric properties post-hydrogenation.

Results and discussion

It is hypothesized that the carbonyl group in Vince lactam leads
to unwanted chelation with catalysts, and thus, we first tried to
move the carbonyl group out of the bicyclic structure. The
commercial (—)-Vince lactam was reduced by lithium
aluminum hydride (LiAlH,) to yield a chiral secondary amine,
which was then reacted with di-tert-butyl dicarbonate (Boc,0) to
synthesize a Boc-protected monomer, tert-butyl (1R,4S)-2-
azabicyclo[2.2.1]hept-5-ene-2-carboxylate (abbreviated as R-M1),
in a two-step reaction (Scheme 2a). Its polymerization was
carried out using Ru-3 as the catalyst with a feeding ratio of R-
M1 :Ru-3 = 500: 1 in tetrahydrofuran (THF) as the solvent at 25
°C. However, the monomer conversion was unable to exceed
76%. Subsequently, we decided to replace the carbonyl group
with a sulfonyl group, and a series of sulfonamide-substituted
chiral aza-norbornene monomers were synthesized (R-M2, R-
M3, and R-M4 in Scheme 2a).

The polymerization of monomers R-M2 and R-M3 with Ru-3
can be performed in dichloromethane (DCM), but the resulting
polymers P-R2-Ru3 (represents the polymer made from R-M2
with Ru-3) and P-R3-Ru3 (represents the polymer made from R-
M3 with Ru-3) were insoluble in THF. In contrast, the homo-
polymer from R-M4 with isopropyl groups (P-R4-Ru3) has good
solubility in both DCM and THF, making it easier to be analyzed
by gel permeation chromatography (GPC). It is speculated that
the bulky isopropyl group reduced the m-m stacking interac-
tions of the aromatic rings in the polymer, thereby increasing
the polymer's solubility.** When the feeding ratio of R-M4 : Ru-3
was set to be 500:1, complete monomer conversion was ach-
ieved within 30 minutes. We then characterized the structure of
the three corresponding polymers by nuclear magnetic reso-
nance (NMR). As shown in Fig. S1, the polymer derived from the
isopropyl-substituted R-M4 exhibited obviously clearer proton
signals than the other two, indicating that the bulky substituent
promotes a more ordered microstructure in the polymer, which
is consistent with previous reports.**** In summary, the bulky

© 2025 The Author(s). Published by the Royal Society of Chemistry
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substituents on the sulfonamide monomers not only enhance
the solubility of the polymer in solvents such as THF, but also
facilitate the formation of a more regular microstructure in the
polymer.

The homopolymerization of R-M4 initiated by various Ru
catalysts (Scheme 2b) was then systematically investigated. The
monomer-to-initiator ratio was set at 500 : 1 for Ru-1, Ru-2, and
Ru-3, while a ratio of 50 : 1 was employed for the cyclometalated
Ru catalysts, Ru-4 (commercially available) and Ru-5 (prepared
according to the literature*®). We found that the "H NMR spectra
of the polymers P-R4-Ru2 and P-R4-Ru3, initiated by Ru-2 and
Ru-3, were nearly identical (Fig. 1), while the '"H NMR spectra of
the polymers obtained with the cyclometalated Ru catalysts (Ru-
4 and Ru-5) were completely different (Fig. 1). Although the
chemical shifts of the olefinic protons (6 = 5.4-5.0 ppm) in all
polymers were similar, only the polymers obtained with Ru-1,
Ru-2, and Ru-3 exhibited peaks at ¢ = 4.82 ppm, 3.22 ppm,
2.37 ppm, and 1.44 ppm (highlighted in red in Fig. 1), while only
the polymers obtained with Ru-1, Ru-4, and Ru-5 showed peaks
at 6 = 4.28 ppm and 1.97 ppm (highlighted in blue in Fig. 1).
Products from Ru-4 and Ru-5 also had peaks around 2.98 ppm.
The corresponding *C NMR spectra (Fig. S2) further revealed
distinct chemical shifts between the polymers P-R4-Ru3 and P-
R4-Ru5. P-R4-Ru3 lacked a peak at 6 = 60.0 ppm, proving that
the structures of the polymers obtained with Ru-2/Ru-3 and Ru-
5 are completely different. The polymer P-R4-Rul initiated by
Ru-1 displayed NMR peaks corresponding to both of the
aforementioned P-R4-Ru3 and P-R4-Ru5, confirming that it
likely contained the complicated sequence of HT and HH-TT
connections and cis/trans-isomers. More interestingly, although
P-R4-Ru3 and P-R4-Ru5 were polymerized from the same opti-
cally pure monomer R-M4, their optical rotation values were
opposite. The specific rotation of P-R4-Ru3 was determined to
be +30° mL g ' dm ™" (5 mg mL ™" in chloroform), while that of
P-R4-Ru5 was —29° mL g~ ' dm™". This further confirms the
structural differences between P-R4-Ru3 and P-R4-Ru5.

In order to illustrate the potential head-/tail-based regio-
isomers and cis-/trans-based stereoisomers, we further
analyzed the structures of P-R4-Ru3 and P-R4-Ru5 by two-
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Fig.1 'H NMR spectra of P-R4-Rul, P-R4-Ru2, P-R4-Ru3, P-R4-Ru4,
and P-R4-Ru5 (from top to bottom).
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dimensional (2D)-NMR and Fourier transform infrared (FT-IR)
spectroscopy to determine the precise structure of the poly-
mers. "H-"H COSY was used to determine whether there was
any coupling of the protons on the backbone alkenes. If the
alkenes in the main chain are HH/TT-connected, the two sets of
alkenes are symmetric, thus showing only two separate signals.
If the alkenes are HT-connected, the two protons on the olefin
will show strong coupling. The "H-'H COSY of P-R4-Ru3
(Fig. 2a) shows coupling of olefinic protons, confirming that
P-R4-Ru3 is the HT product. The "H-"H COSY of P-R4-Ru5
(Fig. 2b) shows no coupling of the protons on the olefin, indi-
cating that the alkene is connected in the HH/TT manner. Based
on the above analysis, we further hypothesize that the head-to-
tail linkage in P-R4-Ru4 is identical to that in P-R4-Ru5,
differing only in the cis/trans configuration. The "H-'"H COSY
of P-R4-Rud4 (Fig. S41) shows no coupling of the olefinic protons,
which confirms that the double bonds in P-R4-Ru4 are con-
nected in the HH/TT manner. Moreover, based on the 'H-'H
COSY and 'H-"C HSQC assignments of P-R4-Ru5 (Fig. $3), we
observed that the peak at 6 = 59.8 ppm in the **C NMR corre-
sponds to the methine carbon adjacent to the nitrogen, which is
a distinct peak indicative of the HH/TT-connection (Fig. S2).
Thus, based on the combined NMR analysis, P-R4-Ru2 and P-
R4-Ru3 exhibited perfect HT regioselectivity, while the polymers
obtained with Ru-4 and Ru-5 showed excellent HH/TT regio-
selectivity. Similar regioselectivity was achieved when changing
the substrates to R-M2 and R-M3 (Fig. S48-S52). Although it is
well-established that the cyclometalated Ru catalysts favor the
formation of cis-alkenes during metathesis, this is the first time
that their distinct ROMP head/tail regioselectivity has been
observed in comparison to the Grubbs' series catalysts.

The next step is to reveal the olefin configuration in the
polymer backbones. The peaks in the "H NMR spectrum of P-
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R4-Ru3 were assigned according to 'H-'H COSY. Over-
saturation of the allylic protons was able to show the coupling
constant of the olefinic protons to be around 10.2 Hz (Fig. S4),
indicating cis-alkene configuration. However, in HH-polymer P-
R4-Ru5, the two sets of olefinic protons do not couple, making it
impossible to determine the alkene configuration from NMR
analysis. As cyclometalated Ru-4 and Ru-5 are commonly used
as cis-selective catalysts®***~** and similar cyclometalated Ru
catalysts have also been reported to produce cis products in the
polymerization of Vince lactam derivatives,* we hypothesize
that the alkenes in P-R4-Ru5 are mainly in the cis configuration.
The cis-selectivity for the Ru-4 catalyst is poorer than that for Ru-
5 according to their "H NMR comparison (Fig. 1). The FT-IR
spectra of P-R4-Ru3, P-R4-Ru4, and P-R4-Ru5 were then
compared (Fig. S5). Consistent with previous literature,**>> the
cis and trans alkenes of polynorbornenes show clear differences
in the FT-IR absorption near 700 cm ', confirming that the
alkenes in P-R4-Ru3 and P-R4-Ru5 are primarily cis, while the
absorption at 1026-949 cm™ ' corresponds to a characteristic
peak for the head-to-head/tail-to-tail linkage (Fig. S5).

In order to reveal why the two different types of Ru-based
catalysts gave high but opposite head/tail regioselectivity, both
model metathesis experiments and DFT calculations were per-
formed. Regio- or stereo-selectivity control in chain-growth
polymerization is usually achieved via two mechanisms: the
chain-end-control (CEC) model, in which the last-inserted
monomer determines the selectivity for the next insertion,
and the enantiomorphic-site-control (ESC) model, in which the
chirality of the catalyst determines the selectivity.** As none of
the Ru-based catalysts used in this work is enantiomerically
pure, it is more likely to be controlled through a CEC mecha-
nism. Therefore, a ring-opening metathesis (ROM) model
reaction was designed involving R-M4, 4-methoxystyrene, and
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Fig.2 (a) Partial zoom-in of *H-"H COSY spectra of P-R4-Ru3 and (b) P-R4-Ru5 to show the distinct regioselectivity. (c) Stacked *H NMR spectra

of P-R4-Ru3 (top) and P-R4-Ru5 (bottom) with peak assignments.
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the Ru-3 catalyst. It is assumed that if the regioselectivity was
controlled by the CEC mechanism, the ROM process would
show no regioselectivity, and vice versa. The involvement of the
methoxy group was to assist NMR peak assignment, and the
results clearly showed that all four possible stereoisomers were
produced in nearly identical amounts (Scheme 3a and Fig. S6).
The DFT calculation for the first metathesis step also revealed
similar energy barriers for all four isomers (AG* = 12.4-15.1
kecal mol ™" calculated from Ru-3, Fig. S7**), suggesting a non-
selective metathesis when the carbene was connected with
a phenyl group.

The energy barriers became significantly different when the
carbene was changed to the ring-opened R-M4 (Scheme 3b left).
The cis-configuration was selected as the representative model
for downstream DFT calculations. When Ru-3 was connected
with R-M4 through the head configuration (the nitrogen
substituent is close to the carbene), the sequential cycloaddi-
tion favored the HT-connection over the HH-connection by
AAG* = 6.8 kecal mol . Similarly, if the initial Ru-3 connected
with R-M4 via the tail (the nitrogen substituent is far from the
carbene), the following TH-connection is favored by AAG* = 7.8
kcal mol " over the TT-connection (see Fig. S8 for more details).
Therefore, no matter which regio-isomer is produced from the

a) Ring-opening metathesis of R-M4 with 4-methoxystyrene
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Ru-3-derived carbene, the incoming monomer will favor the
formation of an HT-connection, which matches with the CEC
mechanism. This is likely caused by the chiral environment
around the Ru center after the chiral monomer insertion. In
contrast, the cyclometalated ligands and the nitrate anions in
Ru-4 catalysts promote the side-bound approach and the
opposite HH-TT selectivity,>****>* as HH is favored over HT by
AAG* = 7.5 keal mol %, and TT is favored over TH by AAG* = 7.2
kcal mol " (Scheme 3b, right and Fig. S9). All these trends are
far beyond DFT prediction errors of relative barrier heights>
and are perfectly consistent with the experimental results. It is
noteworthy that the absolute values for the metathesis energy
and barriers of AG and AG* are all relatively low throughout the
DFT calculation (<16 kcal mol™"), which likely results from the
high ring strain of the [2.2.1]-bicyclic R-M4 monomer and
agrees well with the fast room-temperature ROMP that we
experimentally observed.

Next, a systematic analysis of the homopolymerization of R-
M4 under various conditions was conducted (Table 1). The
calculation method of the cis-selective proportion in the poly-
mer can be found in the SI (Fig. $10). When the feeding ratio of
M:I was 500:1, the polymerization using catalyst Ru-1 was
slower than that using Ru-2 and Ru-3 (Table 1, entries 1-3).
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(a) Ring-opening metathesis of R-M4 and 4-methoxystyrene; (b) DFT calculation for the Ru-3 and Ru-4 initiated regioselective

metathesis. Free energies (kcal mol™) were obtained at the M06(D3)/def2 TVZPP/PCM(THF)//BP86(D3)/def2-SVP level. NHC = 1,3-di-

mesitylimidazol-2-ylidene. See S| Fig. S7-S9 for more details.
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Table 1 Homopolymerization conditions for the monomer R-M4¢
iPr: iPr =[=1, g=]=
Q Ru cat. O .
N’S\\ solvent, Temp, N\S,’
. 7,
LE/ O Pr o Ar
Entry M:I Catalyst [M]/M  Solvent  Temp./°C  Time/h  M,meo /kDa  M,’/kDa PP Yield/%  Cis‘%  HT/HH?
1 500:1 Ru-1 0.1 DCM 25 3 179.0 150.2 1.15 99 — —
2 500:1 Ru-2 0.1 DCM 25 1 179.0 834.9 1.97 99 76 HT
3 500:1 Ru-3 0.1 DCM 25 0.5 179.0 231.2 1.03 99 76 HT
4 50:1 Ru-4 0.2 THF 25 12 17.9 213.3 2.40 99 — HH
5 50:1 Ru-4 0.2 THF 0 12 17.9 436.1 2.21 99 — HH
6 50:1 Ru-5 0.2 THF 25 12 17.9 103.9 2.68 99 85 HH
7 50:1 Ru-5 0.2 THF 0 24 13.9 179.3 2.42 77 93 HH
8 500:1 Ru-3 1.0 DCM 25 0.5 179.0 260.3 1.03 99 74 HT
9 500:1 Ru-3 0.1 DCM 40 0.5 179.0 253.0 1.04 99 75 HT
10 500:1 Ru-3 0.1 DCM 0 2 157.3 173.3 1.03 87 74 HT
11 500:1 Ru-3 0.1 THF 25 0.5 179.0 213.2 1.05 99 84 HT
12 500:1 Ru-3 0.1 THF 0 2 179.0 169.8 1.03 99 82 HT
13 500:1 Ru-3 0.1 Toluene 25 0.5 179.0 210.7 1.03 99 85 HT

“ Reactions were run at a 0.1 mmol scale under an N, atmosphere. ” Determined by GPC with a Refractive Index (RI) detector. ¢ Determined by *H
NMR analysis. See the SI (Fig. $10) for more details. When using Ru-1 and Ru-4, the "H NMR spectra of the polymers were too broad to enable
accurate assignment or integration, so the numbers were not listed. ¢ Determined by NMR analysis.

Although the selectivity of Ru-1 was poor, its molecular weight
(M) and dispersity (P) were well-controlled. The polymer ob-
tained with Ru-2 had a high molecular weight of 834.9 kDa and
a broad molecular weight distribution (b = 1.97), likely due to
incomplete initiation. The polymer produced with Ru-3 showed
excellent molecular weight distribution control (B = 1.03).
Despite the differences in M,, and b, the cis-selectivity and HT
linkage of polymers from Ru-2 and Ru-3 were identical,
demonstrating that the control of the polymer's regioselectivity
likely depends on the N-heterocyclic carbene (NHC) ligand of
the Ru catalyst. Solvent screening revealed that DCM gave the
best molecular weight distribution control, but the lowest cis-
selectivity (Table 1, entries 3, 11, and 13). In THF and toluene,
the cis-selectivity reached ~85%. Lowering the reaction
temperatures would slow down the propagation rates, while the
reaction temperature and concentration had little effect on the
polymer's M, D, or cis-selectivity (Table 1, entries 3, 8-12) for
Ru-3 catalyzed polymerization.

In contrast, when using cyclometalated Ru-4 and Ru-5 cata-
lysts, the polymerization rate was significantly slower with
worse molecular weight control (Table 1, entries 4-7), likely due
to the inherently slower initiation rates.'*****” Although
reducing reaction temperature was detrimental to the monomer
conversion, it improved the polymer's M, reduced D, and
significantly enhanced cis-selectivity (Table 1, entries 4-7). The
cis-selectivity of P-R4-Ru5 increased from 85% at 25 °C to 93% at
0 °C, possibly because low temperature helps slow down the
rate of carbene epimerization.”” Further investigation by "H
NMR and 'H-'H COSY assignments revealed that the cis-
selectivity of the less sterically hindered alkenes in P-R4-Ru4
and P-R4-Ru5 increased upon cooling (Fig. S11 and S12). In
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summary, for Ru-3 catalyzed HT-polymerization of R-M4, the
solvent has the greatest influence on cis-selectivity, whereas for
cyclometalated Ru-catalysts, lowering the temperature improves
cis-selectivity during the HH-polymerization process.

The controlled characteristics of the ROMP of R-M4 initiated
by Ru-3 were evaluated. M, increased with the [M]: [I] feeding
ratio, and P remained below 1.1, confirming the living nature of
the polymerization (Fig. 3a). Subsequently, polymerization was
conducted with reduced catalyst loading (Table S1). When the
feeding ratio was 1000: 1 (Table S1, entry 1), the polymer's M,
was 490.5 kDa, and P was controlled to be 1.08. When the
feeding ratio was further increased to 5000:1, additional 3-
bromopyridine was added to stabilize the active center (Table
S1, entries 2-4). The M,, reached up to 1404.1 kDa with a b of
1.58. The catalyst molar ratio was successfully reduced to as low
as 20 ppm of the monomer ([M]:[I] = 50 000: 1, Table S1, entry
5), while maintaining a conversion of 99%. However, the
formation of ultrahigh molecular weight polymers rendered the
product insoluble for GPC analysis. The polymerization of R-M4
initiated by Ru-3 was also monitored by iz situ "H NMR analysis
under a monomer concentration of 0.1 M in chloroform-d with
a feeding ratio of 5000:1. A conversion of 95% was achieved
within only 30 minutes (Fig. 3b). A logarithmic plot of monomer
conversion versus time was constructed (Fig. S13a), showing
a linear relationship between In[M,/M] and time, indicating that
the polymerization follows a first-order kinetics reaction. Thus,
the Ru-3-catalyzed ROMP of R-M4 is rapid and living, which is
very similar to the commonly used exo-diimide-norbornene
ROMP monomers,' while R-M4 herein gave chiral and
isotactic polymers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Plots of P-R4-Ru3's number average molecular weight versus the monomer-to-(Ru-3) ratio. (b) First-order kinetic profiles for R-M4

obtained by plotting In[Mg/M] vs. time.

Due to the living polymerization of R-M4 initiated by Ru-3,
block copolymers can be easily synthesized. For example,
copolymerization of the exo-diimide-norbornene derivative with
R-M4 gave block copolymers with D = 1.05 (Fig. S14), no matter
which monomer was first added. 8-Pinene, which is another
chiral monomer that can undergo regioselective living poly-
merization using the Ru-3 catalyst,*® was then copolymerized
with R-M4 (Fig. 4). Notably, even when 3-pinene, R-M4, and Ru-3
were mixed in one pot, the product had a block architecture,
likely owing to the significant different polymerization rates.
The "H NMR spectrum was identical to that of the polymer
synthesized by sequentially adding d-pinene and R-M4 (Fig. 4c).

GPC analysis of both copolymers showed a monomodal distri-
bution with # = 1.28 (Fig. 4b), and DSC analysis revealed two
distinct glass transition temperatures (Ty) (Fig. S15b), further
confirming its block copolymer structure. Compared to the
sequential addition method for preparing block copolymers,
the one-pot approach eliminates the need for additional
monomer additions, separations, and purifications, thereby
simplifying the process.**® An attempt was also made to copo-
lymerize R-M4 with 2,3-dihydrofuran (DHF). It is hypothesized
that the high ring strain of R-M4 should enable its successful
copolymerization to produce a degradable chiral polymer,>**
outperforming the low-ring-strain chiral ROMP monomers in

iPr

5Pinene _04 iPr :{:O 100
(100 equiv) (100 equiv) N\ o
_S”
O 1ipp PsP-b-PR4
Ru-3 iPr iPr .
0\\]@( %) o
; - * :{: .~‘:}:b /\ 100
o P . 100
iPr SPinene
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O " 1ipp PsP-co-PR4
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b) ©) | PsP-b-PR4 ‘ |
1200d =" P3P-6-PR4 ‘
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2075 * | 1 b nﬁ\”.‘
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Fig. 4
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(a) Synthesis route of sequential addition and one-pot addition block copolymers of 8-pinene and R-M4, forming P3P-b-PR4 and P3P-

co-PR4, respectively. (b) GPC traces of P5P-b-PR4 and P3P-co-PR4. (c) Stacked 'H NMR spectra of P5P-b-PR4 and P3P-co-PR4.
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Table 2 Polymerization and hydrogenation of R-M4 or M4 homopolymers®
W(m Wso +¢‘-©~“\ = O:‘\\ghso B O:‘:};O
N, O N, O N N, O N O N N_ O
S S miee 7S > 1ipe 570 S A
O TIPP o \TIPP (6] \TIPP PPIT O o TIPP
atactic HT, atactic HT, isotactic TT, syndiotactic
HP-4-Ru1 HP-4-Ru3 HP-R4-Ru3 HP-R4-Ru4
Before hydrogenation After hydrogenation

Polymers Initiator M]: 1] M,/kDa‘“ pe Yield/% T,°/°C M,/kDa’ pe HD/% Ty°/°C T‘/°C
HP-4-Rul Ru-1 300:1 89.8 1.04 99 133.9 90.7 1.12 99 117.6 n. d.
HP-4-Ru3 Ru-3 300:1 98.5 1.02 99 135.5 91.3 1.22 97 116.0 n. d.
HP-R4-Ru3 Ru-3 300:1 89.9 1.02 99 119.4 102.9 1.11 96 115.5 n. d.
HP-R4-Ru4? Ru-4 100:1 581.7 1.66 99 137.5 243.2 1.95 87 285.7 122.4

“ Reactions were run in dry DCM under a N, atmosphere. n. d. = not detected. ® Solvent is dry THF. ¢ Determined by GPC with a RI detector. ¢ HD is
the degree of hydrogenation of the alkenes in the polymer and determined by "H NMR. ¢ T, and T,,, were determined from the second heating DSC

traces.

previous reports.®> Although the copolymer was successfully
prepared with a high molecular weight and high DHF incor-
poration ratio, the head/tail regioselectivity was completely lost
(Fig. S16). After acidic hydrolysis, the resultant fragments were
complicated mixtures containing diverse regio- and stereoiso-
mers. This evidence again supports the proposed CEC model for
regioselectivity control, as the DHF-derived Fischer carbene is
unable to direct selective metathesis with the chiral R-M4
monomer.

Subsequently, another chiral monomer, S-M4, was synthe-
sized from the other enantiomer of Vince lactam. We aimed to
adjust the optical purity of the Ru-3 catalyzed HT-polymer by
varying the feeding ratio of R-M4 to S-M4, aiming to modify the
stereoregularity while maintaining excellent HT regioselectivity.
As shown in Fig. S17, when both monomers were co-
polymerized (R-M4:5-M4:Ru-3 = 350:150:1 or 250:250:1),
the 'H NMR spectra became more complex, indicating
a reduction in structural regularity. Nevertheless, compared to
the NMR spectrum of P-R4-Ru5, the mixed-feed polymer did not
exhibit distinct peaks at 2.98 ppm and 1.98 ppm (highlighted in
red in Fig. S17), suggesting that adjusting the optical purity of
the monomer affected only the stereoregularity of the polymer,
instead of HT regioselectivity. The absence of the representative
peak at 60.0 ppm in the *C NMR of P-4-Ru3 further confirmed
that the polymer predominantly contained HT-linked alkenes
(Fig. S18). These findings demonstrate that modifying the
optical purity of the monomers effectively regulates stereoreg-
ularity while preserving regioselectivity.

The impact of regioselectivity on the microstructures and
thermal properties was analyzed by X-ray scattering and differ-
ential scanning calorimetry (DSC) techniques, respectively, for
P-R4-Ru3 (HT selectivity) and P-R4-Ru5 (HH selectivity). Both
polymers exhibited amorphous characteristics, with no distinct
exothermic crystallization or endothermic melting peaks
observed (Fig. 520). The glass transition temperature (T) values
of P-R4-Ru3 (M, = 213.2 kDa) and P-R4-Ru5 (M,, = 103.9 kDa)
were 128.2 °C and 133.6 °C, respectively. The P-R4-Ru5 polymer
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had a lower molecular weight yet higher T,, unambiguously
suggesting the positive influence of HH/TT regioselectivity on
T,. In small angle X-ray scattering (SAXS) analysis, the scattering
intensity (I) versus scattering vector (g) curves at room temper-
ature (~20 °C) showed no scattering peaks (Fig. S21), further
confirming the amorphous structures.

The alkenes present in the main chains of the aforemen-
tioned polymers not only influence their fundamental proper-
ties, such as thermal stability and mechanical performance,*
but also constrain molecular chain mobility. This restriction
impedes the formation of more ordered structures, thereby
limiting the extent to which regioselectivity and tacticity affect
the tertiary structure and macroscopic properties of the poly-
mers. To further elucidate the influences of chiral monomers
and regioselectivity on polymer properties, we select four
representative polymers (P-4-Rul, P-R4-Ru3, P-R4-Ru4, and P-4-
Ru3) for backbone hydrogenation. Specifically, P-4-Rul was
synthesized via the polymerization of the racemic monomer M4
(R-M4:S-M4:Ru-1 = 150:150:1) initiated by Ru-1, yielding
a completely atactic and non-regioselective polymer. After
hydrogenation, HP-4-Ru1, HP-4-Ru3, HP-R4-Ru3, and HP-R4-
Ru4 were produced, with pre- and post-hydrogenation data
shown in Table 2. The hydrogenation degree (HD) of P-R4-Ru4
reached only 87%, likely because the alkene at the head-head
connection was too crowded to be efficiently hydrogenated. In
the FT-IR spectra of the four hydrogenated polymers (Fig. S22),
distinct absorption peaks in the fingerprint region confirm their
structural differences.

A comparison of DSC curves before and after hydrogenation
(Fig. 5 and S23) further highlights the impact of hydrogenation
on the material structure. In the first heating cycle (Fig. S23a),
HP-4-Rul, HP-R4-Ru3, and HP-R4-Ru4 exhibit pronounced
endothermic peaks above T,, with HP-R4-Ru3 displaying the
most well-defined peak, suggesting a transition from an amor-
phous to a semicrystalline state upon hydrogenation. Notably,
as regioselectivity shifts from HT to HH, the endothermic peak
temperature increases from 241.7 °C (HP-R4-Ru3) to 281.7 °C

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Comparison of DSC second heating curves before and after hydrogenation of P-R4-Ru3, P-R4-Ru4, P-R4-Rul, and P-4-Ru3. (b)

Comparison of WAXD curves recorded at room temperature (ca. 20 °C) of thin films of HP-R4-Ru3, HP-R4-Ru4, HP-4-Rul, and P-4-Ru3 after

hot pressing.

(HP-R4-Ru4). This rise in melting temperature may result from
either polymorphism, where different crystal phases formed at
different conditions exhibit distinct melting points due to
variations in molecular chain arrangement, or differences in
lamellar thickness within the same crystal form, with greater
lamellar thickness leading to a higher melting temperature
according to the Gibbs-Thomson equation. For HP-4-Rul,
which lacks regioselectivity, an endothermic event is observed
above 220 °C. However, due to the polymer's thermal decom-
position limit, the DSC signals above 300 °C are unable to be
measured. In the subsequent cooling cycle (Fig. S23b), only HP-
R4-Ru4 exhibits a distinct crystallization exothermic peak (7. =
207.9 °C), indicating superior crystallization ability compared to
the other polymers. This is further confirmed by the second
heating curve (Fig. 5a), where HP-R4-Ru4 alone presents a crys-
tallization melting peak (7., = 285.9 °C). The absence of crys-
tallization exothermic or endothermic peaks in HP-4-Ru1, HP-4-
Ru3 and HP-R4-Ru3 (Fig. S23b and 5a) may be attributed to the
rapid cooling rate (20 °C min~"), which hinders molecular
chain alignment. Consequently, only a limited number of
molecular chains are involved in crystallization, resulting in
a lower degree of crystallinity characterized by a small peak area
and a wider half-height width that is difficult to recognize.
Additionally, the second heating curve reveals that hydrogena-
tion lowers the T, values of these polymers (Table 2).

To clarify whether hydrogenation influences the micro-
structure of the material, we analyzed the crystalline structure
using wide-angle X-ray diffraction (WAXD) and SAXS. The
WAXD patterns (Fig. 5b) show multiple diffraction peaks for the
regioselective products HP-R4-Ru3 and HP-R4-Ru4, with
distinct peak positions, indicating that the differences between
HT and HH regioselectivity alter the lattice structure, leading to
distinct crystal forms. This also accounts for the variation in

© 2025 The Author(s). Published by the Royal Society of Chemistry

crystal melting temperatures observed in the DSC first heating
curves (Fig. S23a). Notably, the diffraction peak area of HP-R4-
Ru4 represents a larger proportion of the total areas below the
curve, suggesting a higher degree of crystallinity. In contrast,
HP-4-Rul (lacking regioselectivity) and HP-4-Ru3 (HT regio-
selectivity) exhibited no diffraction peaks in either the WAXD or
SAXS curves, underscoring the critical role of the chiral mono-
mer in crystallization. Among the four samples, only HP-R4-Ru3
displayed a scattering peak in the SAXS curve (Fig. S24). The
corresponding peak position at gmax ~ 0.06 A" yields a lamellar
long period of 10.5 nm, comparable to values typical of poly-
olefins.* Surprisingly, despite its crystalline nature, HP-R4-Ru4
showed no SAXS scattering peak. This may be attributed to
differences in its lowest hydrogenation degree (HD of 87% in
Table 2, entry 4). The residual alkenes likely disrupt molecular
mobility, hindering ordered packing and introducing defects in
the crystalline structure, thereby reducing overall crystallinity
and preventing SAXS peak formation. Further investigation is
required to determine whether hydrogenation degree influ-
ences the crystalline structure of polynorbornenes, potentially
promoting the formation of small-scale crystal domains and
inhibiting larger-scale periodic structures.

In dielectric polymers, dielectric properties arise from the
multi-level polarization of molecular chains under an applied
electric field.®**” At the molecular scale, the dipole moment of
a repeating unit is dictated by the structure of its substituents,
while at a larger scale, factors such as stereochemical configu-
ration, segmental mobility, and structural regularity influence
the net dipole moment.**® For example, Hao demonstrated
that vicinal polydichloronorbornene (PDCNB) exhibits distinct
dielectric properties due to stereoisomerism, where exo-PDCNB
shows higher charge-discharge efficiency, while endo-PDCNB
exhibits greater dielectric breakdown strength.®® The polymers
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synthesized in this study enable precise control over regio-
selectivity through monomer and catalyst selection and form
crystalline structures upon hydrogenation. These microstruc-
tural variations are expected to influence macroscopic dielectric
performance. By comparing dielectric properties across
different temperatures, we aim to elucidate the relationship
between the polymer microstructure and dielectric behavior.
For variable-temperature dielectric testing, thin films were
prepared via hot pressing. However, HP-R4-Ru4, with a rela-
tively low hydrogenation degree (~87%), exhibited poor proc-
essability, resulting in a rough, uneven surface. Additionally, it
turned yellow after hot pressing, likely due to oxidation, which
could affect the test results. Therefore, HP-R4-Ru3, possessing
HT selectivity and isotactic stereochemistry, was selected as the
primary sample, while HP-4-Rul and HP-4-Ru3 served as
references. The dielectric properties of these three samples were
compared across different temperatures (Fig. 6). Fig. 6a and
S25a present the variation of the dielectric constant (¢/) and
dielectric loss (¢”) with frequency for HP-4-Rul. As temperature
increased from 0 °C to 100 °C, ¢ rose from 2.34 to 2.62, indi-
cating that even below T, (T, =117.6 °C, Table 2), small-scale
molecular motions within the amorphous regions contributed
to an enhanced net dipole moment. Above Ty, at 120 °C, whole-
chain motion became more significant, leading to pronounced
polarization behavior, with ¢ at 0.1 Hz increasing to
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approximately 4.9. In contrast, HP-R4-Ru3, the HT-selective,
isotactic, semicrystalline polymer, exhibited a higher initial ¢
of 3.32 at 0 °C (Fig. 6b), surpassing both HP-4-Rul and HP-4-
Ru3. It is noteworthy that HP-4-Ru3 with HT-selective shows
a higher ¢ than the completely non-selective analogue HP-4-Rul
within the temperature range of 20-60 °C, demonstrating the
effect of regioselectivity on improving ¢. As temperature
increased from 0 °C to 100 °C, ¢’ of HP-R4-Ru3 showed a smaller
increase, from 3.32 to 3.52, suggesting a weaker temperature
dependence (see Fig. 6d) due to its stable semicrystalline
structure, which restricts amorphous segment motion. Above T,
(Ty = 115.5 °C, Table 2), ¢ at 0.1 Hz increased modestly to 4.26.
These results demonstrate that tuning regioselectivity and tac-
ticity can enhance ¢’ from approximately 2.34 to 3.32, reaching
values suitable for dielectric applications as reported in the
literature.®® Additionally, the high T, of the norbornene-based
polymers ensures that the ¢’ peak remains low at tempera-
tures =100 °C (Fig. $25), ranging from 6.4 x 10~ to 1.4 x 102,
which is beneficial for extending the material's application.

Conclusion

In summary, we report a simple sulfonamide aza-norbornene
derivative (R-M4) that can be easily synthesized from commer-
cial chiral Vince lactam. The highly strained monomer exhibits

© 2025 The Author(s). Published by the Royal Society of Chemistry
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living ROMP capability and has a broad scope for comonomers,
including common norbornene derivatives, 3-pinene, and DHF.
More importantly, by using commercial Grubbs' series catalysts
and cyclometalated Ru-based catalysts, tunable head/tail
regioselectivity is achieved, with the former giving HT and the
latter giving HH/TT regioselectivity, respectively. Therefore, the
stereochemistry in monomers can be directly transformed into
tacticity information in polymers. Detailed experimental and
DFT studies suggest the chain-end-control mechanism for the
regioselectivity control.

The capability to independently control monomer stereo-
chemistry and ROMP regioselectivity enables us to prepare
diverse hydrogenated polymers, including HP-4-Rul (no regio-
selectivity, atactic), HP-4-Ru3 (HT, atactic), HP-R4-Ru3 (HT,
isotactic), and HP-R4-Ru4 (HH, syndiotactic). Among the
samples, HP-R4-Ru3 and HP-R4-Ru4 exhibited distinct diffrac-
tion peaks in WAXD with different crystal forms. Further studies
revealed that HP-R4-Ru3, which has better regularity, exhibited
a higher dielectric constant compared to the atactic HP-4-Rul
and HP-4-Ru3, demonstrating that enhancing the regularity of
the polymer's microstructure can improve its dielectric prop-
erties. We believe that the conveniently prepared chiral mono-
mer with rapid, living, and regioselective ROMP capability
would provide a platform to produce diverse chiral polymers.
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