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ABSTRACT: Direct coordination−insertion copolymerization of ethyl-
ene with polar monomers provides an atom- and energy-efficient route to
functionalized polyolefins. However, the incorporation of nitrogen-
containing comonomers into polyolefins remains problematic due to
nitrogen-induced catalyst poisoning. Herein, two highly strained bicyclic
nitrogen-containing comonomers (aminooxy-embedded norbornene:
NBNO, aza-embedded norbornene: NBNN) are introduced, which
effectively diminish the catalyst poisoning propensity. The copolymeriza-
tion of ethylene with NBNO results in the formation of poly(E-NBNO)
with high comonomer incorporation of 38.3 mol %. Likewise, the
reaction with NBNN produces poly(E-NBNN), which possesses both high
molecular weight of 108.1 × 103 g mol−1 and high comonomer
incorporation of 28.3 mol %. By adjusting the concentration of NBNN,
the semicrystalline poly(E-NBNN) (Tm = 126−127 °C) is transformed into the amorphous, transparent, optical poly(E-NBNN) (Tg =
60−132 °C; transmittance = 95.2−96.6% at 400 nm). Notably, poly(E-NBNO) undergoes N−O reductive cleavage, giving
bifunctional poly(E-NH−OH) that features both −OH and −NH moieties. Poly(E-NBNN) is transformed into an azo-containing
polyolefin [poly(E-N�N)]. Precise modulation of the N2-extrusion conditions in poly(E-N�N) enables the formation of diverse
all-hydrocarbon cyclo-containing polyolefin architectures, which are difficult to access by other methods. This work circumvents
conventional nitrogen-induced deactivation and provides a versatile platform for the synthesis and transformation of nitrogen-
functionalized polyolefins.

■ INTRODUCTION
Polyolefins are the most widely produced plastics in the world
owing to their notable properties. Transition-metal-catalyzed
coordination−insertion polymerization of simple olefins (e.g.,
ethylene, propylene) has been extensively explored.1−4 Never-
theless, the direct copolymerization of olefins with polar
olefinic monomers remains challenging, given that polar
functionalities always poison transition-metal catalysts.5−10

Since the seminal works from Brookhart and Drent, d8 Ni(II)
and Pd(II) catalysts, owing to their reduced oxophilicity, have
efficiently promoted the copolymerization of various polar
olefins with nonpolar olefins, affording functionalized poly-
olefins.11−18

Among polar comonomers, the exploration of oxygen-
containing olefinic monomers including most acrylates and a
few vinyl ethers and vinyl acetates has been most extensive due
to their functional diversity and ready availability.19−26 In
contrast, reports of nitrogen-containing olefinic monomers
such as acylamides, amino-olefins, and acylonitriles are scarce
(Figure 1, A−C), since N-groups inhibit chain propagation and
induce chain transfer far more severely than O-groups,
resulting in low molecular weight and low comonomer
incorporations that seldom exceed 5 mol %.27−42 Notably,
nitrogen-containing polyolefins are highly sought after for

applications in self-healing materials,43 antimicrobial applica-
tions,44 and anion-exchange membranes,45 among others.
Consequently, the highly efficient copolymerization of ethyl-
ene and nitrogen-containing olefinic monomers to produce
nitrogen-containing polyolefins remains an attractive yet
challenging goal.

Norbornene (NB)-derived polar monomers, characterized
by high ring strain (approximately 27−30 kcal mol−1) and
pronounced π-donor properties, have emerged as promising
comonomer candidates for addressing the critical challenges,
associated with polar-monomer copolymerization.46−51 Nitro-
gen-containing polar norbornene derivatives such as
amide,44,52,53 amino,54 or nitrile-functionalized norbornene
comonomers have been developed (Figure 1, A−C).52 To
overcome these obstacles posed by nitrogen-containing
comonomers in ethylene copolymerization, we envision two
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bicyclic heterocycles, in which an aminooxy (N−O) unit or an
aza (N−N) unit replaces the nonpolar−CH2CH2−bridge in
the NB framework, yielding 2-oxa-3-azabicyclo[2.2.1]hept-5-
ene (NBNO) and 2,3-diazabicyclo[2.2.1]hept-5-ene (NBNN)
(Figure 1, D). On the one hand, the rigid bicyclic scaffold
ensures that the ring strain of NB is preserved, thereby
promoting efficient copolymerization. As evidence, the ring-
opening metathesis polymerization of NBNO and NBNN has
already been reported.55,56 On the other hand, embedding the
aminooxy/aza nitrogen-containing polar group into the
bicyclic backbone�rather than appending it out of norbor-
nene�minimizes the monomer’s steric volume and enhances
insertion rates, while the methylene bridge combined with
bulky amine protecting groups establishes a multidirectional
steric shield that averts catalyst deactivation. More notably,
aminooxy/aza-embedded norbornenes (NBNO and NBNN) not
only promote ethylene copolymerization to produce nitrogen-
containing polyolefins but also facilitate chemical trans-
formation of the obtained polymers to generate diverse
polyolefins.56

Herein, we for the first time report the coordination−
insertion copolymerization of aminooxy/aza-embedding nor-
bornenes, enabling significantly high incorporation of nitrogen-
containing functionalities into polyolefins without compromis-
ing molecular weight. The high incorporation of NBNO and
NBNN polar units in the polyolefins permits facile chemical
transformations to yield bifunctional polyolefin, azo-containing
polyolefin, and diverse all-hydrocarbon cyclo-containing
polyolefin architectures.

■ EXPERIMENTAL METHODS
All of the experimental details involved in the text can be found in the
Supporting Information.

■ RESULTS AND DISCUSSION
Comonomer Design and Synthesis. To prevent catalyst

deactivation by free N-protons in NBNO and NBNN, the
nitrogen atoms are masked by tert-butoxycarbonyl (Boc)
groups.28 NBNO and NBNN are synthesized via hetero-Diels−
Alder cycloadditions between cyclopentadiene and either an in
situ-generated aminooxy dienophile or a Boc-substituted azo
dienophile, respectively (Figure 2).57 During NBNO synthesis,

conventional inorganic oxidants such as sodium periodate
(NaIO4) suffer from poor solubility in organic solvents, leading
to low reaction rates and extensive side reactions in the
heterogeneous oxidation of hydroxylamine precursors. In light
of this, we employ tetrabutylammonium periodate [(nBu4N)-
IO4], which combines the strong oxidizing capacity of
periodate with the enhanced solubility provided by the
tetrabutylammonium cation.58 As a result, NBNO and NBNN
are isolated in 85% and 90% yield, respectively (see Figure 4a,b
and Figure S3 in Supporting Information). The tert-butyl
groups derived from Boc are found to confer sufficient
lipophilicity to dissolve both comonomers in common organic
solvents, including hexane, thus facilitating large-scale
purification by recrystallization. Notably, recrystallization of
NBNO from diethyl ether at −30 °C affords colorless crystals, a
purity level rarely reported for such analogues.

Copolymerization of Ethylene with NBNO or NBNN.
Without activator or scavenger added, phosphine-sulfonate
Pd(II) catalysts Pd1−Pd4 with distinct steric bulk59−63 are
synthesized and evaluated in ethylene copolymerization with
NBNO and NBNN at 8 bar and 80 °C (Table 1). Pd1 catalyzes
the copolymerization of ethylene and NBNO (0.2 M) for 2 h to
afford poly(E-NBNO) with a high NBNO incorporation of 18.2
mol % (entry 1). This incorporation is comparable to those
reported for ester-containing norbornene analogues46 and
significantly exceeds those of linear nitrogen-containing
comonomers involved in ethylene copolymerization.38 As the
NBNO concentration increases from 0.2 to 1.0 M, NBNO
incorporation rises rapidly (entries 1−4); however, both
copolymerization activity and copolymer molecular weight
first increase and then decrease. Under reduced ethylene
pressure (4 bar) or elevated temperature (90 °C), NBNO
incorporation is further enhanced to reach an extreme value of
38.3 mol % (entries 5−7), indicating the effectiveness of
aminooxy-embedded norbornene in ethylene copolymeriza-
tion.

Pd2−Pd4 also promote ethylene/NBNO copolymerization
but give significantly lower NBNO incorporations than Pd1,
with values ranging from one-fifth to two-fifths of that of Pd1
(entries 8−10 vs entry 4). Notably, Pd2, bearing the bulkiest
phosphine substituents, yields poly(E-NBNO) with the lowest
incorporation (4.6 mol %), Pd3 even produces only a trace of
copolymer, and Pd4 produces poly(E-NBNO) with middle
incorporation (12.7 mol %). These results are indicative of the
importance of catalysts used in the copolymerization reaction,
albeit with a suitable comonomer.

The copolymerization of ethylene with NBNN under
otherwise identical conditions (Pd1, 0.2 M of NBNN, entry
11) yields poly(E-NBNN) with 6.5-fold higher catalytic activity,

Figure 1. Comparisons of nitrogen-containing olefinic monomers (A−D) used in ethylene copolymerization.

Figure 2. Synthetic pathways of NBNO and NBNN.
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but with only 1.8 mol % incorporation and a low molecular
weight (7.9 × 103 g mol−1), revealing that increased steric bulk
of comonomer diminishes catalyst poisoning of NBNN versus
NBNO (entry 1 vs entry 11). Gradually elevating the NBNN
concentration from 0.2 to 1.0 M leads to a notably
simultaneous increase in incorporation and molecular weight,
with the effect particularly pronounced between 0.5 and 0.8 M
(entries 11−14; Figure 3a). We attribute this trend to the
enhanced solubility of the growing copolymer, which promotes
polymerization, and to the substantial molecular weight
difference between NBNN and ethylene (296.37 g mol−1 vs
28 g mol−1). Reducing ethylene pressure (4 bar) or raising
polymerization temperature (90 °C) leads to higher NBNN
incorporation (up to 31.4 mol %) and copolymer molecular

weight (up to 87.9 × 103 g mol−1). Meanwhile, Pd1 maintains
high catalytic activity on the order of 1 × 105 g mol−1 h−1 over
the entire concentration range, reflecting the high ring strain
and negligible poisoning effect of NBNN. Among Pd2−Pd4,
Pd2 again exhibits the lowest incorporation (4.6 mol % at 1.0
M), whereas Pd3 and Pd4 afford moderate incorporations
(13.0−13.6 mol %) but display lower activities, consistent with
trends observed for NBNO-involving copolymerization (Figure
3b).

A side-by-side comparison of the two comonomers reveals
that a single Boc group in NBNO provides inadequate steric
shielding, leading to significant catalyst deactivation, especially
at higher comonomer concentrations (>0.8 M). Consequently,
both copolymerization activity and copolymer molecular

Table 1. Copolymerization of Ethylene with NBNO or NBNN Using Pd1−Pd4a

Entry T/°C Cat. Comonomer (mol L−1) Yield (g) Act.b (104) XM
c (mol %) Mn

d (103) Mw/Mn
d Tg/Tm

e (°C)

1 80 Pd1 NBNO (0.2) 0.54 2.7 18.2 32.0 1.41 58/-
2 80 Pd1 NBNO (0.5) 0.49 2.5 26.0 31.9 1.44 90/-
3 80 Pd1 NBNO (0.8) 0.71 3.6 27.6 37.1 1.54 107/-
4 80 Pd1 NBNO (1.0) 0.60 3.0 29.0 33.3 1.62 110/-
5 90 Pd1 NBNO (1.0) 0.55 2.8 31.3 27.0 1.55 118/-
6f 80 Pd1 NBNO (1.0) 0.55 2.8 37.3 30.6 1.55 135/-
7f 90 Pd1 NBNO (1.0) 0.41 2.1 38.3 27.7 1.42 141/-
8 80 Pd2 NBNO (1.0) 1.78 8.9 6.0 36.9g 1.74 -/84
9 80 Pd3 NBNO (1.0) trace - - - - -
10 80 Pd4 NBNO (1.0) 0.10 0.5 12.7 33.2 1.37 30/-
11 80 Pd1 NBNN (0.2) 3.50 17.5 1.8 7.9g 2.14 -/127
12 80 Pd1 NBNN (0.5) 4.85 24.3 3.9 9.9g 2.00 -/126
13 80 Pd1 NBNN (0.8) 4.71 23.6 17.6 77.0 1.74 76/120
14 80 Pd1 NBNN (1.0) 4.10 20.5 22.0 85.4 1.77 94/-
15 90 Pd1 NBNN (1.0) 3.40 17.0 24.2 77.3 1.75 102/-
16f 80 Pd1 NBNN (1.0) 2.42 12.1 28.3 108.1 1.73 115/-
17f 90 Pd1 NBNN (1.0) 2.20 11.0 31.4 87.9 1.83 132/-
18 80 Pd2 NBNN (1.0) 2.50 12.5 4.6 21.4g 1.88 -/91
19 80 Pd3 NBNN (1.0) 0.33 1.7 13.6 56.2 1.35 62/-
20 80 Pd4 NBNN (1.0) 0.40 2.0 13.0 72.6 1.33 60/-

aReaction conditions: Pd(II) catalysts (10 μmol), polymerization temperature (80 °C), toluene (20 mL), ethylene (8 bar), unless noted otherwise.
bActivity is in unit of g mol−1 h−1. cDetermined by 1H NMR spectroscopy. XM = Incorporation of polar monomer. dDetermined by GPC in THF at
40 °C against a polystyrene standard. eDetermined by DSC at 10 K min−1 (second heating). fEthylene (4 bar). gDetermined by GPC in 1,2,4-
trichlorobenzene at 150 °C using a refractive index detector.

Figure 3. (a) Plots of the Mn and comonomer incorporation of poly(E-NBNN) generated versus comonomer concentration with Pd1 (8 bar, 2 h, 80
°C). (b) Comparative analysis of NBNO versus NBNN incorporation in ethylene copolymerization catalyzed by Pd(II) catalysts (1.0 mol L−1, 8 bar,
2 h, and 80 °C).
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weight are markedly lower than those achieved with NBNN,
despite NBNO’s relatively high incorporation. In contrast, the
amine groups of NBNN are flanked by a methylene bridge and
two bulky Boc substituents, forming a three-dimensional steric
barrier that effectively suppresses deactivation, thereby
permitting high comonomer incorporation without compro-
mising the activity and polymer molecular weight.

Structure and Property of Nitrogen-Containing
Polyolefins. The microstructures and properties of poly(E-
NBNO) and poly(E-NBNN) are thoroughly characterized by 1H
and 13C NMR spectroscopy, infrared spectroscopy (IR),
differential scanning calorimetry (DSC), UV/vis spectrometry,
and tensile testing (Figure 4; Supporting Information). In the
1H NMR spectrum of poly(E-NBNN), broad resonances�
distinct from the sharp signals of NBNN�mirror those
observed in ethylene/norbornene copolymers [COC: poly(E-
NB)]. In particular, the broad resonance at δ = 2.14 ppm arises
from the−CH−CH−motif of inserted NBNN (Figure 4c), a
finding corroborated by the 13C NMR signal at δ = 44.52 ppm
(peak 2 in Figure 4d). Sharp 13C resonances for carbons 1−6
of the inserted NBNN unit confirm its isolated, nonconsecutive
insertion rather than block or alternating sequences, and the
Boc carbonyl appears at δ = 156.39 ppm, further validating the
copolymer structure. IR spectroscopy further corroborates the
copolymer structure with the Boc carbonyl stretch observed at
1695 cm−1 (Figure S80).

DSC curves underscore the significant impact of inserted
NBNN unit on the thermal behavior of the corresponding
copolymers: as shown in Figure 4e, poly(E-NBNN) samples

prepared with Pd1 exhibit melting endotherms (Tm = 126−
127 °C) at low NBNN contents (≤3.9 mol %), indicative of the
presence of long, crystalline polyethylene segments. With
increasing NBNN incorporation, the glass transition temper-
ature linearly rises, in line with established trends for cyclic-
olefin copolymers, reaching a maximum of Tg = 132 °C at 31.4
mol %. By contrast, nonpolar poly(E-NB) copolymers with the
similar norbornene content display Tg values of only 70−80 °C
[empirically Tg = 2.66(NB %)−11.3],64 highlighting the
markedly enhanced heat resistance of poly(E-NBNN). Interest-
ingly, comparative DSC analysis of poly(E-NBNO) and poly(E-
NBNN) samples exhibits that, at the same comonomer
incorporation (31.3 vs 31.4 mol %), Tg (118 °C) of poly(E-
NBNO) is clearly lower than that of poly(E-NBNN) (132 °C),
highlighting the impact of comonomer architecture on polymer
properties.

Given their high comonomer incorporations and molecular
weights, poly(E-NBNO) and poly(E-NBNN) are evaluated for
mechanical performance (Figure 4f). Poly(E-NBNN) with 4.6
mol % of incorporation exhibits a tensile strength of 36.8 MPa
and an elongation at break of 303%, on par with conventional
polyethylene. As NBNN incorporation increases, tensile
strength rises while elongation falls, ultimately approaching
that of commercial cyclic-olefin copolymer (COC) (σ ≈ 55
MPa, ε ≈ 3%).65 Notably, poly(E-NBNN) with 22.0 mol %
incorporation reaches σ = 55.9 MPa and ε = 6%, indicating
that the introduction of a polar group can partially alleviate the
inherent brittleness of COC; likewise, poly(E-NBNO) with 29.0
mol % incorporation attains σ = 53.3 MPa and ε = 4%.

Figure 4. (a) 1H NMR spectrum of NBNN in CDCl3. (b) 13C NMR spectrum of NBNN in CDCl3. (c) 1H NMR spectrum of poly(E-NBNN)-22.0%
in C2D2Cl4 (Table 1, entry 14). (d) 13C NMR spectrum of poly(E-NBNN)-22.0% in C2D2Cl4 (Table 1 entry 14). (e) Relationship of Tg/Tm with
the comonomer incorporation. (f) Stress−strain curves of copolymers with different incorporations. (g) Optical transmittance of copolymer
samples. (h) Refractive indices of copolymer samples at 400−800 nm.
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COC materials are widely used as optical plastics;65

therefore, the visible-light transmittance of amorphous poly-
(E-NBNO) and poly(E-NBNN) films is measured over 400−800
nm range (Figure 4g). Poly(E-NBNN) samples with 22.0 and
24.2 mol % incorporation have particularly high transparency
of 96.6% and 95.2% at 400 nm, respectively, while poly(E-
NBNO) with 29.0 mol % incorporation transmits 91.5%. This
enhanced transparency reflects the effects of the incorporated
polar groups.66 Refractive-index and optical-dispersion meas-
urements (Figure 4h) show that poly(E-NBNO) and poly(E-
NBNN) exhibit promising optical properties [poly(E-NBNO)-
29.0%, n589 = 1.5046, νD = 47.7; poly(E-NBNN)-22.0%, n589 =
1.4871, νD = 50.0]. As a result, polyethylenes with high
incorporation of nitrogen-containing norbornene act as good
optical material.

Chemical Transformations of Poly(E-NBNO) and Poly-
(E-NBNN). Polyolefins typically exhibit poor solubility,
hindering efficient chemical transformation. In contrast,
poly(E-NBNO) and poly(E-NBNN) bearing >10 mol % polar
comonomer units dissolve readily at room temperature in
common organic solvents such as dichloromethane, thus
enabling facile modification. Furthermore, the presence of
cyclic nitrogen-containing units supports diverse postfunction-
alization reactions (Figure 5).

Catalytic hydrogenolysis of the N−O bond in poly(E-
NBNO) with Pd/C at 110 °C cleanly produces the desired
bifunctional poly(E-NH−OH).67 However, strong hydrogen-
bonding between the polar groups makes this polymer
insoluble in common solvents.56 IR analysis confirms the
generation of free hydroxyl and amine functionalities, with a
broad O−H/N−H stretching band appearing at 3364 cm−1

and a single carbonyl absorption at 1698 cm−1 replacing the
original doublet in poly(E-NBNO) (Figure S79, S81). Similarly,
deprotection of Boc in poly(E-NBNN) using trifluoroacetic acid
or KOH at elevated temperatures results in immediate gelation
and precipitation, which undermines complete deprotection
and precludes further modification. We attribute this to
intermolecular hydrogen bonding between the newly formed
N−H sites. After multiple attempts, treatment of poly(E-
NBNN)-28.3% with neutral trimethylsilyl trifluoromethanesul-
fonate (TMSOTf) at room temperature for 48 h achieved
quantitative Boc removal without precipitation. Subsequent in
situ oxidation of the liberated amine groups with hydrogen
peroxide yields the azo-functionalized polyolefin [poly(E-N�
N)]. These meticulously regulated postfunctionalization
processes exemplify the distinctive potential of aminooxy/
aza-functionalized polyolefins derived from NBNO and NBNN.

Poly(E−N�N) is comprehensively characterized by
1H/13C NMR spectroscopy, infrared spectroscopy (IR),
differential scanning calorimetry (DSC), thermogravimetric

analysis (TGA), and GC−MS. A signal appearing at δ = 4.94
ppm in the 1H NMR spectrum (Figure 6a, peak 1) provides
clear evidence of N�N bond formation, further corroborated
by associated 13C resonances at δ = 80.52 ppm (Figure 6b,
peak 1). IR additionally verifies the azo moiety via the N�N
stretching band at 1498 cm−1 (Figure 6c). DSC traces indicate
that the Tg of poly(E-N�N) (111 °C) is slightly lower than
that of the corresponding poly(E-NBNN) (114 °C) (Figure
6d). TGA analysis shows that poly(E-N�N) exhibits
nitrogen-releasing behavior: the first decomposition begins at
201 °C and the mass-loss ratio matches the azo content in the
incorporated comonomer (Figure 6e). GC−MS analysis
confirms nitrogen to be the evolved gas. These combined
data establish poly(E−N�N) as a novel thermally triggered
nitrogen-releasing polymer (Figure 6f).

Chemical Transformation of Poly(E−N�N). The N2-
extrusion reaction of the azo functionality can be driven
thermally or photochemically via a cyclopentane diradical
intermediate, enabling construction of diverse polyolefin
architectures by simple adjustment of reaction conditions
(Figure 7). Under air at 250 °C, direct heating of poly(E-N�
N) yields poly(E-N�N)-cross-link: the complete disappear-
ance of the N�N stretching band at 1498 cm−1 in the IR
spectrum confirms azo bond cleavage and network formation
(Figure 7d).68 By contrast, under an argon atmosphere in
deuterated tetrachloroethane (C2D2Cl4) with UV irradiation
(λ = 365 nm for 1.5 h), the rearrangement of radicals can be
regulated. At room temperature, the cyclopentane diradical
rearranges preferentially to cyclopentene [poly(E-CP)], as
evidenced by the appearance of olefinic 1H signals at δ = 5.84
and 5.72 ppm (Figure 7b).69 Lowering the temperature to 0
°C favors intramolecular coupling of the diradical to facilitate
bicyclic frameworks [poly(E-BCP)],70 confirmed by two sets
of characteristic methylene proton resonances at δ = 0.64/0.31
ppm and 0.72/0.57 ppm for the exo and endo BCP units,
respectively. Furthermore, the chemical shifts align with those
obtained in analogous small-molecule studies (Figure 7c).69

These results suggest an interesting transformation from azo-
containing polyolefins to all-hydrocarbon cyclo-containing (3-,
4-, 5-membered ring) polyolefins, which are difficult to be
accessed by other methods.

■ CONCLUSIONS
In summary, this work establishes a versatile nitrogen-
containing olefinic comonomer design approach for the highly
efficient copolymerization of nitrogen-containing monomers
with ethylene. This so-called aminooxy/aza-embedded nor-
bornenes serve as ideal comonomers that mitigate N-induced
catalyst poisoning, enabling the significantly higher incorpo-
ration of N-functions into polyolefins without compromising
the molecular weight while retaining high catalytic activity.
This balance of catalytic activity, polymer molecular weight,
and comonomer incorporation has been sought-after over
decades. The broad range of varied comonomer incorporations
alters nitrogen-containing polyolefins [poly(E-NBNO) and
poly(E-NBNN)] from semicrystalline polymer to amorphous
optical polymer. This notably higher comonomer incorpo-
ration is comparable to those in oxygen-containing polyolefins
and importantly increases the solubility of nitrogen-rich
polyolefins and thus enables facile chemical transformation.
This results in the formation of NH/OH-bifunctional poly(E-
NH−OH) and an azo-containing polyolefin [poly(E-N�N)].
Furthermore, thermally/photochemically driven chemical

Figure 5. Chemical transformations of poly(E-NBNO) and poly(E-
NBNN).
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transformation of poly(E-N�N) gives all-hydrocarbon cyclo-
containing polyolefins. These polyolefins originated from

chemical transformation are difficult to access by other
methods. This work thus presents a general comonomer
design strategy for accessing multifunctional, nitrogen-rich
polyolefins.
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