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Abstract: Considering the sustainability of material development, coordination polymerization
catalysts effective for 1,1-disubstituted olefins are receiving a great deal of attention because they can
introduce a variety of plant-derived comonomers, such as β-pinene and limonene, into polyolefins.
However, due to their sterically encumbered property, incorporating these monomers is difficult.
Herein, we succeeded in the copolymerization of ethylene with various hydroxy- or siloxy-substituted
vinylidenes using a fluorenylamido-ligated titanium catalyst–MMAO system. This is the first example
of ethylene/polar 1,1-disubstituted olefins’ copolymerization using an early transition metal catalyst
system. The polymerization proceeded at room temperature without pressurizing ethylene, and high-
molecular-weight, functionalized polyethylene was obtained. The obtained copolymer showed a
reduced water contact angle compared with that of the ethylene/isobutene copolymer, demonstrating
the increment in hydrophilicity by hydroxy groups.

Keywords: functional polyolefins; coordination polymerization; copolymerization; titanium catalyst

1. Introduction

Olefin polymerization and copolymerization mediated by single-site transition metal
catalysts have witnessed tremendous progress in the past 40 years, both in academia and
industry, due to the discovery of methylaluminoxane (MAO), an excellent cocatalyst, by
Kaminsky and Sinn [1]. Early transition metal complexes such as metallocenes have been
the representative catalyst precursors, activated with MAO or borate cocatalysts to generate
well-defined active species. Various copolymers with uniform comonomer distribution can
be synthesized from the well-defined active species.

The incorporation of polar functional groups into polyolefin can considerably improve
their surface characteristics like adhesion, dyeability, printability, and compatibility, and
broaden their range of applications as commodity plastics. Therefore, in recent decades, the
coordination copolymerization of ethylene and polar vinyl monomers has been vigorously
investigated [2–4]. Late transition metal catalysts have played a leading role in this field
because they are poisoned to a lesser degree by the electron-donating functional groups.
Early transition metal catalysts can also be applied to comonomers with remote or protected
functional groups [5]. Some group 4 metal catalysts are shown to be tolerant to polar
functional groups like bulky amines without the aid of alkylaluminum [6]. By using these
catalyst systems, high-molecular-weight crystalline polyolefins with a small number of
functional sidechains containing carbonyl, amino, and hydroxy groups can be synthesized.

Recently, the use of 1,1-disubstituted olefins in coordination polymerization is drawing
much attention in view of the sustainability of material development because many plant-
derived 1,1-disubstituted olefins, such as pinene and limonene, are available. Incorporating
these comonomers has been challenging because of their sterically encumbered property.
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For example, ethylene (E)/isobutene (IB) copolymerization using bis(indenyl)ethylidene
zirconium dichloride activated with MAO produces a low-molecular-weight copolymer
with low IB content, even under the excess feed of IB to E [7]. Waymouth explored the
cyclopolymerization of 2-methyl-1,5-hexadiene using a metallocene catalyst, and found that
the vinyl groups inserted preferentially over the vinylidene groups, producing a regioreg-
ular polymer [8]. However, these examples show that the insertion of 1,1-disubstituted
olefins into group 4 metal–carbon bond is essentially possible.

Generally, constrained geometry catalysts (CGC) or modified half-titanocenes, which
have open coordination sites for comonomers, are known to be effective for ethylene and
non-polar 1,1-disubstituted monomers because they can accept various sterically encum-
bered monomers. The first example of an E/IB alternating copolymer was prepared by
a CGC titanium catalyst with a cyclododecyl substituent on its nitrogen atom activated
by a borate activator [9]. Marks showed that a binuclear CGC-type catalyst (1, Figure 1)
effectively copolymerized ethylene and various isoalkenes [10,11]. We have demonstrated
that the application of fluorenylamido-ligated titanium complex 2a–2c can promote the
copolymerization of ethylene with IB or limonene [12]. Recently, Nomura reported the
copolymerization of ethylene and various plant-derived olefins such as limonene and
β-pinene using half-titanocene complexes bearing a phenoxide ancillary donor, as repre-
sented by complex 3, activated by MAO to produce a comonomer content of up to 3.6 mol%
under a pressurized condition [13]. These catalysts show a high activity for the copoly-
merization of ethylene and other multi-substituted olefins such as 2-methyl-1-pentene
(2M1P) [14,15] and 4-methylcyclopentene [16]. However, no examples of copolymerizing
polar 1,1-disubstituted monomers using early transition metal catalysts have been reported.
Late transition metal catalysts have made remarkable progress in the copolymerization of
ethylene and polar 1,1-disubstituted monomers like methacrylates, reflecting their lower
oxophilicity [17–19]. However, all these systems require high temperature (>95 ◦C) and/or
ethylene pressure.
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Figure 1. Effective early transition metal catalysts 1–3 for the copolymerization of ethylene and
1,1-disubstituted olefins.

Here, we have investigated the copolymerization of ethylene with 1,1-disubstituted
olefins, bearing hydroxy groups or its derivatives, using complex 2a–2c activated with mod-
ified methylaluminoxane (MMAO). Although the hydroxy groups should be protected with
silyl groups to achieve a high activity, the copolymerization proceeded at ambient pressure
and temperature, producing high-molecular-weight (Mn > 105), functionalized polyethy-
lene. The siloxy groups can be deprotected with the standard procedure using tetrabuty-
lammonium fluoride, and the obtained hydroxy-substituted polyethylene showed superior
surface wettability than the polyethylene that possessed no polar functional groups.

2. Materials and Methods

All operations were performed under a nitrogen atmosphere using standard Schlenk
techniques. Dry toluene, dichloromethane, and THF were purchased from Kanto Chemical
Co. Inc. and used after passing through solvent purification columns. Titanium complex
2a–2c [12], 6-methylhept-6-en-1-ol (4a) [20], and (+)-trans-β-terpineol (6a) [21] were synthe-
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sized according to the literature. Isoprenol (5a; TCI Chemicals), isobutene (TCI Chemicals,
9 wt% hexane solution), and 2-methyl-1-pentene (TCI Chemicals) were used as received.
Modified methylaluminoxane (MMAO) was generously donated from Tosoh-Finechem
Co., Ltd. as a 2.0 mol/L toluene solution. Other materials were used as received.

NMR spectra were recorded on a Varian System 500 or a JEOL Lambda500 spec-
trometer at room temperature or 130 ◦C. The obtained spectra of 1H NMR and 13C
NMR were referenced to the signal of a residual trace of the partially protonated sol-
vents (1H: δ = 5.91 ppm (C2HDCl4) and 7.26 ppm (CHCl3)) and the signal of the solvent
(13C: δ = 74.7 ppm (C2D2Cl4) and 77.1 ppm (CDCl3)), respectively. The high-resolution
mass spectrometry of the new compounds was performed on a JEOL JMS-T100GCV spec-
trometer. The absolute molecular weights of polymers were determined on a Malvern
HT350GPC chromatograph (T = 130 ◦C; eluent, o-dichlorobenzene) equipped with RI/light
scattering/viscometer triple detectors. Differential scanning calorimetry (DSC) measure-
ments were performed on a SHIMADZU DSC-60 system with a temperature elevation rate
of 10 ◦C min−1. The water contact angle was measured by a KYOWA DM-300 contact angle
meter using a half-angle method.

Synthesis of Comonomer 4b

In a 100 mL two-necked flask, imidazole (5.3 mmol, 0.36 g) and 6-methylhept-6-en-1-ol
(4a, 2.1 mmol, 0.27 g) were charged under nitrogen and diluted with dichloromethane
(3 mL). The solution was cooled to 0 ◦C, and iPr3SiCl (2.5 mmol, 0.54 mL) was added
dropwise. The mixture was warmed to room temperature and stirred overnight. The
resulting solution was washed twice with water and once with brine, and the aqueous
phase was extracted with dichloromethane (5 mL × 3). The combined organic phase was
dried over MgSO4 and concentrated. The obtained crude product was purified with a silica
gel column chromatography (5% EtOAc/hexane, Rf = 0.55), producing 4b as a clear oil
(0.35 g, 59%). 1H NMR (500 MHz, CDCl3): δ: 4.69–4.67 (m, 1H), 4.66–4.64 (m, 1H), 3.67
(t, 3JHH = 7 Hz, 2H), 2.01 (t, 3JHH = 8 Hz, 2H), 1.71 (s, 3H), 1.59–1.51 (m, 2H), 1.48–1.41 (m,
2H), 1.38–1.30 (m, 2H), 1.13–1.03 (m, 21H). 13C NMR (125 MHz, CDCl3) δ: 146.3, 109.8,
63.6, 38.0, 33.1, 27.6, 25.7, 22.5, 18.2, 12.2. GC/FI-MS, Calcd for C17H36OSi: 284.25354 [M+·],
Found: 284.25315.

Synthesis of Comonomer 5b

In a 100 mL two-necked flask, imidazole (75 mmol, 5.1 g) and isoprenol (5a, 30 mmol,
3.04 mL) were charged under nitrogen and diluted with dichloromethane (30 mL). The
solution was cooled to 0 ◦C, and iPr3SiCl (36 mmol, 7.6 mL) was added dropwise. The
mixture was warmed to room temperature and stirred for 16 h. The resulting solution was
washed twice with 10 mL of aqueous saturated NaHCO3. The collected aqueous phase
was extracted with dichloromethane (5 mL × 3). The combined organic phase was dried
with MgSO4 and filtered, and the solvent was evaporated. The obtained crude product
was purified with a silica gel column chromatography (hexane, Rf = 0.30), producing 5b as
a clear oil (7.20 g, >99%).

1H NMR (in CDCl3, 400 MHz), δ: 4.76 (1H, m), 4.71 (1H, m), 3.79 (2H, t, 3JH-H = 7 Hz),
2.28 (2H, t, 3JH-H = 7 Hz), 1.76 (3H, s), 1.15–1.00 (21H, m). 13C NMR (in CDCl3, 100 MHz),
δ: 143.3, 111.6, 62.6, 41.4, 23.1, 18.2, 12.2 (1JSi-H = 58 Hz). GC/FI-MS, Calcd for C14H30OSi:
242.20659 [M+·], Found: 242.20654.

Synthesis of Comonomer 6b

In a 100 mL two-necked flask, (+)-trans-β-terpineol (6a, 2.0 mmol, 309 mg) and
2,6-lutidine (2.0 mmol, 0.23 mL) were charged under nitrogen and diluted with dichloromethane
(3 mL). The solution was cooled to 0 ◦C, and iPr3SiOTf (2.0 mmol, 0.54 mL) was added drop-
wise. The mixture was warmed to room temperature and stirred for 6 h. The resulting solution
was washed three times with 5 mL of aqueous saturated NaHCO3 solution. The collected
aqueous phase was extracted with dichloromethane (3 mL × 3). The combined organic phase
was dried with MgSO4 and filtered, and the solvent was evaporated. The obtained crude
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product was purified with a silica gel column chromatography (hexane, Rf = 0.79), producing
6b as a clear oil (282 mg, 45%).

1H NMR (in CDCl3, 400 MHz), δ: 4.70 (brm, 1H), 4.67 (brm, 1H), 1.84–1.07 (36H, m).
13C NMR (in CDCl3, 100 MHz), δ:151.3, 108.2, 71.4, 45.2, 40.4, 31.1, 27.2, 21.0, 18.7, 13.7.
[α]16

D = 3.4◦ (c = 1.9, in CHCl3), GC/FI-MS, Calcd for C19H38OSi: 310.26919 [M+·], Found:
310.26954.

Copolymerization of ethylene and polar 1,1-disubstituted olefins with semi-batch process

A representative procedure for Table 1, Run 3, is described here. In a 100 mL
two-necked flask, 4b (2.46 mmol, 597 mg) was weighed under nitrogen and dissolved
in 6 mL of toluene. To this solution, toluene solutions of modified methylaluminoxane
(MMAO) (2.0 M, 2.0 mL, 4.0 mmol) and 2,6-di-tert-butyl-4-methylphenol (BHT, 0.30 M,
1.0 mL, 0.30 mmol) were added. The nitrogen in the headspace of the flask was removed
under vacuum, and ethylene was introduced back at ambient pressure until saturation.
Polymerization was started by adding a solution of titanium complex 2a (20 µmol, 11.9 mg
in 1.0 mL toluene), and the reaction mixture was magnetically stirred for 20 min under
a flow of ethylene. The polymerization was terminated by adding 2 mL of MeOH. The
resulting mixture was poured into 200 mL of MeOH containing 4 mL of concentrated HCl
to separate the polymer and catalyst. The precipitated polymer was collected by filtration
and dried for 4 h under vacuum at 60 ◦C to obtain a constant weight. A total quantity of
363 mg of colorless polymer was obtained.

Copolymerization of ethylene and silyl-protected polar 1,1-disubstituted olefins with
batch process

A representative procedure for Table 2, Run 9 was described here. To a 300-mL
two-necked flask, comonomer 5b (2.46 mmol, 699 mg) was weighed, and MMAO (8.0 mmol
in 3.7 mL toluene) was added. The nitrogen in the headspace of the flask was removed
under vacuum, and 340 mL of ethylene (13.9 mmol at 25 ◦C) was introduced back. Poly-
merization was started by adding a solution of titanium complex 2b (20 µmol, 9.7 mg in
1 mL toluene), and the flask was sealed. The reaction mixture was magnetically stirred for
60 min maintaining 25 ◦C. The polymerization was terminated by adding 2 mL MeOH. The
resulting mixture was poured into 100 mL of MeOH containing 10 mL of concentrated HCl
to separate the polymer and catalyst. The precipitated polymer was collected by filtration
and dried for 4 h under vacuum at 60 ◦C to obtain a constant weight. 118 mg of colorless
polymer was obtained.

Deprotection of silyl groups in the copolymer

In a Schlenk tube, ethylene/4b copolymer (40 mg, 4b content = 84 µmol) obtained in
Table 1, Run 3, was dissolved in chlorobenzene (2.0 mL) at 100 ◦C. To this solution, 0.10 mL
of tetrabutylammonium fluoride solution (TBAF, 1.0 M in THF, 0.20 mmol) was added, and
the mixture was stirred at 100 ◦C for 15 h. The polymer was precipitated by adding excess
methanol and collected. The obtained polymer was dried under vacuum at 60 ◦C for 6 h,
producing 16 mg (quant.) of the deprotected copolymer.

Preparation of polymer films for water contact angle measurement

Before the sample preparation, polymer was dissolved in chlorobenzene, filtered
through a 0.045 mm stainless mesh, and reprecipitated in methanol to remove impurities.
A thin film was prepared by pressing the polymer at 180 ◦C and 4.0 MPa for 5 min. Seven
measurements at different positions of the film were averaged to determine the water
contact angle.

3. Results and Discussion

Previously, we have succeeded in copolymerizingω-hydroxyalkenes using fluorenylamido-
ligated titanium complex by pretreating the comonomer with triisobutylaluminium before poly-
merization to prevent catalyst poisoning by the hydroxyl functional group [22]. Converting
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the hydroxy group to silyl ether is also a conventional way for the efficient homo- and
copolymerization of ω-hydroxyalkenes, and bulky trialkylsilyl groups tend to show a high
polymerization activity [23]. According to these previous studies, 1,1-disubstituted olefins
with siloxy groups (4b–6b) were synthesized and applied for the copolymerization. The con-
version of alcohols 4a–6a to silyl ether 4b–6b was performed using iPr3SiCl/imidazole (for
primary alcohols) or iPr3SiOTf/2,6-lutidine (for a tertiary alcohol) conditions (Scheme 1).
A large-scale reaction was possible for the conversion of isoprenol (5a), producing 7.2 g of
silyl ether 5b in an almost quantitative manner. The obtained comonomer was purified with
silica gel column chromatography prior to its application in the copolymerization process.
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Scheme 1. Synthesis of silyl-protected polar 1,1-disubstituted olefins 4b–6b.

First, the copolymerization of ethylene and 6-methyl-hept-6-en-1-ol derivatives (4b)
was performed in a semi-batch process using 2a-MMAO/BHT system (Scheme 2, Table 1).
Here, BHT is added to modify the residual trialkylaluminums, which can competitively
coordinate to the metal center of the catalyst with monomers and reduce the polymerization
activity [24]. Although the polymer yield was lower than that of the copolymerization with
unfunctionalized 1,1-disubstituted olefins such as isobutene and 2-methyl-1-pentene (Run
1, 2), high-molecular-weight copolymer was obtained with longer polymerization time at
ambient temperature and pressure (Run 3). The direct copolymerization of unprotected 4a
(run 4) also proceeded when the amount of MMAO was increased, probably because an
excess amount of alkylaluminum can mask the hydroxy group of 4a.
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Comonomer

Content d

(mol%)

1 Isobutene 10 249 11 2.6 128 50 10.9
2 2M1P 10 413 13 1.9 126 13 8.7
3 4b 20 363 23 4.5 130 39 6.0

4 e 4a 20 40 48 2.0 133 32 1.8
5 5b 20 35 99 1.4 133 76 0.9

6 f 5b 20 43 0.6 14.6 127 58 2.4
7 e 5a 20 16 50 1.8 135 126 - g

a Polymerization conditions: [2a] = 20 µmol, [Comonomer] = 2.46 mmol, [MMAO] = 4.0 mmol, [BHT] = 0.30 mmol,
[C2H4] = 1 atm (semi-batch), toluene = 10 mL, temp = 25 ◦C. b Absolute molecular weight measured by GPC
equipping RI-light scattering-viscometer triple detectors. c Determined by DSC. d Determined by 1H NMR.
e [MMAO] = 8.0 mmol. f Temp. = 80 ◦C. g Not detected.

The analysis of an ethylene/4b copolymer using 1H NMR spectrum showed a triplet
signal at 3.68 ppm, which is assigned to methylene protons adjacent to the oxygen atom,
indicating the incorporation of 4b (Figure 2). Furthermore, a singlet 3H signal at 0.78 ppm
and a 21H signal at 1.05 ppm are assigned to terminal methyl and isopropylsilyl protons,
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respectively. The methylene signal appears at the different chemical shift (3.53 ppm)
in the ethylene/4a copolymer (Figure S9), indicating that the silyl ether remained in
the copolymer. Thus, the comonomer content was calculated from the integral ratio of
the -CH2OH signals and signals in the aliphatic region. A further deprotection of silyl
groups can be performed by heating the polymer solution in chlorobenzene with excess
tetrabutylammonium fluoride (TBAF). The reaction proceeded quantitatively, and hydroxy-
substituted polyethylene was recovered (Scheme 3). The deprotection of silyl group was
confirmed by a higher field shifted methylene signal in the 1H NMR spectrum (Figure S10).
Moreover, the IR spectrum of the deprotected copolymer showed a broad signal around
3300 cm−1, which is not observed in the ethylene/4b copolymer, showing the presence of
hydroxy groups generated via the elimination of silyl groups (Figure S15).
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Scheme 3. Deprotection of silyl groups in ethylene/4b copolymer.

The 13C NMR signals of the copolymer were assigned according to the previous assign-
ment of the copolymer of ethylene and various 1,1-disubstituted olefins [12–15,18,19]. In the
13C NMR spectrum of the ethylene/4b copolymer, signals at 40 and 65 ppm, which are as-
signed to the isolate branching of the polyethylene chain and carbon adjacent to the oxygen
atom, are observed, suggesting the isolated structure of the 4b unit (Figure 3). Successive
insertion of 4b would not occur because no signals were observed between 60 and 55 ppm,
where a carbon signal of polyisobutene appears. The observed sole melting temperature
(Tm, 130 ◦C) is lower than that of homopolyethylene but high for the 6.0 mol% of incorpo-
ration. The bimodal GPC trace of the copolymer indicated that a low-molecular-weight
fraction with high 4b incorporation exists. A separation of these fractions using extraction
or crystallization in xylene was not possible, probably because the average molecular
weight of the lower Mw fraction still exceeds 105 (Figure S14).

Comonomer 5b, which has a shorter distance between C=C double bond and pro-
tected hydroxy group than 4b, was also copolymerized with ethylene, although the poly-
mer yield was much lower than the ethylene/4b copolymerization (Run 5). Polymeriza-
tion in the heated condition largely decreased the molecular weight of the polymer, but
a higher comonomer incorporation than polymerization at room temperature was achieved,
probably because ethylene concentration in the reaction medium was lowered by heating
(run 6). The direct copolymerization of isoprenol (5a) was unsuccessful, typically yielding
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a small amount of homopolyethylene (Run 7). In the copolymerization or homopolymer-
ization of hydroxy- or siloxy-substituted vinyl monomers using group 4 metal catalysts,
monomers with shorter distance between C=C double bond and functional groups tend to
show a lower activity and a lower incorporation ratio, probably because of the bulkiness of
the substituent [25–27]. Furthermore, 5b would reduce the activity after the insertion into
propagating chain end because oxygen atom of 5b can easily interact with titanium center
via a six-membered ring formation, which prevents the further coordination of monomers
(Figure 4).
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Our previous research shows several substituent effects of fluorenylamido-ligated
titanium complexes on various olefin polymerizations [12]. Generally, introducing electron-
donating alkyl groups on the fluorenyl 2,7-position greatly improves the activity. The
incorporation ratio of bulky comonomers is enhanced when tertiary alkyl group on the
nitrogen was replaced with less bulky secondary alkyl group. Based on these previous
results, the behavior of catalysts 2b and 2c in the copolymerization of ethylene and 5b was
compared with catalyst 2a (Table 2). Here, the copolymerizations are conducted without the
addition of BHT, and polymers with broader molecular weight distributions were obtained.
The multimodal distribution of molecular weight may suggest the presence of multiple
active species differentiated by the coordination of residual trialkylaluminums. Copolymer-
ization using non-substituted fluorenylamido-ligated titanium catalyst 2c was unsuccessful
and produced only a small amount of polymer (Run 10), whereas copolymerization using
catalyst 2b proceeded with a higher activity than 2a with a lower incorporation ratio of
5b (Run 8 vs. Run 9). These polymerization behaviors can be explained by the previously
reported tendency of other polymerizations using 2a–2c. In the 1H NMR spectrum of
the copolymer obtained from Run 9, two signals are observed at 3.5–3.7 ppm, which is
assigned to methylene groups (Figure S11). These two signals indicate that the silyl ether
was removed during the polymerization, and the obtained E/5b copolymer possesses
unprotected hydroxy groups.
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Table 2. Catalyst effect on the copolymerization of ethylene and 5b a.

Run Catalyst Yield
(mg)

Mn
b

(104)
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b Tm
c

(◦C)
∆H c

(J/g)
Comonomer

Content d

(mol%)

8 2a 18 6.7 33.7 130 39 2.8
9 2b 118 2.8 6.0 126 13 1.1

10 2c 7 1.9 9.9 - e - e - e

a Polymerization conditions: [Ti] = 20 µmol, [5b] = 2.46 mmol, [MMAO] = 8.0 mmol, [C2H4] = 13.9 mmol (batch),
toluene = 5.3 mL, time = 60 min, and temp = 25 ◦C. b Absolute molecular weight measured using GPC equipped
with RI-light scattering-viscometer triple detectors. c Determined using DSC. d Determined using 1H NMR. e Not
determined because of very small yield.

A plant-derived monomer 6b can also be incorporated into polyethylene in a batch
polymerization process with a higher concentration of 6b (Scheme 4). The incorporation
ratio of 6b was calculated using 13C NMR because there is no methylene adjacent to the
hydroxy group. By comparing the integral ratio of signals at 43 ppm (αδ) and 30 ppm
(CH2 in methylene unit, Figure 5), the comonomer content was calculated to be 1.5 mol%.
Silyl groups on the hydroxy groups would not completely be deprotected because carbons
assigned to isopropylsilyl groups were observed at 12–14 ppm.
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The obtained copolymer is possibly used for producing plastic materials with im-
proved adhesiveness and paintability rather than polyolefins with no incorporated func-
tional groups. To show the improvement of wettability, the water contact angle was
compared between E/IB and E/4a copolymers to evaluate the effect of hydroxy groups
incorporated into the copolymer (Figure 6). A self-standing film is not obtained for these
copolymers because the polymer yield is not enough, but thin films can successfully be fab-
ricated on polyimide film by pressing the polymer at the melting condition (180 ◦C). Incor-
porating 4a significantly decreased the water contact angle according to the incorporation
ratio, which showed that hydroxy groups improved the hydrophilicity of the copolymer.
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4. Conclusions

Various oxygen-containing vinylidenes were applied to copolymerization with ethy-
lene using fluorenylamido-ligated titanium complexes in the presence of MMAO cocatalyst.
The copolymerization of ethylene with 6-methyl-hept-6-en-1-ol derivatives (4a/4b) using
catalyst 2a produced copolymers with high molecular weight and incorporation ratios. The
microstructure analysis using 13C NMR firmly established the isolated sequence structure of
the incorporated comonomer. Isoprenol derivatives 5b and plant-derived monomer 6b were
also successfully copolymerized, although the polymer yield was lower than that of ethy-
lene/4b copolymer. Silyl groups in these comonomers can be deprotected by a standard
method using organic fluoride. The obtained hydroxy-substituted copolymer film showed
higher hydrophilic surface properties than those of the ethylene/isobutene copolymer.

Overall, we have introduced the first synthetic example of copolymers of ethylene
and polar 1,1-disubstituted olefins using an early transition metal catalyst. Our findings
also demonstrated an efficient strategy for applying various plant-derived monomers to
functionalized polyolefin materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16020236/s1. Figures S1–S6: NMR spectra of new compounds;
Figures S7–S13: NMR spectra of copolymers; Figure S14: GPC traces of copolymers; Figure S15: IR
spectra of copolymers; Figure S16: DSC thermograms of copolymers.

Author Contributions: Conceptualization, T.S.; methodology, R.T.; investigation, O.A.A. and M.O.; re-
sources, T.S.; writing—original draft preparation, O.A.A.; writing—review and editing, R.T. and Y.N.;
funding acquisition, T.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI (Grant-in-Aid for Scientific Research (B),
Grant Number: 21H02002).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article and supplementary materials.

Acknowledgments: The authors gratefully acknowledge the generous donation of MMAO from
Tosoh Finechem Co. Ltd. The authors are also grateful to Natural Science Center for Basic Re-
search and Development (NBARD-00060) in Hiroshima University for permitting the use of high-
temperature NMR and GC/FI-MS facilities. We also appreciate Toshinori Tsuru and Sakura Hatashita
for conducting the contact angle measurement.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/polym16020236/s1
https://www.mdpi.com/article/10.3390/polym16020236/s1


Polymers 2024, 16, 236 10 of 11

References
1. Kaminsky, W. Discovery of methylaluminoxane as cocatalyst for olefin polymerization. Macromolecules 2012, 45, 3289–3297.

[CrossRef]
2. Nakamura, A.; Ito, S.; Nozaki, K. Coordination−Insertion Copolymerization of Fundamental Polar Monomers. Chem. Rev. 2009,

109, 5215–5244. [CrossRef]
3. Franssen, N.M.G.; Reek, J.N.H.; de Bruin, B. Synthesis of functional ‘polyolefins’: State of the art and remaining challenges. Chem.

Soc. Rev. 2013, 42, 5809–5832. [CrossRef] [PubMed]
4. Keyes, A.; Alhan, H.E.B.; Ordonez, E.; Ha, U.; Beezer, D.B.; Dau, H.; Liu, Y.-S.; Tsogtgerel, E.; Jones, G.R.; Harth, E. Olefins and

Vinyl Polar Monomers: Bridging the Gap for Next Generation Materials. Angew. Chem. Int. Ed. 2019, 58, 12370–12391. [CrossRef]
[PubMed]

5. Chen, J.; Gao, Y.; Marks, T.J. Early Transition Metal Catalysis for Olefin–Polar Monomer Copolymerization. Angew. Chem. Int. Ed.
2020, 59, 14726–14735. [CrossRef]

6. Chen, J.; Motta, A.; Wang, B.; Gao, Y.; Marks, T.J. Significant Polar Comonomer Enchainment in Zirconium-Catalyzed, Masking
Reagent-Free, Ethylene Copolymerizations. Angew. Chem. Int. Ed. 2019, 58, 7030–7034. [CrossRef]

7. Kaminsky, W.; Bark, A.; Spiehl, R.; Möller-Lindenhof, N.; Niedoba, S. Isotactic Polymerization of Olefins with Homogeneous
Zirconium Catalysts. In Transition Metals and Organometallics as Catalysts for Olefin Polymerization; Kaminsky, W., Sinn, H., Eds.;
Springer: Berlin, Germany, 1998; pp. 291–301.

8. Kesti, M.R.; Waymouth, R.M. Highly Chemo- and Stereoselective Cyclopolymerization of 2-Methyl-1,5-hexadiene: Chain Transfer
via β-CH3 Elimination. J. Am. Chem. Soc. 1992, 114, 3565–3567. [CrossRef]

9. Shaffer, T.D.; Ann, J.; Canich, M.; Squire, K.R. Metallocene-Catalyzed Copolymerization of Ethylene and Isobutylene to Substan-
tially Alternating Copolymers. Macromolecules 1998, 31, 5145–5147. [CrossRef]

10. Li, H.; Li, L.; Marks, T.J.; Liable-Sands, L.; Rheingold, A.L. Catalyst/cocatalyst Nuclearity Effects in Single-site Olefin Polymer-
ization. Significantly Enhanced 1-octene and Isobutene Comonomer Enchainment in Ethylene Polymerizations Mediated by
Binuclear Catalysts and Cocatalysts. J. Am. Chem. Soc. 2003, 125, 10788–10789. [CrossRef] [PubMed]

11. Li, H.; Li, L.; Schwartz, D.J.; Metz, M.V.; Marks, T.J.; Liable-Sands, L.; Rheingold, A.L. Coordination Copolymerization of Severely
Encumbered Isoalkenes with Ethylene: Enhanced Enchainment Mediated by Binuclear Catalysts and Cocatalysts. J. Am. Chem.
Soc. 2005, 127, 14756–14768. [CrossRef] [PubMed]

12. Nakayama, Y.; Sogo, Y.; Cai, Z.; Shiono, T. Copolymerization of ethylene with 1,1-disubstituted olefins catalyzed by ansa-
(fluorenyl)(cyclododecylamido)dimethyltitanium complexes. J. Polym. Sci. Part A Polym. Chem. 2013, 51, 1223–1229. [CrossRef]

13. Kawamura, K.; Nomura, K. Ethylene Copolymerization with Limonene and β-Pinene: New Bio-Based Polyolefins Prepared by
Coordination Polymerization. Macromolecules 2021, 54, 4693–4703. [CrossRef]

14. Nomura, K.; Itagaki, K.; Fujiki, M. Efficient Incorporation of 2-Methyl-1-pentene in Copolymerization of Ethylene with 2-Methyl-
1-pentene Catalyzed by Nonbridged Half-Titanocenes. Macromolecules 2005, 38, 2053–2055. [CrossRef]

15. Itagaki, K.; Fujiki, M.; Nomura, K. Effect of Cyclopentadienyl and Anionic Donor Ligands on Monomer Reactivities in Copoly-
merization of Ethylene with 2-Methyl-1-pentene by Nonbridged Half-Titanocenes-Cocatalyst Systems. Macromolecules 2007,
40, 6489–6499. [CrossRef]

16. Harakawa, H.; Patamma, S.; Boccia, A.C.; Boggioni, L.; Ferro, D.R.; Losio, S.; Nomura, K.; Tritto, I. Ethylene Copolymerization
with 4-Methylcyclohexene or 1-Methylcyclopentene by Half-Titanocene Catalysts: Effect of Ligands and Microstructural Analysis
of the Copolymers. Macromolecules 2018, 51, 853–863. [CrossRef]

17. Gaikwad, S.R.; Deshmukh, S.S.; Koshti, V.S.; Poddar, S.; Gonnade, R.G.; Rajamohanan, P.R.; Chikkali, S.H. Reactivity of
Difunctional Polar Monomers and Ethylene Copolymerization: A Comprehensive Account. Macromolecules 2017, 50, 5748–5758.
[CrossRef]

18. Yasuda, H.; Nakano, R.; Ito, S.; Nozaki, K. Palladium/IzQO-Catalyzed Coordination–Insertion Copolymerization of Ethylene
and 1,1-Disubstituted Ethylenes Bearing a Polar Functional Group. J. Am. Chem. Soc. 2018, 140, 1876–1883. [CrossRef]

19. Park, D.A.; Byun, S.; Ryu, J.Y.; Lee, J.; Lee, J.; Hong, S. Abnormal N-Heterocyclic Carbene–Palladium Complexes for the
Copolymerization of Ethylene and Polar Monomers. ACS Catal. 2020, 10, 5443–5453. [CrossRef]

20. Christensen, S.H.; Holm, T.; Madsen, R. Ring-opening of cyclic ethers with carbon-carbon bond formation by Grignard reagents.
Tetrahedron 2014, 70, 4942–4946. [CrossRef]

21. Brecknell, D.J.; Carman, R.M.; Garner, A.C. The Synthesis of 1,8-Cineoles. The Origin of the Oxygen Atom. Aust. J. Chem. 1997,
50, 35–42. [CrossRef]

22. Song, X.; YU, L.; Shiono, T.; Hasan, T.; Cai, Z. Synthesis of Hydroxy-Functionalized Cyclic Olefin Copolymer and Its Block
Copolymers with Semicrystalline Polyolefin Segments. Macromol. Rapid Commun. 2017, 38, 1600815. [CrossRef] [PubMed]

23. Kesti, M.R.; Coates, G.W.; Waymouth, R.M. Homogeneous Ziegler-Natta Polymerization of Functionalized Monomers Catalyzed
by Cationic Group IV Metallocenes. J. Am. Chem. Soc. 1992, 114, 9679–9680. [CrossRef]

24. Busico, V.; Cipullo, R.; Cutillo, F.; Friederichs, N.; Ronca, S.; Wang, B. Improving the Performance of Methylalumoxane: A Facile
and Efficient Method to Trap “Free” Trimethylaluminum. J. Am. Chem. Soc. 2003, 125, 12402–12403. [CrossRef] [PubMed]

25. Chen, Z.; Li, J.-F.; Tao, W.-J.; Sun, X.-L.; Yang, X.-H.; Tang, Y. Copolymerization of Ethylene with Functionalized Olefins by [ONX]
Titanium Complexes. Macromolecules 2013, 46, 2870–2875. [CrossRef]

https://doi.org/10.1021/ma202453u
https://doi.org/10.1021/cr900079r
https://doi.org/10.1039/c3cs60032g
https://www.ncbi.nlm.nih.gov/pubmed/23598658
https://doi.org/10.1002/anie.201900650
https://www.ncbi.nlm.nih.gov/pubmed/30791191
https://doi.org/10.1002/anie.202000060
https://doi.org/10.1002/anie.201902042
https://doi.org/10.1021/ja00035a067
https://doi.org/10.1021/ma980196b
https://doi.org/10.1021/ja036289c
https://www.ncbi.nlm.nih.gov/pubmed/12952449
https://doi.org/10.1021/ja052995x
https://www.ncbi.nlm.nih.gov/pubmed/16231930
https://doi.org/10.1002/pola.26491
https://doi.org/10.1021/acs.macromol.1c00559
https://doi.org/10.1021/ma050277p
https://doi.org/10.1021/ma0700429
https://doi.org/10.1021/acs.macromol.7b02484
https://doi.org/10.1021/acs.macromol.7b01356
https://doi.org/10.1021/jacs.7b12593
https://doi.org/10.1021/acscatal.0c00802
https://doi.org/10.1016/j.tet.2014.05.026
https://doi.org/10.1071/C96145
https://doi.org/10.1002/marc.201600815
https://www.ncbi.nlm.nih.gov/pubmed/28198111
https://doi.org/10.1021/ja00050a069
https://doi.org/10.1021/ja0372412
https://www.ncbi.nlm.nih.gov/pubmed/14531671
https://doi.org/10.1021/ma400283p


Polymers 2024, 16, 236 11 of 11

26. Saito, Y.; Nakata, N.; Ishii, A. Highly Isospecific Polymerization of Silyl-Protected ω-Alkenols Using an [OSSO]-Type
Bis(phenolato) Dichloro Zirconium(IV) Precatalyst. Macromol. Rapid Commun. 2016, 37, 969–974. [CrossRef] [PubMed]

27. Sampson, J.; Bruening, M.; Akhtar, M.N.; Jasser, E.A.; Theravalappil, R.; Garcia, N.; Agapie, T. Copolymerization of Ethylene and
Long-Chain Functionalα-Olefinsby Dinuclear Zirconium Catalysts. Organometallics 2021, 40, 1854–1858. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/marc.201600123
https://www.ncbi.nlm.nih.gov/pubmed/27150730
https://doi.org/10.1021/acs.organomet.1c00126

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

