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ABSTRACT: Acyclic diene metathesis (ADMET) polymerization 0 b IADM,ETt,

of biobased a,w-dienes of bis(undec-10-enoate) with diols (1,4- 7 Oy;ueglzf o

butanediol, isosorbide, isomannide, and 1,4-cyclohexanedimetha- @ plant oil =

nol) afforded high-molecular weight unsaturated polyesters, and plant oil ﬁ m’

subsequent tandem hydrogenation (H, 1.0 MPa, S0 °C, 3 h) gave ;

the saturated polymers upon addition of a small amount of Al,O, Sugars @ o

(1.0—1.7 wt %). Subsequent reaction of the unsaturated polymers (i H S0 n
[e]

with ethylene afforded the oligomers (by depolymerization and q’oe giog O\_<:>_\ Bio-based Polyesters
Oli O\g :

AN hydrogenation

degradation). Ows|  Long Chain Aliphatic PS

H o\ej KO/\/\/O\; Bio Degradable

B INTRODUCTION high-molecular weight unsaturated polyesters. Moreover, it was
demonstrated that transesterification of the resultant unsatu-
rated polymers (depolymerizations) containing isosorbide was
achieved under reflux conditions in methanol in the presence
of a small amount of sulfuric acid (85 °C overnight, Scheme
1).>* There was also a report for synthesis of end-function-

Synthesis of functional polymers from renewable feedstocks is

an important subject in terms of shiftin_; to sustainable

alternatives from fossil oil-based polymers.'~” Development of

strategies for synthesis of renewable polymers by controlled
o 520 . . .

polymerization, including design and development of

renewable copolymers with various macromolecular architec- alized (co)polymers by the ADMET polymerization of
tures,"™'” has thus become an active field of study. Polyesters monomers derived from castor oil and isosorbide in the
generally display tunable mechanical properties and potential presence of terminal olefins (methyl 10-undecenoate).””
biodegradability,12 and study of synthesis and the development It was also demonstrated that hydrogenation of olefinic
of high-performance polymers from bioderived monomers is double bonds in the resultant polymers afforded long-chain
thus of particular interest.” " Various raw materials from aliphatic polyesters,”””**" and the copolymers of undec-10-en-
renewable resources such as plant oils,*”'**'™*" lignin,"* 1-yl undec-10-enoate and undeca-1,10-diene possessed high
sugars,'>”**™*" and terpenes'®'”** have been studied, and melting temperatures depending upon the methylene repeat
plant oils exemplified as castor oil,>”~"® which generally units (ratio of each monomer units).”” These hydrogenations
convert to fatty acids or fatty acid methyl esters by chemical were conducted in the presence of prepared
modifications, are useful feedstock for synthesis of the RuCl,(PCy;),(CHOEt) (4.0 MPa, 110 °C, 2 days, Scheme
(aliphatic) polyesters. 1),” H[(u,-H)(CsPh,0)Ru(CO),], (4.0 MPa, 100 °C,
Acyclic diene metathesis (ADMET) polymerization has overnight),’" or 10 wt % of Pd/C (H, 5.0 MPa, 80 °C, 20
been employed as a useful method for synthesis of linear h)*® under rather harsh conditions after isolation of
polymers and polymer architectures.””~*" There have thus unsaturated polymers by precipitation. In general, the resultant

been reports for synthesis of biobased polyesters by the
polymerization of fatty acids and their derivatives,””~>* and use
of a castor oil derivative, w-undecenoate, containing both the
olefinic double bond and carboxylate at the termini is an ideal
method for synthesis of high-purity @,@-dienes (undecenyl-
undecenoate) as valuable monomers for the ADMET
polymerization.”” *>* The polymerization using ruthenium-
carbene catalysts, especially called second-generation catalysts,
RuCL(PCy,) (IMesH,)(CHPh) [G2; IMesH, = 1,3-bis(2,4,6-
trimethylphenyl)imidazolin-2-ylidene, Cy = cyclohexyl] and
RuCl,(IMesH,)(CH-2-OPr-C¢H,) (HG2), generally afforded

unsaturated polymers containing (long) aliphatic chains
prepared by ADMET polymerization were hydrogenated
using (i) p-toluenesulfonyl hydrazide and tri-n-propyl
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Scheme 1. Synthesis of Biobased Polyesters by ADMET Polymerization and Subsequent Degradation (Transesterification)’
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Scheme 2. Synthesis of a Biobased Polyester by Tandem ADMET Polymerization and Subsequent Hydrogenation in the
Presence of the Ruthenium Catalyst
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amine,**~° (ii) RhCI(PPh,);,°"** RuHCI(CO) (PCyj;),,>> or MPa at room temperature, 20 h);** no reports concerning the
Pd/C**** catalysts under high hydrogen pressure (3.1-13.8 tandem systems have been studied for synthesis of the

MPa, 80—90 °C, 2—S5 days) or (iii) Ir(1,5-cyclooctadiene)- saturated polyesters. Moreover, ADMET polymerization has
(PCy,)-(pyridine) under mild conditions (ca. Ir 2 mol %, ca. 2 been known as the condensation polymerization by removal of
18302 https://dx.doi.org/10.1021/acsomega.0c01965
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Scheme 3. Synthesis of Biobased Monomers (ME1—ME4)
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Table 1. ADMET Polymerization of Monomers (ME1—4) Using Ruthenium-Carbene Catalysts (G2, HG2).”

run monomer (mmol) conc.”/M cat. (mol %)
1 ME1 (0.71) 5.07 HG2 (2.0)
2 MEL1 (0.71) 5.07 HG2 (2.0)
3 ME1 (0.71) 5.07 HG2 (2.0)
4 ME1 (0.71) 5.07 HG2 (2.0)
5 ME1 (0.71) 5.07 HG2 (1.5)
6 MEL1 (0.71) 5.07 HG2 (1.0)
7 MEL1 (0.71) 5.07 G2 (1.5)

8 ME1 (0.71) 5.07 G2 (1.0)

9 ME1 (0.71)¢ 5.07 HG2 (2.0)
10 ME1 (0.71)" 5.07 HG2 (2.0)
11 MEL1 (2.36) 6.21 HG2 (2.0)
12 MEI (2.36) 621 HG2 (2.0)
13 MEI (2.36) 621 HG2 (2.0)
14 ME2 (0.65) 4.64 HG2 (2.0)
15 ME2 (0.65) 4.64 HG2 (2.0)
16 ME2 (0.65) 4.64 HG2 (1.0)
17 ME2 (0.65) 4.64 G2 (1.0)

18 ME2 (2.08) 6.12 HG2 (2.0)
19 ME2 (2.08) 6.12 HG2 (2.0)
20 ME2 (2.08) 6.12 HG2 (2.0)
21 ME3 (0.65) 4.64 G2 (1.5)

22 ME3 (0.65) 4.64 HG2 (1.5)
23 ME3 (0.65) 4.64 HG2 (2.0)
24 ME3 (0.65) 4.64 HG2 (2.0)
25 ME3 (2.08) 6.12 HG2 (2.0)
26 ME3 (2.08) 6.12 HG2 (2.0)
27 ME3 (2.08) 6.12 HG2 (2.0)
28 ME4 (0.63) 4.50 G2 (2.0)

29 ME4 (0.63) 4.50 HG2 (2.0)
30 ME4 (2.09) 6.15 HG2 (2.0)

time/h yield®/% M, M,/M,?

6 87 7700 1.34
12 923 8500 1.35
24 91 15,900 1.46
24 92 13,300 1.39
24 94 15,700 1.32
24 93 12,400 1.24
24 91 12,700 1.25
24 89 8800 1.22
24 87 11,800 1.43
24 85 9100 141

6 20 8300 1.44
12 92 10,200 148
24 923 16,400 1.51
12 86 8700 1.39
24 88 14,000 1.42
24 88 11,000 1.21
24 86 9300 1.30

6 87 7100 1.51
12 90 10,300 1.55
24 94 14,700 1.58
24 89 8700 1.29
24 91 9800 1.31
24 92 10,100 1.35
24 93 10,200 1.38

6 91 6700 1.49
12 90 8600 1.47
24 94 10,900 1.46
24 88 8600 1.32
24 86 9200 1.35
24 94 9400 1.42

“Conditions: monomer 300 mg in CHCl; 0.14 mL or monomer 1000 mg in CHCl; 0.34 mL (runs 11—13, 0.38 mL), 50 °C. ®Initial monomer
concentration in mmol/mL. “Isolated yield as MeOH insoluble fraction. 4GPC data in THF versus polystyrene standards. “In CH,ClL,. /In toluene.

ethylene (or propylene);**~"’

however, study of the

depolymerization of ADMET-derived polymers in the
presence of ethylene and a polymerization catalyst was not

carried out.

We recently reported the synthesis of a new biobased

polyester by ADMET polymerization of the monomer (a,0-
diene) derived from castor oil and eugenol (obtained from
clove oil).>’ Because we also reported the synthesis of
conjugated polymers by ADMET polymerization including

47,56,57

the end modification and grafting, we thus have an

interest in the synthesis of biobased polyesters by AMDET

18303

polymerization and subsequent (tandem) hydrogenation and
in the degradation of the polymers in the presence of ethylene
(to confirm the equilibrium in this system). In this paper, we
wish to demonstrate a method for the synthesis of biobased
saturated polyesters by tandem ADMET polymerization and
subsequent hydrogenation without isolation of unsaturated
polymers (Scheme 2, HPE1-4), and we also demonstrate the
subsequent reaction (depolymerization) with ethylene after the
ADMET polymerization.

https://dx.doi.org/10.1021/acsomega.0c01965
ACS Omega 2020, 5, 18301-18312
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Figure 1. "H NMR spectrum (in CDCl; at 25 °C) for (a) ME1 (monomer), (b) PE1 (ADMET polymer, run 3), (c) HPE1 (after tandem
hydrogenation, run 33), (d) ME2, (e) PE2 (run 15), (f) HPE2 (run 37), (g) ME3, (h) PE3 (run 23), (h) HPE3 (run 41), (i) ME4, (j) PE4 (run
29), and (j) HPE4 (run 43). The full spectra are shown in the Supporting Information.”

B RESULTS AND DISCUSSION

ADMET Polymerization of Biobased a,w-Diene
Monomers. Four a,w-diene monomers derived from castor
oil (w-undecenoate) and 1,4-butanediol, isosorbide, isoman-
nide, and 1,4-cyclohexanedimethanol have been chosen in this
study. These diols can be obtained from sugars (glucose and
mannitol) and have been used as renewable building blocks.™®
These monomers, butane-1,4-diyl bis(undec-10-enoate)
(ME1), dianhydro-p-glucityl bis(undec-10-enoate) (ME2),”’
dianhydro-p-mannityl bis(undec-10-enoate) (ME3), and cy-
clohexane-1,4-dimethanol bis(undec-10-enoate) (ME4), were
prepared by treating 10-undecenoyl chloride with the
corresponding diol in toluene in the presence of NEt;
(Scheme 3), according to the reported procedure.’”” The
resultant monomers were identified by NMR spectra and were
confirmed by atmospheric pressure chemical ionization
(APCI) mass spectrometry (see, Experimental Section).”

ADMET polymerizations of ME1—ME4 were conducted in
the presence of two types of ruthenium-carbene catalysts,
RuCl,(PCy,) (H,IMes)(CHPh) [G2; IMesH, = 1,3-bis(2,4,6-
trimethylphenyl)imidazolin-2-ylidene, Cy = cyclohexyl] and
RuCl,(IMesH,)(CH-2-O'Pr-C¢H,) (HG2) because these
catalysts afforded high-molecular weight polymers in the
polymerization of 4-allyl-2-methoxyphenyl 10-undecenoate,
prepared from biorenewable eugenol (clove oil) and
undecenoate (castor oil).”* As reported for the synthesis of
all-trans poly(9,9-n-alkyl fluorene-2,7-vinylene)s by ADMET
polymerization,”*** the polymerizations were carried out in a
small amount of CHCl; (0.14 mL for monomer 300 mg) using
a sealed Schlenk tube equipped with a high-vacuum valve in
the presence of a catalyst (Scheme 2). The reactions were
conducted in an oil bath heated at 50 °C, and the mixture was
then cooled with a liquid nitrogen bath and the headspace of
the flask was evacuated to remove the ethylene formed in this
condensation golymerization (for details, see the Experimental
Section);*****? efficient removal of ethylene is thus beneficial
for obtaining high-molecular weight polymers.”*® The results
are summarized in Table 1.

It was revealed that the polymerization of ME1 using HG2
afforded high-molecular weight polymer (PE1) with unimodal
molecular weight distribution (run 3, M, = 15,900; M,,/M, =
1.46), and the M, values in the resultant polymers increased
over the time course (runs 1—3). The results conducted under
the same conditions were close (runs 3 and 4), although the
M, value was somewhat different probably because of increase
in viscosity under these conditions (containing polymer with a
high M, value); it seems very difficult to conduct the

polymerization under higher MEI concentration because of
technical difficulty of stirring magnetically. As reported
previously,” the M, value was also affected by the Ru catalyst
(G2 vs HG2, runs 6—8) and amount of the catalyst (HG2)
loaded (runs 3—6). HG2 seemed to be more suited in terms of
synthesis of high-molecular weight PE1; the M, values in the
resultant polymer (PE1) prepared by HG2 were higher than
those prepared by G2 [M, = 15,700 (run S) versus 12,700 (run
7), 12,400 (run 6) versus 8800 (run 8)] under the same
conditions. The M, value was also affected by the solvent
employed (runs 3, 9, 10), although these polymerizations were
conducted under rather high-monomer concentration con-
ditions that are %enerally required in this condensation
polymerization.™~*

It turned out that resonances ascribed to protons of terminal
olefins (at 4.84, 4.91, and 5.72 ppm) in the '"H NMR spectrum
(in CDCl, at 25 °C, Figure la) for ME1 were no longer
present and resonances ascribed to protons assigned to the
internal olefins (at 5.29—5.38 ppm) were observed in the
resultant polymer (PE1, Figure 1b), whereas the other
resonances remained [also shown in Figures S1, S9 in the
Supporting Information].” Similarly, the disappearance of
resonances ascribed to carbon in the terminal olefins along
with observation of the resonances in the internal olefins (with
remaining the other resonances) was observed in the C{'H}
NMR spectra (Figures S2, S10, Supporting Information).” The
results thus clearly indicate the formation of polymers by
ADMET polymerization.”” >**7>° The resultant polymers
(PE1) possess a sole (rather sharp) melting temperature (T,,)
at 46.9 °C (run 3, M, = 15,900), whereas the T,, value was
affected by the molecular weight [Figure S39, Supporting
Information, T,, value = 46.9 °C (M, = 15,900, run 3), 40.9 °C
(12,400, run 6), 36.6 °C (8500, run 2), and 34.8 °C (7700, run
D]

The ADMET polymerizations of ME2, ME3, and ME4 by
HG2, conducted under the same conditions, also afforded
high-molecular weight polymers (PE2, PE3, and PE4,
respectively) with unimodal molecular weight distributions
M, (M,/M,) = 14,000 (1.42), 10,100 (1.35), and 9200
(1.35) for PE2 (run 15), PE3 (run 23), and PE4 (run 29),
respectively]. The results conducted under the same
conditions were reproducible (runs 23 and 24, M, = 10,100
and 10,200, and M,/M, = 1.35 and 1.38). The resultant
polymers showed resonances ascribed to protons (carbon) in
the internal olefins in their NMR spectra along with
disappearance of resonances because of the terminal olefins
(shown in Figure 1 and Supporting Information),” strongly

https://dx.doi.org/10.1021/acsomega.0c01965
ACS Omega 2020, 5, 18301-18312
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Scheme 4. Synthesis of Biobased Polyesters (HPE1—-HPE4) by Tandem ADMET Polymerization and Hydrogenation Using

Ruthenium Catalysts
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Table 2. Synthesis of Saturated Polyesters by Tandem ADMET Polymerization and Hydrogenation Using Ruthenium-Carbene

Catalysts”
run monomer (mmol) cat. H,/MPa
31 ME1 (0.71) HG2 1.0
32 ME1 (2.36) HG2 1.0
33 MEI1 (2.36) HG2 1.0"
34 ME2 (0.65) HG2 1.0
35 ME2 (0.65) G2 1.0
36 ME2 (0.65) HG2 2.0
37 ME2 (2.08) HG2 1.0
38 ME3 (0.65) G2 1.0
39 ME3 (0.65) HG2 1.0
40 ME3 (0.65) HG2 0.5
41 ME3 (0.65) HG2 2.0
42 ME3 (2.08) HG2 1.0
43 ME4 (2.09) HG2 1.0

PE (ADMET)® HPE (after H,)¢
yield®/% M, M,/M,“? M, M,/M,*
88 12,800 141 13,800 1.45
90 16,400 1.51 16,600 1.48
94 12,300 1.46 13,200 148
87 14,000 1.42 15,900 1.44
85 11,900 1.38 13,100 128
90 13,200 1.45 16,000 1.49
93 13,700 1.48 15,800 1.53
93 9500 1.41 10,400 1.42
92 10,200 1.38 11,100 1.39
90 9700 1.37 10,900 1.34
91 10,700 1.34 11,800 1.32
92 10,900 1.46 11,000 1.53
92 8600 1.48 9200 1.51

“Conditions: Ru cat. 2.0 mol %, monomer 300 mg in CHCl, 0.14 mL or monomer 1000 mg in CHCl; 0.34 mL (run 32, 0.38 mL), 50 °C. ADMET
polymerization 24 h, and hydrogenation 3 h after addition of AL,O;. ALO; S mg (1.7 wt %, monomer 300 mg scale) or 10 mg (1.0 wt %, monomer

1000 mg scale).
“Sample after hydrogenation. I Hydrogenation at 25 °C.

bIsolated yield as MeOH insoluble fraction. “Sample before hydrogenation.

4GPC data in THF versus polystyrene standards.

indicating that these polymers also possess structures formed
by the ADMET polymerization (Scheme 2). It seems that the
M, value in PE2 prepared under the optimized conditions (M,
= 14,000, run 15) was higher than those reported previously
(M, = 4400—8400),> and the T, value in the resultant
polymer (32.3 °C, run 15) is higher than that in the low-
molecular weight polymer (25.9 °C, run 14, M, = 8700, Figure
S41, Supporting Information). The resultant polymers
prepared by ME3 and ME4 showed rather broad and low
melting temperature at 5.4 °C, according to the DSC
thermograms obtained (Figures S42, S43, Supporting
Information). The results thus indicate that the polymerization
using HG2 gave high-molecular weight polymers (PE1—4)
under the optimized conditions.”

It should be noted that the M, values in the resultant
polymers also increased over time in the ADMET polymer-
izations of ME1 and ME2 under the scaled-up conditions (runs
11-13 and 18—20, monomer 1000 mg scale), as observed
under small-scale conditions (run 1—3, 14, 15, monomer 300
mg scale). The resultant polymers possessed M, values similar
to those conducted under small-scale conditions (monomer
300 mg scale), although the initial monomer concentrations
were rather high under the scaled-up conditions (monomer
1000 mg, CHCl; 0.34 or 0.38 mL). Therefore, syntheses of
high-molecular weight polymers (PE1—PE4) have been

18305

demonstrated by the ADMET condensation polymerization
in the presence of HG2.

Tandem ADMET Polymerization and Hydrogenation:
Synthesis of Biobased Saturated Polyesters. It should be
noted that olefinic double bonds in the resultant polymers
(PE1—PE4), prepared by the ADMET polymerizations of the
monomers (ME1-ME4) by G2 or HG2, could be hydro-
genated in a tandem manner (without isolation of unsaturated
polymers) upon addition of a small amount of alumina (AL,O;)
in situ (Scheme 4), as shown in Table 2 and Figure 1.”

After the ADMET polymerization, the reaction mixture was
moved into an autoclave (20 mL scale) with addition of a small
amount of AL,O; powder (1.7 or 1.0 wt % to monomer
charged), and the solution was pressurized with hydrogen (1.0
or 2.0 MPa) and was stirred for 3 h at 50 °C (runs 31, 32, 34—
37, 38, 39, 41—43). As shown in Figure 1, resonances ascribed
to olefinic protons disappeared with the other resonances
remaining in all cases, and no significant differences in the M,
values and M,,/M, values were observed. Disappearance of
resonances due to protons/carbons in the olefinic double bond
could be confirmed in the sample treated even at 25 °C (run
33, Figures S17, and S18). These results could demonstrate the
successful synthesis of saturated biobased polyesters (HPE1—
4) in a tandem manner.
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Figure 2. DSC thermograms for (a) PE1 (run 13) and HPE1 (run 32) and (b) PE2 (run 15) and HPE2 (run 37). Polymer samples before/after

tandem hydrogenation. Detailed data are shown in Table 2.

Table 3. Reaction with Ethylene after ADMET Polymerization®

ADMET polymerizationb

reaction with ethylened

run monomer cat. time/h M,
44 ME1 HG2 12 10,200
45 ME1 G2 12 9800
46 ME1 G2 6 8400
47 ME2 HG2 12 10,800
48 ME2 G2 12 11,300
49 ME2 G2 6 8500

M, /M, M M,/M,° yield*/%
1.39 2000 1.51 87
1.55 1800 1.46 88
1.62 1500 1.54 85
1.46 2200 1.45 89
145 1600 145 89
1.54 1400 1.48 84

“Conditions: Ru cat. 2.0 mol % and monomer 300 mg in CHCI, 0.14 mL. 50 °C. YADMET polymerization at 50 C. “GPC data in THF versus
polystyrene standards. dEthylene 0.8 MPa at 50 °C for 1 h. “Isolated yield as MeOH insoluble fraction.
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Figure 3. "H NMR spectrum (in CDCl, at 25 °C, expanded at 4.3—6.2 ppm) for (a) ME2 (monomer), (b) PE2 (ADMET polymer, run 15), and
(c) DPE2 (after reaction with ethylene, run 49). The *C{'H} NMR spectrum (in CDCl; at 25 °C, expanded at 80—190 ppm) for (d) ME2
(monomer), (e) PE2 (ADMET polymer, run 15), and (f) DPE2 (after reaction with ethylene, run 49). The full spectra are shown in the

Supporting Information (Figures $33—S35).”

It turned out that in the tandem reaction for MEI,
optimization of reaction conditions (hydrogen pressure and
reaction time) is necessary for obtainment of saturated
polymers (HPE1); the reaction after 1 h (under H, 1.0
MPa, run S2 in Table S1, Supporting Information) or the
reaction at 0.5 MPa (3 h, run S4, Table S1) gave the polymers
with incomplete hydrogenation (Figures S19, S20, Supporting
Information).” Incompletion of the hydrogenation could also
be confirmed by DSC thermograms (Figure S40, Supporting
Information), as described below.

It should be noted that tandem hydrogenation did not
proceed in the absence of Al,O; under the same conditions
(runs S6, S7 in Table S1; on the basis of NMR spectra, Figures
$29, S30, Supporting Information). Addition of alumina is thus
prerequisite to accomplish the tandem reaction under rather
mild conditions compared to the conventional independent
hydrogenation of the ADMET polymers using rhodium,
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ruthenium, or Pd/C catalysts (3.1—13.8 MPa, 80—110
°C).>?8323175 Interestingly, only 1.0 wt % Al,O; powder is
effective for the tandem synthesis under the scaled-up
conditions (monomer 1000 mg scale) for syntheses of
HPE1-HPE4 (runs 32, 37, 42, 43), and no significant
differences in the M, values and M,,/M,, values were confirmed
before/after hydrogenation.

It was revealed that in the tandem reaction for ME3, the T,
values in the resultant polymers were affected by the hydrogen
pressure employed [runs 39—41, DSC thermograms in Figure
S42; T, = 56.1 °C (run 41, H, 2.0 MPa), 50.6 °C (run 39, H,
1.0 MPa), and 50.0 °C (run 40, H, 0.5 MPa)], although no
significant differences (disappearance of protons/carbon
ascribed to the olefinic double bonds) in these NMR spectra
were seen in all cases (Figure S23 through S28, Supporting
Information).” Because the property (melting and/or glass
transition temperature, crystallinity, etc.) of polyesters is
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Scheme 5. Synthesis of a Biobased Polyester by Ruthenium-Catalyzed ADMET Polymerization and Tandem Hydrogenation

and Depolymerization with Ethylene

0 ADMET
Polymerization
Ru cat.

/N/:\N\
‘.HI\ ;’I\ Mes Y

H O H Cl,,,

\‘_r"r Cy = cyclohexyl;

oligomer

—©, O G2 ¢
PCy;
o~ : o~ : A\
H N N<

Mes = 2,4,6-Me3CgH,

H, 1.0 or 2.0 MPa
50 °C
1.0-1.7 wt% Al,O3

tandem
hydrogenation

generally influenced by the preciseness of the microstructure,'”
it seems likely that the observed difference would be probably
due to the presence of unsaturated olefinic double bonds that
remained (even though we do observe resonances in the NMR
spectra).

As shown in Figure 2 and DSC thermograms in the resultant
polymers (HPE1 and HPE2), the T, values increased by
hydrogenation of olefinic double bonds [T}, = 67.8 °C (HPE],
run 32) and 53.2 °C (HPE2, run 37); T,, = 46.9 °C (PEl, run
3) and 32.3 °C (PE2, run 15)] because of increase in the alkyl
chain length, and the T, values in the resultant HPE3 and
HPE4 also increased after hydrogenation [Figure S42, $43,
Supporting Information; T, = 41.7 °C (HPE4, run 43) versus
5.4 °C (PE4)].

Tandem ADMET Polymerization and Reaction with
Ethylene. ADMET polymerizations of ME1 and ME2 were
conducted by G2 (or HG2) at 50 °C for 6 h (or 12 h) and the
resultant mixture was then pressurized with ethylene at 0.8
MPa and was stirred for 1 h at 50 °C. The results are
summarized in Table 3, and the 'H and "C{'H} NMR spectra
in the resultant sample for the reaction with ME2 (run 49) are
shown in Figure 3. Detailed NMR spectra in the reaction with
ME1 (run 46) are shown in Figures S33 and S34, and the
spectra in the reaction with ME2 (run 49) are shown in
Figures S35—S37, Supporting Information.” Selected GPC
traces before/after the depolymerization are also shown in
Figures S44—S547.

It turned out that decreases in the M, values were observed
in all cases when the resultant reaction mixtures after the
ADMET polymerization were stirred in ethylene for 1 h at 50
°C. It seems that the M, values in the reaction with HG2 are
rather high compared to those in the reaction with G2, and the
values seems rather high when the samples after 12 h
(polymerization) were used instead of 6 h. These may be
due to rather high-molecular weight samples (by HG2 or 12 h)
or due to partial decomposition of the catalyst (especially after
12 h), although the exact reason is unclear at this moment.

Figure 3 shows 'H and *C{'H} NMR spectra (in CDCI, at
25 °C) for the sample for the reaction with ME2 (run 49), and
the NMR spectra for ME2 and PE2 (run 15) are also placed
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for comparison. It was revealed that resonances ascribed to
protons/carbons in the terminal olefins were observed in the
sample after the reaction with ethylene (Figure 3c,f),” whereas
the other resonances remained. These results suggest that the
resultant polymer was reacted with ethylene to give oligomers
by depolymerization (degradation). On the basis of the
integration ratio of internal/terminal olefins in the reaction
product [terminal/internal = (2.00 + 4.14):2.4S, Figure S33],
it seems that the major product after the reaction would be a
dimer (including a trimer, efc.), which also seems to be
appropriate from speculation of the GPC data. The similar
trend was also observed in the reaction of ME1, although the
resultant materials seem to be a mixture of oligomers.
Although we may need to explore in more detail, the results
could suggest that the resultant ADMET polymer could be
reacted with ethylene to afford the oligomer without further
addition of the ruthenium catalyst.

B CONCLUDING REMARKS

We have demonstrated that ADMET polymerization of
biobased a,w-diene monomers (derived from castor oil and
sugars) afforded high-molecular weight polymers with
unimodal molecular weight distribution, and subsequent
tandem hydrogenation with addition of ALO; (1.0—1.7 wt
%) afforded saturated polyesters (HPE1-HPE4) efficiently
(Scheme S). The efficient tandem hydrogenation system under
rather mild conditions [1.0 or 2.0 MPa at 50 °C, 3 h (this
study, tandem) versus 4.0—5.0 MPa at 80—110 °C, >10—48 h
(reported, independent hydrogenation)]*”***" has thus been
introduced through this effort. Resultant polymers are
saturated, biorenewable semicrystalline polyesters with the
melting temperature at 41.7—67.8 °C. Moreover, once formed
ADMET polymers (PE1—PE4) were reacted with ethylene to
afford oligomers (by depolymerization and degradation,
Scheme S) because ADMET polymerization is a type of
condensation polymerization with an equilibrium. Various
middle segment- (circled in red, Scheme 5) and carboxylate-
containing terminal olefins derived from plant oil can be
considered as the building blocks for the synthesis of
symmetric polyesters, which are important for obtainment of
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materials with high T,,'” by adopting this approach. Further
improvements (such as catalyst efficiency, tandem hydro-
genation conditions preferably under low pressure, complete
depolymerization, alternatives of chloroform, efficient synthesis
from the long-chain esters, etc.) should be considered as the
future project; however, the approach adopted here should be
beneficial to the development of a green sustainable process
and materials which should be promising alternatives to those
based on fossil fuels.

B EXPERIMENTAL SECTION

General Procedure. All experiments were carried out
under nitrogen atmosphere or using standard Schlenk
techniques unless otherwise specified. Anhydrous grade
dichloromethane and toluene (>99.5%, Kanto Chemical Co.,
Inc.) were transferred into a bottle containing molecular sieves
(mixture of 3A 1/16, 4A 1/8 and 13X 1/16) in a drybox.
RuClL,(PCy,)(IMesH,)(CHPh) [G2; Cy = cyclohexyl,
IMesH, = 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene],
and RuCL(IMesH,) (CH-2-OPr-C¢H,) (HG2) were pur-
chased from Aldrich Chemical Co., and were used as received.
Chemicals of reagent grades such as 10-undecenoyl chloride
(>99%), isosorbide >98.0%(GC), isomannide >98.0%(GC),
1,4-butanediol >99.0%(GC), 1,4-cyclohexanedimethanol
>99.0%(GC), and triethylamine (>99%) were purchased
from Tokyo Chemical Industry, Co., Ltd., and were used as
received. Ethyl vinyl ether (>98%), alumina (activated Al,O;),
and Celite were purchased from Fujifilm Wako Pure Chemical
Industries, Ltd.

All 'H and “C{'H} NMR spectra were recorded using a
Bruker AVS00 spectrometer (500.13 MHz for 'H, 125.77
MHz for "*C). All chemical shifts were reported in parts per
million (ppm) with reference to SiMe, at 0.00 ppm. Obvious
multiplicities and routine coupling constants are usually not
listed, and all spectra were obtained in the solvent (CDCl,)
indicated at 25 °C unless otherwise noted. Molecular weights
and the molecular weight distributions of resultant polymers
were measured by gel permeation chromatography (GPC).
The measurements were performed at 40 °C on a Shimadzu
SCL-10A using a RID-10A detector (Shimadzu Co., Ltd.) in
THF (containing 0.03 wt % of 2,6-di-tert-butyl-p-cresol, flow
rate 1.0 mL/min). HPLC-grade THF (Fujifilm Wako Pure
Chemical Ind., Inc.) was used as the eluent with a flow rate of
1.0 mL/min and was degassed prior to use. GPC columns
(ShimPAC GPC-806, 804 and 802, 30 cm X 8.0 mm diameter,
spherical porous gel made of styrene/divinylbenzene copoly-
mer, ranging from <10* to 2 X 10’ MW) were calibrated versus
polystyrene standard samples. Differential scanning calorimet-
ric (DSC) data for polymer were measured using a Hitachi
DSC 7020 analyzer. Nitrogen was used as the purge gas and all
samples (5—7 mg) were placed in standard aluminum pans.
Polymer samples were first heated from 25 to 150 °C and then
cooled to —100 °C. The glass transition (T,) and melting (T,,)
temperature were determined upon the second heating cycle.
All runs were performed at a rate of 10 °C/min. Atmospheric
pressure chemical ionization (APCI) mass spectrometry was
performed on a Bruker MicroTOF II-SDTI.

Synthesis of Butane-1,4-diyl Bis(undec-10-enoate)
(ME1). 10-Undecenoyl chloride (8.00 g, 39.4 mmol) was
added dropwise into a toluene solution (50.0 mL) containing
1,4-butanediol (1.77 g, 19.7 mmol, 0.50 equiv) and triethyl-
amine (5.00 g, 49.3 mmol, 1.25 equiv) for over 30 min at 0 °C.
The stirred mixture was warmed to room temperature and was

stirred for 24 h. After the reaction reached completion, by
confirmation of consumption of 10-undecenoyl chloride by
TLC, the reaction mixture was then neutralized with 2 M HCI
and was washed with 10% NaHCO; (15 mL X 2), deionized
water (15 mL X 2), and brine (15 mL X 2). The solution was
then dried over anhydrous MgSO, and then filtered through a
Celite pad. The filtrate was evaporated under reduced pressure,
and the crude product was then purified by column
chromatography using n-hexane and ethyl acetate (8/2) as
an eluent to yield ME1 as a colorless oil (5.25 g, 91% yield).
'"H NMR (CDCL): 6 1.22 (br s, 16H, CH,), 1.30 (t, J = 6.7
Hz, 4H, CH,), 1.54 (t or q, J = 7.3 Hz, 4H,
—CH,CH,C00-), 1.63 (4H, —CH,CH,0CO-), 196 (q
or dt, ] = 6.9 Hz, 4H, —CH,CH=CH,), 2.22 (t, ] = 7.5 Hz,
4H, —CH,COO0-), 4.02 (t, ] = 5.9 Hz, 4H, —CH,0CO-),
4.84 (dt, J = 10.3, 1.1 Hz, 2H, CH,=CH-), 491 (dd, J =
17.0, 1.8 Hz, 2H, CH,=CH-), 5.72 (ddt, J = 17.0, 10.3, 6.9
Hz, 2H, —CH=CH,). *C{'H} NMR (CDCL,): § 24.9, 25.3,
28.8, 29.0, 29.1, 29.1, 29.2, 33.7, 34.2, 63.6 (—CH,0CO-),
114.1 (CH,=CH-), 138.9 (CH,=CH-), 173.5 (-COO-).
APCI-MS: caled for C,sH,04 m/z, 423.35 [M + H]*; found,
423.3.

Synthesis of Dianhydro-b-glucityl Bis(undec-10-
enoate) (ME2). 10-Undecenoyl chloride (8.00 g 39.4
mmol) was added dropwise into a toluene solution (50.0
mL) containing isosorbide (2.88 g, 19.7 mmol, 0.50 equiv) and
triethylamine (5.00 g, 49.3 mmol, 1.25 equiv) for over 30 min
at 0 °C. The stirred mixture was then warmed to room
temperature and was stirred for 24 h. After the reaction
reached completion, by confirmation of consumption of 10-
undecenoyl chloride by TLC, the reaction mixture was then
neutralized with 2 M HCl and was washed with 10% NaHCO;
(15 mL X 2), deionized water (15 mL X 2), and brine (15 mL
X 2). The solution was then dried over anhydrous MgSO, and
then filtered through a Celite pad. The filtrate was evaporated
under reduced pressure, and the crude product was then
purified by column chromatography using n-hexane and ethyl
acetate (8/2) as an eluent to yield ME2 as a colorless oil (6.46
g, 94% yield). '"H NMR (CDCl,): 6 1.27 (br s, 16H, —CH,—),
1.34 (t, ] = 6.7 Hz, 4H, —CH,-), 1.59 (m, 4H,
—CH,CH,CO0-), 2.00 (q or dt, ] = 6.9 Hz, 4H,
—CH,CH=CH,), 2.27 (t, J = 7.7 Hz, 2H, —CH,CO0-),
233 (t, ] = 7.1 Hz, 2H, —CH,COO-), 3.76 (dd, ] = 9.8, 5.4
Hz, 1H, —~CH,—~OCH-), 3.91-3.95 (m, 3H, —~CH,—OCH—,
—CH,—OCH-), 444 (d, ] = 4.6 Hz, 1H, —CH,—OCH-),
4.80 (t, ] = 5.0 Hz, 1H, —CH,—OCH-), 4.89 (d, ] = 10.2 Hz,
2H, CH,=CH-), 4.96 (dd, ] = 17.1, 1.60 Hz, 2H, CH,=
CH-), 5.12 (q, ] = 5.6 Hz, 1H, —-CHOCO-), 5.16 (d, J = 3.2
Hz, 1H, —CHOCO-), 5.77 (ddt, J = 17.0, 10.3, 6.7 Hz, 2H,
—CH=CH,). BC{'H} NMR (CDCl,): 6 24.8, 28.9, 29.0,
29.1, 29.2, 33.8, 34.0, 34.1, 70.3, 73.7, 74.5, 80.7, 85.9, 114.1
(CH,=CH-), 139.1 (-CH=CH,), 172.8 (-CO0-), 173.1
(=COO0-). APCI-MS: calcd for CygH,s04 m/z, 479.34 [M +
H]*; found, 479.3.

Synthesis of Dianhydro-b-mannityl Bis(undec-10-
enoate) (ME3). 10-Undecenoyl chloride (8.00 g 39.4
mmol) was added dropwise into a toluene solution (50.0
mL) containing isomannide (2.88 g, 19.7 mmol, 0.5 equiv) and
triethylamine (5.00 g, 49.3 mmol, 1.25 equiv) for over 30 min
at 0 °C. The stirred mixture was then warmed to room
temperature and stirred for 24 h. After the reaction reached
completion, by confirmation of consumption of 10-undecenoyl
chloride by TLC, the reaction mixture was then neutralized
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with 2 M HCl and was washed with 10% NaHCO; (15 mL X
2), deionized water (15 mL X 2), and brine (15 mL X 2). The
solution was dried over anhydrous MgSO, and then filtered
through a Celite pad. The filtrate was evaporated under
reduced pressure. The crude product was purified by column
chromatography using n-hexane and ethyl acetate (8/2) as an
eluent to yield ME3 as a colorless oil (6.33 g, 82% yield). 'H
NMR (CDCL): & 1.20 (br s, 16H, —CH,—), 1.34 (br, 4H,
—CH,-),1.55 (t, ] = 6.8 Hz, 4H, —CH,CH,COO-), 1.94 (d,
J = 6.3 Hz, 4H, —CH,CH=CH), 228 (t, J = 7.3 Hz, 4H,
—CH,CO0-), 3.70 (t, ] = 7.6 Hz, 2H, —CH,—OCH-), 3.93
(t, J = 7.1 Hz, 2H, —CH,—OCH-), 4.60 (s, 2H, —CH,—
OCH-), 4.83 (d, ] = 10.1 Hz, 2H, —-CH=CH,), 4.89 (d, ] =
17.1 Hz, 2H, —CH=CH,), 499 (d, ] = 44 Hz, 2H,
—CHOCO-), 5.70 (ddt, J = 16.8, 10.0, 6.8 Hz, 2H, —CH=
CH,). BC{'H} NMR (CDCL): § 24.8, 28.8, 28.9, 29.1, 29.2,
337, 33.8, 70.3, 73.5, 80.3, 1141 (CH,=CH-), 1389
(-CH=CH,), 172.9 (—COO-). APCI-MS: calcd for
C,3HyO4 m/z, 479.34 [M + H]*; found, 479.3.

Synthesis of Cyclohexane-1,4-dimethanol Bis(undec-
10-enoate) (ME4). 10-Undecenoyl chloride (8.00 g, 39.4
mmol) was added dropwise into a toluene solution (50.0 mL)
containing 1,4-cyclohexanedimethanol (2.84 g, 19.7 mmol, 0.5
equiv) and triethylamine (5.00 g, 49.3 mmol, 1.25 equiv) for
over 30 min at 0 °C. The stirred mixture was then warmed to
room temperature and was stirred for 24 h. After the reaction
reached completion, by confirmation of consumption of 10-
undecenoyl chloride by TLC, the reaction mixture was then
neutralized with 2 M HCl and was washed with 10% NaHCO,
(15 mL X 2), deionized water (15 mL X 2), and brine (15 mL
X 2). The solution was dried over anhydrous MgSO, and was
then filtered through a Celite pad, and the filtrate was
evaporated under reduced pressure. The crude product was
purified by column chromatography using n-hexane and ethyl
acetate (8/2) as an eluent to yield ME4 as a colorless oil (6.02
g, 88% yield). "H NMR (CDCL,): 5 1.29 (br s, 20H, —CH,—),
137 (t, J = 6.3 Hz, 4H, —CH,—), 1.61 (t, ] = 7.1 Hz, 6H,
—CH,—-), 1.80 (d, ] = 7.1 Hz, 4H, —CH,CH,CO0-), 2.03 (q
or dt, ] = 6.90 Hz, 4H, —CH,CH=CH,), 2.29 (t, ] = 7.5 Hz,
4H, —CH,COO0-), 3.89 and 3.99 (d, ] = 6.6 Hz, 7.2 Hz, 4H,
—CH,0CO-), 492 (dd, J = 10.2, 1.0 Hz, 2H, —~CH=CH,),
4.98 (dd, J = 17.3, 1.7 Hz, 2H, —-CH=CH,), 5.80 (ddt, ] =
17.3, 10.3, 6.7 Hz, 2H, —CH=CH,). “C{'H} NMR
(CDCL): & 25.0, 25.3, 28.9, 29.0, 29.1, 29.2, 29.3, 33.8,
343, 34.5, 37.1, 669, 69.1, 114.1 (CH,=CH-), 139.1
(-CH=CH,), 173.8 (—~COO-=). APCI-MS: caled for
CyoHy,O, m/z, 477.39 [M + H*; found, 477.40.

ADMET Polymerization Using Ruthenium-Carbene
Catalysts. The typical polymerization procedure is as follows.
In the drybox, monomers (ME1 0.71 mmol, 300 mg, conc.
5.29 mmol/mL), which were pretreated by passing the mixed
solution (n-hexane and toluene, 2:1) through a Celite pad and
was removed the volatiles in vacuo in the drybox, and a CHCl,
solution (0.14 mL, anhydrous) containing a prescribed amount
of the 2nd generation Hoveyda-Grubbs catalyst (HG2) were
added into a 25 mL scale sealed Schlenk tube. The reaction
mixture was taken out from the drybox and was magnetically
stirred in an oil bath set at 50 °C. The mixture was then placed
into a liquid nitrogen bath to remove the ethylene gas from the
reaction by opening the valve connected to the vacuum line for
a short period (1 min), and the valve was then closed and the
tube was placed into the oil bath to continue the
reaction.’””** The procedure removing ethylene was

repeated for a certain period (30 min for the first time then
every 1.0 h until 6 h). The polymerization mixture was then
cooled to room temperature and was quenched with excess
ethyl vinyl ether (two drops, ca. 100 mg) while stirring for 1.0
h. The resultant solution was then dissolved in chloroform (2.0
mL) for dilution, and the solution was added dropwise into the
stirred cold methanol (50 mL). The solution was stirred for 15
min, and the precipitates were then collected by filtration and
dried in vacuo to yield PE1 as a white solid (91% yield). Similar
polymerization protocol was used for polymerization of ME2
(300 mg, 0.65 mmol, conc. 4.84 mmol/mL), ME3 (300 mg,
0.65 mmol, conc. 4.84 mmol/mL), and ME4 (300 mg, 0.63
mmol, conc. 4.69 mmol/mL) to yield the polymers PE2, PE3,
and PE4, respectively.

PEL. 'H NMR (CDCL): 6 1.26 (br s, 20H, —CH,—), 1.56
(t, ] = 7.3 Hz, 4H, —CH,CH,CO0-), 1.67 (4H,
—CH,CH,0CO-), 1.92 (4H, —CH,CH=CH,-), 2.26 (t, |
= 7.5 Hz, 4H, —CH,COO0-), 4.06 (s, 4H, —CH,0CO-),
5.29-5.38 (2H, —-CH=CH-). “*C{'H} NMR (CDCL,): &
25.0, 253, 29.1, 29.1, 29.2, 29.3, 29.6, 32.6, 34.2, 63.7
(~CH,0CO-), 130.3 (-CH=CH-), 173.8 (—~COO-).

PE2. 'H NMR (CDCL,): 6 1.27 (br s, 20H, —CH,—), 1.61
(t, ] = 6.6 Hz, 4H, —CH,CH,CO0O-), 1.94 (4H, —CH,CH=
CH,—), 2.30 (t, ] = 7.7 Hz, 2H, —CH,COO-), 2.34 (t, ] = 7.1
Hz, 2H, —CH,COO-), 378 (dd, J = 9.8, 5.4 Hz, 1H,
—CH,0CH-), 3.92—3.97 (m, 3H, —CH,—OCH—, —CH,—
OCH-), 446 (d, ] = 4.6 Hz, 1H, —-CH,—OCH-), 4.82 (t,] =
5.0 Hz, 1H, —CH,—OCH-), 5.13 (dd, ] = 5.6 Hz, 1H,
—CHOCO-), 5.18 (d, J = 32 Hz, 1H, —-CHOCO-), 5.37
(2H, —CH=CH-). BC{*H} NMR (CDCL,): § 24.8, 24.9,
29.0, 29.1, 29.2, 29.3, 32.6, 33.9, 34.2, 70.3, 73.5, 73.7, 80.7,
86.0, 130.3 (—-CH=CH-), 1729 (-COO0O-), 173.2
(-COO0-).

PE3. 'H NMR (CDCl,): 6 1.31 (20H —CH,—), 1.65 (t, ] =
6.8 Hz, 4H, —CH,CH,CO0O-), 1.97 (4H, —CH,CH=CH-),
239 (t, ] = 7.3 Hz, 4H, —CH,COO-), 3.81 (t, ] = 7.6 Hz, 2H,
—CH,—OCH-), 4.04 (t, ] = 7.1 Hz, 2H, —CH,—OCH), 4.70
(s, 2H, —CH,~OCH-), 5.10 (d, J = 4.4 Hz, 2H,
—CHOCO-), 539 (2H, —CH=CH-). BC{'H} NMR
(CDCLy): & 24.9, 29.0, 29.1, 29.2, 29.3, 29.6, 33.9, 704,
73.5, 80.4, 130.3 (—CH=CH-), 173.2 (—COO-).

PE4. 'H NMR (CDCL): § 1.24 (24H, —CH,-), 1.60 (6H,
—CH,-), 1.78 (d, ] = 7.1 Hz, 4H, —CH,CH,CO0O-), 2.03
(4H, —CH,CH=CH,), 2.28 (t, J = 7.5 Hz, 4H,
—CH,COO0-), 3.89 and 3.99 (d, J] = 6.6 Hz, 4H,
—CH,0CO-), 539 (2H, —CH=CH-). “C{'H} NMR
(CDClLy): & 25.0, 25.3, 289, 29.2, 29.3, 29.5, 31.9, 344,
37.1, 66.9, 69.1, 130.3 (—CH=CH-), 173.9 (—~COO-).

Tandem ADMET Polymerization and Subsequent
Hydrogenation Using Ruthenium-Carbene Catalysts.
The typical polymerization procedure is the same as that
described above. After ADMET polymerization, the solution
was transferred into an autoclave with addition of a prescribed
amount of alumina powder, and the reactor was then
pressurized with hydrogen at 1.0 MPa. The reactor was then
set into an oil bath preheated at 50 °C and was stirred for 3 h.
The resultant solution was then dissolved in chloroform (2.0
mL) for dilution, and the solution (after filtration through
Celite pad) was added dropwise into the stirred cold methanol
(50 mL). The solution was stirred for 15 min, and the
precipitates were then collected by filtration and dried in vacuo
to yield hydrogenated HPE1 as a whit e solid.
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HPEL. 'H NMR (CDCl,): § 1.30 (28H, —CH,—-), 1.63
(4H, —CH,CH,COO-), 1.72 (s, 4H, —CH,CH,0CO-),
231 (t, J = 7.5 Hz, 4H, —CH,COO-), 4.11 (s, 4H,
—CH,0CO-). BC{*H} NMR (CDCL): § 25.0, 25.4, 29.2,
29.3, 29.5, 29.6, 29.7, 34.3, 63.7 (—CH,0CO-), 173.9
(-CO0-).

HPE2. 'H NMR (CDCL,): 5 1.27 (28H, —CH,—), 1.64 (m,
4H, —CH,CH,COO-), 233 (t, | = 7.7 Hz, 2H,
—CH,CO0-), 2.39 (t, J = 7.1 Hz, 2H, —CH,COO-), 3.81
(dd, J = 9.8 and 5.4 Hz, 1H, —CH,0CH-), 3.96—4.02 (m,
3H, —-CH,—OCH-, —CH,—OCH-), 449 (d, ] = 4.6 Hz, 1H,
—CH,—OCH-), 4.84 (t, ] = 5.0 Hz, 1H, —CH,—OCH-),
5.16 (dd, J = 5.6 Hz, 1H, —-CHOCO-), 5.20 (d, J = 3.2 Hz,
1H, —CHOCO-). BC{'H} NMR (CDCL): § 24.8, 24.9, 29.1,
29.2, 29.5, 29.6, 29.7, 34.0, 34.2, 70.4, 73.5, 73.7, 80.8, 86.0,
172.9 (-CO0-), 173.2 (—COO-).

HPE3. 'H NMR (CDCL): 6 1.25 (28H), 1.64 (4H), 2.38
(4H), 3.79 (m, 2H), 4.02 (m, 2H), 4.69 (2H), 5.09 (2H). §
1.25 (28H —-CH,-), 1.64 (t, J] = 6.8 Hz, 4H,
—CH,CH,C00-), 2.38 (t, ] = 7.3 Hz, 4H, —CH,CO0O-),
3.79 (t, ] = 7.6 Hz, 2H, —CH,—OCH-), 4.02 (t, J = 7.1 Hz,
2H, —CH,—OCH-), 4.69 (d, | = 4.1 Hz, 2H, —CH,—
OCH-), 5.09 (2H, —CHOCO-). ®C{'H} NMR (CDCl,): §
24.9, 29.1, 29.3, 29.5, 29.6, 29.7, 33.9, 70.4, 73.5, 80.4, 173.3
(-CO0-).

HPE4. 'H NMR (CDCL): § 1.27 (32H), 1.62 (6H), 1.81
(4H), 2.31 (4H), 3.85 and 3.95 (4H). § 1.27 (32H, —CH,—),
1.62 (6H, —CH,—), 1.81 (d, J = 7.1 Hz, 4H,
—CH,CH,CO0-), 2.31 (t, ] = 7.5 Hz, 4H, —CH,COO-),
3.85 and 3.95 (d, ] = 6.6 Hz, 4H, —CH,0CO-). BC{'H}
NMR (CDCL,): § 25.0, 25.3, 28.9, 29.2, 29.3, 29.5, 29.6, 29.7,
31.9, 34.4, 37.1, 66.9, 69.1, 174.0 (—~COO-).

Reaction with Ethylene in the Resultant Polymer
Prepared by ADMET Polymerization Using Ruthenium-
Carbene Catalysts. Confirmation of the Reversible
Nature in This Catalysis. The typical polymerization
procedure is the same as that described above (50 °C, 6 h).
After ADMET polymerization, the solution was transferred to
an autoclave, and the reactor was then pressurized with
ethylene at 0.8 MPa. The reactor was then set into an oil bath
preheated at 50 °C and was stirred for 1 h. The resultant
solution was then dissolved in chloroform (2.0 mL) for
dilution, and the solution was added dropwise into the stirred
cold methanol (50 mL). The solution was stirred for 15 min,
and the precipitates were then collected by filtration and dried
in vacuo to yield (depolymerized) oligomers (DPE1 or DPE2)
as white-gray precipitates (solid). NMR spectra in the resultant
mixture after the removal of volatiles are shown in the
Supporting Information.”

DPEL. 'H NMR (CDCl,): § 1.28 (s, 22H), 1.61 (t, ] = 6.9
Hz, 4H), 1.69 (s, 4H), 1.95 (d, ] = 4.2 Hz, 4H),2.28 (t, ] = 7.6
Hz, 4H), 4.09 (s, 4H), 4.90—5.01 (d, J = 9.8 Hz, 4H), 5.37 (t,
= 182 Hz, 16H), 5.76—5.85 (m, 2H). “C{'H} NMR
(CDCLy): & 25.0, 254, 29.0, 29.1, 29.2, 29.3, 29.4, 29.6,
32.6, 34.3, 63.7, 130.3, 173.9 (—COO-).

DPE2. 'H NMR (CDCL): § 1.24—1.38 (22H), 1.57—1.65
(quint, J = 6.4 and 8.1 Hz, 4H), 1.95 (d, ] = 4.2 Hz, 2H), 2.02
(quart, J = 7.2 and 7.2 Hz, 2H), 2.30 (t, ] = 7.5 Hz, 2H), 2.36
(t, ] = 7.5 Hz, 2H), 3.78 (dd, ] = 4.2 and 5.5 Hz, 2H), 3.93—
3.99 (4H), 4.46 (d, ] = 4.6 Hz, 2H), 4.82 (t, ] = 4.9 Hz, 2H),
4.92 and 4.98 (d, ] = 10.1 Hz, 4H), 5.14 (quart, ] = 5.6 and 5.5
Hz, 2H), 5.18 (d, ] = 2.6 Hz, 2H), 5.37 (t, ] = 17.7 Hz, 2H),
5.77—5.83 (2H). BC{’'H} NMR (CDCL,): § 24.8, 24.9, 28.9,

29.0, 29.1, 29.2, 29.3, 29.4, 29.6, 32.5, 32.6, 34.0, 34.2, 70.3,
73.5, 73.7, 80.7, 86.0, 1142, 130.3, 139.2, 172.9 and 173.2
(-CO0-).
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B ADDITIONAL NOTES

“Selected NMR spectra for monomers (ME1—4), the resultant
unsaturated polymers (PE1—4), polymers after hydrogenation
(JPE1—4), and reaction mixture after reaction of PE1 or PE2
with ethylene are shown in the Supporting Information.
®These ADMET polymerizations were conducted at 50 °C,
according to our previous reports,33’58’59 and the polymer-
ization at high temperature caused decrease in the activity and
observation of side reactions (such as addition polymerization)
for synthesis of conjugated polymers.”® Unpublished results.
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