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Abstract   Coordination polymerization of renewable β-ocimene has been investigated using asymmetric diiminophosphinate lutetium complex

1, β-diketiminate  yttrium  complex 2,  bis(phosphino)carbazolide  yttrium  complex 3,  half-sandwich  benzyl  fluorenyl  scandium  complex 4 and

pyridyl-methylene-fluorenyl  rare-metal  complexes 5a–5c.  Complexes 1, 4 and 5a–5c show trans-1,2-regioselectivities  and  high  activities,  of

which 5c exhibits excellent isoselectivity (mmmm>99%). Conversely, complexes 2 and 3 promote β-ocimene polymerization to produce isotactic

cis-1,4-polyocimenes (cis-1,4>99%, mm>95%). Diblock copolymers cis-1,4-PIP-block-cis-1,4-POc and cis-1,4-PBD-block-cis-1,4-POc are obtained in

one-pot  reactions  of β-ocimene  with  isoprene  and  butadiene  using  complex 3.  Epoxidation  and  hydroxylation  of  polyocimene  afford

functionalized polyolefins with enhanced Tg (from −20 °C to 79 °C and 74 °C) and hydrophilicity.
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INTRODUCTION

Polymer-based  materials  have  pervaded  every  aspect  of  our
daily  lives  and  it’s  hard  to  imagine  the  life  without  it.[1,2]

Nevertheless, dwindling fossil resources present a big challenge
for  the  fossil-based  polymers  industry.  On  the  other  hand,  the
increasing strict requirements from regulators and demands by
consumers  also  drive  us  to  explore  sustainable  polymers  from
the renewable natural resources. Thus, the substitution of fossil
resources  by  sustainable  resources  has  gained  a  massive
amount  of  attention  over  the  last  few  decades.  Accordingly,  a
large  amount  of  bio-based  polymers  have  been  synthesized
using  renewable  monomers,  stemming  from  nature
resources.[3−14]

Terpenes  are  a  family  of  naturally  occurring  compounds
available from many conifer species, etc., and formally consist
of multiple isoprene units according to the “isoprene rule” of
Ruzicka.[15] Owing  to  the  1,3-diene  structure,  linear
terpenes  like β-ocimene,[16−23] β-myrcene,[24−43] and β-
farnesene[15,44−49] (Scheme 1), etc., have been polymerized us-

ing  various  polymerization  techniques,  such  as  coordination
polymerization,[50] to afford polymers with a range of stereo-
chemistries  and  microstructures.  These  polymers  are  poten-
tial substitutes for fossil-based synthetic rubber. In contrast to
β-myrcene  and β-farnesene, β-ocimene,  mainly  originating
from basil and lavender oil, has a unique substitution pattern
at  the  1,3-diene  segment  featuring  a  3,4-disubstituted  1,3-
diene. This variation endows it different polymerization beha-
viors during coordination polymerization. Li and coworkers[19]

firstly  prepared  syndiotactic cis-1,4-polyocimene  (cis-1,4
unit=100%, rrrr=100%)  at −40  °C  with  a  chiral  half-sandwich
scandium  dialkyl  precursor  and  isotactic trans-1,2-polyoci-
menes  (trans-1,2-unit=100%, mm=100%)  at  30  °C  with
Cp*Y(CH2SiMe3)2(THF).  Valencia et  al.[22] demonstrated  that
the  neodymium-based  catalysts  only  produced  1,4-rich
polyocimenes (1,4-unit≤79%). Capacchione and coworkers[23]

found that the tert-butyl substituted [OSSO] titanium catalyst
gave  a trans-1,4  rich  polyocimene  (70%)  at  70  °C  and  the
bulky 2-phenyl-2-propyl substituted [OSSO] titanium catalyst
generated an isotactic 1,2-polyocimene (>99%) at 0 °C. Over-
all,  insight  regarding the coordination polymerization of  oci-
mence remain scarce.

Rare-earth  metal  catalysts  have  demonstrated  excellent
catalytic  performances  for  the  selective  polymerization  of
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conjugated dienes, such as isoprene,[51−53] butadiene,[54−56] β-
myrcene,[23,27−30,33,39] (E)-4,8-dimethyl-1,3,7-nonatriene,[12] 1-
substituted-1,3-butadiene[13] as  well  as  polar  1,3-dienes.[57] It
is  well-known that  the microstructures  of  resultant  polymers
are  closely  related  with  the  coordination  environments
around  the  metal  active  centers  endowed  by  different  kinds
of ligands and metal types. In this contribution, the polymer-
ization behaviors  of β-ocimene were investigated using vari-
ous rare-earth metal catalysts (Scheme 2), which show differ-
ent  regio- and  stereoselectivity  for  isoprene  polymerization.
The  first  isotactic cis-1,4-polyocimene  was  generated.  The
post-functionalization  of  resultant  polyocimenes  were  also
carried out.

EXPERIMENTAL

Materials and Instruments
All manipulations were performed under a dry and oxygen-free
nitrogen  atmosphere  using  standard  high-vacuum  Schlenk

techniques or in a glovebox. All solvents were purified via a SPS
system.  [Ph3C][B(C6F5)4]  are  purchased  from  Energy  Chemical.
The monomer ocimene was a mixture of isomers and purchased
from Sigma-Aldrich, dried over CaH2,  distilled twice before use.
1H- and 13C-NMR spectra were recorded on a Bruker AV400 (400
MHz for 1H; 100 MHz for 13C) or AV500 (500 MHz for 1H; 125 MHz
for 13C) spectrometer. The molecular weight (Mn) was measured
by TOSOHHLC-8420 GPC at 40 °C using THF as eluent (the flow
rate is 0.175 mL/min) against polyisoprene standards. The glass
transition temperature (Tg) and melting temperature (Tm) of the
polymer  was  measured  through  differential  scanning
calorimetry (DSC) analyses, which was carried out on a METTLER
TOPEM  DSC  instrument  under  nitrogen  atmosphere.  Any
thermal  history  difference  in  the  polymers  was  eliminated  by
first heating the specimen to above 140 °C, cooling at 10 °C/min
to –100 °C, and then recording the second DSC scan from –100
°C to 100 °C at 10 °C/min.

Ocimene Polymerization
A  typical  polymerization  procedure  (Table  1,  run  3)  was
described as follow. In the glove box, ocimene (0.68 g, 5 mmol)
was added into a 10 mL flask. Then, 10 equiv. of AliBu3 (0.20 mL,
0.5 mol/L), a toluene solution (2.0 mL) of complex 3 (10.0 mg, 10
μmol),  and  1  equiv.  of  [Ph3C][B(C6F5)4]  (9.2  mg,  10  μmol)  were
added  to  the  flask  at  25  °C.  After  the  reaction  was  stirred  for
1.5  h,  methanol  (containing  1  wt%  butylhydroxytoluene  (BHT)
as  a  stabilizing  agent)  was  injected  to  terminate  the
polymerization. The mixture was poured into a large quantity of
methanol  (50  mL).  The  obtained  polymer  was  dried  under
vacuum at  40  °C  to  a  constant  weight.  The isomer  contents  of
the polyocimene products were calculated from the 1H- and 13C-
NMR spectra according to the following equations (Eqs. 1−4):
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Scheme 1    Terpene molecules.
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Scheme 2    Rare-earth metal bis(alkyl) complexes.

 

Table 1    Polymerization of β-ocimene with various rare-earth metal complexes. a
 

Run Cat. Time (h) Conv. (%)

Microstructure b (%)
Mn c (104) Mw/Mn c Tg d (°C)cis-1,4

(mm)
trans-1,2
(mmmm)

1 1 0.5 71 − >99(32) 8.9 2.83 −29
2 2 1 65 >99(95) − 15.8 1.61 −22
3 3 1.5 73 >99(99) − 10.5 1.16 −21
4 4 0.5 66 17 83 7.4 1.56 −29
5 5a 0.5 67 8 92(0) 3.7 1.60 −29
6 5b 0.5 66 − >99(22) 5.4 1.67 −28

7 5c 0.5 68 − >99(99) 6.1 1.33 −29/76, 93 e

Conditions: a Complex 10 μmol; [Ph3C][B(C6F5)4] 10 μmol; AliBu3 100 μmol; Toluene 2 mL; Ocimene 5 mmol; Temperature 25 °C; b Determined by 1H- and 13C-
NMR spectroscopy; c Determined by GPC in THF at 40 °C against a polystyrene standard; d Determined by DSC; e Tg/Tm.
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Mol cis-1,4-Oc% = [IHd/(IHd + IHe′/2)] × 100% (1)

Mol trans-1,2-Oc% = [0.5IHe′/(IHd + IHe′/2)] × 100% (2)

where IHd is  the integration of the resonance at 2.50 ppm (one
proton of the cis-1,4-ocimene unit), and IHe' is the integration of
the  resonance  at  2.63  ppm  (two  protons  of  the trans-1,2-
ocimene unit).

Mol isotactic cis-1,4-Oc% = [Imm/ICI] × 100% (3)

Mol isotactic trans-1,2-Oc% = [Immmm/ICI′] × 100% (4)

where Imm is  the integration of  the signals  around 136.7−137.3
ppm  assigned  as  the mm unit  of  the  olefinic  carbon  CI  of  the
isotactic cis-1,4-ocimene unit,  while  ICI is  the integration of  the
signals around 135.0−137.5 ppm. Immmm is the integration of the
signals at 138.5 ppm assigned as the mmmm unit of the olefinic
carbon CI' of the isotactic trans-1,2-ocimene unit, while ICI' is the
integration of the signals around 137.0−139.0 ppm.

Copolymerization of Ocimene and Isoprene
Under  nitrogen  atmosphere,  ocimene  (0.68  g,  5  mmol)  and
isoprene (0.34 g, 5 mmol) were added into a 10 mL flask. Then,
10  equiv.  of  AliBu3 (0.20  mL,  0.5  mol/L)  in  toluene,  a  toluene
solution (4.0 mL) of complex 3 (10.0 mg, 10 μmol), and 1 equiv.
of [Ph3C][B(C6F5)4] (9.2 mg, 10 μmol) were added to the flask at
25  °C.  After  the  reaction  was  stirred  for  3.5  h,  methanol
(containing  1  wt%  butylhydroxytoluene  (BHT)  as  a  stabilizing
agent)  was  injected  to  terminate  the  polymerization.  The
mixture was poured into a large quantity of methanol (50 mL).
The  obtained  polymer  was  dried  under  vacuum  at  40  °C  to  a
constant weight. The copolymerization process of ocimene with
butadiene resembles that described above.

Epoxidation of Polyocimene
In  a  100  mL  flask,  0.3  g  of  a  POc  was  dissolved  into  25  mL  of
dichloromethane by stirring. m-Chloroperbenzoic acid (760 mg,
4.4  mmol)  was  added  to  the  solution  at  0  °C,  and  then  the
resulting solution was stirred for 3 h.  The reaction mixture was
quenched by the addition of  saturated aqueous Na2SO3 under
vigorous stirring.  The organic  layer  was  separated and washed
for  three  times  with  1  mol/L  aqueous  NaOH.  The  solvent  was
evaporated  under  reduced  pressure  and  the  epoxidation
polymer  (POc-EO)  was  dried  in  high  vacuum  until  constant
weight.

Hydroxylation of Polyocimene
POc-EO (0.1 g, 1.22 mmol of epoxy groups) was dissolved in 30
mL of  acetone/chloroform (2/1, V/V)  at  room temperature.  HCl
(3 mmol, 36 wt% aqueous solution) was added dropwise to the
polymer solution, and stirred for 5 h at room temperature. The
reaction  was  terminated  by  adding  plenty  of  deionized  water,
and  then  the  solution  was  washed  with  deionized  water  to
neutral. The organic layer was separated and evaporated under
reduced  pressure  and  the  hydroxylated  product  (POc-OH)  was
dried in high vacuum until constant weight.

RESULTS AND DISCUSSION

Polymerization of β-Ocimene with Various Rare-earth
Metal Catalysts
The asymmetric diiminophosphinate complex 1,  a 3,4-selective

catalyst  for  isoprene/β-myrcene polymerization,  was utilized to
catalyze the β-ocimene polymerization, giving perfect trans-1,2-
polyocimene  featuring  a  relatively  low  isotacticity  (mmmm=
32%) at a conversion of 71% in 0.5 h (Table 1, run 1, Figs. S1 and
S2  in  the  electronic  supplementary  information,  ESI). β-
Diketiminate yttrium complex 2 and bis(phosphino)carbazolide
yttrium  complex 3,  high cis-1,4-selective  catalysts  for  isoprene
polymerization, showed excellent cis-1,4-regioselectivity (>99%)
and high isoselectivity (mm=95% for 2, 99% for 3) for β-ocimene
polymerization  (Table  1,  runs  2  and  3),  as  evidenced  by  the
strong  and  sharp  singlet  observed  at δ=137  ppm  (Fig.  1 and
Figs.  S3−S9 in  ESI).  In  addition,  the methine protons Hb and Hf

nearly overlap at 5.06 ppm, which is in sharp contrast with the
two  separated  triplet  peaks  of  syndiotactic cis-1,4
polyocimene.[19] The  isotactic  conformation  also  causes  the
resonance peaks of methene protons Ha and He appear at 1.91,
2.16 ppm and 1.91, 2.06 ppm, respectively.
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Fig.  1    1H- (upper)  and 13C-NMR (lower)  spectra  of  isotactic cis-1,4-
POc generated by complex 3 in CDCl3 at 25 °C (Table 1, run 3).
 

When  the  half-sandwich  benzyl  fluorenyl  complex 4 was
used to initiate the β-ocimene polymerization, a trans-1,2 rich
polyocimene  (83%)  was  produced  (Figs.  S10  and  S11  in  ESI),
which  is  close  to  the  literature  value  of  78%  obtained  by
Cp*Sc(CH2SiMe3)2(THF)[19] due  to  similar  coordination  envir-
onment around the scandium active centers. Switching to the
bulky  constrained  geometry  configuration  scandium  com-
plex 5a,  the trans-1,2  selectivity  is  boosted  to  92%  and  the
catalytic  activity  remains  almost  constant.  However,  the  mo-
lecular  weight  of  the  resultant  polyocimene  is  only  a  half  of
the Mn value obtained by complex 4 with similar narrow mo-
lecular weight distributions (1.60 for 5a, 1.56 for 4). Unexpec-
tedly,  the  regio- and  isoselectivity  increase  from  92%
(mmmm=0%)  to  99%  (mmmm=22%)  and  99%  (mmmm>
99%),  respectively  (Fig.  2 and  Figs.  S12−S15  in  ESI),  with  the
increment of ionic radius of rare-earth metal atoms from 0.89
Å (Sc) to 1.00 Å (Lu) and 1.04 (Y) Å. All the catalysts 5a−5c re-
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main  almost  same  catalytic  activities  and  the  molecular
weight  of  resultant  polyocimenes  increase  from  3.7×104

g/mol (5a) to 5.4×104 g/mol (5b) and 6.1×104 (5c) g/mol with
narrow  molecular  weight  distributions  (1.33−1.67).  The  per-
fectly isotactic trans-1,2-regioregularity (mmmm>99%) gener-
ated  by 5c endow  the  polymer  with  good  crystalline  ability,
as  evidenced  by  the  two  melting  peaks  observed  at  76  and
93 °C, respectively, in the DSC curve (Fig. S42 in ESI).

Homopolymerization and Copolymerization of
β-ocimene Initiated by Complexes 3 and 5c
In view of the outstanding catalytic performances of complexes
3 and 5c,  their  polymerization  behaviors  were  explored  under
various  reaction  conditions.  For  complex 3,  raising  the
polymerization  temperature  from  25  °C  to  80  °C  obviously
enhanced the polymerization process but the cis-1,4 selectivity
is  not  influenced  along  with  a  slight  decrease  in  isoselectivity
from  99%  (25  °C)  to  96%  (40  °C),  94%  (60  °C)  and  90%  (80  °C)
(Figs.  S16–S18  in  ESI),  exhibiting  strong  tolerance  to  high
reaction  temperatures.  In  addition,  the  resultant  molecular

weights vary over the range of 9.3×104 g/mol to 10.5×104 g/mol
with  narrow  molecular  weight  distributions  (1.31−1.62),
suggesting  low  chain  transfer  efficiency.  Upon  increasing  the
monomer-to-catalyst  ratio  from  500:1  to  1500:1,  the  resultant
molecular  weights  were  boosted  from  10.5×104 g/mol  to
46.9×104 g/mol  with  narrow  molecular  weight  distributions
(1.16−1.25),  suggesting  controllable  polymerization
characteristics  (Table  1,  run  3  and Table  2,  runs  4  and  5).  For
complex 5c,  only  the  isoselectivities  are  slightly  influenced  by
the  elevated  temperatures  and  drop  from  99%  (25  °C)  to  98%
(40 °C),  97% (60 °C)  and 90% (80 °C).  The maximum monomer
conversion  of  70%  is  reached  60  °C  in  0.5  h  and  remains
constant  despite  of  elevated  reaction  temperatures.  The
molecular  weights  slightly  decline  from  6.1×104 g/mol  to
5.2×104 g/mol  with  narrow  molecular  weight  distributions
(1.27−1.46).

Due  to  the  livingness  characteristics  of  complex 3 for  the
polymerization  of  isoprene,  butadiene  or  ocimene,  the  one-
pot  copolymerizations  of β-ocimene  with  isoprene  or
butadiene were carried out and diblock copolymers were ob-
tained,  as  evidenced  by  narrow  molecular  weight  distribu-
tions  (Mw/Mn=1.17  and  1.08)  (Figs.  S31  and  S32  in  ESI)  and
two distinct glass transition temperatures (Tg=−57 and −23 °C
for  PIP-b-POc; −97  and −18  °C  for  PBD-b-POc)  (Figs.  S43  and
S44  in  ESI)  observed  in  DSC  curves.  Furthermore,  nearly  no
signals  arising from the IP-Oc or BD-Oc joints were observed
in the 13C-NMR spectra of PIP-b-POc or PBD-b-POc, indicating
the diblock microstructure.  In  addition,  the 13C-NMR spectral
analyses  demonstrate  that  both  isoprene/butadiene  and β-
ocimene units incorporated into copolymer chains have high
cis-1,4  regularity  (Table  3,  runs  1  and  2;  Figs.  S25  and  S29  in
ESI).

Epoxidation and Hydroxylation of Cis-1,4-
polyocimene
The  treatment  of cis-1,4-polyocimene  with meta-
chloroperbenzoic  acid  in  CH2Cl2 at  0  °C  afforded  epoxidized
polymers (POc-EO) (Scheme 3), which is soluble in strongly polar
solvents like ethanol. The olefinic protons at δ=5.07 ppm in the
1H-NMR spectrum disappear along with the appearance of  the
epoxide  protons  at δ=2.55–3.07  ppm,  suggesting  the
completeness  of  the epoxidation reaction (Fig.  S30 in  ESI).  The
introduction  of  epoxy  groups  dramatically  reduces  the  chain
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Fig. 2    1H- (upper) and 13C-NMR (lower) spectra of isotactic trans-1,2-
POc generated by complex 5c in CDCl3 at 25 °C (Table 1, run 7).

 

Table 2    Polymerization of ocimene with complexes 3 and 5c. a
 

Run Cat. [M]:[Ln] (mol:mol) Time (h) Temp. (°C) Conv. (%)

Microstructure b (%)
Mn c (104) Mw/Mn c Tg d (°C)cis-1,4

(mm)
trans-1,2
(mmmm)

1 3 500 1.5 40 84 >99(96) − 10.1 1.31 −20
2 3 500 1 60 94 >99(94) − 9.5 1.39 −20
3 3 500 0.67 80 95 >99(90) − 9.3 1.62 −18
4 3 1000 3.5 25 71 >99(99) − 25.6 1.20 −19
5 3 1500 8 25 65 >99(99) − 46.9 1.25 −20

6 5c 500 0.5 40 68 − >99(98) 5.6 1.27 −29/76, 94 e

7 5c 500 0.5 60 70 − >99(97) 5.4 1.32 −31/76, 94 e

8 5c 500 0.5 80 70 − >99(90) 5.2 1.46 −30/76, 93 e

Conditions: a Complex 10 μmol; [Ph3C][B(C6F5)4]  10 μmol; AliBu3 100 μmol; [M] 2.5 mol/L; b Determined by 1H- and 13C-NMR spectroscopy; c Determined by
GPC in THF at 40 °C against a polystyrene standard; d Determined by DSC; e Tg/Tm.
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flexibility  and  thus  the  glass  transition  temperature  increase
from −20  °C  to  79  °C  (Fig.  S45  in  ESI).  The  reaction  of  POc-EO
with hydrochloric acid in acetone/chloroform (2/1, V/V) at room
temperature  gave  white  solids,  indicating  the  higher  polarity.
The 1H-NMR  spectral  analysis  shows  that  epoxy  groups
completely  transform  into  hydroxyl  moieties,  as  evidenced  by
the  appearance  of  new  signal  at δ=3.22–4.27  ppm  in  the 1H-
NMR  spectrum.  The  presence  of  hydroxyl  group  was  also
confirmed by the O―H stretching vibration band at 3450 cm−1

in the FTIR spectrum (Fig. S35 in ESI). Moreover, the introduction
of  polar  groups  greatly  improved  the  hydrophilicity  of  POc-EO
and  POc-OH  with  the  obvious  reduction  in  the  water  contact
angle from 116° to 69° and 60°, respectively (Fig. S47 in ESI).

CONCLUSIONS

In  summary,  a  new  type  of  isotactic cis-1,4-polyocimene  is
synthesized for the first time using rare-earth metal complexes.
We  also  demonstrated  that  the  tacticity  of  the  resultant
polyocimenes  strongly  depends  on  the  coordination
environment  around  the  metal  active  centers  and  the  type  of
metal  elements.  The  yttrium  complexes  bearing  pincer-type
ligands  like β-diketiminate  and  bis(phosphino)carbazolide
ligands,  high cis-1,4-selective  for  diene  polymerization,  exhibit
high  isotactic cis-1,4  selectivity  for β-ocimene  polymerization,
forming isotactic cis-1,4-polyocimene.  With respect to the rare-
earth  metal  complexes  supported  by  bulky
diiminophosphinate,  benzyl  fluorenyl  and  pyridyl-methylene-
fluorenyl  ligands, trans-1,2-regulated  polyocimenes  were
produced  and  especially  the  pyridyl-methylene-fluorenyl
yttrium  complex 5c in  a  suitable  coordination  environment
gave  isotactic trans-1,2-polyocimene  (mmmm>99%)  with  two
melting  points.  One-pot  copolymerizations  of β-ocimene  with
isoprene and butadiene afforded high cis-1,4 regulated diblock
copolymers  featuring  distinct  phase  separation  due  to  the
rather  different  reactivity  ratios.  The cis-1,4-polyocimene  is
readily  transformed  into  epoxidized  and  hydroxylated  plastics
with  elevated  glass  transition  temperatures  and  improved
hydrophilicity.

Conflict of Interests

The authors declare no interest conflict.

 Electronic Supplementary Information
Electronic  supplementary  information  (ESI)  is  available  free  of
charge  in  the  online  version  of  this  article  at http://doi.org/
10.1007/s10118-023-3047-7.

ACKNOWLEDGMENTS

This work was financially supported by the open research fund
program  of  Science  and  Technology  on  Aerospace  Chemical
Power  Laboratory  (No.  STACPL120221B03)  and  the  National
Natural  Science  Foundation  of  China  (Nos.  s22175059,
52073275 and U21A20279).

REFERENCES 

 Geyer, R.; Jambeck, J. R.; Law, K. L. Production, use, and fate of all
plastics ever made. Sci. Adv. 2017, 3, e1700782.

1

 Gibb, B. C. Plastics are forever. Nat. Chem. 2019, 11, 394−395.2
 Wang,  Z.;  Yuan,  L.;  Tang,  C. Sustainable  elastomers  from
renewable biomass. Acc. Chem. Res. 2017, 50, 1762−1773.

3

 Llevot, A.; Grau, E.; Carlotti, S.; Grelier, S.; Cramail, H. From lignin-
derived  aromatic  compounds  to  novel  biobased  polymers.
Macromol. Rapid Commun. 2016, 37, 9−28.

4

 Lambert,  S.;  Wagner,  M. Environmental  performance  of  bio-
based  and  biodegradable  plastics:  the  road  ahead. Chem.  Soc.
Rev. 2017, 46, 6855−6871.

5

 John, G.; Nagarajan, S.; Vemula, P. K.; Silverman, J. R.; Pillai, C. K. S.
Natural  monomers:  a  mine  for  functional  and  sustainable
materials—occurrence,  chemical  modification  and  polymeriza-
tion. Prog. Polym. Sci. 2019, 92, 158−209.

6

 Hong,  M.;  Chen,  E.  Y.  X. Future  directions  for  sustainable
polymers. Trends Chem. 2019, 1, 148−151.

7

 Gandini,  A. Polymers  from  renewable  resources:  a  challenge  for
the  future  of  macromolecular  materials. Macromolecules 2008,
41, 9491−9504.

8

 Winnacker, M. Pinenes: abundant and renewable building blocks
for a variety of sustainable polymers. Angew. Chem. Int. Ed. 2018,
57, 14362−14371.

9

 Stempfle,  F.;  Ortmann,  P.;  Mecking,  S. Long-chain  aliphatic
polymers to bridge the gap between semicrystalline polyolefins
and  traditional  polycondensates. Chem.  Rev. 2016, 116,
4597−4641.

10

 Schneiderman, D. K.; Hillmyer, M. A. 50th Anniversary perspective:
there  is  a  great  future  in  sustainable  polymers. Macromolecules
2017, 50, 3733−3750.

11

 Jiang, Y.;  Zhang, Z.;  Li,  S.;  Cui,  D. Coordination polymerization of12

 

Table 3    Copolymerization of β-ocimene and isoprene or butadiene with complex 3. a
 

Run [Oc]:[IP]
(mol:mol) Conv. (%) fOc b (mol%) cis-1,4Oc/cis-1,4IP

b (%)
mmOc b (%) Mn c (104) Mw/Mn c Tg d (°C)

1 500:500 83 47 >99/98 65 13.2 1.17 −57, −23
2 e 500:500 77 56 >99/96 62 19.4 1.08 −97, −18

Conditions: a Complex 3 10 μmol; [Ph3C][B(C6F5)4] 10 μmol; AliBu3 100 μmol; Toluene 1 mL; Time 3.5 h; Temperature 25 °C; b Determined by 1H- and 13C-NMR
spectroscopy; c Determined by GPC in THF at 40 °C against a polystyrene standard; d Determined by DSC; e Copolymerization of Oc and BD.

 

n
mCPBA, CH2Cl2

0 °C, 3 h 

n

O

O

H
+

, CH3COCH3/CHCl3

25 °C, 5 h

n

HO

OH

HO

OH 
Scheme 3    Epoxidation and hydroxylation of cis-1,4-POc.

  Wang, Q. Y. et al. / Chinese J. Polym. Sci. 2024, 42, 223–229 227

 
https://doi.org/10.1007/s10118-023-3047-7

 

https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1038/s41557-019-0260-7
https://doi.org/10.1021/acs.accounts.7b00209
https://doi.org/10.1002/marc.201500474
https://doi.org/10.1039/C7CS00149E
https://doi.org/10.1039/C7CS00149E
https://doi.org/10.1016/j.progpolymsci.2019.02.008
https://doi.org/10.1016/j.trechm.2019.03.004
https://doi.org/10.1021/ma801735u
https://doi.org/10.1002/anie.201804009
https://doi.org/10.1021/acs.chemrev.5b00705
https://doi.org/10.1021/acs.macromol.7b00293
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7


renewable  (E)-4,8-dimethyl-1,3,7-nonatriene  by  rare-earth  metal
catalysts. Chin. J. Chem. 2022, 40, 1939−1944.
 Jiang,  Y.;  Kang,  X.;  Zhang,  Z.;  Li,  S.;  Cui,  D. Syndioselective  3,4-
polymerization  of  1-phenyl-1,3-butadiene  by  rare-earth  metal
catalysts. ACS Catal. 2020, 10, 5223−5229.

13

 Liu,  B.;  Li,  S.;  Wang,  M.;  Cui,  D. Coordination  polymerization  of
renewable  3-methylenecyclopentene  with  rare-earth-metal
precursors. Angew. Chem. Int. Ed. 2017, 56, 4560−4564.

14

 Wahlen,  C.;  Frey,  H. Anionic  polymerization  of  terpene
monomers: new options for bio-based thermoplastic elastomers.
Macromolecules 2021, 54, 7323−7336.

15

 Wadgaonkar,  S.  P.;  Wagner,  M.;  Baptista,  L.  A.;  Cortes-Huerto,  R.;
Frey,  H. Mueller,  A.  H.  E.,  Anionic polymerization of  the terpene-
based  diene  beta-ocimene:  complex  mechanism  due  to
stereoisomer reactivities. Macromolecules 2023, 56, 664−677.

16

 Sahu,  P.;  Bhowmick,  A.  K. Redox  emulsion  polymerization  of
terpenes:  mapping  the  effect  of  the  system,  structure,  and
reactivity. Ind. Eng. Chem. Res. 2019, 58, 20946−20960.

17

 Radchenko, A. V.; Bouchekif, H.; Peruch, F. Triflate esters as in-situ
generated  initiating  system  for  carbocationic  polymerization  of
vinyl ethers, isoprene, myrcene and ocimene. Eur. Polym. J. 2017,
89, 34−41.

18

 Peng,  D.;  Du,  G.;  Zhang,  P.;  Yao,  B.;  Li,  X.;  Zhang,  S. Regio- and
stereochemical  control  in  ocimene  polymerization  by  half-
sandwich  rare-earth  metal  dialkyl  complexes. Macromol.  Rapid
Commun. 2016, 37, 987−992.

19

 Lamparelli,  D.  H.;  Paradiso,  V.;  Della Monica,  F.;  Proto,  A.;  Guerra,
S.;  Giannini,  L.;  Capacchione,  C. Toward  more  sustainable
elastomers:  stereoselective  copolymerization  of  linear  terpenes
with butadiene. Macromolecules 2020, 53, 1665−1673.

20

 Lamparelli,  D.  H.;  Paradiso,  V.;  Capacchione,  C. New  elastomeric
materials  from  biomass:  stereoselective  polymerization  of  linear
terpenes  and  their  copolymerization  with  butadiene  by  using  a
cobalt  complex  with  phosphane  ligands. Rubber  Chem.  Technol.
2020, 93, 605−614.

21

 Valencia,  L.;  Enríquez-Medrano,  F.  J.;  López  González,  H.  R.;
Handa, R.; Caballero, H. S.; Carrizales, R. M.; Olivares-Romero, J. L.;
Díaz de León Gómez, R. E. Bio-elastomers based on polyocimene
synthesized via coordination  polymerization  using  neodymium-
based catalytic systems. RSC Adv. 2020, 10, 36539−36545.

22

 Naddeo,  M.;  Buonerba,  A.;  Luciano,  E.;  Grassi,  A.;  Proto,  A.;
Capacchione,  C. Stereoselective  polymerization  of  biosourced
terpenes β-myrcene  and β-ocimene  and  their  copolymerization
with styrene promoted by titanium catalysts. Polymer 2017, 131,
151−159.

23

 Zhang, S.; Han, L.; Ma, H.; Liu, P.; Shen, H.; Lei, L.; Li, C.; Yang, L.; Li,
Y. Investigation  on  synthesis  and  application  performance  of
elastomers with biogenic myrcene. Ind. Eng. Chem. Res. 2019, 58,
12845−12853.

24

 Zhang, J.; Lu, J.; Su, K.; Wang, D.; Han, B. Bio-based beta-myrcene-
modified  solution-polymerized  styrene-butadiene  rubber  for
improving  carbon  black  dispersion  and  wet  skid  resistance. J.
Appl. Polym. Sci. 2019, 136, 48159.

25

 Ren, X.; Guo, F.; Fu, H.; Song, Y.; Li, Y.; Hou, Z. Scandium-catalyzed
copolymerization  of  myrcene  with  ethylene  and  propylene:
convenient  syntheses  of  versatile  functionalized  polyolefins.
Polym. Chem. 2018, 9, 1223−1233.

26

 Loughmari,  S.;  Hafid,  A.;  Bouazza,  A.;  El  Bouadili,  A.;  Zinck,  P.;
Visseaux,  M. Highly  stereoselective  coordination  polymerization
of beta-myrcene from a lanthanide-based catalyst: access to bio-
sourced  elastomers. J.  Polym.  Sci.  Part  A:  Polym.  Chem. 2012, 50,
2898−2905.

27

 Liu,  B.;  Liu,  D.;  Li,  S.;  Sun,  G.;  Cui,  D. High trans-1,4
(co)polymerization  of  beta-myrcene  and  isoprene  with  an
iminophosphonamide  lanthanum  catalyst. Chinese  J.  Polym.  Sci.

28

2016, 34, 104−110.
 Liu,  B.;  Li,  L.;  Sun,  G.;  Liu,  D.;  Li,  S.;  Cui,  D. Isoselective  3,4-
(co)polymerization of bio-renewable myrcene using NSN-ligated
rare-earth  metal  precursor:  an  approach  to  a  new  elastomer.
Chem. Commun. 2015, 51, 1039−1041.

29

 Liu,  B.;  Han,  B.;  Zhang,  C.;  Li,  S.;  Sun,  G.;  Cui,  D. Renewable beta-
myrcene  polymerization  initiated  by  lutetium  alkyl  complexes
ligated  by  imidophosphonamido  ligand. Chinese  J.  Polym.  Sci.
2015, 33, 792−796.

30

 Li, W.; Zhao, J.; Zhang, X.; Gong, D. Capability of PN3-type cobalt
complexes  toward  selective  (co-)polymerization  of  myrcene,
butadiene,  and  isoprene:  access  to  biosourced  polymers. Ind.
Eng. Chem. Res. 2019, 58, 2792−2800.

31

 Lamparelli, D. H.; Kleybolte, M. M.; Winnacker, M.; Capacchione, C.
Sustainable myrcene-based elastomers via a  convenient anionic
polymerization. Polymers 2021, 13, 838.

32

 Kitphaitun,  S.;  Chaimongkolkunasin,  S.;  Manit,  J.;  Makino,  R.;
Kadota,  J.;  Hirano,  H.;  Nomura,  K. Ethylene/myrcene  copolymers
as  new  bio-based  elastomers  prepared  by  coordination
polymerization  using  titanium  catalysts. Macromolecules 2021,
54, 10049−10058.

33

 Jia, X.; Li, W.; Zhao, J.; Yi, F.; Luo, Y.; Gong, D. Dual catalysis of the
selective  polymerization  of  biosourced  myrcene  and  methyl
methacrylate promoted by salicylaldiminato cobalt(II) complexes
with a pendant donor. Organometallics 2019, 38, 278−288.

34

 Hulnik,  M.  I.;  Vasilenko,  I.  V.;  Radchenko,  A.  V.;  Peruch,  F.;
Ganachaud,  F.;  Kostjuk,  S.  V. Aqueous  cationic  homo- and  co-
polymerizations  of -myrcene  and  styrene:  a  green  route  toward
terpene-based  rubbery  polymers. Polym.  Chem. 2018, 9,
5690−5700.

35

 Hahn,  C.;  Wagner,  M.;  Mueller,  A.  H.  E.;  Frey,  H. MyrDOL,  a
Protected  dihydroxyfunctional  diene  monomer  derived  from
beta-myrcene:  functional  polydienes  from  renewable  resources
via anionic  polymerization. Macromolecules 2022, 55, 4046−
4055.

36

 Glatzel,  J.;  Noack,  S.;  Schanzenbach,  D.;  Schlaad,  H. Anionic
polymerization of dienes in 'green' solvents. Polym. Int. 2021, 70,
181−184.

37

 Georges,  S.;  Toure,  A.  O.;  Visseaux,  M.;  Zinck,  P. Coordinative
chain  transfer  copolymerization  and  terpolymerization  of
conjugated dienes. Macromolecules 2014, 47, 4538−4547.

38

 Gan, Q.; Xu, Y.; Huang, W.; Luo, W.; Hu, Z.; Tang, F.; Jia, X.; Gong, D.
Utilization  of  bio-sourced  myrcene  for  efficient  preparation  of
highly cis-1,4  regular  elastomer via a  neodymium  catalyzed
copolymerization strategy. Polym. Int. 2020, 69, 763−770.

39

 Dev,  A.;  Roesler,  A.;  Schlaad,  H. Limonene  as  a  renewable
unsaturated  hydrocarbon  solvent  for  living  anionic  polymeriza-
tion of beta-myrcene. Polym. Chem. 2021, 12, 3084−3087.

40

 Bolton, J. M.; Hillmyer, M. A.; Hoye, T. R. Sustainable thermoplastic
elastomers  from  terpene-derived  monomers. ACS  Macro  Lett.
2014, 3, 717−720.

41

 Avila-Ortega,  A.;  Aguilar-Vega,  M.;  Bastarrachea,  M.  I.  L.;  Carrera-
Figueiras, C.; Campos-Covarrubias, M. Anionic synthesis of amine
omega-terminated  beta-myrcene  polymers. J.  Polym.  Res. 2015,
22, 226.

42

 You,  F.;  Shi,  W.;  Yan,  X.;  Wang,  X.;  Shi,  X. Polymerization  of  bio-
derived  conjugated  dienes  with  rare-earth-metal  complexes.
Chem. Asian. J. 2022, 17, e202200892.

43

 Banda-Villanueva, A.; Luis Gonzalez-Zapata, J.; Eduardo Martinez-
Cartagena,  M.;  Magana,  I.;  Cordova,  T.;  Lopez,  R.;  Valencia,  L.;
Garcia Medina, S.; Medina Rodriguez, A.; Soriano, F.; Diaz de Leon,
R. Synthesis  and  vulcanization  of  polymyrcene  and
polyfarnesene  bio-based  rubbers:  influence  of  the  chemical
structure  over  the  vulcanization  process  and  mechanical
properties. Polymers 2022, 14, 1406.

44

228 Wang, Q. Y. et al. / Chinese J. Polym. Sci. 2024, 42, 223–229  

 
https://doi.org/10.1007/s10118-023-3047-7

 

https://doi.org/10.1002/cjoc.202200140
https://doi.org/10.1021/acscatal.9b04590
https://doi.org/10.1002/anie.201700546
https://doi.org/10.1021/acs.macromol.1c00770
https://doi.org/10.1021/acs.macromol.2c02241
https://doi.org/10.1021/acs.iecr.9b02001
https://doi.org/10.1016/j.eurpolymj.2017.02.001
https://doi.org/10.1002/marc.201600102
https://doi.org/10.1002/marc.201600102
https://doi.org/10.1021/acs.macromol.9b02646
https://doi.org/10.5254/rct.20.79972
https://doi.org/10.1039/D0RA06583H
https://doi.org/10.1016/j.polymer.2017.10.028
https://doi.org/10.1021/acs.iecr.9b02010
https://doi.org/10.1002/app.48159
https://doi.org/10.1002/app.48159
https://doi.org/10.1039/C8PY00039E
https://doi.org/10.1002/pola.26069
https://doi.org/10.1007/s10118-016-1729-0
https://doi.org/10.1039/C4CC08962F
https://doi.org/10.1007/s10118-015-1629-8
https://doi.org/10.1021/acs.iecr.8b05866
https://doi.org/10.1021/acs.iecr.8b05866
https://doi.org/10.3390/polym13050838
https://doi.org/10.1021/acs.macromol.1c01878
https://doi.org/10.1021/acs.organomet.8b00708
https://doi.org/10.1039/C8PY01378K
https://doi.org/10.1021/acs.macromol.2c00367
https://doi.org/10.1002/pi.6152
https://doi.org/10.1021/ma5008896
https://doi.org/10.1002/pi.6011
https://doi.org/10.1039/D1PY00570G
https://doi.org/10.1021/mz500339h
https://doi.org/10.1007/s10965-015-0856-6
https://doi.org/10.1002/asia.202200892
https://doi.org/10.3390/polym14071406
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7


 Luk,  S.  B.;  Maric,  M. Polymerization  of  biobased  farnesene  in
miniemulsions  by  nitroxide-mediated  polymerization. ACS
Omega 2021, 6, 4939−4949.

45

 You, F.; Kang, X.; Nishiura, M.; Zhai, J.; Xu, S.; Wang, J.; Shi, X.; Hou,
Z. Living  3,4-isoselective  (co)polymerization  of  biobased  beta-
farnesene  catalyzed  by  phosphine-functionalized  fluorenyl  rare-
earth metal. Macromolecules 2022, 55, 5049−5057.

46

 Luk,  S.  B.;  Maric,  M. Farnesene  and  norbornenyl  methacrylate
block  copolymers:  application  of  thiol-ene  clicking  to  improve
thermal and mechanical properties. Polymer 2021, 230, 124106.

47

 Cepeda  Tovar,  V.  A.;  Rubio  Rios,  A.;  Saenz  Galindo,  A.;  Rosales
Marines,  L.;  Farias  Cepeda,  L. Bio-based  elastomers  by  vinyl
acrylate  (vac)-co-farnesene  (fa)  emulsion  copolimerization.
Afinidad 2022, 79, 44−48.

48

 Sahu,  P.;  Oh,  J.  S. Biobased  elastomer  from  renewable  biomass
beta-farnesene:  synthesis,  characterization,  and  properties. Ind.
Eng. Chem. Res. 2022, 61, 11815−11824.

49

 Lamparelli,  D.  H.;  Winnacker,  M.;  Capacchione,  C. Stereoregular
polymerization  of  acyclic  terpenes. ChemPlusChem 2022, 87,
e202100366.

50

 Liu,  B.;  Li,  L.;  Sun,  G.;  Liu,  J.;  Wang,  M.;  Li,  S.;  Cui,  D. 3,4-
Polymerization  of  isoprene  by  using  NSN- and  NPN-ligated  rare
earth  metal  precursors:  switching  of  stereo  selectivity  and
mechanism. Macromolecules 2014, 47, 4971−4978.

51

 Valente,  A.;  Stoclet,  G.;  Bonnet,  F.;  Mortreux,  A.;  Visseaux,  M.;52

Zinck,  P. Isoprene-styrene  chain  shuttling  copolymerization
mediated  by  a  lanthanide  half-sandwich  complex  and  a
lanthanidocene:  straightforward  access  to  a  new  type  of
thermoplastic  elastomers. Angew.  Chem.  Int.  Ed. 2014, 53,
4638−4641.
 Bonnet, F.; Visseaux, M.; Pereira, A.; Bouyer, F.; Barbier-Baudry, D.
Stereospecific  polymerization  of  isoprene  with
Nd(BH4)3(THF)3/MgBu2 as  catalyst. Macromol.  Rapid  Commun.
2004, 25, 873−877.

53

 Liu,  B.;  Wang,  X.;  Pan,  Y.;  Lin,  F.;  Wu,  C.;  Qu,  J.;  Luo,  Y.;  Cui,  D.
Unprecedented  3,4-isoprene  and cis-1,4-butadiene  copolymers
with controlled sequence distribution by single  yttrium cationic
species. Macromolecules 2014, 47, 8524−8530.

54

 Gao,  W.;  Cui,  D. Highly cis-1,4 selective polymerization of  dienes
with homogeneous Ziegler-Natta catalysts based on NCN-pincer
rare  earth  metal  dichloride  precursors. J.  Am.  Chem.  Soc. 2008,
130, 4984−4991.

55

 Kaita, S.; Hou, Z.; Nishiura, M.; Doi, Y.; Kurazumi, J.; Horiuchi, A. C.;
Wakatsuki,  Y. Ultimately  specific  1,4-cis polymerization  of  1,3-
butadiene  with  a  novel  gadolinium  catalyst. Macromol.  Rapid
Commun. 2003, 24, 179−184.

56

 Wang,  Q.;  Huang,  J.;  Li,  S.;  Cui,  D. Preparation  of  hydroxyl
functionalized cis-1,4  polydienes. Acta  Polymerica  Sinica (in
Chinese) 2022, 53, 474−481.

57

  Wang, Q. Y. et al. / Chinese J. Polym. Sci. 2024, 42, 223–229 229

 
https://doi.org/10.1007/s10118-023-3047-7

 

https://doi.org/10.1021/acsomega.0c05992
https://doi.org/10.1021/acsomega.0c05992
https://doi.org/10.1021/acs.macromol.2c00887
https://doi.org/10.1016/j.polymer.2021.124106
https://doi.org/10.1021/acs.iecr.2c01917
https://doi.org/10.1021/acs.iecr.2c01917
https://doi.org/10.1002/cplu.202100366
https://doi.org/10.1021/ma501085c
https://doi.org/10.1002/anie.201311057
https://doi.org/10.1002/marc.200300289
https://doi.org/10.1021/ma5019654
https://doi.org/10.1021/ja711146t
https://doi.org/10.11777/j.issn1000-3304.2021.21312
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7
https://doi.org/10.1007/s10118-023-3047-7

	INTRODUCTION
	EXPERIMENTAL
	Materials and Instruments
	Ocimene Polymerization
	Copolymerization of Ocimene and Isoprene
	Epoxidation of Polyocimene
	Hydroxylation of Polyocimene

	RESULTS AND DISCUSSION
	Polymerization of β-Ocimene with Various Rare-earth Metal Catalysts
	Homopolymerization and Copolymerization of β-ocimene Initiated by Complexes 3 and 5c
	Epoxidation and Hydroxylation of Cis-1,4-polyocimene

	CONCLUSIONS
	REFERENCES

