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Abstract Due to their excellent biocompatibility and biodegradability, aliphatic polyesters are widely used in the biomedical, packaging and
agricultural fields, which are usually accessed by the ring-opening polymerization (ROP) of lactones and the catalysts particularly play an impor-
tant role. Herein a series of quinolinyl-urea catalysts have been synthesized via the reaction between isocyanate and aminoquinoline with an
amino group at different substitution positions and characterized. In combination with 7-methyl-1, 5, 7-triazabicyclo[4,4,0]dec-5-ene (MTBD) as a
cocatalyst and benzyl alcohol (BnOH) as an initiator, 1-(3,5-bis(trifluoromethyl)phenyl)-3-(quinolin-3-yl)urea (3-QU) was observed to be most ac-
tive for the ROP of §-valerolactone (6-VL). The polymerization conditions were optimized by varying the type of organic base, catalyst concentra-
tion and reaction temperature. By changing the ratio of [M]y/[l], linear polyvalerolactones (PVLs) with different molecular weights and narrow
molecular weight distribution were prepared. The kinetic and chain extension experiments were carried out to prove the “living”/controllable

feature. And the NMR experiments were used to support the proposal of possible mechanism.
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INTRODUCTION

Due to their flexibility, strength, versatility, durability and low
cost, the global production of plastics is growing exponentially,
and plastics are ubiquitous and indispensable in modern soci-
ety.l'! The widespread use of plastics inevitably generates large
amounts of plastic waste, yet these materials are resistant to
degradation, persist for long periods of time in the environment
and cause significant plastic pollution.??! Aliphatic polyesters,
including polyvalerolactone (PVL), polycaprolactone (PCL),
poly(lactic acid) (PLA), etc., are an excellent class of biodegrad-
able polymer materials that have shown particular relevance in
the development of sustainable and degradable polymers to
address the environmental issues.*®! They are usually derived
from the renewable resources and can be recycled, composted
and incinerated with a low environmental impact, are biocom-
patible, biodegradable and renewable and have a wide range of
applications in the biomedical, packaging and agricultural
fields.”~'3 Due to the presence of a large number of ester
groups in the polymer main chains, aliphatic polyesters are easi-
ly hydrolyzed and degraded by various microorganisms or en-
zymes, and the degradation products are non-polluting and
non-toxic.'17]

One of the most common synthetic routes for the synthe-
sis of aliphatic polyesters is the transition metal catalyzed
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ring-opening polymerization (ROP) of lactones. However, in
the biomedical, packaging and agricultural fields, the re-
moval of metal contaminants bound to the chain ends must
be considered,!'8] which have driven research interest into
metal-free organic catalyzed synthesis of aliphatic
polyesters.['9-241 |n this context, the pursuit of efficient and
economical organic catalysts and precise control of ROP have
become major challenges. Among the organic catalysts used
for the ROP of lactones, the urea or thiourea catalysts were
very efficient and controllable when they were combined
with a base, such as MTBD or alkoxide.[25-32]

Although the diverse substituents (i.e., cyclohexyl, phenyl,
phosphorene) on the nitrogen atom of urea group have been
comprised in the urea catalysts, there were few reports about
the incorporation of heterocycles into the urea structures ex-
cept that we have developed several different types of hete-
rocyclic urea catalysts and used them in the (co)ROP of 6-
valerolactone (6-VL), e-caprolactone (e-CL) and L-lactide (L-LA)
with high activity and controllability.l*3-37) In comparison with
the symmetric phenyl ring, the heterocyclic substituents have
a nonuniform distribution of electron density. Therefore, the
catalytic activity would be affected when they were incorpo-
rated into the urea catalysts. We found that the pyridyl-urea
catalysts with various substituents were very active and con-
trollable in the ROP of 6-VL, e-CL and trimethylene carbonate
(TMC) in combination with MTBD.[33-35] Considering the simi-
larities and differences between a phenyl ring and a pyridyl
ring, it was interesting and meaningful for us to investigate
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the synergistic effects of combining a phenyl ring and a pyri-
dine ring on the catalytic performance. Therefore, the quino-
linyl group with a urea group at different substitution posi-
tions just fitted our requirement and was introduced into the
urea-based catalysts to develop a novel type of urea catalysts
for the catalytic ROP of lactones.

Herein, a series of quinolinyl-urea catalysts with a urea
group at different substituent positions of quinoline ring
were synthesized and applied in the ROP of §-VL in combina-
tion with MTBD under different conditions. Meanwhile, a
naphthyl-urea and a pyridyl-urea catalysts (2-NU and 3-PU,
Scheme 1) were also used for comparison.
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Scheme 1  Synthesis of quinolinyl- and naphthyl-urea catalysts
and structure of 3-PU.

EXPERIMENTAL

Materials

All the chemicals were purchased and used as received unless
stated otherwise. 3-Aminopyridine (99%,), 2-naphthylamine
(99%), 3-aminoquinoline (99%), 3,5-bis(trifluoromethyl) phenyl
isocyanate (98%), and dimethyl sulfoxide-dg (99%) were pur-
chased from J&K Scientific Ltd.,, China. Benzoic acid (99.5%,
Aladdin, China), anhydrous methanol (299.5%, Sinopharm
Chemical Reagent Co,, Ltd., China), calcium hydride (CaH,, 93%,
J&K Scientific Ltd., China), and chloroform-d (Sinopharm Chemi-
cal Reagent Co,, Ltd., China) were used as received. 6-Valerolac-
tone (6-VL, 98.5%, J&K Scientific Ltd., China) and benzyl alcohol
(BnOH, 299%, Aladdin, China) were dried over CaH, for 24 h and
then distilled under reduced pressure. 1,5,7-
Triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), 7-methyl-1,5,7-triaz-
abicyclo[4.4.0]dec-5-ene (MTBD, 98%), 4-dimethylaminopyri-
dine (DMAP, 99%), and 1,8-diazabicyclo[5.4.0]lundec-7-ene
(DBU, 98%) (J&K Scientific Ltd., China) were dried over 4 A
molecular sieves. Tetrahydrofuran (THF, 98%, Sinopharm Chem-
ical Reagent Co., Ltd., China), dichloromethane (DCM, 98%,
Sinopharm Chemical Reagent Co., Ltd., China), toluene and n-
hexane (99%, Aladdin, China) were purified through solvent pu-
rification systems (MB-SPS, MBRAUN). 3-Pyridyl-urea catalyst (3-
PU) was prepared for comparison according to our previous
procedure.’!

Characterization

FTIR spectra were recorded on a Thermo-Fisher Nicolet iS50
Fourier Infrared Spectrometer in the range of 4000-400 cm™
using KBr disks. All the proton and carbon nuclear magnetic res-

onance ("H- and '3C- NMR) spectra were recorded on a 400 MHz
Bruker AVANCE Il NMR spectrometer (Bruker BioSpin Co.,
Switzerland) at room temperature in CDCl; (for PVLs) or DMSO-
de (for catalysts) using TMS as the internal standard. Splitting
patterns are designated as follows: s, singlet; d, doublet; dd,
doublet of doublets; t, triplet; m, multiplet. The monomer con-
version was calculated by comparing the integral of characteris-
tic signals from the remaining monomer with that of corre-
sponding signals from the polymer. Molecular weight (M, xwr)
of isolated polymers was determined by comparison of signal
integrals from the end group with the repeat units. Elemental
analysis was performed on a German Vario MAX cube elemen-
tal analyzer. Molecular weight (M,,cpc) and molecular weight
distribution (P) of the polymers were measured by GPC using a
Waters 1515/2414 series system in THF (3 mg/mL) at 35 °C at a
flow rate of 1 mL/min and calibrated with polystyrene stan-
dards. MALDI-TOF MS results were obtained using a Bruker Ul-
traflex TOF mass spectrometer equipped with a modified Nd:
yttrium aluminum garnet laser (355 nm). The MS results were
recorded in purified THF (2 mg/mL) at 25 °C in a linear mode us-
ing 2,5-dihydroxybenzoic acid as the matrix.

Synthesis of Quinolinyl- and Naphthyl-urea Catalysts

1-(3,5-bis(trifluoromethyl)phenyl)-3-(quinolin-2-yl)urea)
(2-QU)

To a dried 50 mL Schlenk flask, 2-aminoquinoline (288 mg, 2.0
mmol) and ultra-dry dichloromethane (5 mL) were added se-
quentially. After the material was completely dissolved, 3,5-
bis(trifluoromethyl)phenyl isocyanate (0.35 mL, 2.0 mmol) was
added dropwise to the flask with a syringe. The reaction mix-
ture was stirred at room temperature for 1 h and the white pre-
cipitate was centrifuged and washed for 3 times with
dichloromethane. The product was isolated as a white powder
in a yield of 53.8%. FTIR (KBr disk, v, cm™"): 3317, 1703, 1571,
1504, 1476, 1444, 1382, 1349, 1276, 1223, 1175, 1133, 1050, 955,
886, 857, 789, 745,725,700, 681. "H-NMR (400 MHz, DMSO-dg, &,
ppm): 9.50 (s, TH), 9.27 (s, 1H), 8.29 (d, J=2.2 Hz, TH), 8.12 (s, 2H),
7.73 (m, 2H), 7.68 (m, 2H), 7.46 (m, 2H). 3C-NMR (101 MHz, DM-
SO-dg, 6, ppm): 166.7, 151.9, 147.9, 137.5, 136.5, 131.5, 129.0,
126.7, 1254, 124.4, 122.2, 1216, 118.7, 111.7. Anal. Calcd. For
CygH11F6N30 (399.29): C, 53.12; H, 2.51; N, 10.89. Found: C, 54.15;
H,2.78; N, 10.52.

1-(3,5-bis(trifluoromethyl)phenyl)-3-(quinolin-3-yl)urea)
(3-QU)

Using the method described for 2-QU, 3-QU was obtained from
the reaction between 3-aminoquinoline and 3,5-bis(trifluo-
romethyl)phenyl isocyanate as a white powder in a yield of
81.6%. FTIR (KBr disk, v, cm™): 3328, 1696, 1577, 1493, 1473,
1444, 1384, 1349, 1276, 1229, 1177, 1131, 1050, 952, 886, 850,
780, 747, 725, 702, 682. "TH-NMR (DMSO-dg, 8, ppm): 9.63 (s, TH),
9.47 (s, 1H), 8.87 (d, /=2.4 Hz, 1H), 8.58 (d, J/=2.4 Hz, TH), 8.19 (s,
2H), 7.94 (t, J=7.4 Hz, 2H), 7.60 (m, 3H). *C-NMR (DMSO-d,, &,
ppm): 152.7, 144.6, 143.9, 141.6, 132.9, 131.2, 130. 9, 130.6, 128.5,
128.0,127.5,127.1,126.6, 124.4,122.2,121.5,118.3,118.2, 114.7.
Anal. Calcd. For CygH;;FgN;O (399.29): C, 51.72; H, 3.01; N, 10.71.
Found: C, 54.15; H, 2.78; N, 10.52.

1-(3,5-bis(trifluoromethyl)phenyl)-3-(quinolin-5-yl)urea

(5-QU)
Using the method described for 2-QU, 5-QU was obtained from
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the reaction between 5-aminoquinoline and 3,5-bis(trifluoro-
methyl)phenyl isocyanate as a white powder in a yield of 79.3%.
FTIR (KBr disk, v, cm™): 3323, 1695, 1577, 1499, 1473, 1442, 1384,
1349, 1279,1229, 1177, 1135, 1059, 957, 886, 850, 784, 753, 721,
706, 680. "TH-NMR (DMSO-dg, &, ppm): 9.24 (s, TH), 8.72 (s, TH),
8.49 (d, J=4.0 Hz, 1H), 8.04 (d, J=8.0 Hz, TH), 7.72 (s, 2H), 7.48 (d,
J=7.2Hz, 1H), 7.38 (d, J=8.0 Hz, 1H), 7.30 (m, 1H), 7.22 (s, TH), 7.16
(m, TH). '3C-NMR (DMSO-d,, 6, ppm): 152.9, 149.6, 141.6, 138.7,
136.5,131.5,131.1, 130.2, 129.0, 124.4,121.6, 120.2, 118.7, 116.2,
116.0. Anal. Calcd. For CigH;,FsN3O (399.29): C, 53.04; H, 3.01; N,
10.84. Found: C, 54.15; H, 2.78; N, 10.52.

1-(3,5-bis(trifluoromethyl)phenyl)-3-(quinolin-6-yl)urea
(6-QU)

Using the method described for 2-QU, 6-QU was obtained from
the reaction between 6-aminoquinoline and 3,5-bis(trifluoro-
methyl)phenyl isocyanate as a white powder in a yield of 80.7%.
FTIR (KBr disk, v, cm™"): 3321, 1705, 1573, 1491, 1479, 1444, 1385,
1345, 1276, 1230, 1178, 1131, 1058, 953, 887, 851, 780, 753, 728,
707, 689. "H-NMR (DMSO-dg, &, ppm): 9.53 (s, 1H), 9.38 (s, TH),
8.76 (dd, J;=7.8 Hz, J,=2.0 Hz, 1H), 8.29 (d, J=7.8 Hz, 1H), 8.24 (d,
J=24Hz, 1H), 8.19 (s, 2H), 7.97 (d, /=8.0 Hz, 1H), 7.73 (dd, J;=8.0
Hz, J,=2.4 Hz, 1H), 7.67 (s, TH), 7.48 (m, TH). '*C-NMR (DMSO-d,
6, ppm): 154.2, 148.8, 144.1, 141.8, 137.9, 131.1, 128.3, 128.1,
123.7, 121.92, 1195, 118.1, 1155, 113.6. Anal. Calcd. For
CygH11FgN3O (399.29): C, 52.12; H, 2.87; N, 10.96. Found: C, 54.15;
H,2.78;N, 10.52.

1-(3,5-bis(trifluoromethyl)phenyl)-3-(quinolin-7-yl)urea
(7-QU)

Using the method described for 2-QU, 7-QU was obtained from
the reaction between 7-aminoquinoline and 3,5-bis(trifluoro-
methyl)phenyl isocyanate as a white powder in a yield of 82.0%.
FTIR (KBr disk, v, cm™"): 3327, 1694, 1578, 1493, 1473, 1444, 1384,
1349, 1276, 1229, 1177, 1131, 1050, 952, 886, 850, 780, 747, 725,
702, 682. "H-NMR (DMSO-dg, &, ppm): 9.56 (s, 1H), 9.44 (s, TH),
8.83 (dd, J;=4.2 Hz, J,=1.8 Hz, TH), 8.25 (m, 2H), 8.17 (s, 2H), 7.91
(d, /=8.8 Hz, TH), 7.68 (m, 2H), 7.39 (m, 1H). *C-NMR (DMSO-d,
6, ppm): 152.9, 149.0, 146.6, 140.5, 136.5, 134.8, 131.5, 1294,
129.0, 124.4, 123.8, 121.6, 118.7, 116.7, 110.7. Anal. Calcd. For
CygH11FgN3O (399.29): C, 50.98; H, 3.39; N, 10.49. Found: C, 54.15;
H,2.78;N, 10.52.
1-(3,5-bis(trifluoromethyl)phenyl)-3-(quinolin-8-yl)urea
(8-QU)

Using the method described for 2-QU, 8-QU was obtained from
the reaction between 8-aminoquinoline and 3,5-bis(trifluoro-
methyl)phenyl isocyanate as a white powder in a yield of 78.3%.
FTIR (KBr disk, v, cm™): 3328, 1696, 1577, 1490, 1479, 1447, 1389,

1348, 1273, 1221, 1180, 1134, 1049, 953, 890, 854, 781, 750, 728,
705, 680. 'H-NMR (DMSO-dy, &, ppm): 10.60 (s, 1H), 9.78 (s, TH),
8.92 (d, J=4.4 Hz, 1H), 8.55 (dd, J;=7.2 Hz, J,=2.0 Hz, 1H), 8.39 (dd,
J,=7.2 Hz, J,=2.0 Hz, 1H), 8.13 (s, 2H), 7.64 (m, 2H), 7.57 (m, 2H),
7.46 (t, J=2.4 Hz, TH). 3C-NMR (DMSO-d, 6, ppm): 148.6, 137.2,
136.7, 133.8, 131.5,129.2, 129.0, 127.3, 124.4,121.2, 118.7, 116.5,
113.8. Anal. Calcd. For C,gH,,FsN5O (399.29): C, 53.05; H, 2.92; N,
11.01. Found: C, 54.15; H, 2.78; N, 10.52.

1-(3,5-bis(trifluoromethyl)phenyl)-3-(naphthalen-2-yl)urea
(2-NU)

Using the method described for 2-QU, 2-NU was obtained from
the reaction between 2-naphthylamine and 3,5-bis(trifluoro-
methyl)phenyl isocyanate as a pink powder in a yield of 64.9%.
FTIR (KBr disk, v, cm™): 3277, 3100, 1654, 1558, 1388, 1284, 1128,
813, 740, 683. "H-NMR (DMSO-dg, 8, ppm): 9.49 (s, TH), 9.22 (s,
1H), 8.18 (m, 3H), 7.90 (m, 3H), 7.65 (s, 1H), 7.54 (dd, J;=8.8 Hz,
J,=2.2 Hz, TH), 7.47 (dd, J;=8.3, J,=6.8, 1H), 7.38 (d, J=2.4 Hz, TH).
13C-NMR (DMSO-dg, 8, ppm): 152.5, 141.8, 136.6, 133.6, 130.7 (q,
J=32.6 Hz, Ar-C-CF3), 1294, 1284, 1274, 127.1, 1264, 124.2,
123.3, 119.9, 118.0, 118.0, 114.4. Anal. Calcd. For C;gH;,F¢N,O
(398.31): C, 57.29; H, 3.04; N, 7.03. Found: C, 57.15; H, 2.78; N,
7.52.

General procedures for the ROP of §-valerolactone

Bulk polymerization

A typical procedure for bulk polymerization is as follows (entry 2
in Table 1). In a dried 10 mL Schlenk flask with a stirring bar, the
catalyst (3-QU, 21.96 mg, 0.055 mmol, 1 equiv.) was added and
then purged for 3 times with high-purity hydrogen. MTBD (7.9
pL, 0.055 mmol, 1 equiv.), benzyl alcohol (5.7 pL, 0.055 mmol, 1
equiv.), and 6-VL (1 mL, 11.0 mmol, 200 equiv.) were then added
sequentially. The reaction mixture was stirred at 25 °C for 10 min
and then an appropriate amount of benzoic acid in
dichloromethane was added to quench the reaction. A small
amount was diluted in CDCl; to measure "H-NMR and calculate
the conversion of monomer. The mixture was then poured into
cold methanol and the precipitate was centrifuged. The ob-
tained white solid was redissolved and reprecipitated and this
process was repeated twice to purify the product, which was fi-
nally dried at 30 °C under vacuum to constant weight.

Solution polymerization

A typical procedure for solution polymerization in toluene is as
follows. In a dried 10 mL Schlenk flask with a stirring bar, the cat-
alyst (3-QU, 79.86 mg, 0.2 mmol) was first added and then
purged for 3 times with high-purity nitrogen. benzyl alcohol
(16.4 L, 0.16 mmol), toluene (4 mL) and 6-VL (0.72 mL, 8.0

Table1 ROP of §-VL catalyzed by different quinolinyl-urea/MTBD system. @

Entry Cat. Time (min) Conv. " (%) My € (kg/mol) - My wir © (kg/mol) My, gpc @ (kg/mol) pd
1 2-QU 300 30.6 6.2 43 - -
2 3-QU 10 98.6 19.9 204 27.0 1.06
3 5-QU 30 98.9 19.9 26.5 29.5 1.08
4 6-QU 10 96.3 19.4 18.0 253 1.10
5 7-QU 40 74.8 15.1 16.6 - -
6 8-QU 180 454 9.2 9.4 - -
7 2-NU 10 96.3 19.4 19.7 28.5 1.14
8¢ 3-PU 10 92.0 18.4 17.5 21.6 1.10

@ Polymerization conditions: solvent-free, amount of 6-VL: 1 mL (11.0 mmol), catalyst loading: 0.5 mol% of monomer, [Cat]/[MTBD] = 1/1, [M]y/[l] = 200/1,
reaction temperature: 25 °C, quenched with benzoic acid dissolved in dichloromethane;  Calculated by "H-NMR spectroscopy; < My, = [MI¢/[l] x Conv.% x
100.12 + 108.14; 4 Measured by GPC in THF at 35 °C, calibrated with polystyrene standards; © Results in Ref. [33].
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mmol) were successively added. After all the materials dis-
solved completely, MTBD (28.8 pL, 0.2 mmol) was added to start
the polymerization. The reaction solution was stirred at 25 °C for
45 min and quenched by the addition of excess benzoic acid
dissolved in dichloromethane. A small amount was diluted in
CDCl; to calculate the conversion of monomer by 'H-NMR. The
mixture was precipitated by pouring the mixture into cold an-
hydrous methanol and then filtered. The obtained solid was re-
dissolved and reprecipitated and this process was repeated two
times to purify the product, which was finally dried at 30 °C un-
der vacuum to constant weight.

RESULTS AND DISCUSSION

Synthesis and Characterization of Quinolinyl- and
2-Naphthyl-urea Catalysts

All the quinolinyl- (2-, 3-, 5-, 6-, 7-, 8-QU) and 2-naphthyl-urea
(2-NU) catalysts were prepared via the reaction between 3,5-
bis(trifluoromethyl)phenyl isocyanate and the corresponding
aminoquinoline with an amino group at the 2-, 3-, 5-, 6-, 7-, 8-
position or 2-naphthylamine in dichloromethane at room tem-
perature (Scheme 1). All these catalysts were isolated as white or
pink powders in good yield and characterized by FTIR, 'H- and
13C-NMR, and elemental analysis, with the results well consis-
tent with their structures.

Ring-opening Polymerization of 6-VL

Bulk polymerization

All the above synthesized quinolinyl-urea catalysts were firstly
used in the bulk ROP of §-VL to evaluate their catalytic proper-
ties, in combination with MTBD as a cocatalyst and benzyl alco-
hol (BnOH) as a typical initiator (Table 1). Due to the different
positions of urea group on the quinoline ring in their structures,
2-QU, 3-QU, 5-QU, 6-QU, 7-QU and 8-QU have different cat-
alytic activities. The quinolinyl-N atom on the quinoline ring will
cause the uneven distribution of electrons, which will further af-

fect the acidity of the active hydrogen in the urea group linked
to the quinoline ring. In addition, the different substitution posi-
tions would result in the different steric hindrance around the
urea group to a certain extent. These could lead to the differ-
ences in the catalytic activities of quinolinyl-urea catalysts. The
quinolinyl-N atoms in 2-QU and 8-QU are close to the urea
group and may form an intramolecular hydrogen bonding,
leading to their much lower activities than other quinolinyl-urea
catalysts and the conversions of 30.6% (2-QU) in 5 h and 45.4%
(8-QU) in 3 h were obtained, respectively. The 2-NU produced
much higher activity than 2-QU, indicating that the quinolinyl-N
atom had large influence in the catalytic performance. The 3-QU
or 6-QU/MTBD systems were much more active and almost all
the monomer completely converted into the polymers in 10
min. 3-QU was a little more active than 3-PU with a similar
structure, and the polymer produced by 3-QU/MTBD system
had very close molecular weight to the theoretical value with
narrow molecular weight distribution (P=1.06). In short, the or-
der of catalytic activities is as follows: 3-QU > 6-QU =2-NU > 5-
QU > 7-QU> 8-QU > 2-QU.

In order to investigate the influence of reaction conditions,
including type of base, molar ratios of catalyst/base and
monomer/initiator and reaction temperature, 3-QU was used
in the following ROP of 6-VL, as shown in Table 2. Among the
organic bases used, MTBD was found to give the best results
and an almost complete conversion was observed in 10 min
producing PVLs with a narrow B. TBD has been reported to be
an efficient catalyst for the ROP of lactones, in which the dual
activation of monomer and initiator happened by TBD due to
the existence of hydrogen atom.B3839 However, when TBD
was combined with a quinolinyl-urea catalyst, the complicat-
ed hydrogen bonding interactions between them might play
a certain toxic role to the active centers whether for TBD or
urea anion, further leading to a decrease in catalytic activity
(entry 1 in Table 2). Therefore, MTBD was usually combined
with urea catalysts as a cocatalyst. And the addition of DMAP

Table2 ROP of 6-VL catalyzed by 3-QU/base under different conditions. ?

Temp. Time Conv.® Mun € Monmr ® Mg @ d
Entry Base Cat/MTBD [Catl/[M],  [M]y/[I] ) (min) %) (kg/mol)  (kg/mol)  (kg/mol)
1 TBD 11 0.5% 200 25 10 454 92 9.1 22.7 1.24
2 DBU 11 0.5% 200 25 10 27.0 5.5 4.6 - -
3 DMAP 11 0.5% 200 25 10 <1 - - - -
4 MTBD 0/1 0.5% 200 25 180 <1 - - - -
5 MTBD 1/0 0.5% 200 25 180 <1 - - - -
6 MTBD 1/0.5 0.5% 200 25 10 56.9 11.5 1.9 - -
7 MTBD 11 0.5% 200 25 10 98.6 19.9 204 27.0 1.06
8 MTBD 1/2 0.5% 200 25 8 98.0 19.7 20.8 244 1.08
9 MTBD 11 0.25% 200 25 300 34.2 6.7 4.8 - -
10 MTBD 11 0.5% 200 0 10 59.8 121 4.7 15.3 1.75
11 MTBD 11 0.5% 200 40 10 97.0 19.5 19.8 28.7 1.06
12 MTBD 11 0.5% 200 60 10 97.1 19.6 19.3 24.2 1.07
13 MTBD 11 0.5% 200 20 10 88.4 17.8 12.8 24.0 1.14
14 MTBD 11 0.5% 20 25 10 97.4 2.1 2.2 4.4 1.07
15 MTBD 11 0.5% 50 25 10 97.6 5.0 53 8.0 1.07
16 MTBD 11 0.5% 100 25 10 99.0 10.0 10.6 15.1 1.07
17 MTBD 11 0.5% 400 25 10 97.0 39.0 30.1 343 1.07
18¢ MTBD 11 0.5% 50+150 60 30 949 19.1 20.5 31.8 1.16

@ Polymerization conditions: solvent-free, amount of 6-VL: 1 mL (11.0 mmol), catalyst: 3-QU, [Cat]/[MTBD]=1/1, quenched with benzoic acid dissolved in
dichloromethane. P Calculated by 'H-NMR spectroscopy. € M, = [MIo/[l] X Conv.% x 100.12 + 108.14; ¢ Measured by GPC in THF at 35 °C, calibrated with
polystyrene standards; € Chain extension experiment using PVL prepared as an initiator (entry 15).
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to the ROP reaction almost had no acceleration.

The amount of base used in the ROP reaction was also an
important factor to influence the catalytic properties (entries
4-8 in Table 2). The 3-QU catalyst or MTBD alone was almost
inactive in the ROP of 6-VL even if the polymerization was
performed for a longer time (3 h). When 0.5 equiv. of MTBD/3-
QU was used, a monomer conversion of 56.9% was achieved
in 10 min, although it was much lower than that with a 1/1 ra-
tio of 3-QU/MTBD (98.6%). The polymerization reaction was
accelerated when the amount of MTBD increased to 1/2 and
the monomer conversion reached 98% in 8 min with control-
lable molecular weight and molecular weight distribution of
PVLs. However, fixing the molar ratio of 3-QU/MTBD at 1/1,
when the amount of catalyst was reduced to 0.25 mol%, the
conversion was much lower (34.2% in 5 h, entry 9 in Table 2).
Therefore, a catalyst amount of 0.5 mol% was chosen for the
following studies.

The catalytic system 3-QU/MTBD was very efficient in the
ROP of 6-VL in the temperature range of 25-60 °C and almost
complete monomer conversions (>97%) with very narrow
molecular weight distributions of PVLs were obtained in 10
min. When the reaction temperature was increased to 90 °C, a
slightly lower monomer conversion of 88.4% was obtained in
10 min (entry 13 in Table 2). The lower reaction temperature
was relatively unfavourable to the ROP of 6-VL and a
monomer conversion of 59.8% was achieved at 0 °C (entry 10
in Table 2). PVLs with different molecular weights were pre-
pared by varying the molar ratio of monomer/initiator (en-
tries 14-17 in Table 2). In the range of [M]y/[l] ratio from 20 to
200, not only high monomer conversions approaching 100%
were observed, but also the molecular weights of PVLs fitted
the theoretical values well and the molecular weight distribu-
tions were around 1.07 with the unimodal GPC curves (Fig. 1).
When 400 of [M]y/[l] was used, the measured molecular
weight of PVLs was lower than the theoretical value. This de-
viation was probably caused by the addition error of benzyl
alcohol.

Solution polymerization

The catalytic properties of the 3-QU/MTBD system in the solu-
tion polymerization of 8-VL were also evaluated in toluene and
THF at 25 °C (Table 3). With a lower amount of catalyst (0.5
mol%), the ring-opening polymerization rate in solution was
much lower than that in bulk polymerization. Therefore, the cat-
alyst amount was increased to 2.5 mol% of monomer, the
monomer conversions of 94.6% and 81.4% in 45 min were ob-
tained with 50 equiv. of monomer in toluene and THF, respec-
tively, and the polymers produced also had a narrow molecular
weight distribution.

Living character of ROP
The living/controllable character of ROP of §-VL catalyzed by 3-
QU/MTBD system could be confirmed by chain extension and

16 18 20 22 24
Elution time (min)

Fig.1 GPC traces of PVLs with different molecular weights.

kinetic experiments. The chain extension experiment was car-
ried out with a low-molecular-weight PVL as an initiator (M,=5.3
kg/mol, B=1.07, entry 15 in Table 2) at 60 °C in order to make
the PVL initiator completely dissolve in monomer. The second
batch of 150 equiv. of 6-VL was then added and the 94.9% of
monomer converted into polymers in 30 min. The chain exten-
sion of PVLs with a molecular weight of 20.5 kg/mol was ob-
tained and the molecular weight distribution still remained nar-
row (D=1.16) as shown in Fig. 2. These results matched well with
PVLs produced by the one-batch polymerization (entry 7 in
Table 2), indicating that the ROP of &-VL catalyzed by 3-
QU/MTBD system had “living”/controllable characteristics.

In order to further verify the controllability of 3-QU/MTBD
system in the ROP of §-VL, the kinetic experiments were also
performed in solution polymerization with a [M]y/[I] molar ra-
tio of 50 at 25 °C in toluene (Fig. 3). A small amount (0.2 mL)
was withdrawn from the reaction solution at an appropriate
time interval by using a syringe and quickly quenched with a
dichloromethane solution of benzoic acid and further charac-
terized by 'H-NMR and GPC. The linear relationship between
Ln([VL]y/[VL]) and reaction time was founded, indicating the
first-order kinetics characteristic between the polymerization
rate and monomer concentration. In addition, the molecular
weight of PVLs from the aliquots linearly increased along with
the increase of monomer conversion and all the molecular
weight distribution maintained below 1.10, further confirm-
ing that the ROP of 6-VL catalyzed by 3-QU/MTBD system was
well controllable and had living character.

Possible mechanism for the ROP of 5-VL

In order to verify the catalytic mechanism for the ROP of §-VL
catalyzed by the 3-QU/MTBD system, the 'H- and '3C- NMR
spectra of pure 3-QU, pure MTBD, and the mixture of 3-
QU/MTBD with 1/1 molar ratio were tested, as shown in Fig. 4.
The solutions of pure 3-QU and pure MTBD are colourless in
DMSO, the colour change from colourless to yellow was ob-
served when one equiv. of MTBD was added to the solution of
3-QU, indicating that the interaction occurred between them. In

Table3 Solution ROP of 6-VL catalyzed by 3-QU/MTBD.?

Entry Solvent Conv. ® (%) M © (kg/mol) Monmg ° (kg/mol) M, gpc P (kg/mol) D
1 Toluene 94.6 4.4 6.7 1.07
2 THF 81.4 4.1 6.2 1.08

@ Polymerization conditions: §-VL: 0.72 mL (8.0 mmol), [M],=2 mol/L, catalyst loading: 2.5 mol% of monomer, [3-QU]/[MTBD]=1/1, initiator: BnOH,
[M]o/[11=50/1, reaction time: 45 min, reaction temperature: 25 °C, quenched with benzoic acid dissolved in dichloromethane; b Calculated by 'H-NMR

spectroscopy; < M, 1, = [Mlo/[l] X Conv.% x 100.12 + 108.14.
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Fig.2 GPC traces of low-molecular-weight PVLs and the PVLs after
the chain expansion experiment (entries 15 and 18 in Table 2).

the "H-NMR spectra, after the addition of MTBD, two original
peaks (9.63 and 9.47 ppm) for the NH signals of urea group in 3-
QU disappeared and a broad peak at 4.5-5.5 ppm appeared ac-
cordingly. In addition, the chemical shifts of other protons in 3-
QU and MTBD also changed more or less. In the ">*C-NMR spec-
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tra, the addition of MTBD led to the shift of many signals from a
high field (pure 3-QU) to a low field, such as those of the car-
bonyl-C atom (peak a) of urea group, the phenyl-C (peak e) and
qunolinyl-C (peak d) atoms connected to urea group, etc. This
was probably ascribed to the deprotonation of urea group and
the electron delocalization. These chemical shifts also indicated
the strong interaction between 3-QU and MTBD.

Based on these above observation and no catalytic efficien-
cy of pure 3-QU or MTBD alone, a possible mechanism for the
ROP of 6-VL catalyzed by the 3-QU/MTBD system could be
proposed in Scheme 2. Firstly, MTBD as a base captured one
proton from the urea group in 3-QU and the corresponding
H* adduct of MTBD formed. Then, the deprotonated quino-
linyl urea anion as an intermediate simultaneously activated
initiator and monomer via the intermolecular hydrogen
bonding interaction. The oxygen atom of activated benzyl al-
cohol attacked the carbonyl-C atom of §-VL to make the ring
opening and further resulted in the chain growth.

Characterization of PVLs
In the "H-NMR spectrum of synthesized PVLs in Fig. 5(a), the
multiple peaks around 1.67 ppm, the triplet peaks at 2.34 and
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b
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Fig.3 Kinetic plots of Conv.(%) and Ln([VL]y/[VL]) versus reaction time (a) and M,, and D of PVLs versus Conv.(%) (b) for the 3-QU/MTBD-
catalyzed ROP of 6-VL. Polymerization conditions: amount of §-VL: 0.72 mL (8 mmol), [M],=2 mol/L in toluene, 3-QU: 2.5 mol% of 6-VL,

[3-QUI/[MTBDI=1/1, [M]o/[1]=50, reaction temperature: 25 °C.
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Scheme 2 Proposed mechanism for the ROP of 6-VL catalyzed by
3-QU/MTBD.

4.08 ppm were corresponded to the different methylene pro-
tons in the main chains of PVLs, respectively. The peaks at 7.36
and 5.12 ppm were assigned to the protons of phenyl ring and
methylene group in the terminal benzyl group derived from the
initiator. The characteristic signals of the methylene protons
connected to hydroxyl group in the chain end located at 3.64
ppm as a triplet peak. All the above evidences indicated that the
of 6-VL was successfully initiated by BnOH and the linear PVLs
formed. This could be also proved by the 3C-NMR spectrum
(Fig. 5b), in which the signals of carbon atoms in the terminal
benzyl group appeared at 128.2 and 66.2 ppm. The signal of
methylene-C atom connected to hydroxyl group in the other
chain end located at 62.2 ppm. The peaks at 173.2 ppm and
63.9, 33.7, 28.0, 21.4 ppm corresponded to the carbonyl-C and
four consecutive methylene-C atoms in the repeat units.

In order to further confirm the structure of the PVLs, one
sample (entry 15 in Table 2) was analysed by MALDI-TOF mass
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Fig. 5 (a) 'H- and (b) 3C- NMR spectra of synthesized PVLs.
*CDCl.

spectroscopy as shown in Fig. 6. There were two main series
of peaks perfectly consistent with the theoretical molecular
weight of linear PVLs [BnO(VL),H] clustered with Na* and K*
ions. For each series, the adjacent signals with the difference
of 100 were separated by a VL repeating unit. Thus, the re-
sults of MALDI-TOF mass analysis were also in accordance
with those of NMR analysis.

= BnO(VL),H + Na*
4 BnO(VL),H +K*

3800 3900 4000 4100 4200

HHIHH i

3500 4000 4500 5000 5500 6000
m/z

Fig.6 MALDI-TOF MS of synthesized PVLs (entry 15 in Table 2).

CONCLUSIONS

In summary, a series of quinolinyl-urea catalysts with different
substitution positions has been synthesized and investigated in
the ring-opening polymerization of 6-VL in combination with
MTBD. The different substitution positions had large influence
on the catalytic properties and 3-QU was found to be the most
active. The 3-QU/MTBD catalytic system required only 0.5 mol%
catalyst concentration to initiate the ROP of §-VL rapidly and
kept highly active in the broad temperature range of 25-60 °C.
Linear PVLs with different molecular weights and narrow molec-
ular weight distribution were prepared by varying [M]y/[l] and
the structures of PVLs were confirmed by NMR and MALDI-TOF
mass spectroscopies. The “living”/controllable characteristic of
ROP was verified by the kinetic experiments and chain exten-
sion reaction. Based on the NMR studies, a possible mechanism
for the ROP of §-VL was proposed.
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