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INTRODUCTION The isocyanate-free process for 
the synthesis of polyurethane is an environ-
mentally benign and safe alternative to the tra-
ditional protocol, which involves the reactions 
of hazardous and toxic isocyanate with poly-
ols.[1-4] Among the various isocyanate-free 
routes, cyclic carbonates as candidates to react 
with aliphatic or aromatic amines via aminolysis 
ring-opening to form poly(hydroxyurethane)s 
(PHUs) is more feasible and appealing, on one 
hand for the synthetic process is not sensitive 
to moisture and does not require harsh condi-
tions, and on the other hand, the thus formed 
PHUs, which have pendent primary and sec-
ondary hydroxyl groups along the backbone are 
endowed with better thermal and mechanical 
properties by the inter-and intra-molecular hy-
drogen bonding between primary and second-
ary hydroxyl groups and carbonyl groups in 
PHUs.[1,2] 

Various types of cyclic carbonates have thus far 
been designed and synthesized and amongst all 
of them, five-, six- and seven-membered cyclic 
carbonates have received much more atten-
tions than the others.[5-8] Six- and seven-
membered cyclic carbonates, often require 
harmful reagents like phosgene or its deriva-
tives for the synthesis, although they show 
higher reactivity with amines.[5-8] The less reac-
tive five-membered cyclic carbonate (5CC) can 
be synthesized simply through the carbonation 
of epoxide with CO2, which is an effective and 
promising approach for the valorization of 
CO2.[9,10] In order to improve the reactivity of 
5CC toward aminolysis, some parameters like 
the reaction temperature, the monomer con-
centration and the type of reaction solvents 
have already been considered.[11] In addition, 
some works try to optimize the molecular struc-
tures of the 5CC and indicate that an electron-
withdrawing groups attached to the carbonate 
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ring is able to accelerate the aminolysis reac-
tions.[12] Another study further reveals an in-
verse relationship between the distance of the 
electron-withdrawing group from the carbonate 
ring and the aminolysis reactivity of 5CC.[13]    

The development and application of catalysts is 
also a viable route on activating the aminolysis 
reaction of 5CC and furthermore accelerating 
the polymerization of bis-functional 5CC (B5CC) 
and poly-functional amines to obtain PHUs.[14] A 
series of organic bases, Brönsted acids, alkali 
metal salts and organometallic catalysts have 
already been developed and applied in the 
amine/carbonate reaction systems.[11] Metal-
free catalysts, which are competitive with met-
al-containing ones on catalytic efficacy, have 
many advantages in biomedical and electronic 
applications, for the reason that metal-
containing catalysts often result in the deterio-
rations of the obtained products, like the toxici-
ty and low insulation capability.[15,16] Herein, in 
order to accomplish the polymerization of B5CC 
and 1, 6-diaminohexane in a mild condition, the 
aminolysis of 5CC at room temperature as the 
model reaction is adopted firstly and a series of 
commercial available organic bases are selected, 
screened and ranked on catalyzing the aminoly-
sis ring-opening of 5CC; they are triethylamine 
(TEA), 1, 4-diazabicyclo[2.2.2]octane (DABCO), 
4-dimethylaminopyridine (DMAP), 1-
methylimidazole (Mim), 1, 8-
Diazabicyclo[5.4.0]undec-7-ene (DBU), N, N’-
diphenylthiourea (Thiourea) and 1, 5, 7-
Triazabicyclo[4.4.0]dec-5-ene (TBD). At the 
same time, the solvent systems are also 
screened and optimized. Finally, the catalyst 
that displays the best catalytic efficacy is used 
for the synthesis of PHUs.   
 
EXPERIMENTAL  
Materials 
Triethylamine (TCI, >99.0%), 1-methylimidazole 
(TCI, >99.0%), 4-dimethylaminopyridine (TCI, 

>99.0%), 1, 4-diazabicyclo[2.2.2]octane (WAKO, 
95.0+%), N, N'-diphenylthiourea (TCI, >98.0%), 1, 
8-diazabicyclo[5.4.0]-7-undecene (TCI, >98.%)，
1, 5, 7-triazabicyclo[4.4.0]dec-5-ene (TCI, 
>98.0%), 1-methyl-2-pyrrolidine (WAKO, special 
grade), acetone (WAKO, 1st grade), hexylamine 
(TCI, >99.0%) and 1, 6-diaminohexane (TCI, 
99.0%). These reagents above are used as re-
ceived. 4-phenoxymethyl-1, 3-dioxolan-2-one 
(5CC) and 2, 2-bis[p-(1, 3-dioxolan-2-one-4-yl-
methoxy)phenyl]propane (B5CC) are synthe-
sized according to the methods reported previ-
ously and the synthetic details and characteriza-
tions are provided in the supporting infor-
mation. 
Measurements 
Proton nuclear magnetic resonance (1H 
NMR) measurements were recorded on JEOL 
JNM ECS 400 in DMSO-d6 or Chloroform us-
ing tetramethylsilane as an internal standard. 
ATR-FT-IR spectroscopy was conducted on a 
Thermo Fisher Scientific Nicolet iS10 spec-
trometer. Number-average molecular weight 
(Mn) and molecular weight dispersity (Đ) 
were estimated from size exclusion chroma-
tography performed on a Tosoh HLC-8220 
chromatograph, equipped with three con-
secutive polystyrene gel columns [TSK-gels 
(bead size, exclusion, limited molecular 
weight); super-AW4000 (6 μm, >4 × 105), 
super-AW3000 (4 μm, >6 × 104), and super-
AW2500 (4 μm, >2 × 103)] and refractive in-
dex and ultraviolet detectors. The system 
was operated using 10 mM LiBr in DMF as 
eluent at a flow rate of 0.5 mL min-1 at 40 °C. 
Polystyrene standards were employed for 
calibrations. 
 
Methods 
Kinetic studies of aminolysis of 5CC without 
(blank) or with various organic amines. 
In a typical reaction, 4-phenoxymethyl-1, 3-
dioxolan-2-one (5CC) (0.19g, 1 mmol), hexyla
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Scheme 1. Aminolysis of 5CC by hexylamine and the types of amines used as catalysts. 

 
mine (0.10g, 1 mmol) and TEA (0.03g, 0.3 
mmol) are dissolved in 0.4 mL NMP. The reac-
tion is stirred at room temperature and sam-
pled for 1H NMR after 5 min, 10 min, 15 min, 
30min, 1 hour, 3 hours, 6 hours, 12 hours and 
24 hours. 
 
Kinetic studies of aminolysis of B5CC by hexyl-
amine without (blank) or with TBD. 
In a typical reaction, 2, 2-bis[p-(1, 3-dioxolan-2-
one-4-yl-methoxy)phenyl]propane (B5CC) (0.21 
g, 0.5 mmol), hexylamine (0.10g, 1 mmol) and 
TBD (0.02g, 0.15 mmol) are dissolved in 0.4 mL 
NMP. The reaction is stirred at room tempera-
ture and sampled for 1H NMR after 5 min, 10 
min, 15 min, 30min, 1 hour, 3 hours, 6 hours, 12 
hours and 24 hours. 
 
Kinetic studies of aminolysis of B5CC by 1, 6-
diaminohexane without (blank) or with TBD 
In a typical reaction, 2, 2-bis[p-(1,3-dioxolan-2-
one-4-yl-methoxy)phenyl]propane (B5CC) (0.21 
g, 0.5 mmol), 1, 6-diaminohexane (0.06 g, 0.5 
mmol) and TBD (0.02g, 0.15 mmol) are dis-
solved in 0.4 mL NMP. The reaction is stirred at 
room temperature and sampled for 1H NMR 
after 1 hour, 3 hours, 6 hours, 12 hours and 24 
hours. 
 
Polymerizations of B5CC and 1, 6-
diaminohexane catalyzed by TBD 
In a typical reaction, 2, 2-bis[p-(1, 3-dioxolan-2-
one-4-yl-methoxy)phenyl]propane (B5CC) (0.43 

g, 1 mmol), 1, 6-diaminohexane (0.12 g, 1 
mmol) and TBD (0.08g, 0.6 mmol) are dissolved 
in 0.8 mL NMP. The reaction is stirred at room 
temperature for 4 hours, then diluted by NMP 
and finally precipitated in water. The obtained 
product (PHUs) is dried by vacuum oven at 
room temperature overnight. 
 
RESULTS AND DISCUSSION 

Mono-functional five-membered cyclic car-
bonate 4-phenoxymethyl-1, 3-dioxolan-2-one 
(5CC) is firstly applied to react with hexylamine 
at room temperature as the model reaction for 
screening the catalyst, as shown in Scheme 1. 
For the kinetic studies, the characteristic phenyl 
at 6.85-7.10 ppm (3H) in 5CC or the methyl pro-
tons at 0.80-0.95 ppm (3H) in hexylamine is 
used as the internal reference and the integra-
tion of methylene protons at 4.50-4.70 ppm 
(2H) adjacent to oxygen in 5CC is monitored to 
calculate the conversion of 5CC with time. The 
representative 1H NMR spectra of the 
5CC/hexylamine reactions after 30min without 
and with various catalysts are shown in Figure 
S3-S10. Thus the kinetic conversion of aminoly-
sis of 5CC catalyzed by various types of catalysts 
displayed in Scheme 1 was calculated, summa-
rized and plotted in Figure 1 and Table 1, re-
spectively. It can be found that the time-
conversion curves of the systems catalyzed by 
TEA, DMAP, DABCO and Mim are almost super-
imposed with that of the blank system without 
catalyst. These results are a little different from 



 

4 

Table 1. Screening of the catalysts for aminolysis reactions of five-membered cyclic carbonate (5CC) at 
23 oC. 

Entry Solvent Catalyst Time Conv. k 
  (mol %） (h) (%) (L/mol*h) 

1 NMP Blank 24h 87.0 0.34 
2 NMP TEA （30） 24h 89.0 0.31 
3 NMP DMAP (30) 24h 89.5 0.39 
4 NMP DABCO (30) 24h 89.0 0.33 
5 NMP Mim (30) 24h 90.0 0.38 
6 NMP Thiourea (30) 24h 93.0 2.52 
7 NMP DBU (30) 24h 99.5 1.31 
8 NMP TBD (10) 1h 98.3  
9 NMP TBD (30) 1h 99.5 34.5 

10 Acetone TBD (10) 1h 73.5  
11 Acetone TBD (30) 1h 88.5  
12 CHCl3 TBD (30) 24h 99.6  

 
the previous reports. For example, TEA[17] and 
DABCO[18] have already been reported to be 
efficient catalysts in the amine/multi-functional 
(more than two) five-membered cyclic car-
bonate reaction, but in the present investiga-
tion they have no effects on catalyzing the sys-
tem. TBD, which has a bicyclic guanidine struc-
ture, exhibits the best catalytic activity and the 
conversion of cyclic carbonate reaches nearly 
100% after only 1 hour. It is interesting to find 
that the bicyclic amidine DBU displays a much 
better effect than the monocyclic amidine Mim 
and as shown in Figure 1, DBU-catalyzed system 
has more than 50% conversion of carbonate 
after 5 mins, while that of Mim system is less 
than 10 %. The time-conversion curve of thiou-
rea amine-catalyzed system can be divided into 
two parts and from 5 min to 1 hour, the aminol-
ysis reaction proceeds very rapidly, faster than 
the other, except TBD-catalyzed system, but 
after 1 hour, it is obvious that the reaction rate 
is lower than DBU-catalyzed system. 
 

 
Figure 1. Semi-logarithmic time-conversion 
plots of the reactions of 5CC and hexylamine 
without (Blank) and with a series of catalysts at 
23 oC. 
 
The reaction between five-membered cyclic 
carbonate and primary amine is well known to 
proceed with overall second-order kinetics –
d[C]/dt = k[C]2, wherein [C] = [5CC] = [hexyla-
mine]. Thus the rate constant k in respective 
systems catalyzed by various types of amines 
can be calculated from the slope of the linear 
region of the 1/[C] - 1/[C]0 versus time plots in 
Figure 2, wherein [C]0 and [C] are the initial con-
centration and concentration at any time, re-
spectively and summarized in Table 1. It can be 
found that the rate constant of TBD is 34.5 L 
mol-1 h-1, almost 100 times higher than the 
blank system without catalyst, TEA, DMAP, 
DABCO and Mim. As shown in Scheme 2, TBD is 
a kind of bi-functional catalyst, which can inter-
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act with amine and 5CC simultaneously through 
hydro 

 

Scheme 2. Mechanisms of various amines on 
catalyzing 5CC, TEA (a), DMAP (b), DBU (c), Thi-
ourea (d), TBD (e) and dimeric structure of TBD 
(f). 

gen bonding, in contrast to the other aliphatic, 
aromatic, thiourea and amidine type catalysts, 
which interacts only with amine or cyclic car-
bonate. At the same time, the cyclic structure of 
TBD also facilitates the aminolysis of 5CC by 
reducing the distance between hexylamine and 
5CC, as compared to the other catalysts.[14] A 
significant difference between the reaction sys-
tem catalyzed by TBD and the others is that the 
chemical shift of the hydroxyl from both prima-
ry and secondary alcohols and the water in 1H 
NMR can be observed in all of the systems after 
24 hours, except in TBD (Figure S11-S18). This 
means that TBD has a stronger tendency to in-
teract with active protons by hydrogen bonding 
and it is reasonable to deduce the stronger in-
teractions of TBD with hexylamine and 5CC, 
compare to the other catalysts.[19] This result 
can partly support the excellent catalytic effica-
cy of TBD. Furthermore, when the reaction sol-
vent is changed from NMP to the other polar 
aprotic solvents, like acetone (entry 10 and 11 
in Table 1) and chloroform (entry 12 in Table1). 
As shown in Figure S19, before 5 mins, the reac-
tion with acetone as the solvent catalyzed by 
10% or 30% TBD proceeds very rapidly, then the 

kinetic curves level off. With chloroform as the 
solvent, the shape and trend of the time-
conversion curve is similar to the blank system, 
with the whole body of the curve moving up-
ward. It is reasonable to deduce that the ter-
tiary amine structure in NMP also contributes to 
the aminolysis reaction of 5CC; that is, NMP 
behaves not only as the solvent, but also as the 
promoter in this reaction. The polarity of the 
solvent is another factor that is able to influ-
ence the catalytic efficacy of TBD, by affecting 
the molecular state of TBD in solution. With 
strong polar NMP (polarity index, P’ = 6.5) as 
solvent[20], it is plausible to accept that TBD ex-
ists as a monomeric form in NMP for the strong 
intermolecular interactions between TBD and 
NMP like dipole induction and hydrogen bond-
ing. While in the less polar acetone (P’ = 5.4)[20] 
and chloroform (P’ = 4.4)[20], TBD is prone to be 
as dimeric structure through two N-H┄N inter-
actions within the –NH-C=N- portions of guani-
dine without the presence of the highly com-
petitive interactions of solvents (Scheme 2 
(f)).[21] Thus the –NH-C=N- portions of guanidine 
is not free to interact with amine and cyclic car-
bonate, respectively and the catalytic efficacy of 
TBD deteriorates correspondingly. 
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Figure 2. Kinetic plots of the aminolysis reac-
tions of 5CC at 23 oC, catalyzed by various types 

of amines at whole scale (A) and regional en-
largement (B). 

 

Scheme 3. Aminolysis of B5CC by (A) hexylamine (HA) and (B) 1, 6-diaminohexane (DAH) in the presence 
of TBD as catalysts. 

Table 2. The aminolysis reactions of bicyclic five-membered cyclic carbonate (B5CC) without or with TBD 
at 23 oC. 

Entry Amine Catalyst Time Conv. k 
  (mol %） (h) (%) (L/mol*h) 

1 HA Blank 24h 85.0 0.20 
2 HA TBD (30) 1h 99.0 19.2 
3 DAH Blank 24h 77.0 - 
4 DAH TBD (30) 1h 95.2 - 

 

 

Figure 3. Semi-logarithmic time-conversion 
plots of the aminolysis reactions of B5CC with-
out or with TBD at 23 oC. 

Furthermore, TBD, which has already shown the 
best catalytic efficacy is chosen for the kinetic 
studies of bis-functional five-membered cyclic 
carbonate (B5CC) with hexylamine (Scheme 3A) 
and 1, 6-diaminohexane (Scheme 3B), respec-
tively. For kinetic investigations, the character-
istic phenyl at 6.75-6.85 ppm (2H) in B5CC is 
used as the internal reference and the integra-
tion of methylene protons at 4.50-4.70 ppm 
(2H) adjacent to oxygen in B5CC is monitored to 
calculate the conversion of B5CC with time. The 
representative 1H NMR spectra of the 
B5CC/hexylamine (1, 6-diaminohexane) systems 
without (Blank) or with TBD after reacting for 1 
hour are shown in Figure S20-23. The plots of 
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Table 3. Step-growth polymerization of B5CC and 1, 6-diaminohexane catalyzed by TBD at 23 oC.a 
Entry TBD Yield Mn Đ 

 (mol %） (%) (g mol-1)  
1 30 93 7400 1.5 
2 60 88 7500 1.4 

a The polymerization performed in NMP at room temperature for 4 h. 
 

 
Figure 4. 1H NMR spectrum (CDCl3) of PHU (Table 3, entry 1) 

 

 
Figure 5. ATR-FT-IR spectra of B5CC (a) and the polymerization product PHU (Table 3, entry 1). 

 

time-conversion are displayed in Figure 3, which 
indicate that TBD is also an excellent catalyst on 
the aminolysis reaction of B5CC and the reac-
tions of B5CC with hexylamine proceed a little 
faster than those with 1, 6-diaminohexane, 
whether with or without TBD and this phenom-
enon is more obvious at high conversions. This 

can be ascribed to the viscosity effect in the 
polymerization system of B5CC and 1, 6-
diaminohexane, wherein the diffusion of mon-
omers is gradually hindered by the building-up 
of the viscosity of the system. As shown in Table 
2, the reaction rate constants of 
B5CC/hexylamine without or with TBD are cal-
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culated as second-order reaction, which are a 
little lower than those of 5CC/hexylamine, and 
this can be ascribed to the more sluggish mo-
tions of B5CC, compared to 5CC in the solution 
state. It has been reported that some side reac-
tions might happen during the ring-opening of 
5CC by amines, especially in the absence of cat-
alyst at high temperature (80 oC).[22] With TBD 
as catalyst at high temperature (higher than 120 
oC), the undesired formation of by-product diol 
has no contributions on the polymerization of 
B5CC with a series of diamines.[23] Recently, it 
has been found that room temperature (around 
20 oC) can be a compromise on both the selec-
tive formation of carbamate structure in ure-
thane and avoiding formation of diol struc-
ture.[24] The 1H NMR spectrum (Figure S24) of 
the model reaction of 5CC with hexylamine 
show the absence of the diol (3-phenoxy-1, 2-
propanediol[25]) structure, which reveals that 
the optimization condition with TBD as catalyst 
and NMP as solvent at room temperature 
(around 23 oC) can be applied for the polymeri-
zation of B5CC with diamine. 

According to Figure 3, the optimized reaction 
time 4 hours is chosen for the polymerization of 
B5CC with 1, 6-aminohexane on considering 
both the monomer conversion and batch effi-
ciency. The 1H NMR spectrum of the obtained 
polymerization product poly(hydroxyurethane)s 
(PHUs) (Table 3, entry 1) is shown in Figure 4, 
the chemical shifts corresponding to the mon-
omer B5CC (Figure S2) have totally disappeared 
in the obtained PHU. The newly-appeared 
chemical shifts indicate the successful aminoly-
sis of B5CC with 1, 6-diamonohexane catalyzed 
by TBD at room temperature in only 4 hours. 
The 1H NMR spectrum is consistent with our 
previous report that the ring-opening of B5CC 
to form secondary hydroxyl (path 1 in Scheme 
3B) is the major route for the reason of ther-
modynamics.[12] The ATR-FT-IR spectrum dis-
closes that the characteristic carbonyl bands at 
1785 cm-1 from the cyclic carbonate has com-
pletely disappeared after 4 hours, which is in 
accordance with the kinetic results by 1H NMR 
and the newly formed amide bands by the ami-

nolysis of cyclic carbonate appears at 1695 cm-1. 
The wide absorption around 3300 cm-1 can be 
ascribed to the primary and secondary hydrox-
yls from the ring-opening reaction of cyclic car-
bonate. As shown in Table 3, further increasing 
the TBD content has no obvious effect on the 
molecular weight of PHU. Compared to the pre-
vious reports, which need high reaction tem-
perature (100 oC)[26] and long reaction time (40 
days)[27], with TBD as catalyst and NMP as sol-
vent, the aminolysis of B5CC can be accom-
plished at room temperature in less than 4 
hours to reach a higher 95% conversion of 
monomer and obtain the PHU with a moderate 
molecular weight. 

 
Conclusion 
A series of organic amines, including the ali-
phatic- (TEA and DABCO) and aromatic- (DMAP), 
monocyclic (Mim) and bicyclic amidine- (DBU), 
thiourea- and bicyclic guanidine-type (TBD) 
have been investigated systemically on catalyz-
ing the aminolysis of five-membered cyclic car-
bonate (5CC) in NMP as the reaction solvent at 
room temperature. It has been found that NMP 
acts as both solvent and promoter for the ami-
nolysis of 5CC and the bicyclic guanidine TBD 
exhibits an excellent catalytic behavior, com-
pared to the other types of amines. The reac-
tion rate constant of the guanidine-type TBD is 
100 times higher than those of the aliphatic and 
aromatic amines (TEA, DABCO, Mim and 
DMAP), which reveals the potential of the guan-
idine-type structure for developments of cata-
lysts in the future. In addition, the polymeriza-
tion of B5CC and 1, 6-diaminohexane in NMP 
with TBD as catalyst can complete in less than 4 
hours at room temperature to obtain PHUs with 
Mn of about 7500 g mol-1. 
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