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ABSTRACT: Four catalysts, viz. 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), potassium 

bis(trimethylsilyl)amide (KHMDS), potassium methoxide (KOMe) and potassium tert-butoxide (KOt-

Bu) are screened for a low toxicity route towards (poly)urethane/ureas preparation from 

carbonate/carbamate esters. Based on similar kinetics, the catalytically active species for KHMDS, KOt-

Bu and KOMe is inferred to be the alkoxide anion RO–, depending on the R group in the 

carbonate/carbamate. Its activity is much higher than that of TBD. Computational simulation for MeO–-

catalyzed urethane/urea formation is carried out using density functional theory. The activation energies 

calculated are in close match with the experimental results for the three MeO–-based catalysts. TBD and 

KOMe are applied in the isocyanate-free polyurea preparation by polycondensation. Again, KOMe shows 

a higher efficiency than TBD. 

Keywords: catalyst, isocyanate-free, polyurethane/urea, catalytic mechanism, TBD, alkoxide anion. 

 

 



Introduction 

Polyurethanes and polyureas have found wide applications in construction, packaging, vehicle parts and 

coatings due to their versatile material properties. Compared with polyurethanes, polyureas have superior 

mechanical properties due to the stronger inter-molecular interaction between polyurea chains. 

Furthermore, the urea moiety has much a better stability against degradation.1,2 Polyurethanes and 

polyureas can be rigid,3,4 semi-rigid5,6 or flexible5 depending on the monomers and the polymer 

microstructures. The industrial synthesis of polyurethanes and polyureas is based on isocyanate chemistry, 

where multi-functional isocyanates are polymerized with either diol or diamine functional monomers, 

respectively. The main disadvantage of this approach lies in the notorious toxicity of isocyanates and the 

required raw materials phosgene and chloroformates,7,8 all of which can cause severe damage to the 

environment and health. Additionally, although the high reactivity of isocyanates facilitates fast 

polymerization, which is highly appreciated in practical applications, they can be quite problematic in 

some specific scenarios such as the preparation of water-borne polyurethane/urea dispersions applied in 

coating materials, adhesives and membranes.9 Indeed, the isocyanate groups can easily react with water 

to form amines and CO2 (Scheme 1). This will change the stoichiometry between the isocyanates and 

diols or diamines, leading to an uncontrolled polymerization. 

During the past decades, exploring new, non-toxic routes to prepare polyurethanes (PUs) has become a 

hotspot for both academic and industrial research. Most of these isocyanate-free routes, however, are 

based on cyclic species such as cyclic carbonates, urethanes or ureas,10-15 the synthesis of which often 

requires harsh condition or toxic reagents like chloroformate16-18 and oxiranes.19,20 Furthermore, the 

reaction between dicyclic carbonates and diamines results in poly(hydroxy urethane)s carrying hydroxyl 

side groups, which can lead to undesired properties such as low water-resistance and poor material 

properties due to insufficient packing of neighboring chains.21,22 

Scheme 1. Consumption of isocyanate by water in aqueous medium. 

 



Recently, a new isocyanate-free route (Scheme 2) for preparing polyurethanes (IV) or polyureas (III) 

was proposed by several groups,3,23,24 using dicarbamates (II) and diols (R’’OH) or diamines (R’NH2) as 

monomers. The dicarbamates are synthesized from potentially sustainable raw materials such as dimethyl 

carbonate (I) and diamines. 

Scheme 2. Isocyanate-free routes to urethane/urea formation through a carbamate intermediate. 

 

Since carbamates or carbonates are less reactive than isocyanates, especially towards water, a controlled 

polymerization should be possible even in an aqueous environment. This is particularly relevant when 

aqueous polyurethane or polyurethane/urea dispersions are targeted. 

However, the lower reactivity of the carbonate/carbamate-amine/alcohol chemistry implies a lower 

polymerization rate compared to isocyanate-amine/alcohol reactions. To overcome this reactivity issue, 

efficient catalysts must be employed. 

For this study, various catalysts utilized in esterification reactions or isocyanate chemistry are screened 

as potential candidates for carbamate-amine/alcohol reactions. They include strong bases such as 

phosphazenes,25,26 guanidine derivatives like 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD),27-30 organo-

alkali catalysts,31 alkaline oxides and transition metal compounds (Scheme 3).32-36 They are all active for 

esterification or (cyclic) carbonate-amine/alcohol reactions. The four most promising ones are selected 

for a more detailed study in this paper, and their application in polymerization reactions is evaluated. 

 



Scheme 3. Carbonate aminolysis model reaction with DMC and HEX as substrates and catalyst 

candidates. 

Model reaction: 

 

Catalyst candidates: 

 

Experimental Section 

Materials:  

All reagents are commercially available unless specified otherwise. Hexylamine (HEX, Acros Organics 

99%) was purified by distillation from potassium hydroxide. Dimethyl carbonate (DMC, Reagent Plus, 

99% Sigma Aldrich) and diethyl carbonate (DEC, 99% Sigma Aldrich) were purified by drying over 4 Å  

molecular sieves and subsequent fractional distillation. Poly(propylene glycol) bis(2-aminopropyl ether) 

(PPGda 2000, average Mn~2000), 1,4-diaminobutane (99%), toluene (anhydrous, 99.8%), germanium(IV) 

oxide (GeO2, >99.99%), strontium oxide (SrO, 99.9%), zinc nitrate hydrate (Zn(NO3)2.xH2O, 99.99%), 

1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD, 

98%), 1,1,3,3-tetramethyl-guanidine (TMG, 99%), 1,8-diazabicyclo [5.4.0]undec-7-ene (DBU, puriss, 



>99.0% (GC)), Tetramethyl (tris(dimethylamino) phosphoranylidene) phosphorictriamid-Et-imine (P2-

Et, >98% ), titanium(IV) butoxide (Ti(OBu)4), scandium triflate (Sc(OTf)3, 99.995%), dibutyltin dilaurate 

(DBTDL, 95%), potassium bis(trimethylsilyl)amide (KHMDS, 95%), potassium methoxide (KOMe, 

95%) and potassium tert-butoxide (KOt-Bu, 99.99%) were bought from Sigma Aldrich and used without 

further purification.  

Model reaction:  

Catalyst activities were assessed by monitoring the reaction between HEX and DMC (Scheme 3) or 

DEC. In a typical experiment, 0.25 mmol of catalyst and 25 mmol of DMC/DEC were introduced into a 

20 mL crimp-cap vial. 0.4 g of toluene was added as an internal standard, followed by the injection of 25 

mmol of HEX into the vial. The time of the injection of HEX was considered as the t = 0 of the reaction.  

Synthesis of N-hexyl methylcarbamate (NHMC) 

In a 100 mL flask, DMC (90 g, 1 mol), HEX (20.2 g, 0.2 mol), and TBD (0.69 g, 5 mmol) were stirred 

for 12 hours at room temperature. The reaction mixture was then concentrated by using a rotary evaporator 

and washed 3 times with a saturated aqueous NaCl solution. The organic phase was then dried with 

anhydrous sodium sulfate to obtain NHMC as a colorless oil (28.6 g, 90%). 

1H NMR (400 MHz, CDCl3, ppm): 4.95 (s, broad, 1H, NH), 3.65 (s, 3H, OCH3), 3.16 (m, 2H; NHCH2), 

1.49 (m, 2H; NHCH2CH2), 1.29 (m, 6H; CH3CH2CH2CH2), 0.89 (m, 2H; CH2CH3); 13C{1H} NMR 

(100.6 MHz, CDCl3, ppm): 157.2 (C=O), 51.9 (OCH3); 40.9 (NHCH2); 31.5 (CH3CH2CH2); 29.9 

(NHCH2CH2); 26.2 (NHCH2CH2CH2); 22.5 (CH3CH2); 14.0 (CH2CH3).  

Synthesis of 1,4-butylenedicarbamate (BU2)23 

In a 500 mL flask, a mixture of DMC (90 g, 1 mol), molten DAB (35.2 g, 0.4 mol) and TBD (1.39 g, 

10 mmol) was stirred for 1 hour at room temperature. During this period, 100 mL of diethylether (Et2O) 

were added when precipitation was observed. The precipitate was then isolated by filtration. The residue 

was recrystallized from chloroform and dried in a vacuum oven overnight at 60 oC to obtain BU2 as a 

colorless crystalline solid (70 g, 86%). 



1H NMR (400 MHz, CDCl3, ppm): 4.86 (s, broad, 1H, NH), 3.63 (s, 3H; OCH3), 3.16 (m, 2H; NHCH2); 

1.51 (m, 2H; NHCH2CH2); 13C{1H} NMR (100.6 MHz, CDCl3, ppm): 157.2 (C=O), 51.9 (OCH3); 40.6 

(NHCH2); 27.2 (NHCH2 CH2). 

Polymerization of diamine and dicarbamate  

Polymerization reactions were carried out by using PPGda2000 and BU2 as comonomers. In a typical 

experiment, 0.1 mol PPGda2000 and 0.1 mol BU2 were introduced into a 100 mL 3-neck flask 

subsequently flushed with argon. The reaction mixture was heated up to 130 oC prior to the addition of 

0.005 mol of catalyst. Samples were taken during the reaction to determine the molecular weight evolution 

by SEC measurements. 

Measurements:  

Gas chromatography with flame ionization detector (GC-FID) A Varian CP-3800 equipped with an 

FID was used for analysis of the kinetic results. Samples were prepared by quenching 0.05 mL of the 

reaction mixture into 1 mL of chloroform.  

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy ATR-FTIR was 

performed using a Bio-Rad Excalibur FTS3000MX infrared spectrometer (fifty scans per spectrum, 

spectral resolution of 4 cm-1) with an ATR diamond unit (Golden Gate). The measurement was performed 

by applying the sample onto the ATR diamond. The spectra were taken between 4000-650 cm-1. 

Nuclear magnetic resonance (NMR) 13C{1H} NMR (100.62 MHz)  and 1H NMR (400 MHz) spectra 

were recorded using a Varian Mercury Vx spectrometer at 25 °C. The samples were prepared by 

quenching 0.05 mL of the reaction mixture into 1 mL of deuterated chloroform (CDCl3). 

Size exclusion chromatography (SEC) SEC in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was 

performed on a system equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive 

index detector (35 oC), a Waters 2707 autosampler and a PSS PFG guard column followed by 2 PFG-

linear-XL (7 μm, 8*300 mm) columns in series at 40 °C. HFIP with potassium trifluoroacetate (3 g/L) 

was used as eluent at a flow rate of 0.8 mL/min. The molecular weights were calculated with respect to 

poly(methyl methacrylate) standards (Polymer Laboratories, Mp = 580 g/mol up to Mp = 7.1*106 g/mol). 



Computational details 

The mechanism of KOMe-catalyzed urethane/urea formation was studied by density functional theory 

(DFT) calculations. Geometry optimizations were performed using a hybrid B3LYP exchange-correlation 

functional and 6-31+G(d,p) basis set for all atoms.37-39 Frequency calculations were carried out at the 

same level to verify the nature of the stationary points. All local minima configurations showed no 

imaginary frequencies, while the transition state (TS) structures showed single imaginary frequency 

corresponding to the displacements along the reaction coordinate. The attribution of the TS to a particular 

elementary step was further confirmed through the intrinsic reaction coordinate (IRC) calculations.40-42 

To improve the accuracy of the estimated energies, single-point calculations were performed at the 

MP2/6-311++G(d,p) level of theory for all structures.43-45 Energies used for estimation of the reaction 

heats and barriers include the zero-point energies (ZPE) from the DFT frequency calculations. All 

calculations were performed using the Gaussian 09 D.01 program package.46 

Results and discussion 

General observations 

The various candidates depicted in Scheme 1 are evaluated as catalysts for the model reaction (Scheme 

3). The reaction rate constants for some of the active catalysts at different temperatures are shown in Table 

1. The data for all of the compounds can be found in the supporting information (Figure S1-8). 

The rate constants are calculated by assuming second order reaction kinetics for all the catalysts. This 

assumption is validated in the later discussion. 

In this model reaction, the most active catalysts identified are KHMDS, TBD and KOt-Bu. The 

substitution of DMC by DEC leads to lower reaction rates in their presence. The activity difference can 

reach a factor from 3 to 10, depending on the temperature. A possible explanation for this rate difference 

lies in the larger steric effect of the ethyl groups in DEC compared to the methyl groups in DMC, hindering 

the nucleophilic attack of the amine on the carbonyl center. Compared to TBD, the alkali bases KHMDS 

and KOt-Bu exhibit a more pronounced change in activity with increasing reaction temperature. 

According to the Arrhenius equation, a less significant catalytic activity change upon temperature increase 



indicates that TBD has a lower activation energy (Ea) compared to the two alkali bases. This is probably 

resulting from a bi-functional activation mechanism of TBD (Scheme 4a),47 where both nitrogen atoms 

of TBD are coordinated to the carbonate in the catalytic cycle. Such a mechanism is supported by the lack 

of activity of DBU (pKa = 24) and methyl-TBD (pKa = 25.5), both of similar basicity as TBD but without 

NH group, towards the model reaction (Figure S2). This implies the importance of the secondary amine 

in TBD. Furthermore, the binding of substrates on the two sites results in a significant entropy decrease 

in the transition state. According to the Eyring equation, such an entropy penalty compensates for the 

lower enthalpy of activation for TBD, which leads to a lower reaction rate compared to the alkali catalysts 

KHMDS and KOt-Bu. 

Table 1. Reaction rate constant (mM−1·L·s−1) for active catalysts at different temperatures with DMC or 

DEC and HEX as substrates. 

 DMC  DEC 

T (oC)/ 

Catalyst 
20 40 60 75 90  20 40 60 75 90 

KOt-Bu 2.22 3.68 6.08 9.49 14.41  0.38 0.74 2.18 3.62 N.A 

KHMDS 2.37 4.06 5.81 8.11 12.4  0.37 0.79 2.08 3.48 4.51 

KOMe 2.29 3.82 6.01 8.68 12.98  0.37 0.78 2.12 3.55 4.55 

TBD 2.21 2.81 3.97 4.65 6.04  0.38 0.54 0.61 1.00 1.50 

Sc(OTf)3 0.34 0.40 0.48 0.62 0.72  0 0.20 0.25 0.30 0.34 

DBTDL 0 0 0.11 0.20 0.005  N.A* N.A N.A N.A N.A 

Zn(NO3)2 0 0 0 0. 20 0.40  N.A N.A N.A N.A N.A 

Ti(OBu)4 0 0 0 0 0.20  N.A N.A N.A N.A N.A 

Blank 0 0 0 0 0  0 0 0 0 0 

* N.A = not available 

The proposed catalytic mechanism for alkali catalysts (Scheme 4b) is different compared to TBD. First, 

both KOt-Bu (pKa = 19) and KHMDS (pKa = 26) have higher basicities than KOMe (pKa= 15.5). 



Therefore, during the reaction, the byproduct methanol can easily react with KOt-Bu or KHMDS to 

generate methoxide anions. 

 

Considering the relatively small amount (1 mol%) of catalyst compared to the substrates and the high 

tendency for the above equilibrium to move to the right, the conversion of 1 % of the substrate will 

generate 1 molar equivalent of methanol per catalyst. So both KOt-Bu and KHMDS will be rapidly 

converted into KOMe. Thus, we can consider the active catalytic species in both KOt-Bu and KHMDS-

catalyzed model reactions to be KOMe. Similarly, KOEt is the active catalytic species for reactions with 

DEC as substrate. A direct attack from a methoxide anion on the carbonyl of DMC will release a 

methoxide anion as the leaving group to form the same DMC molecule. Moreover, the methoxide anion 

is not basic enough to deprotonate amines. Hence, the following mechanism is proposed (Scheme 4b). 

During the catalytic cycle, HEX will attack the carbonate through activation by a methoxide anion, which 

activates the amine function by increasing its nucleophilicity to generate the dimethoxymethanolate D. 

The next step consists of the dissociation of methanol from the transition state D, generating the 

(hexylamino)-dimethoxymethanolate transition state E, which subsequently dissociates to a methoxide 

anion and the carbamate product. 

 

 

 

 

Scheme 4. Proposed mechanisms for (a) TBD and (b) KOMe as catalysts for the model reaction. 



(a)  (b) 

 

Reaction order and transition states of the base catalysts and TBD catalyzed model reaction  

The reaction order for each catalyst is required to determine the activation energy Ea and the frequency 

factor A. Therefore, the model reaction is carried out with KHMDS, KOt-Bu, KOMe and TBD at 40, 50, 

60 and 70 oC. The concentration C of DMC is followed during 1 hour (Figure 1). 

The plots of lnC vs. reaction time and 1/C vs. reaction time for data related to TBD and KOMe at 40, 

50, 60 and 70 oC are presented in Figure 1a,b and Figure S10 (data from KHDMS and KOt-Bu (Figure 

S9) are omitted, as the latter convert rapidly to KOMe as discussed previously).  
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Figure 1. Logarithm of DMC concentration vs. time for (a) KOMe and (b) TBD as catalysts. 

The limited conversion of DMC during the first 3 minutes can be attributed to the very low solubility 

of KOMe in the initial reaction mixture. However, the MeOH produced gradually dissolves the catalyst, 

leading to an increase of reaction rate. The steeper slopes of the plots observed before 20 minutes of 



reaction time are probably resulting from the exothermic nature of the aminolysis with KOMe, traduced 

by a 15 oC increase above the set temperature. A lower temperature increment of 5 oC is also observed 

with TBD at the beginning of the reaction, but leads to limited slope change. A linear relation between 

1/C and reaction time compared with non-linear lnC vs. reaction time plot after 20 minutes indicates the 

reaction is of second order. 

The transition state of the DMC+HEX reaction with KOMe as catalyst was studied with different 

substrates, and was determined to be state D in Scheme 4b. The details can be found in supporting 

information (Figure S11,12). 

 

Activation energy of urethane formation 

The reaction rate constant k is determined for each catalyst at the four temperatures. The plot of lnk vs. 

1/RT gives reasonably straight lines from which the activation energy Ea and the frequency factor A are 

obtained (Equation 1). The results are reported in Table 2. 

The lower activation energy and higher entropy change of the TBD-catalyzed reaction compared with 

the three alkali alkoxides further validates the bi-functional mechanism of TBD, where a significant 

entropy change is taking place during the transition state.  

The activation energy for the non-catalyzed HEX-DMC model reaction is determined for comparison. 

As shown previously by the catalysts screening (Table 1, blank entry), a stoichiometric ratio of substrates 

gives negligible conversion in the absence of catalyst in a closed environment, which may lead to 

inaccurate conversion determination by GC. The accuracy of the measurement is enhanced by using one 

reactant (DMC) in large excess (20 equivalents) and monitoring the concentration of the other (HEX) 

along the reaction. 

The Arrhenius plot related to the non-catalyzed reaction (Figure S13) leads to an activation energy of 

85.6 kJ/mol, considerably higher than in the presence of TBD (12.2 kJ/mol) or alkali bases (23-24 kJ/mol, 

Table 2), indicating the high efficiency of those catalysts towards the carbonate aminolysis. 

 



Table 2. Activation energy and frequency factor for each catalyst of the HEX-DMC model reaction.* 

Catalyst Ea (kJ/mol) lnA ∆‡𝑆 (J/mol) 

KOMe 24.2 4.2 -55.3 

KOt-Bu 23.3 4.3 -55.2 

KHMDS 24.3 4.4 -55.0 

TBD 12.2 0.2 -60.3 

No Cat. 85.6 24.1 -54.2 

*The reaction constants are calculated from the slope after 20 minutes, where k become constant. 

 

Activation energy of urea formation 

Interestingly, the concentration of HEX continues to decrease even after nearly complete conversion of 

DMC, as evidenced by the outcome of the signals attributed to the methyl (DMC,  at 3.72 ppm) and 

methylene (HEX,  at 2.61 ppm) protons in the 1H NMR spectrum (Figure S14). Such non-stoichiometric 

reaction behavior can be explained by urea formation as side reaction (Scheme 2, where R = methyl and 

R’ = n-hexyl). Each DMC molecule consumes two HEX moieties, to form one urea product (III). In 

addition, the HEX/DMC ratio decreases much faster with the alkali bases than with TBD (Figure S15-

S17). 

Further experiments are carried out to evaluate the performance of the catalysts in the aminolysis of the 

N-hexyl methylcarbamate (NHMC, synthesized from HEX and DMC, see experiment part) by HEX, 

which is related to urea formation. A stoichiometric ratio between the amine and the carbamate results in 

almost no consumption of the substrates in a closed environment, as indicated by a reaction between HEX 

and DMC in a 2:1 molar ratio. In such a reaction mixture (Figure S18), half of HEX is converted into 

NHMC within 1 hour, while its concentration remains almost constant during the next 24 hours. This 

suggests that the equilibrium of the carbamate aminolysis (Scheme 5) is strongly shifted to the left, i.e. 

Ka << 1. The reaction can be reversed by removing the condensation product methanol from the reaction 



vessel, as observed earlier by our group during copolymerizations between dicarbamates and diamines to 

polyureas.20 

 

Scheme 5. Reaction scheme of the carbamate aminolysis reaction.  

 

To monitor the concentration change of NHMC in the reaction mixture with higher accuracy, 20:1 or 

100:1 ratios of HEX and NHMC are mixed in a closed set-up with 1 mol% (relative to the amount of 

HEX) of TBD or KOMe. The conversion of NHMC is monitored by GC-FID (Figure 2). 
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Figure 2. (a) Conversion of carbamate in NHMC-HEX mixture (1:100) with TBD as catalyst at different 

temperatures. (b) Conversion of NHMC in NHMC-HEX mixture (1:20) with KOMe as catalyst at 

different temperatures. 

Figure 2a indicates a moderate activity for TBD at 105 oC. This is in agreement with our previous 

observations,20 where TBD-catalyzed diamine-dicarbamate polymerizations proceeded only above 120 

oC. Interestingly, the reaction between TBD and NHMC in a stoichiometric ratio at 70 oC under argon 

flow generates the TBD-urea derivative depicted in Scheme 6a. The synthesis of similar substances was 

also reported previously by reaction between isocyanate and TBD.48 This relatively stable intermediate of 

the NHMC-HEX reaction (melting point 120 oC) can drastically increase the activation energy for 



NHMC-HEX reaction, thereby retarding the reaction. The detailed characterization of the intermediate is 

shown in supporting information (Figure S19). On the contrary, no stable intermediate was detected for 

TBD-DMC reaction (Scheme 6b), which is in agreement with the low activation energy of TBD catalyzed 

DMC-HEX reaction (Table 2). 

Compared to TBD, KOMe is a much more efficient catalyst, leading to carbamate conversion above 

75% within 1 hour at 70 oC. Such a result is not surprising due to the comparable structures of carbamate 

and carbonate. Thus, a similar mechanism may apply for both carbonate and carbamate aminolyses. 

Scheme 6. Reaction Between TBD and (a) NHMC and (b) DMC at 70 oC. 

(a)  

(b)  

The urea formation during the reaction is confirmed by ATR-IR (Figure S20), as indicated by the growth 

of a new peak at 1640 cm-1 attributed to a urea carbonyl vibration, combined with the gradual 

disappearance of the carbamate peak at 1750 cm-1. The relatively low intensity of the urea peak compared 

with the -NH2 one of HEX at 1584 cm-1 is due to the much higher concentration of HEX with regards to 

NHMC (20:1). The monitoring of this reaction by 13C NMR also shows a gradual decrease of the 

carbamate signal at 158 ppm, while the urea peak at 160 ppm increases over time (Figure S21).  

 

According to the corresponding Arrhenius plots (Figure S22), the activation energies are 73.2 kJ/mol 

with KOMe and 94.8 kJ/mol with TBD. The activation energy of the carbamate aminolysis is clearly 

higher compared to carbonate one reported in Table 2. 

 

Comparison with computational modeling 



The mechanism of urethane/urea formation with KOMe is further studied by DFT calculations. The 

methoxide anion is considered as the catalytically active species for the reaction of DMC and HEX. Figure 

3 shows the corresponding reaction energy diagram (Figure 3a) and its transition states (Figure 3c).  

(a)  (b)  

(c) (d)  

Figure 3. (a) DFT-calculated reaction energy diagram for KOMe-catalyzed urethane formation. (b) DFT-

calculated reaction energy diagram for KOMe-catalyzed urea formation. (c) Ball-stick model of transition 

states (TS1 and TS2) of HEX+DMC system. (d) Ball-stick model of transition states (TS3 and TS4) of 

HEX+NHMC system.

The reaction is initiated by the coordination of the methoxide anion and the reactants. Assisted 

by the methoxide anion, the amine nucleophile attacks the C=O in DMC via the transition state 

TS1 to yield the tetrahedral intermediate IM1. This step is exothermic with a reaction energy (ΔE) 

of -46 kJ/mol and shows a barrier (ΔE‡) of 23 kJ/mol. At the next step, IM1 is isomerized to form 

intermediate IM2 (ΔE = -1 kJ/mol), from which the methoxide anion can be released. The 

elimination of the catalytic methoxide anion and the formation of the coupling product closes the 

catalytic cycle via the transition state TS2. This step is also strongly exothermic with an energy of 

-69 kJ/mol and shows a very low barrier of only 9 kJ/mol. These computational results indicate 
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that the first C-N bond formation is the rate-determining step in the catalytic cycle. The calculated 

barrier of 23 kJ/mol is in a good agreement with the experimental value of 24.2 kJ/mol. 

Likewise, the activation energy calculated for the NHMC-HEX reaction with KOMe of 75 

kJ/mol (Figure 3b) is comparable to the experimental value (73.2 kJ/mol). 

Sarton et al. demonstrated that the aminolysis of cyclic carbonates occurred with the presence 

of two amines rather than one.49 Similarly, an additional amine could stabilize the transition states 

by extra hydrogen-bonding interactions (Figure S23). The estimated activation barriers for the 

2HEX-DMC and 2HEX-NHMC systems are 18 and 70 kJ/mol, respectively. However, 

considering the relatively high entropy gain due to the involvement of four molecules, such 

transition state is unlikely to exist in the catalytic cycle. 

The DMC-HEX reaction without catalyst was also studied by DFT calculations. The urethane 

formation can proceed via a 4-membered ring transition state (Figure S24a). The calculated 

activation barrier is 126 kJ/mol. The presence of an additional amine molecule can stabilize the 

transition state by forming a 6-membered ring structure (Figure S24b), which decreases the 

activation energy barrier to 106 kJ/mol. The reaction activation energy from both the DFT 

calculation (ca. 100 kJ/mol) and the kinetic experiments (ca. 90 kJ/mol) are much lower than the 

alkali bases- and TBD-catalyzed ones, indicating the efficiency of these catalysts. 

One might also consider the interaction between KOMe with the carbonate carbonyl groups. 

There are two possibilities involving the interaction of the potassium cation with the oxygen of the 

carbonyl (Figure S25a) or the attack of –OMe on the carbonyl to form the trimethoxymethanolate 

intermediate followed by reaction with HEX (Figure 25b). However, according to DFT 

calculations, the energy barrier for the two possibilities are 40 kJ/mol and 248 kJ/mol respectively, 
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both significantly higher than the activation energy (23 kJ/mol) of the mechanism described in 

Figure 3, which is more likely to take place. 

 

Application in polymerization 

The insights obtained from the model studies described above are employed in polyurea synthesis. 

To test the catalysts in polymerization reactions, the diamine-functionalized polyether 

poly(propylene glycol) bis(2-aminopropyl ether), with a number average molecular weight (Mn) 

of approximately 2000 g/mol (PPGda2000) and butylene biscarbamate (BU2) are used as 

comonomers. These components are polymerized at 130 oC in the presence of TBD, KOMe and 

KO-tBu (Scheme 7) under a flow of argon to remove MeOH. Mns are determined by HFIP-SEC 

and monitored as a function of polymerization time as shown in Figure 4. The urea formation 

during polymerization is confirmed by NMR and ATR-IR (Figure S26). 

Scheme 7. Copolymerization of PPGda2000 and BU2 with different catalysts. 
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Figure 4. Number average molecular weight of (a) the polymer mixture during polymerization 

with PPGda2000 and BU2 as comonomers and TBD, KOMe or KOt-Bu as catalysts under argon 

flow, (b) the polymer mixture during polymerization with PPGda2000 and BU2 as comonomers, 

under compressed air (before 5 hours) and argon (after 5 hours) flow. 

The results indicate a faster Mn increase with KOMe and KOt-Bu compared to TBD, in 

accordance with the results of the model reactions. In addition, the similar molecular weight 

growth rates observed with KOMe- and KOt-Bu-catalyzed polymerizations further corroborate the 

formation of KOMe from methanol. KOMe is therefore the proposed active catalytic species for 

those systems. 

During the polymerizations with KOMe and KOt-Bu, the mixture becomes solid within 5 hours. 

Such solid formation leads to a slower polymerization rate due to a reduced mobility of the reacting 

species (Figure 4a). 

Although TBD is significantly less active than KOMe and KOt-Bu, it is much less sensitive to 

water. Therefore, the copolymerization is also carried out under an air flow (Figure 4b). 

The molecular weight increase rate of the TBD-catalyzed polymerization under air is very 

similar to the reaction under argon, as shown by Figure 4b, indicating a lack of reactivity towards 

moisture. On the contrary, polymerizations with KOMe and KOt-Bu undergo a significant drop in 

activity, illustrated by a very slow increase of Mn. This can be explained by the reaction of the 

catalysts with H2O to produce KOH, completely inactive towards amine-carbamate reactions. 

After 5 hours, the air flow is replaced by argon. The polymerization catalyzed by TBD is barely 

affected by such change. This further indicates the very low moisture sensitivity of this organic 

catalyst. By contrast, the reactions with KOMe and KOt-Bu are subjected to significant Mn 

increase rates, from 1 to 2.5 hours upon switching to argon. The rates are comparable to those 
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issued from Figure 4a, indicating almost a full recovery of the catalytic efficiency. This sharp 

increase of polymerization rate may result from the production of MeOH followed by subsequent 

reaction with KOH to form the KOMe catalyst. The following equilibrium reaction shifts to the 

right side since the argon flow will gradually remove water, while methanol is continuously 

generated by the reaction. 

 

The equilibrium suggests that, despite their sensitivity towards water, alkali bases can be 

regenerated up to full efficiency once the moisture is removed. This is relevant for industrial 

production, since reactor exposure to air or hydrolysis of catalyst can be rectified by flushing an 

inert gas. 

Conclusion  

In this article, we evaluated a series of potential catalysts for carbonate and carbamate 

aminolysis, amongst which TBD and the alkali bases KHMDS, KOt-Bu and KOMe were the most 

successful. The active catalytic species of the system with the alkali bases appeared to be the 

alkoxide anion, the nature of which is determined by the ROC(O) groups of the substrate. The 

experimental activation energies determined for the both DMC-HEX and NHMC-HEX model 

reactions with the alkali bases (23-24 and 73 kJ/mol, respectively) were in good agreement with 

the computational simulation values (23 and 75 kJ/mol). The evaluation of these catalysts in 

polyurea production was carried out using PPGda2000 and BU2 as comonomers. The results 

agreed with the investigations on the model reaction, where the alkali bases are much more 

efficient for carbonate/carbamate aminolysis compared to TBD. Finally, the alkali bases are much 

more sensitive to water by contrast with TBD, as illustrated by their very low activity under air. 
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Their catalytic efficiency, however, can be recovered once the water is removed by flushing the 

reaction vessel with inert gas. 
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