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Section S1. Synthesis conditions of experiments without catalysts

Table S1. Experimental conditions and pH before, during and after reaction. The pH measured directly in the reactant
solution, either by pH strips reported with a precision of £0.5 or +1; pH values measured with a pH meter reported
with a precision of 0.1. For the experiments with HCl/NaOH, acid/base solution was added until the targeted pH
value was reached.

Reactant Reactant:Urea pH time pH
Solvent T [°C]

[v/v] [molar ratio] initial [h] after
Ethanolamine 10% 1:.0.5 D,0 80 48 11
Ethanolamine 10% 1:1 D0 80 48 11
Ethanolamine 10% 1:2 D0 80 48 11
Ethanolamine 10% 1:3 D,O 80 48 11
Ethanolamine 10% 1:4 D,O 80 48 11
Ethanolamine 10% 1:6 D,O 80 48 11
Ethanolamine 2% 1:0.5 D,O 80 48
Ethanolamine 2% 1:1 D,O 80 48
Ethanolamine 2% 1:2 D,O 80 48
Ethanolamine 2% 1:3 D,O 80 48
Ethanolamine 2% 14 D0 80 48
Ethanolamine 2% 1:6 D0 80 48
Ethanolamine 2% 1:.0.5 10% D,0O/ HCl sol 80 1 48 1
Ethanolamine 2% 1:.0.5 10% D,0O/ HCl sol 80 2 48 2
Ethanolamine 2% 1:.0.5 10% D,0O/ HCl sol 80 3 48 3
Ethanolamine 2% 1:.0.5 10% D,0O/ HCl sol 80 4 48 4
Ethanolamine 2% 1:.0.5 10% D,0O/ HCl sol 80 5 48 6
Ethanolamine 2% 1:0.5 10% D,0O/ HCl sol 80 6 48 7
Ethanolamine 2% 1:0.5 10% DO/ NaOH sol 80 14 48 14
Ethanolamine 2% 1:0.5 10% DO/ NaOH sol 80 13 48 13
Ethanolamine 2% 1:0.5 10% DO/ NaOH sol 80 12 48 11
Ethanolamine 2% 1:0.5 10% D,0O/ NaOH sol 80 11 48 11
Ethanolamine 2% 1:0.5 10% D,0O/ NaOH sol 80 10 48 11
Ethanolamine 2% 1:.0.5 10% D0/ NaOH sol 80 9 48 11
Ethanolamine 4.4% 1:0.5 H,0/10% D,0O 80 10-11 1/2/3/4/5 weeks




0/1/2/4/8/12/24
/48/72/96 h -

Ethanolamine 4.4% 1:0.5 H.0/10% DO 80 11.0 7/8/10/14/16/18 -
/22/29/36/43/50
/57/64/80/92/11
4 days
1 10.5
2 10.5
4 11.5
6 11.5
Ethanolamine 3.7% 1:6 H.0/10% DO 90 11.5
8 11.5
12 11.5
24 10.0
46 9.5
1 10.5
2 10.5
4 11.5
6 11.5
Ethanolamine 3.7% 1:6 H20/10% D,0O 80 11.5
8 11.5
12 11.5
24 10.5
46 9.5
1 10.5
2 10.5
4 11.5
6 11.5
Ethanolamine 3.7% 1:6 H.0/10% DO 70 11.5
8 11.5
12 11.5
24 11.5
46 10.5
1 10.5
2 10.5
4 11.5
6 11.5
Ethanolamine 3.7% 1:6 H.O0/10% DO 60 11.5
8 11.5
12 11.5
24 11.5
46 11.0




10.5

2 10.5

4 11.5

Ethanolamine 3.7% 1:6 H,0/10% D,0O 50 11.5 ° e
8 11.5

12 11.5

24 11.5

46 11.0

1 10.5

2 10.5

4 10.5

Ethanolamine 3.7% 16 0% EOH pure /100% o 105 ° 10
(H20/10% D,0) 8 10.5

12 10.5

24 7.5

48 9.0

1 10.5

2 10.5

4 10.5

Ethanolamine 3.7% 16 2% B pure /7% o) 105 ° 10
(H20/10% D20) 8 10.5

12 10.5

24 9.0

48 9.0

1 10.5

2 10.5

4 10.5

Ethanolamine 3.7% 1:6 >0% EtOH pure /50% 80 10.5 ° 10
(H20/10% D,0) 8 10.0

12 10.0

24 9.5

48 9.0




9.5

2 95
4 9.5
. 75% EtOH pure / 25% 6 9.5
Ethanolamine 3.7% 1:6 80 10.5
(H20/10% D;0) 8 95
12 10.0
24 9.0
48 9.0
1 95
2 9.5
4 95
) 90% EtOH pure / 10% 6 9.5
Ethanolamine 3.7% 1.6 80 10.5
D,O 8 9.5
12 10.0
24 9.0
48 9.0
1 7.5
2 75
4 77
100% EtOH pure / 0% 6 78
Ethanolamine 3.7% 1:6 D,0 (Addition of D,O 80 7 .
. 8 79
after the reaction)
12 8.1
24 8.4
48 8.7
1 11.0
2 -
4 -
98% EtOH pure / 2% 6 i
Ethanolamine 3.7% 1:6 D,0 (Addition of D,O 80 -
after the reaction) 8 i
12 -
24 -

48




11.0

2 11.7
4 11.7
95% EtOH pure / 5% 6 117
Ethanolamine 3.7% 1:6 D,0 (Addition of D,O 80 -

after the reaction) 8 116
12 11.6
24 1.3
48 11.2
1 11.0
2 11.8
4 11.7
90% EtOH pure / 10% 6 117

Ethanolamine 3.7% 1:6 D,0 (Addition of D,O 80 10.5
after the reaction) 8 116
12 11.6
24 1.3
48 11.2
1 12.5
2 12.5
4 12.0
Hexamethylenediamine 3.6% 1:12 H20/10% D20 80 13 8 12.0
12 12.0
24 10.0
48 10.0
1 12.5
2 12.5
4 12.0
Bis-(Hexamethylene)triamine 3.9% 1:18 H>0/10% D,O 80 13 8 12.0
12 11.5
24 10.0
48 10.0
1 12.0
2 12.0
4 11.9
5-amino-1-pentanol 4.1% 1:6 H20/10% D20 80 11.5 8 1.7
12 114
24 10.6
48 10.3




12.5

2 12.2
4 12.0
N,N'-Dimethyl-1,3-
o 1:6 H>0/10% D20 80 12.5 8 11.7
propanediamine 3.6%

12 1.3
24 10.8
48 10.5
1 7.5
2 7.5
4 1.7
Glycine 2.6% 1:6 H20/10% D20 80 7 8 7.9
12 8.0
24 8.3
48 8.6

Pyrrole 3.8% 1:6 H20/10% D20 80 - - -




Section S2.

Synthesis conditions of experiments with catalysts

Table S2. Synthesis conditions for the experiments with catalysts: reactant, buffer and catalyst concentrations, solvent
composition, pH, temperature and time. The reference pH corresponds to the pH value of the solutions before adding
the catalyst. The pH measured directly in the reactant solution, either by pH strips reported with a precision of +0.5

or +1; pH values measured with a pH meter reported with a precision of 0.1.

Ref.
Reactant Reactant:Urea  Catalyst Solution HEPES € T time
Solvent pHi- pHi pHs
[v/v] [molar ratio] [mg] [mL] [M] pH [°C] [h]
f
Ethanolamine Urease
1:0.5 H,0/10% D,0O 2 - 10 10 37 24
5% 0.45
Ethanolamine Urease HEPES H,0 /
1:0.5 5 0.5 6.5-7 6.5 7 37 24
0.5% 0.19 10% D,O
Ethanolamine Urease HEPES H,O / 37/50 24/24
1:0.5 5 0.5 6.5-7 6.5 7/8*
0.5% 0.38 10% DO * *
Ethanolamine Urease HEPES H,O / 37/50 24/24
1:.0.5 5 0.5 6.5-7 6.5
0.5% 0.56 10% DO * *
Ethanolamine Urease HEPES H,O / 37/50 24/24
1:0.5 5 0.5 6.5-7 65 7/8*
0.5% 0.75 10% D,O *
Ethanolamine Urease HEPES H,0 /
1:0.5 5 0.5 8-8 8 8.5 37 24
1.5% 2.26 10% DO
Ethanolamine Urease HEPES H,0 /
1:0.5 5 0.5 8-8 8.5 9 37 24
1.5% 565 10% DO
Ethanolamine Urease
1:0.5 H,O/ 10% D,0O 5 - 11-11 11 10 37 24
1.5% 5.65
Ethanolamine Urease HEPES H,0 /
1:0.5 0.5 8-8 8 8.5 80 24
1.5% 565 10% D,O
Ethanolamine DBTL MeOH/10%
1:0.5 5 60 24/48
5% 11.31 CDsOD
Ethanolamine DBTL MeOH/10%
1:0.5 5 60 24/48
5% 3.76 CDsOD
Ethanolamine DBTL MeOH/10%
1:0.5 5 60 24/48
5% 1.13 CDsOD
Ethanolamine MeOH/10%
1:0.5 DBTL 0.0 5 60 24/48
5% CDsOD
Ethanolamine DABCO
1:0.5 H,0/10% DO 5 80 24/48
5% 11.31




Ethanolamine DABCO
1:0.5 H,0/10% D,0O 80 24/48
5% 3.76
Ethanolamine DABCO
1:0.5 H,0/10% D,0O 80 24/48
5% 1.13
Ethanolamine DABCO
1:.0.5 H.0/10% D,O 80 24/48
5% 0
Ethanolamine p-TSA
1:0.5 H.0/10% D,O 80 24/48
5% 11.31
Ethanolamine p-TSA
1:.0.5 H.0/10% D,O 80 24/48
5% 3.76
Ethanolamine p-TSA
1:0.5 H,0/10% D,0O 80 24/48
5% 1.13
Ethanolamine
5o 1:0.5 p-TSA 0 H>,0/10% D,0 80 24/48
(e
Ethanolamine TEA MeOH/10%
1:0.5 60 24/48
5% 11.31 CDsOD
Ethanolamine MeOH/10%
1:0.5 TEA 3.76 60 24/48
5% CDsOD
Ethanolamine MeOH/10%
1:0.5 TEA 1.13 60 24/48
5% CDs0OD
Ethanolamine MeOH/10%
1:0.5 TEAO 60 24/48
5% CDs0OD
Ethanolamine Al(acac)s MeOH/10%
1:0.5 60 24/48
5% 11.31 CDsOD
Ethanolamine Al(acac)s MeOH/10%
1:0.5 60 24/48
5% 3.76 CDsOD
Ethanolamine Al(acac)s MeOH/10%
1:0.5 60 24/48
5% 1.13 CDsOD
Ethanolamine Al(acac)s MeOH/10%
1:0.5 60 24/48
5% 0 CDs0D

*After the first 24h, the temperature of the reaction was increased to 50 °C and it was kept additionally at this
temperature another 24h.



Section S3. NMR spectra and assignment
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Figure S1. "H NMR spectra and numbering of positions of the products of hexamethylenediamine after reaction with
urea. The reaction was conducted at 80 °C with 5%v/v of hexamethylenediamine in H;O/D>0 and with a 12-fold urea
excess (hexamethylenediamine:urea 1:12).

"H NMR parameters derived from the spectrum collected after 8 h of reaction. The peak positions shift
at different reaction times because of changes in pH, hence, only the peak positions relative to each
other are considered relevant: "H-NMR (400.2 MHz, 10% D>O/H;0, 298K): = 2.91 (t, J=7.0, 2H, H1), 2.45
(t, J=7.7, 2H, H6), 1.28 (m, 8H, H2,H5), 1.15 (m, 4H, H3&H4).

10



‘ T
| ‘
[ '\
|| \ 48h
‘\ \ A 24h
| \ A VAN 12h
= Mh M JEviN 8h
[\]
) A .
J r‘\JIL oh
* - Ref.
I T T T T T T T
6 5 4 3 2 1 0
8 "Hlppm]
2 4 4 2 8
bis-(hexamethylene) E‘zN\/\/\/ﬁ\N/e\/\/\/NHz
H
triamine 7 3 5 ) 5 3 7
BN 2 4 12 12 4 2 NH
NG GG NP\
1,1-bis(6-aminohexyl)urea 7 3 5 5 3 7
|1—|32N/&O
10
N 2 4 6 6 4 2 R N
-(6-(6-ami i DN NG N N NP\
1-(6-(6-aminohexyl)aminohexyl)urea . . 5 N < X : \ﬂ/
9
8 1 11
1-(6-aminohexyl)-1-(6- HZN\7/2\/4\/12\N o2 2 N NH,
3 5 5 3 1
ureidohexyl)urea 1 /KO \ﬂ/
PN
1 10 10
1,1'-(azanediylbis(hexane-6,1- H,N N 2 4 6 6 4 2 N N
\/\/\/\N
diyl))diurea 7 3 5 Hg % 3 ; \(Il/
& P 11
1,1-bis l1|12N H 2 4 12 N 12 4 2 H N,
1

T

Figure S2. "H NMR spectra and numbering of positions of the possible reaction products of bis-(hexamethylene)triamine
with urea. The reaction was conducted at 80 °C with 5%v/v of bis-(hexamethylene)triamine in H,O/D,0 and with a
18-fold urea excess with respect to the urea:amine ratio, corresponding to (bis-(hexamethylene)triamine:urea 1:18).
Note that the H2, H3, H4 and H5 protons of the possible reaction products all overlap into single multiplets.

1 3 5 5 3
(6-ureidohexyl)urea \Jl/ O/I\,\},iz

11



"H NMR parameters derived from the spectrum collected after 24 h of reaction. The peak positions shift
at different reaction times because of changes in pH, hence, only the peak positions relative to each
other are considered relevant; "H-NMR (400.2 MHz, 10% D,O/H,0, 298K): 8= 3.12 (¢t J=7.2, 4H, H12),
3.00 (t, J/=6.4,4H, H1), 2.85 (t, J= 7.7, impurity), 1.56 (t, J=6.9, 4H, H5), 1.47 (t, J=6.1, 4H, H2), 1.40 (t, J=6.5,

4H, H3), 1,24 (s broad, 4H, H4).
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Figure S3. TH NMR spectra and numbering of positions of the possible reaction products of 5-amino-1-pentanol after
reaction with urea. The reaction was conducted at 80 °C with 5%v/v of 5-amino-T-pentanol in H.O/D,0 and with a
6-fold urea excess (5-amino-T-pentanol:urea 1:6).

"H NMR parameters derived from the spectrum collected after 24 h of reaction. The peak positions shift
at different reaction times because of changes in pH, hence, only the peak positions relative to each
other are considered relevant: "H-NMR (400.2 MHz, 10% D,O/H,0, 298K): 6= 3.51(t, J=6.57, CH,, 2H,
H5), 2.99(t, /=6.89, CH,, 2H, H1), 2.75 (t, J= 7.45, CHy, 2H, H9), 1.46 (quint, J=7.12, CHy, 2H, H4), 1.41(quint,
J=7.43, CH,, NHy, 2H, H2,H7), 1.25 (quint, J= 8.02, CH», 2H, H3)
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Figure S4. 'H NMR spectra and numbering of positions of the possible reaction products of N,N'-dimethy!-1,3-
propanediamine after reaction with urea. The reaction was conducted at 80 °C with 5%v/v of N,N'-dimethyl-1,3-
propanediamine in H>0/D;0 and with a 12-fold urea excess (N,N'-dimethy!l-1,3-propanediamine:urea 1:12).

"H NMR parameters derived from the spectrum collected after 24 h of reaction. The peak positions shift
at different reaction times because of changes in pH, hence, only the peak positions relative to each
other are considered relevant: "H-NMR (400.2 MHz, 10% D,O/H,0, 298K): §= 3.16(t, J= 7.47, CHa, 2H,
H1), 2.80 (s, CHs, 3H, H4&H®6), 2.34 (s, CHy, 2H, H3), 1.70 (quint, J=7.31, CHy, 2H, H2)
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Figure S5. TH NMR spectra and numbering of positions of the possible reaction products of glycine after reaction with
urea. The reaction was conducted at 80 °C with 5%v/v of glycine in H>O/D,0 and with a 6-fold urea excess (glycine:urea
1:6).

"H NMR parameters derived from the spectrum collected after 24 h of reaction. The peak positions shift
at different reaction times because of changes in pH, hence, only the peak positions relative to each
other are considered relevant: "TH-NMR (400.2 MHz, 10% D,O/H,0, 298K): 5= 6.33 (s, NH, 1H, H3), 3.54
(d, J= 5.91, 2H, H1), 3.43 (s, 2H, H5). The resonance of H-1 at §= 3.54 is split into a doublet due to the
coupling with H-3 of the ureido group, which under the measuring conditions shows slow chemical
exchange with water (broadening of NH resonance at 6.33 ppm). In a "TH-"H DQF-COSY NMR spectrum

the expected cross peak of H-1 to the NH proton was clearly observed.
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Figure S6. TH NMR spectra and numbering of positions of the possible reaction products of ethanolamine after reaction
with urea. The reaction was conducted at 80 °C with 5%v/v of ethanolamine in H>O/D,0 and with a 6-fold urea excess
(ethanolamine:urea 1:6)

"H NMR parameters derived from the spectrum collected after 24 h of reaction. The peak positions shift
at different reaction times because of changes in pH, hence, only the peak positions relative to each
other are considered relevant; 'TH-NMR (400.2 MHz, 10% D,O/H,0, 298K): §=, 3.52 (t J= 5.56, 2H, H2),
3.15 (¢, J= 5.50, 2H, H1), 2.65(t, J= 5.61, 2H, H6)
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Section S4. Information Monte Carlo simulation

Matlab code for Monte Carlo simulation of expected concentrations of hexamethylenediamine, (6-

aminohexyl)urea and 1,6-(hexamethylene)diurea as a function of reaction progress.

alstart=100000;
al0=alstart; al=0; a2=0;
for i=1:2*alstart
if rand<l.0*al/ (al+a0)
al=al-1; a2=a2+1;

o

number of hexamethylenediamine molecules
starting concentrations

o

o\°

set probability to calculate
conversion of al into a2

o°

else
al0=a0-1; al=al+1l; % conversion of a0 into al
end
als(i)=a0; als(i)=al; a2s(i)=a2; % log concentrations
end
pma= (als+2*a2s) /alstart; % calculate average reaction progressio

17



Section S5. Effect of pH in the reaction of ethanolamine:urea

The effect of pH on the ethanolamine:urea (ratio 1:0.5) reaction to form (2-hydroxyethyl)urea was studied
after 48h hours at 80 °C in solution. Experiments were carried out after adjustment of the initial pH with
either HCl or NaOH solutions, depending on the target pH.

50

40

) [*)
30 °\°/°\o / \

| e o\ P
20 - ° \

10

(2-Hydroxyethyl)urea NMR conversion [%]

pH

Figure S7. pH study of (2-hydroxyethyl)urea NMR conversion as a function of pH. The reaction with 2% v/v of
ethanolamine in H>O/D,0, and ethanolamine:urea ratio of 1:0.5 were conducted at 80 °C for 48h.
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Section S6.

Group 1: Water compatible catalysts.
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Figure S8. NMR conversion as a function of catalyst concentration. Group 1: The reactions were conducted with 5% v/v

ethanolamine in H>O/D,0 at 80 °C (ethanolamine:urea 1:0.5)
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Group 2: Water incompatible catalysts: reaction in methanol.
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Figure S9.NMR conversion as a function of catalyst concentration. Group 2: The reactions were conducted with 5% v/v

ethanolamine in methanol at 60 °C (ethanolamine:urea 1:0.5)
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Section S7. Effect of the temperature on ethanolamine:urea reaction

i
|
[
i
i
l\IH | \
| | |
—— | | 46h
| h ! 24h
3 | 21h
® | M 12h
4L 8h
6h
X | 4h
SR R B
- 1h
s Ref.
6 . éll- . 2
8 "Hlppm]

Figure S10. "TH NMR spectra of experiment with 5% v/v ethanolamine in H-O/D>O with a ratio of ethanolamine:urea
1:6 at 50 °C.
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Figure S11. 'H NMR spectra of experiment with 5% v/v ethanolamine in H,O/D,0 with a ratio of ethanolamine:urea

1:6 at 60 °C.
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Figure S12. "TH NMR spectra of experiment with 5% v/v ethanolamine in H-O/D>O with a ratio of ethanolamine:urea
1:6 at 70 °C.
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Figure S13. "H NMR spectra of experiment with 5% v/v ethanolamine in H,O/D,0 with a ratio of ethanolamine:urea
1:6 at 80 °C.

22



/JL 46h

B 24h
21h
12h
\ 8h
SR S
- 4h
oh
- T
J Ref.

a.u.

6 . 4 . 2
& "Hppm]

Figure S14. "TH NMR spectra of experiment with 5% v/v ethanolamine in H-O/D>O with a ratio of ethanolamine:urea
1:6 at 90 °C.
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Section S8. Effect of the solvent on ethanolamine:urea reaction

L 48h
/ JMT J 24h
[
M 6h

JL . . 4h
JL . 2h
3

a.u.

JL - I_J;I']h

T T T
6 5 4 0

1
5 "Hippm]

Figure S15. TH NMR spectra of experiment with 5% v/v ethanolamine in 100% EtOH / 0% H>O and a 6-fold urea excess

(ethanolamine:urea = 1:6) at 80 °C.
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Figure S16. "TH NMR spectra of experiment with 5% v/v ethanolamine in 98% EtOH / 2% H>0O and a 6-fold urea excess
(ethanolamine:urea = 1:6) at 80 °C.
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Figure S17. "TH NMR spectra of experiment with 5% v/v ethanolamine in 95% EtOH / 5% H>O and a 6-fold urea excess
(ethanolamine:urea = 1:6) at 80 °C.
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Figure S18. TH NMR spectra of experiment with 5% v/v ethanolamine in 90% EtOH / 10% H>O and a 6-fold urea excess
(ethanolamine:urea = 1:6) at 80 °C.
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Figure S19. TH NMR spectra of experiment with 5% v/v ethanolamine in 75% EtOH / 25% H->0 and a 6-fold urea excess
(ethanolamine:urea = 1:6) at 80 °C.
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Figure S20. TH NMR spectra of experiment with 5% v/v ethanolamine in 50% EtOH / 50% H>O and a 6-fold urea excess
(ethanolamine:urea = 1:6) at 80 °C.
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Figure S21. TH NMR spectra of experiment with 5% v/v ethanolamine in 25% EtOH / 75% H>O and a 6-fold urea excess
(ethanolamine:urea = 1:6) at 80 °C.

27



48h
24h
12h
8h
6h

\
N .
—_

- - 1h
J Ref.
v 1 1 " 1 v
6 5 4 3 2 1
3 "Hlppm]

Figure S22. TH NMR spectra of experiment with 5% v/v ethanolamine in 0% EtOH/ 100% H-0 and a 6-fold urea excess
(ethanolamine:urea = 1:6) at 80 °C.
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Section S9. Kinetic model

The kinetic model is based on the following mechanism, discussed in the introduction of the manuscript:

PN ATt A
R_NH, * O § O +N +K + NH 0: +
—\Ma — <« O_C=N. H ——=>» | O_C=N H, = O_C_NH 3 —
N, O A, = ° ‘ HO ™ |- NG RHNASNH, N
- - - h R_NH, N

l H,0

2NH;* co,

It is assumed that each reaction in the model is an elementary reaction. In the case of a primary amine,

the equations are the following:

w =—k [ OC(NH,), |+k ,[OCNH][NH,]

@ =k, OC(NH,), |~ k.,|OCNH][NH,]~ k,[OCNH][RNH, ]~ k, OCN" |

% = —k,|[OCNH |[RNH, | (0.7)
d []c\lftH3] & [OC(NHZ )2] —k_,[OCNH][NH,]|+k,[OCNH|[RNH, |+, [OCN’}

d [RNHCEONH ] k,|[OCNH|[RNH, ]~ k,[ RNHCONH, |

@ =+k,[OCN" ]

In addition to the kinetic equations, all acid-base equilibria must be used to relate the concentration of

ions to those of undissociated species, in addition to the electroneutrality condition:
B [oCN |[H ] K [RNH;][OH-]; . [ NH," |[OH"]
[OCNH] [RNH,] [V,
o Leor ] [HCO A [H,CO]
ac2 _ > racl >t h
[ HCO, | [H,CO,] [co,],
|OCN™ |+[OH™ |+2[CO;" |+| HCO, |=| NH,® |+ RNH, |+ H" |

k<[]0 ]

(0.2)

After some algebraic manipulations, the equilibrium relations can be combined to the kinetic equations

as follows:

29



d[oc(NH,), |
dt

K, K,[on] J

=k, [0C(NH2)2]+kI[NH3]O[I—W][OCNH] [1 K, +K,[OH]

d[Oi\’H]o =k, [0@*(1\][—12)2]—[OCNH]0 {1—%}

K K, K,[oH" J[OCNH],
(kl [NHS]O[I_WJ 2[RNH, ], [ [OH J+sz}] ks K,+K, [OH_]
%:—kz[OCNH]O[I—%J[RNHz]o {1—[0;(%]

d [];HJ =k [OC(NH,), |+[O0CNH], {1 ——Kw]i“IEQOEJO_ ;]J

K, B K [0~ ][ocNH],

K7
[_kl [NH3]0[I_WJ [RNH] [ [OH }+Kb2 K, +K, [OH_]

d[RNHCONH,] K,[OH | K,
TZ =k, [OCNH |, (1 —WJ[RNHZ 1, [1 —m} —k;[RNHCONH,| (0.3)
d[ HCO, ], LK [oH™ |[oCNH,

dt ' OK,+K,[oH]

Where the concentration of hydroxyl ions can be found from the electroneutrality equation, which is

written as follows:

) K +[o 2 K, KoK

K,[OH J[OCNH]OJF[OH_}F[HCO}_] 1 A J(1+Kh)K

K, +K,[OH"] ' (KM—K J[OH J+k,+[oH" ]ziKﬂzK““K

1+K, (1+K,)K, ) (0.4)
- K(lL‘ KIZC K

. [HCO; JO[OH ] (1+21< )IK _ [NH) K, +[RNH2]OK,,2 LK,

(K”"‘_fazc(] j[OH J+k,+[oH T 1;211;)']1; Ki+[om ] o |k, [on]

h h w

The above algebraic equation must be numerically solved at every integration step. In the manner, the

pH of the solution can be also calculated immediately as a function of time. The reaction of consumption

of ureido has been introduced in order to explain the disappearance of ureido in the very long-term

kinetic experiment of consumption of ethanolamine.

In the case of a glycine, which is an amino acid, the ionic equilibria are more complex, because of the

additional dissociation reactions:

P [CO, CH,NH," |K, » [co, CH,NH, |K, - [ co, CH,NH, |K, (0.5)
o [Co HCH,NH," |[oH™ | [Co “CH,NH," |[0H™ |’ an = [CO,HCH,NH, [ OH" |

Even the corresponding ureido, which is hydantoic acid, has a dissociation equilibrium:
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| CO, CH,NHCONH, |K,
[CO,HCH,NHCONH, ]| OH" |

a3 — (06)
Therefore, the electroneutrality condition is still In the case of a diamine, there are two dissociation
equilibria:

| NH,RNH," || OH" | | NH,RNH** || OH" |

_ K, = (0.7)
b2 [ NH,RNH, | b3 [NHZRNH;]

The kinetic equations become:

d[OC(NH,), |
dr

=-k[oC(NIL), J+k, [NHB]O[I ][OCNH]O[IK“[OH]]

_ K,
K,+[OH" ] K,+K,[OH" ]
d[OCNH|

K, ]J_k K,[on~ [ocnm],

K, K | - ’
[kI[NHS]O[I_WJ+1(2[RNH2]{1 [OH]':KMJ Dtkz[NHzRNHCONHZ]O[l (o 1 K, +K,[OH ]

d[NH.RNH,], ocwm [1- K,[on] v ] 1 ([oH ]K,, + KK,y )
dt ’ UKk Jor [T [om T [ o K, + KK,

d[];HJ]=kl[oc(NH2)2]+[OCNH] [1 X +1[<O[[i)}]1 ﬂ

([OH*]Kb2 + KbsK,]z)

K,+[OH" ]

k,[NHJ]O[l K, - }rkZ[NHZRNHZ]U[l

[OHT{"H]KM-KMKJ IEACZRICETN

YK, +K,|oH
K ] o] (0.8)

+ak, [NH,RNHCONH, || 1-———22——
: : [OH |+K,,

K,[oH"]
K[OH]

d|NH,RNHCONH
w =k, [OCNH]O [1 _

]NHZRNHZ]O[] ([or"]K,, +K, K, ) ]

(ot | +[0H K, +K,K,,

akz[OCNH]O[lI%][NHZRNHCONHZ][ o K] ]
H]

J[or]

K

d[NH,CONHRNHCONH, |
dt

= ak,[OCNH], {1 IE ][NH RNHCONH, ], [1

afuco; ] K,[oH JlocNH],
dt B K,+K,[OH" ]

4

The factor a was introduced to account for the different reactivity of the second amidation reaction. It
was found by fitting the experimental data, that « is equal to about 0.5, in fairly close agreement with
the simple Monte-Carlo calculation reported in the paper.

The last case is the triamine. The complexity in this case is related to the many intermediate species that

can be formed. The triamine has three dissociation equilibria:

| H,NRNHRNH," || OH™| | H,NRNHRNH" || OH™| | H,NRNH,RNH," || OH" |

" [H,NRNHRNH,] K = [ H,NRNHRNH," | e = | H,NRNHRNH,"" |

Accounting for all of them, we have the following:
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d[oC(NH
[E”Z)Z] =k, [ OC(NH,), | +k ,[NH,][OCNH]

k_ [ NH,]+3k,[ H,NRNHRNH, |+ 2k, OCNH,RNHRNH, |
=k [OC(NH,), |-[OCNH | +2k, [ H,NRCONH,RNH, ]+ k,[ CONH,RCONH,RNH, | +

k,[OCNH,RNHROCNH, |

d[OCNH],
di

K. [oH™ |[oCNH ],
K K, [oH ]

ait, NRZ:IRNHZ b -3k,[OCNH |[H,NRNHRNH, |
d[OCNH,RNHRNH, |
dt
d[H,NRCONH,RNH, |
dt
d[CONH,RCONH,RNH, |
dt
—k,|[OCNH || CONH,RCONH,RNH, |

d[OCNH,RNHROCNH, |
7 =k,[OCNH|[OCNH,RNHRNH, | - k, [OCNH || OCNH,RNHROCNH, |

d[OCNH,RCONH,ROCNH, |
dt

=2k,[OCNH |[H,NRNHRNH, |- 2k, OCNH || OCNH,RNHRNH, |

=k,|OCNH |[H,NRNHRNH, |- 2k,|OCNH || H,NRCONH ,RNH, |

=2k,[OCNH |[H,NRCONH,RNH, |+ k,[OCNH || OCNH,RNHRNH, |

= k,[OCNH |[OCNH,RNHROCNH, |+ k,[OCNH || CONH,RCONH,,RNH, |

—~k_,[NH, |+ 3k,[ H,NRNHRNH, |+ 2k, H,NRCONH,RNH, |
[0C(NH,), |+[OCNH]| +2k,[OCNH |[OCNH,RNHRNH, | + k, [ OCNH |[ CONH,RCONH, RNH, |
+k,[OCNH |[OCNH,RNHROCNH, |

d[NH3]:k

K,[oH" |[oCNH],
K,+K,[OH |
d[ HCO; |, 2K (o™ |[ocNH ],

dr 'K, +K,[OH |

+k,

(0.9

The assumption made in Table S3 contains the values of the various kinetic and equilibrium constants
used in the simulations, with the corresponding references where they were found. In some cases,
instead of values, an expression providing a function of the temperature has been reported. Table S4
instead shows the values of the kinetic constant k, obtained from the various amines, and in the case of

ethanolamine at different temperatures.
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Table S3. Equilibrium constants and kinetic constants used in the simulations

Constant Expression or value Reference
Ka 2.1-10*-exp(5400/R(1/T-1/298.15)) L
[Mol/L]
Kw exp(148.9802 - 13847.26/T - 2
23.6521og(T)) [Mol?/L2]
Koer 10-(B404.71/T + 0.032786- 14.8435) 2
[Mol/L]
Koco 1(-(2902.39/T + 0.02379- 6.4980) 2
[Mol/L]
K» 10(2622.38/T+0.01784717 -15.5873) 2
Kbz (ethanolamine) Kw-exp(53900/R/T) 3
[Mol/L]
Ky (ammonia) K,,-10 10.0423-(0.0315536*(T-273.15) [Mol/L] 4
Kbz (5-amino 1-pentanol) 3.625-10 [Mol/L] 5
Kam1 0.0049 [Mol/L] 6
Kamz 2.3988:10°"° [Mol/L] 6
Kam3 4.8978-107 [Mol/L] 6
Kq (hydantoic acid) 1.3305-10 [Mol/L] 7
Kp2 (N,N"-dimethyl-1,3- 4.1687-10* [Mol/L] 7
propanediamine)
Kbz (NN -dimethyl-1,3- 1.9953.10°"" [Mol/L] 7
propanediamine)
Kb. (hexamethylendiamine) 5.0119 10 [Mol/L] 8
Kb3 (hexamethylendiamine) 1.9953.10°"" [Mol/L] 8
Kb (bis-(Hexamethylene)triamine) 5.0119 10 [Mol/L] 7
Kb3 (bis-(Hexamethylene)triamine) 1.9953.10°"" [Mol/L] 7
Kp4 (bis-(Hexamethylene)triamine) 1073 [Mol/L] 7
ki 4.10"-exp(-135560/8.314/T) [s'] °
k3 1.017-107 [s71] Fitted
ka 7.2-108.exp(-10900/T) [L/Mol-s] 1
k- 10"-exp(-95718/R/T) KaKv/Kw 10

[L/Mol-s]
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Table S4. Fitted values of k> rate constants for the reaction of isocyanic acid with various amines

k> ethanolamine, 90°C 278 [L/Mol/s]

k> ethanolamine, 80°C 278 [L/Mol/s]

k> ethanolamine, 70°C 278 [L/Mol/s]

k> ethanolamine, 60°C 278 [L/Mol/s]

k> ethanolamine, 50°C 278 [L/Mol/s]

k2 5-amino 1-pentanol, 80°C 2566 [L/Mol/s]

k2 glycine, 80°C 2762710 [L/Mol/s]
k2 N,N’-dimethyl-1,3-propanediamine, 80°C 2279 [L/Mol/s]

k2 hexamethylenediamine, 80°C 5093 [L/Mol/s]

k2 bis-(hexamethylene)triamine, 80°C 1216 [L/Mol/s]

* Ethanolamine
Ethanolamine simulation

4 5-amino-1-pentanol
6 —— 5-amino-1-pentanol simulation

*  Glycine
— Glycine simulation

@ N,N’-dimethyl-1,3-propanediamine
4 —— N,N’-dimethyl-1,3-propanediamine simulation

T T T T T T T T T 1

0 10 20 30 40 50

Time [h]

Figure S23. pH variation as a function of reaction time for different substrates. The fitted lines correspond to the results
of the kinetic modelling (See section 3.5). The reactions were conducted at 80 °C with 5% v/v of amine molecule in
H>0/D,0 and with a 6-fold urea excess: ethanolamine : urea = 1:6, 5-amino-T-pentanol : urea = 1:6, glycine : urea =
1:6, N,N'-dimethy!-1,3-propanediamine:urea = 1:12.
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Figure S24. Ureido NMR conversion as a function of reaction time for different substrates. The reactions were conducted
at 80 °C with 5% v/v of amine molecule in H.O/D,0O and with a 6-fold urea excess: ethanolamine : urea = 1:6, 5-
amino-T1-pentanol : urea = 1:6, N,N'-dimethyl-1,3-propanediamine:urea = 1:12, glycine : urea = 1:6. The fitted lines
correspond to the results of the kinetic modelling (See section 3.5).
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Figure S25. Time dependent pH variation as a function of reaction temperature. The reactions were conducted with
5%v/v of ethanolamine in H,0/D;0 with a 6-fold excess of urea (ethanolamine : urea = 1:6). The fitted lines correspond
to the results of the kinetic modelling (See section 3.5).
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Figure S26. 3C NMR spectra of the possible reaction products of bis-(hexamethylene)triamine with urea. The reaction
was conducted at 80 °C with 5%v/v of bis-(hexamethylene)triamine in H,O/D,0 and with a 18-fold urea excess with

respect to the urea:amine ratio, corresponding to (bis-(hexamethylene)triamine:urea 1:18).
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Figure S27. '3C NMR spectra of the products of hexamethylenediamine after reaction with urea. The reaction was
conducted at 80 °C with 5%v/v of hexamethylenediamine in H:O/D>O and with a 12-fold urea excess (hexamethylene-
diamine:urea 1:12).
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Figure S 28. '3C NMR spectra and numbering of positions of the possible reaction products of 5-amino-T1-pentanol
after reaction with urea. The reaction was conducted at 80 °C with 5%v/v of 5-amino-1-pentanol in H.O/D>O and
with a 6-fold urea excess (5-amino-T-pentanol:urea 1.6).
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Figure S29. . '3C NMR spectra of the possible reaction products of N,N'-dimethyl-1,3-propanediamine after reaction
with urea. The reaction was conducted at 80 °C with 5%v/v of N,N'-dimethyl-1,3-propanediamine in H.O/D,O and
with a 12-fold urea excess (N,N'-dimethy!-1,3-propanediamine:urea 1:12).
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