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1. Materials and general methods

Chemicals were of commercial origin (Aldrich or Scharlau) and were used as received. H, 3C
and 2D NMR spectra (at 300 and 600 MHz) and *3C (at 75 and 150 MHz) spectra were recorded
on 300 and 600 MHz spectrometers in CDCls, D,O or DMSO-d; solutions at room temperature.
The residual proton signal was used as a reference. Chemical shifts (6) are given in ppm and
coupling constants (J) in Hz. Splitting patterns are designated as s (singlet), d (doublet), t (triplet),
g (quartet), m (multiplet), and br (broad).

ESI-HRMS mass spectra were recorded on a magnetic sector on an Orbitrap mass spectrometer.
2. Kinetic Experiments

The experiments were carried out on a VARIAN Cary 300 Bio UV-vis spectrophotometer at 37.0
+ 0.1 oC in water. Squaramate esters were dissolved in 10-2 M buffered solutions (formic acid,
acetic acid, cacodylate, PBS and borate) at a final concentration of 30 uM. The ionic strength
was 0.15 M NaCl. For the study of squaramate ester 11b, the parent disulfide 11a is dissolved in
DMSO (30 mM) and reduced in situ by addition of 3 equiv of TCEP. The solution is stirred for 10
min to obtain quantitatively 12c. The resulting solution is diluted to a final concentration of 30
UM with the corresponding buffer for the kinetic studies. The changes in the UV range were
analysed with the ReactLabTM Kinetics software (Jplus Consulting Ltd.).

2.1. Proposed hydrolysis mechanisms for squaramate esters
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Scheme S1. Proposed mechanisms for the hydrolysis of squaramate esters. a) acidic hydrolysis
through acid catalysis by carbonyl protonation (I) and assisted acid-mediated water attack (ll).
b) alkaline hydrolysis catalysed by direct hydroxide attack (I), assisted base-mediated water
attack (Il) and assisted intramolecular cyclization and subsequent intermediate-ring
opening(lll).

2.2. Rate Law for the hydrolysis reaction

RX + H,0 - ROH + HX

— 2B — e, [RX] = kou [OH][RX] + kg [H][RX] + ky'[H, 0] [RX] )

Where kon, ki and ky' are the second order rate constants for the base- and acid-catalysed and
the neutral processes, respectively.

For processes which are first order respect to the sustrate, and considering the constant value
kn=kn'[H20]. Eq. (1) is transformed in Eq (2):

ky = kou[OH] + ky[H] + ky (2)
Considering:

[OH][H] = Ky (3)
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ky = kOH% + ky[H] + ky (4)

Therefore, for experiments in alkaline media and pseudo-first order conditions:
KW 7
kobs = kon [OH] = kOHﬁ (2')

Where Ky, = 2.04 x 10** at 37 °C?

2.3. Rate Law for the NGP assisted hydrolysis reaction

Ky Kw
kobs = k1[A] + kou[OH] = k4 Kot [l + kOHﬁ (5)

where K./(K.+[H]) is the concentration of squaramate ester in its free unprotonated amino base
form ([A]) and k; is the rate constant for the assisted hydrolysis.

We assumed that the ionization of the squaramidic nitrogen is negligible at the pH interval
studied (pK, = 12)

0.008 ba 0.008 6a 0.01 l 7a
0.007 0.007 0.009
1 0.008 i
E 0.006 cocma),
0.006 ooon | »
00051 0.005 1 0.006 -
0.004 ¢ Free(A)/M 0.004 | Free(A)/M-3 0.005 | ¢Free(AYM -4
0.003 [AHIM 0.003 [AHM - 3 0.004 + “[AHIM-4
0.002 0.003
0.002 y pp
0.001 0.001 0.001
0 » -—2 0 0
3 5 7 9 11 3 5 7 9 11 3 5 7 9 11
pH pH pH

Figure S1. Potentiometric titration for squaramate esters 5a, 6a and 7a. pKa values obtained
are 8.66, 8.66 and 7.96, respectively.
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Figure S3. a) Representative example of the changes in the UV spectra observed during the
hydrolysis of 30 uM squaramate ester 1a (10 mM carbonate buffer pH 10, 37 2C). b) kobs Vs
[OH(D)] plots for hydrolysis of ester 1a in H,0O (blue) and D,0 (red).
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Figure S4. Comparison between hydrolysis rate pH-dependent profiles obtained for the
hydrolysis of 1a (dots) and 5a (triangles) at 37 C.
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Figure S5.'H-NMR evolution over time of 1 mM squaramate ester 9b at 0.1 M PBS at pH 7.0
(24 °C) to give cyclic compound 12a.



3. Synthetic methods

General procedure for the synthesis of esters: Diethyl squarate (500 mg, 2.94 mmol) in CH3CN (3

mL) and one equivalent of the corresponding amine were mixed in a round-bottom flask and the
mixture was stirred under nitrogen at room temperature for 16h. The crude mixture was
concentrated to dryness under reduced pressure and purified by column chromatography (SiO,)
to afford squaramate esters 1a-8a and 9a and 9a. Boc-protected 8a, 9a and 9b were treated

with TFA in CH,Cl, to afford the ammonium salts 8b and 9a and 9b as trifluoroacetate salts.

3-(butylamino)-4-ethoxycyclobut-3-ene-1,2-dione (1a). White solid, 562 mg, 97% yield.

Analytical data are in accordance with those reported in literature.?

0 0

|_|02C/\/\H O/\
2a

4-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)Jamino)butanoic acid (2a). Yellow solid, 554 mg, 83%

yield. Analytical data are in accordance with those reported in literature.?

0] O

HO\/\ N

N (@]
H
3a

3-ethoxy-4-((2-hydroxyethyl)amino)cyclobut-3-ene-1,2-dione (3a). White solid, 424 mg, 78%

yield. Analytical data are in accordance with those reported in literature.?
O O
@/\
N N 0T
H
4a

3-ethoxy-4-((2-(pyridin-2-yl)ethyl)amino)cyclobut-3-ene-1,2-dione (4a). White solid, 51 mg, 41%

yield. Analytical data are in accordance with those reported in literature.?
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5a
3-((3-(dimethylamino) propyl) (methyl) amino) - 4 - ethoxycyclobut-3-ene-1,2-dione (5a). Pale

yellow oil, 692 mg, 98% yield. Analytical data are in accordance with those reported in

literature.?

o] O

MeZN/\/\Ni i N

0
6a

3 - ( ( 3- (dimethylamino) propyl) amino) - 4-ethoxycyclobut-3-ene-1,2-dione (6a). Pale yellow

solid, 605 mg, 91% yield. Analytical data are in accordance with those reported in literature.?

0 0

MGQNV\Ni i N

0]
H
7a

3-((2-(dimethylamino)ethyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione (7a). Pale yellow solid,

592 mg, 95% yield. Analytical data are in accordance with those reported in literature.?

0] 0
> iO“
0] H

8a

tert-butyl (2 -((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl) amino) ethyl) carbamate (8a). Silica-gel
column chromatography (dichloromethane/tetrahydrofuran gradient = 20:1). Pale oil, 519 mg,
61%. Analytical data are in accordance with those reported in literature® *H-RMN (300 MHz,
CDCls): 6 1.43 ( br s, 12H), 3.36 (dd, J = 4.8 Hz, J = 6 Hz, 2H), 3.56 (br s, 1.3H), 3.75 (br s, 0.7H),
4.74 (q,J = 7.2 Hz, 1.3H), 4.86 (br s, 0.7H), 5.93 (br s, 0.5H), 6.37 (br s, 0.5H). *C-RMN (75 MHz,
CDCl3): 6 16.0, 28.4, 40.8, 45.3, 69.9, 79.9, 156.3, 172.9, 177.8, 182.8, 189.8. ESI (+)-HRMS: m/z
(%) calcd for Cy3H21N2Os* [M+H]* 285,1445; found 285,1446.
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2- ((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl) amino) ethan - 1 - aminium - trifluoroacetate (8b).
Boc-protected ester 8a (500 mg, 1.76 mmol) was dissolved in DCM (20 ml) followed by 700 pL
of TFA (8.80 mmol). The reaction was stirred at room temperature for 8h and the solvent was
removed under rotary evaporation. The remaining TFA was removed by suspending the resulting
oil in hexane (x 3) yielding 8b as a white amorphous solid, 514 mg, yield 98%. Analytical data are
in accordance with those reported in literature.® 'H-RMN (300 MHz, DMSO-de): 6 = 1.37 (t, J =
6.9 Hz, 3H), 3.00 (m, J = 6 Hz, 2H), 3.52 (br, 0.9H), 3.70 (br, 1.1H), 4.66 (q, / = 6.9 Hz, 2H), 7.864
(brs, 3H), 8.576 (brs, 0.5H), 8.72 (br's, 0.5H). 3C-RMN (75 MHz, CDCls): § =15.6, 41.1, 41.5, 69.0,
172.1,176.9, 182.4, 188.2. ESI (+)-HRMS: m/z (%) calcd for CsH13N,O3* [M+H]* 185,0921; found
185,0921.

9a

tert-butyl (3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)Jamino)propyl)carbamate (9a). Silica-gel
column chromatography (dichloromethane/tetrahydrofuran gradient = 20:1). Pale oil, 479 mg,
91% vyield. %. Analytical data are in accordance with those reported in literatureitrror! Marcador no
definido. 1H_RMN (300 MHz, CDCls): 6 1.44 (s, 9H), 1.46 (t, J = 6.9 Hz, 3H), 1.72 (m, 2H), 3.23 (br s,
2H), 3.47 (br's, 1.1H), 3.69 (br, 0.9H), 4.77 (g, J = 6.9 Hz, 2H), 6.68 (br, 1H), 6.93 (br s 1H). :*C-
RMN (75 MHz, CDCls): 6 16.0, 28.5, 30. 5, 31.5, 32.2, 36.5, 36.9, 41.0, 41.7, 69.8, 80.0, 156.8,
157.5, 172.8, 177.2, 177.8, 183.2, 183.4, 189.1, 189.4. ESI (+)-HRMS: m/z (%) calcd for
Ci14H22N2NaOs* [M+Na]* 321.1421; found 321.1420.

0] 0]

Mo

CF3;COOH HzN/\/\” 0
9b

3- ( (2-ethoxy-3,4-dioxocyclobut-1-en-1-yl) amino) propan-1-aminium-trifluoroacetate (9b). Boc-
protected ester 9a (120 mg, 0.40 mmol) was dissolved in DCM (10 ml) followed by 157 plL of TFA
(2.00 mmol). The reaction was stirred at room temperature for 8h and the solvent was removed
under rotary evaporation. The remaining TFA was removed by suspending the resulting oil in
hexane (x 3) yielding a white solid, 122 mg, 97%. Analytical data are in accordance with those
reported in literature® *H-RMN (300 MHz, DMSO-ds): 6 1.38 (t, J = 7.0 Hz, 3H), 1.79 (m, J = 7.5

S8



Hz, 2H), 2.83 (m, J = 6.5 Hz, 2H), 3.35 (q, J = 6.9 Hz, 1H), 3.53 (q, J = 7.2 Hz, 1H), 4.66 (q, J = 7.1
Hz, 2H), 7.68 (br s, 3H), 8.62 (br s, 0.5H), 8.79 (br s, 0.5H). 3C-RMN (75 MHz, DMSO-ds): & 16.2,
29.2, 36.9, 41.1, 69.9, 172.1, 174.8, 186.0, 189.5. ESI (+)-HRMS: m/z (%) calcd for CoH1sN,Os*
[M+H]* 199.1077; found 199.1077.

11a

4,4' - ((disulfanediylbis(ethane-2,1-diyl)) bis (azanediyl)) bis(3-ethoxycyclobut-3-ene-1,2-dione)
(11a). Cystamine dihydrochloride (330 mg, 1.47 mmol) was suspended in CH3CN (20 mL). After
the addition of DIPEA (1.5 mL, 17.64 mmol) the mixture was stirred at room temperature for 10
minutes and then, diethyl squarate (500 mg, 2.94 mmol) was added at once. The reaction was
stirred at 50 2C for 6h and the solvent was removed under rotary evaporation. The resulting
crude mixture was purified by silica-gel column chromatography (CH,Cl,/CHsCN 1:1 v/v) to
afford 11a as an amorphous white solid, 383 mg (yield 76%). *H-RMN (300 MHz, DMSO-ds): 6
1.37 (t,J=7.2 Hz, 6H), 2.91 (t, / = 6.0 Hz, 4H), 3.59 (q, J = 6.0 Hz, 2.1H), 3.77 (q, / = 6.0 Hz, 1.9H),
4.65 (q,J =7.2 Hz, 4H), 8.69 (br s, 0.9H), 8.88 (br s, 1.1H). 3C-RMN (75 MHz, DMSO-ds): 6 = 15.7,
37.8,38.2,42.6,69.0,172.4,172.8,176.9,177.1, 182.2, 182.4, 189.1, 189.2. ESI (+)-HRMS: m/z
(%) calcd for CigH20N2NaOgS," [M+Na]* 423.0660; found 423.0663.

General procedure for the synthesis of acids 1c-8c: Squaramate acids 1c-8c were obtained by

treatment of the corresponding esters with H,O at 60 2C for 16h. Removal of the solvent by

rotary evaporation afforded the final product.

o o)
NN jOH
H

1c

3-(butylamino)-4-hydroxycyclobut-3-ene-1,2-dione (1c). White solid, 38 mg, 89% yield. Analytical

data are in accordance with those reported in literature.3

0 0
HOQC/\/\” jOH
2c

4-((2-hydroxy-3,4-dioxocyclobut-1-en-1-yl)Jamino)butanoic acid (2c). White solid, 40 mg, 88%

yield. Analytical data are in accordance with those reported in literature.?
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3-hydroxy-4-((2-hydroxyethyl)amino)cyclobut-3-ene-1,2-dione (3c). White solid, 26 mg, yield
99%. *H-RMN (300 MHz, D;0): 6 = 3.56 (t, J = 5.4 Hz, 2H), 3.61 (t, J = 5.4 Hz, 2H).. *C-RMN (75
MHz, DMSO-de): 6 = 45.8, 60.8, 167.9, 183.5, 184.5, 185.2. ESI (-)-HRMS: m/z (%) calcd for
CeHeNO4 [M] 156.0302; found 156.0299.3

(0] 0]
/
| ]Z[
N N OH
H
4c

3-hydroxy-4-((2-(pyridin-2-yl)ethyl)amino)cyclobut-3-ene-1,2-dione (4c). White solid, 16 mg,

95% yield. Analytical data are in accordance with those reported in literature.’

0 0

MezN/\/\Nj i

| OH
5¢

3-((3-(dimethylamino)propyl)(methyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione  (5c). White

solid, 23 mg, 97% yield. Analytical data are in accordance with those reported in literature.?

0 0

MezN/\/\H

OH
6c
3-((3-(dimethylamino)propyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione  (6¢c). Pale  ochre

amorphous solid, 18 mg, 94% vyield. Analytical data are in accordance with those reported in

literature.?

0] 0]

MezN\/\ j i

N OH

H7c

3-((2-(dimethylamino)ethyl)amino)-4-hydroxycyclobut-3-ene-1,2-dione (7c). White solid, 22 mg,

yield 85%. Analytical data are in accordance with those reported in literature.®
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3-((2-aminoethyl)amino)-4-hydroxycyclobut-3-ene-1,2-dione (22). White solid, 39 mg, yield 92%.
Analytical data are in accordance with those reported in literature.® *H-RMN (300 MHz, D,0): &
2.67 (t,J = 6.0 Hz, 2H), 3.43 (t, J = 6.0 Hz, 2H). 3C-RMN (75 MHz, DMSO-de): 6 25.7, 43.0, 183.1,
184.5, 185.2. ESI (-)-HRMS: m/z (%) calcd for CeHsN205 [M] 155.0462; found 155.0456.

0 0
HN NH

12a

2,6-diazabicyclo[5.2.0]non-1(7)-ene-8,9-dione (12a). White prisms, 760 mg, yield 84%. Prepared
as reported in the literature.?

12b

2,6-dimethyl-2,6-diazabicyclo[5.2.0]Jnon-1(7)-ene-8,9-dione (12b). White needles. 0.71 g, yield

67%. Prepared as reported in the literature.?

0] 0

H

HN\_/S

12¢
2-thia-5-azabicyclo[4.2.0]oct-1(6)-ene-7,8-dione (11c). To 453 mg (5.88 mmol) of cysteamine
dissolved in 21 mL of H,O were added 1 g (5.88 mmol) of ethyl squarate dissolved in 30 mL of
EtOH. The crude reaction was stirred at room temperature for 1h and the resulting precipitate
was filtered out and washed with H,O (3 x 5 mL) and Et,0 (3 x 5 mL). Pale yellow solid, 411 mg,
yield 45%. *H-RMN (300 MHz, DMSO-ds, D,0: 20%): 6 = 3.22 (m, J = 4.8 Hz, 2H), 3.81 (m, J=4.8
Hz, 2H). *C-RMN (75 MHz, DMSO-de): 6 = 25.2, 46.2, 161.2, 178.4, 186.2, 187.0. ESI (+)-HRMS:
m/z (%) calcd for CeHgNO,S* [M+H]* 156.0114; found 156.0113.
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Sodium 2-(3,4-dihydro-2H-1,4-thiazin-6-yl)-2-oxoacetate (13). 100 mg of cyclosquaramide 12c
were suspended in 75 mL of H,0. Then, the pH was adjusted to 8 with NaOH 1M. The solution
was heated up to 50 2C for 5h adjusting the pH between 7.5 and 8.5. After the reaction time,
the solvent was removed by rotary evaporation resulting a pale yellow solid. 120 mg, yield 95%.
1H-RMN (600 MHz, DMSO-dq): & 2.70 (t, J = 4.8 Hz, 2H), 3.41 (m, 2H), 7.25 (brs, 1H), 7.72 (d, J =
6.6 Hz, 1H). *C-RMN (150 MHz, DMSO-ds): 6 22.5, 41.9, 97.5, 144.6, 169.5, 192.0. ESI (-)-HRMS:
m/z (%) calcd for CsHsNOsS [M] 172.0074; found 172.0074.
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4. NMR Spectra of Selected Compounds
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Figure S6. 'H NMR spectrum of 9b in DMSO-ds, 300 MHz, 298 K.
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Figure S7. 3C NMR spectrum of 9b in DMSO-ds, 300 MHz, 298 K.
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Figure S8. 'H NMR spectrum of 11a in DMSO-ds, 300 MHz, 298 K.
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Figure S9. 3C NMR spectrum of 11a in DMSO-ds, 75 MHz, 298 K.
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Figure $13. 3C-NMR of 13 (DMSO-ds, 298K) and the corresponding signal assignation.
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5. Computational Studies

All the geometric and energy calculations have been performed using ORCA 5.0 program?! by
means of the PBE0?-D4"® method in combination with the def2-TZVP* basis set. The minimum
or transition state nature of the compounds have been determined by frequency calculations.
All minima have zero imaginary frequencies and the transition state have only one imaginary
frequency that connects the starting and final products. The transition states have been
computed using the NEB-TS (Nudged Elastic Band with TS optimization)’®> methodology as
implemented in ORCA 5.0 program.

Computed structures

Cartesian coordinates (in A) for all computed species. Geometries are computed at the PBEO-

D4/def2-TZVP level of theory.
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