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1. Synthetic organic chemistry 

1.1. General remarks 

All chemical reagents and solvents were purchased from chemical suppliers and used as 

received, without any further purification. Reactions were monitored by thin layer 

chromatography (TLC), using TLC plates pre-coated with silica gel 60 F254 on aluminium 

(Merck KGaA), and detected with UV light (254 nm and 365 nm) or KMnO4 chemical stain. 

Column chromatography was carried out using a Biotage Isolera using GraceResolv or 

FlashPure silica flash cartridges. 1H and 13C NMR spectra were recorded in the stated solvent 

on a Bruker Avance Neo 700 instrument equipped with a 5mm helium-cooled broadband 

cryoprobe operating at 700 MHz for 1H and 176 MHz for 13C; or a Bruker Avance III 600 

instrument equipped with a 5mm helium-cooled 1H/13C cryoprobe, operating at 600 MHz for 

1H and at 151 MHz for 13C. Chemical shifts (ŭ) are recorded in parts per million (ppm) and 

coupling constants (J) in Hertz (Hz). The multiplicity of each signal is designated as follows: s 

(singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hextet), m (multiplet), or a mixture of 

these. DEPT, COSY, HSQC, HMBC and NOESY were used to aid the assignment. Infrared 

spectra were recorded on a Bruker ALPHA FTIR spectrometer with frequencies recorded in 

reciprocal centimetres (cm-1) and absorptions were characterised as follows: s (sharp), br 

(broad), m (medium), w (weak). Melting points were taken on an Electrothermal IA9000 series 

apparatus or a Gallenkamp 5A 6797 apparatus and are uncorrected. All mass spectra were 

obtained at either the Department of Chemistry, University College London on the one of the 

following instruments: Agilent 6510 QTOF LC-MS system, Finnigan MAT 900 XP double 

focusing hybrid (EBqQ) mass spectrometer, Thermo Scientific Orbitrap Q Exactive Plus mass 

spectrometer, Thermo Scientific TRACE 1310 GC-MS connected to Thermo Scientific ISQ 

single quadrupole mass spectrometer, Waters LCT Premier XE QTOF mass spectrometer; or 

obtained at the EPSRC UK National Mass Spectrometry Facility (NMSF), Swansea on one of 

the following instruments: Thermo Scientific LTQ Orbitrap XL linear ion trap mass 

spectrometer, Waters Xevo G2-S QTOF mass spectrometer. UV-VIS absorption spectra were 

recorded on a Shimadzu UV-2600 UV-VIS spectrophotometer using a quartz cuvette with a 

path length of 1 cm and extinction coefficients are reported to 2 s.f. UV irradiation was 

performed with a medium pressure 125 W mercury lamp (240-600 nm), purchased from 

Photochemical Reactors Ltd., with the use of a pyrex immersion well. If the lamp was taken 

out of use, and then reinstalled, the [2+2] photocycloaddition of maleimide to give 

tetrahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3,4,6(2H,5H)-tetraone was performed as a control 

reaction,1 prior to irradiation of any unknown compounds. 
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1.2. Synthesis and characterisation 

Tetrahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3,4,6(2H,5H)-tetraone1 

 

A solution of maleimide (23.5 mg, 0.232 mmol) in MeCN (30 mL) was degassed for 30 min. 

The solution was then irradiated in pyrex glassware for 1 h whilst stirring at room temperature. 

The solvent was removed in vacuo to afford the title compound as an off-white solid (22.5 mg, 

0.116 mmol) in a quantitative yield. 

 

m.p. >250 °C; 1H NMR (700 MHz, DMSO): ŭ 3.33 (s, 4H, 2-CH); 13C NMR (176 MHz, DMSO): 

ŭ 177.6 (C-1), 42.5 (C-2); IR (solid, cm-1): 3073 (br) 2811 (w), 1767 (s), 1694 (s); LRMS (EI+) 

(m/z, %): 194.0 ([M]+, 100), 195.0 ([M+H]+, 10). 
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3-Bromo-1-methyl-1H-pyrrole-2,5-dione, 122 

 

To a solution of N-methyl maleimide (556 mg, 5.00 mmol) in MeOH (20 mL), Br2 (0.564 mL, 

11.0 mmol) was added dropwise over 10 min. The reaction mixture was stirred for 8 h at room 

temperature. The solvent was removed in vacuo to give a dark brown oil of the dibromo-N-

methyl succinimide. The oil was redissolved in THF (20 mL) and triethylamine (0.906 mL, 6.50 

mmol) was added. The reaction mixture was further stirred for 18 h at room temperature and 

the solvent removed in vacuo. The crude product was purified by silica flash chromatography 

(gradient elution of 0-20% EtOAc in cyclohexane) to afford the title compound as an off-white 

solid (805 mg, 4.24 mmol) in an 85% yield. 

 

m.p. 86-88 °C (lit. 77-79 °C)2; 1H NMR (700 MHz, CDCl3): ŭ 6.87 (s, 1H, 4-CH), 3.07 (s, 3H, 

5-CH3); 13C NMR (176 MHz, CDCl3): ŭ 168.7 (C-2/3), 165.5 (C-2/3), 132.1 (C-4), 131.5 (C-1), 

24.8 (C-5); IR (solid, cm-1): 3106 (w), 2945 (w), 1698 (s), 1586 (m); LRMS (ASAP+) (m/z, %): 

190.0 ([79BrM+H]+, 95), 191.9 ([81BrM+H]+, 100); UV (MeCN): Ů300 = 330 cm-1 M-1. 
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3-(Hexylthio)-1-methyl-1H-pyrrole-2,5-dione, 13 

 

To a solution of 12 (66.5 mg, 0.350 mmol) in DCM (30 mL), triethylamine (53.6 ɛL, 0.385 

mmol) was added, followed by hexanethiol (54.3 ɛL, 0.385 mmol). The reaction mixture was 

stirred for 30 min at room temperature. The solvent was removed in vacuo. The crude product 

was then purified by silica flash chromatography (gradient elution of 0-20% EtOAc in 

cyclohexane) to afford the title compound as an off-white solid (77.2 mg, 0.340 mmol) in a 

97% yield. 

 

m.p. 62-65 °C (lit. 62-65 °C)3; 1H NMR (700 MHz, CDCl3): ŭ 6.04 (s, 1H, 10-CH), 3.02 (s, 3H, 

11-CH3), 2.90 (t, J = 7.4 Hz, 2H, 6-CH2), 1.74 (p, J = 7.4 Hz, 2H, 5-CH2), 1.45 (p, J = 7.4 Hz, 

2H, 4-CH2), 1.34 ï 1.28 (m, 4H, 2-CH2 and 3-CH2), 0.90 (t, J = 6.6 Hz, 3H, 1-CH3); 13C NMR 

(176 MHz, CDCl3): ŭ 170.0 (C-8/9), 168.3 (C-8/9), 151.9 (C-7), 117.3 (C-10), 32.0 (C-6), 31.3 

(C-3), 28.7 (C-4), 27.8 (C-5), 24.1 (C-11), 22.6 (C-2), 14.1 (C-1); IR (solid, cm-1): 3079 (w), 

2929 (m), 1692 (s), 1557 (m); LRMS (ASAP+) (m/z, %): 228.1 ([M+H]+, 100); UV (MeCN): Ů354 

= 3600 cm-1 M-1. 
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(3aS,3bS,6aR,6bR)-3a,3b-Bis(hexylthio)-2,5-dimethyltetrahydrocyclobuta[1,2-

c:3,4-c']dipyrrole-1,3,4,6(2H,5H)-tetraone, 23 

 

A 5 mM solution of 1 (34.1 mg, 0.150 mmol) in MeCN (30 mL) was degassed for 30 min. The 

solution was then irradiated in pyrex glassware for 10 min whilst stirring at room temperature. 

The solvent was removed in vacuo to afford the title compound as a yellow solid (34.1 mg, 

0.0750 mmol) in a quantitative yield. 

 

m.p. 103-106 °C (lit. 104-106 °C)3; 1H NMR (700 MHz, CDCl3): ŭ 3.15 (dt, J = 10.6, 7.4 Hz, 

2H, 6-CHH), 3.11 (s, 6H, 11-CH3), 2.98 (s, 2H, 10-CH), 2.84 (dt, J = 10.6, 7.4 Hz, 2H, 6-CHH), 

1.50 (p, J = 7.4 Hz, 4H, 5-CH2), 1.34 (p, J = 7.4 Hz, 4H, 4-CH2), 1.30 ï 1.23 (m, 8H, 2-CH2 

and 3-CH2), 0.87 (t, J = 6.7 Hz, 6H, 1-CH3); 13C NMR (176 MHz, CDCl3): ŭ 173.2 (C-8/9), 173.0 

(C-8/9), 55.4 (C-7), 44.6 (C-10), 31.4 (C-3), 31.2 (C-6), 28.71 (C-5), 28.6 (C-4), 25.9 (C-11), 

22.6 (C-2), 14.2 (C-1); IR (solid, cm-1): 2926 (m), 1719 (s); LRMS (ASAP+) (m/z, %): 455.2 

([M+H]+, 100). 

 

Figure 1: 1H NMR spectrum of photoproduct 2 showing the cyclobutane 10-CH satellite 
peak. 
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1,1'-(Propane-1,3-diyl)bis(3-bromo-1H-pyrrole-2,5-dione), 3a 

 

To a solution of 3-bromomaleic anhydride (0.929 mL, 10.0 mmol) in acetic acid (10 mL), 1,3-

diaminopropane (0.210 mL, 2.50 mmol) was added and the reaction mixture was heated to 

reflux for 3 h. The reaction mixture was cooled and the solvent was then removed in vacuo, 

azeotroping with toluene (3 x 10 mL). The product was separated between EtOAc (20 mL) 

and saturated NaHCO3 solution (20 mL). The organic layer was further washed with brine (20 

mL), dried over MgSO4, and the solvent removed in vacuo. The crude product was purified by 

silica flash chromatography (gradient elution of 0-60% EtOAc in cyclohexane) to afford the 

title compound as an off-white solid (514 mg, 1.31 mmol) in a 52% yield. 

 

m.p. 134-137 °C; 1H NMR (700 MHz, CDCl3): ŭ 6.88 (s, 2H, 4-CH), 3.59 (t, J = 7.1 Hz, 4H, 5-

CH2), 1.96 (p, J = 7.1 Hz, 2H, 6-CH2); 13C NMR (151 MHz, CDCl3): ŭ 168.5 (C-2/3), 165.3 (C-

2/3), 132.0 (C-4), 131.6 (C-1), 36.3 (C-5), 27.4 (C-6) ; IR (solid, cm-1): 3104 (m), 2937 (w), 

1704 (s), 1581 (m); LRMS (ASAP+) (m/z, %): 390.9 ([79Br79BrM+H]+, 50), 392.9 

([79Br81BrM+H]+, 100), 394.9 ([81Br81BrM+H]+, 50); HRMS: exact mass calculated for 

[79Br79BrM+H]+, [C11H9
79Br2N2O4]+ 390.8929, found 390.8927. 
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1,1'-(Propane-1,3-diyl)bis(3-(hexylthio)-1H-pyrrole-2,5-dione), 4a 

 

To a solution of 3a (468 mg, 1.19 mmol) and NaOAc (195 mg, 2.38 mmol) in MeOH (50 mL), 

hexanethiol (0.336 mL, 2.38 mmol) was added and the reaction mixture was stirred for 30 min 

at room temperature. The solvent was removed in vacuo. The crude product was then purified 

by silica flash chromatography (gradient elution of 0-40% EtOAc in cyclohexane) to afford the 

title compound as a yellow solid (322 mg, 0.690 mmol) in a 58% yield. 

 

m.p. 109-112 °C; 1H NMR (600 MHz, CDCl3): ŭ 6.02 (s, 2H, 10-CH), 3.53 (t, J = 7.2 Hz, 4H, 

11-CH2), 2.89 (t, J = 7.4 Hz, 4H, 6-CH2), 1.91 (p, J = 7.2 Hz, 2H, 12-CH2), 1.74 (p, J = 7.3, 4H, 

5-CH2), 1.45 (p, J = 7.3 Hz, 4H, 4-CH2), 1.34 ï 1.29 (m, 8H, 2-CH2 and 3-CH2), 0.90 (t, J = 6.8 

Hz, 6H, 1-CH3); 13C NMR (151 MHz, CDCl3): ŭ 169.7 (C-8/9), 168.0 (C-8/9), 151.9 (C-7), 117.2 

(C-10), 35.8 (C-11), 32.0 (C-6), 31.3 (C-3), 28.7 (C-4), 27.8 (C-5), 27.7 (C-12), 22.6 (C-2), 

14.1 (C-1); IR (solid, cm-1): 3078 (w), 2927 (m), 1693 (s), 1557 (m); LRMS (NS+) (m/z, %): 

467.2 ([M+H]+, 100), 484.2 ([M+NH4]+, 91), 489.2 ([M+Na]+, 84), 499.2 ([M+H+CH3OH]+, 6]; 

HRMS: exact mass calculated for [M+H]+, [C23H35N2O4S2]+ 467.2033, found 467.2025; UV 

(MeCN): Ů354 = 6600 cm-1 M-1. 
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(3aR,3bS,6aR,6bS)-3a,3b-Bis(hexylthio)tetrahydro-2,5-propanocyclobuta[1,2-

c:3,4-c']dipyrrole-1,3,4,6-tetraone, 5a 

 

A 2.5 mM solution of 4a (35.0 mg, 0.0750 mmol) in MeCN (30 mL) was degassed with argon 

for 30 min. The solution was then irradiated in pyrex glassware for 10 min whilst stirring at 

room temperature. The solvent was removed in vacuo to afford the title compound as a yellow 

solid (35.0 mg, 0.0750 mmol) in a quantitative yield. 

 

m.p. 148-152 °C; 1H NMR (600 MHz, CDCl3): ŭ 3.96-3.87 (m, 4H, 11-CH2), 3.67 (s, 2H, 10-

CH), 2.95 ï 2.87 (m, 2H, 6-CHH), 2.80 ï 2.74 (m, 2H, 6-CHH), 2.33 ï 2.21 (m, 2H, 12-CH2), 

1.64 ï 1.56 (m, 4H, 5-CH2), 1.42 ï 1.36 (m, 4H, 4-CH2), 1.32 ï 1.26 (m, 8H, 2-CH2 and 3-

CH2), 0.89 (t, J = 6.9 Hz, 6H, 1-CH3); 13C NMR (151 MHz, CDCl3): ŭ 172.4 (C-8/9), 171.7 (C-

8/9), 58.2 (C-7), 45.6 (C-10), 41.2 (C-11), 31.4 (C-6) , 30.8 (C-3), 29.4 (C-4), 28.6 (C-5), 22.6 

(C-12), 20.6 (C-2), 14.1 (C-1); IR (solid, cm-1): 2922 (m), 1718 (s); LRMS (NS+) (m/z, %): 

467.2 ([M+H]+, 25), 484.2 ([M+NH4]+, 92), 489.2 ([M+Na]+, 90), 499.2 ([M+H+CH3OH]+, 58); 

HRMS: exact mass calculated for [M+H], [C23H35N2O4S2] 467.2033, found 467.2030. 

 

Figure 2: 1H NMR spectrum of photoproduct 5a showing the cyclobutane 10-CH proton 
peak and corresponding satellite peak. 
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1,1'-(Butane-1,4-diyl)bis(3-bromo-1H-pyrrole-2,5-dione), 3b 

 

To a solution of 3-bromomaleic anhydride (0.557 mL, 6.00 mmol) in acetic acid (6 mL), 1,4-

diaminobutane (0.151 mL, 1.50 mmol) was added and the reaction mixture was heated to 

reflux for 3 h. The reaction mixture was cooled and the solvent was then removed in vacuo, 

azeotroping with toluene (3 x 10 mL). The product was separated between EtOAc (20 mL) 

and saturated NaHCO3 solution (20 mL). The organic layer was further washed with brine (20 

mL), dried over MgSO4, and the solvent removed in vacuo. The crude product was purified by 

silica flash chromatography (gradient elution of 0-60% EtOAc in cyclohexane) to afford the 

title compound as a white solid (227 mg, 0.559 mmol) in a 37% yield. 

 

m.p. 174-178 °C; 1H NMR (600 MHz, CDCl3): ŭ 6.86 (s, 2H, 4-CH), 3.60 ï 3.56 (m, 4H, 5-CH2), 

1.60 ï 1.57 (m, 4H, 6-CH2); 13C NMR (151 MHz, CDCl3): ŭ 168.6 (C-2/3), 165.4 (C-2/3), 131.9 

(C-4), 131.5 (C-1), 38.2 (C-5), 25.8 (C-6); IR (solid, cm-1): 3086 (w), 2921 (w), 1700 (s), 1585 

(m); LRMS (NS+) (m/z, %): 404.9 ([79Br79BrM+H]+, 10), 406.9 ([79Br81BrM+H]+, 21), 408.9 

([81Br81BrM+H]+, 10), 428.9 ([79Br81BrM+Na]+, 95), 460.9 ([79Br81BrM+Na+CH3OH]+, 100); 

HRMS: exact mass calculated for [79Br79BrM+H]+, [C12H11
79Br2N2O4]+ 404.9080, found 

404.9083. 
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1,1'-(Butane-1,4-diyl)bis(3-(hexylthio)-1H-pyrrole-2,5-dione), 4b 

 

To a solution of 3b (468 mg, 1.19 mmol) in DCM (30 mL), triethylamine (0.151 mL, 1.08 mmol) 

was added, followed by hexanethiol (0.152 mL, 1.08 mmol). The reaction mixture was stirred 

for 30 min at room temperature. The solvent was removed in vacuo. The crude product was 

then purified by silica flash chromatography (gradient elution of 0-40% EtOAc in cyclohexane) 

to afford the title compound as a yellow solid (186 mg, 0.388 mmol) in a 72% yield. 

 

m.p. 138-142 °C; 1H NMR: (600 MHz, CDCl3) ŭ 6.02 (s, 2H, 10-CH), 3.55-3.50 (m, 4H, 11-

CH2), 2.90 (t, J = 7.3 Hz, 4H, 6-CH2), 1.75 (p, J = 7.4 Hz, 4H, 5-CH2), 1.60-1.57 (m, 4H, 12-

CH2), 1.46 (p, J = 7.4 Hz, 4H, 4-CH2), 1.34 ï 1.30 (m, 8H, 2-CH2 and 3-CH2), 0.91 (t, J = 6.8 

Hz, 6H, 1-CH3); 13C NMR (151 MHz, CDCl3): ŭ 169.8 (C-8/9), 168.1 (C-8/9), 151.7 (C-7), 117.2 

(C-10), 37.6 (C-11), 31.9 (C-6), 31.3 (C-3), 28.6 (C-4), 27.8 (C-5), 26.0 (C-12), 22.6 (C-2), 

14.1 (C-1); IR (solid, cm-1): 3074 (w), 2923 (m), 1691 (s), 1555 (m); LRMS (NS+) (m/z, %): 

481.2 ([M+H]+, 100), 498.2 ([M+NH4]+, 83); HRMS: exact mass calculated for [M+H]+, 

[C24H37N2O4S2]+ 481.2189, found 481.2181; UV (DCM): Ů354 = 5200 cm-1 M-1. 
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(3aR,3bS,6aR,6bS)-3a,3b-Bis(hexylthio)tetrahydro-2,5-butanocyclobuta[1,2-

c:3,4-c']dipyrrole-1,3,4,6-tetraone, 5b 

 

A 2.5 mM solution of 4b (36.1 mg, 0.0750 mmol) in 1:5 DCM:MeCN (30 mL) was degassed 

for 30 min. The solution was then irradiated in pyrex glassware for 15 min whilst stirring at 

room temperature. The solvent was removed in vacuo to afford the title compound as a yellow 

solid (36.1 mg, 0.0750 mmol) in a quantitative yield. 

 

m.p. 116-120 °C; 1H NMR (700 MHz, CDCl3): ŭ 3.67 ï 3.58 (m, 6H, 10-CH and 11-CH2), 2.90 

(dt, J = 10.9, 7.4 Hz, 2H, 6-CHH), 2.78 (dt, J = 10.9, 7.4 Hz, 2H, 6-CHH), 1.94 ï 1.75 (m, 4H, 

12-CH2), 1.60 (p, J = 7.6 Hz, 4H, 5-CH2), 1.39 (p, J = 7.5 Hz, 4H, 4-CH2), 1.31 ï 1.27 (m, 8H, 

2-CH2 and 3-CH2), 0.88 (t, J = 6.9 Hz, 6H, 1-CH3); 13C NMR (151 MHz, CDCl3): ŭ 172.7 (C-

8/9), 171.9 (C-8/9), 57.9 (C-7), 45.6 (C-10), 39.8 (C-11), 31.4 (C-3), 30.7 (C-6), 29.2 (C-5), 

28.6 (C-4), 25.0 (C-12), 22.6 (C-2), 14.1 (C-1); IR (solid, cm-1): 2920 (m), 1706 (s); LRMS 

(ASAP+) (m/z, %): 481.2 ([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, 

[C24H37N2O4S2]+ 481.2195, found 481.2198. 
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1,1'-(2,2-Dimethylpropane-1,3-diyl)bis(3-bromo-1H-pyrrole-2,5-dione), 3c 

 

To a solution of 3-bromomaleic anhydride (0.557 mL, 6.00 mmol) in acetic acid (10 mL), 2,2-

dimethyl,1,3-diaminopropane (0.180 mL, 1.50 mmol) was added and the reaction mixture was 

heated to reflux for 3 h. The reaction mixture was cooled and the solvent was then removed 

in vacuo, azeotroping with toluene (3 x 10 mL). The product was separated between EtOAc 

(20 mL) and saturated NaHCO3 solution (20 mL). The organic layer was further washed with 

brine (20 mL), dried over MgSO4, and the solvent removed in vacuo. The crude product was 

purified by silica flash chromatography (gradient elution of 0-40% EtOAc in cyclohexane) to 

afford the title compound as an off-white solid (74.2 mg, 0.177 mmol) in a 12% yield. 

 

m.p. 162-166 °C; 1H NMR (600 MHz, CDCl3): ŭ 6.91 (s, 2H, 4-CH), 3.45 (s, 4H, 5-CH2), 0.90 

(s, 6H, 7-CH3); 13C NMR (151 MHz, CDCl3): ŭ 169.2 (C-2/3), 166.1 (C-2/3), 132.1 (C-4), 131.6 

(C-1), 47.9 (C-5), 39.0 (C-6), 24.1 (C-7); IR (solid, cm-1): 3104 (w), 2942 (w), 1699 (s), 1589 

(m); LRMS (NS+) (m/z, %): 418.9 ([79Br79BrM+H]+, 2), 420.9 ([79Br81BrM+H]+, 4), 422.9 

([81Br81BrM+H]+, 2), 450.9 ([79Br79Br+CH3OH+H]+, 53), 452.9 ([79Br81BrM+ CH3OH+H]+, 100), 

454.9 ([81Br81BrM+ CH3OH+H]+, 53); HRMS: exact mass calculated for 

[79Br79BrM+CH3OH+H]+, [C14H17
79Br2N2O5]+ 450.9499, found 450.9497. 
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1,1'-(2,2-Dimethylpropane-1,3-diyl)bis(3-(hexylthio)-1H-pyrrole-2,5-dione), 4c 

 

To a solution of 3c (61.8 mg, 0.150 mmol) in DCM (30 mL), triethylamine (46.0 ɛL, 0.330 

mmol) was added, followed by hexanethiol (46.6 ɛL, 0.330 mmol). The reaction mixture was 

stirred for 30 min at room temperature. The solvent was removed in vacuo. The crude product 

was then purified by silica flash chromatography (gradient elution of 0-40% EtOAc in 

cyclohexane) to afford the title compound as a yellow wax (61.8 mg, 0.150 mmol) in a 

quantitative yield. 

 

1H NMR (600 MHz, CDCl3): ŭ 6.04 (s, 2H, 10-CH), 3.37 (s, 4H, 11-CH2), 2.88 (t, J = 7.3 Hz, 

4H, 6-CH2), 1.73 (p, J = 7.5 Hz, 4H, 5-CH2), 1.43 (p, J = 7.6 Hz, 4H, 4-CH2), 1.32 ï 1.27 (m, 

8H, 2-CH2 and 3-CH2), 0.89 ï 0.84 (m, 12H, 1-CH3 and 13-CH3); 13C NMR (151 MHz, CDCl3): 

ŭ 170.2 (C-8/9), 168.7 (C-8/9), 151.8 (C-7), 117.4 (C-10), 47.3 (C-11), 39.0 (C-12), 32.0 (C-

6), 31.3 (C-3), 28.7 (C-4), 27.8 (C-5), 24.2 (C-13), 22.6 (C-2), 14.1 (C-1); IR (wax, cm-1): 2928 

(m), 1702 (s), 1557 (m); LRMS (ES+) (m/z, %): 495.2 ([M+H]+, 100); HRMS: exact mass 

calculated for [M+H]+, [C25H39N2O4S2]+ 495.2346, found 495.2346; UV (MeCN): Ů354 = 5100 

cm-1 M-1. 
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(3aR,3bS,6aR,6bS)-3a,3b-Bis(hexylthio)-8,8-dimethyltetrahydro-2,5-

propanocyclobuta[1,2-c:3,4-c']dipyrrole-1,3,4,6-tetraone, 5c 

 

A 2.5 mM solution of 4c (37.1 mg, 0.0750 mmol) in MeCN (30 mL) was degassed with argon 

for 30 min. The solution was then irradiated in pyrex glassware for 10 min whilst stirring at 

room temperature. The solvent was removed in vacuo to afford the title compound as a yellow 

solid (37.1 mg, 0.0750 mmol) in a quantitative yield. 

 

m.p. 162-164 °C; 1H NMR (700 MHz, CDCl3): ŭ 3.89 (d, J = 14.8 Hz, 2H, 11-CHH), 3.82 (d, J 

= 14.8 Hz, 2H, 11-CHH), 3.65 (s, 2H, 10-CH), 2.91 (ddd, J = 11.5, 8.2, 6.7 Hz, 2H, 6-CHH), 

2.76 (ddd, J = 11.5, 8.3, 6.7 Hz, 2H, 6-CHH), 1.61 ï 1.54 (m, 6H, 5-CH2
 (superimposed with 

water peak)), 1.40 ï 1.36 (m, 4H, 4-CH2), 1.34 (s, 3H, 13-CH3), 1.29 (s, 3H, 13-CH3), 1.29 ï 

1.24 (m, 8H, 2-CH2 and 3-CH2), 0.88 (t, J = 7.1 Hz, 6H, 1-CH3); 13C NMR (176 MHz, CDCl3): 

ŭ 172.6 (C-8/9), 171.8 (C-8/9), 58.0 (C-7), 51.0 (C-11), 45.1 (C-10), 41.3 (C-12), 32.4 (C-13), 

32.1 (C-13), 31.4 (C-3), 30.8 (C-6), 29.4 (C-5), 28.6 (C-4), 22.6 (C-2), 14.1 (C-1); IR (solid, 

cm-1): 2925 (m), 1713 (s); LRMS (ES+) (m/z, %): 495.2 ([M+H]+, 67), 512.3 ([M+NH4]+, 100); 

HRMS: exact mass calculated for [M+H]+, [C25H39N2O4S2]+ 495.2346, found 495.2343. 
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1-Butyl-1H-pyrrole-2,5-dione, 94 

 

To a solution of maleic anhydride (735 mg, 7.50 mmol) in acetic acid (5 mL), butylamine (0.494 

mL, 5.00 mmol) was added and the reaction mixture was heated to reflux for 3 h. The reaction 

mixture was cooled and the solvent was then removed in vacuo, azeotroping with toluene (3 

x 10 mL). The product was dissolved in EtOAc (20 mL) and washed with NaHCO3 (20 mL). 

The product was further washed with brine (20 mL), dried over MgSO4, and the solvent 

removed in vacuo. The crude product was purified by silica flash chromatography (gradient 

elution of 0-40% EtOAc in cyclohexane) to afford the title compound as a yellow oil (311 mg, 

2.03 mmol) in a 41% yield. 

 

1H NMR (700 MHz, CDCl3): ŭ 6.67 (s, 2H, 1-CH), 3.51 (t, J = 7.3 Hz, 2H, 3-CH2), 1.56 (p, J = 

7.5 Hz, 2H, 4-CH2), 1.30 (h, J = 7.4 Hz, 2H, 5-CH2), 0.92 (t, J = 7.4 Hz, 3H, 6-CH3); 13C NMR 

(176 MHz, CDCl3) ŭ 171.0 (C-2), 134.2 (C-1), 37.8 (C-3), 30.7 (C-4), 20.1 (C-5), 13.7 (C-6); 

IR (oil, cm-1): 2961 (w), 1701 (s), 1407 (m); LRMS (EI+) (m/z, %): 109.9 ([M-CH2CH2CH3]+, 

100), 153.0 ([M]+, 30); UV (DCM): Ů292 = 920 cm-1 M-1; UV (MeCN): Ů297 = 690 cm-1 M-1. 
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1,1'-(Propane-1,3-diyl)bis(1H-pyrrole-2,5-dione), 105 

 

To a solution of maleic anhydride (981 mg, 10.0 mmol) in acetic acid (10 mL), 1,3-

diaminopropane (0.210 mL, 2.50 mmol) was added and the reaction mixture was heated to 

reflux for 3 h. The reaction mixture was cooled and the solvent was then removed in vacuo, 

azeotroping with toluene (3 x 10 mL). The product was separated between EtOAc (20 mL) 

and saturated NaHCO3 solution (20 mL). The organic layer was further washed with brine (20 

mL), dried over MgSO4, and the solvent removed in vacuo. The crude product was purified by 

silica flash chromatography (gradient elution of 0-60% EtOAc in cyclohexane) to afford the 

title compound as a white solid (253 mg, 1.08 mmol) in a 43% yield. 

 

m.p. 168-170 °C (lit. 174 °C)5; 1H NMR (700 MHz, CDCl3): ŭ 6.70 (s, 4H, 1-CH), 3.54 (t, J = 

7.2 Hz, 4H, 3-CH2), 1.94 (p, J = 7.2 Hz, 2H, 4-CH2); 13C NMR (176 MHz, CDCl3): ŭ 170.7 (C-

2), 134.3 (C-1), 35.5 (C-3), 27.5 (C-4); IR (solid, cm-1): 3087 (m), 2921 (m), 1687 (s), 1583 

(m); LRMS (ES+) (m/z, %): 235.1 ([M]+, 92), 257.1 ([M+Na]+, 100); UV (MeCN): Ů295 = 1200 

cm-1 M-1. 
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2. Bioconjugation 

2.1. General remarks 

All chemical reagents and solvents were purchased from chemical suppliers and used as 

received, without any further purification. Trastuzumab (Herceptin) was purchased from UCLH 

Pharmacy in its clinical formulation (lyophilised). This was solubilised in LCMS grade H2O to 

a concentration of 68.9 ɛM (10.0 mg/mL). Aliquots of 0.50 mL trastuzumab were stored at -20 

°C for up to 6 months. Stock solutions of reagents were made in double-deionised H2O (dH2O), 

MeCN or DMF as specified, unless otherwise stated. Conjugation experiments were 

conducted in 1.5 mL Eppendorf tubes at atmospheric pressure at the stated temperature. 

Eppendorf 5415 R and VWR Galaxy 14D microcentrifuges were utilised for centrifugation and 

temperature was controlled by carrying out the reactions using an Eppendorf thermomixer 

comfort heating block. For the irradiation of Fab conjugates, the samples were placed in a 

plastic micro UV- cuvette. A 365 nm UVG2 Labino LED torch held at a distance of 14 cm from 

the sample was used for the irradiation. Ultrafiltration was carried out with Sartorius Vivaspin 

500 centrifugal concentrators with a molecular weight cut-off (MWCO) of 10 kDa. UV/Vis 

absorbance was measured using a ThermoFisher NanoDrop One/One Microvolume UV-Vis 

Spectrophotometer. These readings were used to determine the protein concentration using 

the molecular extinction coefficients of Ů280 = 215,380 cm-1 M-1 for full antibody and Ů280 = 

68,590 cm-1 M-1 for Fab.6 The following buffers were made using dH2O; the pH adjusted using 

1 M HCl or 1 M NaOH, using a Jenway 3510 pH meter; and filter-sterilised before use: 

NaOAc buffer pH 3.1: 20 mM NaOAc 

Digest buffer pH 6.8: 50 mM phosphate, 150 mM, NaCl, 1mM EDTA (10 mM DTT as specified) 

BBS pH 7.4: 25 mM boric acid, 25 mM NaCl, 1 mM EDTA 

PBS pH 6.0: 22 mM NaH2PO4, 3 mM Na2HPO4, 25 mM NaCl, 1 mM EDTA 

 

SDS-PAGE analysis 

Conjugation reactions were monitored by non-reducing 12% glycine SDS-PAGE with a 6% 

stacking gel, which were prepared in-house using the components listed in Table 1. The gels 

can be stored at 4 ÁC for up to a month. Gel samples were made with a 1:1 ratio of 3 ɛg of 

Fab sample and 2 x SDS non-reducing loading dye (composition of 5 x loading dye: 1.6 mL of 

10 % (w/v) SDS, 8 mL of glycerol, 4 mL of dH2O, 1 mL of 0.5 M Tris buffer pH 6.8, 25 mg of 

bromophenol blue). The gel samples were heated at 75 °C for 5 min before loading to the gel 

(6 ɛL per lane). The ThermoScientific Page Ruler Plus Pre-Stained Protein Ladder was used 

as a mass reference (4 ɛL). The gel was run at a constant voltage of 200 V for 60 min in 1 x 

SDS running buffer (composition for 10 x SDS running buffer: 30 g of Tris base, 144 g of 

glycine, 10 g of SDS in 1 L of dH2O, pH 8.3). Gels were stained in Coomassie blue stain (10% 
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ammonium sulfate (100 g), 0.1% Coomassie G-250 (500 mg), 3% phosphoric acid (30 mL), 

ethanol (200 mL), and water (1 L). Gels were destained with water. 

Components 12 % Separating 6 % Stacking 

dH2O 7.95 mL 5.3 mL 

Acrylamide 9.6 mL 2.0 mL 

1.5 M Tris pH 8.8 6.0 mL - 

0.5 M Tris pH 6.8 - 2.5 mL 

10 % SDS 240 mL 100 mL 

10 % APS 240 mL 100 mL 

TEMED 24 mL 10 mL 

Table 1: Components of 12% glycine SDS-PAGE required for four gels. 
 

LCMS preparation and analysis 

The trastuzumab Fab samples were buffer exchanged into LCMS grade H2O using 

ThermoFisher Zeba Spin desalting columns as per manufacturerôs instruction, followed by 

adjusting the concentration to 5 mM with LCMS grade H2O. 

 

LCMS of trastuzumab Fab conjugates was performed with an Agilent 6510 QTOF coupled to 

an Agilent 1200 HPLC. An Agilent PLRPS 1000 Å column (150 mm x 2.1 mm, 8 µM particle 

size) at 60 °C, 10 µL injection volume and 300 ɛL/min flow rate was used. Solvent A was 

LCMS grade H2O (0.1% formic acid), solvent B was LCMS grade MeCN (0.1% formic acid). 

The elution gradient in Table 2 was used. 

Time (min) Solvent A (%) Solvent B (%) 

0.00 85 15 

2.00 85 15 

3.00 68 32 

4.00 68 32 

14.00 65 35 

18.00 5 95 

20.00 5 95 

22.00 85 15 

25.00 85 15 

Table 2: LCMS gradient for trastuzumab Fab conjugates. 
 

Agilent 6510 QTOF was operated in a positive polarity mode, coupled with an ESI ion source, 

set up with the following parameters: VCap of 3500 V, gas temperature of 350 °C, dry gas 

flow rate at 10 L/min and nebuliser of 30 psig. MS Tof was acquired under the following 

conditions: fragmentor at 350 V, skimmer at 65 V and acquisition rate of 0.5 spectra/s in a 

profile mode, within a scan range 700-5000 m/z. The .d data was analysed by deconvolution 

of the spectra to zero-charge mass spectra using a maximum entropy deconvolution algorithm 

within the MassHunter software version B.07.00. 
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Preparation of trastuzumab Fab fragment 

A literature protocol involving sequential enzymatic digestion was followed.7 Trastuzumab 

(0.50 mL, 68.9 ɛM, 10.0 mg/mL) was buffer exchanged into NaOAc buffer via ultrafiltration (10 

kDa MWCO). The concentration was determined and adjusted to 44.0 ɛM with NaOAc buffer. 

Immobilised pepsin (0.15 mL) was also washed with NaOAc buffer (3 × 0.40 mL) using a 

Pierce centrifuge column. Trastuzumab (0.50 mL, 44.0 ɛM) was then added to the pepsin and 

the mixture was incubated at 37 °C for 5 h, under constant agitation (1,100 rpm). The pepsin 

resin was then removed from the digest by washing with digest buffer (4 × 0.40 mL). The 

digest was combined with the washes and a 5 mL falcon tube Vivaspin was used to 

concentrate to a volume of ~0.50 mL. The concentration of the F(abô)2 was determined and 

adjusted to 150.0 ɛM with digest buffer. Next, immobilised papain (0.65 mL) was activated 

with digest buffer containing 10 mM DTT, by incubation at 37 °C for 90 min under constant 

agitation (1,100 rpm). The papain resin was then washed with digest buffer without DTT using 

a Pierce centrifuge column. F(abô)2 (0.50 mL, 150.0 ɛM) was added to the washed papain and 

the mixture incubated at 37 °C for 20 h under constant agitation (1,100 rpm). The papain resin 

was then removed from the digest by washing with BBS buffer pH 7.4 (4 × 0.40 mL). The 

digest was combined with the washes and a 15 mL falcon tube Vivaspin was used to 

concentrate to a volume of ~1.0 mL. The concentration of the Fab was determined and 

adjusted to 100 ɛM with BBS pH 7.4. 50 ɛL aliquots were stored at -20 °C for up to 6 months.  

 

 

Figure 3: LCMS of trastuzumab Fab: (a) TIC chromatogram; (b) non-deconvoluted ion-
series; (c) deconvoluted mass spectrum, observed 47638 Da. 

(a) 

(b) 

(c) 
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2.2. Trastuzumab Fab bioconjugation 

Preparation of Fab conjugate 6 

 

Trastuzumab Fab (100 ɛM, 50.0 ɛL) in BBS pH 7.4 was reduced with TCEP (10 mM in dH2O, 

5 eq., 2.50 ɛL) at 37 ÁC for 90 min. The excess TCEP was removed via ultrafiltration (10 kDa 

MWCO) into BBS pH 7.4. The concentration was determined and adjusted to 40.0 ɛM, 106 

ɛL in BBS pH 7.4. To this reduced Fab, bis-bromomaleimide 3a (4 mM in DMF, 2 eq., 2.12 

ɛL) was added and incubated for 20 min at 22 ÁC. The excess bis-bromomaleimide 3a was 

removed via ultrafiltration (10 kDa MWCO) into PBS pH 6.0 to give conjugate 6, observed by 

LCMS.  

 

 

Figure 4: LCMS of conjugate 6: (a) TIC chromatogram; (b) non-deconvoluted ion-series; (c) 
deconvoluted mass spectrum, expected 47870 Da, observed 47871 Da. 

 

 

 

 

 

(a) 

(b) 

(c) 
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Irradiation of Fab conjugate 6 

 

Fab conjugate 6 was adjusted to 40.0 ɛM, 70.0 ɛL in PBS pH 6.0. This was then irradiated for 

2 min to give hydrolysed conjugate 7, observed by LCMS.  

 

 

 

 

Figure 5: LCMS of conjugate 7: (a) TIC chromatogram; (b) non-deconvoluted ion-series; (c) 
deconvoluted mass spectrum, expected 47888 Da, observed 47889 Da. 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 
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Testing the thiol stability of conjugate 6 with BME 

 

Conjugate 6 was buffer swapped into BBS pH 7.4 via ultrafiltration (10 kDa, MWCO). The 

concentration was determined and adjusted to 34.0 ɛM, 50.0 ɛL in BBS pH 7.4. To this, BME 

(10 mM in dH2O, 100 eq., 17.0 ɛL) was added and incubated for 2 h at 22 ÁC. LCMS observed 

multiple products. 

 

 

 

 

 

Figure 6: LCMS upon treatment of conjugate 6 with BME: (a) TIC chromatogram; (b) non-
deconvoluted ion-series; (c) deconvoluted mass spectrum; (d) zoomed in deconvoluted 

mass spectrum. Single addition of BME, expected 47948 Da, observed 47949 Da. Double 
addition of BME, expected 48026 Da, observed 48027 Da. 

 

 

(a) 

(b) 

(c) 

(d) 
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Testing the thiol stability of conjugate 6 with EDT 

 

Conjugate 6 was buffer swapped into BBS pH 7.4 via ultrafiltration (10 kDa, MWCO). The 

concentration was determined and adjusted to 50.0 ɛM, 62.6 ɛL in BBS pH 7.4. To this, EDT 

(50 mM in DMF, 100 eq., 6.26 ɛL) was added and incubated for 21 h at 37 °C. LCMS observed 

multiple products.  

 

 

 

 

 

Figure 7: LCMS upon treatment of conjugate 6 with EDT: (a) TIC chromatogram; (b) non-
deconvoluted ion-series; (c) deconvoluted mass spectrum; (d) zoomed in deconvoluted 
mass spectrum. Cleaved and re-oxidised Fab, expected 47638 Da, observed 47639 Da. 

EDT scrambled rebridged Fab, expected 47730 Da, observed 47731 Da. Single hydrolysis 
of conjugate 6, expected 47889 Da, observed 47890 Da. 

 

(a) 

(b) 

(c) 

(d) 






















