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A B S T R A C T   

A novel Trojan Horse conjugate consisting of an SO2-releasing 2,4-dinitrobenzenesulfonamide group attached to 
the monocatecholate siderophore aminochelin was synthesized to examine whether a bidentate catecholate 
siderophore unit could help potentiate the antimicrobial activity of SO2-releasing prodrugs. The conjugate ob-
tained displays rapid SO2 release on reaction with glutathione, and proved more active against Staphylococcus 
aureus than a comparable SO2-releasing prodrug lacking the siderophore unit, although activity required 
micromolar concentrations. The conjugate was inactive against wild-type Escherichia coli, but activity was 
observed against an entA mutant strain that is unable to produce its major siderophores. Hence, the poor activity 
of the conjugate in wild-type E. coli may be due to the production of native siderophores that can compete with 
the conjugate for iron binding and uptake.   

1. Introduction 

A rise in the number of bacterial strains resistant to both front-line 
treatments and “last resort” antibiotics means there is an urgent need 
for either the development of new antimicrobial agents with novel 
modes of action, or the modification of established antimicrobials in 
order to safeguard activity and extend clinical lifespans. [1–5] 

One strategy that has emerged in recent years for the treatment of 
infection is the design and utilization of prodrugs that can release 
gaseous molecules with antimicrobial properties, for example nitric 
oxide (NO) or carbon monoxide (CO). [6–9] These include the recently 
FDA-approved drugs pretomanid and delamanid (Fig. 1), where the ef-
fect of NO release on metabolism in Mycobacterium tuberculosis plays a 
key role in their activity. [10] 

Sulfur dioxide (SO2) has a long history of use as an antimicrobial in 
food technology, particularly in brewing. [11,12] Despite this, the first 
report of SO2-releasing prodrugs as antimicrobial agents was only pub-
lished in 2012 by Malwal et al., [13] who synthesized a series of 2,4-dini-
trobenzenesulfonamide prodrugs that undergo SO2 release on reaction 
with biological thiols via a nucleophilic aromatic substitution (SNAr) 
mechanism (Scheme 1). [13] A number of these prodrugs proved highly 
effective for treatment of Mycobacterium tuberculosis, [13,14] notably 
benzylamine derivative 1, which displays comparable activity to the 
front line TB drug isoniazid. Screening for activity vs. Gram-positive 
bacteria Staphylococcus aureus and Enterococcus faecalis, and Gram- 
negative Escherichia coli showed less efficacy, particularly in E. coli, 
where no antimicrobial activity was observed. [15] 

It is possible that the lack of activity for SO2-releasing prodrugs like 1 
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against E. coli indicates that the prodrugs are unable to permeate both 
membranes of Gram-negative bacteria, as these provide a significant 
barrier to a wide range of molecules, including many antibiotics. 
[16–19] We sought to modulate the uptake of similar SO2-releasing 
prodrugs via a siderophore-based Trojan Horse approach, since the latter 
has recently shown promise in the delivery of a variety of antimicrobial 
compounds. [20–28] The attachment of a siderophore unit to a 2,4-dini-
trobenzenesulfonamide prodrug may facilitate uptake of the resulting 
conjugate via iron-siderophore transport pathways in bacteria, thereby 
bypassing any membrane-associated barriers to uptake. 

2. Experimental 

2.1. Instrumentation 
1H/13C NMR were recorded on JeolECX or JeolECS 400 MHz spec-

trometers at 298 K. Where necessary, NMR assignments were confirmed 
using DEPT 135, 2D HMQC (1H-13C single bond) and HMBC (1H-13C 
multiple bond) correlation experiments. FTIR spectra were recorded 
using a Perkin-Elmer FT-IR Spectrum Two spectrometer (ATIR). High- 
resolution mass spectra were recorded on a Thermo-Finnigan LCQ 
Spectrometer or a Bruker microTOF by Mr. Karl Heaton and Dr. Rosaria 
Cercola. Elemental analysis was carried out by Dr. Graeme McAllister on 
an Exeter CE-440 elemental analyzer. UV–vis spectra were recorded on a 
Shimadzu UV-1800 Spectrophotometer using Starna Scientific quartz 
cuvettes (3/Q/10 or 21/Q/10, path lengths 1 cm). Uncorrected melting 
points were recorded using a Stuart Scientific SMP3 instrument. 

Preparative HPLC was performed on a Varian ProStar HPLC system 
with two 210 series pumps (25 mL), a 325 series UV detector, a model 
701 fraction collector and a model 410 autosampler using a SunFire Prep 
C18 column (10 μm, 19 × 250 mm). Preparative LCMS was performed 

on a Waters LCMS, with a Waters 3100 Mass Detector, Waters 996 
Photodiode Array Detector, Waters 2525 Binary Gradient Module, Wa-
ters 515 HPLC Pump, Waters SFO (System Fluidics Organiser) and a 
Waters 2767 Sample Manager using a SunFire Prep C18 column (10 μm, 
19 × 250 mm). 

Preparative HPLC Method A: 
Starting ratio is 40:60 MeCN + 0.1% Formic Acid (FA): H2O + 0.1% 

FA. Over 20 min the ratio is increased to 70:30 MeCN + FA: H2O + FA. 
The ratio was then reduced to 40:60 MeCN + FA: H2O + FA for 5 min to 
re-equilibrate the column. Flow rate 20 mL/min. 

Preparative LCMS Method A: 
Starting ratio is 50:50 MeCN + 0.1% Formic Acid (FA): H2O + 0.1% 

FA. Over 20 min the ratio is increased to 68:32 MeCN + FA: H2O + FA. 
The ratio was then reduced to 50:50 MeCN + FA: H2O + FA for 5 min to 
re-equilibrate the column. Flow rate 20 mL/min. 

2.2. Synthetic methods 

2,3-Bis(benzyloxy)benzoic acid (12), [29] N-(4-Aminobutyl)-2,3-bis 
(benzyloxy)benzamide hydrochloride (8), [30] N-(N′-tert-Butylox-
ycarbonylethane diamino)-2,3-bis(benzyloxy)benzamide (13), [31] N- 
(Aminoethyl)-2,3-bis(benzyloxy)benzamide, TFA salt (9), [31] N-(4- 
Aminobutyl)-benzamide (10), [32] N-Benzyl-2,4-dini-
trobenzenesulfonamide (1), [13] and N-Benzyl-2,4-dinitro-N-(prop-2- 
yn-1-yl)benzenesulfonamide (18) [15] were prepared according to 
literature procedures. Experimental protocols and characterization data 
are available in the Supporting Information. Compound structures with 
the atom numbering scheme used for NMR assignments are also avail-
able in the Supporting Information. 

2.2.1. Synthesis of 2,3-Bis(benzyloxy)-N-(4-(2,4- 
dinitrobenzenesulfonamido)butyl) benzamide (15) 

2,4-Dinitrobenzenesulfonyl chloride (0.147 g, 0.549 mmol) was 
placed under N2, then dissolved in dry DCM (25 mL). The solution was 
cooled to 0 ◦C, then N-(2,3-Bis(benzyloxy)benzoyl)diaminobutane hy-
drochloride (8, 0.221 g, 0.500 mmol) and lutidine (0.25 mL, 2.15 mmol) 
added. The reaction was stirred at 0 ◦C for 5 h, and then allowed to warm 
to room temperature overnight. After stirring for 28 h, water (25 mL) 
was added and the organic layer separated. The aqueous layer was 
extracted with DCM (2 × 20 mL), then the combined organic layers were 
washed with 1 M aq. HCl (40 mL), water (40 mL) and brine (40 mL), 
dried over MgSO4 and the DCM removed in vacuo to give a beige solid 
(0.312 g, 0.491 mmol, 98%). M.p. = 169–170 ◦C. Rf = 0.17 (8:1 DCM: 
EtOAc). 

1H NMR: (400 MHz, DMSO‑d6) δH ppm: 8.89 (1H, d, J = 2.5 Hz, 
H28), 8.62 (1H, dd, J = 9.0, 2.5 Hz, H26), 8.48 (1H, t, J = 6.0 Hz, H23), 
8.22 (1H, d, J = 9.0 Hz, H25), 8.16 (1H, t, J = 6.0 Hz, H18), 7.50–7.49 
(2H, m, Ar H), 7.43–7.23 (9H, m, Ar H), 7.12 (1H, t, J = 8.0 Hz, H3), 7.08 
(1H, dd, J = 7.5, 2.0 Hz, H4), 5.20 (2H, s, H8 or 13), 4.99 (2H, s, H8 or 
13), 3.13 (2H, app. q, J = 6.5 Hz, H19), 2.90 (2H, app. q, J = 6.5 Hz, 

Fig. 1. Structure of FDA-approved antimicrobials delamanid and pretomanid.  

Scheme 1. Structure of SO2-releasing prodrug 1 (top) and mechanism of SO2 release on reaction with biological thiols (bottom).  
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H22), 1.44–1.36 (4H, m, H20 and 21). 
13C NMR: (100 MHz, DMSO‑d6) δC ppm: 165.6 (C7), 151.6 (C5), 

149.6 (C27), 147.7 (C29), 145.1 (C6), 137.8 (C24), 137.1, 136.8 (C9 and 
14), 131.2 (C25), 131.1 (C1), 128.5, 128.3, 128.2, 128.0, 127.8 (C10–12 
and 15–17), 127.3 (C26), 124.2 (C3), 120.7 (C4), 120.1 (C28), 115.8 
(C2), 75.1, 70.2 (C8 and 13), 42.5 (C22), 38.3 (C19), 26.6, 26.1 (C20 and 
21). 

HRMS (ESI): Calcd. [M + H]+ (C31H31N4O9S) m/z = 635.1806; Obs. 
[M + H]+ m/z = 635.1824, Mean err −2.2 ppm. Calcd. [M + Na]+
(C31H30N4NaO9S) m/z = 657.1626; Obs. [M + Na]+ m/z = 657.1642, 
Mean err −2.5 ppm. 

IR (ATIR, cm−1): 3375 (amide NH stretch, m), 3159 (sulfonamide NH 
stretch, m), 3130–2870 (C–H stretching, w), 1633 (C––O stretch, s), 
1573 (N––O/C––C stretches, m), 1554 (N––O/C––C stretches, s), 1538 
(N––O/C––C stretches, s), 1348 (S––O/N––O stretch, s), 1165 (S––O 
stretch, s). 

2.2.2. Synthesis of N-(4-((2,4-Dinitrophenyl)sulfonamido)butyl)-2,3- 
dihydroxybenzamide (2) 

15 (0.200 g, 0.315 mmol) was placed in a 3-necked RBF, then the 
flask purged with N2, and dry DCM (7.5 mL) added. Boron tribromide (1 
M in DCM, 0.79 mL, 0.790 mmol) was added dropwise and the reaction 
stirred under flow of N2 at room temperature for 7 h. Wet methanol (25 
mL) was added to quench any remaining BBr3, then the solvent removed 
in vacuo. MeOH (3 × 15 mL) was added and removed under vacuum, 
giving an orange-brown solid. The crude product was purified by pre-
parative HPLC chromatography using Prep. HPLC Method A to give 2 as 
a yellow solid (63.4 mg, 0.140 mmol, 40%). M.p. = 133–134 ◦C. 

1H NMR: (400 MHz, MeCN-d3) δH ppm: 12.99 (1H, s, H8), 8.59 (1H, 
d, J = 2.0 Hz, H20), 8.48 (1H, dd, J = 8.5, 2.0 Hz, H18), 8.24 (1H, d, J =
8.5 Hz, H17), 7.39–7.25 (1H, m, H10 or 15), 7.03 (1H, dd, J = 8.0, 1.0 
Hz, H2), 6.96 (1H, dd, J = 8.0, 1.0 Hz, H4), 6.73 (1H, app. t, J = 8.0 Hz, 
H3), 6.55 (1H, br s, H9), 6.19 (1H, br t, J = 6.0 Hz, H10 or 15), 3.31 (2H, 
app. q, J = 6.0 Hz, H14), 3.13 (2H, app. q, J = 6.0 Hz, H11), 1.61–1.49 
(4H, m, H12 and 13). 

13C NMR: (100 MHz, MeCN-d3) δC ppm: 171.2 (C7), 151.0 (C19), 
150.5 (C6), 148.9 (C21), 146.8 (C5), 139.4 (C16), 133.1 (C17), 128.1 
(C18), 121.3 (C20), 119.2, 119.1 (C3 and 4), 117.6 (C2), 115.2 (C1), 
44.0 (C14), 39.3 (C11), 27.5, 26.9 (C12 and 13). 

HRMS (ESI): Calcd. [M + H]+ (C17H19N4O9S) m/z = 455.0867; Obs. 
[M + H]+ m/z = 455.0869, Mean err −3.4 ppm. Calcd. [M + Na]+
(C17H18N4NaO9S) m/z = 477.0687; Obs. [M + Na]+ m/z = 477.0680, 
Mean err 1.0 ppm. 

IR (ATIR, cm−1): 3527 (OH stretch, w), 3444 (amide NH stretch, w), 
3258 (OH stretch – H bonded, w br), 3104 (sulfonamide NH stretch, w), 
3100–2850 (C–H stretching, w), 1641 (C––O stretch, m), 1599 (N––O/ 
C––C stretches, m), 1532 (N––O/C––C stretches, s), 1346 (S––O stretch, 
s), 1333 (N––O stretch, s), 1164 (S––O stretch, s). 

2.2.3. Synthesis of 2,3-Bis(benzyloxy)-N-(4-(2,4- 
dinitrobenzenesulfonamido)ethyl)benzamide (16) 

9 (77.9 mg, 0.159 mmol) was dissolved in 1 M aq. NaOH solution (4 
mL), and stirred for 30 min, then the solution extracted with DCM (3 × 5 
mL), dried over MgSO4 and the solvent removed to give a clear pale 
yellow oil. The oil was dissolved in anhydrous DCM (10 mL), and the 
solution cooled to 0 ◦C, then 2,4-dinitrobenzenesulfonyl chloride (45.6 
mg, 0.171 mmol) and lutidine (71 μL, 0.613 mmol) were added, and the 
reaction was allowed to warm to room temperature and stirred for 24 h. 
Water (10 mL) was added and the organic layer separated. The aqueous 
layer was extracted with DCM (2 × 10 mL), then the combined organic 
layers were washed with 1 M aq. HCl (15 mL), water (20 mL) and brine 
(15 mL), dried over MgSO4 and the DCM removed in vacuo to give a 
yellow-green oil (83.4 mg, 0.137 mmol, 86%). M.p. = 137–139 ◦C. Rf =
0.36 (DCM). 

1H NMR: (400 MHz, MeOD) δH ppm: 8.46 (1H, d, J = 2.5 Hz, H26), 
8.22 (1H, dd, J = 8.5, 2.5 Hz, H24), 8.11 (1H, d, J = 8.5 Hz, H23), 

7.57–7.54 (2H, m, Ar H), 7.45–7.35 (3H, m, Ar H), 7.32–7.20 (7H, m, Ar 
H), 7.10 (1H, t, J = 8.0 Hz, H3), 5.17 (2H, s, H8 or 13), 4.99 (2H, s, H8 or 
13). The peaks for H19 and H20 were hidden under the MeOH solvent 
peak, but were visible on HMQC and HMBC spectra. 

13C NMR: (100 MHz, MeOD) δC ppm: 167.9 (C7), 153.1 (C5 or 6), 
150.5, 149.0 (C25 and 27), 147.4 (C5 or 6), 140.8 (C22), 138.0, 137.7 
(C9 and 14), 133.0 (C23), 130.1, 129.7, 129.6, 129.4, 129.3 (C10–12 and 
15–17), 128.0 (C24), 127.9 (C1), 125.5 (C3), 123.0 (C2), 121.4 (C26), 
118.3 (C4), 77.2, 72.1 (C8 and 13), 44.0, 40.5 (C19 and 20). 

HRMS (ESI): Calcd. [M + Na]+ (C29H26N4NaO9S) m/z = 629.1313; 
Obs. [M + Na]+ m/z = 629.1300, Mean err 2.8 ppm. 

IR (ATIR, cm−1): 3360 (amide NH stretch, w), 3099 (sulfonamide NH 
stretch, w), 3050–2850 (C–H stretching, w), 1644 (C––O stretch, m), 
1575 (N––O/C––C stretches, m), 1537 (N––O/C––C stretches, s), 1454 
(N––O/C––C stretches, s), 1346 (S––O stretch, s), 1165 (S––O stretch, s). 

2.2.4. Synthesis of N-[2-(2,4-Dinitrobenzenesulfonamido)ethyl]-2,3- 
dihydroxybenzamide (5) 

16 (0.118 g, 0.195 mmol) was dissolved in dry DCM (5 mL) and 
placed in a 3-necked RBF, then the flask purged with N2. Boron tri-
bromide (1 M in DCM, 0.488 mL, 0.488 mmol) was added dropwise and 
the reaction stirred under flow of N2 at room temperature overnight. 
Extra DCM (5 mL) was added in the morning as the reaction had almost 
dried out. Wet methanol (25 mL) was added to quench any remaining 
BBr3, then the solvent removed in vacuo. MeOH (3 × 20 mL) was added 
and removed under vacuum, giving a yellow-orange oil. The crude 
product was purified by preparative LCMS chromatography using Prep. 
LCMS Method A to give a yellow solid (45.6 mg, 0.107 mmol, 55%). M.p. 
= 175–177 ◦C. 

1H NMR: (400 MHz, MeCN-d3) δH ppm: 12.59 (1H, br s, H8), 8.45 
(1H, d, J = 2.0 Hz, H18), 8.32 (1H, dd, J = 8.5, 2.5 Hz, H16), 8.18 (1H, d, 
J = 8.5 Hz, H15), 7.41 (1H, br s, H10 or 13), 6.88 (1H, d, J = 8.0 Hz, H4), 
6.84 (1H, d, J = 8.0 Hz, H2), 6.66 (1H, app. t, J = 8.0 Hz, H3), 6.60–6.30 
(2H, m, H9 and H10 or 13), 3.50–3.40 (4H, m, H11 and 12). 

13C NMR: (100 MHz, MeCN-d3) δC ppm: 171.5 (C7), 150.39, 150.36 
(C6 and 17), 148.6 (C19), 146.7 (C5), 139.7 (C14), 132.8 (C15), 128.2 
(C16), 121.2 (C18), 119.5 (C4), 119.3 (C3), 117.7 (C2), 114.7 (C1), 
43.9, 39.7 (C11 and 12). 

HRMS (ESI): Calcd. [M + Na]+ (C15H14N4NaO9S) m/z = 449.0374; 
Obs. [M + Na]+ m/z = 449.0376, Mean err −1.1 ppm. 

IR (ATIR, cm−1): 3436 (OH stretch, m), 3407 (amide NH stretch, m), 
3114 (sulfonamide NH stretch, w), 3110–2850 (C–H stretching, w), 
1639 (C––O stretch, m), 1599 (N––O/C––C stretches, m), 1546 (N––O/ 
C––C stretches, s), 1534 (N––O/C––C stretches, s), 1346 (S––O stretch, 
s), 1336 (N––O stretch, s), 1163 (S––O stretch, s). 

2.2.5. Synthesis of N-[4-(2,4-Dinitrobenzenesulfonamido)butyl]benzamide 
(6) 

2,4-Dinitrobenzenesulfonyl chloride (0.157 g, 0.590 mmol) was 
placed under N2, then dissolved in dry DCM (10 mL). The solution was 
cooled to 0 ◦C, then 10 (0.107 g, 0.555 mmol) was dissolved in in dry 
DCM (10 mL) and added. Lutidine (0.26 mL, 2.23 mmol) was then 
added, and the reaction was allowed to warm to room temperature and 
stirred for 24 h. As the reaction had not gone to completion, extra sul-
fonyl chloride (0.02 g, 0.07 mmol) and lutidine (0.08 mL, 0.69 mmol) 
were added and the reaction stirred for an additional 72 h. Water (20 
mL) was added and the organic layer separated. The aqueous layer was 
extracted with DCM (2 × 20 mL), then the combined organic layers were 
washed with 1 M aq. HCl (35 mL), water (30 mL) and brine (30 mL), 
dried over MgSO4 and the DCM removed in vacuo to give a viscous or-
ange oil, which solidified overnight to form a brown solid (0.112 g, 
0.264 mmol, 48%). M.p. = 145 ◦C. 

1H NMR: (400 MHz, MeOD) δH ppm: 8.68 (1H, d, J = 2.5 Hz, H16), 
8.55 (1H, dd, J = 8.5, 2.5 Hz, H14), 8.31 (1H, d, J = 8.5 Hz, H13), 7.77 
(2H, dt, J = 7.0, 1.5 Hz, H2), 7.53 (1H, tt, J = 7.0, 1.5 Hz, H4), 7.45 (2H, 
tt, J = 7.0, 1.5 Hz, H3), 3.35 (2H, t, J = 7.0 Hz, H7), 3.16 (2H, t, J = 7.0 
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Hz, H10), 1.69–1.54 (4H, m, H8 and 9). 
13C NMR: (100 MHz, MeOD) δC ppm: 170.2 (C5), 151.3, 149.5 (C15 

and 17), 140.3 (C12), 135.7 (C1), 133.2 (C13), 132.6 (C4), 129.6 (C3), 
128.2 (C2), 127.9 (C14), 121.4 (C16), 44.1 (C10), 40.2 (C7), 28.3, 27.6 
(C8 and 9). 

HRMS (ESI): Calcd. [M + H]+ (C17H19N4O7S) m/z = 423.0969; Obs. 
[M + H]+ m/z = 423.0967, Mean err −0.3 ppm. Calcd. [M + Na]+
(C17H18N4NaO7S) m/z = 445.0788; Obs. [M + Na]+ m/z = 445.0784, 
Mean err 1.1 ppm. 

IR (ATIR, cm−1): 3452 (amide NH stretch, w), 3159 (amide NH 
stretch II, w br), 3105 (sulfonamide NH stretch, w), 3050–2800 (C–H 
stretching, w), 1654 (C––O stretch, s), 1603 (N––O/C––C stretches, w), 
1580 (N––O/C––C stretches, w), 1550 (N––O/C––C stretches, s), 1524 
(N––O/C––C stretches, s), 1361 (N––O stretch, s), 1343 (S––O stretch, s), 
1164 (S––O stretch, s). 

2.2.6. Synthesis of 2,3-Bis(benzyloxy)-N-{4-[(2,4-dinitrophenyl)amino] 
butyl}benzamide (17) 

8 (0.109 g, 0.247 mmol) was placed under N2, then dissolved in dry 
DCM (6 mL). 1-Chloro-2,4-dinitrobenzene (50.9 mg, 0.251 mmol) and 
Et3N (0.105 mL, 0.753 mmol) were added, and the resulting yellow 
solution was stirred at room temperature for 24 h. Extra DCM (5 mL) and 
water (10 mL) were added and the layers separated. The aqueous layer 
was extracted with DCM (2 × 10 mL), then the combined organic layers 
were washed with 1 M aq. HCl (15 mL), water (15 mL), 1 M NaHCO3 
solution (5 mL) and brine (15 mL), dried over MgSO4 and the DCM 
removed in vacuo. The crude product was purified by column chroma-
tography (silica gel, 2:1 EtOAc:40–60 ◦C pet. ether) to give 17 as a 
yellow-orange glassy solid (92.0 mg, 0.161 mmol, 65%). M.p. =
113–114 ◦C. Rf = 0.71 (EtOAc); 0.62 (9:1 DCM:MeOH); 0.31 (2:1 
EtOAc:40–60 ◦C pet. ether). 

1H NMR: (400 MHz, DMSO‑d6) δH ppm: 8.85–8.82 (2H, m, H23 and 
28), 8.24–8.18 (2H, m*, H18 and 26), 7.51–7.48 (2H, m, Ar H), 
7.43–7.31 (5H, m, Ar H), 7.29–7.25 (4H, m, Ar H), 7.17 (1H, d, J = 10.0 
Hz, H25), 7.12 (1H, t, J = 8.0 Hz, H3), 7.08 (1H, dd, J = 8.0, 2.0 Hz, H2 
or 4), 5.20 (2H, s, H8 or 13), 4.99 (2H, s, H8 or 13), 3.43 (2H, app. q, J =
6.5 Hz, H22), 3.24 (2H, app. q, J = 6.5 Hz, H19), 1.63–1.46 (4H, m, H20 
and 21). 

* t and dd overlapping. 
13C NMR: (100 MHz, DMSO‑d6) δC ppm: 165.7 (C7), 151.6 (C5), 

148.1 (C27), 145.1 (C6), 137.1, 136.8 (C9 and 14), 134.6 (C1), 131.3 
(C24), 129.9 (C26), 129.6 (C29), 128.5, 128.23, 128.16, 128.02, 127.97, 
127.8 (C10–12 and 15–17), 124.2, 123.7 (C28 and C2 or 4), 120.7 (C3), 
115.7, 115.3 (C25 and C2 or 4), 75.1, 70.1 (C8 and 13), 42.3 (C22), 38.6 
(C19), 26.3, 25.5 (C20 and 21). 

HRMS (ESI): Calcd. [M + H]+ (C31H31N4O7) m/z = 571.2187; Obs. 
[M + H]+ m/z = 571.2192, Mean err −1.1 ppm. Calcd. [M + Na]+
(C31H30N4NaO7) m/z = 593.2007; Obs. [M + Na]+ m/z = 593.2015, 
Mean err −0.2 ppm. Calcd. [M + K]+ (C31H30KN4O7) m/z = 609.1746; 
Obs. [M + K]+ m/z = 609.1749, Mean err −1.0 ppm. 

IR (ATIR, cm−1): 3376 (amide NH stretch, m), 3115–2875 (C–H 
stretching, w), 1651 (C––O stretch, s), 1617 (N––O/C––C stretches, s), 
1586 (N––O/C––C stretches, s), 1575 (N––O/C––C stretches, s), 1520 
(N––O/C––C stretches, s), 1336 (N––O stretch, s). 

2.2.7. Synthesis of N-{4-[(2,4-Dinitrophenyl)amino]butyl}-2,3- 
dihydroxybenzamide (7) 

17 (0.067 g, 0.117 mmol) was placed in a 3-necked RBF, then the 
flask purged with N2, and dry DCM (3.5 mL) added. Boron tribromide (1 
M in DCM, 0.40 mL, 0.400 mmol) was added dropwise and the reaction 
stirred at room temperature for 22 h. Wet methanol (15 mL) was added 
to quench any remaining BBr3, then the solvent removed in vacuo. MeOH 
(3 × 15 mL) was added and removed under vacuum, giving an orange- 
black solid. The crude product was purified by preparative HPLC chro-
matography using Prep. LCMS Method A to give 7 as a brown solid (9.9 
mg, 0.025 mmol, 22%). 

1H NMR: (400 MHz, DMSO‑d6) δH ppm: 12.80 (1H, s, H8), 9.13 (1H, 
br s, H9), 8.91 (1H, br t, J = 6.0 Hz, H10 or 15), 8.84 (1H, d, J = 2.5 Hz, 
H20), 8.80 (1H, br t, J = 6.0 Hz, H10 or 15), 8.23 (1H, dd, J = 9.5, 2.5 
Hz, H18), 7.26–7.22 (2H, m, H17 and H2 or 4), 6.88 (1H, dd, J = 8.0, 2.0 
Hz, H2 or 4), 6.64 (1H, t, J = 8.0 Hz, H3), 3.53 (2H, app. q, J = 6.0 Hz, 
H14), 3.37–3.20 (2H, m, H11), 1.71–1.59 (4H, m, H12 and 13). 

HRMS (ESI): Calcd. [M + H]+ (C17H19N4O7) m/z = 391.1248; Obs. 
[M + H]+ m/z = 391.1251, Mean err −0.7 ppm. 

2.3. SO2 release studies 

1 mM stock solutions of the compounds for SO2 release study were 
made up in MeCN. Other stock solutions were prepared as follows: 

HEPES Buffer 20 mm pH 7.4 
HEPES buffer was made fresh every three months. The pH of a stock 

solution of 100 mM HEPES was adjusted to pH 7.4 by addition of 
aqueous sodium hydroxide, then diluted to 20 mM. 

Glutathione 
10 mM stock solutions of glutathione in 20 mM HEPES buffer (pH 

7.4) were made fresh before every experiment, and the stocks renewed 
daily. 

Dye 20 
A 1 mM stock of SO2-releasing dye 20 was made up in MeCN via a 10- 

fold dilution from a 10 mM stock. A new stock was made up every 6 
months. 

Fe(NTA) Solution 
Nitrilotriacetic acid trisodium salt (0.1 mmol) was dissolved in AAS 

absorption standard Fe(NO3)3 solution (0.0179 M, 5.587 mL). This so-
lution was made up to 10 mL with milliQ H2O, to give a final solution 
containing 0.01 M Fe(NO3)3 and 0.01 M NTA. 

SO2 release experiments were carried out in quartz cuvettes. First, a 
100 μM solution of the desired conjugate was made up from 250 μL 
conjugate stock solution (1 mM) + 2250 μL HEPES, and used to record a 
baseline on the on the UV–vis spectrometer. A second solution of the 
conjugate was made up from 250 μL 1 mM stock solution +2000 μL 
HEPES buffer. 250 μL 10 mM GSH was then added, and the solution 
mixed quickly via pipette, before being transferred to the UV–vis spec-
trometer for measurement of the absorption spectra at regular time 
intervals. 

For experiments with dye 20, a baseline cuvette was made up from 
250 μL conjugate (1 mM) + 2225 μL HEPES buffer +25 μL MeCN, and a 
reaction cuvette from 250 μL conjugate (1 mM) + 1975 μL HEPES buffer 
+25 μL dye 20 (1 mM) + 250 μL GSH. For experiments with iron-bound 
conjugate, a baseline stock solution was made up from 250 μL conjugate 
(1 mM) + 2225 μL HEPES buffer +25 μL 3.33 mM Fe(NTA), and a re-
action solution from 250 μL conjugate (1 mM) + 1975 μL HEPES buffer 
+25 μL 3.33 mM Fe(NTA) + 250 μL GSH. 

2.4. Biological studies 

2.4.1. Preparation of media 
Stock solutions of 2, 7 and 18 were made up in MeCN, and a stock 

solution of aminochelin was made up in DMSO. All other solutions and 
media were prepared using distilled H2O (dH2O) and sterilised by 
autoclave or filter sterilisation prior to use. The antibiotic kanamycin 
was added when required to select for mutant strains. For undefined rich 
media, TSB and LB solids were purchased from commercial sources and 
used as directed. A chemically-defined M9 Minimal Medium was pre-
pared from stock solutions of commercial SigmaAldrich 5× M9 salts, 
20% glucose, 1 M MgSO4, and 1 M CaCl2. 10% casamino acids can also 
be added. For Chelex-treated M9 media, 5% w/v Chelex resin was stirred 
with each stock solution for 1 h, before passing through a 0.22 μM pore 
cellulose acetate membrane bottle-top vacuum filtration system (Corn-
ing, New York, USA). 

Working under defined conditions: For both cell-containing M9- 
based overnight starter cultures, final inoculum and cell-free M9 media 
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controls, a total volume of 20 mL each was prepared and used to either 
inoculate or load their respective wells in 96-well plates for bacterial 
growth curve experiments. 

A 20 mL working stock of M9 media was made up as shown in 
Table 1: 

Composition of M9-based final inoculum: A sterile conical flask 
containing the M9 components in their requisite volumes was made up, 
then a preliminary volume of dH2O (10.725 mL) added. A 1 mL 
homogenised suspension of the overnight starter culture (see Section 
2.4.2) was taken and transferred into a 1 mL Kartell cuvette and the 
OD600 measured using a Jenway spectrophotometer or the cuvette mode 
of the Epoch 2 plate reader (BioTek, Vermont, USA); if this value 
exceeded the dynamic range of the instrument, the culture was diluted 
by 20-fold, then the resulting value multiplied to give the extrapolated 
OD600 of the starter culture. From this OD600 value, the volume of starter 
culture required to give an OD600 of 0.05 in the inoculum was calcu-
lated, and this volume taken and added to the M9-containing flask. The 
resulting suspension was then made up to 20 mL with dH2O. Other 
additives e.g. Fe(NTA) can be added in place of an equivalent volume of 
dH2O. 

2.4.2. Bacterial growth assays 
Starter cultures for bacterial growth curve experiments were pre-

pared by making up 20 mL of the selected media (defined or undefined) 
in a sterile 125 mL conical flask, followed by inoculation with partially 
thawed bacterial glycerol stocks. Inoculation was carried out by either 
directly pipetting 10 μL of the glycerol stock into the starter culture, or 
by dipping a 10 μL loop from the glycerol stocks into the culture. The 
cultures were incubated overnight at 37 ◦C with agitation at 200 rpm. 

Growth assays were carried out in 96-well plates using an Epoch 2 
plate reader (BioTek, Vermont, USA). A final inoculum was made up for 
the selected bacteria and media as detailed above (for M9-based work 
see Section 2.4.1). Wells were made up to a total volume of 200 μL, and 
no more than 2% organic solvents; both the moats (1.7 mL per quadrant) 
and the edge wells (200 μL) were filled with dH2O. Control wells con-
sisted of blank media (cell-free, 200 μL) or final inoculum (drug-free, 
200 μL); a solvent control containing final inoculum (196 μL) and the 
solvent used for the test compound (4 μL) was also set up. For sample 
wells, final inoculum (196 μL) was added, then 4 μL of test compound 
stock solutions were added, respectively. The plates were incubated at 
37 ◦C and shaken continuously in a double orbital pattern, where OD600 
was recorded initially after 5 s, then at half-hourly intervals for the 
following 24 h. 

3. Results and discussion 

3.1. Compound design 

Initially, a simple conjugate (2) based on the monocatechol side-
rophore aminochelin was envisaged (Fig. 2). The use of a monocatechol 
was in part inspired by the success in clinical trials of the Trojan Horse 
antimicrobial cefiderocol (Fig. 2), which contains a monocatechol unit 
and displays activity against a number of Gram-negative species. 
[33–35] 

Two previous aminochelin-based conjugates in the literature have 
shown reasonable activity against their target bacteria (Fig. 3), [36,37] 
including oxazolidinone conjugate 4, which displayed 8× higher ac-
tivity against Pseudomonas aeruginosa compared to the parent antibiotic. 
[37] This is notable as the parent oxazolidinone is inactive against 
Gram-negative bacteria due to poor membrane permeability. 

Two additional SO2-releasing conjugates, an analogue of target 
compound 2 containing a 2‑carbon linker (5), and catechol-free conju-
gate (6), were designed to probe the effects of linker length and the 
presence of the iron-binding catechol group on the rate of SO2 release 
from the conjugates. In addition, compound 7, a close structural 
analogue of 2 that lacks the ability to release SO2, was designed as a 
control for biological experiments. The latter will help to determine 
whether any antimicrobial activity observed stems from SO2 release, or 
from the underlying chemical structure of the conjugate (Fig. 4). 

Table 1 
Stock solutions and volumes used for preparation of a 20 mL working stock of 
M9 media, where dH2O may be deducted to make room for defined bacterial 
suspensions or other supplements as required.  

Stock Solutions (autoclaved or filter-sterilised) Volume 
dH2O 14.725 mL 
5× M9 Salts 4 mL 
(Optional: 10% casamino acids) (800 μL) 
20% glucose 400 μL 
1 M MgSO4 40 μL 
1 M CaCl2 2 μL 
(Optional for mutant: 30 mg/mL kanamycin) 33.33 μL (for 50 μg/mL final)  

Fig. 2. Structures of monocatechol siderophore aminochelin, Trojan Horse antimicrobial cefiderocol, and 2,4-dinitrobenzenesulfonamide conjugate 2 (antimicrobial 
unit highlighted in red). 
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3.2. Synthesis 

The amine components required for the preparation of the targeted 
sulfonamides were synthesized according to literature procedures 
(benzyl-protected aminochelin 8 [30], 9 [31] and 10 [32], Scheme 2). 

Installation of the 2,4-dinitrobenzenesulfonamide units for SO2 
release was achieved by reaction of the corresponding amines with 
commercially-available 2,4-dinitrobenzenesulfonyl chloride (DNS-Cl) to 
give 6, 15 and 16. Conjugates 2 and 5 were obtained following BBr3- 
mediated deprotection of 15 and 16 (Scheme 3). 

Control compound 7 was synthesized via an SNAr reaction of 8 with 
1-chloro-2,4-dinitrobenzene, followed by BBr3-mediated removal of the 
benzyl groups (Scheme 4). Finally, the synthesis of previously-reported 
prodrugs 1 and 18 was carried out from benzylamine (19) according to 
the literature (Scheme 4). [13,15] 

3.3. SO2 release 

Qualitative identification of SO2 release from the synthesized sul-
fonamides was confirmed via their reaction with glutathione (GSH) in 
aqueous buffer (10% MeCN in HEPES) in the presence of a SO2-detecting 
dye, 20. On reaction with sulfite, formed from SO2 release in aqueous 
solution, the dye undergoes a colorimetric change from pink to yellow, 
which can be followed by UV–vis spectroscopy. The rate of SO2 release 
from the synthesized conjugates was determined by observing the for-
mation of the 2,4-dinitrobenzene-GSH conjugate (21, Scheme 5) via 
UV–vis spectroscopy; the conjugate exhibits a well-defined UV–vis ab-
sorption band at 340 nm (extinction coefficient: 10500 M−1 cm−1). 
[38,39] 

Benzylamine conjugate 1, aminochelin conjugate 2 and catechol-free 
conjugate 6, all display similar SO2 release rates, with the majority of 
release taking place within the first hour. Comparison of the release 
rates of 2 and 6 suggests the catechol groups of aminochelin have a small 
negative effect on the rate of SO2 release. Compound 5, with its shorter 
2‑carbon linker between the catechol and 2,4-dinitrobenzenesulfona-
mide groups, displays a drastically reduced release rate. Given the 
shorter linker length between the catechol and the dinitrobenzene ring 
in 5, it is possible that there is some form of intramolecular interaction 
between these two rings, whether in the form of pi-pi stacking, or in the 
form of hydrogen bonding between the substituents. This could have the 
effect of hindering the nucleophilic attack of glutathione on the sul-
fonamide (Fig. 5). 

SO2 release from 2 and 5 was also probed in the presence of Fe(III) to 
examine the effects of iron coordination on the rate of SO2 release. One 
equivalent of Fe(III) was added for every three equivalents of ligand to 
try to favor the formation of a tris-catecholate complex. On addition of 
Fe(III) to a solution of 2 or 5, a purple-blue color forms, suggesting the 
formation of an iron complex. A clear increase in release rate for the 
iron-bound conjugates is observed in both cases (Fig. 6). 

3.4. Biological screening 

3.4.1. S. aureus 
Three compounds were selected for investigation of their antimi-

crobial properties: aminochelin conjugate 2, control compound 7 and 
prodrug 18. The compounds were first screened against a strain of 
S. aureus (NCTC 6571). Prodrug 18 has previously displayed efficacy 
against two strains of S. aureus. [15] Growth assays were carried out in 
nutrient-rich Tryptic Soy Broth (TSB) in 96-well plates. [40] Growth 
inhibition is observed at high concentrations (50 to 500 μM) of 2 and 18, 
although with notable loss of activity over time for all concentrations 
apart from 500 μM 2 (Fig. 7). No activity was observed for 7. The 

Fig. 3. Previously reported Trojan Horse conjugates utilizing aminochelin as a 
siderophore component (antimicrobial unit highlighted in red). 

Fig. 4. Structures of sulfonamide analogues designed to probe the nature of SO2 release and antimicrobial activity.  
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Scheme 2. Synthesis of amine components. a) 1) BnCl, K2CO3, EtOH, reflux, 24 h; 2) Sodium chlorite, sulfamic acid, acetone:H2O (5:4), 2 h, 67% over two steps; b) 
1,4-diaminobutane, CDI, THF, 22 h, 38%; c) N-Boc ethylenediamine, EDC.HCl, HOBt, DCM, 24 h, 88%; d) TFA (10% v/v), DCM, 4 h, 77%; e) 1,4-Diaminobutane, 
H2O, N2, 50 ◦C, 24 h, 60%. 

Scheme 3. Synthesis of 2,4-dinitrobenzenesulfonamide conjugates 2, 5, and 6. a) 2,4-Dinitrobenzenesulfonyl chloride, lutidine, DCM (anhydrous), 0 ◦C to rt., 20–96 
h, 48–98%; b) BBr3, DCM (anhydrous), rt., 7–24 h, 40–55%. 
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antimicrobial activity of 2 is improved compared to 18, potentially 
indicating that the aminochelin unit is able to facilitate better uptake 
into the cells, and therefore the release of more SO2. The shape of the 
growth curves differs from the typical sigmoidal curves observed for 
bacterial growth. [41] A biphasic growth curve can indicate a change in 
the metabolism of the bacteria, [42] or indicate that the bacteria are able 

to tolerate the presence of an antimicrobial, and even overcome it 
completely, and it is not exactly clear where the bacteria display these 
growth kinetics. [43,44] Extracts from wells containing 500 μM of 2 
displayed growth when spread out on an agar plate, indicating bacte-
riostatic rather than bactericidal behavior (Fig. S1). 

3.4.2. E. coli 
The compounds were also screened in an analogous fashion for their 

activity against E. coli. Screening was first carried out in nutrient-rich LB 
media, with all three compounds displaying no activity over 24 h 
(Fig. 8). For aminochelin conjugate 2, this could suggest a high abun-
dance of iron in the media making the expression of outer membrane 
transporters unnecessary. Outer membrane transporters for iron- 
siderophores are generally not present in iron-rich conditions. [45] In 
addition, native siderophores with higher affinity for iron could be 
present, and these could outcompete 2 for iron binding, thereby pre-
venting uptake. 

Screening was then carried out in M9 media supplemented with 
casamino acids. This nutrient-poor and well-defined media was intended 
to provide an iron-poor environment, which would better mimic the 
iron-poor growth conditions that would be present in the host organism, 
and lead to greater expression of bacterial outer membrane transporters 
for iron-siderophores, and hence improved uptake of 2. As with LB 
media, all three conjugates proved inactive (Fig. 8). Again, it is possible 
that 2 is outcompeted for iron binding by the high-affinity native 

Scheme 4. Synthesis of compound 7 and Chakrapani’s prodrugs 1 and 18. a) 1-Chloro-2,4-dinitrobenzene, Et3N, DCM (anhydrous), 18 h, 71%; b) BBr3, DCM 
(anhydrous), N2, 22 h, 22%; c) Benzylamine, pyridine, DCM (anhydrous), 0 ◦C to rt., 24 h, 65%; d) propargyl bromide, K2CO3, DMF, rt., 24 h, 68%. 

Scheme 5. Structure of SO2-detecting dye 20 and products of the reaction 
between 2,4-dinitrobenzenesulfonamide prodrugs and glutathione. a) GSH (10 
eq.), 10% MeCN:HEPES, pH 7.4, rt., 12 h. 
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siderophores of E. coli. 
To examine whether the lack of antimicrobial activity vs. E. coli 

comes from 2 being outcompeted by native siderophores, analogous 
assays on an entA-deficient strain of E. coli, JW0588-1, were carried out. 
This strain lacks the gene for production of the EntA enzyme, which is 
responsible for catalyzing the final step in the biosynthesis of 2,3-dihy-
droxybenzoic acid from chorismate. [46,47] As all of the catechol-type 
siderophores produced by E. coli stem from 2,3-dihydroxybenzoic 
acid, the mutant should be unable to produce and secrete native side-
rophores that can compete with 2. 

2 was screened against the entA mutant in M9 cultures grown with 
and without casamino acids present. No activity was observed for the 
entA mutant in the casamino acid culture, but when 2 is screened against 
cultures in plain M9, growth inhibition can be observed at 250 μM and 
50 μM, suggesting that in the absence of siderophores in these conditions 

2 can be taken up and provide an antimicrobial effect (Fig. 9). Com-
pound 7 and the parent siderophore aminochelin are inactive against the 
entA mutant under the same conditions (Figs. S2/S3). This indicates 
that the antimicrobial activity observed for compound 2 vs. the entA 
mutant is unlikely to stem from the chelation properties of the side-
rophore unit. Compound 18 also proved inactive against the entA 
mutant, suggesting the activity is related to uptake in the absence of 
siderophores rather than a general increase in SO2 susceptibility or 
membrane permeability in the mutant strain. 

4. Conclusion 

Aminochelin-based 2,4-dinitrobenzenesulfonamide conjugate 2, and 
three related analogues have been successfully synthesized. Rapid SO2 
release from the conjugates is observed on reaction with glutathione. 
The presence of a siderophore unit does not significantly impact the SO2 

Fig. 5. SO2 release from 2,4-dinitrobenzenesulfonamide prodrugs on reaction 
with 10 eq. of glutathione in HEPES buffer (pH 7.4) over 12 h (top) and 2 h 
(bottom), respectively. 

Fig. 6. Plots of absorbance at 340 nm vs. time for conjugates 2 (top) and 5 
(bottom) on reaction with glutathione (10 eq.) in HEPES buffer (pH 7.4) in the 
presence and absence of 0.33 eq. Fe(III). 
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release rate for 2 compared to prodrug 1, although 5, containing a 
shorter linker between the siderophore unit and the sulfonamide, sees a 
reduced rate of SO2 release. The formation of Fe(III) conjugates was 
shown to accelerate the rate of SO2 release. Compound 2 proved more 
active than “original” SO2-releasing prodrug 18 against S. aureus, 
potentially indicating increased uptake facilitated by the aminochelin 
component. However, it is only active at high micromolar concentra-
tions, and as with prodrug 18 proved inactive against wild-type E. coli. 
Reasonable antimicrobial activity could be observed for 2 in certain 
conditions against an entA mutant of E. coli unable to produce its own 
siderophores, suggesting the lack of activity of 2 vs. wild-type E. coli 

stems from an inability to compete with native siderophores for iron 
binding, which is required for uptake via siderophore transport path-
ways. In the future, the use of stronger iron-binding siderophore units 
like the hexadentate hydroxamate desferrioxamine B, or bis/tris 

Fig. 7. Growth curves for selected concentrations of 2, 7 and 18 vs. S. aureus in 
TSB. Results for 2 and 18 were presented as means of triplicate wells, and 7 as 
means of duplicate wells. Error bars were calculated as the standard error of 
the average. 

Fig. 8. Growth curves for selected concentrations of 2, 7 and 18 vs. E. coli in 
both LB media (blue, squares) and M9 media (red, circles). Results were pre-
sented as means of duplicate wells. Error bars were calculated as the standard 
error of the average. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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(catecholate) siderophores, such as enterobactin, may offer improved 
uptake, and a subsequent boost to antimicrobial activity. The ability of 
siderophores to deliver SO2-releasing prodrugs into bacteria, as 
demonstrated here, may also offer a new avenue in the development of 
Trojan Horse conjugates capable of cytoplasmic drug release, especially 
if the prodrugs can be tailored to achieve concurrent release of another 
antimicrobial unit, as demonstrated by Chakrapani and colleagues in 
2019. [48] Exploration of this area and further mutant studies are 
ongoing. 
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