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Dihydrofolate reductase (DHFR) inhibitors, as antibacterial agents, contain pyrimidine, pteridine, and azine
moieties among many other scaffolds. Folic acid (FA), with a pteridine ring and amine group, was used as our
focus scaffold, which was then conjugated with sulfonamides to develop new conjugates. The novel
synthesized conjugates were characterized using infrared spectroscopy, and *H and *C nuclear
magnetic resonance (NMR) spectral studies and consequently screened for antimicrobial activities
against bacterial strains with ampicillin as a positive control. Compound DS2 has the highest zone of
inhibition (36.6 mm) with a percentage activity index (%Al) value of 122.8% against S. aureus and
a minimum inhibitory concentration (MIC) of 15.63 ng mL™%. DHFR enzyme inhibition was also evaluated
using the synthesized conjugates through in vitro studies, and inhibition assays revealed that compound
DS2 exhibited a 75.4 4+ 0.12% (mean =+ standard error of the mean (SEM)) inhibition, which is comparable
with the standard DHFR inhibitor trimethoprim (74.6 + 0.09%). The compounds attached to the
unsubstituted aryl moiety of the sulfonamides revealed better inhibition against the bacterial strains as
compared to the methyl substituted aryl sulfonamides. Molecular docking studies of the novel
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DO 10.1035/d0ra09051d synthesized conjugates were also performed on the DHFR enzyme to identify the plausible binding
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1. Introduction

The development of resistance by microorganisms to most of the
existing antimicrobial drugs is a global health problem. To over-
come this problem, there is an increasing need to synthesize novel
antimicrobial drugs. Bacteria have the capability to adapt accord-
ing to the environment of the antibacterial agent using mutations,
genetic mechanisms, or selection. These multi drug resistant
bacteria (MDR) cause a multitude of infections, which have
aroused the need for novel antibiotics." Among the Gram negative
class are Pseudomonas aeruginosa and Escherichia coli, whereas
Gram positive bacteria including Proteus mirabilis and Staphylo-
coccus aureus have evolved aggressively into nosocomial pathogens
that can cause severe infections such as endocarditis, meningitis,
bacteremia, and infections of the biliary system, urinary tracts and
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modes to explore the binding mechanisms of these conjugates.

wounds. Different strategies are used to target the defense mech-
anisms of microorganisms and enzyme inhibition studies have
evolved as a real solution to this problem. Dihydrofolate reductase
(DHFR) enzyme inhibitors are potent against diverse bacteria and
tumors. DHFR is significantly conserved in all domains, however,
it is divergent in amino acid sequences, offering an opportunity for
the selectivity of drugs to various organisms. Therefore, antifolate
drugs showed success against parasitic and bacterial infections, as
well as chemotherapy.*™*

Sulfonamides are curative drugs used against infections
caused by microbes. The significance of sulfa drugs can never be
neglected in the pharmaceutical and agricultural fields. They
have stimulated researchers to design novel drugs with a lower
toxicity and cost and a significant activity profile. These are
structurally similar to p-aminobenzoic acid (PABA), so as an
analog of PABA, sulfonamides can compete with it efficiently to
prevent the synthesis of proteins and nucleic acid which results
in the inhibition of various microorganisms.>® Moreover,
a sulfonamide is a versatile moiety owing to its diverse pharma-
cological activities from antimicrobial to anticancer activities®™®
and its enzyme inhibition, such as cyclooxygenase, carbonic
anhydrase, urease, acetylcholinesterase, butyrylcholinesterase,
dihydropteroate synthase and DHFR.""* Sulfonamides play
a vital role as antibiotics, anti-malarial agents, protease
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inhibitors, antiretroviral agents in the treatment of HIV/AIDS,
and for treating asthma, leukemia and epilepsy.”*** To improve
the activity of DHFR inhibitors, two strategies can play a vital role;
improving the selectivity and potency of inhibitors through
structure based design, and enhancing the permeability and
solubility. Compounds containing pyrimidine, pteridine and
azine moieties have already been reported as good DHFR inhib-
itors.**** The rate of folate metabolism accelerates during
microbial infection owing to their particular DNA and for protein
synthesis to maintain proper cell replication. Taking advantage
of this accelerated rate of metabolism, folic acid antagonists have
been used to treat various microbial infections.* As folic acid (FA)
has a pteridine ring and amine group, its conjugation with
a sulfonyl group forms a scaffold containing both pteridine and
sulfonamide, which confer better antibacterial activities to target
the anti-folate pathway.*® The structural similarity of the conju-
gates under investigation with reported DHFR inhibitors can
offer similar/better antibacterial activities and might suppress
the resistance mechanism of microorganisms.*”** These findings
motivated us to develop novel conjugates by combining different
pharmacophores into one structure with the aim of obtaining
novel compounds that have significant biological activity.

2. Experimental
2.1. Chemistry

In this research, high purity chemicals were used that were
acquired from Falcon Scientific, Lahore-Pakistan or Merck
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(Germany), and high purity water was produced in our own lab
using a Milli-Q® water system (UK). Spectral studies including
Fourier-transform infrared spectroscopy (FTIR) (FTIR spectro-
photometer, Agilent Technologies, Carry 630), "HNMR-500
MHz, >CNMR-125 MHz (NMR spectrometer, Bruker, USA)
and elemental analysis (C, H, N and S using a Flash elemental
analyzer, HT+ Thermo Scientific, UK) were performed to eluci-
date the structure of the novel synthesized compounds. The
melting points were determined using Gallenkamp apparatus
and a PG-T80 UV-Vis spectrophotometer (PG, Instruments-UK)
was used to calculate the A, Pre-coated silica plates (Merck,
Germany) were spotted for thin layer chromatography (TLC)
analysis and spots were detected under UV light to confirm the
purity of the synthesized compounds.

2.2. Protocol for sulfonamide synthesis

A convenient route under dynamic pH control in an aqueous
medium was used for the synthesis of the sulfonamides.***° For
mono substituted (MS1-MS3) folic acid sulfonamides (Scheme
1), in a 100 mL round-bottom flask, 1 mmol folic acid was
dissolved in water/dimethylformamide (DMF). Then, 1 mmol
each of p-toluenesulfonyl chloride, benzenesulfonyl chloride
and 2,4-dibromo benzenesulfonyl chloride were weighed sepa-
rately and poured into the above described mixture containing
folic acid (1 mmol). The pH of the reaction was maintained at 6-
8 by adding 0.05 M Na,CO; drop-wise and the pH was moni-
tored using a digital pH meter (WTW, Germany). The synthesis
was performed in a round-bottom flask furnished with
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Scheme 1 Synthesis of monosubstituted folic acid sulfonamides.
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Scheme 2 Synthesis of disubstituted folic acid sulfonamides.
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a magnetic stirrer at room temperature. The progress of the
reaction was determined by the drop in pH owing to the HCI
formation during the reaction. Hydrogen was easily removed
owing to the aqueous basic medium. After the pH had been
stabilized, the solvent was evaporated in a water bath to obtain
the residues. Solvent (acetone) was used to dissolve the residues
and filtration was performed using a filter paper (Whatman no.
42). The acetone in the filtrate was evaporated to obtain pure
crystals of the products. Crystals were then washed several
times and allowed to dry. Water soluble crystals were obtained.
The formation of products was confirmed by TLC on pre-coated
silica TLC plates. The mobile phase used was of dichloro-
methane, methanol and ammonia (70 : 25 : 5) and spots were
located in UV light. For di-substituted folic acid sulfonamides
(Scheme 2), MS1-MS3 were reacted by following the procedure
as explained above with p-toluenesulfonyl chloride, benzene-
sulfonyl chloride and 2,4-dibromo benzenesulfonyl chloride.
For trisubstituted folic acid sulfonamides (Scheme 3), DS1-DS6
were reacted with p-toluenesulfonyl chloride, benzenesulfonyl
chloride and 2,4-dibromo benzenesulfonyl chloride by
following the above described procedure. The detailed synthesis
of the folic acid linked sulfonamides with physiochemical and
spectral data is explained below.

2.2.1. 2-{4-[(2-Benzenesulfonylamino-4-oxo-3,4-dihydro-
pteridin-6-ylmethyl)-amino]-benzoylamino}-pentanedioic acid
(MS1). Yellow solid; yield, 77%; mp, 255-257 °C; Ry, 0.72; IR
(ATR, » cm™1): 3322, 3100, 3550 (N-H), 3419 (OH), 3085 (CH-
aromatic), 1700 (C=0), 1610 (imine -CH=N-), 1484 (COOH),
1298 (-SO,-NH, 45ym), 1186 (-SO,-NHy.gym), 1086 (-S=0). UV
Amax (nm): 285 nm. 'H NMR (500 MHz, DMSO-de): 0y 11.05
(2H, s, 2x OH), 8.95 (1H, s, -CH=NH), 8.32 (1H, s, -NH-CO-),
8.02 (1H, s, -NH-CO-g,y)), 7.56-7.84, (7H, m, ArH), 6.68 (2H, d, /
= 7.6 Hz, ArH), 4.55 (H, t, ] = 7.8 Hz, -CH), 4.35 (2H, s, ~-CH,NH-
), 4.29 (1H, s, -NH-CH), 2.35 (2H, t, ] = 7.1 Hz, -CH,), 2.09 (2H,
t, J = 7.6 Hz, -CH,-). *C NMR (125 MHz, DMSO-d¢): 177.7,
174.7, 166.7, 164.2, 153.4, 151.3, 150.1, 133.7, 132.7, 130.7,
130.7,128.9, 115.5,115.2,114.1, 55.2, 42.4, 34.9, 28.9. Anal. calc.
for C,5H,3N,05S (FW = 581.1 g mol™%): C, 51.63; H, 3.99; N,
16.86; S, 5.51%. Found: C, 51.54; H, 3.88; N, 16.74; S, 5.59%.
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Scheme 3 Synthesis of trisubstituted folic acid sulfonamides.
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2.2.2. 2-(4-(((2-(4-Methylphenylsulfonamido)-4-oxo-3,4-
dihydropteridin-6-yl)methyl)Jamino)benzamido)pentanedioic
acid (MS2). Yellow solid; yield, 77.0%j; mp, 238-240 °C; Ry, 0.71;
IR (ATR, » cm '): 3321, 3100, 3550 (N-H), 3419 (OH), 3085 (CH-
aromatic), 1700 (C=0), 1648 (imine -CH=N-), 1484 (COOH),
1298 (-S0,-NH, asym), 1186 (=SO,~NH,_gym), 1086 (-S=0). UV
Amax (NM): 275 nm. "H NMR (500 MHz, DMSO-d): &;; 11.05
(2H, s, 2x OH), 8.95 (1H, s, -CH=N), 8.32 (1H, s, -NH-CO-),
8.02 (1H, s, -NH-CO~y1), 7.67-7.84, (7H, m, ArH), 6.68 (2H, d,
= 7.6 Hz, ArH), 4.51 (H, t,] = 7.8 Hz, -CH), 4.35 (2H, s, -CH,NH-
),4.29 (1H, s, -NH-CH), 2.34 (3H, t,] = 7.1 Hz, -CH3), 2.07 (2H, t, ]
= 7.6 Hz, -CH,-). "*C NMR (125 MHz, DMSO-d): 177.7, 174.7,
166.7, 164.2, 153.4, 151.3, 150.1, 133.7, 132.7, 130.7, 130.7, 128.9,
115.5, 115.2, 114.1, 55.2, 42.4, 34.9, 28.9, 21.1. Anal. calc. for
C6H,5N,04S (FW = 595.1 g mol ): C, 52.43; H, 4.23; N, 16.46; S,
5.38%. Found: C, 52.59; H, 4.38; N, 16.64; S, 5.49%.

2.2.3. 2-(4-{[2-(2,4-Dibromo-benzenesulfonylamino)-4-oxo-
3,4-dihydro-pteridin-6-ylmethyl]-amino}-benzoylamino)-
pentanedioic acid (MS3). Brown solid; yield, 71.0%; mp, 240-
242 °C; Ry, 0.72; IR (ATR, » cm'): 3318, 3100, 3550 (N-H), 3418
(OH), 3065 (CH-aromatic), 1677 (C=0), 1600 (imine -CH=N-),
1451 (COOH), 1306 (~S0,-NHy agym), 1173 (~SO0,~NH,_¢m), 1093
(-S=0). UV Amax (nm): 255 nm. "H NMR (500 MHz, DMSO-de):
11.05 (2H, s, 2x OH), 8.95 (1H, s, -CH=N), 8.43 (H, s, =CH-CH-
Br), 8.33 (1H, s, -NH-CO-), 8.03 (1H, s, -NH-CO-,y), 7.56-7.84,
(7H, m, ArH), 6.68 (2H, d, J = 7.6 Hz, ArH), 4.51 (H, t, ] = 7.8 Hz,
-CH), 4.35 (2H, s, -CH,NH-), 4.29 (1H, s, -NH-CH), 2.36 (2H, t, ] =
7.1 Hz, -CH,), 2.09 (2H, t, / = 7.6 Hz, -CH,-). "*C NMR (125 MHz,
DMSO-dg): 177.7, 174.7, 166.7, 164.2, 153.4, 151.3, 150.1, 133.7,
132.7, 130.7, 130.7, 128.9, 115.5, 115.2, 114.1, 56.2, 42.4, 34.9, 28.9.
Anal. calc. for CysH,;Br,N;0gS (FW = 738.9 g mol™ '): C, 40.61; H,
2.86; N, 13.26; S, 4.34%. Found: C, 40.41; H, 2.29; N, 13.37; S, 4.45%.

2.2.4. 2-(Benzenesulfonyl-{4-[(2-benzenesulfonylamino-4-
ox0-3,4-dihydro-pteridin-6-ylmethyl)-amino]-benzoyl}-amino)-
pentanedioic acid (DS1). Brown solid; yield, 70.0%; mp, 230-
232 °C; Ry, 0.70; IR (ATR, » cm*): 3320, 3100, 3550 (N-H), 3419
(OH), 3085 (CH-aromatic), 1687 (C=0), 1601 (imine -CH=N-),
1450 (COOH), 1298 (~S0,-NH, agym), 1186 (~SO,~NH, ¢y}, 1060
(-S=0). UV Apax (nm): 280 nm. "H NMR (500 MHz, DMSO-d,):

H
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0,-W, CH3-C¢H4SO5-Y
:SO,-W, C¢Hs80,-Y

TS4:CH;-CgH;80,-X, CH;-CgH,S0,-W, CH3-CoH,SO0,-Y
TS5:Br,-CgH380,-X, CellsS0,-W, CgllsSO,-Y
TS6:Br,-CgH3804-X, CHs-CeH,S0,-W, CH;-CoH,SO0,-Y
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0y 11.05 (2H, s, 2x OH), 8.99 (1H, s, -CH=N), 8.03 (1H, s, -NH-
CO-ary1), 7.66-7.86, (12H, m, ArH), 6.68 (2H, d, ] = 7.6 Hz, ArH),
4.51 (H, t,J = 7.8 Hz, -CH), 4.55 (2H, s, -CH,NH-), 4.32 (1H, t, ]
= 7.1 Hz, -N-CH), 2.35 (2H, t, ] = 7.1 Hz, -CH,), 2.09 (2H, t, ] =
7.6 Hz, -CH,-). "*C NMR (125 MHz, DMSO-d,): 177.8, 166.8,
164.7, 162.9, 153.5, 151.3, 150.1, 133.3, 130.7, 130.6, 129.4,
128.9, 115.6, 115.7, 55.6, 49.4, 35.0, 34.7, 21.5. Anal. calc. for
C31H,,N704,0S, (FW = 721.1 g mol *): C, 51.59; H, 3.77; N, 13.59;
S, 8.89%. Found: C, 51.41; H, 3.49; N, 13.47; S, 8.65%.

2.2.5. 2-{4-{(2-Benzenesulfonylamino-4-oxo-3,4-dihydro-
pteridin-6-ylmethyl)-amino]-benzoyl}-(toluene-4-sulfonyl)-
amino]-pentanedioic acid (DS2). Brown solid; yield, 73.0%; mp,
280-282 °C; Ry, 0.73; IR (ATR, » em ™ '): 3323, 3100, 3550 (N-H),
3429 (OH), 3075 (CH-aromatic), 1687 (C=0), 1601 (imine
~CH=N-), 1455 (COOH), 1298 (~-SO,~NH, 45m), 1160 (-SO,~
NHa.gym), 1045 (-5=0). UV Amqx (nm): 295 nm. 'H NMR (500
MHz, DMSO-de): 6y 11.05 (2H, s, 2x OH), 8.98 (1H, s, -CH=N),
8.02 (1H, s, -NH-CO~y1), 7.66-7.89, (12H, m, ArH), 6.68 (2H, d,
J = 7.6 Hz, ArH), 4.51 (H, t, ] = 7.8 Hz, -CH), 4.54 (2H, s,
-CH,NH-), 4.33 (1H, t, J = 7.1 Hz, -N-CH), 2.34 (3H, t, ] =
7.1 Hz, -CH3), 2.07 (2H, t, ] = 7.6 Hz, -CH,-). "*C NMR (125
MHz, DMSO-de): 177.8, 166.8, 164.7, 162.9, 153.5, 151.3, 150.1,
133.3, 130.7, 130.6, 129.4, 128.9, 115.6, 115.7, 55.6, 49.4, 35.0,
34.7, 23.4, 21.5. Anal. calc. for C31H,;N;040S, (FW = 735.1 g
mol '): C, 52.24; H, 3.97; N, 13.33; S, 8.72%. Found: C, 52.41; H,
3.89; N, 13.49; S, 8.85%.

2.2.6. 2-{Benzenesulfonyl-(4-{[4-oxo0-2-(toluene-4-
sulfonylamino)-3,4-dihydro-pteridin-6-ylmethyl]-amino}-
benzoyl)-amino]-pentanedioic acid (DS3). Brown solid; yield,
69.0%; mp, 275-277 °C; Ry, 0.70; IR (ATR, » cm ™ '): 3324, 3100,
3550 (N-H), 3418 (OH), 3065 (CH-aromatic), 1677 (C=0), 1600
(imine ~-CH=N-), 1451 (COOH), 1288 (-SO,~-NH, a5ym), 1158
(-SO,~NH,.gym), 1005 (-S=0). UV Apax (nm): 290 nm. 'H NMR
(500 MHz, DMSO-dq): &;; 11.05 (2H, s, 2x OH), 8.98 (1H, s,
-CH=N), 8.02 (1H, S, -NH-CO~y), 7.66-7.89, (12H, m, ArH),
6.68 (2H, d, J = 7.6 Hz, ArH), 4.55 (H, t,J = 7.8 Hz, -CH), 4.34
(1H, t,J = 7.1 Hz, -N-CH), 2.35 (3H, t,J = 7.1 Hz, -CHj3), 2.09
(2H, t,J = 7.6 Hz, -CH,-). >*C NMR (125 MHz, DMSO-d,): 177.7,
166.8, 164.7, 162.9, 153.5, 151.3, 150.1, 133.3, 130.7, 130.6,
129.4, 128.9, 115.6, 115.7, 55.6, 49.4, 35.0, 34.7, 23.4, 21.5. Anal.
calc. for C3;H,,N;010,S, (FW = 735.1 g mol '): C, 52.24; H,
3.97; N, 13.33; S, 8.72%. Found: C, 52.41; H, 3.89; N, 13.49; S,
8.85%.

2.2.7. 2-(4-{[4-Ox0-2-(toluene-4-sulfonylamino)-3,4-
dihydro-pteridin-6-ylmethyl]-amino}-benzoyl)-(toluene-4-
sulfonyl)-amino]-pentanedioic acid (DS4). Brown solid; yield,
75.0%; mp, 235-237 °C; Ry, 0.73; IR (ATR, » cm™1): 3328, 3100,
3550 (N-H), 3418 (OH), 3065 (CH-aromatic), 1677 (C=0), 1600
(imine -CH=N-), 1451 (COOH), 1288 (-SO,-NH,.sym), 1158
(-S0,-NH, ¢ym), 1001 (<S=0). UV Apnqyx (nm): 275 nm. 'H NMR
(500 MHz, DMSO-dy): 6;; 11.05 (2H, s, 2x OH), 8.98 (1H, s,
-CH=N), 8.33 (1H, s, -NH-CO~4y1), 7.73 (4H, d, ] = 7.6 Hz, ArH),
7.54 (4H, d, ] = 7.4 Hz, ArH), 7.34 (4H, d, ] = 7.6 Hz, ArH), 6.68
(2H, d, J = 7.6 Hz, ArH), 4.55 (2H, s, -CH,NH-), 4.34 (1H, t, ] =
7.1 Hz, -N-CH), 2.35 (6H, t, ] = 7.1 Hz, 2x CH,), 2.33 (2H, t,] =
7.1 Hz, -CH,), 2.09 (2H, t,] = 7.6 Hz, -CH,-). ">C NMR (125 MHz,
DMSO-de): 177.7, 166.8, 164.7, 162.9, 153.5, 151.3, 150.1, 133.3,

42986 | RSC Adv, 2020, 10, 42983-42992

View Article Online

Paper

130.7,130.6,129.4, 128.9, 115.6, 115.7, 59.5, 49.4, 35.0, 34.7, 23.4,
21.5. C33H;,N,0,0S, (FW = 749.1 g mol~"): C, 52.86; H, 4.17; N,
13.08; S, 8.55%. Found: C, 52.71; H, 4.09; N, 13.25; S, 8.65%.

2.2.8. 2-{Benzenesulfonyl-(4-{[2-(2,4-dibromo-
benzenesulfonylamino)-4-oxo-3,4-dihydro-pteridin-6-ylmethyl]-
amino}-benzoyl)-amino]-pentanedioic acid (DS5). Brown solid;
yield, 70.0%; mp, 275-277 °C; Ry, 0.72; IR (ATR, v cm ™ 1): 3321,
3100, 3550 (N-H), 3418 (OH), 3085 (CH-aromatic), 1677 (C=0),
1600 (imine ~-CH=N-), 1451 (COOH), 1288 (-SO,~NH, 45ym),
1176 (-SO,~NH,.ym), 1058 (-S=0). UV Apax (nm): 240 nm. 'H
NMR (500 MHz, DMSO-dg): 6y 11.05 (2H, s, 2x OH), 8.96 (1H, s,
~-CH=N), 8.43 (H, s, =CH-CH-Br), 8.03 (1H, s, -NH-CO-,)),
7.56-7.84, (11H, m, ArH), 6.68 (2H, d,J = 7.6 Hz, ArH), 4.55 (H, t,
J = 7.8 Hz, -CH), 4.33 (2H, s, -CH,NH-), 4.33 (1H, t, ] = 7.1 Hz,
-N-CH), 2.35 (2H, t, ] = 7.1 Hz, -CH,), 2.09 (2H, t, ] = 7.6 Hz,
-CH,-). *C NMR (125 MHz, DMSO-d¢): 178.8, 165.8, 164.7,
162.9, 153.5, 151.3, 150.1, 133.3, 130.7, 130.6, 129.4, 128.9,
115.6, 115.7, 59.5, 49.4, 35.0, 34.7, 23.4, 21.5. Anal. calc. for
C31H,5Br,N;04,S, (FW = 878.9 ¢ mol™'): C, 42.33; H, 2.87; N,
11.15; S, 7.29%. Found: C, 42.41; H, 2.79; N, 11.27; S, 7.45%.

2.2.9. 2-(4-{[2-(2,4-Dibromo-benzenesulfonylamino)-4-oxo-
3,4-dihydro-pteridin-6-ylmethyl]-amino}-benzoyl)-(toluene-4-
sulfonyl)-amino]-pentanedioic acid (DS6). Brown solid; yield,
72.0%; mp, 282-284 °C; Ry, 0.72; IR (ATR, » cm ™ ): 3321, 3100,
3550 (N-H), 3418 (OH), 3085 (CH-aromatic), 1677 (C=0), 1600
(imine ~-CH=N-), 1451 (COOH), 1288 (-SO,~NH,.a5ym), 1176
(-SO,~NH,.gym), 1062 (<S=0). UV Apax (nm): 245 nm. 'H NMR
(500 MHz, DMSO-dy): 6;; 11.05 (2H, s, 2x OH), 8.96 (1H, s, -CH=
N), 8.43 (H, s, =CH-CH-Br), 8.03 (1H, s, -NH-CO,y1), 7.56-7.84,
(10H, m, ArH), 6.68 (2H, d, J = 7.6 Hz, ArH), 4.55 (H, t,] = 7.8 Hz,
-CH), 4.33 (2H, s, -CH,NH-), 4.33 (1H, t, ] = 7.1 Hz, -N-CH), 2.35
(3H, t,J = 7.1 Hz, -CH3), 2.35 (2H, t,] = 7.1 Hz, -CH,), 2.09 (2H, t,
J = 7.6 Hz, -CH,-). >C NMR (125 MHz, DMSO-d,): 178.8, 165.8,
164.7,162.9, 153.5,151.3, 150.1, 133.3, 130.7, 130.6, 129.4, 128.9,
115.6, 115.7, 59.5, 49.4, 30.4, 23.4, 21.5. Anal. calc. for Cs,H,
BI,N,0,0S, (FW = 892.9 g mol™Y): C, 43.01; H, 3.05; N, 10.97; S,
7.18%. Found: C, 42.91; H, 3.09; N, 11.17; S, 7.05%.

2.2.10. 2-(Benzenesulfonyl-{4-[benzenesulfonyl-(2-
benzenesulfonylamino-4-oxo-3,4-dihydro-pteridin-6-ylmethyl)-
amino]-benzoyl}-amino)-pentanedioic acid (TS1). Yellowish
brown solid; yield, 75.0%; mp, 265-267 °C; Ry, 0.71; IR (ATR,
v em™1): 3320, 3100, 3550 (N-H), 3416 (OH), 3055 (CH-
aromatic), 1667 (C=0), 1606 (imine -CH=N-), 1450 (COOH),
1284 (-SO,~NH, 4eym), 1166 (-SO,~NH, ¢ym), 1045 (-S=0). UV
Amax (NM): 295 nm. "H NMR (500 MHz, DMSO-dq): 6;; 11.1 (2H, s,
2x OH), 8.99 (1H, s, -CH=N), 8.42 (1H, s, -NH-CO-y1), 6.88-
7.46, (17H, m, ArH), 6.86 (2H, d, J = 7.6 Hz, ArH), 4.45 (H, t, ] =
7.8 Hz, -CH), 4.45 (2H, s, -CH,N-), 4.28 (1H, t, ] = 7.1 Hz, -N-
CH), 2.44 (2H, t, ] = 7.1 Hz, -CH,), 2.09 (2H, t, ] = 7.6 Hz, ~CH,—
). °C NMR (125 MHz, DMSO-d): 178.7, 163.5, 161.5, 155.2,
138.9,131.8, 130.1, 129.8, 128.6, 127.9, 124.9, 120.3, 117.7, 52.4,
49.6, 36.9, 29.9, 28.3, 26.6, 22.0. Anal. calc. for C;7Hz;N504,S;
(FW = 861.1 g mol'): C, 51.56; H, 3.63; N, 11.38; S, 11.16%.
Found: C, 51.41; H, 3.49; N, 11.47; S, 11.25%.

2.2.11. 2-{{4-[(2-Benzenesulfonylamino-4-oxo-3,4-dihydro-
pteridin-6-ylmethyl)-(toluene-4-sulfonyl)-amino|-benzoyl}-
(toluene-4-sulfonyl)-amino]-pentanedioic acid (TS2). Brown
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solid; yield, 75.0%; mp, 275-277 °C; Ry, 0.71; IR (ATR, » cm ™)
3319, 3100, 3550 (N-H), 3418 (OH), 3065 (CH-aromatic), 1677 (C=
0), 1606 (imine ~CH=N-), 1450 (COOH), 1288 (~SO,~-NH, 5ym),
1158 (-S0,~NH, ), 1045 (-8=0). UV Ay (nm): 290 nm. 'H NMR
(500 MHz, DMSO-de): 6y 11.1 (2H, s, 2x OH), 8.99 (1H, s, -CH=N),
8.42 (1H, s, -NH-CO-,y1), 6.88-7.46, (17H, m, ArH), 6.86 (2H, d, ] =
7.6 Hz, ArH), 4.45 (H, t, ] = 7.8 Hz, -CH), 4.45 (2H, s, -CH,N-), 4.28
(1H, t,] = 7.1 Hz, -N-CH), 2.44 (2H, t,] = 7.1 Hz, -CH,), 2.09 (2H, t, ]
= 7.6 Hz, -CH,-). >C NMR (125 MHz, DMSO-d): 178.9, 159.6,
157.2, 152.4, 143.6, 139.2, 135.4, 129.6, 129.3, 128.9, 128.1, 127.9,
52.6, 49.9, 37.2, 30.1, 28.5, 26.9, 22.2, 21.7. Anal. calc. for
C39H35N;0,,S; (FW = 889.1 g mol '): C, 52.64; H, 3.96; N, 11.02; S,
10.81%. Found: C, 52.41; H, 3.79; N, 11.16; S, 10.62%.

2.2.12. 2-{Benzenesulfonyl-(4-{benzenesulfonyl-[4-0xo-2-
(toluene-4-sulfonylamino)-3,4-dihydro-pteridin-6-ylmethyl]-
amino}-benzoyl)-amino]-pentanedioic acid (TS3). Brown solid;
yield, 68.0%; mp, 292-294 °C; Ry, 0.72; IR (ATR, » cm ™ '): 3324,
3100, 3550 (N-H), 3418 (OH), 3065 (CH-aromatic), 1677 (C=0),
1600 (imine ~-CH=N-), 1451 (COOH), 1288 (~S0,~NH, /), 1158
(-8O,-NH,.gym), 1045 (-S=0). UV Amax (nm): 295 nm. 'H NMR
(500 MHz, DMSO-d,): 65; 11.07 (2H, s, 2x OH), 8.87 (1H, s, -CH=
N), 8.42 (1H, s, -NH-CO-yy1), 6.88-7.46, (16H, m, ArH), 6.86 (2H,
d, J = 7.6 Hz, ArH), 4.45 (H, t, ] = 7.8 Hz, -CH), 4.45 (2H, s,
-CH,N-), 4.28 (1H, t, ] = 7.1 Hz, -N-CH), 2.44 (3H, t, ] = 7.1 Hz,
CH,), 2.44 (2H, t,] = 7.1 Hz, -CH,), 2.09 (2H, t, ] = 7.6 Hz, -CH,-).
13C NMR (125 MHz, DMSO-de): 178.9, 160.5, 157.2, 152.4, 143.6,
139.2, 135.4, 129.6, 129.3, 128.9, 128.1, 127.9, 52.6, 49.9, 37.2,
30.1, 28.5, 26.9, 22.2, 21.7. Anal. calc. for C3gH;3N,0,,S; (FW =
875.1 g mol '): C, 52.11; H, 3.80; N, 11.19; S, 10.98%. Found: C,
52.32; H, 3.64; N, 11.25; S, 10.85%.

2.2.13. 2-{{4{[4-Oxo0-2-(toluene-4-sulfonylamino)-3,4-
dihydro-pteridin-6-ylmethyl]-(toluene-4-sulfonyl)-amino]-
benzoyl}-(toluene-4-sulfonyl)-amino]-pentanedioic acid (TS4).
Brown solid; yield, 75.0%; mp, 282-284 °C; Ry, 0.71; IR (ATR,
v em™Y): 3319, 3100, 3550 (N-H), 3418 (OH), 3065 (CH-
aromatic), 1677 (C=0), 1606 (imine -CH=N-), 1450 (COOH),
1288 (-S0,-NHyagym), 1158 (-S0,-NHy qym), 1045 (-S=0). UV
Amax (NM): 290 nm. 'H NMR (500 MHz, DMSO-de): 6y 11.07
(2H, s, 2x OH), 8.87 (1H, s, -CH=N), 8.42 (1H, 5, -NH-CO—4y1),
6.88-7.49, (16H, m, ArH), 6.86 (2H, d, J = 7.6 Hz, ArH), 4.45 (H, t,
J = 7.8 Hz, -CH), 4.45 (2H, s, -CH,N-), 4.28 (1H, t, ] = 7.1 Hz,
-N-CH), 2.44 (3H, t, ] = 7.1 Hz, CH3), 2.44 (2H, t, ] = 7.1 Hz,
-CH,), 2.09 (2H, t, J = 7.6 Hz, -CH,-). *C NMR (125 MHz,
DMSO-d,): 179.7, 167.1, 163.1, 152.6, 149.5, 139.6, 139.5, 138.4,
130.8, 130.3, 129.5, 125.6, 125.2, 114.1, 55.8, 52.6, 51.5, 37.8,
30.2, 30.1, 29.9, 28.5, 26.8, 26.0 22.9, 22.5. Anal. calc. for
CaoH;3,N,01,S; (FW = 903.1 g mol Y): C, 53.15; H, 4.13; N, 10.85;
S, 10.64%. Found: C, 53.35; H, 4.21; N, 10.66; S, 10.71%.

2.2.14. 2-{Benzenesulfonyl-(4-{benzenesulfonyl-[2-(2,4-
dibromo-benzenesulfonylamino)-4-oxo-3,4-dihydro-pteridin-6-
ylmethyl]-amino}-benzoyl)-aminoJ-pentanedioic  acid (TS5).
Yellowish brown solid; yield, 71.0%; mp, 282-284 °C; Ry, 0.72; IR
(ATR, v cm™Y): 3324, 3100, 3550 (N-H), 3418 (OH), 3055 (CH-
aromatic), 1667 (C=0), 1606 (imine -CH=N-), 1450 (COOH),
1288 (~SO,-NHj agym), 1158 (=SO,~NHy.gm), 1045 (=5=0). UV Amax
(nm): 280 nm. 'H NMR (500 MHz, DMSO-dg): 6y 11.07 (2H, s, 2
OH), 8.87 (1H, s, -CH=N), 8.67 (1H, s, =CH-CH-Br), 8.42 (1H, s,
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-NH-CO-yyy1), 6.88-7.48, (15H, m, ArH), 6.86 (2H, d, ] = 7.6 Hz, ArH),
4.45 (H, t,J = 7.8 Hz, -CH), 4.45 (2H, s, -CH,N-), 4.28 (1H, t, ] =
7.1 Hz, -N-CH), 2.44 (2H, t, ] = 7.1 Hz, -CH,), 2.09 (2H, t, ] = 7.6 Hz,
-CH,-). *C NMR (125 MHz, DMSO-dg): 179.8, 167.1, 163.1, 152.7,
149.5, 139.7, 139.5, 138.4, 130.8, 130.3, 129.5, 125.6, 125.2, 114.0,
55.8, 52.6, 51.5, 37.8, 30.2, 30.1, 29.9, 28.5, 26.8, 26.0. Anal. calc. for
C3,H,0BI,N,04,S; (FW = 1018.9 g mol *): C, 43.58; H, 2.87; N, 9.62;
S, 9.43%. Found: C, 43.41; H, 2.79; N, 9.47; S, 9.25%.

2.2.15. 2-{4-[[2-(2,4-Dibromo-benzenesulfonylamino)-4-
0x0-3,4-dihydro-pteridin-6-ylmethyl]-(toluene-4-sulfonyl)-
amino]-benzoyl}-(toluene-4-sulfonyl)-amino]-pentanedioic acid
(TS6). Yellowish brown solid; yield, 69.0%; mp, 285-287 °C; Ry,
0.72; IR (ATR, » cm™): 3321, 3100, 3550 (N-H), 3419 (OH),
3075 (CH-aromatic), 1675 (C=0), 1606 (imine -CH=N-), 1450
(COOH), 1286 (-SO,-NHj aym), 1158 (-SO,~NH,.gym), 1045
(-S=0). UV Apax (nm): 245 nm. "H NMR (500 MHz, DMSO-d):
0y 11.07 (2H, s, 2x OH), 8.87 (1H, s, -CH=N), 8.67 (1H, s, =
CH-CH-Br), 8.42 (1H, S, -NH-CO-,y)), 6.88-7.48, (15H, m, ArH),
6.86 (2H, d, J = 7.6 Hz, ArH), 4.45 (H, t, ] = 7.8 Hz, -CH), 4.45
(2H, s, -CH,N-), 4.28 (1H, t, ] = 7.1 Hz, -N-CH), 2.24 (2H, t, ] =
7.1 Hz, -CH,), 2.09 (2H, t,] = 7.6 Hz, ~CH,-). ">*C NMR (125 MHz,
DMSO-dg): 179.6, 167.5, 163.5, 152.6, 149.5, 139.6, 139.5, 138.7,
130.9, 130.3, 129.5, 125.6, 125.2, 114.1, 55.8, 52.6, 51.5, 37.8, 30.2,
30.2, 29.8, 28.5, 26.8, 26.0 22.9, 22.5. Anal. calc. for C;,H,oBr,-
N,01,S; (FW = 1046.9 g mol™%): C, 44.71; H, 3.17; N, 9.36; S,
9.18%. Found: C, 44.48; H, 3.29; N, 9.47; S, 9.25.

2.3. Antibacterial activities

Disk diffusion and 96-well plate assay methods were employed
to determine the zone of inhibition and the minimum inhibi-
tory concentration (MIC) respectively, to investigate the anti-
bacterial activities, where ampicillin was used as a reference
drug as described in our previous studies,*>** details of which
are provided in the ESL{

2.3.1. Percentage activity and fractional inhibitory
concentration index. The percentage activity index (%AI) was
determined using the formula given in eqn (A), with respect
to reference drugs such as ampicillin. The fractional inhibitory
concentration (FIC) index was determined by combination
studies (eqn (B)). A combined FIC value of less than or equal to
0.5 was considered synergy, a value of greater than 0.5-1 indi-
cated an additive effect of the two drugs, a value of greater than 1-
4 was considered indifferent and a combined FIC value of greater
than 4 was taken to suggest antagonism.**

zone of inhibition of synthetic derivative

0 —
AL = zone of inhibition of reference drug x 100 (a)
FIC — MIC of compound A in mixture
~ MIC of compound A alone
MIC of compound B in mixture (B)
MIC of compound B alone
2.3.2. Dihydrofolate reductase inhibitory activity. A dihy-

drofolate reductase inhibition assay was performed at 25 °C by
following the decrease in absorbance of NADPH (nicotinamide
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Table 1 Antibacterial data according to the zone of inhibition (mean + SD, n = 3) at three gradient concentrations for folic acid-sulfonamide

conjugates
Gram (+) bacteria Gram (—) bacteria

Compound S. aureus P. mirabilis E. coli P. aeruginosa

MS1 31.1 £ 0.06, 29.9 + 0.06, 29.3 £ 0.06, 27.9 £ 0.06, 31.1 £ 0.12, 29.8 + 0.06, 30.9 £ 0.06, 28.2 £ 0.06,
27.8 £ 0.06 22.0 £ 0.15 24.1 £ 0.12 17.8 £ 0.06

MS2 29.8 £ 0.06, 28.8 + 0.11, 27.8 £ 0.06, 24.0 + 0.12, 29.8 £ 0.06, 28.9 + 0.10, 27.9 £ 0.06, 25.8 & 0.06,
26.8 + 0.06 22.1 £ 0.06 23.7 £ 0.06 15.8 £ 0.06

MS3 31.9 £ 0.06, 27.9 + 0.06, 28.1 £ 0.06, 24.3 £ 0.06, 33.1 £ 0.12, 28.4 + 0.06, 29.2 £ 0.06, 27.8 £+ 0.06,
22.1 + 0.06 22.5 + 0.06 24.7 + 0.06 20.3 £+ 0.06

DS1 32.8 + 0.06, 30.9 & 0.06,  23.3 + 0.12,29.8 & 0.06,  34.9 + 0.06, 32.3 & 0.06,  32.8 + 0.06, 31.9 =+ 0.06,
28.7 = 0.06 28.5 = 0.06 29.3 £ 0.06 18.5 £ 0.06

DS2 36.6 £ 0.06, 31.5 + 0.06, 35.8 £0.12, 30.1 + 0.12, 37.8 £ 0.10, 33.3 £ 0.06, 34.8 £ 0.06, 32.1 + 0.06,
30.5 + 0.06 29.6 + 0.06 31.6 + 0.06 30.9 £+ 0.06

DS3 30.8 + 0.06, 27.8 & 0.06,  29.8 + 0.12, 23.8 &+ 0.06,  31.6 + 0.06, 29.3 & 0.06,  28.8 + 0.06, 27.8 = 0.06,
26.8 + 0.06 22.3 = 0.06 23.7 £ 0.06 17.9 £ 0.06

DS4 31.8 £ 0.06, 29.1 + 0.06, 30.8 £ 0.06, 28.9 + 0.06, 34.9 £ 0.06, 32.4 + 0.10, 30.9 £ 0.12, 29.4 + 0.06,
26.8 + 0.06 26.4 + 0.12 28.7 £ 0.12 27.4 £ 0.15

DS5 34.8 + 0.06, 30.8 & 0.06,  33.5 + 0.06, 29.5 & 0.06,  36.5 + 0.06, 32.3 & 0.06,  32.8 + 0.06, 31.3 =+ 0.06,
28.6 + 0.06 28.4 + 0.12 28.9 + 0.06 29.3 = 0.12

DS6 33.8 + 0.06, 31.7 + 0.06,  33.2 + 0.12,29.2 & 0.06,  36.7 + 0.06, 32.4 & 0.06,  34.0 + 0.06, 31.3 =+ 0.06,
28.4 + 0.11 28.7 + 0.06 29.7 £ 0.12 29.9 £+ 0.06

TS1 32.5 £ 0.06, 26.5 + 0.06, 31.3 £ 0.06, 29.3 £ 0.06, 34.7 £ 0.06, 30.8 + 0.06, 29.4 £ 0.06, 27.6 + 0.10,
23.8 + 0.06 24.1 £+ 0.06 26.0 + 0.06 24.2 + 0.06

TS2 31.8 £ 0.06, 28.8 + 0.06, 30.7 £ 0.06, 27.7 £ 0.06, 34.8 £ 0.05, 31.9 + 0.05, 31.2 £ 0.09, 29.3 £ 0.09,
25.8 + 0.06 26.2 + 0.06 29.5 + 0.09 27.3 + 0.09

TS3 32.5 + 0.06, 26.8 & 0.06,  30.8 + 0.06, 29.7 & 0.06,  34.6 + 0.05, 30.1 & 0.09,  29.7 + 0.09, 27.9 =+ 0.05,
23.4 + 0.06 24.1 £+ 0.06 24.4 + 0.09 24.5 + 0.19

TS4 20.3 + 0.06, 15.8 & 0.06,  18.3 + 0.06, 14.4 & 0.06,  19.3 + 0.09, 12.1 & 0.09,  20.1 + 0.09, 17.7 = 0.09,
10.8 + 0.06 10.8 £+ 0.06 10.8 £+ 0.09 14.3 £ 0.05

TS5 34.8 + 0.06, 31.7 + 0.06,  33.2 + 0.06, 29.2 & 0.06,  36.7 + 0.05, 32.4 & 0.08,  33.9 + 0.05, 31.3 =+ 0.09,
28.4 + 0.06 28.6 + 0.06 29.7 + 0.08 29.9 £+ 0.09

TS6 23.1 + 0.06, 15.3 &+ 0.06,  19.0 + 0.06, 14.4 & 0.06,  19.6 + 0.05, 12.4 & 0.09,  20.9 + 0.05, 17.8 = 0.05,
11.1 £ 0.06 10.7 £ 0.06 10.9 £ 0.05 14.6 £ 0.05

Folic acid — = — —— — —— — —— —

p-Toluenesulfonyl chloride —, — — T T
Benzenesulfonyl chloride ——, — — — T T

2,4-Dibromo —— — —— — —_— — —— —

benzenesulfonyl chloride

“Ampicillin 29.8 £ 0.06, 28.1 + 0.06, 30.5 £ 0.06, 29.5 + 0.06, 33.6 £ 0.12, 30.1 + 0.08, 29.2 £ 0.08, 27.3 + 0.05,
26.7 £ 0.06 28.2 £ 0.06 29.1 £ 0.08 26.2 £+ 0.08

bTrimethoprim 28.3 £ 0.05,20.3 £ 0.05,  25.0 £ 0.09, 20.3 + 0.05,  31.0 + 0.17, 25.1 £ 0.09,  14.2 = 0.05, 9.3 = 0.05, 4.1
18.3 + 0.09 14.4 & 0.09 20.1 £ 0.08 + 0.05

“ Control drug. ” Reference DHFR inhibitor. The zone of inhibition was measured in mm = SD, gradient concentrations of 3, 1.5, and 0.75 mg mL 