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Antibiotic resistance is a worldwide problem. The synthesis and evaluation of new antimicrobial com-
pounds, without cytotoxicity against human cells, are highly desired. In this paper, the preparation of a
class of pyrimidine-derived disulfides is described. Sulfenic acids were generated from suitable precursors
and used as reactive intermediates that condensed with the thiol function of thiocytosine. An introductory
study on the antimicrobial activity of this disulfide family is reported. Three family components, that
revealed no cytotoxicity against human erythrocytes, exhibited inhibitory activity against Gram-positive

Saphylococcus aureus.
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1. Introduction

Several derivatives of pyrimidine have been used in the synthesis of compounds with
notable antimicrobial activity. Both the antibacterial, 5-[(3,4,5-trimethoxyphenyl)methyl]-
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2,4-pyrimidinediamine, better known as trimethoprim, and the antimalarial pyrimethamine
[5-(4-chlorophenyl)-6-ethyl-2,4-pyrimidinediamine] are inhibitors of dihydrofolate reductase,
causing folate deficiency in some patients.[1] A variety of cephalosporins, possessing
C(3)-aminopyrimidinyl substituents, exhibited excellent antibacterial activities [2] in vitro. The
synthesis of a family of carbapenem derivatives bearing an aminopyrimidinylthioether moiety
at the C-5 position of the pyrrolidine ring was described, together with their potent antibacte-
rial activities.[3] The bacteriostatic and fungistatic activities of pyrimidinophanes, macrocycles
with pyrimidine fragments, possessing in their skeleton thiocytosine and uracil moieties, were
estimated.[4] The reported data show that some of these macrocycles exhibit a remarkable
selectivity toward Gram-positive bacteria, in dependence of their size and substituent nature.
Finally, amino-substituted pyrimidines used as capping for gold nanoparticles induced bacterial
resistance and appeared harmless to human cells.[5]

On the other hand, the existing collection of antimicrobial agents seems to be insufficient to
protect the human species from infectious diseases, due to the resistance that many clinically rel-
evant pathogens have developed against some of the well-known classes of antibacterial agents,
such as the classical g-lactam antibiotic penicillins and cephalosporins. There is a real need
of new compounds endowed with antimicrobial activity that show, possibly, new mechanisms of
action. Saphylococcus aureus is perhaps the pathogen of greatest concern because of its intrinsic
virulence and its ability to develop antibiotic resistance.[6]

In continuing our study directed to the development of the sulfenic acid chemistry for the
preparation of new biologically active compounds,[7-10] we had the idea of connecting a pyrim-
idine residue to a planar structural skeleton by disulfide bond, as spacer, and prepare a small
library of mono, di, and tri-pyrimidine-derived disulfides 2-8 (Figure 1) with different structural
characteristics. In this paper we present the synthetic strategy, the hemolytic impact on red blood
cells (RBCs), and an introductory study of the potential antibacterial and antifungal activities of
compounds 2-8.

2. Resultsand discussion

The sulfenic acid/thiol condensation was used to prepare the pyrimidine-derived family of disul-
fides shown in Figure 1. This is a well-assessed synthetic process (Scheme 1) that allowed us
to obtain unsymmetrical disulfides in good yields and in three steps, starting from the suitable
thiols.[11]

The syntheses of compounds 2 [11] and 8 [12,13] were previously reported. Compounds 4
and 5 have been analogously prepared from the commercially available thiophenol and 1,4-
benzenedimethanethiol, respectively. Disulfides 6 and 7 have been obtained from thiols 9 and 10
(Figure 2), that can be easily prepared from the corresponding 1,3,5-tris(bromomethyl)benzenes,
through the formation of the related thiouronium salts.[14] Finally, disulfide 3 has been prepared
in quantitative yield by base-catalyzed deprotection of compound 2 with aqueous ammonia.

The procedure for the synthesis of 2'-[1,4-phenylenebis(methylenedithio)]bis-4-pyrimidin-
amine (5) is outlined in Scheme 2, as an example of the sulfenic acid chemistry used for the
preparation of the molecules under study. The synthesis started with the preparation of the
sulfenic acid precursors, such as racemic bis-sulfoxide 13, that was obtained from bis-thiol 11
in two steps: (i) a conjugated addition in basic media of the corresponding thiolate to methyl
acrylate to give 12, obtained in high yields after column chromatography, and (ii) the subsequent
controlled and quantitative oxidation of sulfide 12-13, by means of mCPBA.[8] Thermolysis of
13 was first conducted in 1,2-dichloroethane (DCE) at 83 °C, but compound 5 was obtained in
very poor yields. Side-products were isolated from the top of the chromatographic column, due
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Figure 1. Thiocytosine (1) and derived disulfides 2-8.
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Scheme 1. The general procedure for the synthesis of disulfides 2-8.

to the nucleophilic attack of the sulfur atom of thiocytosine (1) to electron-poor carbon atoms of
DCE. In order to avoid this side-reaction, several other solvents were tested, such as acetonitrile,
THF or 1,4-dioxane (bp 101 °C) and the last one resulted in the most efficient in term of yield
and work-up of the thermolysis crude. Thermolysis of bis-sulfoxide 13, in refluxing 1,4-dioxane,
allowed the stepwise generation of the transient sulfenic functions in 14 and 15, not isolated,[15]
that in turn condensed with an excess of commercially available thiocytosine (1), giving rise to
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Scheme 2. The synthetic pathway to 2'-[1,4-phenylenebis(methylenedithio)]bis-4-pyrimidinamine (5).

product 5 in 88% vyield. All the thiocytosine-derived disulfides 2, 4-8 were obtained under the
same reaction conditions and in good yields, separated from the excess of thiocytosine (1) by
simply washing the crude with acetone and, finally, purified by column chromatography.

The in vitro antibacterial and antifungal activity of the family of pyrimidine derived disul-
fides 2-8 was investigated against representative Gram-negative (Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853), Gram-positive (Bacillus cereus ATCC 11778, S aureus
ATCC 29213 including three our clinical isolates MRSA: C126428, CI125967, C126348) and yeast
(Candida albicans ATCC 10231, Cryptococcus neoformans ATCC MYA-565) strains. Thiocyto-
sine glucosides 2 and 3 are part of a project in which we intended to prepare small glucosides to
be tested as antimicrobial and/or anticancer therapeutics.[16] However, they are inactive against
all the bacteria and fungi tested in this study, together with thiocytosine (1). In compounds 4-8
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Table 1. Percentage of hemolysis by compounds 4, 5,
and 8 (50 pg/mL).

Osmolarity (mOsm/Kg)

300 200 150 100 0

Control 0 0.3 34 100 100
Compound 4 0 0.1 22 98 100
Compound 5 0 0.2 36 99 100
Compound 8 0 0.2 31 98 100

(Figure 1) pyrimidine residues are connected, by disulfide bonds, to phenyl or benzylic skele-
tons. The monosubstituted benzene derivative 4 and the elongated benzenedimethanedisulfide 5
were synthesized taking into account the previously obtained results with similarly shaped bio-
logically active molecules.[7,8] In vitro susceptibility data showed that E. coli, P. aeruginosa,
and B. cereus strains grew well in all tubes containing these compounds and, therefore, were
considered to be resistant. Only S aureus isolates showed inhibition of the growth. A total inhi-
bition of the four examined S. aureus strains was observed at a concentration of 50 pg/mL using
compound 5, whereas minimal inhibitory concentration (MIC) values obtained for compound 4
were lower (25 pg/mL). Molecules possessing a C3 symmetry, such as the multi-armed benzene
derivatives 6-8 (Figure 1), have been tested as potential antibacterials on the basis of literature
data.[17] Noteworthy, whereas molecules 6 and 7 were inactive against all the bacteria studied,
disulfide 8, a hexafunctionalized 1,3,5(R%)3—2,4,6-(R?)s-benzene (R* = ethyl) that adopts the
most thermodynamically stable tripodal conformation,[12] with an alternate geometrical orien-
tation of the ring substituents above and below the benzene plane, exhibited inhibitory activity
against Gram-positive S. aureus. MIC values were comparable with those of compound 5. In
addition, no antifungal effect was observed for the two pathogenic fungi included in this study
indicating that compounds 5, 8 and, in particular, 4 can be opportunely modified to enhance a
species-specific inhibitory activity of these pyrimidine derivatives against the important human
pathogen S. aureus. Finally, the potential toxicity of the biologically active compounds 4, 5, and 8
against human erythrocytes was evaluated (Table 1). The trypan blue assay showed a viability of
92-100% in all experiments (data not shown). Hemolytic activity was determined by hemoglobin
release in the plasma after exposure to the molecules. No cytotoxic activity was observed. There
were no statistical differences in the viability at different concentrations of the molecules.

3. Conclusions

In conclusion, we have described the synthesis of a small family of pyrimidine derivatives, disul-
fides 2-8, with chemical moieties in common but distinct structural and spatial characteristics.
Three of these compounds, disulfides 4, 5, and 8, that reveal no cytotoxicity activity against
human erythrocytes, are promising candidates for the development of new antibacterial agents.

4. Experimental

Solvents were purified according to standard procedures. All reactions were monitored by thin
layer chromatography (TLC) on commercially available precoated plates (Aldrich silica gel 60
F254) and the products were visualized with vanillin [1 g dissolved in MeOH (60 mL) and conc.
H,S0, (0.6 mL)]. Silica gel used for column chromatography was Aldrich 60. 'H and 13C NMR
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spectra were recorded with a Varian 500 spectrometer at 500 and 125 MHz, respectively; J are
given in Hz; the attributions are supported by Heteronuclear Single Quantum Coherence and
correlation spectroscopy experiments. Proton and carbon nuclei identified by apex’ pertain to
thiocytosine residues (for numbering see Figure 1).

1-(4-Amino-2-pyrimidinyldithio)-1-deoxy- 8-p-glucopyranose (3)

To a solution of disulfide 2 [11] (60 mg, 0.12 mmol) in MeOH/THF (16 mL, 5:5) aqueous
ammonia (30%, 5 mL) was added under stirring, and stirring was maintained for 16 h, at r.t. The
reaction was monitored by TLC (EtOAc/MeOH 9.5:0.5) and *H NMR. The solvent was evapo-
rated and the crude was washed with MeOH (3 x 5 mL), to remove acetamide. Yield 92%. TLC:
Rr 0.20 (EtOAc/MeOH 9.5:0.5). White solid. M.p. 198-202 °C. *H NMR (DMSO-de): § 7.96
(d, 1H, Js ¢ 5.9, H-6'), 7.36 (br s, 2H, NH,), 6.29 (d, 1H, H-5'), 6.03 (d, 1H, J\ic 3.4, 2-OH),
5.04 (d, 1H, Jyic 4.9, 4-OH), 4.99 (d, 1H, Jyic 5.4, 3-OH), 4.56 (t, 1H, Jic 5.6, 6-OH), 4.41
(d, 1H, J;, 8.8, H-1), 3.66 and 3.40 (split AB system, 2H, H,-6), 3.29-3.12 (m, 2H, H-3,5),
3.12 (m, 1H, H-2), 3.02 (m, 1H, H-4). 13C NMR (DMSO-dg): § 168.9 (C-2), 163.2 (C-4)),
154.7 (C-6"), 102.9 (C-5'), 86.9 (C-1), 81.7 and 76.3 (C-3,5), 70.8 (C-2), 69.8 (C-4), 61.0 (C-6).
Anal. Calcd for C1oH15N305S, (321.37): C, 37.37; H, 4.70; N, 13.08. Found: C, 37.24; H, 4.71;
N, 13.12.

2-(Phenyldithio)-4-pyrimidinamine (4)

3-(phenylsulfinyl)propanenitrile [18] (200 mg, 1.12 mmol) was dissolved in 1,4-dioxane (6 mL)
and thiocytosine (1) (426 mg, 3.35 mmol) was added, forming a suspension that was heated up
to the reflux (101 °C) and maintained for 2 h at this temperature. During this time, the reaction
was monitored via TLC (DCM/EtOAc 8:2). The excess of thiocytosine (1) was filtered. The solid
residue was washed with acetone (3 x 5 mL) and the solution was recovered. The solvent was
removed and the crude was purified by column chromatography (DCM/EtOAc 9.5:0.5). Yield
80%. TLC: R¢ 0.65 (DCM/EtOAC 8:2). White solid. M.p. 133-135 °C. *H NMR (acetone-dg): 6
7.99 (d, 1H, Js ¢ 5.4, H-6"), 7.58 (d, 2H, Jortno 7.3, H-2,6), 7.33 (t, 2H, Jortho 7.3, H-3,5), 7.26
(t, 1H, H-4), 6.51 (br s, 2H, NHy), 6.37 (d, 1H, H-5"). 3C NMR (acetone-dg): § 170.0 (C-2"),
165.6 (C-4'), 157.4 (C-6'), 139.0 (C-1), 130.4, 130.0, and 128.8 (C-2-6), 104.0 (C-5'). Anal.
Calcd for CioHgN3S, (235.33): C, 51.04; H, 3.85; N, 17.86. Found: C, 50.91; H, 3.84; N,
17.90.

2,2'-[1,4-Phenylenebis(methylenedithio)]bis-4-pyrimidinamine (5)

A solution of dimethyl 3,3'-[1,4-phenylenebis(methylenesulfinyl)]bispropanoate [8] (12)
(150 mg, 0.40 mmol) and thiocytosine (1) (212.3 mg, 1.67 mmol) in 3 mL of 1,4-dioxane
was maintained under stirring, at reflux temperature (101 °C) for 3 h and 40 min. The reac-
tion was monitored via TLC (DCM/EtOAc 7.5:2.5) and 'H NMR. The excess of thiocy-
tosine (1) was filtered. The solid residue was washed with acetone (3 x 5mL) and the
solution was recovered. The solvent was removed and the crude was purified by col-
umn chromatography (acetone/hexane 4:6). Yield 88%. TLC: Rf 0.30 (acetone/hexane 8:2).
White solid. M.p. 85-90°C. *H NMR (acetone-dg): 6§ 8.01 (d, 2H, Js ¢ 5.9, 2 x H-
6'), 7.32 (s, 4H, benzeneH), 6.46 (br s, 4H, 2 x NHy), 6.36 (d, 2H, 2 x H-5), 4.12
(s, 4H, 2 x CHy). ®C NMR (acetone-dg): 8§ 171.1 (2 x C-2), 165.4 (2 x C-4), 157.3
(2 x C-¢'), 137.7 (C-1,4), 131.1 (C-2,3,5,6), 103.7 (2 x C-5), 43.5 (2 x CHy). Anal. Calcd
for CigHi1sNgS, (420.60): C, 45.69; H, 3.83; N, 19.98. Found: C, 45.56; H, 3.83; N,
19.95.
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2,2',2"-[1,3,5-Benzenetriyltris(methylenedithio)]tris-4-pyrimidinamine (6)

To a solution of trimethyl 3,3',3”-[1,3,5-benzenetriyltris(methylenesulfinyl)]trispropanoate [8]
(65 mg, 0.12 mmol) in 1,4-dioxane (3 mL) thiocytosine (1) was added (146 mg, 1.15 mmol). The
suspension was refluxed (101 °C) under stirring for 4 h and monitored by TLC (acetone/hexane
3:7). The excess of thiocytosine (1) was filtered. The solid residue was washed with acetone
(3 x 5mL) and the solution was recovered. The solvent was removed and the crude was purified
by column chromatography (acetone/hexane 4:6).Yield 60%. TLC: Rf 0.32 (acetone/hexane 6:4).
White solid. M.p. 95-100 °C. *H NMR (acetone-ds): § 8.01 (d, 3H, Js ¢ 5.9, 3 x H-6'), 7.31
(s, 3H, benzeneH), 6.47 (brs, 6H, 3 x NH,), 6.34 (d, 3H, 3 x H-5'),4.11 (s, 6H, 3 x CH,). 3C
NMR (acetone-dg): § 171.0 (3 x C-2'), 165.5 (3 x C-4'), 157.3 (3 x C-6'), 139.0 (C-1,3,5),
131.1 (C-2,4,6), 103.7 (3 X C-5/), 44.0 (3 X CHz) Anal. Calcd for C21H21N986 (59184) C,
42.62; H, 3.58; N, 21.30. Found: C, 42.51; H, 3.57; N, 21.36.

2,2/,2"-[(2,4,6-Trimethyl-1,3,5-benzenetriyl ) tris(methylenedithio)] tris-4-pyrimidinamine (7)

To a solution of trimethyl 3,3',3”-[(2,4,6-trimethyl-1,3,5-benzenetriyl)tris(methylenesulfinyl)]
trispropanoate [8] (100 mg, 0.18 mmol) in 1,4-dioxane (3.6 mL) thiocytosine (1) was added
(203 mg, 1.60 mmol). The suspension was refluxed (101 °C) under stirring for 3 h and moni-
tored by TLC (EtOAc/MeOH 9.5:0.5). The excess of thiocytosine (1) was filtered. The solid
residue was washed with acetone (3 x 5 mL) and the solution was recovered. The solvent was
removed and the crude was purified by column chromatography (acetone/hexane 4:6). Yield
63%. TLC: Rr 0.42 (acetone/hexane 6:4). White solid. M.p. 208-212 °C. *H NMR (acetone-ds):
§8.08 (d, 3H, Js ¢ 5.9, 3 x H-6"),6.41 (brs, 6H,3 x NH), 6.39(d, 3H, 3 x H-5),4.30 (s, 6H,
3 x CH,), 2.74 (s, 9H, 3 x CH3). *C NMR (acetone-dg): 8§ 171.3 (3 x C-2'), 165.5 (3 x C-
41, 157.4 (3 x C-6'), 139.5 (C-1,3,5), 132.7 (C-2,4,6), 103.7 (3 x C-5), 40.8 (3 x CH,), 17.3
(3 x CHg3). Anal. Calcd for Co4H27NgSg (633.92): C, 45.47; H, 4.29; N, 19.89. Found: C, 45.39;
H, 4.30; N, 19.91.

Antimicrobial activity test

Antimicrobial activity of compounds 2-8 was assessed against representative Gram-negative
(E. coli ATCC 25922, P. aeruginosa ATCC 27853), Gram-positive (B. cereus ATCC 11778,
S aureus ATCC 29213 including three of our clinical isolates MRSA: C126428, CI25967,
C126348) and yeast (C. albicans ATCC 10231, C. neoformans ATCC MYA-565) strains. Bacte-
rial MIC of all compounds was determined in vitro using the broth dilution method in Mueller
Hinton medium as described in Clinical and Laboratory Standard Institute (CLSI) document
MO07-A9.[19] Briefly, test compounds were dissolved in dimethyl sulfoxide and serial double
dilutions with Mueller Hinton broth were performed to obtain concentrations varying from 50
to 0.39 pg in a final volume of 1 mL. Each tested strain was previously grown in tryptic soy
agar for 24 h at 35°C and bacterial suspensions were prepared to the turbidity of 0.5 McFar-
land (1.5 x 10® CFU/mL) with sterile saline solution. Suspensions were subsequently diluted to
provide a final inoculum density of 5 x 10° CFU/mL in the tube. All inoculated tubes, includ-
ing a control without any inhibitory substance, were incubated at 35 + 2 °C for 24 h. For yeast
strains antifungal activity was tested according to National Committee on Clinical Laboratory
Standards (NCCLS) reference document M27-A2.[20] The serial doubling dilutions of all com-
pounds were prepared in the RPMI-1640 medium supplemented with 2% of glucose and buffered
to pH 7.0 with 0.165 M 4-morpholinepropanesulfonic acid in concentrations ranging from 50 to
0.39 pg/mL. Compound-free and yeast-free controls were also included. Cultures (24 h-old) of
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yeast strains in Sabouraud dextrose broth were used to prepare a 0.5 McFarland standard tur-
bidity (approximately 5 x 10% CFU/mL) and 5 pl was used to inoculate each tube containing 1
mL of RPMI-1640 medium and a specific compound. The tubes were incubated aerobically at
30°C for 48-72 h and MICs were determined. Bacterial and fungal MICs were calculated by
two independent observers as the lowest compound concentration at which microbial growth
was inhibited. All experiments were performed in triplicate.

Cytotoxicity Assay. Fresh human blood (Hb) was collected from healthy adult donors. After
extraction, the whole blood was taken into anticoagulant ethylenediaminetetraacetic acid, were
incubated in a saline solution [composition in mM: 125 NaCl, 5 KCI, 1 MgSO,, 32 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 5 D-(+ )-glucose, 1 CaCl,; pH 7.4 and
7 300 mOsm/kg] [21] Erythrocytes were resuspended in saline solution with compounds 4, 5,
and 8 at concentrations of 50 pg/mL.

Trypan blue assay

Cell viability by the trypan blue exclusion method was performed. The percentage of unstained
cells represented the percentage of viable cells in the suspension. This assay was performed in
different cell types and cytotoxicity based on alterations in plasma membrane permeability was
measured.

Cell viab. (%) = number of viable cells (unstained cells) x 100/total number of cells (stained
and unstained).

Hemolysis test

Hb samples were incubated with compounds and, after incubation at 37 °C overnight, the samples
were centrifuged and the supernatants were harvested. As a measure of hemolysis, Hb concen-
tration of the supernatants was determined photometrically (> = 540 nm). The absorption of the
supernatant of erythrocytes lysed in distilled water was defined as 100% hemolysis. In the treat-
ment of blood with each of compounds 4, 5, and 8, hemolysis did not occur at 300 and 200
mOsm/kg, while it became clearly visible at 200 mOsm/kg to accomplish itself at 0 mOsm/kg,
as in the control conditions (Table 1). The maintenance of integrity of RBC membrane up to
150 mOsm/kg and the hemolysis occurrence at identical concentrations of the control conditions
suggest that none of the compounds under study showed toxicity effects in human erythrocytes
at the concentration tested.

Satistic analysis

The experiments were performed in triplicates and statistical analyses performed using Student’s
t-test, with a confidence level of 95% (p < .05) considered statistically significant.
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