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Abstract: We report the design and synthesis of novel hydroxamic acid-tethered organoselenium
(OSe) hybrids. Their antimicrobial and anticancer activities were assessed against different microbes
(e.g., Candida albicans (C. albicans), Escherichia coli (E. coli), and Staphylococcus aureus (S. aureus)),
as well as liver and breast carcinomas. OSe hybrid 8 showed promising anticancer activity, with
IC5p = 7.57 £ 0.5 uM against HepG2 and ICsy = 9.86 + 0.7 uM against MCF-7 cells. Additionally,
OSe compounds 8 and 15 exhibited promising antimicrobial activities, particularly against C. albicans
(IA% =91.7 and 83.3) and S. aureus (IA% = 90.5 and 71.4). The minimum inhibitory concentration
(MIC) assay confirmed the potential antimicrobial activity of OSe compound 8. OSe compounds 8 and
16 displayed good antioxidant activities compared to vitamin C in the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and the 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS) assays. These results
indicate that hydroxamic acid-based organoselenium hybrids have promising biological activities
such as anticancer, antimicrobial, and antioxidant properties, especially compounds 8, 13, 15, and 16,
which warrant further studies.
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1. Introduction

Hydroxamic acids (HAs) are among the most important families of organic compounds
with general structures R-CO-NHOH and R-CO-NR’OH, where R, R’ represent various
organic residues [1,2].

They are distributed throughout nature. Many naturally occurring hydroxamic acids
have been isolated and examined for their biological activities. For example, Aspergillic
acid and Actinonin have antibiotic activity (Figure 1) [3].
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Figure 1. Natural occurring hydroxamic acids aspergillic acid and actinonin.

Hydroxamic acid moiety has gained significant attention from research groups world-
wide. Therefore, many hydroxamic derivatives have been synthesized and examined for
their biological activities and chemistry applications [4-6].

Furthermore, HAs play a distinct role as potent chelating agents, due to the bidentate
group that form complexes with various metals, including transition metals [7-9].
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Thus, the chelating propriety of hydroxamic acids with metal ions gives them the
ability to interact with several metal-containing enzymes, with vast arrays of biologi-
cal activities. Their solid chelating ability has been employed in metalloenzyme (e.g.,
Figure 2) [10] inhibition [11] via a metal binding group with an active site (i.e., HDAC,
MMP, urease, lipoxygenase, angiostatin) (Figure 2) [12,13]. Furthermore, this chelating
ability has been employed in environmental remediation treatments and organic synthesis
methods [14]. It is also well documented that they have broad biological and pharmaco-
logical effects, including antibacterial, antimicrobial, antifungal, antimalarial, antitumor,
anticancer, antituberculosis, and antimalaria properties, and treatments for cardiovascular
diseases and iron overload [15-19].

Figure 2. Hydroxamic acid ability to chelate metal ions such as the copper ions.

Many analogous hydroxamic acids have been reported. For example, sulfur-based hy-
droxamic acids have been investigated, and their applications have been documented [20-24].
Surprisingly, there is less focus on hydroxamic acid-based selenium (Se) compounds and
their hydroxamic acid derivatives. In fact, and to our knowledge, the only examples related
to hydroxamic acid-based Se in the literature are the modified HA (I) compounds to SeHA
(IT) and SeHA (IIT) [25,26]; these studies have developed and evaluated anticancer activity,
and these compounds were found to be more potent than HA (I) [25,26].

Se is an essential microelement in the human body. It is a non-metal that belongs
to group 16 of the periodic table and lies between sulfur and tellurium [27,28]. Se can
be found in several dietary sources, such as seafood, organ meats, and Brazil nuts, or as
supplements [26,29]. Se deficiency results in severe consequences, such as increasing the
incidence of cancer and heart diseases. On the other hand, elevated Se concentrations
may be lethal to the human body. Accordingly, maintaining the Se concentrations at their
normal levels is critical in protecting the immune system and preventing cancer [30-32].

Therefore, scientists have paid much attention to the development of Se chemistry,
owing to its diverse applications, which are not only limited to cancer therapy but also
extend to electronics (e.g., optoelectronics, photocells, and solar cells) [31,32]. Moreover,
OSe compounds have recently become a hot spot in biochemical processes compared to
inorganic Se compounds, since they are less toxic and have higher bioavailability [30-32].
As a result, numerous studies have focused on synthesizing new OSe compounds with
potential cancer chemopreventive, antioxidant, antitumor, and antiviral activities [26-29].

In this context, ebselen (IV) has shown anti-inflammatory, antioxidant, and glutathione
peroxidase-like activities as a neuroprotective agent (Figure 3) [27,28]. Furthermore, se-
lenocyanate V has demonstrated good chemoprotective and chemopreventive activities
toward various cancers. Moreover, the diselenide compounds (VI) and (VII) synthesized
within our laboratory have displayed great cytotoxic potential against liver cancer cells
(Figure 3) [29].



Pharmaceuticals 2023, 16, 367 3of 16

(o]
o o 0 0
N )J\/\/\/Se—Se\/\/\)J\ J\/\/\/SeCN
| N N N
H NO | |
H OH H A H

I 1 41

0
o o0 .
A ‘ O i N )J\o N
! N
e T L L
0 Se—-
Se+ 2
2
VI -O/N:\ o Vi

SeCN

v v

Figure 3. Diverse organoselenium compounds.

Therefore, combining OSe compounds with HAs is expected to enhance their overall
biological activity. Within the context of this paper, we aimed to synthesize novel hydrox-
amic acid-based Se compounds (Has-Se) and evaluate them for biological activities such as
antimicrobial, anticancer, and antioxidant properties.

2. Results and Discussions
2.1. Synthesis

The combination of Se and HAs affords unique pharmacophores with possible applica-
tions in different fields. Hydroxamic acids are generally obtained from the condensation of
carboxylic acids and hydroxylamine. Therefore, Se-containing carboxylic acid 3 was used
as a key starting material. We synthesized 4-Oxo0-4-((4-selenocyanatophenyl)amino)but-
2-enoic acid (3) at 92% from the reaction of corresponding 4-selenocyanatoaniline (2)
and maleic anhydride (Scheme 1). An esterification reaction activated the Se-containing
carboxylic acid 3. Within this context, we obtained a 77% yield of methyl-4-oxo-4-((4-
selenocyanatophenyl)amino)but-2-enoate (4) by 3’s reaction with methanol and H,SO4
(catalytic amounts). Unfortunately, the reaction of 4 with o-benzylhydroxylamine failed,
and we could not isolate the desired products (Scheme 1).
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Scheme 1. (a) Aniline (18.68 mmol, 1.69 mL), SeO, (27 mmol, 3 g), malononitrile (12.11 mmol, 800 mg),
DMSO (8 mL); (b) 4-selenocyanatoaniline (2) (2.5 mmol, 500 mg), maleic anhydride (3.19 mmol;
313 mg); toluene (10 mL); (c) 4-Oxo-4-((4-selenocyanatophenyl)amino)but-2-enoic acid (3) (1 mmol;
295 mg), methanol (10 mL), H,SO4 (400 pL).
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The reaction of 0-benzylhydroxylamine hydrochloride’s with chloroacetyl chloride cre-
ated a 73% yield for 4-N-(benzyloxy)-2-chloroacetamide (7). We prepared 2-((4-aminopheny]l)
selanyl)-N-(benzyloxy)acetamide (8) reacting 7 with sodium benzeneselenolate, formed in
situ by reduced4,4’-diselanediyldianiline with NaBH, (Scheme 2).
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Scheme 2. Synthesis of hydroxamic acid 8. Reagents and conditions: (a) 4-selenocyanatoaniline
2 (2.5 mmol, 500 mg), NaOH (2.5 mmol, 100 mg), EtOH (5 mL); (b) 0-benzyl hydroxylamine. HCl
(9.39 mmol, 1.5 g), DCM (35 mL), EtzN (11.27 mmol, 1.75 mL); chloroacetyl chloride (10.34 mmol,
0.822 mL); (c) 4-N-(benzyloxy)-2-chloroacetamide (2 mmol, 398 mg), 4,4'-diselanediyldianiline
(1 mmol, 342 mg) NaBH, (6.60 mmol, 250 mg).

The structure of compound 8 was proved by the IR, which showed absorption bands
at 3452 and 3343 cm ™! for the NH, and NH groups and 1648 cm™! for the C=O group. The
'H NMR for compound 8 showed two singlet signals at 4.71 ppm and 3.21 ppm for the
two methylene groups, i.e., CHSe and CH,O. The mass spectrum exhibited molecular ion
peaks at 336.20 (M*, 10.01) and the base peak at m/z 91 for the benzyl residue.

Once the selenium-based HA 8 was prepared, our focus changed to delivering a range
of diverse structures via further derivatization. Within this context, the reaction of 8 with
acetic anhydride and acetic formic mixed anhydride created the yields of 85% acetanilide 9
and 34% formamide (Scheme 3).
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Scheme 3. Synthesis of compounds 9 and 10. Reagents and conditions: (a) 2-((4-aminophenyl)selanyl)-
N-(benzyloxy)acetamide (8) (0.62 mmol, 208 mg), acetic anhydride (0.084 mmol, 8 mL), NaOAc
(6.1 mmol, 500 mg); 60-65 °C for 2 h; (b) 2-((4-aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (1 mmol,
335.27 mg), THF (2.5 mL), acetic formic anhydride (0.68 mmol, 60 uL).
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The structure of compound 9 was proved by the IR, which showed absorption bands
at 3297 and 3258 cm~! for the two NH groups and 1697 and 1665 cm™! for the two
C=0 groups. The 'H NMR for compound 9 showed three singlet signals at 4.92, 3.82,
and 2.02 ppm for the CH,O, CH;Se, and CHj groups, respectively. The mass spectrum
exhibited molecular ion peaks at 378.20 (M*, 0.04) and the base peak at m/z 91 for the
benzyl residue (see the Supporting Materials). Compound 10 was proved by the IR, which
showed absorption bands at 3298 and 3193 cm~! for the two NH groups and 1706 and
1682 cm ™! for the two C=0 groups. The 'H NMR for compound 10 manifested five singlet
signals at 11.18, 10.30, 8.31, 4.74, and 3.40 ppm for the NHO, CHO, NH, CH;0O, and the
CH,Se groups, respectively. The mass spectrum exhibited molecular ion peaks at 364.25
(M*, 1.43) and the base peak at m1/z 91 for the benzyl residue (see Supporting Materials).

The reaction of 8 with succinic and maleic anhydrides created the corresponding
N-succinalinic and N-mealnilinic acids 11 and 12, giving 76 and 73% yields, respectively
(Scheme 4). By contrast, the reaction of 8 with phthalic anhydride produced a 53% yield of
phthaloyl derivative 13 (Scheme 4).
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Scheme 4. Synthesis of compounds 11, 12, and 13. Reagents and conditions: (a) suc-
cinic anhydride (1.64 mmol), 2-((4-aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (1.49 mmol,
500 mg), and toluene (20 mL); (b) maleic anhydride (1.64 mmol), 2-((4-aminophenyl)selanyl)-N-
(benzyloxy)acetamide (8) (1.49 mmol, 500 mg), and toluene (20 mL); (c) 2-((4-aminophenyl)selanyl)-
N-(benzyloxy)acetamide (1 mmol, 335.27 mg), phthalic anhydride (1 mmol, 148 mg), sodium acetate
anhydrous (1 g), acetic acid (10 mL), reflux, 6 h.
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The structure of compound 11 was proved by the 'H NMR, which showed five
singlet signals at 12.18, 11.16, 10.07, 4.73, 3.37 ppm for the COOH, NH, NH, CH,0, and
CH,;Segroups, respectively (see Supporting Materials). Compound 12 showed characteristic
two doublets of doublet signals for the two olefinic carbons at 6.47 and 6.35 ppm. In the
I3CNMR, the three carbonyl groups signals appeared at 167.39, 166.84, and 163.76 ppm (see
the Supporting Materials). The phthaloyl derivative 13 manifested two singlet signals at
4.88 and 3.51 ppm for the two methylene groups, CH,O and CH,Se, respectively, whereas
they appeared at 77.31 and 26.70 ppm in the 1>CNMR.

The reaction of 8 with chloroacetyl chloride created chloroacetamide 14 with a 79%
yield (Scheme 5). Diazotization of the selenium-based HA 8 and the succeeding coupling
with ethyl cyanoacetate and phenol created the diazo-based derivatives 15 and 16, with 41
and 40% yields, respectively (Scheme 5).

0
ph._o. M se o
@) . " @NLCI

14,79%

o} o}
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Scheme 5. Synthesis of compounds 14, 15, and 16. Reagents and conditions: (a) 2-((4-
aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (2 mmol, 670.54 mg ), potassium carbon-
ate (36.17 mmol, 5 g), acetone (30 mL), chloroacetyl chloride (5 mmol, 397.67 uL); (b) 2-((4-
aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (1 mmol, 335.27 mg), H,SO4 (1.5 mL), sodium
nitrite (1.2 mmol, 82.79 mg), ethyl cyanoacetate (1.2 mmol, 135.74 mg), and sodium acetate (1 g); (c) 2-
((4-aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (1 mmol, 335.27 mg), HCI (1.5 mL), sodium
nitrite (2.2 mmol, 164.5 mg), phenol (1.2 mmol, 112.93 mg) and sodium hydroxide 10%, 5 mL.

The structure of compound 14 was proved by the IR, which showed absorption bands
at 3202 and 3176 cm ™! for the two NH groups and 1652 and 1606 cm ! for the two C=0O
groups. The 'H NMR for compound 14 showed three singlet signals at 4.73, 4.27, and
2.52 ppm for the CH,O, CH;Se, and the CH,Cl, respectively. The mass spectrum exhibited
molecular ion peaks at 412.20 (M* + 1) and the base peak at m/z 91 for the benzyl residue
(see Supporting Materials). The structure of compound 15 was confirmed by the IR, which
showed absorption bands at 3218 and 3176 cm ™! for the two NH groups and 1685 and
1645 cm ™! for the two C=0 groups. The 'H NMR for compound 15 showed three singlet
signals at 4.75 and 3.39 ppm for the CH,O and CH;Se, respectively. The ethyl group
showed a distinctive pattern in the 'THNMR as quartet and triplet at 4.29 and 1.31 ppm
for the CH; and the CHj groups, respectively. The mass spectrum exhibited molecular
ion peaks at 460.20 (M* + 1) and the base peak at m/z 91 for the benzyl residue (see
Supporting Materials).
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2.2. Biology
2.2.1. Evaluation of the Cytotoxicity of the OSe-Based HAs Compounds

Recently, OSe agents have attracted interest due to their potential chemoprotective and
antitumor properties [30-33]. We have developed several OSe compounds with promising
antioxidant, antimicrobial, and antitumor properties [34-38]. Therefore, we estimated the
OSe agents’ antiproliferative activities against different cancer cells, i.e., MCF-7 and HepG2
cells and healthy lung fibroblast WI-38 cells, using the MTT assay. The drug doxorubicin
was employed as the standard. The minimal inhibition dose causing death to 50% of cells
was also estimated and is presented in Table 1. The corresponding therapeutic indices (TI)
are described as the proportion of the WI38 cells ICs to the ICsj of the cancer cell (e.g.,
MCE-7 and HepG2) (Table 1) [10-13].

Table 1. The antiproliferative activities of the OSe compounds.

MCEF7 2 HepG2 2 WI38 2

Compounds ICs0 (UM) 2 TI¢ ICs (uM) 2 TI® ICsp (uM) 2

Adriamycin 417402 1.6 450402 15 6.72 4+ 0.5
8 9.86 + 0.7 2.8 7.57 £0.5 3.6 27.42 + 2.1
9 4558 £ 2.9 1.9 53.04 + 3.2 1.6 84.75 + 4.8
10 4929 + 3.1 0.8 83.36 + 4.2 0.5 37.39 + 2.6
11 35.02 + 2.5 15 48.78 + 2.8 1.1 52.49 + 3.2
12 63.02 + 3.8 0.6 72.85 + 3.7 0.5 36.53 + 2.4
13 91.56 + 4.6 0.8 >100 P 0.6 61.57 + 3.8
14 87.41 £ 4.1 1.1 >100b 1 >100 P
15 2158 + 1.6 3.8 15.83 + 1.3 5.2 82.03 4 4.6
16 33.73 £24 1.9 26.48 + 2.0 2.4 64.16 + 3.9

2 Antitumor properties were estimated via MTT bioassay. MCF-7, HepG2, and WI-38 cells were incubated for 24 h
with serial concentrations of the OSe compounds. b No proliferation inhibition was observed (ICsy > 100 uM).
¢ Tl is defined as the ratio between the ICsy exhibited by the compound against WI38 cells to the compound’s
respective ICs against HepG2 and MCF-7 cells.

Interestingly, OSe hybrids were more cytotoxic to HepG2 cells than MCF-7 cells. For ex-
ample, OSe compound 8 exhibited promising anticancer activity with IC59 =7.57 £ 0.5 uM
against HepG2 and ICsg = 9.86 £ 0.7 uM against MCF-7 cells, respectively (Table 1). OSe
compound 15 also demonstrated anticancer activity with ICsy = 15.83 £ 1.3 uM against
HepG2 and ICsp = 21.58 & 1.6 uM against MCEF-7 cells, respectively (Table 1).

TI values were more evident in the case of HepG2 cells than in MCF-7 cells. For
instance, OSe compounds 15 and 8 manifested TI values of 5.2 and 3.6 in the case of HepG2
cells and 3.8 and 2.8 in the case of MCF-7, respectively. Ultimately, these promising, selective
antitumor properties are worthy of further studies that employ a more comprehensive
panel of normal and cancer cells and in vivo experiments.

2.2.2. Estimation of the Antimicrobial Properties of the OSe-Based HAs Compounds

The encouraging antitumor properties of the OSe compounds motivated us to evaluate
their corresponding antimicrobial activities against the C. albicans fungal strain, S. aureus
Gram-positive bacteria, and E. coli Gram-negative bacteria. Therefore, we applied the
agar diffusion and minimum inhibitory concentration (MIC) methods using clotrimazole
antifungal and ampicillin antibacterial drugs as standards. The diameters of the inhibition
zones (ZID) (mm) and the percentage activity index (IA%) are presented in Table 2.
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Table 2. The antimicrobial properties of the OSe compounds.
E. coli S. aureus C. albicans
Compound 71 (mm)a  [A%P  ZID mm)® 1A%®  ZID mm)® 1A%
8 16 69.6 19 90.5 22 91.7
9 6 26.1 7 33.3 9 37.5
10 NA - 6 28.6 7 29.2
11 7 30.4 10 47.6 13 54.2
12 4 174 5 23.8 10 41.7
13 N.A. - NA - 2 8.3
14 N.A. - NA - 4 16.7
15 12 52.2 15 714 20 83.3
16 9 39.1 11 52.4 16 66.7
Ampicillin 23 100 21 100 - -
Clotrimazole - - - - 24 100

2 Inhibition zones (ZID) are expressed as diameters (mm) employing 6-mm disks soaked with 20 uM of the OSe
agents. P Activity index (IA%) percentage is the ratio of the inhibition zone of the OSe compound to the inhibition
zone of the positive control.

In general, the antimicrobial activities were more pronounced in the case of S. aureus
Gram-positive bacteria and C. albicans fungus. For instance, OSe agents 8 and 15 exhibited
promising antimicrobial activities against C. albicans (IA% = 91.7 and 83.3) and S. aureus
(IA% =90.5 and 71.4) (Table 2).

We evaluated the MIC of the most active OSe compound, 8 (Table 3) to further explore
its potential activity. OSe compound 8 showed antimicrobial activities with MIC of 4 uM
against C. albicans, MIC of 4 uM against S. aureus, and MIC of 8 against E. coli strains,
respectively.

Table 3. The MIC of OSe compound 8.

MIC (uM)
Compounds
E. coli S. aureus C. albicans
8 8 4 4
Ampicillin 0.5 1 -
Clotrimazole - - 2

2.2.3. Evaluation of the Antioxidant Properties of the OSe-Based HAs Compounds

The antioxidant activities of the OSe compounds were intensively investigated because
these are usually the cause of their chemopreventive potency [34,39]. Their redox activities
were evaluated via DPPH and ABTS assays, using ascorbic acid as the standard [40,41].
We spectrophotometrically measured the antioxidant efficiency of the OSe compounds by
their ability to decolorise the DPPH' and ABTS' radicals at 734 and 517 nm, respectively
(Figure 2).

As shown in Figure 2, products 8, 10, and 13 showed 73.9, 64.7, and 87.0% antioxidant
activities, respectively, compared with 88.4% by vitamin C in the ABTS assay. Similarly,
products 8, 10, and 13 exhibited 85.1, 64.2, and 89.4% antioxidant activities, respectively,
whereas vitamin C showed 94.5% in the DPPH assay (Figure 4).
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Figure 4. Estimation of the OSe compounds’ redox activities via DPPH and ABTS experiments. All
tests are mean + S.D. ABTS experiment: absorbance was followed at 734 nm for OSe compounds
(50 uL, 1 mM in MeOH) and ABTS solution (60 uL). DPPH Absorbance was monitored at 517 nm for
OSe compounds (200 uL, 1 mM in MeOH) and DPPH (400 uL) after 30 min.

These findings encouraged us to estimate the activity of the most active OSe com-
pound, 8, via its respective minimum concentrations, which caused a 50% decrease in the
absorbance of the ABTS and DPPH assays, respectively (Table 4). Interestingly, OSe com-
pound 8 has antioxidant, antimicrobial, and anticancer activities, suggesting its potential
biological activities.

Table 4. OSe compound 8’s redox properties.

ICs¢ (uM)
Compounds
DPPH ABTS
Vitamin C 19.18 £ 0.13 28.16 £ 0.19
8 23.67 £0.21 27.24 £0.20

3. Materials and Methods
3.1. Experimental

Melting points were calculated using Gallenkamp apparatus and were uncorrected.
Elemental analyses were carried out at Cairo University. The IR spectra were measured
using an Agilent Technologies Cary 630 FTIR instrument at King Faisal University. Mass
spectra were recorded at Cairo University on a GC-MS-QP-100 EX Shimadzu instrument.
The 1H and 13C NMR spectra were recorded on DMSO-dg at King Faisal University or
Mansoura University using a Varian Spectrophotometer at 400 MHz. Chemical shifts
were recorded in parts per million (ppm), and TMS (0.00 ppm) was used as a reference.
Coupling constants (J) are reported in hertz (Hz). Biological experiments were conducted
at the Faculty of Pharmacy, Mansoura University. Compound numbers 2, 3, and 6, 7 were
synthesised according to previously documented procedures [5,42-46].

3.2. Chemistry

3.2.1. Synthesis of Methyl (Z)-4-Oxo0-4-((4-selenocyanatophenyl)amino)but-2-enoate (4)
We added 4-oxo-4-((4-Selenocyanatophenyl)amino)but-2-enoic acid (295.15 mg, 1 mmol)

to MeOH (10 mL). We followed this step by adding concentrated H,SO4 (400 uL) and

stirring the mixture at room temperature for 5 h and 30 min. Then, we poured the mixture

onto ice and collected the resulting precipitate without purification.
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This resulted in the production of greyish silver crystals, which yielded 237 mg (77%);
mp: 152 °C; Rf = 0.266 [Pet. ether: EtOAc (4:4)]; LR. (KBr) Amax. cm—1: 3100, 2230, 1727, 1660;
'H NMR (400 MHz, DMSO) § 10.51(s, 1H, NH), 7.69 (d, 4H, Ar-H), § 6.50 (d, ] = 28.8 Hz,
2H, CH=CH), 3.68 (s, 3H, CH3);'>*C NMR (101 MHz, DMSO) 5 166.39, 162.91, 139.88, 134.81,
132.21, 128.96, 120.61, 117.09, 105.36, 51.62; M.S. (E.I,, 70 ev) m/z (%) = 310.10 (M*, 4.44),
85.05 (17.87), 91.05 (5.68), 59 (11.97), 113.10 (100.0, base peak), 69 (12.47).

3.2.2. Synthesis of N-(benzyloxy)-2-chloroacetamide (7)

We added Et;N (1.75 mL, 11.27 mmol) to a solution of 0-benzylhydroxylamine HCI (1.5 g,
9.39 mmol) in DCM (35 mL) at room temperature and stirred the mixture for 10 min. After-
wards, the reaction mixture was cooled to 0 °C. Chloroacetyl chloride (0.822 mL, 10.34 mmol)
was added dropwise to the reaction mixture and stirred for 5 h at 0 °C. The reaction was
washed with brine and diluted with DCM (40 mL). The resulting mixture was washed with
brine (3 x 50 mL) and dried over MgSOy. The compound was isolated as a white solid that
yielded 1.36 g (73%); Rf = 0.35 [Pet. ether: EtOAc (4:4)]; MP: 90 °C. LR. (KBr) Amax- cm~1: 3153,
1695.44, 1650.39; 'H NMR (400 MHz, DMSO) 5 11.55 (s, 1H, NH), 7.39 (m, 5H, Ar-H), 4.83 (s,
2H, CH,0), 3.98 (s, 2H, CH,Cl); 3C NMR (101 MHz, DMSO) & 163.04, 135.63, 128.84, 128.63,
128.33, 76.86, 40.29; ML.S. (E.I, 70 ev) m/z (%) = 201.15 (M* + 2, 2), 131.15 (6.46), 117 (26.27),
103 (22.44), 101 (18.63), 91 (0.63), 87 (16.60), 59 (100.0, base peak).

3.2.3. Synthesis of 2-((4-Aminophenyl)selanyl)-N-(benzyloxy)acetamide (8)

N-(Benzyloxy)-2-chloroacetamide (398 mg, 2 mmol) and 4,4’-diselanediyldianiline
(342 mg, 1 mmol) were dissolved in ethanol (40 mL) at room temperature, then sodium
borohydride (250 mg, 6.60 mmol) was gradually added. TLC followed the reaction progress.
After completion, 35 mL of water was added. Then, the product was extracted by DCM
(2 x 20 mL) and dried with MgSOj,. The product was isolated as a brown solid, which
yielded 327 mg (97%); Rf = 0.53 [DCM: MeOH (95:5)]; MP: 100 °C. LR. (KBr) Apax. cm ™1
3452, 3343, 3208, 1648, 1590; 'H NMR (400 MHz, DMSO) 6 11.07 (s, 1H, NH), 7.40-7.33 (m,
5H, Ar-H), 7.24 (d, ] = 7.7 Hz, 2H, Ar-H), 6.52 (d, | = 7.7 Hz, 2H, Ar-H), 5.45 (s, 2H,
NH,), 4.71 (s, 2H, CH,0), 3.21 (s, 2H, CH,Se); 13C NMR (101 MHz, DMSO) & 166.60,
148.72,135.90, 135.83, 128.80, 128.29, 128.22, 114.63, 112.59, 76.78, 27.88; M.S. (E.L, 70 ev)
m/z (%) = 336.20 (M*, 10.01), 172 (6.38), 106.15 (16.69), 91 (100.0, base peak), 80.10 (9.92),
77.10 (9.26), 59.05 (0.40) 57.05 (0.81).

3.2.4. Synthesis of 2-((4-Acetamidophenyl)selanyl)-N-(benzyloxy)acetamide (9)

We gently heated 2-((4-Aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (208 mg,
0.62 mmol) with NaOAc (500 mg, 6 mmol) at 60-65 °C in acetic anhydride (8 mL) for 2 h.
The mixture was poured onto ice, and the pH was neutralised to 7 by adding sodium
carbonate. The formed precipitate was then filtered off and washed with water. The
product was isolated as a reddish pink powder, which yielded 198.5 mg (85%); Rf = 0.52
[chloroform: MeOH (95:5)]; MP: 108-107 °C. LR. (KBr) Amax. cm™!: 3297, 1697, 1665;
'H NMR (400 MHz, CDCl3) & 745 (t, ] = 8.9 Hz, 2H, Ar-H), 7.40-7.29 (m, 7H, Ar-H), 4.92
(s, CH,0), 3.82 (s, 2H, CH,Se), 2.10 (s, 3H, CH3); 13C NMR (101 MHz, CDCl3) & 168.88,
168.43, 138.22, 135.16, 133.58, 129.79, 129.40, 128.81, 123.48, 120.41, 78.28, 31.74, 24.64; M.S.
(E.I, 70 ev) m/z (%) = 378.20 (M*, 0.04), 170.05 (2.05), 106.15 (10.91), 91 (100.0, base peak),
80.10 (2.96), 77.10 (8.81), 65.05 (6.77), 59.05 (0.14) 58.05 (0.12) 57.05 (0.68).

3.2.5. Synthesis of N-(benzyloxy)-2-((4-formamidophenyl)selanyl)acetamide (10)

We dissolved 2-((4-Aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (335.27 mg,
1 mmol) in 2.5 mL THEF. Freshly prepared acetic formic anhydride (60 uL, 0.68 mmol) was
added dropwise. The reaction was stirred at room temperature and monitored via TLC.
After the complete reaction, the mixture was extracted with chloroform, washed with
water, and dried over MgSQOjy. Then, the oily product was rewashed with petroleum ether
(2 x 10 mL) and 10 mL of ether to produce a white solid, which yielded 124.9 mg (34%);
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Rf = 0.34 [chloroform: MeOH 5%]; MP: 92 °C. L.R. (KBr) Amax. cm~': 3193, 1649, 1510;
'H NMR (400 MHz, DMSO) § 11.18 (s, 1H, NHO), 10.30 (s, 1H, CHO), 8.31 (s, 1H, NH),
7.54 (dd, ] =19.5, 8.6 Hz, 4H, Ar-H), 7.38 (dd, ] = 10.1, 4.7 Hz, 5H), 7.16 (d, ] = 8.3 Hz, 1H,
Ar-H), 4.74 (s, 2H, CH,0), 3.40 (s, 2H, CH,Se); 1*C NMR (101 MHz, DMSO) & 166.84, 160.18,
138.21, 136.35, 134.66, 134.03, 129.33, 128.81, 123.71, 120.30, 118.53, 77.31, 27.35; M.S. (E.L,
70 ev) m/z (%) = 364.25 (M*, 1.43), 200.05 (2.01), 171.00 (1.81), 107.15 (3.69), 91.10 (100.0,
base peak), 80.05 (8.76), 77.05 (15.38), 65.05 (11.49), 59.05 (39.53), 57.05 (3.88).

General procedure for the synthesis of N-succinalinic acids 11 and N-mealnilinic 12.

To a well-stirred solution of amine (1.49 mmol) in 20 mL toluene, the appropriate
anhydride of 1.64 mmol (maleic anhydride or succinic anhydride) was added to the reaction
vessel. At room temperature, the mixture was stirred for 4 h. Afterwards, the formed
precipitate was separated by filtration and washed with toluene.

3.2.6. Synthesis of 4-((4-((2-((Benzyloxy)amino)-2-oxoethyl)selanyl)phenyl)amino)-
4-oxobutanoic Acid (11)

Compound 11 was synthesised following general procedure I from 2-((4-aminophenyl)
selanyl)-N-(benzyloxy)acetamide (8) (500 mg, 1.49 mmol) and succinic anhydride (164.11 mg,
1.64 mmol). Its formation was monitored by TLC (DCM: MeOH 5%). Compound 11 was
isolated as a beige solid, which yielded 493.2 mg (76%); Rf = 0.36; MP: 167-168 °C. L.R.
(KBr) Amax. cm™1: 3273, 1650, 1593; 'TH NMR (400 MHz, DMSO) 5 12.18 (s, 1H, COOH),
11.16 (s, 1H, NH), 10.07 (s, 1H, NH), 7.55 (d, ] = 8.6 Hz, 2H, Ar-H), 7.47 (d, ] = 8.5 Hz,
2H, Ar-H), 7.40-7.34 (m, 5H, Ar-H), 4.73 (s, 2H, CH,0), 3.37 (s, 2H, CH;Se), 2.60-2.55
(m, 4H, CH,CH,); 13C NMR (101 MHz, DMSO) § 174.32, 170.70, 166.85, 139.35, 136.35,
133.97, 129.31, 128.80, 128.77, 122.76, 120.01, 77.28, 31.54, 29.23, 27.40; M.S. (E.IL,, 70 ev)
m/z (%) = 336.20 (M*- C.O. (C.H.),COOH, 1.65), 170 (10.97), 106.10 (12.15), 91 (100.0, base
peak), 87.05 (4.02), 80.05 (4.33), 77.10 (10.71), 65.00 (7.15), 59.05 (14.73), 57.05 (0.72).

3.2.7. Synthesis of 4-((4-((2-((Benzyloxy)amino)-2-oxoethyl)selanyl)phenyl)amino)-
4-oxobut-2-enoic Acid (12)

Compound 12 was synthesised following general procedure I from 2-((4-aminopheny]l)
selanyl)-N-(benzyloxy)acetamide (8) (500 mg, 1.49 mmol) and maleic anhydride (160.81 mg,
1.64 mmol). Its formation was monitored by TLC (DCM: MeOH 5%). Compound 12 was
isolated as greenish yellow solid, which yielded 472 mg (73%); Rf = 0.25; MP: 159-160 °C.
LR. (KBr) Amax. cm™~!: 3283, 1705, 1660; 'H NMR (400 MHz, DMSO) 6 13.09 (s, 1H, COOH),
11.19 (s, 1H, NH), 10.46 (s, 1H, NH), 7.59 (d, | = 8.4 Hz, 2H, Ar-H), 7.38 (d, ] = 7.3 Hz,
5H, Ar-H), 6.47 (dd, 1H, = C.H.), 6.35 (dd, 1H, C.H. =), 4.74 (s, 2H, CH;0), 3.40 (s, 2H,
CH,Se);!3C NMR (101 MHz, DMSO) 6§ 167.39, 166.84, 163.76, 138.55, 136.34, 133.79, 132.06,
130.84, 129.33, 128.81, 124.09, 120.58, 77.29, 27.30; M.S. (E.L, 70 ev) m/z (%) = 336.20 (M*-
C.O. (C.H.),COOH, 10.01), 170 (11.03), 106.10 (19.92), 91 (100.0, base peak), 80.10 (8.44),
77.10 (9.26), 65.00 (9.86), 59.05 (3.99), 57.05 (0.72).

3.2.8. Synthesis of N-(benzyloxy)-2-((4-(1,3-dioxoisoindolin-2-yl)phenyl)selanyl)acetamide (13)

We stirred 2-((4-Aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (335.27 mg, 1 mmol),
phthalic anhydride (148 mg, 1 mmol), and 1 g of sodium acetate anhydrous under reflux in
acetic acid (10 mL) for 6 h. After adding water, the mixture was neutralised with sodium
carbonate. The resulting residue was filtered off and recrystallised from ethanol.

This resulted in formation of a purple solid, which yielded 248.7 mg (53%); Rf = 0.44
(chloroform: MeOH 5%); MP: 195-196 °C. LR. (KBr) Amax. cm™!: 3145.51, 1701.88, 1654.62;
'H NMR (400 MHz, DMSO) 6§ 11.31 (s, 1H, NH), 7.95 (dd, J = 20.5, 2.7 Hz, 4H, Ar-H),
7.76-7.64 (m, 2H, Ar-H), 7.57-7.31 (m, 7H, Ar-H), 4.88 (s, 2H, CH,0), 3.51 (s, 2H, CH,Se);
13C NMR (101 MHz, DMSO) 6§ 167.39 (2 CO-N), 166.76, 136.31, 135.22, 132.34, 132.02, 131.22,
130.40, 129.37, 128.83, 128.42, 123.93, 77.31, 26.70; M.S. (E.I., 70 ev) m/z (%) = 466.25 (M*,
0.32), 302.15 (3.96), 170.90 (0.10), 107.15 (2.14), 91.10 (100.0, base peak), 80.05 (0.73), 77.05
(15.44), 76.05 (18.75), 65.05 (5.75), 59.05 (0.85), 57.05 (1.28).
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3.2.9. Synthesis of N-(benzyloxy)-2-((4-(2-chloroacetamido)phenyl)selanyl)acetamide (14)

Potassium carbonate (5 g, 36.17 mmol) was added to 2-((4-aminophenyl)selanyl)-N-
(benzyloxy)acetamide (8) (670.54 mg, 2 mmol) in 30 mL of acetone. After cooling the
reaction to 0 °C, chloroacetyl chloride (397.67 pL, 5 mmol) was added dropwise. The
reaction was allowed to warm at room temperature and stirred overnight. The mixture
was removed under reduced pressure and washed with water. The formed precipitate was
collected to give a white solid, which yielded 651.4 mg (79%); Rf = 0.43 [DCM: MeOH 5%];
MP: 129-130 °C. LR. (KBr) Amax. cm™1: 3202, 1652, 1539; 'H NMR (400 MHz, DMSO) &
11.18 (s, 1H, NHO), 10.40 (s, 1H, NHCO), 7.45 (m, 4H, Ar-H), 7.37 (m, 4H, Ar-H), 4.73 (s,
2H, CH,0), 4.27 (s, 2H, CH,Se), 2.52 (s, 2H, CH,Cl); 13C NMR (101 MHz, DMSO) & 166.81,
165.19, 138.40, 136.35, 133.82, 129.31, 128.80, 124.10, 120.47, 77.29, 44.04, 27.26. M.S. (E.I,,
70 ev) m/z (%) = 412.20 M* + 1, 0.56), 262.10 (1.43), 106.15 (7.09), 92.10 (8.57), 91 (100.0,
base peak), 80.10 (1.42), 77.10 (13.81), 65.05 (8.16), 59.05 (0.34), 57.10 (0.40).

3.2.10. Synthesis of Ethyl 2-(2-(4-((2-((benzyloxy)amino)-2-oxoethyl)selanyl)phenyl)
hydrazineylidene)-2-cyanoacetate (15)

We dissolved 2-((4-Aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (335.27 mg,
1 mmol) in a mixture of H;SO4 (1.5 mL) and distilled water (5 mL). The mixture was stirred
at 0 °C in an ice bath. A cold solution of sodium nitrite (1.2 mmol, 82.8 mg in 1 mL of
water) was added dropwise to produce the diazonium salt solution. The temperature of the
solution was kept at 0 °C. Then, a solution of ethyl cyanoacetate (135.74 mg,1.2 mmol) and
sodium acetate ((1 g), dissolved in 5 mL water) was added dropwise into the diazonium salt
solution. The mixture was kept at 0 °C overnight. The resulting solution was neutralised
with sodium carbonate to produce a yellow solid, which was washed with water. The
product was isolated as a golden yellow solid, which yielded 189.4 mg (41%); Rf = 0.46
[Pet. ether: EtOAc (4:4)]; MP: 128-129 °C. LR. (KBr) Amax. cm™1: 3218, 2220, 1713, 1599;
'HNMR (400 MHz, DMSO) § 12.31 (s, 1H, NNH), 11.25 (s, 1H, NH), 7.59-7.55 (m, 2H,
Ar-H), 7.41-7.37 (m, 7H, Ar-H), 4.75 (s, 2H, CH,0), 429 (q, ] =21.2, 7.1 Hz, 2H, CH,0), 3.39
(s, 2H, CH,Se), 1.31 (dt, ] = 14.1, 7.1 Hz, 3H, CH3); 3C NMR (101 MHz, DMSO) 5 166.80,
161.06, 140.99, 136.36, 133.96, 129.29, 128.80, 128.76, 117.60, 117.41, 104.96, 77.28, 62.44, 61.68,
27.22,14.70; M.S. (E.L, 70 ev) m/z (%) = 460.20 (M* + 1, 3.51), 353.25 (1.70), 352.15 (7.48),
296.10 (4.87), 171.00 (0.69), 170.00 (1.19), 107.15 (7.21), 91 (100.0, base peak), 80.10 (1.55),
77.10 (14.70), 65.05 (5.61), 59.05 (1.73) 57.05 (0.73).

3.2.11. Synthesis of N-(benzyloxy)-2-((4-((4-hydroxyphenyl)diazenyl)phenylselanyl)
acetamide (16)

We dissolved 2-((4-aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) (335.27 mg,
1 mmol) in distilled water (5 mL), and HCI (1.5 mL), and stirred at 0 °C in an ice bath.
Then, a cold solution of sodium nitrite (164.5 mg, 2.2 mmol in 1 mL of water) was added
dropwise into this solution while keeping the temperature between 0 and 5 °C. The formed
diazonium salt solution was then added dropwise to a cooled mixture of phenol (112.93 mg,
1.2 mmol) and sodium hydroxide (10%, 5 mL). After this addition, the mixture was stirred
for 2 h at 0 °C and then neutralised with sodium carbonate.

This resulted in the formation of a dark brown solid, which yielded 174 mg (40%);
Rf = 0.43 [Pet. ether: EtOAc (4:4)]; MP: 142-143 °C. LR. (KBr) Amax. cm™1: 3169, 1648,
1577; TH NMR (400 MHz, DMSO) 6 11.42 (s, 1H, NH), 7.86-7.63 (m, 8H, Ar-H), 7.37 (m,
3H, Ar-H), 4.78 (s, 2H, CH,0), 3.78 (s, 2H, CH,Se); 13C NMR (101 MHz, DMSO) 6 166.62,
161.61, 151.44, 145.87, 136.33, 132.07, 131.54, 129.31, 128.80, 125.34, 123.15, 116.49, 77.31,
26.53; M.S. (E.L, 70 ev) m/z (%) = 441.20 (M™, 1.82), 277.20 (1.33), 171.00 (0.86), 121.15 (18.92),
107.15 (5.29), 93.10 (55.20), 91.10 (100.0, base peak), 80.10 (2.30), 77.10 (20.94), 76.15 (5.57),
65.05 (43.96), 59.05 (1.72), 57.05 (0.78).
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3.3. Biological Assays
3.3.1. Anticancer Activity

The products’ anticancer activity was examined using the MTT assay against breast (MCF-
7) carcinoma cells, liver (HepG2), and normal WI-38 cells, following the previously reported
method [38,44—46]. Experimental details can be found in the Supplementary Materials.

3.3.2. Antimicrobial Activity

The products” antimicrobial properties were examined according to the previously re-
ported method, via agar well diffusion assay against E. coli, S. aureus, and C. albicans [45-47]. A
microdilution method was also used to record MICs (M), following the previously reported
procedure [29,45]. Experimental details can be found in the Supplementary Materials.

3.3.3. Antioxidant Activity

The compounds’ antioxidant properties were assessed by in vitro bioassays us-
ing DPPH and ABTS, following the reported method [34,35,42—44]. Details are in the
Supplementary Materials.

4. Conclusions

Novel hydroxamic acid-tethered OSe hybrids were synthesized in good yields, and
their chemical structures were confirmed via spectroscopic methods. In addition, their
biological activities were examined. Their antimicrobial and antitumor activities were exam-
ined against various microbial strains and cancer cells. OSe compound 8 showed promising
anticancer activity with ICsy = 7.57 & 0.5 pM against HepG2 and IC5p =9.86 £ 0.7 uM
against MCF-7 cells. Additionally, OSe compounds 8 and 15 exhibited good antimicrobial
activities against C. albicans (1A% = 91.7 and 83.3) and S. aureus (1A% = 90.5 and 71.4).

Similarly, OSe compounds 8 and 16 showed 87 and 81.4% scavenging activities in the
ABTS assay, compared to 88.4% by vitamin C. OSe compound 8 had 92.3% scavenging
activity, compared to 94.5% by vitamin C in the DPPH assay. These results point to the
potential antimicrobial, anticancer, and antioxidant properties of OSe compounds 8, 13, 15,
and 16, and warrant further investigation of these hydroxamic acids’ derivatives.

While it is too early to evaluate why the OSe 8 was the most potential compound
in most of the assays performed, one may guess that it might inhibit specific, biological
target(s) and modify specific enzymes or proteins causing activation. Indeed, OSe 8 is
amphiphilic, and therefore can enter cells without problems. Moreover, it is likely that
OSe 8 may be altered in vivo into a metabolically active intermediate. It can also attack the
cysteine proteins via its amino group, and this may upregulate the antioxidant pathways.
Of course, these speculations require further in-depth research.

This pilot research has introduced simple synthetic avenues to develop tailor-made
HA-based OSe compounds. Some of the synthesized HA-based OSe agents showed
potential anticancer activities. We believe this provides ample scope for future study at the
biology /chemistry interface. Future research might expand and/or refine the synthetic
procedures proposed, building upon more and more diverse HA and OSe building blocks.
Accordingly, the development of such HA-based OSe will be mainly driven by an interest
in antimicrobial and anticancer drugs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16030367 /51, Figure copies of 'H & 3CNMR spectra IR and
MS. [42,47-51] are cited in the Supplementary Materials.


https://www.mdpi.com/article/10.3390/ph16030367/s1
https://www.mdpi.com/article/10.3390/ph16030367/s1

Pharmaceuticals 2023, 16, 367 14 of 16

Author Contributions: Conceptualization, S.S. and Y.S.A.-F; methodology, S.S., Y.S.A.-F. and ] S.A;
software, and ].S.A. and S.S.; validation, S.S., Y.5.A -F. and J.5.A ; formal analysis, S.S., Y.S.A.-F. and
J.S.A; investigation, S.S., Y.S.A.-F. and ].S.A; resources, S.S., Y.S.A.-F. and ].S.A; data curation, S.S.,
Y.S.A.-F. and ].S.A.; writing—original draft preparation, S.S. and J.5.A.; writing—review and editing,
J.S.A.; visualization, J.5.A.; supervision, S.S. and Y.S.A.-F,; project administration, S.S. and J.S5.A.;
funding acquisition, S.S. and Y.S.A -F. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Deanship of Scientific Research, Vice Presidency for
Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia [GRANT2172].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Deanship of Scientific Research, Vice Presidency
for Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia [GRANT2172].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gupta, S.P. Hydroxamic Acids: A Unique Family of Chemicals with Multiple Biological Activities; Springer: Berlin/Heidelberg,
Germany, 2013. [CrossRef]

2. Taibi Houria, Z.S.; Said, Z.; Hafsa, B. Synthesis, characterisation and antimicrobial evaluation of hydroxamic acid. Eur. J. Biomed.
Pharm. Sci. 2016, 3, 1-6. [CrossRef]

3. Kon¢i¢, M.Z.; Barbari¢, M.; Perkovi¢, I.; Zorc, B. Antiradical, Chelating and Antioxidant Activities of Hydroxamic Acids and
Hydroxyureas. Molecules 2011, 16, 6232-6242. [CrossRef]

4. Tretyakov, B.; Gadomsky, S.; Terentiev, A. A Reaction of N-substituted Succinimides with Hydroxylamine as a Novel Approach to
the Synthesis of Hydroxamic Acids. Beilstein Arch. 2023, 1, 6-19.

5. Ali, D.B.; Abedullah, S.A. Preparation of Some Hydroxamic Acid Derivatives and Study of their Biological Activity as Anti-Cancer
and Anti-Bacterial Agents. HIV Nurs. 2023, 23, 809-816.

6. Al-Faiyz, Y.S.; Clark, A.J.; Filik, R.P; Peacock, ].L.; Thomas, G.H. Rearrangements of activated O-acyl hydroxamic acid derivatives.
Tetrahedron Lett. 1998, 39, 1269-1272. [CrossRef]

7. Ganeshpurkar, A.; Kumar, D.; Singh, S.K. Strategies for the Synthesis of Hydroxamic Acids. Curr. Org. Synth. 2018, 15, 154-165.
[CrossRef]

8.  Adiguzel, E; Yilmaz, F; Emirik, M.; Ozil, M. Synthesis and characterisation of two new hydroxamic acids derivatives and their
metal complexes. An investigation on the keto/enol, E/Z and hydroxamate/hydroximate forms Hydroxamic acid. J. Mol. Struct.
2017, 1127, 403-412. [CrossRef]

9.  Azeredo, N.EB,; Borges, F.V.; Mathias, M.S. Effect of the hydroxamate group in the antitumoral activity and toxicity toward
normal cells of new copper(II) complexes. BioMetals 2021, 34, 229-244. [CrossRef] [PubMed]

10. Fazary, A.; Khalil, M.; Fahmy, A.; Tantawy, T. The role of hydroxamic acids in biochemical processes. Med. ]. Islam. Acad. Sci. 2001,
14,109-116.

11.  Saban, N.; Bujak, M. Hydroxyurea and hydroxamic acid derivatives as antitumor drugs. Cancer Chemother. Pharmacol. 2009, 64,
213-221. [CrossRef]

12.  Kalia, V.C. Green Synthesis of Hydroxamic Acid and Its Potential Industrial Applications. In Microbial Applications; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 1-336. [CrossRef]

13. Bir6, L.; Buglyo, P.; Farkas, E. Diversity in the Interaction of Amino Acid- and Peptide-Based Hydroxamic Acids with Some
Platinum Group Metals in Solution. Molecules 2022, 27, 669. [CrossRef]

14. Al-Faiyz, Y.S.; Gouda, M. Multi-Walled Carbon Nanotubes Functionalized with Hydroxamic Acid Derivatives for the Removal of
Lead from Wastewater: Kinetics, Isotherm, and Thermodynamic Studies. Polymers 2022, 14, 3870. [CrossRef] [PubMed]

15. Sharma, R.; Bhardwaj, R.; Gautam, V.; Kohli, S.K.; Kaur, P; Bali, R.S.; Saini, P; Thukral, A.K.; Arora, S.; Vig, A.P. Microbial
Siderophores in Metal Detoxification and Therapeutics: Recent Prospective and Applications. In Plant Microbiome: Stress Response;
Springer: Berlin/Heidelberg, Germany, 2018. [CrossRef]

16. Gauglitz, ].M.; Butler, A. Amino acid variability in the peptide composition of a suite of amphiphilic peptide siderophores from
an open ocean Vibrio species. J. Biol. Inorg. Chem. 2013, 18, 489-497. [CrossRef] [PubMed]

17.  Hughes, A.B. Amino Acids, Peptides and Proteins in Organic Chemistry; John Wiley & Sons: Hoboken, NJ, USA, 2009.

18. Citarella, A.; Moi, D.; Pinzi, L.; Bonanni, D.; Rastelli, G. Hydroxamic Acid Derivatives: From Synthetic Strategies to Medicinal

Chemistry Applications. ACS Omega 2021, 6, 21843-21849. [CrossRef] [PubMed]


http://doi.org/10.1007/978-3-642-38111-9
http://doi.org/10.13005/ojc/320445
http://doi.org/10.3390/molecules16086232
http://doi.org/10.1016/S0040-4039(97)10773-0
http://doi.org/10.2174/1570179414666170614123508
http://doi.org/10.1016/j.molstruc.2016.07.081
http://doi.org/10.1007/s10534-020-00275-9
http://www.ncbi.nlm.nih.gov/pubmed/33559811
http://doi.org/10.1007/s00280-009-0991-z
http://doi.org/10.1007/978-3-319-52669-0
http://doi.org/10.3390/molecules27030669
http://doi.org/10.3390/polym14183870
http://www.ncbi.nlm.nih.gov/pubmed/36146015
http://doi.org/10.1007/978-981-10-5514-0_15
http://doi.org/10.1007/s00775-013-0995-3
http://www.ncbi.nlm.nih.gov/pubmed/23564034
http://doi.org/10.1021/acsomega.1c03628
http://www.ncbi.nlm.nih.gov/pubmed/34497879

Pharmaceuticals 2023, 16, 367 15 of 16

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

Al Shaer, D.; Al Musaimi, O.; de la Torre, B.G.; Albericio, F. Hydroxamate siderophores: Natural occurrence, chemical synthesis,
iron-binding affinity and use as Trojan horses against pathogens. Eur. . Med. Chem. 2020, 208, 112791. [CrossRef]

Al-Faiyz, Y.S.S. Thoination of N-alkyl-O-acyl hydroxamic acid derivatives via Lawesson’s reagent. J. Mol. Struct. 2022,
1249, 131497. [CrossRef]

Hwu, J.R,; Tsay, S.C. Counterattack reagents: Thiosilanes in the conversion of nitro compounds to thiohydroxamic acids and
thiohydroximates. Tetrahedron 1990, 46, 7413-7428. [CrossRef]

Bell, S.J.; Friedman, S.A.; Leong, J. Antibiotic action of N-methylthioformohydroxamate metal complexes. Antimicrob. Agents
Chemother. 1979, 15, 384-391. [CrossRef]

Ma, L.S;; Jiang, C.Y.; Cui, M.; Lu, R.; Liu, S.S.; Zheng, B.B.; Li, L.; Li, X. Fluopsin C induces oncosis of human breast adenocarcinoma
cells. Acta Pharmacol. Sin. 2013, 34, 1093-1100. [CrossRef] [PubMed]

Wang, L.; Phanstiel, O., IV. Synthesis of N-(Hydroxy)amide- and N-(Hydroxy) thioamide-containing peptides. J. Org. Chem. 2000,
65, 1442-1447. [CrossRef]

Lemercier, B.C.; Pierce, ].G. Synthesis of thiohydroxamic acids and thiohydroximic acid derivatives. J. Org. Chem. 2014, 79,
2321-2330. [CrossRef]

Cheshmedzhieva, D.; Toshev, N.; Gerova, M.; Petrov, O.; Dudev, T. Sulfur and selenium derivatives of suberoylanilide hydroxamic
acid (SAHA) as a plausible HDAC inhibitor: A DFT study of their tautomerism and metal affinity /selectivity. Bulg. Chem.
Commun. 2018, 50, 228-236.

Tang, C.; Du, Y; Liang, Q.; Cheng, Z.; Tian, ]. A selenium-containing selective histone deacetylase inhibitor for targeted: In vivo
breast tumor imaging and therapy. J. Mater. Chem. B 2019, 7, 3528-3536. [CrossRef]

Wirth, T. Organoselenium chemistry in stereoselective reactions. Angew. Chem. Int. Ed. 2000, 39, 3740-3749. [CrossRef]

Santoro, S.; Azeredo, J.B.; Nascimento, V.; Sancineto, L.; Braga, A.L.; Santi, C. The green side of the moon: Ecofriendly aspects of
organoselenium chemistry. Rsc Adv. 2014, 4, 31521-31535. [CrossRef]

Santi, C.; Santoro, S.; Battistelli, B. Organoselenium compounds as catalysts in nature and laboratory. Curr. Org. Chem. 2010,
14, 2442. [CrossRef]

Bevinakoppamath, S.; Saleh Ahmed, A.M.; Ramachandra, S.C.; Vishwanath, P.; Prashant, A. Chemopreventive and Anticancer
Property of Selenoproteins in Obese Breast Cancer. Front. Pharmacol. 2021, 12, 618172. [CrossRef]

Naithani, R. Organoselenium compounds in cancer chemoprevention. Mini. Rev. Med. Chem. 2008, 8, 657-668. [CrossRef]
Mugesh, G.; du Mont, WW.; Sies, H. Chemistry of biologically important synthetic organoselenium compounds. Chem. Rev. 2001,
101, 2125-2179. [CrossRef]

Shaaban, S.; Negm, A.; Ibrahim, E.E.; Elrazak, A.A. Chemotherapeutic agents for the treatment of hepatocellular carcinoma:
Efficacy and mode of action. Oncol. Rev. 2014, 8, 246. [CrossRef]

Refaay, D.A.; Ahmed, D.M.; Mowafy, A.M.; Shaaban, S. Evaluation of novel multifunctional organoselenium compounds as
potential cholinesterase inhibitors against Alzheimer’s disease. Med. Chem. Res. 2022, 31, 894-904. [CrossRef]

Makhal, PN.; Nandi, A.; Kaki, V.R. Insights into the recent synthetic advances of organoselenium compounds. ChemistrySelect
2021, 6, 663-679. [CrossRef]

Narajji, C.; Karvekar, M.D.; Das, A.K. Biological importance of organoselenium compounds. Indian J. Pharm. Sci. 2007, 69,
344-351.

Soriano-Garcia, M. Organoselenium compounds as potential therapeutic and chemopreventive agents: A review. Curr. Med.
Chem. 2004, 11, 1657-1669. [CrossRef]

Chen, Z.; Lai, H.; Hou, L.; Chen, T. Rational design and action mechanisms of chemically innovative organoselenium in cancer
therapy. Chem. Comm. 2020, 56, 179-196. [CrossRef]

Liao, L.; Zhao, X. Modern organoselenium catalysis: Opportunities and challenges. Synlett 2021, 32, 1262-1268.

Tian, X.; Schaich, K.M. Effects of molecular structure on kinetics and dynamics of the trolox equivalent antioxidant capacity assay
with ABTS(+*). J. Agric. Food Chem. 2013, 61, 5511-5519. [CrossRef]

Shaaban, S.; Zarrouk, A.; Vervandier-Fasseur, D.; S.Al-Faiyz, Y.; El-Sawy, H.; Althagafi, I.; Andreoletti, P.; Cherkaoui-Malki, M.
Cytoprotective organoselenium compounds for oligodendrocytes. Arab. . Chem. 2021, 14, 103051. [CrossRef]

Sak, M.; Al-Faiyz, Y.S.; Elsawy, H.; Shaaban, S. Novel organoselenium redox modulators with potential anticancer, antimicrobial,
and antioxidant activities. Antioxidants 2022, 11, 1231. [CrossRef] [PubMed]

Shaaban, S.; Sasse, F.; Burkholz, T.; Jacob, C. Sulfur, selenium and tellurium pseudo peptides: Synthesis and biological evaluation.
Bioorg. Med. Chem. 2014, 22, 3610-3619. [CrossRef]

Abdel-Motaal, M.; Almohawes, K.; Tantawy, M.A. Antimicrobial evaluation and docking study of some new substituted
benzimidazole-2yl derivatives. Bioorg. Chem. 2020, 101, 103972. [CrossRef] [PubMed]

Abdel-Motaal, M.; Nabil, A. Biological activity of some newly synthesised hydrazone derivatives derived from (dicyclopropyl-
methylene) hydrazone. Eur. Chem. Bull. 2018, 7, 280-287. [CrossRef]

El-Senduny, EFE,; Shabana, S.M.; Rosel, D.; Brabek, J.; Althagafi, I.; Angeloni, G.; Manolikakes, G.; Shaaban, S. Urea-functionalized
organoselenium compounds as promising anti-HepG2 and apoptosis-inducing agents. Future Med. Chem. 2021, 13, 1655-1677.
[CrossRef] [PubMed]

Shaaban, S.; Shabana, S.M.; Al-Faiyz, Y.S.; Manolikakes, G.; El-Senduny, FF. Enhancing the chemosensitivity of HepG2 cells
towards cisplatin by organoselenium pseudopeptides. Bioorg. Chem. 2021, 109, 104713. [CrossRef]


http://doi.org/10.1016/j.ejmech.2020.112791
http://doi.org/10.1016/j.molstruc.2021.131497
http://doi.org/10.1016/S0040-4020(01)89057-8
http://doi.org/10.1128/AAC.15.3.384
http://doi.org/10.1038/aps.2013.44
http://www.ncbi.nlm.nih.gov/pubmed/23708552
http://doi.org/10.1021/jo991589r
http://doi.org/10.1021/jo500080x
http://doi.org/10.1039/C9TB00383E
http://doi.org/10.1002/1521-3773(20001103)39:21&lt;3740::AID-ANIE3740&gt;3.0.CO;2-N
http://doi.org/10.1039/C4RA04493B
http://doi.org/10.2174/138527210793358231
http://doi.org/10.3389/fphar.2021.618172
http://doi.org/10.2174/138955708784567368
http://doi.org/10.1021/cr000426w
http://doi.org/10.4081/oncol.2014.246
http://doi.org/10.1007/s00044-022-02879-x
http://doi.org/10.1002/slct.202004029
http://doi.org/10.2174/0929867043365053
http://doi.org/10.1039/C9CC07683B
http://doi.org/10.1021/jf4010725
http://doi.org/10.1016/j.arabjc.2021.103051
http://doi.org/10.3390/antiox11071231
http://www.ncbi.nlm.nih.gov/pubmed/35883724
http://doi.org/10.1016/j.bmc.2014.05.019
http://doi.org/10.1016/j.bioorg.2020.103972
http://www.ncbi.nlm.nih.gov/pubmed/32506017
http://doi.org/10.17628/ecb.2018.7.280-287
http://doi.org/10.4155/fmc-2021-0114
http://www.ncbi.nlm.nih.gov/pubmed/34427101
http://doi.org/10.1016/j.bioorg.2021.104713

Pharmaceuticals 2023, 16, 367 16 of 16

49. Shaaban, S.; Negm, A.; Sobh, M.A.; Wessjohann, L.A. Expeditious Entry to Functionalized Pseudo-peptidic Organoselenide
Redox Modulators via Sequential Ugi/SN Methodology. Anti-Cancer Agents Med. Chem. 2016, 16, 621-632. [CrossRef]

50. Shaaban, S.; Negm, A.; Ashmawy, A.M.; Ahmed, D.M.; Wessjohann, L.A. Combinatorial synthesis, in silico, molecular and
biochemical studies of tetrazole-derived organic selenides with increased selectivity against hepatocellular carcinoma. Eur. J.
Med. Chem. 2016, 122, 55-71. [CrossRef] [PubMed]

51. Shaaban, S.; Ashmawy, A.M.; Negm, A.; Wessjohann, L.A. Synthesis and biochemical studies of novel organic selenides with
increased selectivity for hepatocellular carcinoma and breast adenocarcinoma. Eur. |. Med. Chem. 2019, 179, 515-526. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2174/1871520615666150916092035
http://doi.org/10.1016/j.ejmech.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27343853
http://doi.org/10.1016/j.ejmech.2019.06.075
http://www.ncbi.nlm.nih.gov/pubmed/31276896

	Introduction 
	Results and Discussions 
	Synthesis 
	Biology 
	Evaluation of the Cytotoxicity of the OSe-Based HAs Compounds 
	Estimation of the Antimicrobial Properties of the OSe-Based HAs Compounds 
	Evaluation of the Antioxidant Properties of the OSe-Based HAs Compounds 


	Materials and Methods 
	Experimental 
	Chemistry 
	Synthesis of Methyl (Z)-4-Oxo-4-((4-selenocyanatophenyl)amino)but-2-enoate (4) 
	Synthesis of N-(benzyloxy)-2-chloroacetamide (7) 
	Synthesis of 2-((4-Aminophenyl)selanyl)-N-(benzyloxy)acetamide (8) 
	Synthesis of 2-((4-Acetamidophenyl)selanyl)-N-(benzyloxy)acetamide (9) 
	Synthesis of N-(benzyloxy)-2-((4-formamidophenyl)selanyl)acetamide (10) 
	Synthesis of 4-((4-((2-((Benzyloxy)amino)-2-oxoethyl)selanyl)phenyl)amino)- 4-oxobutanoic Acid (11) 
	Synthesis of 4-((4-((2-((Benzyloxy)amino)-2-oxoethyl)selanyl)phenyl)amino)- 4-oxobut-2-enoic Acid (12) 
	Synthesis of N-(benzyloxy)-2-((4-(1,3-dioxoisoindolin-2-yl)phenyl)selanyl)acetamide (13) 
	Synthesis of N-(benzyloxy)-2-((4-(2-chloroacetamido)phenyl)selanyl)acetamide (14) 
	Synthesis of Ethyl 2-(2-(4-((2-((benzyloxy)amino)-2-oxoethyl)selanyl)phenyl) hydrazineylidene)-2-cyanoacetate (15) 
	Synthesis of N-(benzyloxy)-2-((4-((4-hydroxyphenyl)diazenyl)phenylselanyl) acetamide (16) 

	Biological Assays 
	Anticancer Activity 
	Antimicrobial Activity 
	Antioxidant Activity 


	Conclusions 
	References

