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Abstract: Benzo[c][1,2,5]oxadiazoles and benzo[c][1,2,5]thiadiazoles are recognized to possess po-
tent pharmacological activities including anticancer potential. In continuation of our research en-
deavors in the development of boron-based heterocycles as potential therapeutic agents, herein
we report the design and synthesis of new series of boron-based benzo[c][1,2,5]oxadiazoles and
benzo[c][1,2,5]thiadiazoles as anticancer agents targeting tumor hypoxia. A series of seventeen
compounds were synthesized in two steps in an efficient manner via substitution reactions followed
by subsequent hydrolysis of aryltrifluoroboronate salts into corresponding boronic acid derivatives
in the presence of silica. This is the first example to develop boron-based hypoxia agents. The
synthesized hybrids were characterized by suitable spectroscopic techniques. The biological studies
are currently underway.

Keywords: boron-based hetereocycles; benzo[c][1,2,5]oxadiazoles; benzo[c][1,2,5]thiadiazoles;
hypoxia inhibitors

1. Introduction

Hypoxia is an eminent hallmark of tumor cells that aids in metastasis of cancer by pro-
moting angiogenesis, cancer cell division, and cell survival effectively [1,2]. Unfortunately,
hypoxia inducing factor-1(HIF-1) is one of the many factors responsible for multi-drug
resistance and resistance to radiation therapy [3]. Researchers were successful in identify-
ing a number of pro-drugs targeting tumor hypoxia such as Tirapazamine, Banoxantrone
(AQ4N) and (PR-104) (Figure 1). However, they are limited by low potency, poor pharma-
cokinetic profiles, and toxicity due to non-selectivity [4,5]. Although various strategies were
discovered to combat hypoxic tumor cells, success was far from anticipation. Consequently,
there is an intensifying necessity to develop novel new chemical entities and approaches
targeting HIF-1 pathway [6].

Boron-based hetereocycles are being established as vital templates in the field of
medicinal chemistry after the FDA approval of a number of boron-based drugs (e.g.,
Vaborbactam, Ixazomib, crisaborole, tavaborole and bortezomib) [7,8], (Figure 2). Literature
survey reveals that boron-based heterocycles have tremendous potential in the search for
newer pharmacological agents, as they elicit potent activity, can act as biososteres, and
they display a wide array of pharmacological activities and appreciable pharmacokinetic
profiles [9,10]. Additionally, more and more organo-boron compounds are inflowing
toward clinical trials and the drug discovery pipeline, which suggests that they are proving
to be extremely promising therapeutics. Undeniably, they could be effectively amalgamated
with other promising medicinal moieties, which might result in potent molecular hybrids
demonstrating novel bioactivities and possibly fewer side effects.
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Figure 2. Boron-based compounds approved by the FDA for various therapeutic purposes.

On the other hand, nitrobenzoxadiazoles (NBD) have engrossed significant interest in
recent years, as they not only also exhibit photo-physical properties but are also endowed
with therapeutic potential. In addition, NBD-based lipids are commonly documented as
fluorescent probes in evaluating cellular metabolism in diverse models [11–13]. More-
over, nitrobenzoxadiazoles have been well explored by numerous researchers during the
past decades for several biological activities, including anticancer, anti-viral [14] and anti-
parasitic activities [15]. They tend to exhibit anticancer potential by targeting dissimilar
molecular mechanisms such as interference of EGFR phosphorylation, inhibition of glu-
tathione transferase P1-1 (GSTP1-1) and by acting as nitrogen (II) oxide donors [16–21]
(Figure 3).

The benzothiadiazole (BTD) motif has emerged as a key structural motif among the
fused heterocycles in the field of organic and medicinal chemistry over the past decades.
Compounds bearing this motif have been extensively valuable in the development of
photovoltaic cells, solar cells, OLEDS, dyes and liquid crystals mainly due to their exclu-
sive photo-luminescent properties [22]. Additionally, literature review suggests that ben-
zothiadiazole derivatives exhibit antifungal, antibacterial and herbicidal activities [23,24].
Importantly, it is a core structural moiety of an existing drug, Tizanidine, an adrenergic
agonist used as muscle relaxant [25] (Figure 3).
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Moreover, Wang and co-workers prepared novel benzo[c][1,2,5]thiadiazole derivatives
and screened them for their anticancer potential. The most active compound demonstrated
SHP2 inhibitory activity. Further biological studies revealed that it inhibits protein tyrosine
phosphatase 1B (PTP1B) and SHP2 [26]. Furthermore, benzo[c][1,2,5] thiadiazole was
also explored for anti-cholinergic characteristics by many researchers, and the results
revealed that 5-((4-methoxyphenyl)thio)benzo[c][1,2,5] thiadiazole (MTDZ) demonstrated
acetylcholinesterase (AChE) inhibitory activity [27] while new arylsulfanyl-benzo-2,1,3-
thiadiazoles display anti-amnesic activity and could be potential candidates in the treatment
of neurodegenerative disorders such as Alzheimer’s and dementia [28] (Figure 3).

Our research group has been dedicatedly working toward the development of new
small-molecule boron-based heterocycles for the treatment of cancer and neurodegenerative
disorders [29–31]. In this regard, we have recently reported on a borylated amidoxime
reagent for the synthesis of boron-containing biologically important scaffolds such as
oxadiazoles and quinazolinones in a single step [32]. More recently, we have unfolded a
novel methodology for the preparation of borylated quinolines as homeodomain interacting
protein kinase 2 (HIPK2) inhibitors [33].

In our initial efforts, we have reported 2H-benzo[b][1,4] oxazine hybrids targeting
hypoxia downregulating hypoxia-induced genes (HIF-1a, P21and VEGF) suitably [4]. In
view of the promising therapeutic potential of benzoxadiazoles and benzothiadiazoles and
in continuation of our endeavor for the development of boron-based therapeutic agents, we
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hypothesized to prepare boron-based benzoxadiazoles/benzothiadiazoles compounds by
linking an ether and amine functionality, which could display promising anticancer activity
(Figure 4).
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2. Results and Discussion

The synthesis of boron-based benzo[c][1,2,5]oxadiazoles and benzo[c][1,2,5]thiadiazoles
is depicted in Scheme 1. Initially, we prepared substituted amine linked and ether linked
boronic acid pinacol ester derivatives (7–14) by base catalyzed substitution reaction. Fur-
ther, the synthesized boronic acid pinacol esters (7–14) were converted to corresponding
aryltrifluoroborate salts (15–22) in good to excellent yields.

First, we heated an equivalent quantity of 5-chloro-4-nitrobenzo[c][1,2,5]oxadiazole (1)
and 5-chloro-4-nitrobenzo[c][1,2,5]thiadiazole (2) with 4-aminophenylboronic acid pinacol
ester (3) in DMF at 90 ◦C for 3 h to obtain compounds (7) and (8), respectively.

Next, derivatives (9) and (10) were synthesized by stirring substrates (1) and (2) with
4-(aminomethyl)phenylboronic acid pinacol ester (4) (1.0 equiv) in the presence of sodium
tertiary butoxide (tBuONa) (1.0–1.5 equiv) under nitrogen atmosphere in DMF at room
temperature (25 ◦C) for 16 h.

Further, (1) and (2) were treated with 4-hydroxyphenylboronic acid pinacol ester (5)
(1.0 equiv) in the presence of triethylamine (Et3N) (1.0 equiv) under nitrogen atmosphere
in acetonitrile at room temperature (25 ◦C) for 16 h to yield hybrids (11 and 12).

Similarly, compounds (13) and (14) were synthesized by heating substrates (1) and (2)
with 4-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (6) (1.0 equiv) in DMF
at 90 ◦C for 3 h.

Aryltrifluoroborate salts are considered significant structural units in organic and
medicinal chemistry. With substituted boronic acid pinacol esters in hand, we therefore
turned our attention toward converting them to their respective aryltrifluoroborate salts.
The synthesis of aryltrifluoroborates (15–22) was accomplished by the treatment of boronic
acid pinacol ester derivatives (7–14) with (3M) KHF2 in MeOH at room temperature (25 ◦C)
for 2 h in good yield to excellent yields (75%) (Scheme 1).

Our next focus was to obtain a boronic acid derivative from trifluoroborate salt, as
they are found in most boron-based drugs in the market. In this regard, the trifluoroborate
salt derivative (21) was then transformed into compound (23) in 64% yield using silica gel
in ethyl acetate/water at room temperature (25 ◦C) for 1–2 h (Scheme 2). The structures of
all the synthesized compounds are represented in (Figure 4). The synthesized compounds
were characterized by modern spectroscopic techniques such as 1H NMR, 13C NMR and
mass spectrometry.
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The 1H NMR spectrum of compounds (7) and (8) displayed characteristic singlet –NH-
peak at δ 11.75 and 11.22, respectively. In addition, characteristic boronic acid pinacol ester
singlet –CH3-peak for 12 protons was observed at δ 1.38 and 1.37, respectively. In addition,
13C NMR spectrum of compounds (7) and (8) displayed characteristic boronic acid pinacol
ester peak in the range of δ 84.00 and δ 24.90, respectively. The 1H NMR spectrum of
compounds (9) and (10) displayed characteristic singlet –NH-peak at δ 10.77 and 10.36,
respectively. In addition, characteristic –CH2-singlet-protons were observed at δ 4.87 and δ
4.84, respectively. Moreover, the charachteristic boronic acid pinacol ester singlet –CH3-
peak for 12 protons at δ 1.34. In addition, 13C NMR spectrum of compounds (9) and (10)
displayed characteristic boronic acid pinacol ester peak at δ 84.00 and 24.90, respectively.
Moreover, the charachteristic –CH2–carbons for both the compounds were observed at
δ 24.87.
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The 1H NMR spectrum of compounds (11) and (12) displayed boronic acid pinacol
ester singlet –CH3-peak for 12 protons at δ 1.36 and 1.35, respectively. In addition, 13C
NMR spectrum of compounds (11) and (12) displayed characteristic boronic acid pinacol
ester peak at δ 84 and 24, respectively.

Similarly, 1H NMR spectrum of compounds (13) and (14) displayed characteristic sin-
glet –NH-peak at δ 11.69 and 11.23, respectively. In addition, singlet signal for characteristic
methyl protons were observed at δ 2.61 and 2.60, respectively. Moreover, boronic acid
pinacol ester singlet –CH3-peak for 12 protons was observed at δ 1.35. In addition, 13C NMR
spectrum of compounds (13) and (14) displayed characteristic boronic acid pinacol ester
carbons and methyl carbons were observed the range of δ 84.0, δ 24.0, and 21.8, respectively.

Moreover, the 1H NMR and 13C NMR of compounds revealed that the precursor boronic
acid pinacol ester protons and carbons disappeared indicating the formation of trifluoroborate
salt derivatives (15–22). Additionally, the presence of fluorine in compounds (16), (20), and
(21) was confirmed by 19F NMR in the range of δ 138–139. The 1H NMR spectrum of
compound (23) was confirmed as it displayed characteristic singlet boronic acid –OH-peak
at δ 8.20.

The compounds (Figure 5) are being evaluated for their anticancer potential, and the
biological evaluation is underway.
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3. Materials and Methods

Compounds used as starting materials and reagents were obtained from SIGMA-
Aldrich, ACROS ORGANICS, FISHER SCIENTIFICS or other chemical companies, and
utilized without further purification. Thin-layer chromatography (TLC) and column chro-
matography (CC) were performed with Kieselgel 60 F254 (Merck) and silica gel (Kieselgel
60, 230–400 mesh, Merck), respectively. Since all the compounds prepared contain aromatic
ring, they were visualized and detected on TLC plates with UV light (short-wave, long-
wave or both). NMR spectra were recorded on a BRUKER AVANCE NEO NANOBAY-USA
(400 MHz for 1H NMR, 62.5 MHz for 13C NMR and 376.5 MHz for 19F NMR), and chemi-
cal shifts were calibrated to TMS (tetramethylsilane). All 19F NMR chemical shifts were
referenced to external CF3CO2H (0.0 ppm). Chemical shifts (δ) were recorded in ppm and
coupling constants (J) in hertz (Hz). Signal patterns are indicated as s, singlet; d, doublet;
dd, doublet of doublets; t, triplet; m, multiplet and bs, broad singlet. All compounds
analytical data’s are presented in Supplementary Information Figure S1. Spectra of the
products (7–23).

General procedure for the synthesis of boronic ester derivatives (7–14).

3.1. General Method for the Synthesis of (7), (8), (13) and (14)

Compound (1) or (2) (1.00 equiv) and (3) (1.00 equiv) were dissolved in DMF and
stirred at room temperature for a few minutes. Later, the resulting mixture was heated
at 90 ◦C and stirred under N2 for 3 h, and the progress was monitored by TLC until
the reaction was complete. After the reaction was completed, the reaction mixture was
poured into 10 mL of ice cold water and extracted with EtOAc (30 mL), washed with H2O
(10 mL × 3), satd. NaCl (5 mL) was dried over Na2SO4 and filtered. The combined organic
layer was dried over Na2SO4, filtered and concentrated in vacuum. Further purification
was performed by column chromatography using ethyl acetate and n-hexane to obtain
yellow solids.

3.1.1. 4-Nitro-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)benzo[c][1,2,5]
oxadiazol-5-amine (7)

Compound (7) was prepared according to the general procedure described in Section 3.1
by using compound (1) (0.100 g, 0.501 mmol, 1.00 equiv) and (3) (0.109 g, 0.501 mmol,
1.00 equiv) in DMF (1 mL) a yellow solid (0.176 g, 0.46 mmol, 91.9%).

1H NMR (400 MHz, CDCl3) δ 11.75 (s, 1H, –NH–), 7.97 (d, J = 7.80 Hz, 2H, phenyl H-3,
H-5), 7.86 (d, J = 9.87 Hz, 1H, benzoxadiazole H-7), 7.35 (d, J = 10.5 Hz, 1H, benzoxadiazole
H-6), 7.33 (d, J = 8.35 Hz, 2H, phenyl H-2, H-6), 1.38 (s, 12H, 4 × –CH3–); 13C NMR
(62.5 MHz, CDCl3) δ 148.13, 146.38, 144.82, 138.21, 136.76, 125.01, 124.90, 124.62, 84.35, 24.90.
MS calcd. for C18H19BN4O5H– 382.1830, found 381.1159

3.1.2. 4-Nitro-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)benzo[c][1,2,5]
thiadiazol-5-amine (8)

Compound (8) was prepared according to the general procedure described in Section 3.1
by taking compound (2) (0.100 g, 0.46 mmol, 1.00 equiv) and (3) (0.101 g, 0.46 mmol,
1.00 equiv) in DMF (2 mL) to obtain compound (8) as yellow solid (0.051 g, 0.128 mmol, 27.83%).

1H NMR (400 MHz, CDCl3) δ 11.22 (s, 1H, –NH–), 7.95 (d, J = 8.33 Hz, 2H, phenyl
H-3, H-5), 7.92 (d, J = 7.89 Hz, 1H, benzothiadiazole, H-7), 7.53 (d, J = 9.79 Hz, 1H,
benzothiadiazole H-6), 7.34 (d, J = 8.07 Hz, 2H, phenyl H-2, H-6), 1.37 (s, 12H, 4 × –CH3–);
13C NMR (62.5 MHz, CDCl3) δ 150.29, 149.48, 147.26, 139.46, 136.63, 128.55, 124.52, 121.96,
84.20, 24.88. MS calcd for C18H19BN4O4SH– 397.2440, found 397.0921

3.2. General Method for the Synthesis of (9) and (10)

Initially, Compound (4) (1.50 equiv) and sodium tertiary butoxide (tBuONa) (1.00 or
1.50 equiv) were dissolved in DMF and stirred at room temperature (25 ◦C) for 1 h. After
that, compound (1) or (2) (1.00 equiv) was added slowly at room temperature under N2
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atmosphere, and the resultant mixture was stirred at 25 ◦C for 16 h. After the reaction was
completed, the reaction mixture was poured into 10 mL of ice cold water and extracted
with EtOAc (30 mL), washed with H2O (10 mL × 3), satd. NaCl (5 mL), dried over Na2SO4
and filtered. The combined organic layer was dried over Na2SO4, filtered and concentrated
in vacuum. Further purification was performed by column chromatography using ethyl
acetate and n-hexane to obtain yellow solids.

3.2.1. 4-Nitro-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)benzo[c][1,2,5]
oxadiazol-5-amine (9)

Compound (9) was prepared according to the general procedure described in Section 3.2
with compound (1) (0.100 g, 0.501 mmol, 1.00 equiv), (4) (0.202 g, 0.751 mmol, 1.50 equiv),
and tBuONa (0.072 g, 0.75 mmol, 1.50 equiv) in DMF (1 mL) to obtain yellow solid (0.057 g,
0.14 mmol, 28.7%).

1H NMR (400 MHz, CDCl3) δ 10.77 (s, 1H, –NH–), 7.90 (dd, J = 9.84, 0.81 Hz, 1H,
benzoxadiazole H-7), 7.85 (d, J = 8.16 Hz, 2H, phenyl H-3, H-5), 7.34 (d, J = 8.22 Hz, 2H,
phenyl H-2, H-6), 7.25 (d, J = 9.38 Hz, 1H, benzoxadiazole H-6), 4.87 (d, J = 6.08 Hz, 2H,
–CH2–), 1.34 (s, 12H, 4 × –CH3–);13C NMR (62.5 MHz, CDCl3) δ 150.07, 145.89, 144.85,
138.15, 135.86, 126.03, 125.34, 123.32, 84.09, 48.00, 24.87. MS calcd for C19H21BN4O5Na+

419.2100, found 419.1670.

3.2.2. 4-Nitro-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)benzo[c][1,2,5]
thiadiazol-5-amine (10)

Compound (10) was prepared according to the general procedure described in Section 3.2
with compound (2) (0.107 g, 0.50 mmol, 1.00 equiv), (4) (0.202 g, 0.75 mmol, 1.50 equiv),
and tBuONa (0.072 g, 0.75 mmol, 1.50 equiv) in DMF (2 mL) to obtain yellow solid (0.095 g,
0.23 mmol, 46.37%).

1H NMR (400 MHz, CDCl3) δ 10.36 (s, 1H, –NH–), 7.93 (d, J = 9.79 Hz, 1H, benzothia-
diazole H-7), 7.83 (d, J = 7.83 Hz, 2H, phenyl H-3, H-5), 7.36 (d, J = 7.67 Hz, 2H, phenyl H-2,
H-6), 7.30 (d, J = 9.80 Hz, 1H, benzothiadiazole H-6), 4.84 (d, J = 6.00 Hz, 2H, –CH2–), 1.34
(s, 12H, 4 × –CH3–); 13C NMR (62.5 MHz, CDCl3) δ 149.78, 149.70, 149.56, 138.94, 135.72,
129.27, 126.07, 120.23, 84.02, 47.89, 24.87. HRMS calcd for C19H21BN4O4SH+ 413.2710,
found 413.2773.

3.3. General Method for the Synthesis of (11) and (12)

To a stirred solution of compound (5) (1.00 equiv) in acetonitrile, was added Et3N
(0.90 equiv). After stirring for 30 min, compound (1) was added slowly at 25 ◦C, and
the resultant mixture was stirred at 25 ◦C for 16 h. After the reaction was completed,
the reaction mixture was extracted with EtOAc (30 mL), washed with H2O (10 mL × 3),
satd. NaCl (5 mL), dried over Na2SO4 and filtered. The organic layer collected was
concentrated to obtain red viscous compounds. Further purification was performed by
column chromatography using ethyl acetate and n-hexane to obtain yellow solids.

3.3.1. 4-Nitro-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)benzo[c][1,2,5]
oxadiazole (11)

Compound (11) was prepared according to the general procedure described in Section 3.3
with compound (1) (0.150 g, 0.75 mmol, 1.00 equiv), (5) (0.165 g, 0.75 mmol, 1.00 equiv) and
Et3N (0.068 g, 0.67 mmol, 0.90 equiv) in ACN (3 mL) to obtain compound (11) as yellow
solid (0.190 g, 0.495 mmol, 66.1%).

1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 9.71 Hz, 1H, benzoxadiazole H-7), 7.92 (d,
J = 8.31 Hz, 2H, phenyl H-3, H-5), 7.18 (d, J = 9.75 Hz, 1H, benzoxadiazole H-6), 7.13 (d,
J = 8.33 Hz, 2H, phenyl H-2, H-6), 1.36 (s, 12H, 4 × –CH3–); 13C NMR (62.5 MHz, CDCl3)
δ 156.24, 153.60, 146.93, 144.06, 137.35, 126.21, 122.78, 119.12, 84.21, 24.86. MS calcd for
C18H18BN3O6Na+ 406.1670, found 406.1500.
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3.3.2. 4-Nitro-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)benzo[c][1,2,5]
thiadiazole (12)

Compound (12) was prepared according to the general procedure described in Section 3.3
with compound (2) (0.107 g, 0.50 mmol, 1.00 equiv), (5) (0.110 g, 0.50 mmol, 1.00 equiv) and
Et3N (0.068 g, 0.67 mmol, 0.90 equiv) in Acetonitrile (3 mL) to obtain compound (12) as
yellow solid (0.083 g, 0.208 mmol, 41.68%).

1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 9.60 Hz, 1H, benzothiadiazole H-7), 7.88 (d,
J = 8.59 Hz, 2H, phenyl H-3, H-5), 7.33 (d, J = 9.62 Hz, 1H, benzothiadiazole H-6), 7.12 (d,
J = 8.60 Hz, 2H, phenyl H-2, H-6), 1.35 (s, 12H, 4 × –CH3–); 13C NMR (62.5 MHz, CDCl3)
δ 157.54, 151.48, 150.52, 147.38, 137.12, 125.10, 123.03, 118.70, 84.06, 24.86. MS calcd for
C18H18BN3O5SH+ 400.2280, found 400.3127.

3.3.3. N-(4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-4-nitrobenzo[c][1,2,5]
oxadiazol-5-amine (13)

Compound (13) was prepared according to the general procedure described in Section 3.1
by using compound (1) (0.100 g, 0.50 mmol, 1.00 equiv), (6) (0.116 g, 0.50 mmol, 1.00 equiv)
in DMF (2 mL) to obtain compound (13) as yellow solid (0.143 g, 0.36 mmol, 72.18%).

1H NMR (400 MHz, CDCl3) δ 11.69 (s, 1H, –NH–), 7.83 (dd, J = 9.88, 0.83 Hz, 1H,
benzoxadiazole H-7), 7.68 (d, J = 2.45 Hz, 1H, phenyl H-2), 7.33 (d, J = 8.10 Hz, 1H, phenyl
H-5), 7.29 (d, J = 9.87 Hz, 1H, benzoxadiazole H-6), 7.25 (dd, J = 8.11, 2.48 Hz, 1H, phenyl
H-6), 2.61 (s, 3H, 4-CH3), 1.35 (s, 12H, 4 × –CH3–); 13C NMR (62.5 MHz, CDCl3) δ 148.88,
146.34, 145.95, 144.89, 133.16, 132.51, 131.64, 128.17, 125.07, 124.43, 84.10, 24.88, 21.88. MS
calcd for C19H21BN4O5Na+ 419.2100, found 419.1691.

3.3.4. N-(4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-4-nitrobenzo[c][1,2,5]
thiadiazol-5-amine (14)

Compound (14) was prepared according to the general procedure described in Section 3.1
by using compound (2) (0.100 g, 0.46 mmol, 1.00 equiv), (6) (0.108 g, 0.46 mmol, 1.00 equiv)
in DMF (2 mL) to obtain compound (14) as yellow solid (0.107 g, 0.26 mmol, 56.52%).

1H NMR (400 MHz, CDCl3) δ 11.23 (s, 1H, –NH–), 7.89 (dd, J = 9.82, 0.65 Hz, 1H,
benzothiadiazole H-7), 7.69 (d, J = 2.30 Hz, 1H, phenyl H-2), 7.42 (d, J = 9.82 Hz, 1H,
benzothiadiazole H-6), 7.31 (d, J = 8.07 Hz, 1H, phenyl H-5), 7.26 (dd, J = 7.87, 2.38 Hz, 1H,
phenyl H-6), 2.60 (s, 3H, 4-CH3), 1.35 (s, 12H, 4 × –CH3–); 13C NMR (62.5 MHz, CDCl3)
150.14, 149.63, 148.41, 145.06, 133.58, 133.12, 133.10, 131.49, 128.49, 128.13, 122.08, 83.98,
24.87, 21.85. MS calcd for C19H21BN4O54H+ 413.2710, found 413.2669.

3.4. General Method for Preparation of Trifluoroborate Salts (15–22)

Compound (7–14) (1.00 equiv) was added to methanol. After stirring for a few minutes,
3M aqueous KHF2 (4.50 equiv) was added slowly. The reaction mixture was stirred at room
temperature (25 ◦C) for 2 h. After the completion of the reaction, solvent was evaporated
to obtain yellow residue. The crude product was dissolved in acetone and filtered. The
filtrate collected was concentrated to obtain yellow solid, which was further recrystallized
in acetone and ether to give pure compounds (15–22).

3.4.1. Potassium Trifluoro (4-((4-Nitrobenzo[c][1,2,5] oxadiazol-5-yl)amino)phenyl) Borate (15)

Compound (15) was prepared according to the general procedure described in Section 3.4
using KHF2 (0.091 g, 1.17 mmol, 4.50 equiv) in MeOH (15 mL) to obtain compound (15) as
yellow solid (0.084 g, 0.23 mmol, 88.9%).

1H NMR (400 MHz, DMSO-d6) δ 11.80 (s, 1H, –NH–), 8.07 (d, J = 9.95 Hz, 1H, ben-
zoxadiazole, H-7), 7.48 (d, J = 8.15 Hz, 2H, phenyl H-2, H-6), 7.28 (d, J = 9.95 Hz, 1H,
benzoxadiazole, H-6), 7.16 (d, J = 7.64 Hz, 2H, phenyl H-3, H-5); 13C NMR (62.5 MHz,
DMSO-d6) δ 149.14, 146.47, 145.07, 132.43, 132.41, 126.79, 124.13, 123.97, 112.27; 19F NMR
(282 MHz, DMSO-d6) δ -139.41.
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3.4.2. Potassium Trifluoro (4-((4-Nitrobenzo[c][1,2,5] thiadiazol-5-yl)amino)phenyl) Borate (16)

Compound (16) was prepared according to the general procedure described in Section 3.4
compound 8 (0.065 g, 0.163 mmol, 1.00 equiv) and KHF2 (0.057 g, 0.734 mmol, 4.50 equiv)
in MeOH (10 mL) to obtain compound (16) as yellow solid (0.0193 g, 0.051 mmol, 31.31%).

1H NMR (400 MHz, DMSO-d6) δ 11.12 (s, 1H, –NH–), 8.03 (d, J = 9.87 Hz, 1H, ben-
zothiadiazole H-7), 7.46 (d, J = 8.01 Hz, 2H, phenyl H-2, H-6), 7.43 (d, J = 9.90 Hz, 1H,
benzothiadiazole H-6), 7.16 (d, J = 7.79 Hz, 2H, phenyl H-3, H-5); 13C NMR (62.5 MHz,
DMSO-d6) δ 149.80, 149.27, 147.84, 134.25, 132.48, 128.14, 123.82, 123.22, 119.97; 19F NMR
(376.5 MHz, DMSO-d6) δ -139.22.

3.4.3. Potassium Trifluoro (4-(((4-Nitrobenzo[c][1,2,5] oxadiazol-5-yl)amino)methyl)phenyl)
Borate (17)

Compound (17) was prepared according to the general procedure described in Section 3.4
with compound (9) (0.03 g, 0.075 mmol, 1.00 equiv) and KHF2 (0.026 g, 0.34 mmol, 4.50 equiv)
in MeOH (10 mL) to obtain compound (17) as yellow solid (0.014 g, 0.037 mmol, 49.6%).

1H NMR (400 MHz, DMSO-d6) δ 10.94 (s, 1H, –NH–), 8.19 (d, J = 10.00 Hz, 1H,
benzoxadiazole, H-7), 7.63 (d, J = 10.00 Hz, 1H, benzoxadiazole H-6), 7.31 (d, J = 7.60 Hz,
2H, phenyl H-2, H-6), 7.12 (d, J = 7.60 Hz, 2H, phenyl H-3, H-5), 4.90 (d, J = 6.00 Hz, 2H,
–CH2–); MS calcd for C13H9BF3KN4O3Na+ 399.1435, found 399.0680.

3.4.4. Potassium Trifluoro (4-(((4-Nitrobenzo[c][1,2,5] thiadiazol-5-yl)amino)methyl)phenyl)
Borate (18)

Compound (18) was prepared according to the general procedure described in Section 3.4
with compound (10) (0.05 g, 0.12 mmol, 1.00 equiv) and KHF2 (0.042 g, 0.54 mmol, 4.50 equiv)
in MeOH (10 mL) to obtain compound (18) as yellow solid (0.043 g, 0.109 mmol, 91.3%).

1H NMR (400 MHz, DMSO-d6) δ 10.38 (s, 1H, –NH–), 8.11 (d, J = 10.00 Hz, 1H,
benzothiadiazole, H-7), 7.63 (d, J = 10.00 Hz, 1H, benzothiadiazole H-6), 7.31 (d, J = 7.60
Hz, 2H, phenyl H-2, H-6), 7.12 (d, J = 7.60 Hz, 2H, phenyl H-3, H-5), 4.84 (d, J = 5.60 Hz,
2H, –CH2–);13C NMR (62.5 MHz, DMSO-d6) δ 149.65, 149.39, 149.25, 133.56, 131.68, 128.71,
124.96, 124.92, 122.18, 119.10, 46.93.

3.4.5. Potassium Trifluoro (4-((4-Nitrobenzo[c][1,2,5] oxadiazol-5-yl)oxy)phenyl) Borate (19)

Compound (19) was prepared according to the general procedure described in Section 3.4
with compound (11) (0.150 g, 0.391 mmol, 1.00 equiv) and KHF2 (0.137 g, 1.76 mmol, 4.50 equiv)
in MeOH (20 mL) to obtain compound (19) as yellow solid (0.116 g, 0.319 mmol, 81.7%).

1H NMR (400 MHz, DMSO-d6) δ 8.35 (d, J = 9.79 Hz, 1H, benzoxadiazole, H-7), 7.45
(d, J = 8.36 Hz, 2H, phenyl H-2, H-6), 7.28 (d, J = 9.79 Hz, 1H, benzoxadiazole, H-6), 7.03 (d,
J = 8.23 Hz, 2H, phenyl H-3, H-5);13C NMR (62.5 MHz, DMSO-d6) δ 156.19, 151.49, 147.03,
144.39, 133.23, 126.89, 126.83, 123.95, 123.93, 117.92.

3.4.6. Potassium Trifluoro (4-((4-Nitrobenzo[c][1,2,5] thiadiazol-5-yl)oxy)phenyl) Borate (20)

Compound (20) was prepared according to the general procedure described in Section 3.4
with compound (12) (0.040 g, 0.100 mmol, 1.00 equiv) and KHF2 (0.035 g, 0.45 mmol, 4.50 equiv)
in MeOH (8 mL) to obtain compound (20) as yellow solid (0.03 g, 0.079 mmol, 79.12%).

1H NMR (400 MHz, DMSO-d6) δ 8.28 (d, J = 10.00 Hz, 1H, benzothiadiazole, H-7),
7.42 (d, J = 9.60 Hz, 1H, benzothiadiazole H-6), 7.41 (d, J = 5.20 Hz, 2H, phenyl H-2, H-6),
6.97 (d, J = 8.00 Hz, 2H, phenyl H-3, H-5);13C NMR (62.5 MHz, DMSO-d6) δ 152.40, 151.10,
150.68, 146.57, 133.09, 125.68, 122.57, 117.45; 19F NMR (376.5 MHz, DMSO-d6) δ -139.07.

3.4.7. Potassium Trifluoro (2-Methyl-5-((4-nitrobenzo[c][1,2,5] oxadiazol-5-yl)amino)phenyl)
Borate (21)

Compound (21) was prepared according to the general procedure described in Section 3.4
compound (13) (0.050 g, 0.126 mmol, 1.00 equiv) and KHF2 (0.044 g, 0.56 mmol, 4.50 equiv) in
MeOH (12 mL) to obtain compound (21) as yellow solid (0.045 g, 0.119 mmol, 94.9%).
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1H NMR (400 MHz, DMSO-d6) δ 11.78 (s, 1H, –NH–), 8.11 (d, J = 9.96 Hz, 1H, benzoxa-
diazole H-7), 7.28 (d, J = 2.44 Hz, 1H, phenyl H-6), 7.25 (d, J = 10.12 Hz, benzoxadiazole
H-6), 7.08 (d, J = 7.87 Hz, 1H, phenyl H-3), 7.00 (dd, J = 7.79, 2.41 Hz, 1H, phenyl H-4),
2.37 (s, 3H, –CH3–); 13C NMR (62.5 MHz, DMSO-d6) δ 149.18, 146.46, 145.08, 141.27, 129.38,
128.98, 126.62, 124.00, 122.76, 21.10; 19F NMR (376.5 MHz, DMSO-d6) δ -138.29.

3.4.8. Potassium Trifluoro (2-Methyl-5-((4-nitrobenzo[c][1,2,5] thiadiazol-5-yl)amino)phenyl)
Borate (22)

Compound (22) was prepared according to the general procedure described in Section 3.4
with compound (14) (0.050 g, 0.121 mmol, 1.00 equiv) and KHF2 (0.042 g, 0.54 mmol, 4.50 equiv)
in MeOH (15 mL) to obtain compound (22) as yellow solid (0.043 g, 0.109 mmol, 90.6%).

1H NMR (400 MHz, DMSO-d6) δ 11.15 (s, 1H, –NH–), 8.05 (d, J = 9.89 Hz, 1H, ben-
zothiadiazole H-7), 7.39 (d, J = 9.89 Hz, 1H, benzothiadiazole H-6), 7.28 (d, J = 2.41 Hz, 1H,
phenyl H-6), 7.08 (d, J = 7.92 Hz, 1H, phenyl H-3), 7.00 (dd, J = 7.88, 2.43 Hz, 1H, phenyl
H-4), 2.37 (s, 3H, –CH3–);13C NMR (62.5 MHz, DMSO-d6) δ 149.80, 149.36, 148.13, 140.54,
132.75, 129.42, 128.82, 128.17, 123.18, 122.53, 119.76, 21.08.

3.4.9. (2-Methyl-5-((4-nitrobenzo[c][1,2,5]oxadiazol-5-yl)amino)phenyl)boronic acid (23)

To an RBF were added compound (21) (0.020 g, 0.053 mmol, 1.00 equiv) and SiO2
(0.0032 g, 0.053 mmol, 1.00 equiv). After that, solvent mixture of EtOAc: H2O (0.5:0.5 mL)
was added, and reaction mixture was stirred at room temperature (25 ◦C) for 1–2 h. Af-
ter the completion of the reaction, H2O (5 mL) was added and extracted with EtOAc
(15 mL × 2). Organic phase was collected dried over Na2SO4, filtered and concentrated to
obtain compound (23) as yellow solid (10.6 mg, 0.033 mmol, 63.68%).

1H NMR (400 MHz, DMSO-d6) δ 11.77 (s, 1H, –NH–), 8.20 (s, 2H, –OH × 2), 8.13 (d,
J = 9.89 Hz, 1H, benzoxadiazole H-7), 7.40 (s, 1H, phenyl H-6), 7.31 (s, 2H, phenyl H-3,
H-4), 7.27 (d, J = 9.93, 1H, benzoxadiazole H-6), 2.47 (s, 3H, –CH3–);13C NMR (62.5 MHz,
DMSO-d6) δ 148.91, 146.48, 145.00, 141.46, 133.06, 130.77, 130.47, 126.59, 126.54, 124.19, 21.65.

4. Conclusions

In conclusion, we have designed new series of benzo[c][1,2,5]oxadiazoles/thiadiazoles
and boronic acid pinacol esters by molecular hybridization via amine and ether linkage.
A series of seventeen compounds were synthesized in two steps in good yields. Initially,
substituted boronic acid pinacol esters were prepared in an efficient manner via substitution
reaction. In the next step, they were converted to aryltrifluoroboronate salts. In addition,
one of the aryltrifluoroboronate salts was converted to the corresponding boronic acid
derivative in the presence of silica. The synthesized compounds were characterized by
modern spectroscopic techniques such as 1H NMR, 13C NMR and mass spectrometry. These
are the first boron-based compounds that were evaluated for their anticancer potential, and
the biological evaluation is underway.
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www.mdpi.com/article/10.3390/inorganics11010034/s1. Spectral Data of Products 7–23.

Author Contributions: S.D. synthesized and analyzed the compounds and edited the paper. B.C.D.
conceived the idea, designed the molecules, synthesized the molecules, wrote the paper, edited the
paper, performed data analysis, and coordinated with all authors. M.A.S. synthesized the compounds,
analyzed the compounds, and wrote and edited the paper. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Institutes of Health grant number R01AI132614-01A1,
R21 AA027374-01, 1R01NS109423-01A1.

Data Availability Statement: Not applicable.

https://www.mdpi.com/article/10.3390/inorganics11010034/s1
https://www.mdpi.com/article/10.3390/inorganics11010034/s1


Inorganics 2023, 11, 34 12 of 13

Acknowledgments: B.D. acknowledges the NIH for support: R01AI132614-01A1, R21 AA027374-01,
1R01NS109423-01A1.

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

References
1. Rankin, E.B.; Nam, J.-M.; Giaccia, A.J. Hypoxia: Signaling the metastatic cascade. Trends Cancer 2016, 2, 295–304. [CrossRef]

[PubMed]
2. Ghosh, R.; Samanta, P.; Sarkar, R.; Biswas, S.; Saha, P.; Hajra, S.; Bhowmik, A. Targeting HIF-1α by Natural and Synthetic

Compounds: A Promising Approach for Anti-Cancer Therapeutics Development. Molecules 2022, 27, 5192. [CrossRef] [PubMed]
3. Lv, Y.; Zhao, S.; Han, J.; Zheng, L.; Yang, Z.; Zhao, L. Hypoxia-inducible factor-1α induces multidrug resistance protein in colon

cancer. OncoTargets Ther. 2015, 8, 1941. [CrossRef] [PubMed]
4. Das, B.C.; Madhukumar, A.V.; Anguiano, J.; Mani, S. Design, synthesis and biological evaluation of 2H-benzo [b][1, 4] oxazine

derivatives as hypoxia targeted compounds for cancer therapeutics. Bioorg. Med. Chem. Lett. 2009, 19, 4204–4206. [CrossRef]
5. Reddy, S.B.; Williamson, S.K. Tirapazamine: A novel agent targeting hypoxic tumor cells. Expert Opin. Investig. Drugs 2009, 18,

77–87. [CrossRef]
6. Albadari, N.; Deng, S.; Li, W. The transcriptional factors HIF-1 and HIF-2 and their novel inhibitors in cancer therapy. Expert

Opin. Drug Discov. 2019, 14, 667–682. [CrossRef]
7. Das, B.C.; Nandwana, N.K.; Das, S.; Nandwana, V.; Shareef, M.A.; Das, Y.; Saito, M.; Weiss, L.M.; Almaguel, F.; Hosmane, N.S.

Boron Chemicals in Drug Discovery and Development: Synthesis and Medicinal Perspective. Molecules 2022, 27, 2615. [CrossRef]
8. Song, S.; Gao, P.; Sun, L.; Kang, D.; Kongsted, J.; Poongavanam, V.; Zhan, P.; Liu, X. Recent developments in the medicinal

chemistry of single boron atom-containing compounds. Acta Pharm. Sin. B 2021, 11, 3035–3059. [CrossRef]
9. Das, B.C.; Shareef, M.A.; Das, S.; Nandwana, N.K.; Das, Y.; Saito, M.; Weiss, L.M. Boron-Containing Heterocycles as Promising

Pharmacological Agents. Bioorg. Med. Chem. 2022, 63, 116748. [CrossRef]
10. Das, B.C.; Thapa, P.; Karki, R.; Schinke, C.; Das, S.; Kambhampati, S.; Banerjee, S.K.; Van Veldhuizen, P.; Verma, A.; Weiss, L.M.

Boron chemicals in diagnosis and therapeutics. Future Med. Chem. 2013, 5, 653–676. [CrossRef]
11. Almi, I.; Belaidi, S.; Melkemi, N.; Bouzidi, D. Chemical reactivity, drug-likeness and structure activity/property relationship

studies of 2, 1, 3-benzoxadiazole derivatives as anti-cancer activity. J. Bionanosci. 2018, 12, 49–57. [CrossRef]
12. Dutta, T.; Pal, K.; Koner, A.L. Cellular metabolic activity marker via selective turn-ON detection of transporter protein using

nitrobenzoxadiazole-based fluorescent reporter. Sci. Rep. 2020, 10, 1–9. [CrossRef] [PubMed]
13. Schininà, B.; Martorana, A.; Colabufo, N.A.; Contino, M.; Niso, M.; Perrone, M.G.; De Guidi, G.; Catalfo, A.; Rappazzo, G.;

Zuccarello, E. 4-Nitro-2, 1, 3-benzoxadiazole derivatives as potential fluorescent sigma receptor probes. RSC Adv. 2015, 5,
47108–47116. [CrossRef]

14. Fiorentino, F.; De Angelis, M.; Menna, M.; Rovere, A.; Caccuri, A.M.; D’Acunzo, F.; Palamara, A.T.; Nencioni, L.; Rotili, D.; Mai, A.
Anti-influenza A virus activity and structure–activity relationship of a series of nitrobenzoxadiazole derivatives. J. Enzym. Inhib.
Med. Chem. 2021, 36, 2128–2138. [CrossRef] [PubMed]

15. Siciliano, G.; Di Paolo, V.; Rotili, D.; Migale, R.; Pedini, F.; Casella, M.; Camerini, S.; Dalzoppo, D.; Henderson, R.; Huijs, T. The
Nitrobenzoxadiazole Derivative NBDHEX Behaves as Plasmodium falciparum Gametocyte Selective Inhibitor with Malaria
Parasite Transmission Blocking Activity. Pharmaceuticals 2022, 15, 168. [CrossRef]

16. Silva, V.A.; Lafont, F.; Benhelli-Mokrani, H.; Breton, M.L.; Hulin, P.; Chabot, T.; Paris, F.; Sakanyan, V.; Fleury, F. Rapid diminution
in the level and activity of DNA-dependent protein kinase in cancer cells by a reactive nitro-benzoxadiazole compound. Int. J.
Mol. Sci. 2016, 17, 703. [CrossRef]

17. Sakanyan, V.; Angelini, M.; Le Béchec, M.; Lecocq, M.F.; Benaiteau, F.; Rousseau, B.; Gyulkhandanyan, A.; Gyulkhandanyan, L.;
Logé, C.; Reiter, E. Screening and discovery of nitro-benzoxadiazole compounds activating epidermal growth factor receptor
(EGFR) in cancer cells. Sci. Rep. 2014, 4, 1–11. [CrossRef]

18. De Luca, A.; Carpanese, D.; Rapanotti, M.C.; Viguria, T.M.S.; Forgione, M.A.; Rotili, D.; Fulci, C.; Iorio, E.; Quintieri, L.; Chimenti,
S. The nitrobenzoxadiazole derivative MC3181 blocks melanoma invasion and metastasis. Oncotarget 2017, 8, 15520. [CrossRef]

19. Fulci, C.; Rotili, D.; De Luca, A.; Stella, L.; Morozzo della Rocca, B.; Forgione, M.; Di Paolo, V.; Mai, A.; Falconi, M.; Quintieri, L. A
new nitrobenzoxadiazole-based GSTP1-1 inhibitor with a previously unheard of mechanism of action and high stability. J. Enzym.
Inhib. Med. Chem. 2017, 32, 240–247. [CrossRef]

20. Rotili, D.; De Luca, A.; Tarantino, D.; Pezzola, S.; Forgione, M.; Della Rocca, B.M.; Falconi, M.; Mai, A.; Caccuri, A.M. Synthesis
and structure–activity relationship of new cytotoxic agents targeting human glutathione-S-transferases. Eur. J. Med. Chem. 2015,
89, 156–171. [CrossRef]

21. Chistyakov, V.; Semenyuk, Y.P.; Morozov, P.; Prazdnova, E.; Chmykhalo, V.; Kharchenko, E.Y.; Kletskii, M.; Borodkin, G.; Lisovin,
A.; Burov, O. Synthesis and biological properties of nitrobenzoxadiazole derivatives as potential nitrogen (ii) oxide donors: SOX
induction, toxicity, genotoxicity, and DNA protective activity in experiments using Escherichia coli-based lux biosensors. Russ.
Chem. Bull. 2015, 64, 1369–1377. [CrossRef]

22. Neto, B.A.; Lapis, A.A.; da Silva Júnior, E.N.; Dupont, J. 2, 1, 3-Benzothiadiazole and Derivatives: Synthesis, Properties, Reactions,
and Applications in Light Technology of Small Molecules. Eur. J. Org. Chem. 2013, 2013, 228–255. [CrossRef]

http://doi.org/10.1016/j.trecan.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28741527
http://doi.org/10.3390/molecules27165192
http://www.ncbi.nlm.nih.gov/pubmed/36014432
http://doi.org/10.2147/OTT.S82835
http://www.ncbi.nlm.nih.gov/pubmed/26251616
http://doi.org/10.1016/j.bmcl.2009.05.110
http://doi.org/10.1517/13543780802567250
http://doi.org/10.1080/17460441.2019.1613370
http://doi.org/10.3390/molecules27092615
http://doi.org/10.1016/j.apsb.2021.01.010
http://doi.org/10.1016/j.bmc.2022.116748
http://doi.org/10.4155/fmc.13.38
http://doi.org/10.1166/jbns.2018.1503
http://doi.org/10.1038/s41598-020-60954-y
http://www.ncbi.nlm.nih.gov/pubmed/32139799
http://doi.org/10.1039/C5RA08639F
http://doi.org/10.1080/14756366.2021.1982932
http://www.ncbi.nlm.nih.gov/pubmed/34583607
http://doi.org/10.3390/ph15020168
http://doi.org/10.3390/ijms17050703
http://doi.org/10.1038/srep03977
http://doi.org/10.18632/oncotarget.14690
http://doi.org/10.1080/14756366.2016.1247059
http://doi.org/10.1016/j.ejmech.2014.10.033
http://doi.org/10.1007/s11172-015-1019-y
http://doi.org/10.1002/ejoc.201201161


Inorganics 2023, 11, 34 13 of 13

23. Mataka, S.; Takahashi, K.; Imura, T.; Tashiro, M. Reduction of 4, 7-diphenyl-1, 2, 5-thia (oxa) diazolo [3, 4-c] pyridines affording 2,
5-diphenyl-3, 4-diaminopyridines and ring closure of the diamines to fluorescent azaheterocycles. J. Heterocycl. Chem. 1982, 19,
1481–1488. [CrossRef]

24. Balasankar, T.; Gopalakrishnan, M.; Nagarajan, S. Synthesis and antibacterial activity of some 5-(4-biphenylyl)-7-aryl [3, 4-d][1, 2,
3]-benzothiadiazoles. Eur. J. Med. Chem. 2005, 40, 728–731. [CrossRef] [PubMed]

25. Malanga, G.; Reiter, R.D.; Garay, E. Update on tizanidine for muscle spasticity and emerging indications. Expert Opin. Pharmacother.
2008, 9, 2209–2215. [CrossRef] [PubMed]

26. Wang, W.-L.; Chen, X.-Y.; Gao, Y.; Gao, L.-X.; Sheng, L.; Zhu, J.; Xu, L.; Ding, Z.-Z.; Zhang, C.; Li, J.-Y. Benzo [c][1, 2, 5] thiadiazole
derivatives: A new class of potent Src homology-2 domain containing protein tyrosine phosphatase-2 (SHP2) inhibitors. Bioorganic
Med. Chem. Lett. 2017, 27, 5154–5157. [CrossRef]

27. dos Santos, B.F.; Pereira, C.F.; Pinz, M.P.; de Oliveira, A.R.; Brand, G.; Katla, R.; Wilhelm, E.A.; Luchese, C.; Domingues, N.L.
Efficient palladium-catalyzed C-S cross-coupling reaction of benzo-2, 1, 3-thiadiazole at C-5-position: A potential class of AChE
inhibitors. Appl. Organomet. Chem. 2020, 34, e5650. [CrossRef]

28. da Costa Rodrigues, K.; de Oliveira, R.L.; da Silva Chaves, J.; da Rocha, V.M.E.; Dos Santos, B.F.; Fronza, M.G.; de Campos
Domingues, N.L.; Savegnago, L.; Wilhelm, E.A.; Luchese, C. A new arylsulfanyl-benzo-2, 1, 3-thiadiazoles derivative produces an
anti-amnesic effect in mice by modulating acetylcholinesterase activity. Chem.-Biol. Interact. 2022, 351, 109736. [CrossRef]

29. Nandwana, V.; Nandwana, N.K.; Das, Y.; Saito, M.; Panda, T.; Das, S.; Almaguel, F.; Hosmane, N.S.; Das, B.C. The role of
microbiome in brain development and neurodegenerative diseases. Molecules 2022, 27, 3402. [CrossRef]

30. Yang, J.; Das, B.C.; Aljitawi, O.; Kumar, A.; Das, S.; Van Veldhuizen, P. Magmas Inhibition in Prostate Cancer: A Novel Target for
Treatment-Resistant Disease. Cancers 2022, 14, 2732. [CrossRef]

31. Pérez-Rodríguez, M.; García-Mendoza, E.; Farfán-García, E.D.; Das, B.C.; Ciprés-Flores, F.J.; Trujillo-Ferrara, J.G.; Tamay-Cach, F.;
Soriano-Ursúa, M.A. Not all boronic acids with a five-membered cycle induce tremor, neuronal damage and decreased dopamine.
Neurotoxicology 2017, 62, 92–99. [CrossRef] [PubMed]

32. Das, B.C.; Nandwana, N.K.; Ojha, D.P.; Das, S.; Evans, T. Synthesis of a boron-containing amidoxime reagent and its application
to synthesize functionalized oxadiazole and quinazolinone derivatives. Tetrahedron Lett. 2022, 92, 153657. [CrossRef] [PubMed]

33. CijiangáHe, J. A novel procedure for the synthesis of borylated quinolines and its application in the development of potential
boron-based homeodomain interacting protein kinase 2 (HIPK2) inhibitors. RSC Adv. 2022, 12, 24187–24191.

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/10.1002/jhet.5570190645
http://doi.org/10.1016/j.ejmech.2005.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15935906
http://doi.org/10.1517/14656566.9.12.2209
http://www.ncbi.nlm.nih.gov/pubmed/18671474
http://doi.org/10.1016/j.bmcl.2017.10.059
http://doi.org/10.1002/aoc.5650
http://doi.org/10.1016/j.cbi.2021.109736
http://doi.org/10.3390/molecules27113402
http://doi.org/10.3390/cancers14112732
http://doi.org/10.1016/j.neuro.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28595910
http://doi.org/10.1016/j.tetlet.2022.153657
http://www.ncbi.nlm.nih.gov/pubmed/35935920

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Method for the Synthesis of (7), (8), (13) and (14) 
	4-Nitro-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)benzo[c][1,2,5] oxadiazol-5-amine (7) 
	4-Nitro-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)benzo[c][1,2,5] thiadiazol-5-amine (8) 

	General Method for the Synthesis of (9) and (10) 
	4-Nitro-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)benzo[c][1,2,5] oxadiazol-5-amine (9) 
	4-Nitro-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)benzo[c][1,2,5] thiadiazol-5-amine (10) 

	General Method for the Synthesis of (11) and (12) 
	4-Nitro-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)benzo[c][1,2,5] oxadiazole (11) 
	4-Nitro-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)benzo[c][1,2,5] thiadiazole (12) 
	N-(4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-4-nitrobenzo[c][1,2,5] oxadiazol-5-amine (13) 
	N-(4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-4-nitrobenzo[c][1,2,5] thiadiazol-5-amine (14) 

	General Method for Preparation of Trifluoroborate Salts (15–22) 
	Potassium Trifluoro (4-((4-Nitrobenzo[c][1,2,5] oxadiazol-5-yl)amino)phenyl) Borate (15) 
	Potassium Trifluoro (4-((4-Nitrobenzo[c][1,2,5] thiadiazol-5-yl)amino)phenyl) Borate (16) 
	Potassium Trifluoro (4-(((4-Nitrobenzo[c][1,2,5] oxadiazol-5-yl)amino)methyl)phenyl) Borate (17) 
	Potassium Trifluoro (4-(((4-Nitrobenzo[c][1,2,5] thiadiazol-5-yl)amino)methyl)phenyl) Borate (18) 
	Potassium Trifluoro (4-((4-Nitrobenzo[c][1,2,5] oxadiazol-5-yl)oxy)phenyl) Borate (19) 
	Potassium Trifluoro (4-((4-Nitrobenzo[c][1,2,5] thiadiazol-5-yl)oxy)phenyl) Borate (20) 
	Potassium Trifluoro (2-Methyl-5-((4-nitrobenzo[c][1,2,5] oxadiazol-5-yl)amino)phenyl) Borate (21) 
	Potassium Trifluoro (2-Methyl-5-((4-nitrobenzo[c][1,2,5] thiadiazol-5-yl)amino)phenyl) Borate (22) 
	(2-Methyl-5-((4-nitrobenzo[c][1,2,5]oxadiazol-5-yl)amino)phenyl)boronic acid (23) 


	Conclusions 
	References

