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derivatives and their antibacterial activities¥
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Structure modification of drugs is a reliable way to optimize lead compounds, among which the most
striking and direct method is late-stage functionalization (LSF). Here, we employed the Cu-catalyzed
C-H LSF to modify 5-nitrofuran drugs. A series of modifications have been carried out including
hydroxylation, methylation, azidination, cyanation, arylation, etc. Antibacterial activities of all compounds
in vitro were measured. The results showed that compound 1 and compound 18 were the most active
among all compounds. Meanwhile, the cell cytotoxicity assays of potent compounds 1, 3, 4, 5 & 18 and
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Introduction

Structural modification of lead molecules is to modify func-
tional groups based on the molecules’ original skeleton,'
which has the following effects: (a) changes the solubility or pK,
of the drug,* (b) enhances the drug's bioavailability,” (c)
improves the pharmacokinetics and prolongs the action time of
the drug,® (d) maintains excellent metabolic stability, (e)
increases the target selectivity of drugs,” and (f) reduces the
toxicity and side effects of drugs.* Therefore, chemical structure
modification of drugs is a reliable method for optimizing lead
compounds and is widely used by medicinal chemists all over
the world.

C-H late-stage functionalization (LSF) is the most direct
approach of structural modification, helping to generate new
drugs rapidly.*™*® So far, there have been many examples of
successfully improving activity after modification such as
“magic methyl” effect,’*® cyanation," azidination*® (Fig. 1a).
Since the improper use of antibiotics* and the natural selection
of bacteria,” more and more diseases are difficult to cure by
current antibiotics, new strategies must be developed, such as
the discovery of derivatives of known antibacterial agents.
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the parent drug FZD were conducted.

Nitrogen heterocycles (N-heterocycles) are common structures
in antibacterial and anti-inflammatory drugs,”® and their N-
a position can be used as a modification object in antibacterial
drug Zoliflodacin (Fig. 1b).>*?¢ It has been reported®” that
modifying N-heterocycles can improve their protein-binding
ability without influencing the acting mechanism. Furazoli-
done (FZD, 3-(5-nitrofurfurylideneamino)-2-oxazolidinone) and
Nitrofurantoin (NFT, 1-(((5-nitro-2-furanyl) methylene) amino)-
2,4-imidazolidinedione) are members of 5-nitrofurans (NFs),*
which have broad-spectrum antibacterial effect against Gram-
negative and Gram-positive bacteria.>?*° In particular, FZD
was proved to be the only successful NFs against Helicobacter
pylori (H. pylori).**** Therefore, modification of N-o position of
these two antibacterial drugs can afford more active
compounds without affecting the target.

Herein, we successfully modified the N-a position of FZD and
NFT, and converted the N-a position C-H bond into C-O, C-C,
C-N, and C-S bonds by Cu(1) catalyzed C-H LSF (Fig. 1c) and the
reaction mechanism is shown in Fig. 1d. 18 analogues
including 16 FZD derivatives and 2 NFT derivatives were
synthesized and their antibacterial activities against Staphylo-
coccus aureus (S. aureus), Escherichia coli (E. coli), Candida albi-
cans (C. albicans) and Helicobacter pylori (H. pylori) in vitro were
measured. Several compounds were superior to parent drug in
activity. We hope that this method can provide an idea of LSF at
the N-a position to medicinal chemists and help them obtain
desired compounds in a fast and low-cost way.

Results and discussion
Synthetic procedures

Inspired by our recent advances in copper catalyzed late-stage
C-H functionalization of N-heterocycles,** which can generate
hemiaminal intermediate via cross-dehydrogenation coupling

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 C-H LSF of drugs and modifications of NFs. (a) Representative examples of drugs with increased potency after C—H late-stage func-
tionalization. (b) N-a position modified antibacterial drug Zoliflodacin. (c) This work: C—H late-stage functionalization of FZD and NFT. (d)

Reaction mechanism.

reaction after C-H bond oxidation, we attempted to modify the
a-position of N-heterocycle-containing drugs. A variety of
functional groups, such as those containing O, N, and S, were
projected to be introduced in N-o. position in order to increase
the receptor-binding capacity and activity of the drug. Herein,
we successfully converted C-H bonds into C-O and C-C bonds.
Since N and S are the most common active atoms in medicinale
compounds, we also paid attention to C-N and C-S coupling for
the first time. Derivatives of FZD were obtained using copper(i)
catalyzed C-H LSF in desired yield (43-95%). A series of groups
were added in N-a position of NFs containing -OH, -OCH3, -N3,
—CN, etc. The analogues are shown in Fig. 2, including 16 FZD
derivatives and 2 NFT derivatives.

We initially oxidized FZD with the conditions of CuOAc/
Ligand, H,O and N-fluorobenzenesulfonimide (NFSI) in
CH;CN, obtained hemiaminal 1 in 91% yield. Replacing water
with methanol or azidotrimethylsilan in above system, the
corresponding FZD derivatives 2 and 3 were formed in one-step
with good yields (93% and 83% respectively).

Influenced by the one-step reaction of trimethylsilane, we
proceeded with the C-N coupling. Amines were initially added

© 2023 The Author(s). Published by the Royal Society of Chemistry

to our reaction system in order to obtain C-N coupled products
in one-step, but the reaction failed. Therefore, a one-pot reac-
tion was performed. After the completion of the reaction of
hemiaminal 1, an amine was added to afford 4 and 5 in excel-
lent yields (89% and 87% respectively). It is worth mentioning
that chain amines such as dimethylamine, n-propylamine, N-
methyl-n-propylamine and ammonium salts including methyl-
amine hydrochloride and ethylamine hydrochloride could react
with hemiaminal 1 giving corresponding C-N coupling prod-
ucts. However, these desired products were all unstable, they
partially hydrolyzed during purification, back to hemiaminal 1,
preventing us from obtaining pure products.

Next, we focused on the C-C coupling at the N-o. position of
NFs. Methylation of 1 with diethylaminosulfur trifluoride
(DAST) afforded 6 in moderate yields (71%). Treatment of 1 with
BF;-OEt, and trimethylsilylcyanide provided products 7 in
moderate yield (45%). Moreover, in order to evaluate the effect
of active hydrogen, we further synthesized amide 8 with two
active hydrogens based on product 7 under the conditions of
LiOH and H,0,, the overall yield of two steps was 43%.
Compounds 9-10 were products of hemiaminal 1, BF;-OEt,,

RSC Adv, 2023, 13, 3204-3209 | 3205
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Fig. 2 Late-stage functionalization of FZD and NFT. Reaction conditions: *FZD or NFT (0.2 mmol), NFSI (0.3 mmol), ligand (0.024 mmol,
12 mol%) and CuOAc (0.02 mmol, 10 mol%), ROH or TMS-N3 (0.6 mmol) in CH3CN (1.0 ml), under N, 35 °C for 24 h; isolated yields. ®FzD (0.1
mmol), NFSI (0.15 mmol), ligand (0.012 mmol, 12 mol%) and CuOAc (0.01 mmol, 10 mol%), H,O (0.3 mmol) in CH3zCN (1.0 ml) under N, 35 °C for
24 h; amine (0.3 mmol) added under Ny, 35 °C for 24 h; overall yield of two steps. €1 or 17 (0.1 mmol), CH,CL, (1.0 ml), DAST (0.1 mmol) added
under N, at —78 °C; rt for 1 h; cooled to —78 °C, AlMes (0.3 mmol) added, stirred for 2 h; rt for 1 h; isolated yields. 91 (0.1 mmol), CH,Cl, (1.0 ml),
acid (0.2 mmol) and nucleophilic reagent (0.3 mmol) added under N, at —40 °C, stirred for 1 h, rt for 2 h; isolated yields. 7 (0.1 mmol), LIOH-H,O
(0.2 mmol), THF (3.0 ml), H,O (3.0 ml) under N, H,O, (36% wt 100 pl) added, rt for 1 h; overall yield of two steps.
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and corresponding organic nucleophilic reagents (allyl-
trimethylsilane and trimethyl [(1-phenylethyl) oxy] - silane) in
yields 90% and 53% respectively. Interestingly, when benzyl-
trimethylsilane was used as a nucleophilic reagent, the 4-posi-
tion of benzene ring was substituted rather than the benzyl
position, resulting in product 11 in 85% yield.

In view of the importance of the S atom in pharmaceutical
chemistry, we decided to introduce sulfur-containing groups. 1
reacted with sodium methylthiolate and sodium ethanethiolate
after adding BF;-OEt,, providing products 12 and 13 in excel-
lent yields, (95% and 93%, respectively). Unexpectedly, when
propanethiol, isopropylthiol, and benzylthiol were used as
nucleophiles, BF;-OEt, could not promote the reaction. Other
Lewis acids were also used for the same reason but failed.
Finally, trifluoroacetic acid (TFA), a type of Bregnsted acid, was
used to drive the reaction, and products 14-16 were afforded in
good yields (81-87%).

NFT derivative heminaminal 17 was obtained in 72% yield
under conditions of CuOAc/Ligand, H,O and NFSI, same
conditions as hemiaminal 1. Methylation of 17 with DAST
afforded 18 in moderate yields (41%).

In vitro biological activity
Antibacterial activity

All synthesized compounds (1-18) were screened in vitro for
antibacterial activities (Table 1) against S. aureus strain ATCC
29213, E. coli strain ATCC 25922 and C. albicans strain
ATCC14053, which are representative of the Gram-positive
bacteria, Gram-negative bacteria and fungi, respectively.
Compound 1, 6, and FZD were evaluated the ability against H.
pylori strain SS1 additionally. All compounds were assessed by

View Article Online
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a standard two-fold microdilution assay against these four
strains.

Hydroxyl is an important active group in drugs, able to both
change physicochemical properties and enhance hydrogen
bonding interactions with the target proteins.'* Compared with
the parent compound FZD, compound 1 has an additional -OH
group at the N-a position, which gives it stronger activity against
S. aureus with a MIC value of 1.5625 pug ml—, 2-fold superior to
that of FZD. However, compound 2, with an additional -OCHj,
exhibited low activity against these three bacterial strains. We
speculated that the enhanced activity of compound 1 is due to
the active hydrogen on the hydroxyl group. Compounds 3-5
containing C-N bonds also showed strong inhibition against S.
aureus and E. coli. Neither compound 6 nor 7 which containing
small groups such as -CN, -CH; showed better activity. It is
worth mentioning that we synthesized compound 8, an amide
with two active hydrogens based on compound 7. Intra-
molecular hydrogen bonds might form in compound 8, but the
activity was poor. Antibacterial result showed 8 even had lower
activity than compound 7. Coupling with allyl group afforded
compound 9, which led to a substantial decrease in activity.
Introducing an aromatic moiety into N-o. position resulted in
analogues 10 and 11, which were found to have a complete loss
of activity in comparison to FZD. This may have been because
the aromatic moieties of 10 and 11 influenced their binding
ability to the target. Furthermore, the introduction of sulfur did
not afford better activity for compounds 12-16. In addition,
representative compounds 1 (OH-FZD) and 6 (Me-FZD) were
chosen and their ability against H. pylori was tested. MICs of
FZD, 1, and 6 were all less than 0.0976. It was revealed that our
modification maintained their anti-H. pylori efficacy.

Table 1 Minimum inhibitory concentration of the compounds against microbial strains (ug ml™3)

MIC (ug ml ™)

Mol. weight S. Aureus E. coli C. Albicans

Compounds (gmol™) ATCC 29213 ATCC 25922 ATCC14053 H. pylori SS1
FZD 225 3.125 0.39065 >50 <0.0976
1 241 1.5625 1.5625 >50 <0.0976
2 255 >50 >50 >50

3 266 3.125 1.5625 >50

4 330 3.125 3.125 >50

5 378 3.125 3.125 >50

6 239 25 6.25 >50 <0.0976
7 250 12.5 12.5 >50

8 268 25 25 >50

9 265 >50 >50 >50

10 343 >50 >50 >50

11 387 >50 >50 >50

12 271 25 25 >50

13 285 12.5 50 >50

14 299 12.5 >50 >50

15 299 12.5 >50 >50

16 347 3.125 >50 >50

NFT 238 25 12.5 >50

17 254 50 50 >50

18 252 25 6.25 >50

© 2023 The Author(s). Published by the Royal Society of Chemistry
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LSF of NFT was also performed, and compounds 17 and 18
containing -OH and -CH; were synthesized, respectively.
Unexpectedly, compound 18 with a methyl group showed
stronger anti-E. coli activity than its parent drug, with a 2-fold
superior efficacy to the MIC of NFT, demonstrating the “magic
methyl” effect, which differed from the results from the meth-
ylation of FZD.

The results indicated that parent drugs FZD and NFT had
very low inhibition on fungal strain. The MIC values were more
than 50 pg ml™" against C. Albicans. Analogues 1-18 after
modification didn't afford better activity.

Cytotoxicity analysis

We chose HepaRG cells, which are liver bipotent
progenitors,*~* to assess the hepatotoxicity of the analogues. 5
potent derivatives (1, 3, 4, 5 & 18) and the parent drug FZD were
select for cell viability study with MTT assay method. Cells were
incubated for 24 h at different concentrations of FZD and
derivatives. As shown in Table 2, all compounds have low
toxicity, and the values of ICs, are more than 100 pM.

As shown in Fig. 3, results from MTT assay showed that after
24 h exposure, FZD exhibited almost 75% cell viability at
concentration of 0.01-1 uM (p < 0.05), while all other derivatives
exhibited nearly 100% cell viability in the same concentration.
Furthermore, all compounds still exhibited more than 50% cell
viability even though treated in a high concentration of 100 pM

Table 2 Cytotoxicity of FZD and potent compounds 1, 3, 4, 5, and 18

Cytotoxicity
Compounds ICso (1M)
FZD >100
1 >100
3 >100
4 >100
5 >100
18 >100
=3 0 @M
3 0.01 (uM)
=2 0.1 (M)
= 1 M)
= 150 B 10 (uM)
£ - 100 (uM)
=3
<o
S 100
B
il
Z 50
8
>
3
O o

Compounds

Fig. 3 Cytotoxicity of FZD and potent compounds against HepaRG
cells. MIT assay for cell viability. Cells were treated with compounds
FZD, 1, 3, 4, 5, and 18 at concentrations of 0.01 to 100 uM for 24 h
(mean + SD, n = 3). *p < 0.05, **p < 0.01 vs. the control.
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(p < 0.05), indicating a non-cytotoxic against HepaRG cells.
Hence, these compounds in future could be used as good
candidates for drugs in the field of medicinal chemistry.

Conclusions

In summary, we developed an effective method for the synthesis
of substituted FZD and NFT by late-stage C(sp*)-H functional-
ization, and the modification of the o-position of the N-
heterocycles. This method was firstly applied to the coupling
of C-N and C-S bonds. A series of functional groups were added
including -OH, -OCHj3;, -Nj3, -CN, etc. We successfully synthe-
sized 16 FZD derivatives and 2 NFT derivatives in moderate to
good yields. Three bacteria strains and one fungi strain were
measured, the modified compounds had broad-spectrum anti-
bacterial activity, especially derivatives 1 and 18. Compounds 1,
3, 4, and 5 exhibited identical or better activity than that of the
parent compound FZD against S. aureus. Cell cytotoxicity assays
of potent compounds 1, 3, 4, 5, and 18 indicated non-cytotoxic
against HepaRG cells. This study is an attempt to explore the
application of copper() catalyzed C-H LSF, which provides good
results and proves the practicability of this method. We believe
our study could provide a reference for the application of LSF in
pharmaceutical chemistry.
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