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Helicobacter pylori (Hp) infection affects nearly half of the global population. Current therapeutic options
include the administration of a combination of antibiotics and proton pump inhibitors, although
antimicrobial resistance rise remains a big concern. Phenolic monoterpenes, e.g., eugenol, vanillin,
carvacrol, and thymol, have always attracted researchers for their multifaced biological activities and the
possibility to be easily derivatized. Thereby, herein we present the functionalization of such compounds
through the conventional aryl diazotization reaction, generating a series of mono- and bis-azo derivatives
(1-28). Also, to continue previous studies, we investigated the role of the free phenolic moiety of thymol
with eight compounds (29-36). The compounds were tested against four Hp strains including three clinical
isolates, finding some potent and selective inhibitors of bacterial growth. Thus, the representative
compounds underwent in vitro cytotoxicity evaluation on two normal cell lines and putative target
investigation by performing a structure-based approach based on docking calculations on some of the
most studied pharmacological targets for Hp, e.g., urease, B-hydroxyacyl-acyl carrier protein dehydratase,
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1. Introduction

Helicobacter pylori (Hp) is a microaerophilic, Gram-negative,
spiral-shaped bacterium infecting an estimated 50% of the
global population.' The prevalence of this infection is
influenced by different factors related to geographic regions,
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glucose 6-phosphate dehydrogenase, and inosine 5'-monophosphate dehydrogenase.

hygiene conditions, temperature, and socioeconomic status.”
Recently, a meta-analysis estimated the overall prevalence of Hp
infection worldwide, highlighting a downward trend in adults
in the past three decades (52.6% before 1990, 43.9% from 2015
to 2022), and an upward fashion for children and adolescents
(from 26.6% before 1990 to 35.1% from 2015 to 2022).*> Hp
colonizes the inhospitable gastric environment by several
mechanisms including urease activity, motility, and adhesion.”
Even though the infection is usually asymptomatic, it is
correlated with a series of diseases, including duodenal and
gastric ulcers, and malignancies such as mucosa-associated
lymphoid tissue (MALT) lymphoma and gastric cancer." As a
matter of fact, the International Agency for Research on Cancer
(IARC), a subordinate organization of the World Health
Organization (WHO), classified Hp as a group 1 carcinogen.’
Currently, the eradication of the infection relies on treatments
including the combination of antibiotics and strong acid
suppressants.” In particular, the first-line treatment is based on
a triple therapy including proton pump inhibitors (PPIs),
clarithromycin, and amoxicillin. However, if the treatment
population has a clarithromycin resistance rate above 20%,
clarithromycin-containing triple therapy is not indicated. Thus,
bismuth-containing quadruple therapy (BQT) or non-bismuth

This journal is © The Royal Society of Chemistry 2025
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quadruple therapy could be -used as a first line empirical
treatment.” Albeit a seven-day first-line treatment usually leads
to eradication rates exceeding 90%, antibiotic resistance
insurgence, insufficient acid suppression, and inadequate
adherence to medications, can cause alarming failures,®®
drawing attention to the importance of developing novel and
effective anti-Hp therapies.” However, only a few new antibiotics
have received approval for the market in the past years and the
search for new chemical entities is urgently required.’* ™"

In recent years azo benzene compounds have been
extensively explored given their broad spectrum of
pharmaceutical and industrial applications and their cost-
effective, easy, and highly reproducible synthetic procedure.
Notably, azo derivatives from substituted anilines resulted in
the development of derivatives endowed with a versatile
biological profile, including antimicrobial activity."**®

Conversely, to date, only a few researchers investigated the
azo compounds as effective tools for the management of Hp
and, among them, Jangra and colleagues reported a series of
substituted 3-aryldiazenyl indoles targeting the Hp inosine 5'-
monophosphate dehydrogenase (IMPDH, EC 1.1.1.205)
enzyme.'” Furthermore, azobenzene derivatives can be
degraded by intestinal microorganisms in vivo, as
demonstrated by Chung et al., leading to carcinogenic and/or
toxic ~metabolites, after azo-reduction by intestinal
anaerobes.'® On the other hand, the wide polypharmacology
of monoterpenes led to an in-depth investigation of carvacrol
(Car, Fig. 1) and thymol (Thy, Fig. 1) along with eugenol (Eu,
Fig. 1) and vanillin (Van, Fig. 1) and their regioisomers
o-eugenol (o-Eu, Fig. 1), iso-eugenol (iso-Eu, Fig. 1), and
o-vanillin (o-Van, Fig. 1) as antimicrobials. In this context, we
recently reported the ability of Thy-, Eu-, and Car-based
compounds to act as inhibitors of Hp growth."™*

Also, by combining the two chemical features, Prof.
Kantar's research group evaluated a series of azo compounds
containing a Eu, Van, and guaiacol (Gu, Fig. 1) core,
demonstrating promising inhibitory activity against Hp
urease and antibacterial effectiveness.”>>’

Pursuing our efforts in the development of novel effective
anti-Hp drugs and inspired by the antimicrobial results

HO
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0]
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Fig. 1 Chemical structures of natural monoterpenes and their derivatives.
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observed for azo compounds, we designed a series of novel
azobenzene derivatives based on the phenolic monoterpenes
Thy, Car, Eu, and Van. The derivatives were synthesized
through the conventional diazotization-coupling reaction, as
depicted in Scheme 1. The antibacterial activity for these
compounds along with a panel of commercially available
phenolic monoterpenes and derivatives was assessed against
Hp strains, including the genomically characterized NCTC
11637 and three other clinical isolates (F1, 23, and F4), and
reported as minimal inhibitory concentration (MIC) and
minimal bactericidal concentration (MBC). Finally, two of the
most active compounds (20 and 28) have been tested on
healthy cell lines to assess their safety and subjected to a
target investigation protocol by means of a molecular
docking protocol employing a reverse docking approach to
unravel the putative target(s) among the most extensively
studied, including urease (urea amidohydrolase, EC 3.5.1.5),
B-hydroxyacyl-acyl carrier protein (ACP) dehydratase (FabZz,
EC 4.2.1.59), glucose 6-phosphate dehydrogenase (G6PD, EC
1.1.1.49), and inosine 5’-monophosphate dehydrogenase
(IMPDH).

2. Results and discussion
2.1. Design and synthesis of the monoterpene derivatives

A new series of azobenzene derivatives (1-36) was obtained
through the conventional diazotization-coupling reaction by
using the appropriately substituted aromatic amine (A,
Scheme 1) under acidic conditions in the presence of sodium
nitrite at 0 °C, followed by the addition of the appropriate
phenolic monoterpene in a basic environment (Scheme 1).
Starting from Eu and Van, one azo compound (B,
Scheme 1) was obtained, while interestingly, despite using
the same experimental procedure involving equimolar
amounts of the starting materials, in several cases, two
products (C and E, Scheme 1) were isolated when Car and
Thy were employed. In particular, the expected derivative
characterized by the azo function at para-position to the
phenolic OH moiety (C) was obtained as the major product,
while the bis-azo compound E endowed with two azo

HO
- ~ :©\/\
=
~o
o-Eu iso-Eu
5 ot . HO
e 0
: (0]
o-Van : Gu
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from Car: C) 16 and 18; D): 20; E) 17, 19, and 21
from Thy: C) 22, 24, 26, and 28; E) 23, 25, and 27

Scheme 1 Synthetic routes to azo compounds 1-36. Reagents and conditions: (i) NaNO,, 1.2 M HCL, 0 °C, 5 min; (ii) substituted phenol, 1.3 M

NaOH, 0 °C, 5 min.

functions at both ortho and para positions with respect to the
phenolic group was isolated only in low yields. Moreover,
only in one case, when Car was coupled with 4-nitroaniline
(20), were we able to isolate only the ortho-azo product (D).

Then, with the aim to better understand the role of
phenolic function in the anti-Hp activity, this function was
chemically modified through O-derivatization reactions on
two compounds (26 and 28, characterized by an electron-
withdrawing or an electron-donating moiety, respectively),
including methylation (29, 33), acetylation (30, 34), and
conversion into dimethyl(thio)carbamates (31, 32, 35, 36)
(Scheme 2).

i -0
HO i AcO
N
L
R
26.R = OCH,
28.R = NO,
i |
I
X

O-Methylation of 26 and 28 was performed through an
excess of dimethyl sulfate in the presence of K,CO; at room
temperature (r.t.) to afford the methoxy derivatives 29 and 33,
respectively. Then, by singularly reacting 26 and 28 with sodium
bicarbonate (NaHCO;) and an excess of acetic anhydride (Ac,0)
at r.t., acetylated 30 and 34 were easily obtained. In the end,
compounds 31, 32, 35, and 36 were obtained by reacting the
suitable 26 or 28 with dimethyl (thio)carbamoyl chloride and
potassium carbonate (K,COs) as a base at r.t.

Interestingly, for all these compounds, the N—=N double
bond was found to be totally in the E configuration. In fact,
the "H NMR spectra showed the presence of just one species

29.
33

R=OCH3
.R=NO,

R

30.
34.

R = OCH,
R =NO,

/,N
g\
R

w
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Scheme 2 Synthetic routes to O-derivatized compounds 29-36. Reagents and conditions: (i) K,COs, dimethylsulfate, r.t., 24 h; (ii) NaHCO3, Ac,0,

r.t., 24 h; (iii) dimethyl (thio)carbamoyl chloride, K,COs3, ACN, r.t., 24 h.
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(ESIf), then confirmed to be the E isomer, as previously
established by UV-vis experiments.>®

2.2. In vitro antibacterial activity evaluation against H. pylori
and other bacterial species

The antibacterial profile of the commercial monoterpenes
and their analogues, and the synthesized azo derivatives
1-36, was assessed on four Hp strains, including the
reference NCTC 11637 strain and the clinical isolates F1, 23,
and F4 from our laboratory by using metronidazole (MTZ),
clarithromycin (CLR), and amoxicillin (AMX) as reference
antibiotics (Table 1).

The phenotypic diversity of resistant strains influences the
biological results of both parent compounds and their
derivatives. Indeed, this depends on the genotypic differences
among resistant and sensitive strains. It is also known that
the CLR resistance (F1 and F4) could be related to the
mutation of the macrolide target, while the resistance to MTZ
(like in NCTC 11637 and F4 strains) should be linked to the
inactivation by mutation of the gene encoding an oxygen-
independent NADPH nitroreductase.”*

By analyzing the anti-Hp activities of the parent phenolic
monoterpenes, we noticed that only o-Van, characterized by
methoxy and aldehyde groups at the ortho position of the
hydroxy group, and iso-Eu, bearing the methoxy and prop-1-
en-1-yl moieties, at the ortho and para positions of the
phenolic function, exhibited a promising antibacterial activity
(Table 1). In particular, o-Van displayed a value between 4
and 16 ug mL™" for both MIC and MBC, while iso-Eu reached
a value of 32 ug mL™" for MIC and MBC against all the tested
strains. The other monoterpenes and analogues, including
thymol blue, resulted in being almost or completely inactive
on the four tested Hp strains (Table 1). In contrast, their azo
analogues showed in some cases an anti-Hp activity with an
MBC value of 2 pg mL™", especially for Thy and Car azo
derivatives (Table 1).

Eu derivatives 1-7 resulted in being inactive on the four
strains, mainly exhibiting MIC and MBC values of around
128 pg mL™', with the lipophilic/hydrophilic and electronic
nature of substituents not affecting the activity profile
(Table 1). Indeed, the most active compounds 4, bearing a
para-nitro substituent, and 2, endowed with an ortho-methyl
group, showed only in some cases MICs and MBCs of 64 ug
mL™" (Table 1).

Similarly, previously reported derivatives endowed with
electron-donating  substituents, ie., para-methyl or
para-methoxy groups, showed higher activity on the NCTC
11637 strain, with MIC values of 64 and 32 pg mL™,
respectively.*' Otherwise, electron-withdrawing substituents,
i.e., para-cyano, para-bromo, and 3,4-dichloro substituents,
were found to be almost inactive, with MIC values >128 pg
mL™"*" Interestingly, monochloro derivatives, with the
halogen at the meta or ortho position, still remain the best-in-
class Eu compounds, with MIC equal to 8-16 ug mL ™" on the
tested strains.*

This journal is © The Royal Society of Chemistry 2025
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For Van derivatives 8-15, a linear trend for the biological
results was not highlighted, even though the introduction of
a substituted phenyl ring through the azo function generally
ameliorated the anti-Hp profile of the monoterpene (Table 1).
In detail, the insertion of the bromine at the para position as
in 13 led to an increase of the activity (MIC range: 8-32 ug
mL ") especially on the F1 strain, while either its substitution
with the other halogen, as for the 3-chlorine 9, or the
presence of two chlorine atoms at the meta and para
positions (15) decreased dramatically the activity against all
the strains. Otherwise, single chlorine at the ortho position
(8) was a better option for chloro-derivatives, especially
against the F1 strain, with MIC and MBC values of 16 ng
mL™. Other electron-withdrawing groups like the cyano
substituent placed at the para (14) or the nitro moiety at the
meta position (10) showed better results with MBC values of
4 to 16 ug mL™', respectively. The presence of electron-
donating substituents in para led to different results
depending on the magnitude of the electron-releasing effect.
As a matter of fact, compound 12, endowed with a stronger
electron-donating methoxy group, exhibited a weak or null
activity, while compound 11, with the weaker methyl group,
resulted to be the most potent Van derivative with both MIC
and MBC values in the range of 2-8 ug mL™, showing more
efficacy against the F1 strain (Table 1).

Car and Thy derivatives (16-21 and 22-28, respectively)
showed different trends: on the one hand, the mono-azo
derivatives resulted to be the most potent ones against Hp
overall, while the molecules that presented two azo functions
in their structure, the bis-azo derivatives 17, 19, 21, 23, 25,
and 27, were completely inactive, suggesting that an
enlargement of the scaffold could lead to excessive bulkiness
or lipophilicity, decreasing the antibacterial potency
(Table 1). In terms of activity, there was only a slight
difference between the para-methoxy Car-based compound 18
and its Thy-based regioisomer 26, with the former exhibiting
MICs between 4 and 8 ug mL ™, whereas the latter showed
better outcomes (2-4 ug mL™') and also exhibiting a potent
activity on the F4 strain (2 ug mL™"). Moreover, derivatives 16
and 24, the ortho-chloro azo derivatives of Car and Thy,
respectively, showed a similar inhibitory profile, with the only
exception of MIC and MBC values for F4 (2 pg mL™) for
compound 16 instead of 4 ug mL™" as observed for 24. The
para-methyl substituted azo derivative of Thy (22) exhibited 4
ug mL™" for MIC and MBC on all the clinical isolates. Lastly,
para-nitro derivatives 20 and 28 showed the best inhibitory
profile on most strains: both compounds exhibited MIC and
MBC values on F1, 23, and NCTC 11637 equal to 2 ug mL ™,
while in the case of the F4 strain, the values were equal to 4
ug mL™'. Moreover, 20 resulted in strongly inhibiting the
growth of strains 23 and NCTC 11637, while 28 was found to
be active against the F1 strain (Table 1).

It is interesting to note that when the phenolic group of
compounds 26 and 28 was derivatized as in 29-32 and 33-36,
respectively, a dramatic decrease of activity independently of
the chemical characteristics of the derivatization occurred

RSC Med. Chem., 2025, 16, 346-366 | 349
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Table 1 Anti-Hp activity (MIC and MBC values) of commercial monoterpenes and derivatives, newly synthesized azo compounds 1-36, and reference antibiotics

MIC/MBC (ug mL™") on H. pylori strains

NCTC MIC50/MICoy MBCqq
Compound Structure F1 23 11637 F4 (ug mL™) (ug mL™)
Commercially Eu O/ 64/128 64/64 32/64 64/64 64/64 128
available
X
o-Eu O/ >128/>128 >128/>128 >128/>128 >128/>128 >128/>128 >128
ﬁ:(oj\
X
iso-Eu \O 32/32 32/32 32/32 32/32 32/32 32
HO
P
Van O/ >128/>128 >128/>128 >128/>128 128/128 >128/>128 >128
OH
Ox
o0-Van O/ 4/4 16/16 8/16 8/8 8/16 16
HO
Ox
Car 64/64 64/64 64/64 64/64 64/64 64
HO
Thy 64/64 128/128 128/128 64/64 64/128 128
HO
Thymol D 0 128/128 128/>128 >128/>128 >128 >128 128/>128 >128
blue Si/
e
&
HO
Eu azo 1 O/ 128/128 64/64 128/128 64/64 64/128 128
derivatives
HO:‘\/\
\IS
@‘N x
2 O/ 128/>128 >128/>128 128/>128 >128/>128 128/>128 >128
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MIC/MBC (ug mL™") on H. pylori strains

NCTC MIC5,/MICyy MBCqq
Compound Structure F1 23 11637 F4 (ug mL™) (ug mL™)
3 O/ 128 />128 128/128 128/128 128/128 128/>128 >128
HO:‘\/\
OZN\©/N¢N N
4 O/ 64/64 128/128 64/64 64/128 64/128 128
HO:‘\/\
N«
EEGEaEs
OoN
5 O/ >128/>128 >128/>128 128/128 >128/>128 >128/>128 >128
HO:‘\/\
oo nna
Cl Cl
6 O/ >128/>128 >128/>128 128/128 >128/>128 >128/>128 >128
HO
0] N«
SR
o)
7 O/ >128/>128 >128/>128 128/128 >128/>128 >128/>128 >128
N\\N SN
Van azo 8 O/ 16/16 64/64 64/64 64/64 64/64 64
derivatives
0) _N
Cl
9 O/ 128/128 128/128 128/>128 128/128 128/>128 >128
Sou
©) _N Cl
N N~ \©/
10 O/ 16/16 8/8 8/8 8/16 8/16 16
\/@iOH
(0] _N NO
) " \©/ 2
11 O/ 2/2 8/8 4/4 8/8 4/8 8

O
zZ o]
\Z T

This journal is © The Royal Society of Chemistry 2025
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MIC/MBC (ug mL™") on H. pylori strains

NCTC MICso/MICoy  MBCop
Compound Structure F1 23 11637 F4 (ug mL ™) (ug mL™)
12 O/ 64/128 >128/>128 >128/>128 >128/>128 >128/>128 >128
V@w
(@) _N
x N®
O/
13 O/ 8/8 32/32 16/16 16/16 16/32 32
\/©:OH
(@) _N
= R
Br
14 \O 4/4 8/8 8/16 8/8 8/8 16
\/@EOH
o _N
=
CN
15 o/ 64 /64 64/128 128/128 128/128 64/128 128
v@OH
(@) _N Cl
N N \@[
Cl
Car azo 16 Cl 4/4 4/4 4/4 2/2 4/4 4
derivatives jij
N
N
HO
17 64/>128 128/>128 128/128 128/>128 128/128 >128
HO
N+ _N
DEm®img)
Cl Cl
18 4/4 8/8 8/8 4/4 4/8 8
HO
_N
L
O/
19 >128/>128 >128/>128 >128/>128 >128/>128 >128/>128 >128
HO
Ns _N
o 0
20 2/4 2/2 2/2 4/4 2/4 4
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Table 1 (continued)

MIC/MBC (ug mL™") on H. pylori strains

NCTC MIC50/MICgy MBCog
Compound Structure F1 23 11637 F4 (ug mL ™) (ug mL™)
21 >128/>128 >128/>128 128/128 >128/>128 >128/>128 >128
HO
N+ _N
Br Br
Thy azo 22 4/4 8/8 4/4 4/4 4/8 8
derivatives
HO
-N
0
23 128/>128 128/>128 >128/>128 128/>128 128/>128 >128
HO
N+ _N
©/\ ’ N//\©
24 4/4 4/8 4/4 4/4 4/4 8
HO
-N
e
Cl
25 128/>128 128/>128 >128/>128 128/>128 128/>128 >128
HO

26 4/4 4/4 4/4 2/2 4/4 4

27 EE 128/>128 128/>128 >128/>128 128/>128 128/>128 >128

28 2/2 2/2 2/2 4/4 2/4 4
HO. i

O-Modified 29 128/>128 >128/>128 >128/>128 128/128 128/>128 >128
derivatives
of 26 _0

\©\ ~
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Table 1 (continued)

MIC/MBC (ug mL™") on H. pylori strains

NCTC MICs50/MICoy  MBCoq
Compound Structure F1 23 11637 F4 (ug mL™) (ug mL™)
30 128/128 64/64 128/128 64/128 64/128 128
AcO
_N
G\
0
)
31 128/>128 64/128 64/128 64/64 64/128 >128

32 | 128/>128 128/128 >128/>128 128/128 128/>128 >128
i i
S _N
N/ \@\

O/
O-Modified 33 >128/>128 >128/>128 >128/>128 >128/>128 >128/>128 >128
derivatives
of 28 _0
_N
g
NO,
34 128/128 128/128 >128/>128 >128/>128 128/>128 >128
AcO
_N
L
NO,
35 | 128/128 128/>128 128/>128 128/128 128/>128 >128
My
(6] _N
N®

>128/>128 >128/>128 >128/>128 >128/>128 >128/>128 >128

e

N*
NO,
Reference MTZ 2/2 1/1 256/256 32/32 2/256 256/256
antibiotics CLR 4/8 0.064/0.064 0.064/0.064 >256/>256 0.064/>256 >256/>256
AMX 0.064/0.064 0.016/0.016 0.016/0.016 0.064/0.064 0.016/0.064 0.064
Antibiotic MTZ MTZ- MTZ+ MTZ+
susceptibility CLR+ CLR- CLR- CLR+
AMX- AMX- AMX- AMX-

MICs and MBCs are expressed in pug mL™" as the average from experiments performed in triplicate. Antibiotic susceptibility was assessed
according to the most recent EUCAST guidelines (Clinical Breakpoint Tables v. 14.0, valid from 1 January 2024). MTZ+ = metronidazole
resistant; MTZ—- = metronidazole susceptible (MIC <8 pg mL™"); CLR+ = clarithromycin resistant; CLR- = clarithromycin susceptible (MIC
<0.25 pg mL™"); AMX- = amoxicillin susceptible (MIC <0.125 ug mL™).
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(Table 1), suggesting that the free phenolic group is essential
for the anti-Hp activity within this library of derivatives. This
is in line with that observed for Car, Thy, and Eu
O-functionalization with alkyl, alkenyl, acetyl, and ester
groups previously explored.'”' Therefore, the chemically
stable functionalization of the phenolic function is expected
to increase the hydrophobicity of these compounds, and we
could assume that the phenolic function of the azo
derivatives influences the lipophilic/hydrophilic balance,
affecting their antibacterial profile.

Furthermore, to shed light on the selectivity of the
compounds' antibacterial effect, we tested the most potent
anti-Hp derivatives 20 and 28 against three additional
bacterial species: two Gram-negative, e.g., the lactose-
fermenting Escherichia coli ATCC 25922 and the non-lactose-
fermenting Pseudomonas aeruginosa ATCC 27853, and the
Gram-positive Staphylococcus aureus ATCC 29213, and MIC
and MBC values are reported in Table 2.

By comparing data in Table 1, a lack of activity (MIC and
MBC values >128 ug mL™") on the Gram-negative bacteria E.
coli and P. aeruginosa, with a consequent high selectivity for
Hp (MIC and MBC values in the range 2-4 ug mL™"), was
clear. Lower MIC values were obtained against the Gram-
positive S. aureus (= 2 ug mL™"), whereas worse MBC values
(= 32 ug mL™") suggested a bacteriostatic effect for such
compounds, as indicated by the MBC/MIC ratio greater
than 4.

2.3. Molecular docking simulations

In the search for the pharmacological target of the azo
derivatives and, in particular, of the two best-in-class
compounds 20 and 28, a ligand-based target fishing
approach was performed. Briefly, we conducted an in silico
reverse screening in which a query compound was compared
to ligands of specific targets.>”*® Different free web tools
were used, like  SwissTargetPrediction,  PLATO,*°
SuperPred,*" PPB2,>* and SEA Search.’> However, in almost
all databases no Hp or any other bacterial targets were
included. Thus, a structure-based approach was employed. A
series of docking simulations were conducted on the most
extensively studied targets associated with Hp, namely urease,
FabZ, G6PD, and IMPDH.

Urease is a nickel-dependent metalloenzyme that catalyzes
the hydrolysis of urea to ammonia, thus neutralizing gastric
acid and creating an alkaline local environment required for
Hp survival.***® The 3D coordinates of Hp urease were
retrieved by Protein Data Bank (PDB ID 6ZJA).*® Validation of
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the docking protocol was achieved by re-docking the cognate
ligand DJM and obtaining a geometry with a docking score of
-11.131 kcal mol™ and an RMSD of 2.413 A compared to the
crystallographic ligand.

FabZ is a potent enzyme in fatty acid biosynthesis and
catalyzes the dehydration of B-hydroxyacyl-ACP to trans-2-acyl-
ACP.”” The discovery of Hp-FabZ inhibitors is of special
interest in the treatment of various gastric diseases.>® The
structure of the enzyme (PDB ID 3DOZ)*® was prepared and
minimized before performing docking simulations. A
fundamental water molecule was maintained in the active
site for interaction with the crystallographic ligand (docking
score —5.491 kcal mol™* and RMSD 0.8322 A).

Hp G6PD is a key enzyme in the metabolism of Hp,
particularly in the pentose phosphate pathway that provides
NADH'/ATP through glycolysis.** As the 3D coordinates of
the bacterial G6PD are still unknown, the homology
modeling tool in Maestro®® was used to predict the structure
of the enzyme. The primary sequence of the enzyme (strain
ATCC 700392/26695) was used to identify the most suitable
model in the Protein Data Bank®' using BLAST.** Leishmania
donovani G6PD (PDB ID 7ZHV)" with the best identity
percentage (31.74%) was used as the template. The visual
inspection of the docking poses of the azo derivatives in the
active site of urease, FabZ, and G6PD and the obtained
docking score values suggest that azo compounds do not
interact with these targets.

IMPDH, a fundamental enzyme in the biosynthesis of
purine nucleotides, is responsible for the oxidation of inosine
5-monophosphate (IMP) to xanthosine 5’-monophosphate
(XMP), which is further converted to guanosine 5'-
monophosphate (GMP) by GMP synthase.”* Inhibition of
IMPDH reduces the guanine nucleotide pool, thereby
inhibiting microbial proliferation. Given the fundamental
differences between prokaryotic and eukaryotic IMPDH in
terms of their structural and kinetic characteristics, it is
possible to obtain selective inhibitors of the bacterial enzyme
(selective toxicity). Consequently, Hp-IMPDH inhibitors can
be developed as valid antimicrobial agents."” As the 3D
structure of Hp-IMPDH is not yet known, it was modelled
using the Homology Model tool of Maestro.’’ The primary
sequence of Hp-IMPDH (strain ATCC 700392/26695) was used
to identify the best template in the Protein Data Bank*' using
BLAST.”” The optimal model, with 60.2% identity, was
identified as Campylobacter jejuni (Cj strain ATCC 700819
IMPDH (Cj-IMPD)), and the available 3D structure of Cj-IMPD
(PDB ID 4MZ1)** was employed as a template, including the
IMP ligand. The modelled Hp-IMPDH was prepared and

Table 2 Antimicrobial activity (MIC and MBC values) of derivatives 20 and 28 against additional bacterial species

MIC/MBC (ug mL™)

Cpd E. coli ATCC 25922 P. aeruginosa ATCC 27853 S. aureus ATCC 29213
20 >128/>128 >128/>128 2/32
28 >128/>128 >128/>128 2/32

This journal is © The Royal Society of Chemistry 2025
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minimized before docking analysis. In the active site of
Hp-IMPDH, the IMP ligand forms hydrogen bond contacts
with Ser298, Asp333, Gly335, Gly356, Ser357, Met383, Gly384,
and Glu410, as illustrated in Fig. 2a. This pattern of
interactions is consistent with that observed in Cj-IMPD (PDB
ID 4MZ1), as shown in Fig. 2b.

The best-docked pose of IMP possesses a docking score of
-9.045 kcal mol™ and an RMSD of 0.8322 A between the
docked pose and the crystallographic ligand, confirming the
validation of the protocol. The docking study of compounds
20 (docking score of —5.967 kcal mol ™) and 28 (docking score
of —6.370 kcal mol™) revealed that they are deeply inserted
into the active site of IMPH, establishing a pattern of
interactions similar to those of IMP. The nitro group of 20
interacts with Ser298 and Gly356 through H-bonds, while the
hydroxyl group forms H-bonds with Asp244 (Fig. 3a and c).
As the hydroxyl group of 28 is at the ortho position to the azo
group, it is unable to reach Asp244, while the aromatic ring
is involved in a cation-n interaction with Lys291. In addition,
the nitro group is H-bonded to Ser298, Gly356, Ser357, and
Tyr380 (Fig. 3b and d).

The nitrophenyl rings of 20 and 28 occupy the area
typically occupied by the phosphate group of IMP, but the
rigidity of the azo linker prevents the benzene ring from
arranging like the purine ring of the IMP, projecting the
phenol on the opposite side (Fig. 4). Nevertheless, favorable
interactions are still present.

Given that the majority of IMPDH inhibitors act as non-
competitive inhibitors,*® a docking study was conducted to
investigate the non-competitive binding of the most active

356 | RSC Med. Chem., 2025, 16, 346-366

(a) 2D interaction of IMP in the active site of modelled Hp-IMPDH, (b) 2D interaction of IMP in the active site of Cj-IMPDH (PDB ID 4MZ1).

compounds in Hp-IMPDH. The grid was constructed with IMP
in the protein and the grid box was centered on the
crystallographic ligand of Cj-IMPD. The docking results
indicated that 28 can form a =n-m interaction between the
phenol ring and the purine moiety of IMP and a cation-n
interaction between the nitrophenyl ring and Lys71, in
accordance with the findings of other non-competitive
inhibitors (Fig. 5). In conclusion, the docking study of the most
active compounds in the active site of Hp-IMPDH revealed that
they can act as competitive and non-competitive inhibitors.
The obtained results suggest that Hp-IMPDH is a possible
target of the studied compounds in the Hp, but further
experimental studies are necessary to confirm our hypothesis.

2.4. In silico physicochemical and pharmacokinetic properties

The most promising compounds (16, 18, 20, 26, and 28) were
selected for a in silico analysis of pharmacokinetic properties.
For these purposes, the pkCSM web tool*” was employed and
the assessed chemical, ADME, drug-likeness, and
toxicological properties are reported in Table 3.

All tested compounds exhibited high intestinal absorption
(absorption >85%) as well as high permeability in human
epithelial colorectal adenocarcinoma (Caco-2) cells, an index of
intestinal permeability and efflux liability. Three of the selected
compounds (16, 18, and 26) displayed values of logarithm of
the apparent permeability coefficient (log P,pp) higher than 0.90,
which is considered as the threshold value for high
permeability, whereas derivatives 20 and 28 displayed log Py, of
0.36 and 0.40, respectively, accounting for moderate absorption.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 3D interaction of 20 (a) and 28 (b) in the active site of modelled Hp-IMPDH; dotted orange line for H-bond, dotted violet line for cation-n.
2D interaction in the active site of modelled Hp-IMPDH of 20 (c) and 28 (d).

Although a good blood-brain barrier (BBB) permeability
for the compounds was found to be in the negative range,
with logarithmic ratio of brain to plasma drug concentration

Fig. 4 Superimposition of IMP (magenta stick), 20 (yellow stick), and Fig. 5 Best docked pose of 28 (green stick) as a non-competitive
28 (green stick) in the active site of modelled Hp-IMPDH represented ligand. IMP (grey stick), dotted violet line for cation-n, and dotted red
as culled surface. line for n-m.
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Table 3 ADME parameters were assessed through the pkCSM tool for compounds 16, 18, 20, 26, and 28

Compounds
Properties 16 18 20 26 28
Absorption Water solubility (log mol/L) -5.918 -5.454 -4.978 -4.675 -4.937
Caco-2 permeability expressed as log P,pp in pkCSM 10 ° cm s~ 1.485 1.396 0.364 1.363 0.4
Intestinal absorption (human) (% adsorbed) 87.887 91.908 88.159 91.621 88.823
Skin permeability (log Kp) -2.231 -2.642 -2.732 -2.723 -2.737
P-glycoprotein substrate No No Yes Yes Yes
P-glycoprotein I inhibitor No No No No No
P-glycoprotein II inhibitor No No No No No
Distribution Volume of distribution at steady state (VDgs) (human) (log L/kg) 0.625 0.464 0.027 0.356 0.161
Fraction unbound (human) (Fu) 0 0.003 0 0.022 0
Blood-brain barrier (BBB) permeability (log BB) 0.002 -0.14 -0.167 -0.184 -0.264
CNS permeability (log PS) -1.452 -1.627 -1.638 -1.619 -1.664
Metabolism CYP2D6 substrate No No No No No
CYP3A4 substrate Yes Yes Yes Yes Yes
CYP1A2 inhibitor Yes Yes Yes Yes Yes
CYP2C19 inhibitor Yes Yes Yes Yes Yes
CYP2C9 inhibitor Yes Yes Yes Yes Yes
CYP2D6 inhibitor No No No No No
CYP3A4 inhibitor No Yes Yes No Yes
Excretion Total clearance (log mL min~" Kg) 0.104 -0.106 -0.095 -0.108 -0.111
Renal organic cationic transporter (OCT2) substrate No No No No No

(log BB) values <0.3, all analyzed derivatives were predicted
to penetrate the central nervous system (CNS), resulting to be
CNS-positive, with values of in vivo BBB permeability-surface
area (logPS) > -2. This discrepancy could be due to the
different parameters considered to compute BBB
permeability (measured in vivo as logBB) and CNS
permeability (obtained from in situ brain perfusions with the
compound directly injected into the carotid artery). On the
other hand, considering the localization of the Hp in the
stomach mucosa, the ability to penetrate the CNS is not a
central issue for the anti-bacterial activity.

With regard to the metabolism, these compounds could act
as a substrate or inhibit cytochrome P450 (CYP) 3A4. In
particular, the tested compounds resulted in being a substrate
for the CYP3A4 isoform, whereas compounds 18, 20, and 28
were predicted to inhibit this enzyme. In contra, compounds
16 and 26 did not show any inhibitory activity against CYP3A4.
Interestingly, none of these compounds were found to be
CYP2D6 isoform substrates or inhibitors. As stated above, the
currently employed standard therapy for Hp eradication
consists of triple therapy including PPIs, CLR, and AMX;*®
thereby, the development of drugs/drug candidates not
interfering with the other drugs' metabolism could be useful to
assess a potential co-administration in polytherapy.

2.5. Cell toxicity in normal cell lines

To evaluate the biological effects in vitro of 20 and 28,
increasing concentrations of these compounds were
administered to human gastric epithelial SV40-immortalized
non-tumorigenic, GES-1,*> and normal epithelial cells from
the small intestine, HIEC-6, up to 72 h of exposure (Fig. 6
and 7). These cell lines were chosen to overcome the
limitations of the use of cancerous AGS, Caco-2, and HT-29

358 | RSC Med. Chem., 2025, 16, 346-366

cell lines as in vitro models. In fact, GES-1 cells mimic the
site of H. pylori infection and HIEC-6 polarized columnar
cells represent a satisfactory alternative displaying human
crypt-like features with dense microvilli and non-organized
tight junctions.”®

At 24 h, both compounds are well tolerated in the low-
medium concentration range, with the ICs, assessed at 14.99
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Fig. 6 Cell viability after treatment with compounds 20 and 28 by
Alamar blue assay. GES-1 cells were incubated for 24, 48, and 72 h
with different concentrations of 20 (a) and 28 (b). The untreated
control (untreated cells) was set as 100%. The percent reduction of
Alamar blue in the treated and untreated samples was calculated with
the formula indicated by the manufacturer.
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Fig. 7 Cell viability of HIEC-6 cells in the presence of 20 and 28 after 24, 48, and 72 h of exposure. Trend lines represent percentages of cell
viability. The untreated control (untreated cells) was set as 100%. ***p < 0.0001 between cells exposed to compounds and the untreated control.

pg mL™ and 12.09 pug mL™" for 20 and 28, respectively, in
GES-1, and at 15.06 ug mL™" and 13.60 pug mL™", respectively,
on HIEC-6 cells. Notably, the ICs, values obtained were
significantly higher than the concentrations obtained as
MICs for both compounds. At 48 h and 72 h, compound 28
was characterized by a major toxicity on HIEC-6 cells, with
the ICs, assessed at 7.61 ug mL'. On GES-1 cells the toxicity
increased only at 72 h with the ICso of 8.44 pg mL™". In
parallel, the cell viability trend in the presence of 20 is
comparable with the one registered at 24 h on both cell lines.
In particular, on GES-1 the ICs, at 48 h and 72 h was 12.09
ug mL™" and 12.02 ug mL™", respectively; at 48 h and 72 h,
HIEC-6 showed an IC;, of 13.38 ug mL™" and 13.26 pg mL™",
respectively. In conclusion, the discrete selective toxicity of
these compounds, calculated as the IC5,/MICs, ratio,
corroborates their further refinement for the design of new
and selective anti-H. pylori agents.

3. Conclusions

In the frame of increasing antimicrobial resistance
phenomena and the correlated decrease in efficacy of the
current drugs, the search for new compounds with innovative
mechanisms of action is recommended. For a long time, we
have put great effort into the development of potent and
broad-spectrum antibiotics,”'>* especially towards Hp,” a
pathogen threatening public health due to the associated
severe diseases. Herein, we reported a series of 36
compounds resulting from the classical diazotization reaction
of such phenols with structurally diverse aromatic amines.
Interestingly, for Car and Thy, apart from the expected
para-azo derivatives, being the sterically preferred isomers,
disubstituted =~ compounds  with an  ortho- and
para-substitution pattern were also obtained, and in just one
case, we succeeded to isolate the Car ortho-azo derivative
(20). Notably, the O-modified compounds 29-36 showed a
complete loss of activity with respect to the corresponding
free phenols 26 and 28, being among the most active and
selective compounds in the series, thereby confirming the
importance of the free phenolic group for the antibacterial
activity. However, the mono-azo compounds resulted in

This journal is © The Royal Society of Chemistry 2025

exerting an anti-Hp activity, with Eu derivatives exerting the
weakest activity or being totally inactive, whereas compounds
generated from Van, Car, and Thy showed different
bioactivity based on the aromatic amine-derived substituents.
Likely due to the highest steric hindrance, the bis-azo
derivatives resulted in not inhibiting the Hp growth.

To search a putative target for this class of compounds, we
investigated Hp urease, FabZ, G6PD, and IMPDH, being the
most extensively studied Hp targets through reverse docking
calculations by using homology models when required.
Promising results were obtained with compounds 20 and 28 in
the IMPDH active site acting as competitive or non-competitive
ligand. Interestingly, the IMPDH enzyme is involved in
microbial proliferation; thereby its inhibition could interfere
with bacterial growth. In the end, a new series of 36
compounds derived from diazotization of phenolic
monoterpenes has been designed and synthesized as selective
and quite safe antibacterial agents active against Hp, and a
pharmacological target has been suggested by in silico studies.
Further investigations are necessary to confirm it and address
the synthesis toward more potent antibacterial agents.

4. Materials and methods
4.1. Chemistry

General  chemistry. All  commercially available
monoterpenes and their analogues, chemicals, and solvents
were purchased from Merck (Milan, Italy) and used as
purchased. Chromatographic separations were performed on
columns packed with silica gel (230-400 mesh, for flash
technique). Reaction monitoring was performed through
thin-layer chromatography (TLC) by using 0.2 mm-thick silica
gel-aluminium-backed plates (60, F254). TLC spot
visualization was performed under short and long wavelength
(254 and 365 nm, respectively) ultraviolet irradiation and
stained with ninhydrin or basic permanganate by dipping
and heating with a hot air gun. "H and "*C NMR spectra were
recorded on a spectrometer operating at 300/400/600 and 75/
100/151 MHz, respectively. Spectra were reported in parts per
million (6 scale) and internally referenced to the CDCl;, CD3-
OD, or DMSO-d¢ signal at ¢ 7.26, 3.31, and 2.50 ppm,
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respectively. Chemical shifts for carbon are reported in parts
per million (6 scale) and referenced to the carbon resonances
of the solvent (CDCl; at 6 77.0, CD;0D at J 49.0, DMSO-d, at
0 39.0). Data are shown as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
gi = quintet, m = multiplet and/or multiplet resonances, br =
broad signal, ap = apparent), integration and coupling
constants (J) in hertz (Hz). The "H and **C spectra confirmed
the anticipated number of hydrogens and carbons for each
compound, respectively. Melting points were measured on a
Stuart® melting point apparatus SMP1 (Fisher Scientific
Italia, Segrate (MI), Italy) and are uncorrected (temperatures
are reported in °C). Elemental analyses for C, H, and N were
recorded on a Perkin-Elmer 240 B microanalyzer (Perkin-
Elmer, Waltham, MA, USA) and the analytical results are
within +0.4% of the theoretical values for all compounds.
Synthetic procedure and characterization data. An acid
solution (conc. HCI/H,O 1/10 mL) of the appropriate
substituted aromatic amine (6.6 mmol) was added to a
stirred aqueous solution of sodium nitrite (9.9 mmol in 5 mL
of H,0) at 0-5 °C (ice bath). The formed diazonium salt was
allowed to couple by adding a mixture of the suitable phenol
(6.6 mmol) in an aqueous solution of NaOH (6.6 mmol in 5
mL of H,0), maintaining the pH value in the range from 8 to
9. When the reaction was complete, the mixture was poured
into water (50 mL) and extracted with DCM three times. The
combined organic layers were dried over anhydrous Na,SO,,
filtered, and evaporated in wvacuo. Silica gel column
chromatography allowed the obtainment of the desired
compound (eluent: n-hexane/ethyl acetate). The compounds
were further purified by recrystallization from a 20-50%
EtOH-water mixture.
(E)-4-Allyl-2-methoxy-6-(o-tolyldiazenyl)phenol ~ (1). Brown
solid, m.p. 82-85 °C, 69% yield. "H NMR (600 MHz, CDCl;) 6
2.62 (s, 3H, Ar-CH;) 3.43 (d, J = 6.0 Hz, 2H, Ar-CH,), 3.94 (s,
3H, OCH;), 5.11-5.17 (m, 2H, =CH,), 5.98-6.05 (m, 1H,
=CH), 6.81 (d, J = 6.0 Hz, 1H, Ar), 7.33-7.35 (m, 1H, Ar),
7.35-7.38 (m, 2H, Ar), 7.43 (d, J = 3.0 Hz, 1H, Ar), 7.83 (d, ] =
6.0 Hz, 1H, Ar). "*C NMR (151 MHz, CDCl;) ¢ 18.1, 39.7, 56.5,
115.3, 115.7, 116.3, 124.1, 127.0, 130.7, 131.3, 131.5, 136.4,
137.3, 137.4, 142.0, 148.5, 148.9. Anal. caled for C;;H;sN,0,:
C, 72.32; H, 6.43; N, 9.92. Found: C, 72.29; H, 6.41; N, 9.95.
(E)-4-Allyl-2-methoxy-6-((3-methoxyphenyl)diazenyl)phenol
(2). Brown solid, m.p. 105-107 °C, 71% yield. "H NMR (600
MHz, CDCl;) ¢ 3.42 (d, J = 6.0 Hz, 2H, Ar-CH,), 3.89 (s, 3H,
OCHj,), 3.93 (s, 3H, OCHj,), 5.11-5.16 (m, 2H, =CH,), 5.99-
6.03 (m, 1H, =CH), 6.81 (d, J = 6.0 Hz, 1H, Ar), 7.04 (dq, 1H,
Ar), 7.39-7.41 (m, 1H, Ar), 7.41-7.43 (m, 1H, Ar), 7.44 (d, ] =
6.0 Hz, 1H, Ar), 7.45-7.47 (m, 1H, Ar). *C NMR (151 MHz,
CDCl;) 6 39.7, 55.6, 56.6, 104.9, 115.7, 116.3, 116.8, 118.0,
124.0, 130.2, 130.8, 137.0, 137.2, 141.9, 148.8, 151.7, 160.7.
Anal. caled for C;7H,gN,Oj3: C, 68.44; H, 6.08; N, 9.39. Found:
C, 68.47; H, 6.09; N, 9.41.
(E)-4-Allyl-2-methoxy-6-((3-nitrophenyl)diazenyl)phenol ~ (3).
Red solid, m.p. 112-113 °C, 68% yield."H NMR (600 MHz,
CDCl,) 6 3.43 (dtd, J = 6.7, 1.5, 0.7 Hz, 2H, Ar-CH,), 3.94 (s,
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3H, OCH,), 5.09-5.22 (m, 2H, =CH,), 5.96-6.06 (m, 1H,
CH=), 6.86 (d, J = 2.0 Hz, 1H, Ar), 7.44 (dd, J = 1.9, 0.9 Hz,
1H, Ar), 7.71 (t, ] = 8.0 Hz, 1H, Ar), 8.18 (ddd, J = 7.9, 1.9, 1.0
Hz, 1H, Ar), 8.32 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H, Ar), 8.69 (t, ] =
2.1 Hz, 1H, Ar). >C NMR (151 MHz, CDCl;) J 39.6, 56.6,
116.0, 116.6, 116.8, 124.2, 125.0, 129.0, 130.4, 131.4, 136.9,
137.2, 141.9, 148.9, 149.3, 151.3. Anal. calcd for C;cH;5N;0,:
C, 61.34; H, 4.83; N, 13.41. Found: C, 61.38; H, 4.85; N, 13.44.
(E)-4-Allyl-2-methoxy-6-((4-nitrophenyl)diazenyl)phenol ~ (4).
Red-brown solid, m.p. 193-194 °C, 53% yield. "H NMR (600
MHz, CDCl,) ¢ 3.43 (ddq J = 6.7, 1.5, 0.7 Hz, 2H, Ar-CH,),
3.94 (s, 3H, OCH3), 5.12-5.16 (m, 2H, =CH,), 5.96-6.06 (m,
1H, =CH), 6.86 (d, J = 2.0 Hz, 1H, Ar), 7.43-7.47 (m, 1H, Ar),
7.70 (d, J = 8.0 Hz, 1H, Ar), 8.18 (ddd, J = 7.9, 2.0, 1.0 Hz, 1H,
Ar), 8.32 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H, Ar), 8.69 (t, J = 2.1 Hz,
1H, Ar). **C NMR (151 MHz, CDCl;) 6 39.6, 56.6, 116.0, 116.6,
124.2, 125.0, 128.9, 130.4, 131.4, 136.9, 137.2, 142.0, 148.9,
149.3, 151.3. Anal. caled for C;6H;5N;0,4: C, 61.34; H, 4.83; N,
13.41. Found: C, 61.30; H, 4.82; N, 13.43.
(E)-4-Allyl-2-((2,4-dichlorophenyl)diazenyl)-6-methoxyphenol
(5). Red solid, m.p. 137-139 °C, 54% yield. 'H NMR (300
MHz, CDCly) 6 3.42 (d, J = 6.6 Hz, 2H, Ar-CH,), 3.94 (s, 3H,
OCHj;), 5.12-5.18 (m, 2H, =CHy,), 5.95-6.08 (m, 1H, CH=),
6.84 (d, J = 1.2 Hz, 1H, Ar), 7.33-7.40 (m, 2H, Ar), 7.58 (d, J =
1.8 Hz, 1H, Ar), 7.87 (d, J = 9.0 Hz, 1H, Ar), 13.18 (s, 1H, OH).
3C NMR (151 MHz, CDCl;) § 39.5, 56.5, 116.2, 116.3, 118.0,
124.3, 128.1, 130.3, 130.9, 134.6, 136.9, 137.3, 137.6, 141.9,
149.0. Anal. caled for C;eH;4CL,N,O,: C, 56.99; H, 4.18; N,
8.31. Found: C, 56.94; H, 4.15; N, 8.28.
(E)-4-Allyl-2-(benzo[d][1,3]dioxol-5-yldiazenyl)-6-methoxyphenol
(6). Brown solid, m.p. 142-144 °C, 73% yield. '"H NMR (600
MHz, CDCl;) 6 3.42 (d, J = 6.0 Hz, 2H, Ar-CH,), 3.93 (s, 3H,
OCHj), 5.10-5.17 (m, 2H, =CH,), 5.97-6.06 (m, 1H, CH=),
6.07 (s, 2H, OCH,0), 6.79 (s, 1H, Ar), 6.93 (d, J = 9.0 Hz, 1H,
Ar), 7.35 (s, 1H, Ar), 7.42 (s, 1H, Ar), 7.43 (s, 1H, Ar). "*C NMR
(151 MHz, CDCl;) ¢ 39.7, 56.5, 98.6, 102.2, 108.3, 115.1,
116.2, 122.6, 123.6, 130.7, 136.9, 137.3, 141.2, 146.4, 148.7,
149.2, 150.6. Anal. caled for C;-H,¢N,O,: C, 65.38; H, 5.15; N,
8.97. Found: C, 65.35; H, 5.17; N, 9.00.
(E)-4-Allyl-2-methoxy-6-(naphthalen-1-yldiazenyl)phenol (7).
Brown solid, m.p. 113-115 °C, 68% yield. 'H NMR (600 MHz,
CDCl) 6 3.45 (dtd, J = 6.7, 1.4, 0.7 Hz, 2H, Ar-CH,), 3.97 (s, 3H,
OCHj), 5.10-5.21 (m, 2H, =CH,), 6.03 (ddt, J = 16.8, 10.0, 6.7
Hz, 1H, CH=), 6.84 (d, J = 2.0 Hz, 1H, Ar), 7.49 (dd, J = 1.8, 0.9
Hz, 1H, Ar), 7.54-7.64 (m, 2H, Ar), 7.63 (ddd, J = 8.4, 6.8, 1.4
Hz, 1H, Ar), 7.94 (ddt, J = 8.1, 1.3, 0.6 Hz, 1H, Ar), 7.98 (ddd, J =
10.6, 7.9, 1.1 Hz, 2H, Ar), 8.50 (dq, J = 8.6, 0.9 Hz, 1H, Ar). °C
NMR (151 MHz, CDCl;) 6 39.8, 56.6, 113.3, 115.6, 116.4, 122.2,
124.0, 125.9, 126.8, 127.7, 128.5, 129.6, 131.0, 131.7, 134.4,
137.2, 137.9, 142.1, 145.9, 148.9. Anal. caled for CyoH;gN,O,: C,
75.45; H, 5.70; N, 8.90. Found: C, 75.49; H, 5.73; N, 8.93.
(E)-3-((2-Chlorophenyl)diazenyl)-4-hydroxy-5-methoxybenzaldehyde
(8. Brown solid, m.p. 200-202 °C, 56% yield.
Characterization data are in agreement with previous
literature.”® Anal. caled for C,,H,;,CIN,O3: C, 57.84; H, 3.81;
N, 9.64. Found: C, 57.88; H, 3.83; N, 9.66.
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(E)-3-((3-Chlorophenyl)diazenyl)-4-hydroxy-5-methoxybenzaldehyde
(9). Red-brown solid, m.p. 180-182 ©°C, 72% yield.
Characterization data are in agreement with previous
literature.”® Anal. caled for C,,H;;CIN,O;: C, 57.84; H, 3.81;
N, 9.64. Found: C, 57.81; H, 3.79; N, 9.67.

(E)-4-Hydroxy-3-methoxy-5-((3-nitrophenyl)diazenyl)benzaldehyde
(10). Red-brown solid, m.p. 112-113 °C, 76% yield.
Characterization data are in agreement with previous
literature.®” Anal. caled for C,4H;;N;Os: C, 55.82; H, 3.68; N,
13.95. Found: C, 55.85; H, 3.70; N, 13.98.

(E)-4-Hydroxy-3-methoxy-5-(p-tolyldiazenyl)benzaldehyde
(11). Red solid, m.p. 82-84 °C, 90% yield. Characterization
data are in agreement with previous literature.”” Anal. caled
for C;5H,4N,O5: C, 66.66; H, 5.22; N, 10.36. Found: C, 66.70;
H, 5.24; N, 10.39.

(E)-4-Hydroxy-3-methoxy-5-((4-methoxyphenyl)diazenyl)
benzaldehyde (12). Orange solid, m.p. 82-83 °C, 66% yield.
Characterization data are in agreement with previous
literature.”® Anal. caled for C;5H;,N,0,4: C, 62.93; H, 4.93; N,
9.79. Found: C, 62.96; H, 4.95; N, 9.77.

(E)-3-({4-Bromophenyl)diazenyl)-4-hydroxy-5-methoxybenzaldehyde
(13). Red solid, m.p. 176-178 °C, 76% yield. 'H NMR (600
MHz, CDCl;) 6 4.03 (s, 3H, OCH3;), 7.53 (d, J = 2.4 Hz, 1H, Ar),
7.72 (dt, J = 13.5, 3.3 Hz, 2H, Ar), 7.79 (dt, ] = 9.9, 3.6 Hz, 2H,
Ar), 8.10 (d, J = 3.0 Hz, 1H, Ar), 9.97 (s, 1H, CHO). *C NMR
(151 MHz, CDCl;) 6 56.6, 111.0, 123.8, 126.5, 128.7, 130.3,
132.9, 149.7. Anal. caled for C,,H,;BrN,O5: C, 50.17; H, 3.31;
N, 8.36. Found: C, 50.20; H, 3.33; N, 8.39.

(E)-4-((5-Formyl-2-hydroxy-3-methoxyphenyl)diazenyl)benzonitrile
(14). Brown solid, m.p. 203-204 °C, 90% yield. 'H NMR (300
MHz, CDCly) 6 4.01 (s, 3H, OCH3), 7.53 (s, 1H, Ar), 7.86 (d, J =
8.7 Hz, 2H, Ar), 7.99 (d, J = 8.1 Hz, 2H, Ar), 8.01 (d, J = 1.8
Hz, 1H, Ar), 9.96 (s, 1H, CHO), 13.69 (s, 1H, OH). >*C NMR
(75 MHz, CDCl;) § 56.6, 111.7, 114.8, 118.0, 122.8, 129.0,
130.5, 133.6, 136.4, 150.2, 151.7, 189.8. Anal. caled for
Cy1sH1N;05: C, 64.05; H, 3.94; N, 14.94. Found: C, 64.09; H,
3.96; N, 14.91.

(E)-3-((3,4-Dichlorophenyl)diazenyl)-4-hydroxy-5-methoxybenzaldehyde
(15). Red-brown solid, m.p. 188-190 °C, 81% yield. "H NMR
(300 MHz, CDCIl,) 6 4.01 (s, 3H, OCH,), 7.52 (s, 1H, Ar), 7.63
(d, J = 8.7 Hz, 1H, Ar), 7.76 (dd, J = 8.7, 2.0 Hz, 1H, Ar), 8.08
(dd, J = 22.8, 1.8 Hz, 2H, Ar), 9.95 (s, 1H, CHO), 13.48 (s, 1H,
OH). *C NMR (75 MHz, CDCl;) 6 56.6, 111.4, 122.3, 123.2,
128.8, 130.2, 131.3, 134.2, 136.0, 136.1, 148.8, 149.3, 150.0,
189.9. Anal. caled for Cy,H,,CLN;O4: C, 51.72; H, 3.10; N,
8.62. Found: C, 51.75; H, 3.12; N, 8.65.

(E)-4-((2-Chlorophenyl)diazenyl)-5-isopropyl-2-methylphenol
(16). Orange solid, m.p. 162-163 °C, 70% yield. "H NMR
(400 MHz, DMSO) ¢ 1.27 (d, J = 6.8 Hz, 6H, 2 iPr CHj,),
2.15 (s, 3H, Ar-CH,), 4.02-4.08 (m, 1H, iPr CH), 6.90 (s,
1H, Ar), 7.44-7.49 (m, 2H, Ar), 7.51 (s, 1H, Ar), 7.58-7.60
(m, 1H, Ar), 7.65-7.67 (m, 1H, Ar), 10.28 (s, 1H, OH). **C
NMR (100 MHz, CDCl;) § 17.2, 22.4, 27.2, 115.2, 117.2,
117.9, 127.2, 130.5, 130.6, 133.0, 134.6, 138.7, 145.5, 149.3,
156.3. Anal. caled for C,cH,,CIN,O: C, 66.55; H, 5.93; N,
9.70. Found: C, 66.59; H, 5.91; N, 9.67.
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2,4-Bis((E)-(2-chlorophenyl)diazenyl)-3-isopropyl-6-methylphenol
(17). Brown solid, m.p. 109-111 °C, 15% yield. "H NMR (500
MHz, CDCl;) 6 1.66 (d, J = 8.5 Hz, 6H, 2 iPr CH3), 2.37 (d, J
= 0.5 Hz, 3H, Ar-CH,), 4.88-4.94 (m, 1H, iPr CH), 7.38-7.41
(m, 2H, Ar), 7.45-7.49 (m, 2H, Ar), 7.59-7.65 (m, 2H, Ar),
7.71-7.74 (m, 1H, Ar), 7.95 (s, 1H, Ar), 7.98-8.01 (m, 1H, Ar),
15.31 (s, 1H, OH). "*C NMR (125 MHz, CDCl;) 6 15.6, 24.4,
26.9, 117.7, 118.0, 127.3, 127.9, 130.8, 130.8, 131.0, 131.6,
133.4, 135.1, 146.0, 149.0, 150.0. Anal. caled for
C,,H,0CLN,O: C, 61.83; H, 4.72; N, 13.11. Found: C, 61.86;
H, 4.75; N, 13.13.
(E)-5-Isopropyl-4-((4-methoxyphenyl)diazenyl)-2-methylphenol
(18). Orange solid, m.p. 110-112 °C, 60% yield. "H NMR (400
MHz, DMSO) 6 1.26 (d, ] = 6.8 Hz, 6H, 2 iPr CH,), 2.14 (s, 3H,
Ar-CHj), 3.85 (s, 3H, OCH,), 3.98-4.03 (m, 1H, iPr CH), 6.86
(s, 1H, Ar), 7.10 (d, J = 9.2 Hz, 2H, Ar), 7.46 (s, 1H, Ar), 7.80
(d, J = 8.8 Hz, 2H, Ar). *C NMR (100 MHz, DMSO) ¢ 16.1,
24.3, 27.3, 56.0, 112.0, 115.0, 117.6, 122.9, 124.3, 142.0, 147.4,
147.9, 159.4, 161.4. Anal. caled for C{7H,,N,O,: C, 71.81; H,
7.09; N, 9.85. Found: C, 71.78; H, 7.06; N, 9.81.
3-Isopropyl-2,4-bis((E)-(4-methoxyphenyl)diazenyl)-6-
methylphenol (19). Orange solid, m.p. 206-208 °C, 19% yield.
'H NMR (600 MHz, CDCl;) 6 1.66 (d, J = 10.8 Hz, 6H, 2x iPr
CH;), 2.34 (d, J = 1.2 Hz, 3H, Ar-CHj;), 3.89 (s, 3H, OCH,),
3.90 (s, 3H, OCH3;), 4.83-4.94 (m, 1H, iPr CH), 7.03-7.07 (m,
4H, Ar), 7.77 (s, 1H, Ar), 7.86-7.90 (m, 2H, Ar), 7.93-7.96 (m,
2H, Ar). °C NMR (151 MHz, CDCl;) § 15.4, 24.2, 26.8, 55.6,
55.6, 114.2, 114.7, 122.3, 124.0, 124.6, 125.6, 134.2, 143.2,
canl144.4, 147.5, 147.6, 155.3, 161.4, 162.0. Anal. calcd for
C,4H,6N,O5: C, 68.88; H, 6.26; N, 13.39. Found: C, 68.90; H,
6.28; N, 13.42.
(E)-3-Isopropyl-6-methyl-2-((4-nitrophenyl)diazenyl)phenol
(20). Orange solid, m.p. 103-105 °C, 64% yield. "H NMR (300
MHz, CDCl;) 6 1.36 (d, J = 6.6 Hz, 6H, 2 iPr CH,), 2.22 (s, 3H,
Ar-CHj,), 3.96-4.06 (m, 1H, iPr CH), 6.88 (d, J = 7.2 Hz, 1H,
Ar), 7.27 (d, J = 7.2 Hz, 1H, Ar), 7.94 (d, J = 8.1 Hz, 2H, Ar),
8.39 (d, J = 8.1 Hz, Ar). "*C NMR (151 MHz, CDCl;) § 15.0,
24.0, 28.0, 116.5, 122.4, 125.1, 137.2, 150.4, 154.2. Anal. caled
for Cy6H;,N;05: C, 64.20; H, 5.72; N, 14.04. Found: C, 64.24;
H, 5.73; N, 14.05.
2,4-Bis((E)-(4-bromophenyl)diazenyl)-3-isopropyl-6-methylphenol
(21). Brown solid, m.p. 218-220 °C, 18% yield. '"H NMR
(500 MHz, CDCl3) ¢ 1.62 (d, J = 9.0 Hz, 6H, 2 iPr CHj),
2.33 (s, 3H, Ar-CH,), 4.82-4.86 (m, 1H, iPr CH), 7.67-7.73
(m, 4H, Ar), 7.78-7.85 (m, 5H, Ar), 14.99 (s, 1H, OH). *C
NMR (125 MHz, CDCl;) 6 15.3, 24.3, 26.8, 123.5, 124.3,
124.6, 125.3, 126.3, 132.9, 148.8, 149.4, 151.6. Anal. caled
for C,,H,oBr,N,0: C, 51.19; H, 3.91; N, 10.85. Found: C,
51.15; H, 3.90; N, 10.87.
(E)-2-Isopropyl-5-methyl-4-(o-tolyldiazenyl)phenol (22).
Orange solid, m.p. 110-111 °C, 60% yield. Characterization
data are in agreement with previous literature.”® Anal. calced
for C;,H,oN,0: C, 76.09; H, 7.51; N, 10.44. Found: C, 76.13;
H, 7.53; N, 10.42.
6-Isopropyl-3-methyl-2,4-bis((E)-o-tolyldiazenyl)phenol ~ (23).
Brown solid, m.p. 143-145 °C, 20% yield. "H NMR (500 MHz,
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CDCl;) ¢ 1.23 (d, J = 8.5 Hz, 6H, 2 iPr CHj3), 2.59 (s, 3H, Ar-
CH3), 2.67 (s, 3H, Ar-CH,), 3.06 (s, 3H, Ar-CH;), 3.33-3.36
(m, 1H, iPr CH), 7.17-7.29 (m, 6H, Ar), 7.59 (d, J = 9.5 Hz,
1H, Ar), 7.81-7.84 (m, 2H, Ar), 15.30 (s, 1H, OH). *C NMR
(125 MHz, CDCl;) 6 11.6, 17.7, 18.3, 22.4, 26.5, 115.9, 116.3,
119.2, 126.4, 127.1, 130.1, 130.7, 131.2, 131.5, 135.4, 136.2,
137.5, 140.8, 143.8, 151.1, 156.5. Anal. caled for C,,;H,sN,O:
C, 74.58; H, 6.78; N, 14.50. Found: C, 74.61; H, 6.80; N, 14.52.

(E)-4-((2-Chlorophenyl)diazenyl)-2-isopropyl-5-methylphenol
(24). Orange solid, m.p. 182-183 °C, 70% yield. "H NMR (600
MHz, CDCl;) § 1.32 (d, J = 10.8 Hz, 6H, 2 iPr CHj), 2.69 (s,
3H, Ar-CHj,), 3.17-3.24 (m, 1H, iPr CH), 5.25 (s, 1H, OH),
7.33-7.36 (m, 2H, Ar), 7.55-7.57 (m, 1H, Ar), 7.65-7.66 (m,
1H, Ar), 7.77 (s, 1H, Ar). *C NMR (151 MHz, CDCl;) 6 17.2,
22.4, 27.2, 115.2, 117.2, 117.9, 127.2, 130.5, 130.6, 133.0,
134.6, 138.7, 145.5, 149.3, 156.3. Anal. caled for C;cH;,CIN,O:
C, 66.55; H, 5.93; N, 9.70. Found: C, 66.51; H, 5.91; N, 9.73.

2,4-Bis((E)-(2-chlorophenyl)diazenyl)-6-isopropyl-3-methylphenol
(25). Brown solid, m.p. 188-190 °C, 16% yield. "H NMR (500
MHz, CDCl;) 6 1.35 (d, J = 8.5 Hz, 6H, 2 iPr CHj,), 3.14 (s, 3H,
Ar-CHj;), 3.45-3.47 (m, 1H, iPr CH), 7.36-7.38 (m, 2H, Ar),
7.41-7.44 (m, 2H, Ar), 7.56-7.59 (m, 2H, Ar), 7.73-7.75 (m,
1H, Ar), 8.00-8.03 (m, 2H, Ar), 15.19 (s, 1H, OH). "*C NMR
(125 MHz, CDCl;) d§ 11.6, 22.2, 26.5, 117.7, 117.9, 120.4,
127.2, 127.7, 130.5, 130.6, 130.9, 131.4, 133.0, 134.9, 135.4,
136.8, 141.8, 143.7, 145.8, 149.0, 157.2. Anal. caled for
C,,H,0CLN,O: C, 61.83; H, 4.72; N, 13.11. Found: C, 61.80;
H, 4.70; N, 13.14.

(E)-2-Isopropyl-4-((4-methoxyphenyl)diazenyl)-5-methylphenol
(26). Yellow solid, m.p. 88-90 °C, 58% yield. Characterization
data are in agreement with previous literature.”” Anal. caled
for Cy;H,0N,0,: C, 71.81; H, 7.09; N, 9.85. Found: C, 71.78;
H, 7.07; N, 9.82.

6-Isopropyl-2,4-bis((E)-(4-methoxyphenyl)diazenyl)-3-methylphenol
(27). Brown solid, m.p. 186-187 °C, 30% yield. "H NMR (600
MHz, CDCl;) § 1.35 (d, J = 10.8 Hz, 6H, 2 iPr CHj), 3.10 (s,
3H, Ar-CHj), 3.41-3.45 (m, 1H, iPr CH), 3.92 (s, 3H, OCHj,),
3.92 (s, 3H, OCHj,), 7.03-7.06 (m, 4H, Ar), 7.85 (s, 1H, Ar),
7.91 (dd, J = 10.2, 1.8 Hz, 2H, Ar), 7.97 (dd, J = 10.2, 1.5 Hz,
2H, Ar), 14.92 (s, 1H, OH). *C NMR (151 MHz, CDCl;) J 11.6,
22.4, 26.7, 55.6, 55.7, 114.1, 114.7, 117.8, 123.9, 124.5, 134.7,
135.5, 139.7, 143.4, 144.5, 147.5, 154.3, 161.4, 162.0. Anal.
caled for C,,H,sN,O5: C, 68.88; H, 6.26; N, 13.39. Found: C,
68.91; H, 6.28; N, 13.41.

(E)-2-Isopropyl-5-methyl-4-((4-nitrophenyl)diazenyl)phenol
(28). Orange solid, m.p.: 176-177 ©°C, 74% yield.
Characterization data are in agreement with previous
literature.”® Anal. caled for C;6H;,N;0;: C, 64.20; H, 5.72; N,
14.04. Found: C, 64.24; H, 5.70; N, 14.02.

General procedure for the synthesis of compounds 29 and
33. K,CO; (3.0 eq.) was added to a solution of azo
compounds 26 and 28 (1.0 eq.) in an excess of dimethyl
sulfate (3.0 mL). The blue/purple mixture was stirred at r.
t. until completion of the reaction. Then, the reaction
mixture was poured into water and extracted with DCM
three times. The combined organic layers were dried over
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anhydrous Na,SO,, filtered, and evaporated in vacuo. Silica
gel column chromatography allowed us to obtain the
desired compound (eluent: n-hexane/ethyl acetate). These
azo compounds were further purified by recrystallization
from EtOH.

(E)-1-(5-Isopropyl-4-methoxy-2-methylphenyl)-2-(4-
methoxyphenyl)diazene (29). Orange solid, m.p.: 64-66 °C,
76% yield. "H NMR (300 MHz, CDCl;) ¢ 1.22 (d, J = 6.6 Hz,
6H, 2 iPr CH;), 2.71 (s, 3H, Ar-CHj;), 3.26-3.31 (m, 1H, iPr
CH), 3.89 (s, 3H, OCHj), 3.90 (s, 3H, OCHj,), 6.76 (s, 1H, Ar),
7.00 (dt, J = 9.5, 2.6 Hz, 2H, Ar), 7.65 (s, 1H, Ar), 7.90 (dt, J =
9.6, 2.7 Hz, 2H, Ar). *C NMR (75 MHz, CDCl;) J 17.4, 22.6,
26.9, 55.5, 110.0, 112.06, 113.4, 114.1, 124.3, 135.4, 137.5,
144.5, 147.7, 159.1, 161.2. Anal. caled for C;gH,,N,O,: C,
72.46; H, 7.43; N, 9.39. Found: C, 72.49; H, 7.45; N, 9.41.

(E)-1-(5-Isopropyl-4-methoxy-2-methylphenyl)-2-(4-
nitrophenyl)diazene (33). Red solid, m.p.: 122-123 °C, 79%
yield. "H NMR (300 MHz, CDCl,) 6 1.25 (d, J = 6.6 Hz, 6H, 2
iPr CHj;), 2.75 (s, 3H, Ar-CHj;), 3.26-3.31 (m, 1H, iPr CH),
3.93 (s, 3H, OCHj), 6.80 (s, 1H, Ar), 7.72 (s, 1H, Ar), 7.98 (dt, J
= 9.3, 2.4 Hz, 2H, Ar), 8.36 (dt, J = 9.3, 2.4 Hz, 2H, Ar). °C
NMR (75 MHz, CDCl,) 6 17.5, 22.5, 26.8, 55.6, 112.1, 113.6,
123.1, 124.7, 135.9, 140.4, 144.6, 147.9, 156.6, 161.0. Anal.
caled for Cy3H,,N,0,: C, 72.46; H, 7.43; N, 9.39. Found: C,
72.49; H, 7.41; N, 9.37.

General procedure for the synthesis of compounds 30 and
34. NaHCO; (3.0 eq.) was added to a solution of azo
compounds 26 and 28 (1.0 eq.) in an excess of acetic
anhydride (4.0 mL). The reaction mixture was stirred at r.t.
till completion. Then, the reaction mixture was evaporated in
vacuo to remove excess Ac,O and the formed acetic acid,
solubilized in DCM, and filtered to remove salts. No further
purification was required. The compounds were further
purified by recrystallization from EtOH.

(E)-2-Isopropyl-4-((4-methoxyphenyl)diazenyl)-5-methylphenyl
acetate (30). Red solid, m.p.: 102-104 °C, 64% yield.
Characterization data were in agreement with previous
literature.?® Anal. calcd for CyoH,,N,03: C, 69.92; H, 6.79; N,
8.58. Found: C, 69.95; H, 6.77; N, 8.60.

(E)-2-Isopropyl-5-methyl-4-((4-nitrophenyl)diazenyl)phenyl
acetate (34). Red solid, m.p.: 137-138 °C, 78% yield.
Characterization data were in agreement with previous
literature.?® Anal. caled for C;oH,,N,03: C, 69.92; H, 6.79; N,
8.58. Found: C, 69.96; H, 6.81; N, 8.55.

General procedure for the synthesis of compounds 31, 32,
35, and 36. K,CO; (1.5 eq.) was added to a solution of azo
compounds 26 and 28 (1.0 eq.) and dimethyl (thio)carbamoyl
chloride (1.8 eq.) in acetonitrile (0.4 M) at r.t. Once the
reaction was completed, the reaction mixture was evaporated
in vacuo to remove the excess reagents, solubilized in DCM,
and filtered to remove the salts. Silica gel column
chromatography allowed the obtainment of the desired
compound (eluent: n-hexane/ethyl acetate). The compounds
were further purified by recrystallization from EtOH.

(E)-2-Isopropyl-4-((4-methoxyphenyl)diazenyl)-5-methylphenyl
dimethylcarbamate (31). Orange solid, m.p.: 90-92 °C. 64%

This journal is © The Royal Society of Chemistry 2025
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yield. 'H NMR (300 MHz, CDCl;) 6 1.26 (d, J = 6.6 Hz, 6H, 2
iPr CH,), 2.65 (s, 3H, Ar-CHj), 3.05 (s, 3H, NCH;), 3.07-3.11
(m, 1H, iPr CH), 3.15 (s, 3H, NCH;), 3.89 (s, 3H, OCHj), 7.03
(m, 3H, Ar), 7.60 (s, 1H, Ar), 7.91 (d, J = 9.0 Hz, 2H, Ar). **C
NMR (75 MHz, CDCl;) § 17.1, 22.9, 27.7, 36.5, 36.8, 55.6,
110.0, 113.5, 114.1, 124.7, 124.8, 136.4, 138.5, 147.5, 148.2,
150.5, 154.7, 161.7. Anal. caled for C;oH,,N,0;: C, 67.58; H,
7.09; N, 11.82. Found: C, 67.62; H, 7.07; N, 11.80.
(E)-O-(2-Isopropyl-4-((4-methoxyphenyl)diazenyl)-5-methylphenyl)
dimethylcarbamothioate (32). Orange solid, m.p.: 123-124 °C,
60% yield. "H NMR (300 MHz, CDCl;) 6 1.26 (d, J = 7.2 Hz,
6H, 2 iPr CH,), 2.62 (s, 3H, Ar-CH;), 2.95-3.04 (m, 1H, iPr
CH), 3.37 (s, 3H, NCH,), 3.48 (s, 3H, NCH;), 3.89 (s, 3H,
OCH3), 6.96 (s, 1H, Ar), 6.99 (d, J = 9.0 Hz, 2H, Ar), 7.64 (s,
1H, Ar), 7.91 (d, J = 9.0 Hz, 2H, Ar). >C NMR (75 MHz,
CDCl,) 6 17.2, 23.0, 27.5, 38.7, 43.3, 55.6, 113.7, 114.2, 124.7,
125.5, 136.3, 139.1, 147.4, 148.6, 152.9, 161.8, 187.5. Anal.
caled for CyoH,5N30,S: C, 64.66; H, 6.78; N, 11.31. Found: C,
64.70; H, 6.80; N, 11.28.
(E)-2-Isopropyl-5-methyl-4-((4-nitrophenyl)diazenyl)phenyl
dimethylcarbamate (35). Red solid, m.p.: 129-130 °C, 92%
yield. "H NMR (300 MHz, CDCl;) d 1.27 (d, J = 6.9 Hz, 6H, 2
iPr CH,), 2.71 (s, 3H, Ar-CHj), 3.06 (s, 3H, NCH;), 3.09-3.13
(m, 1H, iPr CH), 3.16 (s, 3H, NCH,), 7.12 (s, 1H, Ar), 7.68 (s,
1H, Ar), 8.01 (dt, J = 11.6, 2.3 Hz, 2H, Ar), 8.40 (dt, J = 9.5, 2.3
Hz, 2H, Ar). >C NMR (75 MHz, CDCl;) § 17.1, 22.8, 27.57,
36.5, 36.8, 113.6, 123.4, 124.7, 125.2, 138.7, 139.0, 148.0,
148.4, 152.4, 154.4, 156.2. Anal. caled for C;oH,,N,0;: C,
67.58; H, 7.09; N, 11.82. Found: C, 67.62; H, 7.11; N, 11.85.
(E)-O-(2-Isopropyl-5-methyl-4-((4-nitrophenyl)diazenyl)phenyl)
dimethylcarbamothioate (36). Red solid, m.p.: 166-170 °C, 86%
yield. 'H NMR (300 MHz, CDCl;) 6 1.27 (d, J = 6.9 Hz, 6H, 2
iPr CH;), 2.72 (s, 3H, Ar-CH3), 2.97-3.06 (m, 1H, iPr CH), 3.93
(s, 3H, NCH3), 3.49 (s, 3H, NCH3), 7.02 (s, 1H, Ar), 7.71 (s, 1H,
Ar), 8.04 (d, J = 9.6 Hz, 2H, Ar), 8.37 (d, J = 9.6 Hz, 2H, Ar). **C
NMR (75 MHz, CDCl;) 6 17.2, 23.0, 23.6, 27.4, 37.1, 38.7, 43.3,
112.7, 113.8, 123.4, 123.6, 124.7, 126.1, 138.4, 139.6, 148.4,
148.4, 150.9, 154.6, 156.2, 187.1. Anal. caled for CpoH,5N50,S:
C, 64.66; H, 6.78; N, 11.31. Found: C, 64.62; H, 6.76; N, 11.29.

4.2. Antibacterial activity evaluation

H. pylori strains were NCTC 11637 and clinical isolates F1,
23, and F4. The MIC determination was performed using a
modified broth microdilution assay as previously described.®
For MBC, 10 pL of suspensions without visible growth were
spotted on the surface of Skirrow agar plates and incubated
for 72 h at 37 °C under microaerophilic conditions and 100%
humidity. The MBC was defined as the concentration that
killed 99.9% of the initial inoculum. The MIC and MBC
assessment was performed in triplicate, at least on three
different days.

Escherichia coli ATCC 25922 was cultured on MacConkey
agar (Oxoid) for 18 h at 37 °C, Pseudomonas aeruginosa ATCC
27853 on agar cetrimide for 18 h at 37 °C, and Staphylococcus
aureus on mannitol salt agar (MSA) (Oxoid) for 24 h at 37 °C.
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MIC determination was performed on 96-well microtiter
plates using a microdilution method in cation-adjusted
Mueller Hinton broth (CAMHB).®® All the plates were
incubated at 37 °C for 24 h. After incubation, the lowest
concentration of the compounds inhibiting visible growth
was considered to be the MIC. For MBC, aliquots (10 uL) of
suspensions without visible growth were plated on Mueller
Hinton agar and incubated at 37 °C for 24 h. The MBC was
defined as the lowest concentration of compounds that killed
>99.9% of the initial inoculum.

4.3. In silico studies

Docking simulations. Molecular modelling studies were
conducted using the Schrodinger Life-Sciences Suite 2024-1.%°
The ligands were drawn as 2D structures from Maestro and
prepared using LigPrep to generate 3D geometry. All possible
tautomers and protonation states at pH 7.0 + 0.4 were
identified using Epik.°> The 3D structures of Hp urease and Hp
FabZ were retrieved by Protein Data Bank (PDB ID 6ZJA and
3DOZ, respectively), while the 3D structure of Hp-G6PD and
Hp-IMPDH were obtained through homology modelling. The
primary sequences of Hp-G6PD (UniProt ID P56110, 425 aa)
and Hp-IMPDH (Uniprot ID P56088, 481 aa) were retrieved
from the UniProt KnowledgeBase database.”® The protein
sequences were utilized as a query sequence for homology
modelling with Prime. The tool utilized BLAST** to align
sequences and identify appropriate templates from the Protein
Data Bank using a single template protocol. The homology
model of Hp-G6PD was obtained using the structure of G6PD
from Leishmania donovani G6PD (PDB ID 7ZHV, identity
31.74%) as the template, while Hp-IMPDH was modelled on
the structure of IMPDH from Cp (PDB ID 4MZ1, identity
60.22%). The crystallographic coordinates of the IMP ligand
complex with Cp (PDB ID 4MZ1)*® were used to incorporate the
ligand into the homology model of Hp-IMPDH. The protein-
ligand complex was fully minimized using MacroModel and
the OPLS4 force field. The residue positioning was optimized
through 5000 steps of the PRCG minimization algorithm with a
convergence criterion of 0.05 k] mol* A", Molecular docking
analyses were conducted using the Glide software. The Glide
Grid was generated by placing the enclosing box at the center
of mass of the ligand. The SP docking protocol was employed.
In the initial phase, 5000 poses per ligand were specified, and
400 poses per ligand were set for energy minimization using
the OPLS4 force field.

Physicochemical and pharmacokinetics properties
calculations. ADME properties were calculated on the pkCSM
web tool (https://biosig.unimelb.edu.au/pkesm/prediction)
that combines two main sets of descriptors to predict the
physicochemical properties of the compounds: distance-based
graphic signatures and the general properties of ligands.*’

4.4. Cell-based assays

Cell cultures. Human gastric epithelial SV40-immortalized
non-tumorigenic GES-1 cells (kindly provided by Prof. Dawid

RSC Med. Chem., 2025, 16, 346-366 | 363
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Kidane, Department of Pharmacology and Toxicology,
University of Texas, Austin, TX, USA) were cultured in RPMI
medium (HyClone, Logan, UT, USA) supplemented with 10%
decomplemented fetal calf serum (FCS) (HyClone), 1%
levoglutamine (Sigma-Aldrich s.r.l, Milan, Italy), 1% pen/
strep (HyClone), and 10 mM HEPES (Sigma-Aldrich). Human
normal epithelial cells isolated from the small intestine
(HIEC-6/CRL-3266) were purchased from ATCC and
subcultured in complete DMEM/F12 medium supplemented
with 4% inactivated fetal bovine serum (FBS), 1% penicillin/
streptomycin, 20 mM HEPES, 10 mM glutamine (all from
EuroClone, Milan, Italy) and 10 ng mL ™" of epidermal growth
factor (EGF) (ThermoFisher Scientific, MA, USA). Cells were
maintained in a 5% CO, atmosphere at 37 °C.

Cell viability assay (Alamar blue assay). Cell toxicity on
GES-1 cells was determined using Alamar blue (AB) assay
according to the manufacturer's instructions. Briefly, after
the drug treatment at different time points (24 h, 48 h, 72 h),
the AB reagent was added to each well. The plates were
incubated at 37 °C for 4 h. Growth control (cells + broth +
AB), medium control (only broth), and negative control (broth
+ AB), were also included. Growth was indicated by a change
in color from dark blue to pink. The plates were then read on
a microplate reader using the test wavelengths of 540 nm
and 630 nm. The percent reduction of AB in the treated and
untreated samples was calculated by using the formula
indicated by the manufacturer.

MTT assay. The viability of HIEC-6 cells was measured
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (MTT, Merck, Milan, Italy). After the exposure,
cells were incubated with 100 pL per well MTT (5 mg mL™")
diluted 1:10 with fresh growth medium for 4 h at 37 °C and
5% CO,. Then, the MTT solution was removed to be replaced
with 100 pL per well DMSO. Cells were further incubated for
20 min in the same conditions and gently swirled for 10 min
at r.t. Absorbances were registered by means of a multiscan
GO microplate spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).
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