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Abstract

styryl ketone hybrids.

Background: Various literature sources have documented a wide spectrum of therapeutic properties of sydnones
including anti-inflammatory, anticancer, antimicrobial activities. Phenyl styryl ketones and their derivatives as
members of the chalcone family have also been reported as significant bioactive molecules. The current study was
initiated to evaluate the anti-inflammatory activity of sydnone-based compounds including some novel bis-sydnone

Results: Twenty-five sydnone-containing compounds were successfully synthesized. Compounds 46-48 and 56-58
were reported as new sydnone derivatives. Whereas, compounds 61-63 were synthesized as novel molecules
containing two sydnone rings linked via a,3-unsaturated ketone. The structures of the synthesized compounds
were confirmed by FTIR, "H NMR, "*C NMR and ToF-MS analyses. The in vitro COX inhibition assay showed varied
activity. Compounds 47, 51, 58 and 63 showed the most potent COX inhibitory effects at a concentration of 200
UM. The selectivity index revealed that 63 was the best selective COX-2 inhibitor. Acetylation of the sydnone ring at
C-4 was fruitful for the COX inhibitory effects. Docking analysis showed that COX-2 selectivity was due to a
favourable positive charged interaction occurring between the sydnone ring of 63 and Arg513 of COX-2.
Compound 51 was hydrogen bonded to Arg513. On the other hand, the low inhibitory effect of 63 against COX-1
was due to an unfavourable polar interaction with His513 in the binding pocket of COX-1.

Conclusions: The compounds were successfully synthesized and characterized. Compound 63 had a common
architecture and pharmacophoric features with known selective COX-2 inhibitors (the coxib family) which make it a
suitable candidate for the designing of selective and safe NSAID.
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Background

Sydnone can be defined as a five-membered pseudo-
aromatic heterocyclic molecule. Oxadiazoles, classically
1,2,3-oxadiazole, form the main skeleton for sydnone
(Fig. 1). The molecule has delocalized balanced positive
and negative charges. The positive charge is shared be-
tween the five annular atoms, but mainly located at the
nitrogen atom N3. An enolate-like exocyclic oxygen
atom bears the negative charge. Studies on sydnone
structure showed that there is no single polar or
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covalent structure able to represent the sydnone ring
satisfactorily. The hydrogen atom at the position C4 was
demonstrated to have acidic and nucleophilic functional-
ities making the sydnone ring reactive towards electro-
philic reagents [1].

The history of sydnone dates back to the early nine-
teenth century when Earl and his colleagues reported
the formation of the sydnone ring as the result of the ef-
fect of acetic anhydride on N-nitroso amino acids [1, 2].
It was well documented that sydnone-containing com-
pounds have a broad spectrum of biological activities in-
cluding  antitumor, antidiabetic, antimicrobial,
antioxidant and anti-inflammatory [3]. The exploration
of the bioactivity of sydnones appended to other
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Fig. 1 Sydnone structure

molecules was explored. Structure-activity relationship
(SAR) studies were mainly directed towards the adjunct
structures like thiazole, benzothiazole, pyrimidine and
sulphonamide overlooking the unique sydnone ring [4,
5]. The anti-inflammatory activity of sydnones was ini-
tially published by Wagner and Hill who reported 3-(2-
arylthioethyl)sydnone and 3-(2-arylsulfoxyethyl)sydnone
as efficacious anti-edema agents in rats [6, 7].

Considering these issues, we undertook this research
to cover the lack of consistent SAR data on activity vari-
ations resulted from structural modification on the syd-
none ring itself. We hypothesize that joining two
sydnone rings through a phenyl styrylketone linker will
produce selective cyclooxygenase-2 (COX-2) inhibitors
by giving the new molecules common architecture and
pharmacophoric features with known selective COX-2
inhibitors (coxib family). We hypothesize that the nu-
cleophilic hydrogen atom at C4 of the sydnone ring, the
various substituents to the phenyl ring at N3, and con-
necting two sydnone rings via a phenyl styrylketone
linker have a crucial impact on the COX-2 inhibitory ac-
tivity of sydnone-based compounds.

Methods

Chemical synthesis

All chemicals and solvents were purchased from com-
mercial suppliers and used without purification. Reac-
tions were monitored using thin-layer chromatography
(TLC) performed on Silica Gel 60 F,s5, plates (Merck)
using a suitable mobile phase system. Column chroma-
tography was carried out on silica gel (60-200 mesh)
supplied from Merck. Melting points (Celsius, °C) were
uncorrected and determined using open-end capillary
tubes on Stuart Scientific apparatus. Infrared spectra
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(IR) were obtained via potassium bromide (Merck, IR
grade) discs using Perkin-Elmer Spectrum Two FT-IR
instrument. '"H-NMR (700 MHz) and "*C-NMR (76
MHz) spectra were recorded at 298 K on a Bruker As-
cend spectrometer equipped with 5 mm TCI inverse de-
tection cryoprobe. Chemical shifts were recorded in
parts per million (ppm, 8) relative to tetramethylsilane
(TMS) as an internal standard. High-resolution mass
spectrometry (HRMS) was conducted using electrospray
ionization techniques (ESI) by Bruker micrOTOF-Q II.

Synthesis of ethyl N-arylglycinate esters 6-10

As shown in Fig. 2, a mixture of the corresponding para
substituted aniline 1-5 (0.1 mol), ethyl chloroacetate
(0.2 mol) and anhydrous sodium acetate (0.2 mol) were
refluxed for 12 h in 100 mL absolute ethanol. The mix-
ture was kept in the fridge overnight after adding 100
mL hot water [8]. The precipitated solid was vacuum-
filtered and then recrystallised from 95% ethanol to pro-
duce N-arylglycine esters 6-10.

Synthesis of methyl 4-aminobenzoate 12

The general protocol of Fisher's esterification was
followed to prepare methyl 4-aminobenzoate 12 (Fig. 2).
In 50 mL (1.26 mol) hot methanol, 0.105 mol para-
amino benzoic acid 11 was dissolved. Concentrated
sulphuric acid (2.50 mol) was added dropwise with con-
tinuous cooling. The resulting white paste was heated at
90-95 °C for 1 h. The reaction mixture was cooled down
to ambient room temperature, then neutralised with an
aqueous solution of sodium carbonate 5% w/v. The
white solid was then collected and recrystallised from
ethanol.

Synthesis of N-arylglycine 13-17

As described by Patel and his colleage [8], the prepared
esters 6-10 (0.02 mol) and sodium hydroxide (0.04 mol)
were heated at 80—85 °C in a mixture of water and etha-
nol (36:8 mL) for 1 h. After cooling to ambient room
temperature, the reaction mixture was acidified by fum-
ing hydrochloric acid in a dropwise manner to precipi-
tate the corresponding amino acids 13-17 (Fig. 2) which
were collected via filtration and used for the next step
without further purification.

Synthesis of nitro-containing N-arylglycine 22-25

An aqueous solution of chloroacetic acid (0.2 mol) was
neutralised with an equimolar of NaOH and then added
to a boiling suspension of nitro-containing aniline deriv-
atives 18—21 (0.1 mol) over a period of 6 h (Fig. 2). Re-
flux was continued for another 72 h with stirring. The
black residue was then removed by vacuum filtration
while hot, and the filtrate was kept in the fridge over-
night. The resulting yellow solid was collected and
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Fig. 2 Synthesis of N-nitroso glycine 27-36
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gently refluxed with ammonia (20% v/v) for 30 min.
After cooling to room temperature, the unreacted initi-
ating material was removed via filtration. The filtrate
was acidified with concentrated hydrochloric acid [9].
The yellow product was vacuum-filtered and recrystal-
lised from ethanol to yield the corresponding amino
acids 22-25.

Synthesis of N-[4-(methoxycarbonyl)phenyliglycine 26

A mixture of 12 (0.15 mol), chloroacetic acid (0.1 mol)
and sodium acetate trihydrate (0.1 mol) in 100 mL dis-
tilled water was refluxed for 6 h (Fig. 2). Sodium hydrox-
ide (10% w/v) was next used to bring the pH to 8.0.
Following extraction by 3 x 100 mL dichloromethane,
the product was precipitated by acidifying the aqueous
layer using concentrated hydrochloric acid [10]. Recrys-
tallisation from ethanol produced N-[4-(methoxycarbo-
nyl)phenyl]glycine 26.

Synthesis of N-nitroso-N-arylglycine 27-36

To a suspension of the prepared N-arylglycine (0.04
mol) in 100 mL cold water, one drop of concentrated
hydrochloric acid was added. In 20 mL of cold water,
0.12 mol sodium nitrite was dissolved and added drop-
wise with vigorous stirring at 0-5 °C over a period of 1
h (Fig. 2). Stirring at ambient room temperature contin-
ued for 0.5-4 h until a clear liquor solution was

achieved. The concentrated hydrochloric acid was then
added slowly, and the precipitated nitroso derivatives
were vacuum-filtered [8]. The products 27-36 were
used for the following steps without further purification.

Synthesis of 3-arylsydnones 37-46

In 15 mL dichloromethane, 0.015 mol of the prepared
nitroso compounds 27-36 and 0.022 mol of trifluoroa-
cetic anhydride (TFAA) were stirred at 0-5 °C until
complete dissolution as shown in Fig. 3 [11]. Next, the
dichloromethane was evaporated under a nitrogen
stream, and the resultant pink solid was washed with 5
mL sodium carbonate (10% w/v) and then recrystallised
from ethanol 95% to produce the corresponding syd-
nones 37-46.

Synthesis of alcohol sydnone derivatives 47

A mixture of sydnone 46 (0.018 mol) and sodium boro-
hydride (0.052 mol) was heated until reflux in 190 mL of
tert-butanol (Fig. 3). Then, 20 mL methanol was added
dropwise for 30 min with reflux continuing for a further
2 h. After cooling to room temperature, 200 mL water
was added. Fractional distillation evaporated the
remaining methanol and ¢-butanol as azeotrope mixture
[10]. The remaining liquor aqueous solution was kept in
the fridge overnight to precipitate the alcohol sydnone
derivative as a dark red solid which was recrystallised
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Fig. 3 Synthesis of 3-arylsydnone 37-46, alcohol sydnone derivative 47, aldehyde sydnone derivative 48 and 4-acetyl-3-arylsydnone
analogues 49-58.

from ethanol to produce 3-[4-(Hydroxymethyl)phenyl]-
sydnone 47.

Synthesis of aldehyde sydnone derivatives 48

A suspension of 47 (0.02 mol) and MnO, (0.14 mol) in
360 mL dichloromethane was stirred at room
temperature for 12 h (Fig. 3). The reaction mixture was
then filtered to remove the remaining starting materials
[10]. Dichloromethane was evaporated under reduced
pressure, and the resulting crude product was recrystal-
lised from ethyl acetate to afford 3-(4-formylphenyl)syd-
none 48.

Synthesis of 4-acetyl-3-arylsydnones 49-58

In 20 mL of dry benzene 0.00375 mol of sydnones 37—
48 and 0.0105 mol of phosphorous pentoxide were
heated until reflux. Then, 0.600 mL glacial acetic acid
was slowly added during the next 20 min with vigorous
stirring (Fig. 3). The reaction mixture was then refluxed
for a further 5 h under a nitrogen condition. The ben-
zene layer was decanted, and the black residue was
washed with 3 x 20 mL hot benzene. The combined

benzene extracts were dried to produce the crude 4-
acetylated sydnone [12]. Compounds 49-53 were puri-
fied by recrystallisation from warm ethanol (60 °C).
Compounds 54—58 were eluted through a column of sil-
ica gel 60 (0.063—0.200 mm) using ethyl acetate and hex-
ane (1:1) as a mobile phase to remove the unreacted
initiating materials, followed by recrystallisation from
boiling ethanol. Compounds 59 bearing -CH,OH at the
para position of the benzene ring (corresponding to syd-
none 47) and 60 bearing -CHO at the para position of
the benzene ring (corresponding to sydnone 48) were
not found.

Synthesis of bis-sydnone styryl ketones 61-63

A mixture of 4-acetyl-3-arylsydnone 49-58 (0.0025 mol)
and sodium hydroxide (0.00375 mol) was dissolved in
water (0.75 mL) and ethanol (5 mL), and then stirred for
1 h at 5 °C. Then, 3-(4-formylphenyl)sydnone 48 (0.003
mol) was added portion-wise with vigorous stirring
within 30 min (Fig. 4). The reaction mixture was stirred
for another hour on an ice bath until complete dissol-
ution, followed by 12 h at room temperature [13]. The
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deep yellow precipitate was filtered, washed thoroughly
with cold water and dried in a desiccator. Compounds
61 and 62 were purified by recrystallisation from ethanol
and ethyl acetate (1:1). Compound 63 was eluted
through a column of silica gel 60 (0.063—-0.200 mm)
using dichloromethane and ethyl acetate (95:5) as mobile
phase and then recrystallised from dioxane.

Biological evaluation (in vitro cyclooxygenase inhibitory
assay)

The inhibitory activity of sydnones 37-58 and 61-63 (at
a final concentration of 200 pM) against ovine COX-1
and human recombinant COX-2 was evaluated using
COX (ovine/human) inhibitor screening assay kit (Cata-
logue No. 560131) from Cayman Chemicals, Michigan,
USA following the procedure suggested by the manufac-
turer. The selective COX-1 inhibitor 5-(4-chlorophenyl)-
1-(4-methoxyphenyl)-3-trifluoromethylpyrazole (SC-560)
and the selective COX-2 inhibitor 5-bromo-2-(4-fluoro-
phenyl)-3-(4-methysulfonylphenyl) thiophene (DuP-697)
were used as reference drugs. Cayman Chemicals sup-
plied both the SC-560 and DuP-697. All measurements
were carried out in duplicate and presented as the mean
+ the standard deviation. The in vitro COX-2 selectivity
index SI-2 was calculated from the following formula
[14]:

COX - 2inhibition(%)

-2 =
5 COX - linhibition(%)

Molecular docking analysis

Ligand and protein preparation

The 2D structures of 37-58 and 61-63 were sketched
using the freeware ACD/ChemSketch version 12.01
(ACD/Labs Release, Canada). These were then converted
into a standard structure-data file (SDF) format using

the freely available open source toolbox, Open Babel
2.3.2. Energy minimisation was conducted using opti-
mised potential for liquid simulations (OPLS3) force
field [15] using the Lig Prep Module provided by Maes-
tro (Schrodinger, LCC, New York, 2017).

The 3D structure of COX-1 (PDB code: 3N8Z, 2.9
A) and COX-2 (PDB code: 3NTI1, 1.73 A) were re-
trieved from Protein Data Bank (PDB) and processed
using the Protein Preparation Wizard from Maestro.
Protein preparation was executed for chain A only,
while the other chain and non-proteinic molecules
like heme, water and arachidonic acid were removed.
Glide Receptor Grid Generation platform as a part of
Maestro, was employed to create a rigid grid around
the interacting residues of the active site from the
prepared protein structure [16].

Extra precision molecular docking and binding energy
calculation

To predict the binding pose of ligands 37-58 and 61—
63 with COX-1/COX-2, the extra precision (XP) dock-
ing procedure was applied using Glide workflow from
Maestro [17]. The ligands were docked flexibly into the
rigid docking box. Internal conformations like ring con-
formers, acyclic bond torsion and nitrogen inversion
were generated during the docking process. For each lig-
and, one docking hit with the lowest glide docking score
was generated and used to study the docking results.
The docking poses generated from Glide XP docking
were used as an input to calculate the binding energy.
The binding free energy calculation was performed using
Prime Molecular Mechanics/Generalised Born Surface
Area MM-GBSA (Prime, Schrodinger, LCC, New York,
2017). All atoms of the receptor and ligands were opti-
mised and minimised using VSGB 2.0 solvation model
[18]. The binding energies were calculated by OPLS
force field [15].
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Results

Chemical synthesis

Synthesis of ethyl N-arylglycinate esters 6-10

Ethyl N-phenylglycinate ester 6: White shiny plates (95%
ethanol); 94.65% yield; mp 55-57 °C; IR (Viao cm ™)
3386 (N-H), 3050 (C-H ring), 2979-2865 (C-H ali-
phatic), 1732 (C=0), 1607-1518 (C=C ring), 1229 (C-
0); '"H NMR (700 MHz, DMSO-d) 7.11 (dd, J = 7.53,
7.37 Hz, 2H, C3-H, C5-H), 6.61 (d, ] = 7.38 Hz, 1H, C4-
H), 6.59 (d, J = 8.02 Hz, 2H, C2-H, C6-H), 595 (t, ] =
6.33 Hz, 1 H, NH), 4.13 (q, / = 7.11 Hz, 2 H, OCHy,),
3.90 (d, J = 6.67 Hz, 2 H, NCH,), 1.21 (t, / = 7.21 Hz, 3
H, CH3). Supplementary data (Spectrum S1-S2).

Ethyl N-(4-methylphenyl)glycinate ester 7: Colourless
shiny plates (95% ethanol); 84.04% yield; mp 39-43 °C;
IR (Viax, cm™') 3380 (N-H), 3039 (C-H ring), 2992—2864
(C-H aliphatic), 1728 (C=0), 1621-1510 (C=C ring),
1227 (C-O); 'H NMR (700 MHz, DMSO-d,) 6.91 (d, ] =
8.39 Hz, 2 H, C3-H, C5-H), 6.49 (d, ] = 8.61 Hz, 2 H,
C2-H, C6-H), 5.74 (t, ] = 6.45 Hz, 1 H, NH), 4.12 (q, ] =
7.10 Hz, 2 H, OCH,), 3.85 (d, ] = 6.67 Hz, 2 H, NCH,),
2.17 (s, 3 H, C4-CHs3), 1.20 (t, / = 7.21 Hz, 3 H, CHj).
Supplementary data (Spectrum S3-S4).

Ethyl N-(4-methoxyphenyl)glycinate ester 8: Off-white
plates (95% ethanol); 52.96% yield; mp 57-60 °C; IR
(Vmaw €m') 3383 (N-H), 3039 (C-H ring), 2989-2838
(C-H aliphatic), 1733 (C=0), 1618-1517 (C=C ring),
1213 (C-O); 'H NMR (700 MHz, DMSO-d,) 6.74 (d, ] =
8.82 Hz, 2 H, C3-H, C5-H), 6.54 (d, ] = 9.03 Hz, 2 H,
C2-H, C6-H), 554 (t, ] = 6.35 Hz, 1 H, NH), 4.12 (q, ] =
7.10 Hz, 2 H, OCH,), 3.84 (d, ] = 6.45 Hz, 2 H, NCH,),
3.65 (s, 3 H, OCH3), 1.20 (t, / = 7.42 Hz, 3 H, CHz). Sup-
plementary data (Spectrum S5-S6).

Ethyl N-(4-chlorophenyl)glycinate ester 9: White shiny
plates (95% ethanol); 61.50% yield; mp 94-97 °C; IR
(Vmaxs €m™Y) 3377 (N-H), 3052 (C-H ring), 2987-2845
(C-H aliphatic), 1721 (C=0), 1608-1511 (C=C ring),
1227 (C-0), 1021 (C-Cl); "H NMR (700 MHz, DMSO-
de) 7.10 (d, J = 8.86 Hz, 2 H, C3-H, C5-H), 6.57 (d, ] =
8.86 Hz, 2 H, C2-H, C6-H), 6.18 (t, ] = 6.30 Hz, 1 H,
NH), 4.12 (q, J = 7.04 Hz, 2 H, OCH,), 3.89 (d, ] = 6.47
Hz, 2 H, NCH,), 1.19 (t, /] = 7.15 Hz, 3 H, CH3). Supple-
mentary data (Spectrum S7-S8).

Ethyl N-(4-fluorophenyl)glycinate ester 10: Yellowish
transparent plates (95% ethanol);79.11% yield; mp 72—
75 °C; IR (Viaw cm™ ') 3383 (N-H), 3079-3046 (C-H
ring), 2993-2853 (C-H aliphatic), 1728 (C=0), 1618-
1525 (C=C ring), 1220 (C-0), 1032 (C-F); '"H NMR
(700 MHz, DMSO-dg) 6.93 (t, ] = 8.99 Hz, 2 H, C3-
H, C5-H), 6.57 (dd, J = 9.03, 4.51 Hz, 2 H, C2-H,
C6-H), 591 (t, J = 6.35 Hz, 1 H, NH), 4.12 (q, ] =
7.03 Hz, 2 H, OCH,), 3.88 (d, /] = 6.45 Hz, 2 H,
NCH,), 1.20 (t, J = 7.31 Hz, 3 H, CH3). Supplemen-
tary data (Spectrum S9-510).
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Synthesis of methyl 4-aminobenzoate 12

Methyl 4-aminobenzoate 12: Shiny white plates (95%
ethanol); 93.72% vyield; mp 111-113 °C; IR (Vppay, cm ™)
3411 (asymmetric N-H), 3336 (symmetric N-H), 3225
(overtone and combination), 3031 (C-H ring), 2988-
2844 (aliphatic C-H), 1684 (C=0), 1640-1602 (C=C
ring), 1292 cm™' (C-C(=0)-O); 'H NMR (700 MHz,
DMSO-dy) 7.75 (d, ] = 8.66 Hz, 2 H, C2-H, C6-H), 6.82
(d, J = 8.66 Hz, 2 H, C3-H, C5-H), 6.30 (br. s., 2 H, NH),
3.76 (s, 3 H, OCHj). Supplementary data (Spectrum
S11-S12).

Synthesis of N-arylglycine 13-17
N-Phenylglycine 13: White solid; 84.74% yield; mp 117-
119 °C; IR (Vi cm ') 3445 (N-H), 3129-1887 (O-H),
3025 (C-H ring), 2948-2803 (C-H aliphatic), 1565
(asymmetric COO"), 1494 (C=C ring), 1384 (symmetric
COO), 764, 695 (out-of-plane C-H ring bending); 'H
NMR (700 MHz, DMSO-dq) 7.07 (t, ] = 7.77 Hz, 2 H,
C3-H, C5-H), 6.56 (d, J = 7.53 Hz, 1 H, C4-H), 6.54 (d, ]
= 7.85 Hz, 2 H, C2-H, C6-H), 3.78 (s, 2 H, CH,CO).
Supplementary data (Spectrum S13-S14).
N-(4-Methylphenyl)glycine 14: White solid; 54.06%
yield; mp 105-108 °C; IR (Vimae cm™) 3433 (N-H),
3170-1837 (O-H), 3043 (C-H ring), 2971-2793 (C-H
aliphatic), 1595 (asymmetric COO™), 1512 (C=C ring),
1398 (symmetric COO™), 821 (out-of-plane C-H ring
bending); '"H NMR (700 MHz, DMSO-d,) 6.88 (d, J =
8.39 Hz, 2 H, C3-H, C5-H), 6.45 (d, /] = 8.39 Hz, 2 H,
C2-H, C6-H), 3.74 (s, 2 H, CH,CO), 2.14 (s, 3 H, CHz).
Supplementary data (Spectrum S15-S16).
N-(4-Methoxyphenyl)glycine 15: White solid; 68.91%
yield; mp 148-149 °C; IR (Ve cm™') 3428 (N-H),
3190-1823 (O-H), 3061, 3025 (C-H ring), 2998-2798
(C-H aliphatic), 1608 (asymmetric COO~), 1515 (C=C
ring), 1389 (symmetric COO™), 839 (out-of-plane C-H
ring bending); "H NMR (700 MHz, DMSO-d) 6.71 (d, J
= 8.82 Hz, 2 H, C3-H, C5-H), 6.51 (d, / = 8.82 Hz, 2 H,
C2-H, C6-H), 3.72 (s, 2 H, CH,CO), 3.63 (s, 3 H,
OCH3;). Supplementary data (Spectrum S17-S18).
N-(4-Chlorophenyl)glycine 16: White solid; 90.27%
yield; mp 138 °C; IR (Vmao cm ™) 3416 (N-H), 3263
1919 (O-H), 3078-3045 (C-H ring), 2991-2824 (C-H
aliphatic), 1709 (C=0), 1601, 1502 (C=C ring), 812 (out-
of-plane C-H ring bending), 1084 (C-Cl); 'H NMR (700
MHz, DMSO-dq) 7.09 (d, J = 8.86 Hz, 2 H, C3-H, C5-
H), 6.56 (d, /] = 8.86 Hz, 2 H, C2-H, C6-H), 3.79 (s, 2 H,
CH,CO). Supplementary data (Spectrum S19-520).
N-(4-Fluorophenyl)glycine 17: White solid; 64.74%
yield; mp 131-134 °C; IR (Ve cm™') 3446 (N-H),
3128-1981 (O-H), 3019 (C-H ring), 2911-2816 (C-H
aliphatic), 1574 (asymmetric COO™), 1515 (C=C ring),
1387 (symmetric COO™), 841 (out-of-plane C-H ring
bending); 'H NMR (700 MHz, DMSO-ds) 6.91 (t, ] =
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8.61 Hz, 2 H, C3-H, C5-H), 6.54 (dd, J = 9.03, 4.51 Hz, 2
H, C2-H, C6-H), 3.76 (s, 2 H, CH,CO). Supplementary
data (Spectrum S21-522).

Synthesis of nitro-containing N-arylglycine 22-25
N-(3-Nitrophenyl)glycine 22: Deep yellow plates (95%
ethanol); 58.79% yield; mp 156—158 °C; IR (Vpay, cm ™)
3401 (N-H), 3192-2190 (O-H), 3091 (C-H ring), 2992—
2929 (C-H aliphatic), 1712 (C=0), 1541 (asymmetric N-
0), 1619-1417 (C=C ring), 1351 (symmetric N-O), 855,
808, 733 (out-of-plane C-H ring bending); 'H NMR (700
MHz, DMSO-d;) 12.70 (br.s., 1H, COOH), 7.38 (dd, ] =
7.85, 1.61 Hz, 1H, C4-H), 7.35 (s, 1H, C2-H); 7.34 (t, ] =
6.65 Hz, 1H, C5-H), 7.00 (dd, / = 8.06, 1.83 Hz, 1H, Cé6-
H), 6.68 (br.s., 1H, NH), 3.92 (s, 2H, CH,CO). Supple-
mentary data (Spectrum S23-S24).
N-(4-Nitrophenyl)glycine 23: Yellow plates (95% etha-
nol); 50.58% yield; mp 221-223 °C; IR (Vinax cm™') 3367
(N-H), 3282-2500 (O-H), 3103 (C-H ring), 2933-2891
(C-H aliphatic), 1735 (C=0), 1537 (asymmetric N-O),
1603-1471 (C=C ring), 1305 (symmetric N-O), 823
(out-of-plane C-H ring bending); 'H NMR (700 MHz,
DMSO-dg) 12.82 (br.s., 1H, COOH), 8.01 (d, J = 9.25
Hz, 2H, C3-H, C5-H), 7.47 (t, ] = 6.02 Hz, 1H, NH), 6.67
(d, / = 9.04 Hz, 2H, C2-H, C6-H), 3.98 (d, ] = 6.02 Hz,
2H, CH,CO). Supplementary data (Spectrum S25-526).
N-(4-Methyl-3-nitrophenyl)glycine 24: Yellow plates
(95% ethanol); 82.81% yield; mp 141-143 °C; IR (Viax
cm™') 3381 (N-H), 3272-1983 (O-H), 3086, 3039 (C-H
ring), 2983-2872 (C-H aliphatic), 1717 (C=0), 1541
(asymmetric N-O), 1626-1417 (C=C ring), 1336 (sym-
metric N-O), 891, 824 (out-of-plane C-H ring bending);
'H NMR (700 MHz, DMSO-ds) 12.65 (brs., 1H,
COOH), 7.17 (d, J = 8.17 Hz, 1H, C5-H), 7.12 (d, J =
2.58 Hz, 1H, C2-H), 6.85 (dd, J/ = 8.28, 2.61 Hz, 1H, Cé6-
H), 6.39 (br.s., 1H, NH), 3.87 (s, 2H, CH,CO), 2.33 (s,
3H, C4-CHj3). Supplementary data (Spectrum S27-528).
N-(4-Chloro-3-nitrophenyl)glycine 25: Yellow plates
(isopropanol);71.03% vyield; mp 174-177 °C; IR (Vpay
Cmfl) 3386 (N-H), 3282-1947 (O-H), 3085, 3057 (C-H
ring), 2971-2848 (C-H aliphatic), 1721 (C=0), 1537
(asymmetric N-O), 1617-1442 (C=C ring), 1338 (sym-
metric N-O), 891, 822 (out-of-plane C-H ring bending);
'H NMR (700 MHz, DMSO-ds) 1273 (brs., 1H,
COOH), 7.38 (d, ] = 9.94 Hz, 1H, C5-H), 7.15 (d, J =
2.80 Hz, 1H, C2-H), 6.88 (dd, / = 9.03, 2.80 Hz, 1H, Cé6-
H), 6.74 (t, ] = 5.92 Hz, 1H, NH), 3.90 (d, / = 5.81 Hz,
2H, CH,CO). Supplementary data (Spectrum S29-S30).

Synthesis of N-[4-(methoxycarbonyl)phenyliglycine 26

N-[4-(methoxycarbonyl)phenyl]glycine 26: White solid;
53.12% yield; mp 171-174 °C; IR (Vpayx, cm™') 3433-
2480 (O-H), 3335 (N-H), 3094-3004 (C-H ring), 2997-
2883 (C-H aliphatic), 1735 (CO acid), 1673 (CO ester),
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1603-1437 (C=C ring), 1317 (C(=0)-0O acid), 1292, 1178
(C-C(=0)-O0 ester), 846 (out-of-plane C-H bending ring);
"H NMR (700 MHz, DMSO-dg) 7.71 (d, ] = 8.82 Hz, 2
H, C3-H, C5-H), 6.75 (br. s., 1 H, N-H), 6.61 (d, J = 8.82
Hz, 2 H, C2-H, C6-H), 3.89 (s, 2 H, CH,CO), 3.74 (s, 3
H, OCHj3). Supplementary data (Spectrum S31-S32).

Synthesis of N-nitroso-N-arylglycine 27-36
N-Nitroso-N-phenylglycine 27: Pale yellow solid; 69.06%
yield; mp 99-101 °C; IR (Vimaeo cm™) 3427-2255 (O-H),
1731 (C=0 acid), 1436 (N=0), 1295 (C-O acid). Supple-
mentary data (Spectrum S33).
N-Nitroso-N-(4-methylphenyl)glycine 28: Off-white
solid; 90.05% vyield; mp 101-102 °C; IR (Viao cm ™)
3337-2343 (O-H), 1728 (C=0 acid), 1440 (N=0O), 1292
(C-O acid). Supplementary data (Spectrum S34).
N-Nitroso-N-(4-methoxyphenyl)glycine 29: Off-white
solid; 94.19% vyield; mp 113-114 °C; IR (Viao cm ™)
3290-2406 (O-H), 1720 (C=0 acid), 1448 (N=0), 1302
(C-O acid). Supplementary data (Spectrum S35).
N-Nitroso-N-(4-chlorophenyl)glycine 30: Pale yellow
solid; 91.50% vyield; mp 112-115 °C; IR (Viaw cm™)
3417-2366 (O-H), 1730 (C=0 acid), 1467 (N=0), 1306
(C-O acid). Supplementary data (Spectrum S36).
N-Nitroso-N-(4-Fluorophenyl)glycine 31:Yellowish
solid; 35.80% yield; mp 97-99 °C; IR (Viaw cmt) 3419-
2471 (O-H), 1726 (C=0 acid), 1446 (N=0), 1302 (C-O
acid). Supplementary data (Spectrum S37).
N-Nitroso-N-(3-nitrophenyl)glycine 32: Pale yellow
solid; 80.81% yield; mp 156-157 °C; IR (Vo cm™Y)
3447-2405 (O-H), 1722 (C=0 acid), 1440 (N=0), 1280
(C-O acid). Supplementary data (Spectrum S38).
N-Nitroso-N-(4-nitrophenyl)glycine 33: Pale yellow
solid; 91.25% yield; mp 138 °C; IR (Viao cm ') 3391
2409 (O-H), 1731(C=0 acid), 1486 (N=0), 1305 (C-O
acid). Supplementary data (Spectrum S39).
N-Nitroso-N-(4-methyl-3-nitrophenyl)glycine  34:Yel-
low solid;79.88% yield; mp 127-128 °C; IR (Vypay, cm ™)
3429-2527 (O-H), 1730 (C=0 acid), 1472 (N=0O), 1282
(C-O acid). Supplementary data (Spectrum S40).
N-Nitroso-N-(4-chloro-3-nitrophenyl)glycine ~ 35:Yel-
low solid;79.88% yield; mp 127-128 °C; IR (Vypay, cm ™)
3348-2702 (O-H), 1730 (C=0 acid), 1469 (N=0), 1298
(C-O acid). Supplementary data (Spectrum S41).
N-Nitroso-N-[4-(methoxycarbonyl)phenyl]glycine  36:
Yellow solid; 91.12% yield; mp 125 °C; IR (Vi cm ™)
3409-2433 (O-H), 1714 (C=0 acid), 1432 (N=0), 1308
(C-O acid). Supplementary data (Spectrum S42).

Synthesis of 3-arylsydnones 37-46

3-Phenylsydnone 37: Pale yellow needles (95% ethanol);
89.21% yield; mp 134-135 °C; IR (Vi cm ') 3128 (C-H
sydnone), 3077, 3064 (C-H ring), 1760 (C=0O sydnone),
1497-1440 (C=C ring), 727, 682 (out-of-plane C-H ring
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bending); "H NMR (700 MHz, CDCls) 7.74 (d, J = 7.83
Hz, 2 H, C7-H, C11-H), 7.33 (t, / = 7.33 Hz, 1H, C9-H),
7.65 (t, ] = 7.67 Hz, 2H, C8-H, C10-H), 6.78 (s, 1 H, C4-
H); *C NMR (176 MHz, CDCls) 169.03 (C5), 134.82
(C6), 132.52 (C9), 130.32 (C7, C11), 121.33 (C8, C10),
93.76 (C4). Supplementary data (Spectrum S43-5S45).

3-(4-Methylphenyl)sydnone 38: White needles (95%
ethanol); 92.17% yield; mp 141-143 °C; IR (Vo cm ™)
3139 (C-H sydnone), 3080, 3054 (C-H benzene), 1754
(C=0 sydnone), 1509, 1447 (C=C benzene), 817 (out-of-
plane C-H benzene bending); 'H NMR (700 MHz,
CDCl3) 7.61 (d, ] = 8.51 Hz, 2 H, C7-H, C11-H), 7.41 (d,
J = 8.18 Hz, 2 H, C8-H, C10-H), 6.74 (s, 1 H, C4-H),
2.48 (s, 3 H, C12); ">C NMR (176 MHz, CDCls) 169.12
(C5), 143.31 (C9), 132.47 (Ce6), 130.78 (C7, C11), 121.03
(C8, C10), 93.56 (C4), 21.39 (C12). Supplementary data
(Spectrum S46-S48).

3-(4-Methoxyphenyl)sydnone 39: White needles (95%
ethanol); 86.08% yield; mp 124—126 °C; IR (Vpay, cm ™)
3150 (C-H sydnone), 3073 (C-H benzene), 1742 (C=0O
sydnone), 1603-1457 (C=C benzene), 1259, 1008 (C-O-
C alkyl aryl ether), 834 (out-of-plane C-H benzene bend-
ing); 'H NMR (700 MHz, CDCl5) 7.65 (d, ] = 8.86 Hz, 2
H, C7-H, C11-H), 7.08 (d, / = 9.20 Hz, 2 H, C8-H, C10-
H), 6.72 (s, 1 H, C4-H), 3.90 (s, 3 H, C12); *C NMR
(176 MHz, CDCl3) 169.16 (C5), 162.51 (C9), 127.72
(C6), 122.70 (C7, C11), 115.26 (C8, C10), 93.49 (C4),
55.88 (C12). Supplementary data (Spectrum S49-S51).

3-(4-Chlorophenyl)sydnone 40: Pale yellow needles
(95% ethanol);70.63% vyield; mp 111-113 °C; IR (Viay
cm™) 3133 (C-H sydnone), 3073, 3051 (C-H benzene),
1746 (C=0O sydnone), 1493-1421(C=C benzene), 1097
(C-Cl), 832 (out-of-plane C-H benzene bending); 'H
NMR (700 MHz, CDCl3) 7.73 (d, J = 9.19 Hz, 2 H, C7-
H, C11-H), 7.62 (d, J = 8.86 Hz, 2 H, C8-H, C10-H),
6.81 (s, 1 H, C4-H); ">C NMR (176 MHz, CDCl;) 168.84
(C5), 138.78 (C9), 133.19 (C6), 130.60 (C7, C11), 122.60
(C8, C10), 93.75 (C4). Supplementary data (Spectrum
S52-S54).

3-(4-Fluorophenyl)sydnone 41: Pale yellow needles
(95% ethanol);75.88% vyield; mp 154-156 °C; IR (Vpax
cm ™) 3112 em™! (C-H sydnone), 3081 cm™! (C-H ben-
zene), 1733 cm™' (C=0 sydnone), 1598, 1510, 1455 (C=
C benzene), 1021 cm™ (C-F), 839 (out-of-plane C-H
benzene bending); "H NMR 'H NMR (700 MHz, CDCl5)
7.78 (dd, J = 9.19, 4.43 Hz, 2 H, C7-H, C11-H), 7.34 (t, ]
= 8.34 Hz, 2 H, C8-H, C10-H), 6.78 (s, 1 H, C4-H); °C
NMR (176 MHz, CDCl;) 168.92 (C5), 164.56 (d, J =
254.31 Hz, C9), 130.93 (C6), 123.62 (d, / = 8.90 Hz, C7,
C11), 117.580 (d, ] = 24.16, C8, C10), 93.96 (C4). Supple-
mentary data (Spectrum S55-S57).

3-(3-Nitroyphenyl)sydnone 42: Tan plates (95% etha-
nol); 80.41% yield; mp 140-142 °C; IR (Vinax cm™') 3155
(C-H sydnone), 3116, 3062 (C-H benzene), 1755 (C=0
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sydnone), 1532 (asymmetric N=0), 1492, 1442 (C=C
benzene), 1359 (symmetric N=0O), 817, 724, 690 (out-of-
plane C-H benzene ring), "H NMR (700 MHz, DMSO-
dg) 8.77 (t, ] = 2.05 Hz, 1 H, C7-H), 8.57 (dd, J = 8.28,
1.83 Hz, 1 H, C9-H), 8.41 (dd, J = 8.18, 1.73 Hz, 1 H,
C11-H), 8.02 (t, J = 8.18 Hz, 1 H, C10-H), 8.00 (s, 1 H,
C4-H); C NMR (176 MHz, DMSO-d,) 168.83 (C5),
148.78 (C8), 135.53 (C6), 132.31 (C11), 128.43 (C10),
127.36 (C7), 117.69 (C9), 96.36 (C4). Supplementary data
(Spectrum S58-S60).

3-(4-Nitroyphenyl)sydnone 43: Yellow needles (95%
ethanol); 90.01% yield; mp 190-192 °C; IR (Vppay, cm ™)
3118 (C-H sydnone), 1755 (C=0O sydnone), 1535 (asym-
metric N=0), 1459 (C=C benzene), 1346 (symmetric N=
0O), 849 (out-of-plane C-H benzene ring); 'H NMR (700
MHz, DMSO-dg) 8.54 (d, ] = 8.86 Hz, 2 H, C8-H, C10-
H), 8.24 (d, J = 9.20 Hz, 2 H, C7-H, C11-H), 7.97 (s, 1
H, C4-H); >C NMR (176 MHz, DMSO-d) 168.83 (C5),
149.86 (C9), 139.00 (C6), 126.00 (C7, C11), 123.69 (CS8,
C10), 96.27 (C4). Supplementary data (Spectrum S61-
S63).

3-(4-Methyl-3-nitroyphenyl)sydnone 44: Yellow plates
(95% ethanol); 65.79% yield; mp 120-121 °C; IR (Vipaw
cmY) 3122 (C-H sydnone), 3100, 3065 (C-H benzene),
1759 (C=0 sydnone), 1537 (asymmetric N=0O), 1504,
1491 (C=C benzene), 1363 (symmetric N=0O), 896, 832
(out-of-plane C-H benzene ring); '"H NMR (700 MHz,
DMSO-dg) 8.59 (d, / = 2.36 Hz, 1 H, C7-H,), 8.21 (dd, /
= 8.28, 2.27 Hz, 1 H, C11-H), 791 (s, 1 H, C4-H), 7.86
(d, / = 838, 1H, C10-H), 2.62 (s, 3H, C12-H); '*C NMR
176 MHz, DMSO-d;) 168.83 (C5), 149.56 (C8), 137.64
C6), 135.05 (C11), 133.32 (C9), 126.23 (C10), 118.39
C7), 9597 (C4), 19.85 (C12). Supplementary data
Spectrum S64-S66).

3-(4-Chloro-3-nitrophenyl)sydnone 45: Pale yellow
plates (95% ethanol); 90.61% yield; mp 176 °C; IR (Viyax
cm™Y) 3120 (C-H sydnone), 3081, 3036 (C-H benzene),
1745 (C=0O sydnone), 1543 (asymmetric N=0), 1487,
1453 (C=C benzene), 1355 (symmetric N=0O), 892, 845
(out-of-plane C-H benzene ring); 'H NMR (700 MHz,
DMSO-dg) 8.77 (d, ] = 2.58 Hz, C7-H), 8.30 (dd, J =
8.82, 2.58 Hz, C11-H), 8.17 (d, J = 8.82 Hz, C10-H), 7.93
(s, 1 H, C4-H); '*C NMR (176 MHz, DMSO-dy) 168.70
(C5), 148.32 (C8), 134.01 (Ce), 133.97 (C11), 129.22
(C9), 127.07 (C10), 119.82 (C7), 96.26 (C4). Supplemen-
tary data (Spectrum S67-569).

3-[4-(Methoxycarbonyl)phenyl]sydnone  46:  White
creamy needles (95% ethanol);87.65% yield; mp 180 °C;
IR (Vo cmY) 3130 (C-H sydnone), 3089 (C-H ben-
zene), 2967-2853 (C-H aliphatic), 1765 (C=0O sydnone),
1729 (C=0 ester), 1606-1444 (C=C benzene), 1278, 1107
(C-O ester); '"H NMR (700 MHz, DMSO-d,) 8.21 (d, ] =
8.52 Hz, 2H, C8-H, C10-H), 8.08 (d, / = 8.52 Hz, 2 H,
C7-H, C11-H), 7.89 (s, 1 H, C4-H), 3.91 (s, 3 H, C13-H);

(
(
(
(
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13C NMR (176 MHz, DMSO-ds) 168.88 (C12), 165.37
(C5), 138.03 (C6), 133.33 (C9), 131.39 (C8, C10), 122.42
(C7, C11), 95.70 (C4), 53.18 (C13). Supplementary data
(Spectrum S70-S72).

Synthesis of alcohol sydnone derivatives 47
3-[4-(Hydroxymethyl)phenyl]sydnone 47: Red needles
(95% ethanol); 52.99% yield; mp 136-139 °C; IR (Vipax
em ™) 3391 (O-H), 3142 (C-H sydnone), 3094 (C-H ben-
zene), 2935, 2821 (C-H aliphatic), 1711 (C=0 sydnone),
1598-1457 (C=C benzene), 1062 (C-O alcohol), 828
(out-of-plane C-H bending benzene); 'H NMR (700
MHz, DMSO-dy) 7.89 (d, ] = 8.86 Hz, 2 H, C7-H, C11-
H), 7.76 (s, 1 H, C4-H), 7.62 (d, J = 8.52 Hz, 2 H, C8-H,
C10-H), 549 (t, ] = 5.79 Hz, 1 H, OH), 4.63 (d, / = 5.79
Hz, 2 H, C12-H); ®C NMR (176 MHz, DMSO-d,)
168.99 (C5), 147.88 (C6), 133.48 (C9), 128.04 (C7, C11),
121.70 (C8, C10), 95.20 (C4), 62.47 (C12). Supplemen-
tary data (Spectrum S73-S75).

Synthesis of aldehyde sydnone derivatives 48
3-(4-formylphenyl)sydnone 48: Yellow plates (EtOAc);
85.04% yield; mp 145-149 °C; IR (Vya cm ') 3148 (C-H
sydnone), 3079 (C-H benzene), 2876 (C-H aldehyde),
1756 (C=0 sydnone), 1704 (C=0 aldehyde), 1598, 1453
(C=C benzene), 823 (out-of-plane C-H benzene bend-
ing); "H NMR (700 MHz, DMSO-d,) 10.14 (s, 1 H, C12-
H), 8.22 (d, J = 8.52 Hz, 2 H, C8-H, C10-H), 8.18 (d, ] =
8.51 Hz, 2 H, C7-H, C11-H), 7.92 (s, 1 H, C4-H); *C
NMR (176 MHz, DMSO-dg) 192.70 (C12), 168.89 (C5),
138.95 (C6), 138.58 (C9), 131.53 (C8, C10), 122.91 (C7,
C11), 95.86 (C4). Supplementary data (Spectrum S76-
S78).

Synthesis of 4-acetyl-3-arylsydnones 49-58
4-Acetyl-3-phenylsydnone 49: Slightly yellow plates (95%
ethanol); 49.04% yield; mp 141-143 °C; IR (Vpay cm ™)
3060 (C-H benzene), 1766 (CO sydnone), 1666 (CO
acetyl), 1493-1424 (C=C benzene), 1053 (C-CO-C
acetyl), 770, 693 (out-of-plane C-H bending benzene);
'H NMR (700 MHz, CDCls) 7.70 (t, ] = 7.47 Hz, 1 H,
C9-H), 7.61 (t, ] = 8.00 Hz, 2 H, C7-H, C11-H), 7.49 (d,
J = 7.49 Hz, 2 H, C8-H, C10, H), 2.54 (s, 3 H, C13-H);
*C NMR (176 MHz, CDCl5) 184.23 (C12), 166.27 (C5),
134.94 (Ce6), 132.37 (C9), 129.44 (C7, C11), 124.87 (CS8,
C10), 106.06 (C4), 28.12 (C13). Supplementary data
(Spectrum S79-S81).
4-Acetyl-3-(4-methylphenyl)sydnone 50: Slightly yel-
low plates (95% ethanol); 50.23% yield; mp 118-119 °C;
IR (Vo cm™) 3060 (C-H benzene), 2930 (C-H ali-
phatic), 1783 (CO sydnone), 1678 (CO acetyl), 1509—
1408 (C=C benzene), 1050 (C-CO-C acetyl), 827 (out-
of-plane C-H bending benzene); 'H NMR (700 MHz,
CDCl3) 7.40 (d, J = 8.50 Hz, 2H, C7-H, C11-H), 7.37 (d,
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J = 8.52, 2H, C8-H, C10-H), 2.53 (s, 3 H, C13-H), 2.50
(s, 3 H, Cl4-H); >C NMR (176 MHz, CDCl;) 184.26
(C12), 166.37 (C5), 143.15 (C9), 132.44 (C6), 129.97 (C7,
C11), 124.59 (C8, C10), 105.99 (C4), 28.17 (C13), 21.52
(C14). Supplementary data (Spectrum S82-S84).
4-Acetyl-3-(4-methoxyphenyl)sydnone 51: Slightly yel-
low plates (95% ethanol); 64.90% yield; mp 99-101 °C;
IR (Viao cm™Y) 3080, 3021 (C-H benzene), 2974, 2936
(C-H aliphatic), 1788, 1776 (CO sydnone), 1664 (CO
acetyl), 1606, 1590, 1512 (C=C benzene), 1259, 1176 (C-
O-C alkyl aryl ether), 1051 (C-CO-C acetyl), 833 (out-
of-plane C-H bending benzene); '"H NMR (700 MHz,
CDCl3) 7.43 (d, J = 8.85 Hz, 2H, C7-H, C11-H), 7.06 (d,
J = 8.86, 2H, C8-H, C10-H), 3.91 (s, 3 H, C14-H), 2.53
(s, 3 H, C13-H); >)C NMR (176 MHz, CDCls) 184.33
(C12), 166.45 (C5), 162.47 (C9), 127.45 (C6), 126.31 (C7,
C11), 114.46 (C8, C10), 105.89 (C4), 55.80 (C14), 28.22
(C13). Supplementary data (Spectrum S85-S87).
4-Acetyl-3-(4-chlorophenyl)sydnone 52: Slightly yellow
needles (95% ethanol);42.54% vyield; mp 133-134 °C; IR
(Vinao €m™') 3100, 3062, 3046 (C-H benzene), 1785 (CO
sydnone), 1662 (CO acetyl), 1587-1435 (C=C benzene),
1089 (C-Cl), 1049 (C-CO-C acetyl), 837 (out-of-plane C-
H bending benzene); '"H NMR (700 MHz, CDCls) 7.58
(d, J = 8.51 Hz, 2H, C7-H, C11-H), 7.45 (d, ] = 8.52, 2H,
C8-H, C10-H), 2.54 (s, 3 H, C13-H); *C NMR (176
MHz, CDCl;) 184.32 (C12), 166.03 (C5), 138.86 (C9),
133.20 (Ce6), 129.76 (C7, C11), 126.27 (C8, C10), 106.01
(C4), 28.12 (C13). Supplementary data (Spectrum S88-
$90).
4-Acetyl-3-(4-fluorophenyl)sydnone 53: Yellow plates
(95% ethanol); 44.44% vyield; mp 91-92 °C; IR (Vipaw
ecm™) 3071, 3020 (C-H benzene), 2970, 2924 (C-H ali-
phatic), 1826 (C=O sydnone), 1657 (C=0O acetyl), 1603,
1513 (C=C benzene), 1053 (C-CO-C acetyl), 1016 (C-F),
843 (out-of-plane C-H bending benzene); 'H NMR (700
MHz, CDCl3) 7.51 (dd, J = 8.51, 4.59 Hz, 2H, C7-H,
C11-H), 7.28 (t, /] = 8.52, 2H, C8-H, C10-H), 2.52 (s, 3
H, C13-H); '*C NMR (176 MHz, CDCls) 184.32 (C12),
166.09 (C5) 164.55 (C9), 130.80 (C6), 127.23 (C7, C11),
116.72 (C8, C10), 106.07 (C4), 28.11 (C13). Supplemen-
tary data (Spectrum S91-593).
4-Acetyl-3-(3-nitrophenyl)sydnone 54: Yellow plates
(95% ethanol); 35.17% vyield; mp 171-172 °C; IR (Vipaw
cm™) 3098, 3013 (C-H benzene), 2966-2877 (C-H ali-
phatic), 1781 (C=0 sydnone), 1659 (C=0O acetyl), 1538
(asymmetric NO), 1430, 1410 (C=C benzene), 1343
(symmetric NO), 1052 (C-CO-C acetyl), 810, 743, 680
(out-of-plane C-H bending benzene); '"H NMR (700
MHz, DMSO-d,) 8.71 (t, J] = 4.09 Hz, 1H, C7-H), 8.58
(dd, J = 8.39, 2.15 Hz, 1H, C9-H), 8.20 (m, 1H, C11-H),
7.97 (t, ] = 8.18, 1H, C10-H), 2.39 (s, 3H, C13-H); '*C
NMR (176 MHz, DMSO-d,) 184.13 (C12), 166.29 (C5),
148.15 (C8), 136.07 (C6), 132.54 (C11), 131.52 (C10),
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127.36 (C7), 121.80 (C9), 108.09 (C4), 27.89 (C13). Sup-
plementary data (Spectrum S94-596).
4-Acetyl-3-(4-nitrophenyl)sydnone 55: Yellow plates
(95% ethanol); 35.94% yield; mp 210-212 °C; IR (Vo
cm™') 3097 (C-H benzene), 2990-2866 (C-H aliphatic),
1790 (C=0 sydnone), 1670 (C=0O acetyl), 1533 (asym-
metric NO), 1618-1437 (C=C benzene), 1349 (symmet-
ric NO), 1052 (C-CO-C acetyl), 849 (out-of-plane C-H
bending benzene); "H NMR (700 MHz, DMSO-d,) 8.51
(d, J = 8.86 Hz, 2 H, C8-H, C10-H), 8.03 (d, J = 8.86 Hz,
2 H, C7-H, C11-H), 2.40 (s, 3 H, C13-H); ">C NMR (176
MHz, DMSO-d,) 184.06 (C12), 166.27 (C5), 149.90 (C9),
139.92 (Ce), 127.88 (C7, C11), 125.20 (C8, C10), 108.07
(C4), 27.86 (C13). Supplementary data (Spectrum S97-
$99).
4-Acetyl-3-(4-methyl-3-nitrophenyl)sydnone 56: Pale
yellow plates (95% ethanol); 23.84% yield; mp 163-164
°C; IR (Vimao c¢m ') 3095 (C-H benzene), 2985-2877 (C-
H aliphatic), 1777 (C=0 sydnone), 1669 (C=0O acetyl),
1532 (asymmetric NO), 1609-1440 (C=C benzene), 1354
(symmetric NO), 1057 (C-CO-C acetyl), 889, 840 (out-
of-plane C-H bending benzene); 'H NMR (700 MHz,
DMSO-d) 8.48 (d, / = 2.15 Hz, 1 H, C7-H), 8.00 (dd, J =
8.17, 2.15 Hz, 1 H, C11-H), 7.82 (d, J = 839 Hz, 1 H,
C10-H), 2.60 (s, 3 H, C13-H), 2.39 (s, 3 H, C14-H); B¢
NMR (176 MHz, DMSO-d,) 184.09 (C12), 166.31 (C5),
148.83 (C8), 137.87 (C6), 134.32 (C11), 133.76 (C9),
130.54 (C10), 122.57 (C7), 107.87 (C4), 27.95 (C13),
20.14 (C14). Supplementary data (Spectrum S100-S102).
4-Acetyl-3-(4-chloro-3-nitrophenyl)sydnone 57: Yellow
plates (95% ethanol);19.85% yield; mp 186 °C; IR (Viaxs
cm™Y) 3103, 3084, 3055 (C-H benzene), 2952, 2886 (C-H
aliphatic), 1796 (C=0 sydnone), 1668 (C=0 acetyl), 1542
(asymmetric NO), 1599-1478 (C=C benzene), 1352
(symmetric NO), 1057 (C-CO-C acetyl), 1003 (C-Cl),
893, 838 (out-of-plane C-H bending benzene); 'H NMR
(700 MHz, DMSO-dy) 8.64 (d, J = 2.36 Hz, 1 H, C7-H),
8.14 (d, ] = 8.60 Hz, 1 H, C10-H), 8.12 (dd, / = 8.60, 2.36
Hz, 1 H, C11-H), 2.39 (s, 3 H, C13-H); ">*C NMR (176
MHz, DMSO-d,) 184.19 (C12), 166.13 (C5), 147.53 (C8),
134.43 (C6), 133.48 (C11), 131.55 (C10), 129.74 (C9),
124.07 (C7), 108.02 (C4), 27.87 (C13). Supplementary
data (Spectrum S103-S105).
4-Acetyl-3-[4-(methoxycarbonyl)phenyl]sydnone  58:
White needles (95% ethanol); 43.81% yield; mp 147-149
°C; IR (Vg c¢m™Y) 3107, 3009 (C-H benzene), 2964—
2884 (C-H aliphatic), 1790 (C=0O sydnone), 1732 (C=0
ester), 1671 (C=0O acetyl), 1601-1408 (C=C benzene),
1286, 1109 (C-CO-C ester), 1057 (C-CO-C acetyl), 865
(out-of-plane C-H bending benzene); 'H NMR (700
MHz, DMSO-dy) 8.29 (d, J = 8.52 Hz, 2 H, C8-H, C10-
H), 7.59 (d, J = 8.52 Hz, 2 H, C7-H, C11-H), 4.01 (s, 3
H, C15-H), 2.56 (s, 3 H, C13-H); '*C NMR (176 MHz,
DMSO-dy) 184.27 (C12), 16594 (C14), 165.21 (C5),
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138.03 (C6), 133.90 (C9), 130.75 (C8, C10), 125.13 (C7,
C11), 106.11 (C4), 52.82 (C15), 28.07 (C13). Supplemen-
tary data (Spectrum S106-S108).

Synthesis of bis-sydnone styryl ketones 61-63
3-Phenyl-4-{1-0x0-3-[4-(sydnon-3-yl]-2-propenyl}  syd-
none 61: Yellow plates; 25.32% yield; mp 244 °C; IR
(Vi €m ) 3133 (C-H sydnone), 3105 (C-H styryl),
3070 (C-H benzene), 1778 (C=0 sydnone), 1754 (C=0O
sydnone), 1655 (C=0 styrylketone), 1599 (C=C styryl),
1588-1422 (C=C benzene), 1030 (out-of-plane C-H
bending styryl), 835, 765, 695 (out-of-plane C-H bending
benzene); "H NMR (700 MHz, DMSO-d,) 8.04 (d, J =
8.51 Hz, 2H, C7-H, C11-H), 7.99 (d, / = 8.51 Hz, 2H,
C10-H, C8-H), 7.85 (s, 1H, C4-H), 7.81-7.74 (m, 4H,
C12-H, C13-H, C7’-H, C11’-H), 7.68 (t, ] = 7.67 Hz, 2H,
C10'-H, C8'-H), 7.81-7.74 (m, 1H, C9-H); *C NMR
(176 MHz, DMSO-dy) 174.73 (C14), 168.92 (C5), 166.29
(C57), 14149 (C12), 138.39 (C9), 13595 (C6/C6’),
135.70 (C6/C6’), 132.57 (C9'), 130.42 (C8', C10),
129.77 (C8, C10), 12593 (C7’, C11’), 124.85 (C13),
122.72 (C7, C11), 108.35 (C4’), 95.39 (C4); HRMS m/z
[M+Na]® 399.0700 C;oH 5N, OsNa (calcd. 399.0696).
Supplementary data (Spectrum S109-S112).
3-(4-Methylphenyl)-4-{1-ox0-3-[4-(sydnon-3-yl)
phenyl]-2-propenyl} sydnone 62: Yellow plates; 18.4%
yield; mp 210-212 °C; IR (Viao cm ') 3171 (C-H syd-
none), 3144 (C-H styryl), 3091-3065 (C-H benzene),
1787 (C=0 sydnone), 1765 (C=0 sydnone), 1658 (C=0
styrylketone), 1605 (C=C styryl), 1520-1425 (C=C ben-
zene), 1040 (out-of-plane C-H bending styryl), 825 (out-
of-plane C-H bending benzene); '"H NMR (700 MHz,
DMSO-dg) 8.19 (d, J = 8.51 Hz, 2H, C7-H, C11-H), 7.99
(d, J = 8.86 Hz, 2H, C10-H, C8-H), 7.85 (s, 1H, C4-H),
7.83 (d, / = 16.01 Hz, 1H, C12-H), 7.74 (d, ] = 16.00 Hz,
1H, C13-H), 7.64 (d, J = 8.17 Hz, 2H, C7'-H, C11'-H),
7.48 (d, J = 8.18 Hz, 2H, C10'-H, C8'-H), 2.46 (s, 3H,
CHs); "*C NMR (176 MHz, DMSO-d,) 174.74 (C14),
168.92 (C5), 166.34 (C5'), 142.76 (C12), 141.38 (C9’),
138.40 (C9), 135.93 (C6), 133.23 (C6’), 130.40 (C8’,
C10), 130.11 (C8, C10), 125.67 (C7’, C11'), 124.97
(C13), 122.71 (C7, C11), 108.23 (C4"), 95.39 (C4), 21.42
(CH3); HRMS m/z [M+Na]* 413.0856 CyoH4N,O5Na
(calcd. 413.0857). Supplementary data (Spectrum S113-
S116).
3-(4-Chlorophenyl)-4-{1-oxo-3-[4-(sydnon-3-yl)

phenyl]-2-propenyl} sydnone 63: Yellow plates; 24.95%
yield; mp 198-199 °C; IR (Viax cmY) 3146 (C-H syd-
none), 3121 (C-H styryl), 3075-3061 (C-H benzene),
1777 (C=0 sydnone), 1739 (C=0 sydnone), 1659 (C=0
styrylketone), 1598 (C=C styryl), 1520-1431 (C=C ben-
zene), 1033 (out-of-plane C-H bending styryl), 839 (out-
of-plane C-H bending benzene); '"H NMR (700 MHz,
DMSO-dg) 8.05 (d, J = 8.86 Hz, 2H, C7-H, C11-H), 8.01
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(d, J = 8.52 Hz, 2H, C10-H, C8-H), 7.85 (s, 1H, C4-H),
7.84 (d, /] = 16.01 Hz, 1H, C12-H), 7.77 (d, ] = 15.67 Hz,
1H, C13-H), 7.82 (d, J = 8.86 Hz, 2H, C7'-H, C11'-H),
7.79 (d, J = 8.85 Hz, 2H, C10'-H, C8'-H); '*C NMR (176
MHz, DMSO-dy) 174.76 (Cl14), 168.92 (C5), 166.18
(C57), 141.70 (C12), 138.33 (C9), 137.35 (C9’), 136.00
(Ce), 134.43 (C6"), 130.47 (C8, C10), 129.92 (C7’, C11"),
127.96 (C8’, C10'), 124.68 (C13), 122.74 (C7, C11),
108.56 (C4'), 95.41 (C4); HRMS m/z [M+Na]* 433.0310
C19H1;CIN,OsNa (calcd. 433.0313). Supplementary data
(Spectrum S117-S120).

Biological evaluation (in vitro cyclooxygenase inhibitory
assay)

The in vitro cyclooxygenase (COX-1/COX-2) inhibitory
assay was performed for all sydnone (37-58) and bis-
sydnone styryl ketone derivatives (61-63) and presented
in Table 1. The two reference drugs were SC-560 as a
selective COX-1 inhibitor [19] and DuP-697 as a select-
ive COX-2 inhibitor [20]. Both 3-arylsydnone and 4-
acetyl-3-arylsydone showed moderate to low inhibitory
activity against both COX isozymes. The calculated se-
lectivity indices ranged from 0.29 to 1.27. Consequently,
none of the compounds 37-56 can be considered a
promising selective or non-selective COX inhibitor.
Nevertheless, the findings of the study disclosed that
acetylation of the sydnone ring at C-4 had increased the
inhibitory activity of most of the tested compounds
against COX enzymes. For example, 51, 54, 55, 57 and
58 inhibited more than 50% of at least one COX isoform
while their non-acetylated analogues exhibited inhibitory
activities in the range of 20-40%. Therefore, it can be
speculated that the presence of an acetyl group at C-4
contributes in the interaction of the sydnone ring with
COX active site. Noticeably, compound 63 at a concen-
tration of 200 uM was the most potent COX-2 inhibitor
suppressing 89.45% of the enzyme activity. On the other
hand, it inhibited only 33% of COX-1 activity. Conse-
quently, the calculated selectivity index of 63 was 2.70.
On the contrary, 61 and 62 were almost inactive against
COX-2 while they inhibited 44% and 73% of COX-1, re-
spectively. The results thus revealed the importance of
combining two sydnone molecules via a styryl ketone
linker as a new selective COX-2 inhibitor, provided that
the terminal phenyl ring bears an electron-withdrawing
group like a chlorine atom.

Molecular docking analysis

Findings of the current study showed that the extra pre-
cision docking scores of 37-58 and 61-63 with COX-2
ranged from -4.134 to - 1.384, and the binding energy
MM-GBSA ranged from -43.827 to -5.336 kcal/mol
(Table 2). Apparently, the acetylated sydnones 49-58
exhibited a lower binding energy than their non-
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acetylated counterparts revealing a more stable binding
of 4-acetyl-3-arylsydnone with COX-2. Consequently,
the existence of the acetyl group at the carbon C-4 of
the sydnone ring is important for COX-2 inhibitory ac-
tivity. Compound 63 had the lowest MM-GBSA value
which came in accordance with its potent in vitro COX-
2 inhibitory activity. In contrast, the inactive sydnone
analogues against COX-2 like 37, 41 and 62 ranked high
in terms of the binding energy with COX-2.

On the other hand, the docking scores of the studied
compounds with the active site of COX-1 were — 5.524
to — 1.694 and the calculated MM-GBSA ranged from -
30.664 to — 1.831 kcal/mol as shown in Table 2. Except
for compounds 49, the acetylated sydnones had a lower
binding energy than that of the non-acetylated ones sug-
gesting a high affinity of 4-acetyl-3-arylsydnone to COX-
1. Our finding displayed a strong correlation (> = 0.83)
between the calculated MM-GBSA and the in vitro
COX-2 inhibition by AChE ELISA, while docking scores
were not well correlated to the inhibitory activity (Fig.
5a). Likewise, a moderate linear correlation (* = 0.63)
was observed between MM-GBSA and the in vitro activ-
ity against COX-1 (Fig. 5b).

Analysis of the binding poses disclosed that the syd-
nones of the present study oriented similarly in the
COX-2 binding cavity; i.e. binding with residues from
the MBD and the CD (Tables 3 and 4). Moreover, the
binding modes were close to that of celecoxib, especially
the interaction with Arg513 which is pivotal for selective
COX-2 inhibition. However, celecoxib binds non-
covalently with Arg513 through positive charge inter-
action between the sulphonamide and guanidinium. Syd-
nones interact with Arg513 via different types of
noncovalent interactions like positive charged, m-m, m-
cation and salt-bridging. Access of celecoxib and syd-
nones to the adjunct pocket were through hydrophobic
interaction with Tyr91. Other types of interactions like
polar, hydrogen bonding and negative/positive charges
with other residues in the binding site were also in-
volved. Interestingly, the acetyl function at C-4 of the
sydnone ring contributed as a hydrogen bond acceptor
through its carbonyl oxygen atom with residues at the
top of the COX-2 binding site.

Compound 63 (bis-sydnone styryl ketone) had the
lowest MM-GBSA value (- 34.763 kcal/mol) with a con-
siderable low docking score with COX-2 suggesting a
good binding pose and a stable ligand-enzyme complex
as displayed in Fig. 6a and supplementary data S121, Ta-
bles 3 and 4. It was found that one sydnone ring and the
styryl ketone moiety bound at the MBD (residues 75—
115) and the mouth of the catalytic region, while the
other sydnone and the terminal benzene fit inside the
catalytic domain. At the MBD and the mouth of the
catalytic domain, the following interactions were also
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Table 1 Cyclooxygenase inhibitory activity of sydnone 37-58 and 61-63

O
Ro
Compound R1 R2 R3 COX-1 COX-2 SI-2
inhibition (%) inhibition (%)
37 H H H 47.17 14.76 031
38 CH, H H 34.4 26.09 0.76
39 OCH, H H 36.07 39.68 1.10
40 cl H H 22,01 16.2 0.74
41 F H H 39.88 15.99 0.40
) H NO, H 3732 39.21 1.05
43 NO, H H 33.1 20.11 0.61
44 CH, NO, H 30.87 23.97 0.78
45 cl NO, H 37.98 23.06 0.61
46 CH,OO H H 31.53 29.17 0.93
47 CHOH H H 90 61.79 0.69
48 CHO H H 49.94 43.89 0.88
49 H H  COCH, 44.12 29.65 0.67
50 CH, H  COCH, 61.71 18.9 031
51 OCH, H  COCH, 4455 56.67 127
52 cl H  COCH, 36.88 17.88 0.48
53 F H  COCH, 46.67 23.8 0.51
54 H NO, COCH; 57.76 36.39 0.63
55 NO, H  COCH, 77.65 2271 0.29
56 CH, NO, COCH; 37.19 45.17 121
57 cl NO, COCH, 4.1 51.99 123
58 CH,CO0O H  COCH; 47.44 57.12 1.20
61 H H . O 44.05 25.04 0.57
62 CH, H LN@_M 73.1 16.5 0.23
63 cl H © 33.17 89.45 2.70
SC-560 (20 nM) - ; 53.12 18.12 034
DuP-697 (5 1M) - - 17.2 56.67 3.29

SI-2: COX-2 selectivity index. The final concentration of the study compounds in the COX reaction tubes was 200 pM. Standard drugs (SC-560 and DuP-697) were

used at their recommended ICsq values

observed: Tyr91 had a hydrophobic interaction and face-
to-face m-m interaction with the benzene ring, edge-to-
face m-m interaction with the sydnone ring, and mn-cation
interaction with sydnone N-3 atom. The carbonyl of the
styryl ketone had polar interactions with both Asn87
and Thr88. In the catalytic domain, 63 had the following

interactions: The benzene had m-cation interaction with
Lys511 and hydrophobic interactions with Pro512 and
Pro514, and the sydnone ring had a positively charged
interaction with Arg513. The chlorine atom had a nega-
tively charged interaction with Glu510 and Glu520 at
the core of the catalytic site and a hydrophobic
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Table 2 Extra precision (XP) binding scores and molecular mechanics based on generalised born/surface area (MM-GBSA) for

docking poses of 37-58 and 61-63 into cyclooxygenase enzymes

R, @N\N/O

R2

COX-2 (PDB code: 3NT1) COX-1 (PDB code: 2N8Z)
Compound RI1 R2 R3 Docking MM-GBSA Docking MM-GBSA

score (kcal/mol) score (kcal/mol)
37 H H H -1.384 -5.336 -5.356 -17.7
38 CH; H H -2.337 -13.055 -2.243 -11.136
39 OCH; H H -3.401 -22.582 -4.753 -1.831
40 Cl H H -1.887 -8.704 -2.153 NA
41 F H H -1.489 -5.626 -5.524 -3.154
42 H NO; H -2.401 -18.853 -2.447 -12.966
43 NO» H H -2.355 -14.847 -2.454 -13.339
44 CH; NO, H -2.368 -7.331 -2.587 -13.448
45 Cl NO, H -2.473 -17.725 -2.676 -14.483
46 CH;COO H H -2.232 -19.134 -2.359 -12.121
47 CH.OH H H -4.053 -28.487 -3.833 -24.198
48 CHO H H -3.664 -21.266 -2.807 -17.385
49 H H COCH; -2.327 -17.51 -2.597 -14.884
50 CH3 H COCH; -2.18 -13.302 -2.431 -19.108
51 OCH; H COCH; -4.134 -30.737 -1.694 -12.93
52 Cl H COCH3 -2.607 -12.749 -2.373 -13.85
53 F H COCH3 -2.429 -13.784 -2.398 -13.503
54 H NO, COCH3 -2.751 -24.916 -2.406 -18.378
55 NO» H COCH3 -2.803 -16.173 -2.728 -24.167
56 CH; NO, COCH3 -2.466 -20.501 -2.134 -14.525
57 Cl NO, COCH3 -2.542 -21.498 -2.141 -16.282
58 CH;COO H COCH; -3.567 -29.728 -2.839 -14.668
61 H H 0

X

-1.836 -15.142 -2.595 -17.768

62 CH3 H !
.2
o} -1.858 -10.87 -2.655 -23.182

63 Cl H -3.186 -34.763 -2.815 -10.975
Celecoxib - - - -3.039 -24.289 -2.93 -30.664
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interaction with the side pocket residue Tyr475 (Fig. 6a
and supplementary data S121). Likewise, 4-acetyl-3-(4-
methoxyphenyl)sydnone 51 and 4-acetyl-3-[4-(methoxy-
carbonyl) phenyl]sydnone 58 had remarkably low MM-
GBSA values of -30.737 and - 29.728 kcal/mol (Table
2) with binding poses like that of compound 63. How-
ever, compound 51 binds essentially at the base of the
catalytic domain with fewer interactions inside the active
site (Fig. 6b and supplementary data S121).

The binding pose of celecoxib as a selective COX-2 in-
hibitor was also investigated (Fig. 6¢, Tables 3 and 4).
The sulphonamide group of celecoxib had hydrogen

bonds with the side chain of Asn87 and the carbonyl
function of Lys511. The methyl group and benzene rings
had hydrophobic interactions with Tyr91 of the MBD
and Tyr475, Pro512 and Pro514 of the catalytic domain.
Moreover, positively charged interactions with Lys511
and Arg513 were also observed. The residues Glu480,
Glu510 and Glu520 had negatively charged interactions.
Many residues at the MBD such as Asn87, His90, Thr94
and His95 were also involved in polar interactions with
celecoxib atoms.

Analysis of the binding poses of sydnones with COX-1
revealed varied binding hits. Compounds 37-41 had a
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Table 3 The interactions of sydnones 37-58 and 61-63 and
celecoxib with Arg513 of COX-2 binding site

Compound Interaction type Distance (A)
37 m-cation 591

38 Positive charge NA

39 Positive charge NA

40 Positive charge NA

41 m-cation 6.02

42 ni-cation, m-m stacking 576,538
43 n-cation 6.39

44 m-cation, T-1 stacking 5.75, 5.36
45 n-cation 6.01

46 Positive charge NA

47 m-cation 648

48 n-cation 6.21

49 Positive charge NA

50 Positive charge, hydrogen bond NA, 3.09
51 Positive charge, hydrogen bond NA, 2.68
52 Positive charge, hydrogen bond NA, 3.07
53 Positive charge, hydrogen bond NA, 3.08
54 Positive charge, hydrogen bond NA, 2.62
55 m-cation 6.35

56 salt bridge 4.75

57 salt bridge 4.50

58 n-cation 6.52

61 m-cation 6.01

62 n-cation 6.04

63 Positive charge NA
Celecoxib Positive charge NA

NA not available

high number of hydrophobic interactions particularly in
the apex of the catalytic loop (Trp387, Tyr385). The ex-
istence of a nitro group at the para position of the
phenyl ring as in compound 43 resulted in an extra
hydrogen bond. In contrast to COX-2, the free energy
calculation showed that the complexes of compounds 63
and 51 with COX-1 had high MM-GBSA values of -
10.975 and -12.930 kcal/mol, respectively. This indi-
cates an unstable complex with the enzyme. Taking a
closer look into the binding pose of 63 with COX-1
revealed that its orientation inside the binding site of
COX-1 is an antipode to its binding with COX-2
(Fig. 7a). The chlorine atom oriented towards the
MBD, whereas the styryl ketone moiety was located
inside the catalytic domain. Of interest, 51 had a
binding free energy value of —12.93 kcal/mol with a
relatively high docking score of - 1.694 which means
it did not fit well inside the binding pocket of COX-
1. As shown in Fig. 7b, the carbonyl of the acetyl
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group had a hydrogen bonding with Ser87. The resi-
due Lys511 of the catalytic region had a m-cation
interaction with the phenyl ring and a positively
charged interaction with N-3 of the sydnone ring.
Hydrophobic interactions (Cys512 and Pro514), polar
interactions (Ser87 and His513) and positively charged
interactions (Glu520) were also observed. The low
docking scores revealed that these interactions are
disfavoured.

Discussion

Structure elucidation of compounds 61-63
Claisen-Schmidt’s condensation is an aldol condensation
where an aldehyde/ketone possessing an a hydrogen re-
acts with another carbonyl compound lacking the «o
hydrogen to produce an o,f-unsaturated product. The
condensation usually requires the presence of a strong
base as a catalyst, even though some reported a success-
ful acid-catalysed condensation [21]. In the current re-
search, we applied the base-catalysed aldol condensation
approaches to join the 4-acetylated sydnones (49, 50
and 52) with the aldehyde derivative 48 in order to pro-
duce bis-sydnone styryl ketone molecules. Consequently,
three compounds 61-63 were successfully synthesized,
purified and characterized. Because 61-63 were consid-
ered to be novel molecules, a comprehensive structural
elucidation was performed using FTIR, 'H NMR, '*C
NMR and MS spectra. To make the peak-atom assign-
ments, the obtained spectral data was compared to the
most similar analogues found in the literature like
phenyl styryl ketones [22, 23] and mono-sydnone styryl
ketones [13, 24].

The FTIR data was summarized in Table 5 and sup-
plementary data (S109, S113 and S117). Interestingly,
the appearance of three strong bands in the carbonyl re-
gion delineated the existence of three carbonyl groups
owing to the two sydnones and the styryl ketone. The
first two bands (~1780 and 1760-1740 cm™") distinctive
of the sydnone carbonyl were at high wavenumbers due
to the sydnone ring’s strain [1]. The styryl carbonyl was
shifted to a lower frequency due to the conjugation with
the m electron systems of the styryl and the sydnone [22,
23]. Further structural confirmation was made on the
basis of sp> C-H stretches of the sydnone and styryl moi-
eties which occurred within their expected ranges. The
sydnone C4-H appeared at high wavenumbers (3170—
3100 cm™') while the styryl C-H appeared about 3100
cm™'. Because the out-of-plane bending of the sp*> C-H
is of great importance for determining the substitution
pattern of the benzene ring and the styryl compounds,
they were well examined. First, the strong band about
1030 cm™' indicated the formation of trans substituted
styryl double bonds [23]. Second, the appearance of one
band in the range of 850-800 cm™ revealed that all
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Table 4 Hydrogen bonding and hydrophobic interactions of sydnones 37-58 and 61-63 and celecoxib with COX-2 binding site

Compound Hydrogen bonding Hydrophobic interactions
Residue Distance (&)

37 Glu520 191 Tyr475, Pro512

38 Glu520 3.1 Tyro1, Tyr475, Pro512, Pro514

39 His90, Lys511 1.95, 2,14 Tyr91, Pro514

40 Glu520 269 Tyro1, Tyr475, Pro512, Pro514

41 Glu529 2.23 Tyr475, Pro512, Pro514

42 His90, Glu520 312,223 Tyro1, PTyrd75, Pro512, Pr0o514

43 non non Tyro1, Tyr475, Pro512, Pro514

44 His90, Glu520 295,221 Tyro1, Tyr475, Pro512, Pro514

45 His90, Glu521 332,223 Tyro1, Tyrd75, Pro512, Pro514

46 His90, Lys511 239,203 Tyro1, Tyy475, Pro514

47 Lys511, Glu520 1.73,1.98 Tyr475, Pro512, Pro514

48 Glu520 1.93 Tyro1, Tyr475, Pro512, Pro514

49 Lys511, Glu520 203,342 Tyro1, Tyr475, Pro514

50 Lys511, Arg513 1.89, 3.09 Tyro1, Tyr475, Pro514

51 Lys511, Arg513 1.89, 2.68 Tyr91, Pro512, Pro514

52 Lys511, Arg513 1.95,3.07 Tyro1, Tyr475, Pro514

53 Lys511, Arg513 1.90, 3.08 Tyro1, Tyr47s, Pro515

54 Arg513, Glu520 262,333 Tyr91, Pro512, Pro514

55 Lys511, Glu520 213,220 Tyr475, Pro512, Pro514

56 His90, Lys511 2.58, 2.06 Tyro1, Tyr475, Pro514

57 His90, Lys511 247,212 Tyro1, tyr475, Pro514

58 Glu520 2.23 Tyro1, Tyr475, Leu481, Pro512, Pro514

61 Glu520 2.19 Tyro1, Tyr475, Pro512, Pro514

62 Glu520 223 Tyro1, Tyrd75, Pro512, Pro514

63 non non Tyro1, Tyr475, Pro512, Pro514

celecoxib Asn87, Lys511 238, 1.82 Tyro1, Tyrd75, Pro512, Pro514

NA not available

benzene rings of compounds 62 and 63 were para-di-
substituted. Last, one strong band at 835 cm™ and an-
other two bands at 765 and 695 cm™' confirmed the
existence of para-disubstituted and mono-substituted
benzene rings in the structure of 61.

Analysis of the 'H NMR spectra of compounds 61-63
(Table 6) revealed the existence of sydnone protons,
styryl protons and benzene protons within the expected
ranges when compared to the spectral data of the
structurally-related analogues like styryl phenyl ketone
[23], styryl naphthyl ketone [22] and mon-sydnone styryl
ketones [13, 25]. Interestingly, the styryl protons of 62
and 63 appeared as doublets with coupling constants
~16 Hz denoting the formation of trans conformers
[23]. The splitting pattern of the styryl protons of 61
was not clear because they were overlapped with the aryl
protons. However, the two bulky substituents favour the
formation of trans isomer. Therefore, we surmise that

the aldol condensation of the acetylated sydnones and
the aldehyde sydnone derivative resulted in bis-sydnone
trans-styryl ketones.

Additional structural elucidation was performed using
13C NMR spectroscopy (supplementary data S111, S115
and S119). The obtained spectra displayed three peaks in
the carbonyl region. The first peak had an almost con-
stant chemical shift about 174 ppm in the three spectra
and it was assigned to the carbonyl of the styryl ketone
C14 [23]. The second peak at 168.92 ppm was also
stable and it was assigned to the sydnone carbonyl C5
because the chemical environment of this carbon atom
was nearly identical in the three compounds. The third
carbonyl peak at ~166 ppm was assigned to the sydnone
carbonyl C5" by a simple comparison with the acetylated
sydnone counterparts (49, 50 and 52). The sydnone car-
bon atom C4 appeared at =95 ppm in the three spectra
which was in accordance with the literature reported
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values for this sydnone characteristic peak. Similarly, the
carbon atom C4’ appeared deshielded at ~108 ppm be-
cause of the substituted acetyl group [26-30]. Interest-
ingly, the chemical shifts of C12 and C13 of the styryl
double bond were also nearly similar in the three com-
pounds. The carbon C12 was the most deshielded be-
cause of the m electron systems of the styryl and the
benzene and it appeared at 142.5-141.5 ppm in the
three spectra which came in agreement with the

reported values for the carbon [ of other styryl ketone
derivatives; 148—141 ppm. Moreover, the carbon atom
C13 appeared at ~124 ppm which well matched the lit-
erature spectral chemical shifts of 125-121 ppm for the
carbon «a [13, 23]. The carbon atoms of the two benzene
rings C6-C11 and C6'-C11" were assigned to the corre-
sponding peaks by comparing the "*C NMR spectra of
61, 62 and 63 with those of the corresponding acetylated
analogues 49, 50 and 52.
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In vitro cyclooxygenase inhibitory activity
The anti-inflammatory activity of sydnone-based deriva-
tives dates back to the 70s when researchers reported 3-
(2-arylthioethyl)sydnone and 3-(2-arylsulfoxyethyl)syd-
none as potent anti-inflammatory drugs [6, 7]. Later,
more experiments were undertaken to prepare other
anti-inflammatory agents containing sydnone scaffolds
like 4-(4-thiazolyl)sydnone [31]. However, studies on the
anti-inflammatory activity of sydnones were conducted
in vivo, and they were reported as anti-inflammatory, an-
algesic, antipyretic and anti-arthritis agents without ex-
ploring the effect of sydnones on the main enzyme
involved in the inflammation process; cyclooxygenase
[32, 33]. Because the pharmaceutical inhibition of COX
enzymes can provide relief from inflammation and pain,
we initiated the current study to evaluate the inhibitory
activity and the selectivity of various sydnone derivatives
against both COX isoforms.

The outcomes of the present study showed that syd-
none ring is not expected to form a general structure

type for designing a potent COX inhibitor. On the con-
trary, the literature sources reported many sydnone de-
rivatives as efficacious anti-inflammatory agents. A
displayed in Fig. 8, a deep insight into structures I-IV
which were delineated in the literature as effective anti-
arthritis and anti-edema agents [6, 31, 33] concludes the
fact that their bioactivity cannot be attributed to 3-
phenylsydnone. =~ Other  studies  reported  anti-
inflammatory effects of triheterocyclic thiazoles [34] and
sulfoxide-containing compounds [34, 35]. Thereupon,
thiazole, benzophenone oxime and sulfoxide are the
main acting pharmacophores of I-IV. This discussion
explains the reason for the moderate to low COX inhibi-
tory activity of 37-58 which had the sydnone as the
main scaffold.

Therefore, we attempted to improve the anti-
inflammatory properties of sydnones by joining two syd-
none rings using an o,B-unsaturated ketone linker (styryl
ketone). The new compounds 61-63 were designed to
have a common architecture and pharmacophoric
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Table 5 FTIR spectral data of compounds 61-63
NN, O
\
N
@ / \ /N\O
O N @
R \)\O_
Frequency (v, cm™)
61 (R=H) * 62 (R= CH3) ** 63 (R=Cl) *** Reference values!
C-H stretch
Sydnone 3133 3171 3146 3150-3100
Styryl 3105 3114 3121 3095-3010
Benzene 3070 3091, 3065 3075, 3061 3100-3000
CO stretch
Sydnone 1778 1787 1777 1790-1750
Sydnone 1754 1765 1739 1790-1750
styrylketone 1655 1658 1659 1670-1600
C=C stretch
Styryl 1599 1605 1598 ~1600
Benzene 1588-1422 1520-1425 1520-1431 1600-1450
C-H out-of-plane bending
Styryl 1030 1040 1033 1070-970
Benzene 835,765, 695 825 839 850-800
~690
~750

* Supplementary S109. ** Supplementary S113. *** Supplementary S117
212,13, 22, 23, 25]

characters with some selective COX-2 inhibitors as
highlighted in Fig. 9. As expected, the new molecules ex-
hibited potent to moderate inhibitory activity at a con-
centration of 200 pM against at least one of the COX
isozymes. Noteworthy, we found that compound 63
selectively inhibited COX-2 with minimal effect on
COX-1. Some studies had already demonstrated the
anti-inflammatory activity of phenyl styryl ketone
(chalcone). These researches showed that 3,4-dihy-
droxychalcone derivatives had a potent anti-
inflammatory activity due to 5-lipoxygenase and cy-
clooxygenase inhibition with ICso values in the pM
range [36]. Other researchers reported that some
chalcone derivatives significantly reduced prostaglan-
din production in mouse peritoneal macrophages due
to the inhibition of COX-2 synthesis. They demon-
strated that chalcone derivatives did not affect cell
viability indicating a low cellular toxicity [37]. More
recently, Deshpande and his co-researchers reported
the synthesis of sydnonyl styryl ketone as potential
non-steroidal anti-inflammatory agents. They proved
that these molecules had a topical and systematic
anti-inflammatory activity with less ulcerogenic side
effects. The most significant activity was associated
with the existence of electron-withdrawing substitu-
ents at the para position of the benzene ring [13].

Molecular docking analysis

Cyclooxygenase (COX) or prostaglandin endoperoxide
H synthase has two isozymes, commonly referred to as
COX-1 and COX-2, each possessing different physio-
logical effects. Mainly, COX-2 is highly expressed in
stimulated macrophages, fibroblasts, osteoblasts, syno-
viocytes, endothelial cells, smooth muscle cells, central
nervous system, cells of the female reproductive system
and mast cells as a response to inflammatory mediators
like LPS, IL-1, TNFa and INFy. On the other hand,
COX-1 is regularly present in most body tissues and is
involved in normal homeostasis [38]. There is a high de-
gree of amino-acid sequence similarity between both iso-
zymes. The tertiary and quaternary structures of both
COX isoforms are identical with some minor differences
that are considered essential for selectively inhibiting ei-
ther one. The COX molecule is a homodimer with a
molecular weight of 67-72 kDa. The monomer of both
isoforms consists of three distinct regions: The N-
terminal epidermal growth factor-like module (EGF) and
the membrane binding domain (MBD) lying at the base
of the third region which is the catalytic domain (CD).
The CD contains peroxidase and COX active sites [39].
The CD is the largest region, and its structure is virtually
similar between COX-1 and COX-2 (RMS deviation of
0.4 A). The residues Argl20, Tyr355 and Glu524 form
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Molecular part Proton 61 62 63 Reference values !
(R=H) * (R=CH3) ** (R=CI]) ***
Pheny] styryl ring C7-H, C11-H 8.04 8.19 8.05 8.69-7.81 (200 MHz, CDCls)
(d, 1=8.51 Hz) (d,J=8.51Hz)  (d,J=8.86 Hz)
C10-H, C8-H 7.99 7.99 8.01
(d, J=8.51 Hz) (d,7=8.86 Hz)  (d,J=8.52 Hz)
Sydnone ring C4-H 7.85 (s) 7.85 (s) 7.85 (s)
Styryl ketone CI2-H 7.81-7.74 (m) 783 7.84 7.85-7.75 (300 MHz, CDCl;)
(d,7=16.01 Hz)  (d,J=16.01 Hz)
CI13-H 7.81-7.74 (m) 7.74 7.77 7.64-7.45 (300 MHz, CDCl;)
(d,J=16.00 Hz)  (d,J=15.67 Hz)
Pheny] ring at N3~ C7'-H, C11’-H 7.81-7.74 (m) (7(.164 ol ) (7(.182 $56 12) 8.01-7.47 (90 MHz, CDCl;)
,J=8.17 Hz , J=8.86 Hz
of the sydnone CI0O-H,C8-H 7.8 7.48 7.79
(t, J=7.67 Hz) (4,7=8.18 Hz)  (d, J=8.85 Hz)
R 7.81-7.74 (m) 2,46 (s, CH)

* Supplementary S110. ** Supplementary S114. *** Supplementary S118
2113, 22, 23, 25-27]

the entrance of the active site, while Tyr385 and Tyr348
lie at the apex of the active site and they are hydrogen
bonded. The main differences between both active sites
are at the positions 434, 513 and 523. In other words,
Ile434 and Ile523 in COX-1 are replaced by valine resi-
dues in COX-2. The hydrophobic His513 in COX-1 was
superseded by the positively charged arginine in COX-2.
These differences resulted in altering the shape, size and
the chemical environment of the active site of COX-2,
and consequently, they are the key points of selective in-
hibitors [39, 40].

Binding energy AGpi,q was widely used in the litera-
ture as a predictive tool to compare the potency of con-
generic inhibitors against a specific enzyme. The free
binding energy AGy;,q was calculated from the formula:

AGping = AEpmm + AGgoly + AGga

where AEyp\ is the difference in energy between ligand-
enzyme complex and the sum of the energies of the ligand
and free protein, AGy,, is the difference in the GBSA solv-
ation energy between the complex and the free ligand and
protein and AGg, is the difference in the surface area en-
ergy between the complex and the sum of the surface area
energies for the ligand and free protein [41]. The linear re-
lationship between the virtually estimated AGy;,q and the

experimental activity was well established for structurally
similar data set. For example, Xie and his co-researchers
reported a strong linear relationship (+* = 0.87) between
the experimental ICs, values of benzodiazepines and the
calculated MM-GBSA of their complexes with gamma-
aminobutyric acid (GABA) receptor type A [42]. More-
over, MM-GBSA was 87-85% able to correctly rank the
potency of checkpoint kinase 1 (CK1) inhibitors [16]. In
the present study, it was found that the calculated binding
energy values were able to explain 83% and 63% of the
variation in the activity against COX-2 and COX-1, re-
spectively. In other words, the in vitro COX-1/COX-2 in-
hibitory findings were well correlated with the in silico
predicted binding poses of sydnones 37-63.

The residue 513 plays a paramount role in distinguish-
ing the structural differences between the active sites of
COX-1 and COX-2. Arginine forms a stable positive
charge in the core of the COX-2 active site while histidine
forms an exclusively hydrophobic pocket in COX-1 [43,
44]. The reason mentioned above illustrates one way in
which some sydnone analogues of the present study se-
lectively inhibit COX-2. For example, compound 63 was
found to be the best selective COX-2 inhibitor in vitro. It
exhibited many polar, positive or negative charged interac-
tions with fewer hydrophobic interactions inside the en-
tirely hydrophobic pocket of the COX-1 resulting in an
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J
unstable complex with this enzyme (Fig. 7a). On the con- Cyclooxygenase enzymes were also known as

trary, the sydnone ring had a positive charge interaction = membrane-bound proteins. They bind to the endoplas-
with Arg513 of COX-2 forming a tight enzyme-ligand mic reticulum (ER) membrane through the interaction
complex (Fig. 6a and supplementary data S121). The same  of the hydrophobic residues of MBD with one sheet of
discussion is likewise with compound 51, which formed a  the lipid bilayer where they are processed and folded to
positive charge interaction and a hydrogen bond with  become mature enzymes [45]. Apart from its role in
Arg513 of COX-2 (Fig. 6b and supplementary data S121),  protein-membrane binding, the MBD forms the route
albeit it had a polar interaction with the hydrophobic his-  from which arachidonic acid (AA) enters the COX active
tidine residue of COX-1 (Fig. 7b). site. The residues from 379 to 385 are the apex of the

Fig. 9 Structural comparison between coxibs family and bis-sydnone styryl ketones. a valdecoxib, b celecoxib, ¢, d SC-560, e bis-sydnone styryl
ketones 61-63. Dashed circles show the common pharmacophoric features between coxibs and bis-sydnone styryl ketones.
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active site and have been known to form a proper posi-
tioning of AA [46]. Furthermore, Tyr355 lies on the op-
posite side of the mouth of the active site and controls
the stereoselectivity of the inhibitors towards COX-2
[45]. The preceding discussion interprets the rationale
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for the high COX-1 inhibitory activity of compounds 37,
39 and 41 which had hydrophobic interactions with
Tyr355, Trp387 and Tyr385 blocking AA from produ-
cing cyclooxygenase product PGG2 (Fig. 10). In contrast,
the sydnone and benzene rings in these three molecules
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Fig. 10 Binding pose of 41 (a) and 39 (b) with the active site of COX-1
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were involved in hydrophobic interactions with residues
at the top of the COX-2 active site (Pro512, Pro514,
etc.) rather than the apex which justifies their moderate
COX-2 inhibitory activity.

Conclusion

In the present study, we described the synthesis of
twenty-five sydnone-containing compounds including 3-
arylsydnones (37-48), 4-acetyl-3-arylsydnones (49-58)
and trans bis-sydnone styryl ketones (61-63). The clas-
sical Aldol condensation was used to prepare bis-syd-
none styryl ketones with a yield of 18-25%. Compounds
61-63 containing two sydnone rings linked via a styryl
ketone are three novel molecules reported herewith. The
in vitro findings showed that neither 3-arylsydnone nor
4-acetyl-3-arylsydnone were a promising COX antagon-
ist. Hybridization of sydnone with styryl ketone (chal-
cone) led to an improved COX inhibition. Compound
63 with a chlorine atom at the para position of the ben-
zene ring inhibited more than 80% of COX-2 with a se-
lectivity index above 2.42. The docking analysis showed
that the binding hits of 63 (Tyr91, Tyr475, Pro512,
Pro514) and 51 (Lys511, Arg513, Tyr91, Pro512,
Pro514) are almost essential for COX-2 inhibitory activ-
ity. Of paramount, they form positively charged inter-
action and hydrogen bonding, respectively, with Arg513
of COX-2 active site. The general binding poses of 63
mimics that of celecoxib. Accordingly, bis-sydnone styryl
ketones could be a potential lead for selective
cyclooxygenase-2 inhibitors and worth further chemical
and biological consideration and investigations.

Abbreviations

SAR: Structure activity relationship; COX-1: Cyclooxygenase-1; COX-

2: Cyclooxygenase-2; TLC: Thin layer chromatography; TFAA: Trifluoroacetic
anhydride; TMS: Tetramethylsilane; ESI: Electrospray ionisation; HRMS: High-
resolution mass spectrometry; NMR: Nuclear magnetic resonance
spectroscopy; FTIR: Fourier-transform infrared spectroscopy; SI-2: COC-2
selectivity index; SDF: Standard structure-data file; OPLS: Optimised potential
for liquid simulations; PDB: Protein Data Bank; XP: Extra precision; MM-
GBSA: Molecular mechanics/generalised Born surface area;

LPS: Lipopolysaccharide; IL-1: Interleukin-1; TNFa: Tumor necrosis factor
alpha; INFy: Interferon gamma; EGF: Epidermal growth factor;

MBD: Membrane binding domain; CD: Catalytic domain; ER: Endoplasmic
reticulum; AA: Arachidonic acid

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/543094-021-00216-4.

Additional file 1: FTIR, NMR and MS spectra of the synthesized
compounds along with 3D interaction diagram are available in the
supplementary data. Spectrum 1. Infrared spectrum of 6 in KBr disc.
Spectrum 2. 'H NMR spectrum of 6 in DMSO-d;. Spectrum 3. Infrared
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10 in DMSO-ds. Spectrum 11. Infrared spectrum of 12 in KBr disc.
Spectrum 12. 'H NMR spectrum of 12 in DMSO-ds. Spectrum 13.
Infrared spectrum of 13 in KBr disc. Spectrum 14. 'H NMR spectrum of
13 in DMSO-ds. Spectrum 15. Infrared spectrum of 14 in KBr disc.
Spectrum 16. 'H NMR spectrum of 14 in DMSO-d,. Spectrum 17.
Infrared spectrum of 15 in KBr disc. Spectrum 18. 'H NMR spectrum of
15 in DMSO-d,;. Spectrum 19. Infrared spectrum of 16 in KBr disc.
Spectrum 20. 'H NMR spectrum of 16 in DMSO-ds. Spectrum 21.
Infrared spectrum of 17 in KBr disc. Spectrum 22. 'H NMR spectrum of
17 in DMSO-ds. Spectrum 23. Infrared spectrum of 22 in KBr disc.
Spectrum 24. 'H NMR spectrum of 22 in DMSO-d;;. Spectrum 25.
Infrared spectrum of 23 in KBr disc. Spectrum 26. 'H NMR spectrum of
23 in DMSO-d,. Spectrum 27. Infrared spectrum of 24 in KBr disc.
Spectrum 28. 'H NMR spectrum of 24 in DMSO-ds. Spectrum 29.
Infrared spectrum of 25 in KBr disc. Spectrum 30. 'H NMR spectrum of
25 in DMSO-d,. Spectrum 31. Infrared spectrum of 26 in KBr disc.
Spectrum 32. "H NMR spectrum of 26 in DMSO-d,. Spectrum 33.
Infrared spectrum of 27 in KBr disc. Spectrum 34. Infrared spectrum of
28 in KBr disc. Spectrum 35. Infrared spectrum of 29 in KBr disc.
Spectrum 36. Infrared spectrum of 30 in KBr disc. Spectrum 37.
Infrared spectrum of 31 in KBr disc. Spectrum 38. Infrared spectrum of
32 in KBr disc. Spectrum 39. Infrared spectrum of 33 in KBr disc.
Spectrum 40. Infrared spectrum of 34 in KBr disc. Spectrum 41.
Infrared spectrum of 35 in KBr disc. Spectrum 42. Infrared spectrum of
36 in KBr disc. Spectrum 43. Infrared spectrum of 37 in KBr disc.
Spectrum 44. 'H NMR spectrum of 37 in CDCls. Spectrum 45. '°C
NMR spectrum of 37 in CDCl;. Spectrum 46. Infrared spectrum of 38 in
KBr disc. Spectrum 47. 'H NMR spectrum of 38 in CDCl;. Spectrum 48.
'3C NMR spectrum of 38 in CDCls. Spectrum 49. Infrared spectrum of
39 in KBr disc. Spectrum 50. 'H NMR spectrum of 39 in CDCls.
Spectrum 51. °C NMR spectrum of 39 in CDCl;. Spectrum 52. Infrared
spectrum of 40 in KBr disc. Spectrum 53. 'H NMR spectrum of 40 in
CDCls. Spectrum 54. '>C NMR spectrum of 40 in CDCls. Spectrum 55.
Infrared spectrum of 41 in KBr disc. Spectrum 56. 'H NMR spectrum of
41 in CDCl;. Spectrum 57. >C NMR spectrum of 41 in CDCls.
Spectrum 58. Infrared spectrum of 42 in KBr disc. Spectrum 59. 'H
NMR spectrum of 42 in DMSO-ds. Spectrum 60. '>C NMR spectrum of
42 in DMSO-d,. Spectrum 61. Infrared spectrum of 43 in KBr disc.
Spectrum 62. 'H NMR spectrum of 43 in DMSO-d. Spectrum 63. '°C
NMR spectrum of 43 in DMSO-d,. Spectrum 64. Infrared spectrum of
44 in KBr disc. Spectrum 65. 'H NMR spectrum of 44 in DMSO-d,.
Spectrum 66. '°C NMR spectrum of 44 in DMSO-ds. Spectrum 67.
Infrared spectrum of 45 in KBr disc. Spectrum 68. 'H NMR spectrum of
45 in DMSO-d,;. Spectrum 69. '>C NMR spectrum of 45 in DMSO-ds.
Spectrum 70. Infrared spectrum of 46 in KBr disc. Spectrum 71. 'H
NMR spectrum of 46 in DMSO-ds. Spectrum 72. ">C NMR spectrum of
46 in DMSO-d,. Spectrum 73. Infrared spectrum of 47 in KBr disc.
Spectrum 74. 'H NMR spectrum of 47 in DMSO-d,. Spectrum 75. '°C
NMR spectrum of 47 in DMSO-d,. Spectrum 76. Infrared spectrum of
48 in KBr disc. Spectrum 77. 'H NMR spectrum of 48 in DMSO-dj.
Spectrum 78. '°C NMR spectrum of 48 in DMSO-d;. Spectrum 79.
Infrared spectrum of 49 in KBr disc. Spectrum 80. 'H NMR spectrum of
49 in CDCl;. Spectrum 81. '>C NMR spectrum of 49 in CDCls.
Spectrum 82. Infrared spectrum of 50 in KBr disc. Spectrum 83. 'H
NMR spectrum of 50 in CDCl;. Spectrum 84. '>C NMR spectrum of 50
in CDCl;. Spectrum 85. Infrared spectrum of 51 in KBr disc. Spectrum
86. 'H NMR spectrum of 51 in CDCl;. Spectrum 87. 3C NMR spectrum
of 51 in CDCl;. Spectrum 88. Infrared spectrum of 52 in KBr disc.
Spectrum 89. 'H NMR spectrum of 52 in CDCls. Spectrum 90. '°C
NMR spectrum of 52 in CDCl;. Spectrum 91. Infrared spectrum of 53 in
KBr disc. Spectrum 92. 'H NMR spectrum of 53 in CDCl5. Spectrum 93.
'3C NMR spectrum of 53 in CDCl;. Spectrum 94, Infrared spectrum of
54 in KBr disc. Spectrum 95. 'H NMR spectrum of 54 in DMSO-d.
Spectrum 96. '°C NMR spectrum of 54 in DMSO-d;. Spectrum 97.
Infrared spectrum of 55 in KBr disc. Spectrum 98. 'H NMR spectrum of
55 in DMSO-d. Spectrum 99. "°C NMR spectrum of 55 in DMSO-dj.
Spectrum 100. Infrared spectrum of 56 in KBr disc. Spectrum 101. 'H
NMR spectrum of 56 in DMSO-ds. Spectrum 102. '>C NMR spectrum of
56 in DMSO-d,. Spectrum 103. Infrared spectrum of 57 in KBr disc.
Spectrum 104. 'H NMR spectrum of 57 in DMSO-ds. Spectrum 105.
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'3C NMR spectrum of 57 in DMSO-ds. Spectrum 106. Infrared spectrum
of 58 in KBr disc. Spectrum 107. 'H NMR spectrum of 58 in DMSO-d.
Spectrum 108. >C NMR spectrum of 58 in DMSO-ds. Spectrum 109.
Infrared spectrum of 61 in KBr disc. Spectrum 110. 'H NMR spectrum of
61 in DMSO-d,. Spectrum 111. '°C NMR spectrum of 61 in DMSO-dj.
Spectrum 112. High resolution mass spectrum (HRMS) of 61. Spectrum
113. Infrared spectrum of 62 in KBr disc. Spectrum 114. 'H NMR
spectrum of 62 in DMSO-d,. Spectrum 115. '°C NMR spectrum of 62 in
DMSO-ds. Spectrum 116. High resolution mass spectrum (HRMS) of 62.
Spectrum 117. Infrared spectrum of 63 in KBr disc. Spectrum 118. 'H
NMR spectrum of 63 in DMSO-ds. Spectrum 119. '>C NMR spectrum of
63 in DMSO-d,. Spectrum 120. High resolution mass spectrum (HRMS)
of 63. Supplementary S121. Docking results of compounds 63 (green),
51 (red) and celecoxib (blue) in the active pocket of COX-2 (pink) and
their 3D alignment based on the docked conformations. Ligands are pre-
sented as ball and sticks, active pocket is presented as a surface, and im-
portant interacting residues are presented as yellow lines.
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