Supplementary Information (SI) for RSC Medicinal Chemistry.
This journal is © The Royal Society of Chemistry 2026

Supporting Information

Bisarylthiourea comprising cycloalkyl-thiophene-3-carboxylate derivatives as potential
Human Toll-Like Receptor (TLR)2 Agonists: Design, Synthesis, and Structure—Activity
Relationship Enabling the Switch from TLR2/1 to TLR2/6 Activation

Munugala Chandrakanth,® Yoshikazu Honda-Okubo,>*¢ Arya C G,* Deepak B. Salunke,®®f

Nikolai Petrovsky,>>4* Janardhan Banothu®*

aDepartment of Chemistry, National Institute of Technology Calicut, Kozhikode — 673601,
Kerala, India.

"National Interdisciplinary Centre of Vaccine, Immunotherapeutics and Antimicrobials
(NICOVIA), Panjab University, Chandigarh - 160014, India.

“Vaxine Pty Ltd., 11 Walkley Avenue, Warradale, South Australia 5046, Australia.

dAustralian Respiratory and Sleep Medicine Institute, Bedford Park, South Australia 5042,
Australia.

*Department of Medicinal Chemistry, National Institute of Pharmaceutical Education and
Research, Sector 67, S.A.S. Nagar, Mohali 160 062, Punjab, India.

'Department of Chemistry and Centre of Advanced Studies in Chemistry, Panjab University,
Chandigarh - 160014, India.

Corresponding Authors:

*Dr. Janardhan Banothu: Room No. 210(C), Department of Chemistry, NIT Calicut,
Kozhikode, Kerala-673601, India, Email: janardhan@nitc.ac.in; ORCID: 0000-0002-2449-
1647

*Dr. Nikolai Petrovsky: Vaxine Pty Ltd, Warradale, South Australia 5046, Australia;
Australian Respiratory and Sleep Medicine Institute, Bedford Park, South Australia 5042,

Australia; National Interdisciplinary Centre of Vaccine, Immunotherapeutics and
Antimicrobials (NICOVIA), Panjab University, Chandigarh-160014, India; Email:

nikolai.petrovsky@vaxine.net

S1



1. Single crystal XRD data

List of Contents

2. Spectral Characterization (HRMS, "H NMR, and BCNMR) ...............cccoeeeviinnnnni,

3. References ...............

S2



1. Single Crystal XRD Data

1.1.  Single crystal preparation: Single crystals of compounds 8d and 9f suitable for X-ray
crystallographic analysis were obtained using a slow evaporation technique. Each compound
was dissolved in absolute ethanol at room temperature, and the solvent was allowed to
evaporate gradually under ambient conditions. After 4-5 days, high-quality, defect-free,
translucent rectangular crystals formed and were carefully isolated from the mother liquor. The
crystals were immediately preserved in paraffin oil to maintain their integrity prior to single-

crystal X-ray diffraction (SCXRD) studies.

1.2.  Single crystal X-ray diffiraction studies: X-ray crystallographic measurements for 8d
and 9f were conducted at 298 K using a Bruker D8 VENTURE diffractometer equipped with
Mo(Ka) and Cu(Ka) microsource (A = 0.7107 A) and a PHOTON-100 CMOS detector. Data
reduction and absorption correction were managed through the Bruker Apex 3 software suite. !
Crystal structures were determined by intrinsic phasing, with final full-matrix least-squares
refinements on F? executed using SHELXTL.? Molecular geometry and thermal ellipsoid plots
were generated in ORTEP3,? and materials for publication were prepared using Mercury 3.8.
Crystallographic data files (CIF) were submitted to the Cambridge Crystallographic Data
Centre under accession numbers 2495663 for 8d and 2495664 for 9f. For 8d, refinement
included 4,476 variables and converged with R1 = 0.0473 for observed reflections, wR2 =
0.1233 for all data, a goodness-of-fit of 1.036, and 99.7% completeness. For 9f, refinement
over 4,394 variables yielded R1 =0.0531, wR2 =0.1555, a goodness-of-fit of 1.058, and 99.8%

completeness.

1.3.  Crystal structure of compounds 8d and 9f: Single-crystal X-ray diffraction analysis
demonstrated that compounds 8d and 9f crystallize in a triclinic crystal system with space
group P-1, containing a single molecule in the asymmetric unit. The crystallographic
parameters and refinement details are summarized in Table 1, while the ORTEP diagrams

depicting the molecular structures are presented in Figure 2.

For compound 8d, the crystallographic data indicate that the cyclopentyl-fused thiophene and
ester moieties lie approximately in the same plane as the thiourea fragment, whereas the
benzene ring deviates from this plane, showing non-coplanarity with the thiourea group. This
spatial arrangement is confirmed by the torsion angles of S(1)—C(8)—N(1)—C(7) = 5.9(4)° and
S(1)~C(8)~N(2)—C(9) = —174.11(19)°. The bond length C(8)-S(1) = 1.679(2) A supports the
presence of a characteristic C=S double bond, while the C(8)-N(1) = 1.349(3) A and
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C(8)-N(2) = 1.346(3) A distances are consistent with C-N single bonds, collectively
confirming the incorporation of a thiourea functionality. The morpholine ring in 8d adopts a
chair conformation, as evidenced by bond angles that fall within the expected range of 108—
113°. Specifically, the measured bond angles include N(3)—C(15)—C(16) = 109.6(2)°,
O0(3)—C(16)-C(15) = 111.8(2)°, O(3)—-C(17)—C(18) = 111.4(2)°, N(3)—C(18)—-C(17) =
109.9(2)°, C(18)-N(3)—-C(15) = 110.34(19)° and C(16)—O(3)—C(17) = 109.2(2)°, thereby
confirming the stable chair geometry. The molecular conformation is stabilized by
intramolecular hydrogen bonding of the type N—Hee+O with parameters {d(H~A)/A, d(D~A),
<(DHA)/: 1.96(2) A, 2.677(2) A, 142(2)°} interactions. The overall crystal packing is further
reinforced by intermolecular N—HeseS hydrogen bonding with {d(H~A)/A, d(D~A),
<(DHA)/°: 2.521(18) A, 3.3487(19) A, 163(2)°}. The crystal packing features of 8d along the

crystallographic axes are illustrated in Figure S1.

In the case of 9f, an analogous structural pattern to that of 8d is observed, with only minor
deviations in bond parameters and torsion angles. The crystal packing arrangement of 9f along

the three axes is shown in Figure S2.

These data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44(0) 1223 336 033; email: deposit@ccdc.cam.ac.uk].

Figure S1. The overall crystal packing of compound 8d along the a-axis (a), along the b-axis
(b), and along the c-axis (c¢).
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Figure S2. The overall crystal packing of compound 9f along the a-axis (a), along the b-axis
(b), and along the c-axis (c¢).
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2. Spectral Characterization (HRMS, '"H NMR, and '3C NMR)
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Figure S3. HRMS spectrum of 8a.
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Figure S4. '"H NMR spectra (500 MHz, RT) of compound 8a in CDCls.
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Figure S5. 3C{'H} NMR spectra (126 MHz, RT) of compound 8a in CDCl;.
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Figure S7. '"H NMR spectra (500 MHz, RT) of compound 8b in CDCls.
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Figure S9. HRMS spectrum of 8c.
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Figure S10. '"H NMR spectra (500 MHz, RT) of compound 8¢ in CDCl;.
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Figure S11. 3C{'H} NMR spectra (126 MHz, RT) of compound 8¢ in CDCls.

200

S10



464.1458

100+
o }/
H+
H H
1 D—N__N F
S Y \@(
S
N/\l
(o}
Chemical Formula: Cy,H,;FN;0;3S,*
Exact Mass: 464.1472
3
465.1490
466,140
4621310
: 404.0887 |
5 54.2636 0o 1978 153.1417,166.0323 230.0649 256.0881 56 0970 338,040 375.0802 | 4050052 459291 B1213% 563.%594535'1454m,
T T T T T T T T T T T T T T T T T T T T T T
75 100 125 150 175 200 225 250 275 300 325 350 G75 400 425 450 475 500 525 550 575 600

Figure S12. HRMS spectrum of 8d.
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Figure S13. '"H NMR spectra (500 MHz, RT) of compound 8d in CDCl;.
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Figure S14. *C{'H} NMR spectra (126 MHz, RT) of compound 8d in CDCl;.
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Figure S15. HRMS spectrum of 8e.
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Figure S16. '"H NMR spectra (500 MHz, RT) of compound 8e in CDCls.
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Figure S22. '"H NMR spectra (500 MHz, RT) of compound 8g in CDCls.

TL0T —

v6'1C
¥8'CT W
TEVT
ve9T /
69°6C /

vL'0S —

£T°99~
88'90

vL9L

9T°LL

S.nﬂ
o
YOUIT
Ov'6TT ~
€271 —
£8'92ZT <
$0'0€T
Tr0eT
9L'08T
09°'6€T
L9°6ET

S6'6VT —
SY'YST ~_
LY'9ST —

vL'99T —

SE9LT —

'S

J ¢

13C NMR (CDCl3, 126 MHz)

O

920 80 70 60 50 40 30 20 10

100
3 ppm

190 180 170 160 150 140 130 120 110
Figure S23. *C{'H} NMR spectra (126 MHz, RT) of compound 8g in CDCls.

200

S16



478.1612

1004
o ?/
H+
H H
1 D—N__N F
< T XX
N/\
(o]
Chemical Formula: Cp3HygFN303S,*
Exact Mass: 478.1629
<
l479.1632
4121025 480.1591
180.0464 476.1449
| 239.0635 500.1419
5 IHB.U?E? 13‘5 049? ‘ |222 9033\‘ | 2I4u 0798 235I1[)86 I 3?'1I 181‘(189,[0?9 i TQ.TE?54 I ILE’O’-|1472 ‘ 559I138? ISQB 16:53634,:4?9 689.1512 .
75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700
Figure S24. HRMS spectrum of 8h.
~m
%}
3]
2 o CoOVINTOMEOONLONO O ® NNEOMINOWINM O
o ® NS999909L9990a0qWR HHANRGKRNRRNRRAEN
- ~N NNNNRNNOGYINSE TSI MNM MMM NN -
| I N o N e e
Q »’
o]
H H
| D—N__N F
A @[
S
N/\
(o]
"H NMR (CDCls, 500 MHz)
I
I
1l
I
J l
b PR & L bl bk
S e re ] ] ern o o
- - N o™ Lol < T NN < ©
T T T T T T T T T T T T T T
15 14 13 12 11 10 9 8 7 6 5 4 3 1 0

S ppm

Figure S25. '"H NMR spectra (500 MHz, RT) of compound 8h in CDCl;.
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Figure S32. *C{'H} NMR spectra (126 MHz, RT) of compound 9b in CDCl;.

x10°
2.5
2.4
2.3
2.2
2.1

1.9
1.8
1.7
1.67
1.57
1.4
1.3
1.
1.1

i
0.9
0.8
0.
0.6
0.5
0.4
0.3
0.2
0.1

+ESI Scan (ﬂ! 0.176-0.198 min, 2 smns) Frag=80.0V CRR-KS-35. d Subtract
446‘[552
0 /
o] H+

H H

| D—N__N
ST 0L
N/\

0

Chemical Formula: Cy;Hy5N305S,*
Exact Mass: 446.1567

i

T ahyrale alcaslorners o sTa T sl e T Tl e T T T s leneeT s T s Tl e Lo Tae T o e s Te e e T T Tt s e T el o T
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 630 700 720 740 760 780 800 820 840 860
Counts vs. Mass-to-Charge (m/z)

Figure S33. HRMS spectrum of 9c.
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Figure S35. *C{'H} NMR spectra (126 MHz, RT) of compound 9¢ in CDCl;.
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Figure S37. '"H NMR spectra (500 MHz, RT) of compound 9d in CDCl;.
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Figure S39. HRMS spectrum of 9e.
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Figure S92. *C{'H} NMR spectra (126 MHz, RT) of compound 11f in CDCls.
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Figure S98. *C{'H} NMR spectra (126 MHz, RT) of compound 12b in DMSO-d.
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Figure S103. '"H NMR spectra (500 MHz, RT) of compound 12d in CDCls.
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