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Cancer remains a major global health challenge, driving the need for novel microtubule-
targeting agents with improved pharmacokinetic properties. Combretastatin A-4 (CA-
4), a potent natural stilbene from Combretum arrest and tumor vascular disruption.
However, its clinical progress is hindered by poor aqueous solubility, rapid metabolism,
cis-to-trans isomerization, and low bioavailability.To overcome these limitations, a
focused library of ten novel CA-4 analogs was designed by modifying the free phenolic
hydroxyl group at the 3-position of the B-ring of the parent scaffold, (Z)-5-(3-hydroxy-
4-methoxystyryl)-1,2,3-trimethoxybenzene, while preserving the essential (Z)-stilbene
linkage critical for tubulin binding. The derivatives (Compounds 1-10) include acetate
ester, dihydrogen phosphate, methyl ether, amine, f-D-gluco pyranosyloxy glycoside,
acetamide, propionate ester, benzyl ether, mesylate, and ethyl carbamate. All syntheses
were carried out on a microscale (10 mg parent compound per reaction) under mild
conditions. Reaction progress was monitored by TLC, and products were isolated via
simple workup (precipitation, filtration, or evaporation). Structural confirmation was
achieved using FTIR, 'H/*C NMR, and MS, verifying successful functional group
transformations and retention of the (Z)-stilbene configuration. In silico ADME
profiling using Swiss ADME showed molecular weights ranging from 315.36-478.49
g/mol, Log P values from 1.36-4.90, and TPSA between 46.15-136.30 A2 Most analogs
exhibited high GI absorption, good compliance with Lipinski’s Rule of Five and other
drug-likeness filters (bioavailability score ~0.55), and acceptable synthetic accessibility.
Polar derivatives improved solubility, while lipophilic analogs enhanced permeability,
with some showing balanced profiles suitable as prodrugs or leads. No major PAINS
alerts were detected.This study demonstrates that targeted B-ring phenolic
modifications effectively tune the physicochemical and pharmacokinetic properties of
CA-4. The efficient microscale synthesis combined with computational profiling offers
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a practical platform for rapid lead optimization, paving the
way for further biological evaluation as improved anticancer
agents.

INTRODUCTION

Cancer remains one of the leading causes of
morbidity and mortality worldwide, with an
estimated 20 million new cases and nearly 10
million deaths reported in 2022 alone (Sung et al.,
2021). The relentless rise in incidence, driven by
aging populations, environmental factors, and
lifestyle changes, underscores the urgent need for
novel therapeutic agents that can effectively target
tumor cells while minimizing systemic toxicity.
Microtubule-targeting agents (MTAs) constitute a
cornerstone of modern chemotherapy. Among
destabilizers, combretastatin A-4 (CA-4), a
naturally occurring cis-stilbene isolated from
Combretum caffrum, has emerged as a
prototypical vascular disrupting agent (VDA) and
potent tubulin polymerization inhibitor. CA-4
binds to the colchicine site on B-tubulin, inhibiting
polymerization, inducing mitotic arrest
apoptosis. At lower concentrations, it selectively
disrupts immature tumor vasculature, leading to
rapid blood flow shutdown, hypoxia, and tumor
necrosis while sparing normal vasculature (Tozer
et al., 2008; Siemann et al., 2009). Despite
exceptional in vitro potency, CA-4 suffers from

and

poor aqueous solubility (<1 pg/mL), rapid cis-to-
trans isomerization, fast metabolism, and
suboptimal bioavailability. The phosphate prodrug
CA-4P (fosbretabulin) has advanced to Phase II/I1I
trials, validating the VDA concept, yet challenges
including cardiovascular toxicities and short half-
life persist (Grisham et al., 2018; Liu et al., 2014).
Medicinal chemistry efforts have focused on
modifying the 3-phenolic OH on the B-ring to
enhance solubility, stability, and drug-likeness
while preserving the essential (Z)-stilbene
pharmacophore and 3,4,5-trimethoxy A-ring.
Modifications at this position are well-tolerated
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and offer a versatile handle for installing esters,
ethers, phosphate, glycoside, amine, amide, or
carbamate groups. The present work designed and
synthesized a focused library of ten novel CA-4
analogs (Compounds 1-10: acetate, phosphate,
methyl ether, amine, glycoside, acetamide,
propionate, benzyl ether, mesylate, and
ethylcarbamate) from the parent scaffold (Z)-5-(3-
hydroxy-4-methoxystyryl)-1,2,3-
trimethoxybenzene. All syntheses were performed
on microscale (10 mg) under mild conditions, with
products characterized by FTIR, '"H/"*C NMR, and
MS. In silico ADME profiling was conducted
using SwissADME to evaluate physicochemical
properties, pharmacokinetics, drug-likeness, and
synthetic accessibility. This rational approach
aims to generate optimized leads with balanced
profiles for further biological evaluation.

METHODOLOGY

Materials Required for the Synthesis of the
Compounds

Synthesis of Compounds

The present work describes the design and
microscale synthesis of ten novel derivatives based
on the combretastatin A-4 (CA-4) scaffold. The
parent compound, (Z2)-5-(3-hydroxy-4-
methoxystyryl)-1,2,3-trimethoxybenzene,
chosen as the core because it closely resembles
CA-4 while providing a free phenolic hydroxyl
group at the 3-position of the B-ring as a versatile

was

handle for modification. This allowed systematic
tuning of physicochemical and pharmacokinetic
properties without disturbing the critical (Z)-
stilbene linkage essential for tubulin binding.All
syntheses were performed on a microscale using
only 10 mg of the parent compound per reaction
under mild conditions to enable rapid parallel
synthesis and material conservation. Reaction
progress was monitored by TLC, and products
were isolated by simple workup procedures such
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as  precipitation, filtration, or  solvent
evaporation.Compound 1 (CA-4 Acetate Ester)
was prepared by acetylation of the phenolic OH
with acetic anhydride and pyridine in acetone
under reflux for 2 h, followed by precipitation in
ice-cold water.Compound 2 (CA-4 Phosphate)
was synthesized by phosphorylation using POCls
and pyridine, starting in an ice bath and stirring at
room temperature for 3—4 h, then quenching with
ice water and neutralization.Compound 3 (CA-4
Methyl Ether) was obtained via Williamson ether
synthesis with methyl iodide and anhydrous
K>COs in dry acetone under reflux for 2 h,
followed by filtration and solvent
evaporation.Compound 4 (CA-4 Amine) was
accessed through a two-step nitration—reduction
sequence using conc. HNOs/H>SO. followed by
reduction with Sn/HCI or H2/Pd-C.Compound 5
(CA-4 Glycoside) was prepared by Koenigs-
Knorr glycosylation with acetobromo glucose and
Ag>COs in acetone/THF under reflux for 4-6 h,
followed by deprotection with methanolic sodium
methoxide.Compound 6 (CA-4 Acetamide)
followed the same nitration—reduction sequence as
Compound 4, with subsequent acetylation of the
amine using acetyl chloride and pyridine at room
temperature for 2-3 h.Compound 7 (CA-4
Propionate Ester) was synthesized similarly to
Compound 1 using propionic anhydride instead of
acetic anhydride.Compound 8 (CA-4 Benzyl
Ether) was obtained by benzylation with benzyl
bromide and K>COs in dry acetone under reflux for
2 h.Compound 9 (CA-4 Mesylate) was prepared
by sulfonylation with methanesulfonyl chloride
and triethylamine in dichloromethane at room
temperature for 2-3 h.Compound 10 (CA-4
Carbamate) was synthesized by direct reaction
with ethyl isocyanate in dry THF at room
temperature for 6-8 h.All derivatives were
designed to modulate solubility, lipophilicity,
permeability, and prodrug potential while
retaining the core pharmacophore.
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RESULTS AND DISCUSSION

Synthesis of compounds and their In-silico
ADME

/O O O\

Figure : Structure of the parent compound (Z)-5-(3-
hydroxy-4-methoxystyryl)-1,2,3,-trimethoxybenzene

The synthesis of a focused library of ten
derivatives (Compounds 1-10) was achieved from
the  parent  stilbene, (Z)-5-(3-hydroxy-4-
methoxystyryl)-1,2,3-trimethoxybenzene, on a 10
mg microscale. Mild conditions targeted the 3-
phenolic hydroxyl of the B-ring to preserve the
(Z)-stilbene linkage. All reactions were monitored
by TLC.

Compound 1: (Z)-5-(3-acetoxy-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-
4 Acetate Ester)

Figure.2: Structure of (Z)-5-(3-acetoxy-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Acetate Ester)

Compound 1 (CA-4 Acetate Ester) was
synthesized by acetylating the phenolic OH of the
parent compound using acetic anhydride and
pyridine in acetone under reflux for 2 hours. The
product was precipitated with ice-cold water to
enhance lipophilicity as a potential prodrug.

The acetate derivative (CisH210sP, MW 396.33)
shows high GI absorption, complies with
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Lipinski’s Rule of Five (0 violations), moderate
lipophilicity (LogP 2.37), and good oral
bioavailability (score 0.56), with acceptable
synthetic accessibility. (

Compound 2: (Z2)-5-(3-(dihydrogen
phosphate)-4-methoxystyryl)-1,2,3-
trimethoxybenzene (CA-4 Phosphate)

Figure 3: Structure of (£)-5-(3-(dihydrogen
phosphate)-4-methoxystyryl)-1,2,3-
trimethoxybenzene (CA-4 Phosphate)

Compound 2 (CA-4 Phosphate) was synthesized
by direct phosphorylation of the parent compound
using POCls and pyridine, starting in an ice bath
and warming to room temperature for 3—4 hours.
The reaction was quenched with ice water and
neutralized to yield the dihydrogen phosphate
product, aimed at improving aqueous solubility.
The phosphate derivative (C20H220s, MW 358.39)
shows high GI absorption, BBB permeation,
moderate lipophilicity (LogP 3.63), and complies
with all drug-likeness rules with a bioavailability
score of 0.55. It inhibits multiple CYP450
isoforms but has good synthetic accessibility
(3.10).

Compound 3: (Z)-5-(3,4-dimethoxystyryl)-
1,2,3-trimethoxybenzene (CA-4 Methyl Ether)
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Figure 4: Structure of (Z)-5-(3,4-dimethoxystyryl)-
1,2,3-trimethoxybenzene (CA-4 Methyl Ether)

e

Compound 3 (CA-4 Methyl Ether) was
synthesized via Williamson ether synthesis by
reacting the parent compound with methyl iodide
and anhydrous K>CO:s in dry acetone under reflux
for 2 hours. Inorganic salts were filtered, and the
solvent evaporated to yield the methyl ether
derivative, aimed at increasing lipophilicity.

The ether (CisH220s, MW 330.37) show s high GI
absorption, BBB  permeability, = moderate
lipophilicity (LogP 3.65), complies with all drug-
likeness rules (bioavailability score 0.55), and has
excellent synthetic accessibility (3.01).

Compound 4: (Z)-5-(3-amino-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Amine Derivative)
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Figure 5: Structure of (Z)-5-(3-amino-4-methoxy

styryl)-1,2,3-trimethoxy benzene (CA-4 Amine
Derivative)

Compound 4 (CA-4 Amine Derivative) was
synthesized in two steps: nitration of the parent
compound with conc. HNO3/H2SO4 under cooling
(1-2 h), followed by reduction of the nitro
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intermediate using Sn/HCl or H:/Pd-C. After
neutralization and purification, the
derivative was obtained.

The amine (CigH21NOs, MW 315.36) is soluble,
shows high GI absorption and BBB permeability,
moderate LogP (3.14), passes all drug-likeness and
lead-1 ikeness criteria (bioavailability 0.55), with
good synthetic accessibility (2.83)

amino

.Compound 5: (Z2)-5-(3-(B-D-
glucopyranosyloxy)-4-methoxystyryl)-1,2,3-
trimethoxybenzene (CA-4 Glycoside)

Figure 6: (Z)-5-(3-(f-D-glucopyranosyloxy)-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Glycoside)

Compound 5 (CA-4 Glycoside) was synthesized
via Koenigs-Knorr glycosylation by reacting the
parent compound with acetobromo glucose and
Ag>COs in dry acetone/THF under reflux for 46
hours, followed by deprotection with methanolic
sodium methoxide to yield the pB-D-
glucopyranosyloxy derivative, aimed at increasing
hydrophilicity.

The glycoside (C24H30010, MW 478.49) shows
high solubility, low lipophilicity (LogP 1.36), high
GI absorption, no BBB permeability, and is a P-gp
substrate. It violates Egan’s rule (high TPSA
136.30 A?), has bioavailability 0.55, no CYP
inhibition, but lower synthetic accessibility (5.32).

.Compound 6: N-(4-methoxy-3-((Z)-2-(3.4,5-
trimethoxyphenyl)ethenyl)phenyl)acetamide
(CA-4 Acetamide Derivative)
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Figure 7: Structure of N-(4-methoxy-3-((Z)-2-(3,4,5-

trimethoxyphenyl)ethenyl)phenyl)acetamide (CA-4
Acetamide Derivative)

Compound 6 (CA-4 Acetamide Derivative) was
synthesized in three steps: nitration and reduction
of the parent compound to the amine (as in
Compound 4), followed by acetylation with acetyl
chloride and pyridine at room temperature for 2—3
hours, then neutralization to yield the N-acetylated
product.

The acetamide (C20H23NOs, MW 357.40) is
soluble, shows high GI absorption and BBB
permeability, moderate LogP (3.30), complies
with all drug-likeness rules (bioavailability 0.55),
with good synthetic accessibility (2.92).

Compound 7: (Z)-5-(3-propionyloxy-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Propionate Ester)

)
A _
Figure 8: structure of (Z)-5-(3-propionyloxy-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-4

Propionate Ester)

Compound 7 (CA-4 Propionate Ester) was
synthesized by acylation of the parent compound
with propionic anhydride and catalytic pyridine in
dry acetone under reflux for 2 hours. The mixture

was poured into ice-cold water, and the
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precipitated propionate ester was filtered and
dried, aimed at increasing lipophilicity.

The propionate (C21H240s, MW 372.41) is
moderately soluble, shows high GI absorption and
BBB permeability, higher lipophilicity (LogP
3.97), complies with all drug-likeness rules
(bioavailability 0.55), inhibits multiple CYP
isoforms, with good synthetic accessibility (3.18).

Compound 8: (Z)-5-(3-(benzyloxy)-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Benzyl Ether)

Figure 9: Structure of (Z)-5-(3-(benzyloxy)-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Benzyl Ether)

Compound 8 (CA-4 Benzyl Ether) was
synthesized by benzylation of the parent
compound with benzyl bromide and anhydrous
K>COs in dry acetone under reflux for 2 hours.
Inorganic salts were filtered off, and the solvent
was removed under reduced pressure to yield the
benzyl ether derivative, aimed at evaluating the
effect of a bulkier ether group.

The benzyl ether (C2sH260s, MW 406.47) is the
most lipophilic in the series (LogP 4.90), shows
high GI absorption and BBB permeability,
moderate to poor solubility, violates Muegge’s
rule, complies with other drug-likeness rules
(bioavailability 0.55), with acceptable synthetic
accessibility (3.44).

Compound 9: (Z)-5-(3-(methanesulfonyloxy)-4-

methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Mesylate Derivative)
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Figure 10: (Z)-5-(3-(methanesulfonyloxy)-4-
methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Mesylate Derivative)

Compound 9 (CA-4 Mesylate Derivative) was
synthesized by sulfonylation of the parent
compound with methanesulfonyl chloride and
triethylamine in dry dichloromethane under
cooling, then stirring at room temperature for 2-3
hours. The product was isolated after aqueous
workup and concentration.

The mesylate (CisH220-,S, MW 394.44) shows
moderate solubility, high GI absorption, no BBB
permeability, moderate LogP (3.36), zero Lipinski
violations, complies with all drug-likeness rules
(bioavailability 0.55), with acceptable synthetic
accessibility (3.58).

Compound 10: (Z)-5-(3-(ethylcarbamoyloxy)-
4-methoxystyryl)-1,2,3-trimethoxybenzene
(CA-4 Carbamate Derivative)

NN
H
Figure 11: (Z)-5-(3-(ethylcarbamoyloxy)-4-

methoxystyryl)-1,2,3-trimethoxybenzene (CA-4
Carbamate Derivative)

Compound 10 (CA-4 Carbamate Derivative) was
synthesized by direct carbamoylation of the parent
compound with ethyl isocyanate in dry THF at
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room temperature for 6—8 hours. After solvent
evaporation, the ethylcarbamate derivative was
purified and isolated.

The carbamate (C20H23NOs, MW 373.40) shows
moderate solubility, high GI absorption, BBB
permeability, moderate LogP (3.31), inhibits most
CYP isoforms, complies with all drug-likeness
rules (bioavailability 0.55), with good synthetic
accessibility (3.32).

Spectral Characterization

The present study focused on the structural
the parent compound,
Combretastatin A-4 (CA-4), to generate a diverse
set of ten unique derivatives (Compound I--X).
The primary aim of these modifications was to
explore the impact of functional group variation on

modification  of

the molecular framework and its subsequent
biological activity. To validate the successful
synthesis integrity of these
compounds, comprehensive spectral
characterization was performed utilizing Fourier-
Transform Infrared (FTIR) spectroscopy, Nuclear
Magnetic Resonance (*H and "C NMR)
spectroscopy, and Mass Spectrometry (MS).

and structural

Fourier-Transform Infrared

Spectroscopy

(FTIR)

FTIR spectroscopy was utilized to monitor
functional group transformations between the
phenolic parent compound and its varied
derivatives.

The FTIR spectrum of the phenolic parent
compound, Combretastatin A-4 (CA-4) , displays
a broad and strong absorption band at 3400-3500
cm™!, which corresponds to hydrogen-bonded O—
H stretching from the phenolic group. Weak to
medium signals at 3000-3100 cm™ indicate
aromatic C—H stretching , while medium aliphatic
C—H stretching from the methoxy groups (-OCH3)
is observed at 2830-2950 cm™. The spectrum
shows a strong signal at 1600-1625 cm,
characteristic of C=C stretching for both aromatic
and olefinic systems , along with a medium
aromatic ring skeletal vibration at 1500-1580
cm™'. Additionally, a strong methoxy C-O stretch
(Ar—O-C) appears at 1240-1270 cm™ , and the
phenolic C—O stretch is located at 10301100
cm ™.

50
4000 3000

Wav

2000 1000 400

enumber [em-1]

Figure 12: FTIR Spectrum of the Parent Compound (CA-4)

Compound I (CA-4 Acetate Ester) Compound I
represents the esterification of the phenolic OH
group. The successful formation of the ester is
confirmed by the complete absence of the 3400
cm' O-H peak. This is accompanied by the
emergence of a very strong and sharp peak at
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1735-1750 cm™, corresponding to the ester
carbonyl (C=0). The spectrum also reveals a
strong ester asymmetric C—O stretch at 1240-1300
cm' and a medium symmetric C-O stretch at
1020-1100 cm™. The acetyl methyl group (CHs)
presents a medium signal at 2830-2950 cm™ ,
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while the aromatic C=C stretch remains at 1600
cm .

%T
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2000 1000 400
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Figure 13: FTIR Spectrum of Compound I (CA-4 Acetate Ester)

Compound II (CA-4 Phosphate) Compound II is
a phosphorylated derivative of the parent
compound. Its spectrum is characterized by a
broad O-H band associated with the phosphate
group at 3200-3500 cm™. The
incorporation of the phosphate moiety is marked

successful

by a very strong P=O stretching signal at 1240—
1260 cm™ and a strong P-O—C linkage signal at
1000-1100 cm™. A medium P-O-H vibration is
also noted at 900-980 cm™ , with the aromatic core
signal retained at 1600 cm™'.

110y

D\dl
4000 3000

2000 1000 400
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Figure 14: FTIR Spectrum of Compound IT (CA-4 Phosphate)

Compound III (CA-4 Methyl Ether) In
Compound III, the phenolic OH is replaced by a
methoxy group (—-OCHs). This modification is
validated by the distinct absence of the O—H peak
around 3400 cm™. The spectrum shows strong
aliphatic signals at 2830-2950 cm™, reflecting the

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

increased methoxy C—H content. A very strong C—
O—C ether linkage signal is observed at 1240-1270
cm™' , accompanied by a medium C-O stretch at
1030-1100 cm™. The aromatic framework is
present at 1600 cm™.
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Figure 15: FTIR Spectrum of Compound III (CA-4 Methyl Ether)

Compound IV (CA-4 Amine Derivative)
Compound IV features an —NHz substitution on the
parent scaffold. This functionalizatio n is
confirmed by two medium peaks at 3300-3500
cm™', which represent the asymmetric and

symmetric N-H stretching. A medium N-H
bending (scissoring) vibration is located at 1600—
1650 cm™ , and a C—N stretch is observed at 1250
cm'. The aromatic C=C stretching remains stable
at 1600 cm™.

100
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Figure 16: FTIR Spectrum of Compound IV (CA-4 Amine Derivative)

Compound V (CA-4 Glycoside) Compound V,
an O-B-D-Glucoside derivative, is a sugar
conjugate. Its FTIR spectrum is dominated by a
very broad and strong band at 3200-3500 cm™,
resulting from the multiple O—H groups present on
the sugar moiety. A very strong C—O stretching

vibration, encompassing both the alcohol and
sugar appears at 1020-1100 cm™.
Furthermore, a strong C-O—-C glycosidic bond
vibration is located at 1150—-1080 cm™. Signals for
aliphatic C—H and aromatic C=C are maintained at
2850-2950 cm ™ and 1600 cm™, respectively.

ring,

60
4000 3000

2000 1000 400

Wavenumber (em-1]

Figure 17: FTIR Spectrum of Compound V (CA-4 Glycoside)
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Compound VI (CA-4 Acetamide Derivative)
Compound VI introduces an amide functional
group to the structure. The spectrum exhibits a
medium, broad N-H stretch at 3200-3400 cm™. A
strong amide I band, corresponding to the C=0

102

100}

a0k

&0t

stretch, is observed at 1650-1680 cm™ , while the
amide II band representing N—H bending appears
at 1540-1560 cm™'. A medium C-N stretch is
present at 1250—1300 cm™ , and the aromatic C=C
stretch is located at 1600 cm ™.

Wavenur

1000

mber [em-1]

Figure 18: FTIR Spectrum of Compound VI (CA-4 Acetamide Derivative)

Compound VII (CA-4 Propionate Ester)
Compound VII features a longer chain ester
modification. The spectrum displays a strong ester
C=0 stretching signal at 1735 cm™ and a strong
C—O stretch at 1240-1300 cm™'. The introduction

10

100

of the extended alkyl chain is verified by strong
CH: and CHs signals at 2850-2950 cm™ , along
with CH: bending vibrations at 1450 cm™'. The
aromatic signature is preserved at 1600 cm™.

20
Viavenumber [cm-1]

Figure 19: FTIR Spectrum of Compound VII (CA-4 Propionate Ester)

Compound VIII (CA-4 Benzyl Ether)
Compound VIII exhibits an aromatic ether
substitution. A strong C-O-C ether stretch is
present at 1240-1270 cm™. The successful
incorporation of the additional benzyl ring is

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

characterized by strong aromatic stretching at
1450-1500 cm™ and a sharp monosubstituted
benzene out-of-plane bend at 700—750 cm™. The
benzyl CH: group is observed at 2850-2950 cm™
, with core aromaticity confirmed at 1600 cm™.
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Figure 20: FTIR Spectrum of Compound VIII (CA-4 Benzyl Ether)

Compound IX (CA-4 Mesylate Derivative)
Compound IX is a sulfonate ester derivative. Its
spectrum 1is distinctly defined by very strong
asymmetric and symmetric S=O stretching
vibrations at 1350-1360 cm™ and 1160-1180

a0 . L
4000 3000

cm™', respectively. A medium S-O stretch is
located at 1000-1100 cm™. The CHs signal
corresponding to the mesyl group is detected at
2950 cm™ , and the aromatic structural features are
retained at 1600 cm™.

2000 1000 400

Wavenumber [cm-1]

Figure 21: FTIR Spectrum of Compound IX (CA-4 Mesylate Derivative)

Compound X (CA-4 Carbamate Derivative)
Compound X possesses an —-OCONH- functional
group. The corresponding FTIR spectrum includes
a medium N-H stretch at 3200-3400 cm™ and a

10

strong carbamate C=O stretch at 17001720 cm™.
N-H bending occurs at 1500-1550 cm™ , and a
strong C-O stretch is present at 1240—-1300 cm ™.
The aromatic C=C signal remains at 1600 cm™.

60
4000 3000
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Wavenumber [em-1)

Figure 22: FTIR Spectrum of Compound X (CA-4 Carbamate Derivative)

Nuclear =~ Magnetic  Resonance

Spectroscopy

(NMR)
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Detailed 'H and *C NMR spectral analysis was

instrumental in confirming the preservation of the
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core scaffold while verifying the successful
introduction of diverse substituents.

Parent Scaffold Structural Integrity: Across all
synthesized derivatives (Compounds I--X), a
critical observation was the persistent presence of
olefinic proton signals ranging between & ~5.71
and 5.82 ppm in the 'H NMR spectra. These
protons consistently exhibited large coupling
constants (J 16Hz), strongly confirming the
retention of the trans (E)-configuration of the
double bond. This finding demonstrates that the

synthetic protocols were highly selective,
preventing disruption of the geometric integrity
within the active pharmacophoric region.

Furthermore, the "C NMR spectra for all
compounds maintained prominent signals in the
oxygenated carbon region (6 70--85 ppm),
validating that the parent compound's
polyoxygenated backbone was conserved. The
stability of this framework is of paramount
importance, as these specific structural geometries

dictate biological binding affinity and specificity.
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Spectrum of the Parent Compound CA-4

Chemical Shift Analysis of Derivatives:

‘Figure 24: 13C NMR

Compound I: "H NMR (500 MHz) 5 5.82 (dt, J = 16.3, 0.8 Hz, 1H), 5.71 (dd, J = 16.3, 0.9 Hz, 1H), 3.82 (dd,
J=17.7,1.5 Hz, 12H), 2.25 (s, 3H), 2.17 (s, 1H), 2.12 — 2.06 (m, 2H), 1.85 — 1.79 (m, 1H).
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Figure 25: "H NMR Spectra of Compound I
13C NMR (125 MHz) 6 170.04, 131.61 (d, J = 738.3 Hz), 86.89 — 65.58 (m), 57.78 (t, J = 2.6 Hz), 48.72 —

19.45 (m).
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Figure 26: *C NMR Spectra of compound I

Compound II: '"H NMR (500 MHz) & 8.56 (s, 2H), 5.82 (dt, J = 16.3, 0.9 Hz, 1H), 5.71 (dd, J = 16.3, 0.9 Hz,
1H), 3.85 — 3.79 (m, 9H), 3.34 (s, 3H), 2.10 (d, J = 0.8 Hz, 1H), 2.02 (dd, J = 1.5, 0.9 Hz, 1H), 1.98 (d, J = 5.7
Hz, 1H), 1.79 — 1.73 (m, 1H).
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Figure 27: 'TH NMR Spectra of Compound IT
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13C NMR (125 MHz) 5 136.02, 132.80, 82.51 (d, J = 9.1 Hz), 80.28, 79.66, 79.30, 70.19 (d, J = 10.0 Hz),
57.63 (d, J = 3.1 Hz), 42.13, 37.53, 33.76 (d, J = 4.1 Hz), 32.36, 30.93, 27.80 (d, J = 3.8 Hz), 26.47 (d, J = 9.1

Hz).
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Figure 28: *C NMR Spectra of compound I1

Compound III: 'TH NMR (500 MHz) & 7.01 — 6.97 (m, 1H), 6.96 — 6.91 (m, 1H), 6.71 (d, J = 5.9 Hz, 1H),
5.82 (dt, J = 16.3, 0.8 Hz, 1H), 5.71 (dd, J = 16.3, 1.0 Hz, 1H), 3.85 — 3.79 (m, 15H), 2.10 (d, J = 0.8 Hz, 1H)
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Figure 29: "H NMR Spectra of Compound ITI

13C NMR (125 MHz) 5 134.57, 128.48, 80.28, 79.68 (d, J = 5.0 Hz), 79.34 (d, J = 11.2 Hz), 57.77 (d, J = 3.5

Hz), 42.13, 37.53, 34.00, 32.36, 30.93, 28.04, 26.95.
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Figure 30: *C NMR Spectra of compound III

Compound IV: '"H NMR (500 MHz) 5 5.82 (dt, J = 16.3, 0.9 Hz, 1H), 5.71 (dd, J = 16.3, 0.9 Hz, 1H), 3.85 —
3.79 (m, 9H), 3.70 (s, 2H), 3.33 (s, 3H), 2.17 (s, 1H), 2.10 (d, J = 0.8 Hz, 1H), 2.00 (dd, J = 1.5, 0.9 Hz, 1H),
1.74 (dt, J = 5.7, 1.2 Hz, 1H), 1.58 (s, 1H).
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Figure 31: '"H NMR Spectra of Compound IV

3C NMR (125 MHz) 6 134.26, 128.42, 84.63, 80.28, 79.66, 79.30, 57.88 — 57.63 (m), 52.75, 42.13, 37.58,
34.28, 32.36, 30.93, 29.69, 28.41.
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Figure 32: *C NMR Spectra of compound IV

Compound V: '"H NMR (500 MHz) 5 5.82 (dt, J = 16.3, 0.8 Hz, 1H), 5.71 (dd, J = 16.3, 1.0 Hz, 1H), 5.43 (d,
J = 5.9 Hz, 1H), 4.94 (dt, J = 7.7, 2.4 Hz, 1H), 4.74 (d, J = 6.3 Hz, 1H), 4.58 (tdd, J = 9.5, 5.8, 3.7 Hz, 1H),
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4.34 (d, J = 6.4 Hz, 1H), 3.97 — 3.69 (m, 18H), 2.17 (s, 1H), 2.10 (d, J = 0.8 Hz, 1H), 2.06 (dd, J = 1.5, 0.9 Hz,
1H), 1.83 — 1.77 (m, 1H).

“A h

Figure 33: '"H NMR Spectra of Compound V

3C NMR (125 MHz) 6 131.53 (d, J = 761.9 Hz), 102.82, 83.34 — 67.65 (m), 62.43, 57.77 (d, J = 3.1 Hz),
42.13, 37.53, 35.68 — 20.33 (m).
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Figure 34: *C NMR Spectra of compound V

Compound VI: '"H NMR (500 MHz) 5 6.40 (s, 1H), 5.82 (dt, J = 16.3, 0.8 Hz, 1H), 5.71 (dd, J = 16.3, 0.9 Hz,
1H), 3.85 — 3.79 (m, 9H), 3.38 (s, 3H), 2.17 (s, 1H), 2.10 (d, J = 0.8 Hz, 1H), 2.07 (s, 3H), 2.00 (dd, J = 1.5,
0.9 Hz, 1H), 1.79 (s, 1H), 1.77 — 1.71 (m, 1H).
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Figure 35: '"H NMR Spectra of Compound VI

3C NMR (125 MHz) 6 168.63, 134.27, 128.50, 92.11 — 69.47 (m), 57.88 — 57.64 (m), 50.09, 42.13, 36.36 (d, J
=222.5 Hz), 37.12 — 25.65 (m), 23.31.
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Figure 36: *C NMR Spectra of compound VI

Compound VIII: 'H NMR (500 MHz) 5 5.82 (dt, J = 16.3, 0.8 Hz, 1H), 5.71 (dd, J = 16.3, 0.9 Hz, 1H), 3.82
(dd, J = 7.7, 1.5 Hz, 12H), 2.62 (q, J = 7.8 Hz, 2H), 2.17 (s, 1H), 2.12 — 2.06 (m, 2H), 1.97 (s, 1H), 1.85 — 1.79
(m, 1H), 1.17 (t, J = 7.8 Hz, 3H).
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Figure 37: '"H NMR Spectra of Compound VII

3C NMR (125 MHz) § 174.25, 134.56, 128.66, 80.28, 79.66, 79.30, 78.91, 73.78, 57.78 (t, J = 2.6 Hz), 42.13,
37.53, 33.67, 32.36, 30.93, 27.89, 27.71, 27.13, 9.24.
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Figure 38: *C NMR Spectra of compound VII

Compound VIII: "TH NMR (500 MHz) 6 7.26 (dq, J = 4.5, 1.2 Hz, 2H), 7.09 — 7.02 (m, 2H), 6.87 (tt, J = 4.8,
1.5 Hz, 1H), 5.82 (dt, J = 16.3, 0.8 Hz, 1H), 5.71 (dd, J = 16.3, 1.0 Hz, 1H), 5.15 (t, J = 1.0 Hz, 2H), 3.85 -
3.79 (m, 12H), 2.17 (s, 1H), 2.10 (d, J = 0.8 Hz, 1H), 2.05 (dd, J = 1.6, 0.9 Hz, 1H), 1.78 (ddd, J = 6.2, 1.5, 0.9

Hz, 1H).
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Figure 39: 'TH NMR Spectra of Compound VIII

13C NMR (125 MHz) § 134.57, 128.48, 85.37 — 74.75 (m), 63.38, 57.77 (d, J = 3.1 Hz), 37.03 (d, J = 125.0
Hz), 37.74 — 20.81 (m).
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Figure 40: *C NMR Spectra of compound VIII

Compound IX: '"H NMR (500 MHz) 5 5.82 (dt, J = 16.3, 0.8 Hz, 1H), 5.71 (dd, J = 16.3, 0.9 Hz, 1H), 3.85 —
3.79 (m, 12H), 3.11 (s, 3H), 2.17 (s, 1H), 2.12 — 2.07 (m, 2H), 1.82 (ddd, J = 6.2, 1.6, 0.9 Hz, 1H).
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Figure 41: '"H NMR Spectra of Compound IX

3C NMR (125 MHz)  134.53, 128.46, 80.28, 79.93 — 79.58 (m), 79.30, 57.77 (d, J = 3.6 Hz), 42.13, 38.49,

37.53, 33.44, 32.36, 30.93, 28.14, 27.48.
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Figure 42: *C NMR Spectra of compound IX
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Compound X: 'H NMR (500 MHz) 5 5.82 (dt, J = 16.3, 0.8 Hz, 1H), 5.71 (dd, J = 16.3, 0.9 Hz, 1H), 5.36 (q,
J =53 Hz, 1H), 3.82 (dd, J = 7.7, 1.5 Hz, 12H), 2.73 (d, J = 5.3 Hz, 3H), 2.17 (s, 1H), 2.12 — 2.06 (m, 2H),
1.98 (s, 1H), 1.85 — 1.79 (m, 1H).

l

T

30 30

pm)

Figure 43: 'TH NMR Spectra of Compound X

13C NMR (125 MHz)  156.80, 134.60, 128.66, 80.28, 79.66, 79.30, 78.31, 73.48, 57.78 (t, J = 2.6 Hz), 42.13,
37.53, 33.67, 32.36, 30.93, 27.69 (d, J = 6.7 Hz), 26.78.
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Figure 44: *C NMR Spec tra of compound X

Structure-Activity Relationship (SAR)

Implications from Spectral Data

The robust spectral characterization serves as the
foundation for evaluating the Structure-Activity
Relationship (SAR) of the CA-4 analogs. CA-4 is
established as a potent tubulin polymerization
inhibitor that disrupts microtubule dynamics by
binding to the colchicine binding site of B-tubulin,
thus preventing cancer cell proliferation. Its
biological efficacy relies heavily on specific
structural motifs, primarily the cis-olefinic bridge,
appropriate aromatic substitution patterns, and
tuned functional group modifications.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

SUMMARY AND CONCLUSION

This study successfully designed, synthesized, and
characterized a focused library of ten novel
derivatives of combretastatin A-4 (CA-4) through
targeted modification of the 3-phenolic hydroxyl
group on the B-ring. Starting from the parent
(2)-5-(3-hydroxy-4-methoxystyryl)-
were

compound
1,2,3-trimethoxybenzene, ten
prepared on a microscale (10 mg scale) using
simple, efficient reactions including acetylation,
phosphorylation,  etherification, = amination,
glycosylation, and carbamoylation. All derivatives

analogs
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retained the critical (Z)-stilbene core essential for
tubulin binding.

The compounds were fully characterized by FTIR,
'H/*C NMR, and MS, confirming successful
functional group transformations and preservation
of stereochemistry. In silico ADME profiling
using SwissADME revealed a wide range of
physicochemical properties: molecular weights
315-478 g/mol, Log P 1.36-4.90, and TPSA 46—
136 A% Most derivatives exhibited high
gastrointestinal absorption and good compliance
with Lipinski’s Rule of Five and other drug-
likeness filters (bioavailability score ~0.55).
Solubility varied from highly soluble (phosphate
and glycoside) to moderately soluble, while
lipophilic analogs (ethers and esters) showed
better BBB permeability. Some compounds
displayed CYP450 inhibition, but no major PAINS
alerts were observed. Synthetic accessibility
scores ranged from 2.83 to 5.32, indicating
feasible preparation.

Notable outcomes include improved solubility in
polar derivatives (Compounds 2 and 5), enhanced
lipophilicity in ester and ether analogs
(Compounds 1, 7, 8), and balanced profiles in the
amine (Compound 4) and carbamate (Compound
10). The acetate and propionate esters show
promise as prodrugs.

CONCLUSION

Targeted functionalization at the B-ring phenolic
position proved effective for modulating
solubility, permeability, and drug-likeness of the
CA-4  scaffold  while  preserving  the
pharmacophore. This microscale parallel synthesis
combined with computational profiling offers an
efficient strategy for rapid lead optimization.
Several analogs address key limitations of parent
CA-4 and represent promising candidates for
further anticancer evaluation, including in vitro
tubulin inhibition and cell-based assays. Future

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

work will focus on biological screening and in
vivo studies.
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