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ABSTRACT: The multifaceted nature of Alzheimer’s disease
(AD) demands treatment with multitarget-directed ligands
(MTDLs) to confront the key pathological aberrations. A
novel series of triazinoindole derivatives were designed and
synthesized. In vitro studies revealed that all the compounds
showed moderate to good anticholinesterase activity; the most
active compound 23e showed an IC50 value of 0.56 ± 0.02
μM for AChE and an IC50 value of 1.17 ± 0.09 μM for
BuChE. These derivatives are also endowed with potent
antioxidant activity. To understand the plausible binding
mode of the compound 23e, molecular docking studies and
molecular dynamics simulation studies were performed, and
the results indicated significant interactions of 23e within the
active sites of AChE as well as BuChE. Compound 23e successfully diminished H2O2-induced oxidative stress in SH-SY5Y cells
and displayed excellent neuroprotective activity against H2O2 as well as Aβ-induced toxicity in SH-SY5Y cells in a concentration
dependent manner. Furthermore, it did not show any significant toxicity in neuronal SH-SY5Y cells in the cytotoxicity assay.
Compound 23e did not show any acute toxicity in rats at doses up to 2000 mg/kg, and it significantly reversed scopolamine-
induced memory deficit in mice model. Additionally, compound 23e showed notable in silico ADMET properties. Taken
collectively, these findings project compound 23e as a potential balanced MTDL in the evolution process of novel anti-AD
drugs.
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■ INTRODUCTION

Alzheimer’s disease (AD) is an irrevocable age-related
neurodegenerative disorder clinically identified by progressive
deterioration in memory, cognitive deficit, abnormal behavior,
and incoherent language.1 It is the most prominent form of
dementia. More than 50 million people are suffering from it
worldwide, and the number will significantly rise up to 152
million by 2050 if no cure or preventive measures are found.2

This burgeoning number of people suffering from AD, in both
developed and developing countries, has drawn the attention
of medicinal chemists to accelerate research on drug discovery
in this area.
The etiology of AD is still enigmatic. Different factors, like

low levels of neurotransmitter acetylcholine (ACh),3 aggrega-
tion of the β-amyloid peptide,4,5 accumulation of hyper-
phosphorylated tau protein,6,7 dyshomeostasis of biometals,8

oxidative stress,9 mitochondrial dysfunction,10 and neuro-
inflammation,11−13 are proposed to play pivotal roles in the
pathogenesis of AD. To combat AD-like diseases having a
complex etiology, development of multitarget-directed ligands
(MTDLs) is recognized as one of the most assuring drug

discovery approaches.14−17 Drugs acting on a single target even
though they have high affinity and selectivity for their targets
might not influence the mysterious etiology of the disease
satisfactorily. An MTDL having moderate but balanced
affinities for the targets can still exert more beneficial effects
compared to a single-targeted molecule. Concurrent effects on
several therapeutic targets make MTDLs superior in altering
the complex equilibrium of the cellular network.18,19 A mild
and balanced activity on multiple therapeutic targets might
secure higher safety and reduce the risk of therapeutic
resistance.20

After perusal of current research in this field, we focused our
attention on inhibition of cholinesterase and antioxidant
potential of new chemical entities (NCEs) as the core
objectives of anti-AD drug design. Two types of cholinesterase
enzymes (ChEs), namely, acetylcholinesterase (AChE) (EC
3.1.1.7) and butyrylcholinesterase (BuChE) (EC 3.1.1.8), are
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found in the central nervous system. Both of these enzymes
belong to the carboxylesterase family of enzymes and play an
important role in cholinergic transmission through hydrolysis
of the neurotransmitter ACh. Although AChE and BuChE are
produced by different genes, they are highly homologous with
more than 65% similarity in their active sites.21,22 AChE has
two major binding subsites, a peripheral anionic site (PAS) and
a catalytic active site (CAS).23 The CAS of the enzyme is
actively involved in the maintenance of cholinergic neuro-
transmission. PAS is involved in the formation of β-amyloid
fibrils that are associated with plaque deposition.24,25 AChE
inhibitors blocking both CAS and PAS simultaneously could
alleviate the cognitive defect in AD patients by elevating ACh
levels, and they have also been endowed with disease
modifying ability by inhibiting amyloid plaque formation.26

In healthy brains, AChE is more active than BuChE and can
hydrolyze about 80% of ACh. Current studies have
demonstrated that, as the disease progresses, the ability of
BuChE increases by 40−90%, and that of AChE declines in the
hippocampus and temporal cortex areas of the brain.27−29

BuChE plays several roles both in neural and non-neural
functioning. Clinical data suggested that the high cortical levels
of BuChE were associated with some important AD hallmarks,
such as extracellular deposition of the Aβ and aggregation of
hyperphosphorylated tau protein.21,30,31 This reflects the
important role played by both cholinesterases and the necessity
to develop MTDLs which could act on both of these ChEs.32

Recent research has emphasized the significance of oxidative
stress in the fundamental molecular mechanism of AD.8,9

Oxidative stress occurs when there is an inequity between the
formation and quenching of free radicals formed from oxygen
species. These reactive oxygen species (ROS) are regarded as
the other major etiological factor of AD, since the role of the
ROS in the formation of both amyloid plaques and
neurofibrillary tangles is confirmed.33 Through pathological
oxidation−reduction steps, ROS can denature biomolecules
like proteins, lipids, and nucleic acids. This can cause tissue
damage through necrosis and apoptosis.34 Thus, oxidative
stress plays a central role in the pathogenesis of AD, leading to
neuronal dysfunction and cell death.35

Considering the facts that inhibition of AChE provides a
symptomatic treatment to AD, increased levels of BuChE are
observed in the brains of AD patients, and the ROS system
plays a vital role in neurodegeneration, a series of
triazinoindole derivatives were designed, synthesized, and
evaluated in the current report for their multifactorial anti-
AD activities, including cholinesterase inhibitory activity,
antioxidant activity, cytoprotective effect against H2O2/Aβ-
induced cell injury, and acute toxicity in animal models. The in
silico ADMET properties of the synthesized derivatives were
predicted and the structure−activity relationship (SAR) of
these novel derivatives has been discussed. Molecular modeling
studies were performed to offer an insight into the binding
mode of the derivatives with the target proteins, and these
findings were supported by the time dependent stability
analysis of the ligand−receptor complex of the most active
ligand and the receptor under study, by means of molecular
dynamics simulations.

■ DESIGNING ASPECTS

To combat a disease like AD having complex etiology,
development of MTDLs has been recognized as one of the
most assuring drug discovery approaches. In spite of
considerable research on new targets available for AD
treatment, the cholinesterase inhibitors still remain the drugs
of choice, although they provide symptomatic and transient
benefits to the patients. Oxidative stress plays an important
role in pathogenesis of AD. However, antioxidant molecules
alone might not be enough to treat such a highly complex
pathological disease like AD.36 So dual cholinesterase
inhibitors endowed with additional antioxidant and neuro-
protective properties could increase the chances of combating
AD successfully.
The indole ring is prodigiously present in many natural

compounds possessing invaluable medicinal and biological
properties.37,38 Melatonin is an indole ring containing pineal
neurohormone whose levels decrease during aging, especially
in AD patients.39−41 It is endowed with strong free radical
scavenging properties.42 The high reactivity of melatonin with
ROS is apparently due to its electron-rich indole ring, acting as

Figure 1. Molecular hybridization approach to design triazinoindole derivatives.
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an electron donor. Recent studies have also shown that
melatonin offers protective effects against Aβ-induced
apoptosis,43 glutamate-induced excitotoxicity,44 and nitric
oxide toxicity,45 decreases neurofilament hyperphosphoryla-
tion, and augments learning and memory in rats. In recent
years, many indole based hybrids, e.g., tacrine−melatonin
hybrids,46 donepezil−chromone−melatonin hybrids,47 melato-
nin−N,N-dibenzyl(N-methyl)amine hybrids,48 and carbamate
derivatives of indolines,49 have been designed to act as
multifunctional agents for the treatment of AD. Furthermore,

the indole moiety is present in several central nervous system
(CNS)-active drugs like rizatriptan and oxypertine. Thus, the
indole ring offers a privileged scaffold for CNS-active drugs
which could augment the search for new therapeutics for AD.
The 1,2,4-triazine nucleus is another important structural
system present in several biologically active compounds.50 The
significance of triazines in neuropharmacology is explored
progressively for their potential anti-AD,51−54 antianxiety,55

antiepileptic,56 and antidepressant57 activities. Some triazine
derivatives have been reported to be potent neuroprotective

Figure 2. Interaction of 5H-[1,2,4]triazino[5,6-b]indole-3-thiol with (A) AChE and (B) BuChE; and 5H [1,2,4]triazino[5,6-b]indol-3-amine with
(C) AChE and (D) BuChE.

Scheme 1. Synthesis of Compounds 2, 3a−3l, and 5a−5ka

aReagents and conditions: (i) Thiosemicarbazide, K2CO3, H2O, reflux, overnight; (ii) alkyl/substituted benzyl halides, K2CO3, DMF.
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agents against H2O2-induced cell death in the PC12 cell line.58

In the recent past, our research group reported substituted
diaryltriazines as potential anti-AD entities.59 Reports of
remarkable biological activities associated with the indole
ring and the 1,2,4-triazine nucleus prompted us to fuse these
two privileged scaffolds into a single moiety which could
potentially offer multiple favorable activities for the treatment
of AD.
Different 5H-[1,2,4]triazino[5,6-b]indole-3-thiol and 5H-

[1,2,4]triazino[5,6-b]indol-3-amine derivatives were designed
by following a rational hybridization approach (Figure 1). The
molecular interactions of the designed derivatives were
evaluated theoretically by means of docking the designed
compounds within the active site of AChE and BuChE. Both of
the designed scaffolds showed promising binding affinities
within the active sites of AChE as well as BuChE (Figure 2).
The 5H-[1,2,4]triazino[5,6-b]indole-3-thiol scaffold showed
stability within the CAS of AChE (docking score: −7.96) by
forming π−π interactions with Trp84 and Phe330 and
hydrogen bonding with His440, while the same scaffold in
the active site of BuChE (docking score: −7.21) exhibited π−π
interactions with Trp82, Trp430, and His438 along with
hydrogen bonding with His438. Another designed scaffold 5H-
[1,2,4]triazino[5,6-b]indol-3-amine showed similar π−π inter-
actions but offering higher binding affinities with AChE
(docking score: −8.89) and BuChE (docking score: −7.22)
enzymes due to additional strong hydrogen bonding caused by
the 3-amino group. During the in vitro enzyme inhibition
study, 5H-[1,2,4]triazino[5,6-b]indole-3-thiol showed 11.26
μM and 55.81 μM inhibitory activity (IC50) against AChE and
BuChE respectively, whereas 5H-[1,2,4]triazino[5,6-b]indol-3-

amine was found to possess IC50 values of 9.76 μM and 51.25
μM against AChE and BuChE, respectively. On the basis of
these moderately promising activities of the designed scaffolds,
modifications were carried out by incorporating various alkyl/
benzyl substituents to understand the SAR and to come up
with some potential leads. Accordingly, compounds of the four
series (I−IV), as shown in Figure 1, were synthesized and
discussed here in this work.

■ RESULTS AND DISCUSSION

Chemistry. Compounds 2, 3a−3l, and 5a−5k were
synthesized as depicted in Scheme 1. Compound 2 was
obtained by condensation of commercially available isatin (1)
with thiosemicarbazide in aqueous potassium carbonate
solution at reflux conditions. The clear liquid obtained was
acidified by glacial acetic acid to get the condensed product 2.
Alkylation or benzylation of compound 2 with the correspond-
ing alkyl/benzyl halides gave thio-substituted compounds 3a−
3l. Similarly, N-substituted 1,2,4-triazino-[5,6-b]indole-3-thiol
derivatives 5a−5k were synthesized by condensation of the N-
substituted isatins 4a−4k with thiosemicarbazide. N-Alkylation
or N−benzylation of the isatins was achieved with the
corresponding alkyl/benzyl halides in the presence of
potassium carbonate in DMF.
When the substituted isatins were subjected to cyclization

reaction with aminoguanidine instead of thiosemicarbazide,
uncyclized N-substituted isatin-3-aminoguanylhydrazones were
obtained instead of the 5-substituted [1,2,4]triazino[5,6-
b]indol-3-amine derivatives. All efforts made to cyclize these
N-substituted isatin-3-aminoguanylhydrazones to get 5-sub-
stituted [1,2,4]triazino[5,6-b]indol-3-amine derivatives failed,

Scheme 2. Synthesis of Compounds 7a−7j and 10a−10ja

aReagents and conditions: (i) mCPBA, DCM, 0 °C to RT; (ii) amines/ammonia, THF, reflux; (iii) MeI, K2CO3, DMF.
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and only the noncyclized starting compounds were obtained.
In one attempt, cyclization of N-benzylisatin-3-aminoguanylhy-
drazone in the presence of a strong base and diethylene glycol
as a polar protic solvent, the hydrolyzed product, i.e., 2-
(benzylamino)benzoic acid, was isolated.
In an alternative approach, the desired amino derivatives

were synthesized from the thiol derivatives. The thiol
derivatives were first methylated, and the methylthio
derivatives were treated with various amines.60 Unfortunately,
the thiomethyl derivatives failed to react with the amines. So
the thiomethyl group at the C-3 position was converted to
sulfone, as it has more electron withdrawing ability compared
to the parent thiomethyl group. This was achieved by oxidizing
the thiomethyl group by meta-chloroperbenzoic acid
(mCPBA) to sulfone. When these sulfone derivatives were
reacted with amines in THF under refluxing conditions, the
sulfone group was substituted by the amino group, offering the
desired substituted [1,2,4]triazino[5,6-b]indol-3-amine deriva-
tives 7a−7j. Similarly, compounds 5 were methylated and
further oxidized to the corresponding sulfone compounds 9a−
9j. These sulfone compounds were reacted with ammonia to
obtain the desired 5-substituted [1,2,4]triazino[5,6-b]indol-3-
amine derivatives 10a−10j (Scheme 2).
The aminoalkylamines 18a−20h required for the synthesis

of compounds 21a−23h were prepared through Gabriel
synthesis using phthalimide as the starting material. Phthali-
mide (11) was reacted with dibromoalkanes to form N-
(bromoalkyl)phthalimides 12−14. The desired basic amines
(a−h;R1R2NH) were reacted with N-(bromoalkyl)-
phthalimides 12−14 to yield compounds 15a−17h. Hydrazi-
nolysis of compounds 15a−17h in methanol offered the
desired aminoalkylamines 18a−20h in 67−87% yields. These
aminoalkylamines 18a−20h were reacted with compound 6 as

discussed previously to obtain the desired final products 21a−
23h (Scheme 3).

Biological Evaluation. Inhibition Studies on AChE and
BuChE. The potential of the synthesized compounds to inhibit
cholinesterases (ChEs) was evaluated in vitro using a
spectrophotometric method of Ellman et al. using donepezil
and tacrine as reference drugs as previously reported by our
group.59,61,62 The obtained IC50 values of the compounds for
the two enzymes and their selectivity over each other are
summarized in Tables 1−3. All of the tested compounds
showed IC50 values for both of the enzymes in micromolar to
submicromolar ranges. Compounds 23e and 23f exhibited the
highest inhibition of AChE (IC50 values of 0.56 and 0.67 μM,
respectively) and BuChE (IC50 values of 1.17 and 0.84 μM,
respectively).

Structure−Activity Relationships. To validate our design
rationale, initially compound 2 was prepared and evaluated for
its cholinesterase inhibitory potential. To our delight, as shown
in Table 1. Compound 2 exhibited good inhibitory activity
(AChE, IC50 = 11.26 μM; BuChE, IC50 = 55.81 μM). This
encouraging result of the lead scaffold prompted us to explore
various substituents on thiol sulfur and the nitrogen of the
indole ring to frame a structure−activity relationship.
Introducing alkyl substituents on the indole ring as in
compounds 5a−5d increased the inhibitory activity. Among
them, compound 5d with the butyl chain showed the most
potent inhibitory activity (AChE, IC50 = 5.36 μM; BuChE,
IC50 = 14.26 μM). Incorporation of benzyl and substituted
benzyls at the NH of the indole ring decreased the AChE
inhibitory activity except for compounds 5g and 5k.
Compound 5g and 5k having 3-fluorobenzyl and 4-
methylbenzyl groups, respectively, showed potent inhibitory
activities. The thio-substituted compounds 3a−3l offered IC50

Scheme 3. Synthesis of Compounds 21a−23ha

aReagents and conditions: (i) Br(CH2)nBr, K2CO3, TEBAC, acetone, RT; (ii) HNR
1R2, TEA, MeOH, reflux; (iii) NH2NH2.H2O, MeOH, reflux;

(iv) THF, reflux.
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values for AChE in the range of 9−20 μM. The presence of
various substituents on the thiol group did not influence the
activity significantly in comparison to the lead compound 2.
The inhibitory activity was retained as such when the thiol
group was replaced with an amino group (Table 2). When the
N-propyl moiety in compound 7a was replaced with 2-(1-
piperidinyl)ethyl (compound 7i) and 2-(4-morpholinyl)ethyl
(compound 7j) moieties, inhibitory activities against both the
enzymes increased notably. Compounds 7i and 7j showed
inhibitory activities for AChE (IC50 = 6.16, 6.61 μM,
respectively) and BuChE (IC50 = 20.53, 9.14 μM,
respectively).
Joining of the tricyclic triazinoindole moiety with cyclic

amines like piperidine and morpholine through two carbon
atom spacers improved AChE inhibition dramatically com-
pared to the simple alkyl/benzyl substituted triazinoindole
derivatives. Based on this observation, we planned to study the
effect of the attached basic amines and the length of the linker
on the cholinesterase inhibitory activity of the resulting
compounds. As indicated in Table 3, all the compounds
21a−23h exhibited good inhibitory activity against both the

enzymes with IC50 values ranging from 0.564 to 36.7 μM for
AChE and from 0.341 to 32.19 μM for BuChE. These results
suggested that the presence of heterocyclic amines is
particularly important for the ChE inhibitory activity as all
the compounds bearing pyrrolidino, piperidino, morpholino,
and N-methylpiperazino moieties exhibited strong ChE
inhibition. The pyrrolidino moiety appeared to be a better
choice over other amines, as compounds 21e, 22e, and 23e
bearing a pyrrolidino moiety exhibited higher activity than the
rest of the compounds having other amines as attachments
(Figure 3).
It has been observed that changing the length of the carbon

chain also potentially affected the inhibitory activity. A
comparative analysis of the inhibitory potential of compounds
21e, 22e, and 23e, having a pyrrolidine ring as heterocyclic
amine, revealed that compound 23e (n = 6, IC50 value of 0.564
μM) exhibited the highest AChE inhibitory activity while
compound 21e (n = 4, IC50 value of 2.690 μM) and compound
22e (n = 5, IC50 value of 0.853 ± 0.02 μM) showed 5-fold and
1.5-fold decrease in AChE inhibitory activities in comparison
to compound 23e (Figure 3). However, their inhibitory

Table 1. In Vitro Inhibition of AChE and BuChE, and Selectivity Index (SI) of Compounds 2, 3a−3l, and 5a−5k

aAChE from human erythrocytes; IC50, 50% inhibitory concentration (means ± SEM of three experiments). bBuChE from equine serum.
cSelectivity index = IC50 (BuChE)/IC50 (AChE).
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activity against BuChE was slightly lower than that against
AChE, which might be due to the conformational differences
between the structures of these two enzymes.63 Compound
23e (IC50 value of 1.178 μM) exhibited an acceptable level of
BuChE inhibitory activity, while compound 21e (IC50 value of
5.893 μM) and compound 22e (IC50 value of 17.01 μM)
showed 5-fold and 14-fold decrease in BuChE inhibitory
activities. Compounds 23e (SI value of 2.09) and 23f (SI value
of 1.25) have more balanced activity on both cholinesterase
enzymes than donepezil (SI value of 81.3) and tacrine (SI
value of 0.14).
Antioxidant Activity [1,1-Diphenyl-2-picrylhydrazyl

(DPPH) Radical Scavenging Activity]. The DPPH radical
scavenging assay is commonly used as a rapid and reliable
method to assess the antioxidant/free radical scavenging
potential of compounds.64 DPPH is a stable free radical that
can accept a hydrogen radical or an electron to become a stable
molecule. The antioxidant activity of the selected compounds
was estimated by their ability to reduce DPPH·radical (purple
color) to DPPHH (yellow) and the corresponding radical-
scavenging potential was evaluated by the decrease in the
absorbance at 517 nm.65 Only those compounds having IC50
values (AChE) less than 5 μM were selected for this study.
Ascorbic acid was used as the positive control in this assay. All
the test compounds exhibited notable free radical scavenging

activity ranging 40−55% and 56−70% at 10 and 20 μM
concentrations, respectively (Table 4).
Compound 23e showed better free radical scavenging

activity (54.9% and 64.3% at 10 and 20 μM concentrations,
respectively) compared to ascorbic acid (36.5% and 61.8% at
10 and 20 μM concentrations, respectively), whereas tacrine
and donepezil were found to be devoid of significant free
radical scavenging activity at these concentrations.

Assessment of Cytotoxicity and Neuroprotection Offered
by the Synthesized Compounds. To ascertain the therapeutic
potential of the synthesized compounds, their effect on cell
viability and neuroprotective ability against oxidative stress
were assessed using the human neuroblastoma SH-SY5Y cell
line. Only those compounds having IC50 values (AChE) less
than 5 μM were selected for these studies. For the assessment
of cytotoxicity of the test compounds, cells were exposed to
significantly high concentrations of the test compounds (40
and 80 μM) for 24 h, followed by determination of the cell
viability using MTT assay. Even at such high concentrations,
all the test compounds caused negligible cell death (Table 5).
The neuroprotective potential of the selected compounds

against the oxidative stress induced by exogenous toxins (H2O2
or Aβ1−42) was evaluated. H2O2-induced toxicity is due to the
oxidative damage to the neuronal cells,66 while the Aβ-induced
toxicity is more complex, involving generation of reactive

Table 2. In Vitro Inhibition of AChE and BuChE, and Selectivity Index (SI) of Compounds 7a−7j and 10a−10j

aAChE from human erythrocytes; IC50, 50% inhibitory concentration (means ± SEM of three experiments). bBuChE from equine serum.
cSelectivity index = IC50 (BuChE)/IC50 (AChE).
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oxygen species, interleukin-1, interleukin-6, TNF-α like
damaging cytokines’ release, and mitochondrial dysfunc-
tion.33,67

In this study, when the cells were exposed to H2O2 (100
μM) and Aβ1−42 (25 μM) separately, notable toxicities to cells
were observed and the cell viability declined to nearly 55% and
52%, respectively. To assess the neuroprotective potential of
the test compounds against these toxic insults, the cells were
pretreated with the test compounds (10 and 20 μM) for 2 h

followed by treatment with the insults for 24 h. The selected
derivatives exhibited a significant neuroprotective effect at 10
and 20 μM concentrations. For comparison, the cells were
coincubated with compound 23e, compound 23f, donepezil,
and tacrine at different concentrations. Compound 23e offered
significant protection to the cells against the toxic insults
(Figure 4). The results suggested that these compounds
possessed the ability to protect neuronal cells against oxidative-
stress-associated cell death.

Table 3. In Vitro Inhibition of AChE and BuChE, and Selectivity Index (SI) of Compounds 21a−23h

aAChE from human erythrocytes; IC50, 50% inhibitory concentration (means ± SEM of three experiments). bBuChE from equine serum.
cSelectivity Index = IC50 (BuChE)/IC50 (AChE).

Figure 3. Important structural features of compound 23e.
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In Vitro Blood-Brain Barrier (BBB) Permeation Assay. The
BBB permeability is a primary criterion for the development of
novel CNS active agents. The ability of triazinoindole
derivatives to penetrate into the brain was assessed using a
parallel artificial membrane permeation assay (PAMPA), in a
similar manner as described by Di and co-workers.68,69 This

assay is used to predict the passive diffusion of a molecule
through the BBB. The BBB permeability (Pe) of the most
active compounds 23e and 23f was determined through a
porcine brain lipid. The assay was validated by comparing the
experimental permeability values [Pe(exp)] of seven commer-
cial drugs with the reported permeability values [Pe(ref)],
offering a linear relationship i.e., Pe(exp) = 1.16 Pe(ref) +
0.1668 (R2 = 0.9781) (see the Supporting Information, Figure
S1). From this equation and considering the limits for BBB
permeation established by Di et al.,68 it was concluded that
compounds with Pe(exp) greater than 4.8 × 10−6 cm s−1 (see
the Supporting Information, Table S2) were capable of
crossing the BBB. Both compounds 23e and 23f showed
permeability values above this limit (Table 6). Therefore,
Pe(exp) suggested a high potential of the compounds to cross
the BBB by passive diffusion.

Computational Studies. Docking Studies. To have an
idea of the binding mode of compound 23e with the
cholinesterase enzymes, docking studies were performed
within the active sites of Torpedo californica AChE (TcAChE)
and human BuChE (hBuChE). To validate the generated grids
for docking studies, the cocrystallized molecules in the 3D
structures of TcAChE and hBuChE (PDB code: 2CKM and
4BDS, respectively) were initially knocked out of the binding
sites. The knocked out molecules were constructed fresh,
energy minimized, and redocked into the active sites of the
grids. Very similar interactions were observed between the
redocked molecules and the enzymes as was the case with the
original cocrystallized ligands. The root-mean-square deviation
(RMSD) values of the redocked ligands with those of the
original orientations in cocrystallized forms in 2CKM and
4BDS were observed to be 0.40 and 0.26 Å, respectively.
It is well-known that AChE has a dumbbell shaped active

site gorge composed of two active sites: the CAS at the bottom
and the PAS at the lip. The CAS pocket looks like a vessel, and

Table 4. DPPH Radical Scavenging Activity of the
Compoundsa

RP of DPPH (%)b

compd 10 μM 20 μM

21c 45.5 ± 3.1 57.3 ± 2.9
21e 52.1 ± 2.4 63.1 ± 2.3
21f 51.5 ± 1.6 62.7 ± 1.7
21h 53.7 ± 2.7 65.4 ± 1.3
22a 43.2 ± 3.3 60.2 ± 2.7
22c 44.3 ± 2.4 59.4 ± 3.1
22d 46.7 ± 1.9 60.7 ± 3.3
22e 53.2 ± 2.4 62.4 ± 2.5
22f 52.8 ± 2.9 60.7 ± 2.9
22h 54.1 ± 1.7 65.1 ± 2.1
23a 44.1 ± 3.4 61.3 ± 2.3
23b 43.7 ± 2.5 60.3 ± 3.4
23c 42.7 ± 3.7 58.4 ± 3.1
23d 47.3 ± 2.0 59.6 ± 2.2
23e 54.9 ± 1.8 64.3 ± 2.8
23f 54.3 ± 2.1 66.4 ± 2.4
23g 56.7 ± 1.6 67.3 ± 1.7
23h 55.1 ± 3.4 64.2 ± 1.9
tacrine 3.4 ± 0.4 6.4 ± 0.3
donepezil 4.5 ± 0.6 4.9 ± 1.2
ascorbic acid 36.5 ± 2.9 61.8 ± 3.2

aData are expressed as mean ± SE (three independent experiments)
bRP of DPPH (%) = reduction percentage of DPPH.

Table 5. Cell viability and Neuroprotective Action of the Selected Test Compounds against H2O2 and Aβ1−42 Induced Toxicity
in the Human Neuroblastoma SH-SY5Y Cell Linea

cell viability (%) neuroprotection (%) (against H2O2) neuroprotection (%) (against Aβ1−42)

compd 40 μM 80 μM 10 μM 20 μM 10 μM 20 μM

21c 92.4 ± 2.2 90.3 ± 1.8 34.4 ± 2.7 48.9 ± 2.3 37.5 ± 2.1 56.2 ± 1.9
21e 93.0 ± 1.5 91.2 ± 2.1 39.8 ± 1.9 53.2 ± 3.2 40.3 ± 2.5 57.5 ± 2.2
21f 91.9 ± 2.4 87.1 ± 3.3 41.7 ± 1.3 55.4 ± 1.9 42.1 ± 1.9 60.7 ± 1.4
21h 91.3 ± 3.2 85.7 ± 2.4 37.2 ± 2.8 50.3 ± 2.9 41.5 ± 2.7 59.0 ± 1.5
22a 92.2 ± 3.1 90.5 ± 1.9 30.4 ± 3.6 46.5 ± 2.3 39.4 ± 3.1 57.3 ± 2.2
22c 92.4 ± 2.5 89.8 ± 3.1 31.8 ± 3.5 48.4 ± 2.2 38.1 ± 2.8 56.2 ± 2.9
22d 90.4 ± 3.3 87.1 ± 2.2 33.5 ± 2.9. 48.7 ± 3.1 38.5 ± 2.5 59.5 ± 2.3
22e 93.1 ± 2.7 90.6 ± 1.5 41.8 ± 3.5 54.3 ± 1.7 43.7 ± 3.1 60.1 ± 3.4
22f 93.9 ± 3.2 92.2 ± 1.9 43.4 ± 2.2 55.6 ± 2.1 41.4 ± 2.4 62.4 ± 1.9
22h 90.5 ± 3.7 86.4 ± 2.9 41.2 ± 2.7. 50.2 ± 2.8 40.3 ± 1.9 58.7 ± 2.1
23a 92.4 ± 3.2 89.3 ± 2.5 32.7 ± 3.4 43.5 ± 2.6 37.1 ± 2.3 59.3 ± 3.3
23b 93.2 ± 2.1 91.7 ± 1.9 31.2 ± 2.5 40.4 ± 3.6 37.7 ± 3.1 57.2 ± 3.4
23c 94.3 ± 2.2 91.1 ± 3.2 35.3 ± 1.4 46.1 ± 2.0 39.1 ± 2.6 57.5 ± 2.3
23d 91.4 ± 2.8 87.4 ± 2.3 34.2 ± 3.5 49.5 ± 2.7 38.8 ± 1.9 58.3 ± 2.9
23e 94.9 ± 3.2 92.3 ± 1.5 42.5 ± 2.1 53.7 ± 1.3 44.5 ± 2.1 62.6 ± 1.9
23f 94.5 ± 2.1 91.8 ± 2.8 44.8 ± 1.7 54.5 ± 2.4 43.2 ± 2.5 63.6 ± 2.2
23g 92.1 ± 2.7 89.7 ± 1.9 40.3 ± 1.8 52.3 ± 2.2 45.3 ± 2.2 61.4 ± 3.3
23h 91.4 ± 3.2 85.4 ± 2.7 41.2 ± 1.4 51.6 ± 2.5 42.7 ± 3.1 62.5 ± 2.5
tacrine 90.1 ± 1.8 88.1 ± 2.4 51.0 ± 3.4 70.4 ± 3.2 40.5 ± 2.3 58.7 ± 2.7
donepezil 92.4 ± 2.5 90.7 ± 1.2 53.4 ± 3.1 72.1 ± 2.7 47.2 ± 2.1 65.1 ± 1.8

aData are expressed as Mean ± SE (three independent experiments).
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on its bottom lies Trp84 which is crucial for binding of both
the substrates to the inhibitors. Moreover, halfway up the
gorge is a narrow tunnel where some crucial amino acid
residues such as Phe330 and Tyr-334 stabilize the enzyme−
inhibitor complex. At the entrance of the gorge exists the PAS,
which is mainly built up by Trp279 and Tyr70 residues. The
docking interactions of compound 23e were studied in the
active site of the AChE of TcAChE, and then TcAChE was
humanized with hAChE to know the human sequence
interacting with compound 23e.
The interaction view of compound 23e with AChE is

represented in Figure 5A. As presented, compound 23e was
stacked well in the groove formed by Trp84, Trp279, and
Phe330 (hAChE: Trp86, Trp284, and Tyr337) amino acid
residues. It has orientation along the active site gorge similar to
the reference compound donepezil, extending from the active

site amino acid residue Trp84 to the peripheral site amino acid
residue Trp279. Ligand interactions with these two amino
acids are important to elicit a strong inhibitory effect by the
dual binding site inhibitors. The hydrophobic planar nature of
the tricyclic scaffold allows the creation of a more favorable
sandwich type π−π stacking with Trp84 and Phe330 (hAChE:
Trp86 and Tyr337). The −NH group of the indole ring
exhibited hydrogen bonding with Gly80 (hAChE: Gly82). The
−NH group at the third position of the triazine ring showed
hydrogen bonding with Ser122 (hAChE: Ser125). The
nitrogen atom of the pyrrolidine ring could be protonated at
physiological pH. The protonated nitrogen showed strong
cation−π interaction with Trp279 (hAChE Trp284). This
interaction is particularly important as Trp279 plays a
prominent role in deposition of beta-amyloid plaques.24

The binding mode of compound 23e with BuChE revealed
that it also occupied the large catalytic cavity of BuChE (Figure
5B). The aromatic ring of the tricyclic moiety was observed to
be interacting with Trp231 and Phe329 residues by π−π
stacking. π−Alkyl interaction was observed between the
aromatic ring of the scaffold and Leu286. Further, the −NH
group on the third position added stability to the ligand−
receptor complex by forming a hydrogen bond with Ser287.
Additionally, salt bridge between −NH of the pyrrolidine and
Asp70, and cation−π interaction between the nitrogen of

Figure 4. Protective effects of compound 23e, compound 23f, donepezil, and tacrine against H2O2 and Aβ1−42-induced cytotoxicity in SH-SY5Y
cells. Determination of the viability of SH-SY5Y cells by the MTT assay after treatment with (A) H2O2 (100 μM) and (B) Aβ1−42(25 μM) in the
absence or presence of the indicated concentrations of compounds 23e and 23f and the standard drugs. Data are expressed as mean ± SD of three
experiments, and each includes triplicate sets. #p < 0.05 vs control; **p < 0.01, ***p < 0.001 vs H2O2/Aβ1−42 alone.

Table 6. Permeability (Pe, 10
−6 cm s−1) of Compounds 23e

and 23f and Donepezil in the PAMPA-BBB Permeation
Assay with Their Predicted Penetration into the CNSa

compd Pe (10
−6 cm s−1) prediction

23e 11.3 ± 1.8 CNS+
23f 12.5 ± 1.2 CNS+
donepezil 14.3 ± 1.7 CNS+

aData are expressed as mean ± SEM of three independent
experiments.

Figure 5. Docking interactions of compound 23e in the active sites of (A) AChE and (B) BuChE.
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pyrrolidine and Trp82 provided stability to the ligand−
receptor complex.
Molecular Dynamics Simulations. In the molecular

docking studies, compound 23e exhibited very good
interactions within the active sites of the AChE and BuChE
enzymes. Thus, to confirm, validate, and understand the time
dependent interactions of the active compound 23e with the
AChE and BuChE enzymes and the stability of the ligand−
receptor complex, a molecular dynamics study was performed.
The binding stability of the ligand−receptor complex was

studied for a duration of 20 ns to check its time dependent
stability. In order to observe the binding stability of the
complex over a period of time, certain parameters like RMSD-
P, RMSF-P, and RMSD-L (P = protein; L = ligand) were
scrutinized to support the results of the docking study. The
initial pose of the ligand−receptor complex was considered as
the reference frame to calculate these values. The RMSD-P is
essentially studied to understand the level of movements of
various atoms/groups in the enzyme when the ligand is present
in the active site of the receptor. This provides insight into the

Figure 6. (A) RMSD-P and RMSD-L plots for AChE with 23e. (B) RMSF-P plot for AChE with 23e. (C) Ligand and receptor residue contact
diagram for AChE with 23e. (D) rGyr, MolSA, SASA, and PSA for 23e with AChE.
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structural conformations of the enzyme over a given period of
simulation. The RMSD-P for AChE in the ligand−receptor
complex was found to be in the range of 0.7−2.0 Å. This
finding explained that the presence of 23e in the active site of
the AChE has not prejudiced the stability of the protein
backbone all the way throughout the simulation period. To
recognize the stability of the ligand with respect to the receptor
and its active binding site, the RMSD-L of 23e was
determined. The “Lig fit” on Prot RMSD-L for ligand was

observed in the range of 0.8−3.2 Å. The “Lig fit Prot” is the
RMSD of a ligand when the protein−ligand complex is first
aligned on the reference protein backbone and then the RMSD
of the ligand heavy atoms is determined. Here, despite having a
large number of rotatable bonds in the ligand, the RMSD value
is not observed to be significantly higher than the protein
RMSD, suggesting that the compound 23e is stable within the
binding site and does not diffuse away from the active site
during the entire course of simulation period. Additionally, the

Figure 7. (A) RMSD-P and RMSD-L plots for BuChE with 23e. (B) RMSF-P plot for BuChE with 23e. (C) Ligand and receptor residue contact
diagram for BuChE with 23e. (D) rGyr, MolSA, SASA, and PSA for 23e with BuChE.
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Lig fit on Lig RMSD was calculated to comprehend the
internal fluctuation of the ligand atoms, and it was observed in
the acceptable range of 0.4−2.4 Å (Figure 6A).
The structural integrity of the receptor and the residual

mobility of the ligand were quantified in terms of RMSF-P
(Figure 6B). For all the residues, including the loop as well as
the terminal residues of the protein, with the compound 23e in
the active site, the RMSF-P was below 3.2 Å. The protein−
ligand stability interaction study was also performed over a
period of time to evaluate the interaction stability. In the
docking studies, the H-bond was observed between −NH of
the indole and −NH of the 3-amino group of compound 23e
with Gly80 and Ser122 (hAChE: Gly82 and Ser125) residues,
respectively. From the MD simulation study, it was established
that the two −NH groups of compound 23e formed H-bonds
with Gly80 and Ser122. These were observed to be stable over
54% and 91% of the simulation time with Gly80 and Ser122,
respectively. Further, the salt bridge between the protonated
pyrrolidine and Asp72 (hAChE: Asp74) was observed to be
stable for around 24% of the simulation time. All these H-bond
strengths were with H-bond distances of 2.5 Å or less and
donor angles of ≥120° and acceptor angles of ≥90°. The
cation−π interactions between the protonated pyrrolidine and
Trp279 and Tyr334 (hAChE: Trp284 and Tyr341) were also
found to be stable over 76% and 29% of the entire simulation
time, respectively. Further, strong hydrophobic interactions of
compound 23e with Trp-84, Trp-279, and Phe-330 played a
vital role in providing stability to the ligand−receptor complex
where all these hydrophobic interactions were observed for
more than 60% of the total simulation time (Figure 6C). The
other ligand parameters like radius of gyration (rGyr),
molecular surface area (MolSA), solvent-accessible surface
area (SASA), and polar surface area (PSA) were observed in
the acceptable range as shown in Figure 6D.

Similarly, the molecular dynamics study of compound 23e
with BuChE was also performed, and this also indicated good
stability of ligand−receptor complex. The RMSD-P was in the
range of 0.8−1.9 Å, whereas the RMSD-L “Lig fit” on Prot was
observed to be between 1.2 and 3.2 Å which was not
alarmingly higher than the RMSD-P. The “Lig fit” on the
ligand was observed in the 0.4−1.8 Å range (Figure 7A). The
protein fluctuation value RMSF-P was observed below 3.6 Å
(Figure 7B). The ligand−receptor interaction analysis
elucidated the stability of ligand−receptor complex by
supporting the H-bonding between −NH of the indole and
−NH at the third position of compound 23e with protein
residues Leu286 and Ser287, respectively. These were
observed to be stable over 34% and 87% of simulation time,
respectively. The protonated pyrrolidine formed a stable salt
bridge with Asp70 over 96% of the simulation time period. The
residues Trp82, Trp231, Leu286, Phe329, and Tyr332 were
positively contributing toward the stability of the complex by
hydrophobic interactions (Figure 7C). The other ligand
parameters like rGyr, MolSA, SASA, and PSA were also
observed in the acceptable range (Figure 7D). These
observations from the molecular dynamics study strongly
supported the observations made in the docking studies.

In Silico Prediction of Physicochemical and Pharmaco-
kinetics Parameters. On account of poor ADME (absorption,
distribution, metabolism, and excretion) properties, approx-
imately 4 drug candidates out of 10 fail in clinical trials. These
late-stage failures significantly contribute to the enhancement
of development cost for the drugs. Hence, we need to resort to
ADME predictions as a part of the drug development process
to have an idea of the ADME properties during clinical trials.70

Due to significant developments in the field of computational
chemistry in recent times, virtual prediction of ADME
properties becomes relatively easy and also reliable. For the
most active compounds 23e and 23f along with donepezil and

Table 7. Predicted ADMET Indicators of Compound 23e, Compound 23f, Donepezil, and Tacrinea

parameter limit 23e 23f donepezil tacrine

MW 130−725 338.455 352.481 379.498 198.267
HBA 2−20 5.5 5.5 5.5 2
HBD 0−6 2 2 0 1.5
NRB 0−8 8 8 6 1
QPlogPo/w −2 to 6.5 3.196 3.455 4.242 2.536
PSA 7 to 200 69.799 71.149 46.234 33.825
volume 500−2000 1180.047 1225.635 1248.451 701.299
ReFG 0−2 0 0 0 0
SASA 300 to 1000 679.568 701.805 681.675 425.06
rule of five (violation) 0−1 0 0 0 0
CNS 1 1 1 1
QPPMDCK 122.099 111.307 589.289 1602.036
QPlogBB −3 to 1.2 −0.628 −0.686 0.223 0.047
QPPCaco 249.594 229.114 1070.771 2965.755
QPlogKhSa −1.5 to 1.5 0.36 0.476 0.516 0.049
QPlogS −6.5 to 0.5 −4.034 −4.419 −4.059 −3.036
% HOA 0−100 88.567 89.416 100 100
#star 0−5 0 0 0 0

aMW, molecular weight; HBA, hydrogen-bond acceptor atoms; HBD, hydrogen-bond donor atoms; QPlogPo/w, predicted octanol/water partition
coefficient; PSA, polar surface area; ReFG, number of reactive functional groups; SASA, total solvent accessible surface area; CNS, predicted central
nervous system activity on a −2 (inactive) to +2 (active) scale; QPPMDCK, predicted apparent MDCK cell permeability in nm/s; QPPCaco, caco-
2 cell permeability in nm/s; QPlogBB, brain/blood partition coefficient; QPlogKhsa, binding to human serum albumin; QPlogS, predicted aqueous
solubility; % HOA, human oral absorption on 0−100% scale; #star: number of parameters with values that fall outside the 95% range of similar
values for known drugs.
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tacrine as reference drugs, pharmacokinetics profile indicators
like Lipinski’s parameter, QPlogPo/w, PSA, QPPMDCK,
QPlogBB, QPPCaco, and QPLogKhsa were predicted with
QikProp module (Table 7).71

According to Lipinski’s rule of five,72 most “druglike”
molecules have LogP ≤ 5, molecular weight ≤ 500, number of
hydrogen bond acceptors ≤ 10, and number of hydrogen bond
donors ≤ 5. According to this rule, poor absorption or
permeation is more likely when molecules violate more than
one of these rules. Compounds 23e and 23f do not break
Lipinski’s rule of five at all, predicting them to be promising
drug candidates. The number of rotatable bonds and
topological polar surface area (TPSA) are the two other
important parameters introduced by Veber and co-workers.73

Number of rotatable bonds is the simple topological parameter
for molecular flexibility. It has been shown to be a very good
descriptor for oral bioavailability of drugs. For oral
bioavailability, a molecule should have less than seven atoms
in linear chains outside the rings or eight rotatable bonds.
TPSA value is another key descriptor that was shown to equate
well with passive molecular diffusion through membranes and
therefore, allows prediction of drug absorption, including
intestinal absorption, bioavailability, and BBB penetration.74

The mean TPSA value for the marketed CNS drugs is 40.5 Å2

with a range of 4.63−108 Å2.75 Compounds 23e and 23f
possess eight rotatable bonds each and TPSA values of 69.8
and 71.2 Å2, respectively. QPCaco-2 is indicative of the oral

absorption of a drug. It assesses the apparent gut-blood barrier
permeability. Values above 500 predict high oral absorption
which is obtained for both the compound 23e and 23f.
Similarly, human oral absorption percent (% HOA) values also
support prediction of good oral bioavailability of the test
compounds. Brain/blood partition coefficient (QPlogBB), n-
octanol−water partition coefficient (QPlogPo/w), apparent
MDCK cell permeability (QPPMDCK), and CNS predict
the ability of a compound to cross the BBB, a mandatory
criterion for CNS active drugs. Typically, drugs which
penetrate the BBB through passive diffusion should have n-
octanol−water partition coefficient (logPo/w) values of ∼3.76
The QPPMDCK predicts the apparent MDCK cell perme-
ability in nanometers per second. MDCK (Madin-Darby
canine kidney) cell permeability is considered to be a good
mimic for the BBB.77 A value of QPPMDCK above 25 is
considered as good, and almost all the test ligands have shown
considerably high values. The test ligands are predicted to be
CNS active as they have a value of CNS as 1. The QPlogKhsa
value predicts the binding of CNS active drug with human
serum albumin. Compound 23e and 23f showed compliance
with the recommended values, indicating that these com-
pounds would have low serum albumin binding and the
unbound fraction would have access to the putative receptor
drug target. #star denotes the number of parameters with
values that fall outside the 95% range of similar values for
known drugs. A large number of #stars indicates that the

Figure 8.MWM test, ex vivo anticholinesterase and antioxidant activities, and neurotransmitter levels in scopolamine- induced amnesic brain. Data
are expressed as mean ± SEM (n = 7): ###p < 0.001, #p < 0.05 vs vehicle-treated control group; ***p < 0.001, **p < 0.01, vs scopolamine-treated
control group. C = vehicle-treated control group.
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molecule is less druglike than the molecule with few #stars.
Values of #star for compound 23e and 23f indicate their drug-
likeness. Additionally, a compound possessing a tertiary
nitrogen containing moiety, which is a common feature in
many CNS acting drugs, shows a higher degree of brain
permeation.75 Thus, it can be claimed that compounds 23e
and 23f are predicted to possess good pharmacokinetics
profile, which would enhance their biological significance.
Assessment of Cognitive Improvement in an Animal

Model of AD. Morris Water Maze (MWM) Test. To
determine the effect of compound 23e on cognitive improve-
ment, an animal model of scopolamine-induced amnesia in
rodents was adopted.78−80 Scopolamine blocks the cholinergic
pathway distinctly by antagonizing the muscarinic receptors,
offering a typical AD model to explore the role of cholinergic
system in cognition.
The Morris water maze learning test was utilized to assess

the hippocampal-dependent spatial learning ability of the
animals. This test assesses the reference or long-term memory
by observing the escape latency.81 During the last 5 days of the
treatment period, escape latency time (ELT) was recorded for
the animals of the experimental groups. The ELT was
significantly prolonged (Figure 8A) by scopolamine treatment
(1.4 mg/kg, ip). In the donepezil (5 mg/kg, po)-treated group,
ELT was considerably shortened as compared to the
scopolamine-treated control group. Compound 23e (5 and
10 mg/kg, po) significantly reduced ELT as compared to the
scopolamine-treated control group. This result revealed that
the animals retained the previous memory in the Morris water
maze test, showing spatial memory improvement.
Neurochemical Analysis. After completion of the MWM

test, the effects of scopolamine and compound 23e on
cholinesterase levels and oxidant stress parameters in brain
were assessed. Scopolamine treatment significantly increases
the cholinesterase levels in the brain. The effect of compound
23e on the brain cholinesterase levels was assessed in mice
using Ellman’s method. The inflated levels of AChE (Figure
8B) and BuChE (Figure 8C) were significantly attenuated by
compound 23e at a dose equivalent to that of donepezil.
Malondialdehyde (MDA), catalase (CAT), glutamate, and
glycine levels in the brain were assessed in order to further
perceive the antiamnesic effects of compound 23e. Estimation
of the lipid peroxidation products in the brain homogenate
samples was carried out by thiobarbituric acid reactive
substances (TBARS) assay, which estimates the MDA, a
byproduct of lipid peroxidation by measuring the absorbance

at 532 nm. The scopolamine-treated group showed elevated
MDA levels (Figure 8C) in comparison to the vehicle-treated
control group. Treatment of compound 23e to the amnesic
mice appreciably attenuated the increase in MDA levels in the
brain (Figure 8C) as compared to the scopolamine-treated
group. CAT is an important antioxidant defense system
responsible for the decomposition of hydrogen peroxide to
water and oxygen. Scopolamine treatment significantly reduced
the CAT levels (Figure 8D) in the brains of the treated animals
compared to the vehicle-treated control group animals.
However, treatment of the amnesic mice with compound
23e elevated the CAT levels considerably (Figure 8D). These
results revealed the antioxidant potential of the test compound
23e.
Disturbances in the balance between glutamate (excitatory

neurotransmitter) and glycine (inhibitory neurotransmitter)
system leads to the development of pathological features
observed in AD.82 Apart from the role in signal transmission
and plasticity, glutamate also takes part in the regulation of
survival or apoptosis induction of brain cells. This system is
counter balanced by glycine signaling to ensure normal brain
functioning by maintaining equilibrium between these
inhibitory and excitatory activities. Scopolamine-treated
group showed reduced levels of glycine (Figure 8F) compared
to the vehicle-treated control group. The reduced level of
glycine is also associated with impairment in the cognitive
functions.83,84 Treatment of the amnesic mice with compound
23e increased the glycine levels (Figure 8F) as compared to
the scopolamine-treated group. The elevated levels of glycine
could improve the NMDA receptor hypofunction which is
helpful in reviving cognitive function and memory. Further-
more, the scopolamine-treated group showed elevated levels of
glutamate (Figure 8G) compared to the vehicle-treated control
group. The elevated level of glutamate is alarming to the
neuronal cells.85,86 It causes the triggering of calcium-
dependent intracellular pathways, generating highly reactive
free radical species, and surging the oxidative stress which
ultimately leads to cell death.87 Treatment of the amnesic mice
with compound 23e decreased the glutamate levels (Figure
8G) as compared to the scopolamine-treated group. This
might provide protection against excitotoxicity induced by
elevated levels of glutamate.

Y-Maze Test. The animal model of Aβ1−42-induced AD in
rodents was used to assess the effect of compound 23e on
learning and memory. In this model, animals were subjected to
intracerebroventricular (icv) injection of Aβ1−42 in the

Figure 9. Compound 23e improved immediate working memory in rats which received icv injection of Aβ1−42 in the Y-maze test.
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hippocampal region of the brain. Impairment of the working
memory in the animals was assessed using the Y-maze test.59,88

The spontaneous alteration in the behavior of the animals was
considered to reflect short-term or spatial working memory. As
shown in Figure 9, spontaneous alternations in Aβ1−42-treated
rats were significantly lowered over the vehicle-treated control
rats. Donepezil, used as a reference standard, could
considerably increase spontaneous alternation behavior
compared to the Aβ1−42-treated group. Further, the lowered
spontaneous alternations induced by Aβ1−42 were significantly
reversed by compound 23e at both 5 mg/kg and 10 mg/kg
dose levels (Figure 9).
Results of these behavioral studies and neurochemical

analysis in scopolamine-induced amnesia and Aβ-induced AD
models revealed that compound 23e possessed the ability to
reverse the reference and working memory-deficit as well as
manage the oxidative stress-induced dementia.
Acute Toxicity Study. For the development of a NCE as a

drug, determination of its acute toxicity is considered to be an
important criterion. Acute toxicity of compound 23e, the most
promising candidate of the current study, was determined
according to OECD 423 guidelines.89 Wistar female rats were
dosed with compound 23e at a dose of 2000 mg/kg (n = 3 per
group) by oral administration. After administration of the
compound, the animals were monitored continuously for the
first 4 h for any abnormal behavior and mortality. Later on the
animals were intermittently observed for the next 24 h and
occasionally for 14 days for any sign of delayed effects. All the
animals survived in the duration of the study period and
appeared healthy in terms of fur sleekness, water and food
consumption, and body weight. On the 15th day, all the
animals were sacrificed for macroscopic examination of the
heart, liver, and kidneys for any damage. No damage was
observed in these organs. The results from the study showed
that rats treated with compound 23e did not produce any
acute toxicity or mortality immediately or during the post-
treatment period. Therefore, compound 23e can be considered
to be nontoxic and well tolerated at doses up to 2000 mg/kg.

■ CONCLUSION
Encouraged by the therapeutic potential of the MTDLs as anti-
AD agents, we intended to amalgamate two different activities,
cholinesterase inhibition and antioxidant activity, in a single
scaffold to enhance the potential of anti-AD drug therapy.
Combination of the indole ring and the 1,2,4-triazine nucleus
by a molecular hybridization approach resulted in a
triazinoindole scaffold. Incorporation of various substituents
in the triazinoindole scaffold resulted in a novel series of anti-
AD agents showing good in vitro cholinesterase inhibitory and
antioxidant activities. Among these compounds, the most
active compound 23e showed IC50 values of 0.56 μM for
AChE and 1.17 μM for BuChE (SI value of 2.09). Molecular
modeling studies indicated significant interactions between the
most potent compound 23e with PAS as well as CAS sites of
both the enzymes. Results from the docking studies were
further validated by time dependent molecular dynamics study.
Compound 23e displayed excellent neuroprotective activity
against H2O2 as well as Aβ-induced toxicity in SH-SY5Y cells
in a concentration dependent manner. Further, it did not show
any significant toxicity in neuronal SH-SY5Y cells in the
cytotoxicity assay. Compound 23e showed high permeability
in PAMPA-BBB assay. The overall ideology to develop
efficacious MTDLs is to have the proof of concept by

performing in vivo studies, which would provide relevance to
the results obtained in in vitro studies. Keeping in mind the
excellent in vitro profile of compound 23e, it was selected for
further in vivo evaluation of its anti-AD efficacy in animal
models. Compound 23e was able to successfully reverse the
cognitive impairment in both MWM and Y-Maze tests.
Restoration of CAT and MDA levels to their normal values
supports the antioxidant potential of compound 23e. Addi-
tionally compound 23e is endowed with the capability to
restore the memory deficit through increasing glycine levels
and decreasing glutamate levels in scopolamine-treated
animals. It did not show any acute toxicity in rats at a dose
of 2000 mg/kg. In addition, compound 23e was predicted in
silico to possess notable ADMET properties. Taken together,
these findings project compound 23e as a well-balanced
potential MTDL for further development as a novel anti-AD
drug.

■ METHODS
General. All of the commercial reagents and solvents required for

synthesis of the compounds were purchased from Spectrochem,
Sigma-Aldrich, S. d. fine chemicals, and Avra chemicals and were
purified by general laboratory techniques whenever needed. Reaction
monitoring was assessed by thin layer chromatography (TLC), using
silica gel precoated plates (60F254, Merck, 0.25 mm thickness) and
visualizing in ultraviolet (UV) light (λ = 254 nm) or in an iodine
chamber. Chromatographic purification was performed by flash
column chromatography with a Teledyne ISCO CombiFlash Rf
system using RediSep Rf columns. Yields reported here are
unoptimized. Melting points were determined in glass capillary
tubes using a silicon oil-bath type melting point apparatus (Veego) or
by differential scanning calorimetry (DSC) using a Shimadzu DSC-60
instrument, and melting points are uncorrected. The purity of the
compounds was accessed by HPLC, with all the compounds
exhibiting a ≥95% purity level. HPLC purity determination methods
are described in the Supporting Information. The IR spectra were
recorded on a Bruker ALPHA-T (Germany) FT-IR spectropho-
tometer for all the reported compounds and are consistent with the
assigned structures. 1H NMR and 13C NMR spectra were recorded on
a Bruker Advance-II 400 MHz spectrometer in CDCl3 or DMSO-d6
solvents. Chemical shifts (δ) are expressed in parts per million (ppm)
relative to the standard TMS, and the peak patterns are indicated as s
(singlet), d (doublet), t (triplet), m (multiplet), and br (broad signal).
Mass spectra were recorded using a Thermo Fisher mass spectrometer
with an EI ion source. Elemental analyses were performed on a
Thermo Fisher FLASH 2000 organic elemental analyzer. The
elemental compositions of the compounds were within ±0.4%
range of the calculated values. All the procedures performed on the
animals during this work were in accordance with CPCSEA
established guidelines and regulations and were reviewed and
approved by IAEC (Institutional Animal Ethics Committee)
(Approval No. MSU/IAEC/2016-17/1636).

Chemistry. 5H-[1,2,4]Triazino[5,6-b]indole-3-thiol (2). General
Procedure A. To a stirred suspension of isatin (1) (1 g, 6.5 mmol) in
aqueous potassium carbonate (1.34 g in 50 mL water) was added
thiosemicarbazide (592 mg, 6.5 mmol). The mixture was refluxed for
16 h. After cooling down to room temperature, the solution was
acidified with glacial acetic acid and left overnight. The obtained
precipitate was filtered and washed with a mixture of water/acetic acid
(24:1 v/v). The resulting solid was triturated with hot DMF, filtered,
and dried to yield compound 2 as a pale yellow solid. Yield 92%; mp
>350 °C (lit.90 mp > 350 °C); IR (KBr, cm−1): 3410, 3038, 1609,
1427, 1345, 1160; 1H NMR (CDCl3): δ 14.58 (br, 1H, −SH), 12.35
(br, 1H, −NH), 7.98 (d, 1H, ArH), 7.62−7.58 (m, 1H, ArH), 7.43 (d,
1H, ArH), 7.35−7.31 (m, 1H, ArH); MS (m/z): 203 (M + H)+; RP-
HPLC (method A) purity: 98.6%, tR = 3.58 min.

Synthesis of 3-Substituted Thio-5H-[1,2,4]triazino[5,6-b]indole
(3a−3l). General Procedure B. To a suspension of 5H-[1,2,4]-
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triazino[5,6-b]indole-3-thiol (2) (1g, 4.95 mmol) in DMF (20 mL),
potassium carbonate (1.02 g, 7.42 mmol) and alkyl/aryl-alkyl bromide
(4.95 mmol) were added. The reaction mixture was allowed to stir at
60 °C for 6−8 h. After completion of the reaction, the reaction
mixture was poured into crushed ice. The precipitated product so
formed was filtered, washed with water and recrystallized to yield the
titled compounds 3a−3l.
3-Methylthio-5H-[1,2,4]triazino[5,6-b]indole (3a). Greenish yel-

low solid; yield 69%; mp 306.73 °C (DSC); IR (KBr, cm−1): 3204,
3056, 2801, 1604, 1342, 1184; 1H NMR (DMSO-d6): δ 12.62 (br,
1H, −NH), 8.28 (d, 1H, ArH), 7.67−7.64 (m, 1H, ArH), 7.55 (d, 1H,
ArH), 7.42−7.39 (m, 1H, ArH), 2.66 (s, 3H, −CH3);

13C NMR
(DMSO-d6): δ 168.1, 147.2, 141.3, 140.8, 131.3, 122.9, 121.9, 118.2,
113.2, 13.9; MS (m/z): 216 (M)+; RP-HPLC (method A) purity:
99.5%, tR = 8.23 min.
3-Ethylthio-5H-[1,2,4]triazino[5,6-b]indole (3b). Yellow solid,

yield 69%; mp 287.45 °C (DSC); IR (KBr, cm−1): 3210, 3059,
2802, 1606, 1336, 1187; 1H NMR (DMSO-d6): δ 12.57 (br, 1H,
−NH), 8.28 (d, 1H, ArH), 7.68−7.64 (m, 1H, ArH), 7.55 (d, 1H,
ArH), 7.42−7.39 (m, 1H, ArH), 3.27 (q, J = 7.3 Hz, 2H, −SCH2),
1.43 (t, J = 7.3 Hz, 3H, −CH2CH3);

13C NMR (DMSO-d6): δ 167.7,
147.2, 141.3, 140.8, 131.3, 122.9, 121.9, 118.2, 113.2, 24.3, 15.1; MS
(m/z): 230 (M)+; RP-HPLC (method A) purity: 98.8%, tR = 5.92
min.
3-Isopropylthio-5H-[1,2,4]triazino[5,6-b]indole (3c). Light yellow

solid; yield 67%; mp 282.63 °C (DSC); IR (KBr, cm−1): 3200, 3058,
2865, 2800, 1603, 1339, 1182; 1H NMR (DMSO-d6): δ 12.53 (br,
1H, −NH), 8.28 (d, 1H, ArH), 7.66−7.62 (m, 1H, ArH), 7.54 (d, 1H,
ArH), 7.42−7.38 (m, 1H, ArH), 4.13−4.06 (m, 1H, −SCH), 1.47 (d,
6H, −CH3);

13C NMR (DMSO-d6): δ 167.8, 147.2, 141.3, 140.8,
131.3, 122.9, 121.9, 118.2, 113.2, 35.7, 23.3; MS (m/z): 244 (M)+;
RP-HPLC (method A) purity: 97.4%, tR = 4.72 min.
3-Butylthio-5H-[1,2,4]triazino[5,6-b]indole (3d). Light yellow

solid; yield 68%; mp 262.83 °C (DSC); IR (KBr, cm−1): 3209,
3057, 2867, 2800, 1606, 1336, 1187; 1H NMR (DMSO-d6): δ 12.57
(br, 1H, −NH), 8.27 (d, 1H, ArH), 7.66−7.62 (m, 1H, ArH), 7.54 (d,
1H, ArH), 7.41−7.37 (m, 1H, ArH), 3.27 (t, 2H, −SCH2), 1.80−1.72
(m, 2H, −SCH2CH2), 1.55−1.45 (m, 2H, −CH2CH3), 0.97 (t, 3H,
−CH2CH3);

13C NMR (DMSO-d6): δ 167.8, 147.2, 141.4, 140.7,
131.3, 122.9, 121.9, 118.2, 113.2, 31.4, 30.1, 22.0, 14.1; MS (m/z):
258 (M)+; RP-HPLC (method B) purity: 98.5%, tR = 13.32 min.
3-Benzylthio-5H-[1,2,4]triazino[5,6-b]indole (3e). Yellow solid;

yield 70%; mp 275.15 °C (DSC); IR (KBr, cm−1): 3203, 3055, 2930,
2797, 1600, 1338, 1180, 752; 1H NMR (DMSO-d6): δ 12.54 (br, 1H,
−NH), 8.29 (d, 1H, ArH), 7.67−7.63 (m, 1H, ArH), 7.56 (d, 1H,
ArH), 7.50 (d, 2H, ArH), 7.43−7.39 (m, 1H, ArH), 7.33−7.29 (m,
2H, ArH), 7.26−7.22 (m, 1H, ArH), 4.56 (s, 2H, −CH2);

13C NMR
(DMSO-d6): δ 167.2, 147.1, 141.6, 140.8, 138.1, 131.4, 129.6, 128.9,
127.7, 123.1, 122.0, 118.2, 113.2, 34.6; MS (m/z): 292 (M)+; RP-
HPLC (method B) purity: 99.2%, tR = 14.23 min.
3-(2-Methylbenzylthio)-5H-[1,2,4]triazino[5,6-b]indole (3f). Yel-

low solid; yield 66%; mp 254.96 °C (DSC); IR (KBr, cm−1): 3201,
3059, 2969, 2801, 1600, 1340, 1175, 771, 747; 1H NMR (DMSO-d6):
δ 12.53 (br, 1H, −NH), 8.27 (d, 1H, ArH), 7.66−7.61 (m, 1H, ArH),
7.53−7.51 (m, 1H, ArH), 7.47−7.45 (m, 1H, ArH), 7.41−7.37 (m,
1H, ArH), 7.19−7.10 (m, 3H, ArH), 4.54 (s, 2H, −SCH2), 2.42 (s,
3H, ArCH3); MS (m/z): 306.09 (M)+; RP-HPLC (method B) purity:
98.8%, tR = 20.89 min.
3-(3-Fluorobenzylthio)-5H-[1,2,4]triazino[5,6-b]indole (3g). Light

yellow solid; yield 71%; mp 262.80 °C; IR (KBr, cm−1): 3210, 3059,
2944, 2802, 1606, 1335, 1182, 884, 755; 1H NMR (DMSO-d6): δ
12.55 (br, 1H, −NH), 8.29 (d, 1H, ArH), 7.67−7.63 (m, 1H, ArH),
7.56 (d, 1H, ArH), 7.43−7.39 (m, 1H, ArH), 7.35−7.29 (m, 3H,
ArH), 7.03−6.98 (m, 1H, ArH), 4.57 (s, 2H, −SCH2);

13C NMR
(DMSO-d6): δ 166.9, 163.5, 161.6, 147.1, 141.7, 140.9, 131.5, 130.9,
125.7, 123.0, 122.0, 118.1, 116.4, 114.6, 113.3, 33.9; MS (m/z):
309.99 (M)+; RP-HPLC (method B) purity: 97.5%, tR = 16.89 min.
3-(4-Bromobenzylthio)-5H-[1,2,4]triazino[5,6-b]indole (3h). Yel-

low solid; yield 74%; mp 294.73 °C (DSC); IR (KBr, cm−1): 3203,
3054, 2965, 2798, 1603, 1340, 1180, 752; 1H NMR (DMSO-d6): δ

12.62 (br, 1H, −NH), 8.30 (d, 1H, ArH), 7.71−7.67 (m, 1H, ArH),
7.58 (d, 1H, ArH), 7.45−7.38 (m, 3H, ArH), 7.14−7.12 (m, 2H,
ArH), 4.51 (s, 2H, −SCH2), 2.26 (s, 3H, −CH3);

13C NMR (DMSO-
d6): δ 166.4, 146.6, 141.2, 140.3, 137.4, 131.2, 130.9, 122.5, 121.5,
120.2, 117.6, 112.7, 33.2; MS (m/z): 371 (M)+; RP-HPLC (method
B) purity: 98.3%, tR = 24.1 min.

3-(4-Cyanobenzylthio)-5H-[1,2,4]triazino[5,6-b]indole (3i).
Brownish solid; yield 76%; mp 288.48 °C (DSC); IR (KBr, cm−1):
3200, 3151, 2978, 2226, 1599, 1179, 743; 1H NMR (DMSO-d6): δ
12.62 (br, 1H, −NH), 8.29 (d, 1H, ArH), 7.78−7.66 (m, 5H, ArH),
7.57 (d, 1H, ArH), 7.44−7.40 (m, 1H, ArH), 4.63 (s, 2H, −SCH2);
13C NMR (DMSO-d6): δ 166.6, 147.1, 144.6, 141.8, 140.9, 132.8,
131.5, 130.6, 123.0, 122.0, 119.3, 118.0, 113.3, 110.3, 34.0; MS (m/
z): 317.09 (M)+; RP-HPLC (method B) purity: 99.8%, tR = 11.0 min.

3-(4-Methoxybenzylthio)-5H-[1,2,4]triazino[5,6-b]indole (3j).
Light yellow solid; yield 64%; mp 254.93 °C (DSC); IR (KBr,
cm−1): 3054, 2961, 2931, 2834, 1609, 1250, 1178, 753; 1H NMR
(DMSO-d6): δ 12.57 (br, 1H, −NH), 8.29 (d, 1H, ArH), 7.68−7.64
(m, 1H, ArH), 7.56 (d, 1H, ArH), 7.46−7.38 (m, 3H, ArH), 6.87−
6.82 (m, 2H, ArH), 4.50 (s, 2H, −SCH2), 3.73 (s, 3H, −OCH3); MS
(m/z): 322.09 (M)+; RP-HPLC (method B) purity: 98.4%, tR = 15.17
min.

3-(4-Methylbenzylthio)-5H-[1,2,4]triazino[5,6-b]indole (3k). Yel-
low solid; yield 72%; mp 290.38 °C (DSC); IR (KBr, cm−1): 3202,
3052, 2964, 2798, 1604, 1340, 1181, 751; 1H NMR (DMSO-d6): δ
12.62 (br, 1H, −NH), 8.30 (d, 1H, ArH),7.71−7.67 (m, 1H, ArH),
7.58 (d, 1H, ArH), 7.45−7.38 (m, 3H, ArH), 7.14−7.12 (m, 2H,
ArH), 4.51 (s, 2H, −SCH2), 2.26 (s, 3H, −CH3);

13C NMR (DMSO-
d6): δ 166.8, 146.6, 141.0, 140.3, 136.4, 134.3, 130.8, 128.9, 122.4,
121.4, 117.6, 112.7, 33.8, 20.7; MS (m/z): 306.19 (M)+; RP-HPLC
(method B) purity: 98.5%, tR = 20.69 min.

3-Phenethylthio-5H-[1,2,4]triazino[5,6-b]indole (3l). Yellow solid;
yield 74%; mp 246.05 °C (DSC); IR (KBr, cm−1): 3204, 3058, 2965,
2801, 1606, 1334, 1186, 751, 695; 1H NMR (DMSO-d6): δ 12.55 (br,
1H, −NH), 8.30 (d, 1H, ArH), 7.69−7.64 (m, 1H, ArH), 7.57 (d, 1H,
ArH), 7.44−7.40 (m, 1H, ArH), 7.36−7.30 (m, 4H, ArH), 7.26−7.20
(m, 1H, ArH), 3.53−3.49 (m, 2H, −SCH2CH2), 3.10−3.06 (m, 2H,
−SCH2CH2);

13C NMR (DMSO-d6): δ 167.5, 147.2, 141.4, 140.7,
131.3, 129.2, 128.9, 126.9, 122.9, 121.9, 118.2, 113.2, 35.5, 31.9; MS
(m/z): 306.19 (M)+; RP-HPLC (method B) purity: 98.3%, tR = 17.89
min.

Synthesis of 5-Substituted 5H-[1,2,4]Triazino[5,6-b]indole-3-
thiol Derivatives (5a−5k). Following General Procedure A, 5-
substituted 5H-[1,2,4]triazino[5,6-b]indole-3-thiol derivatives 5a−5k
were synthesized by condensation of N1-substituted isatins with
thiosemicarbazide. The obtained solids were recrystallized to yield the
titled compounds.

5-Methyl[1,2,4]triazino[5,6-b]indole-3-thiol (5a). Pale yellow
solid; yield 68%; mp 290.34 °C (DSC); IR (KBr, cm−1): 2975,
1601, 1566, 1362, 1139, 750; 1H NMR (DMSO-d6): δ 14.61 (bs, 1H,
−SH), 8.02 (d, 1H, ArH), 7.71−7.67 (m, 1H, ArH), 7.59 (d, 1H,
ArH), 7.41−7.37 (m, 1H, ArH), 3.70 (s, 3H,−CH3); MS (m/z):
217.20 (M + H)+; RP-HPLC (method A) purity: 99.8%, tR = 6.69
min.

5-Ethyl[1,2,4]triazino[5,6-b]indole-3-thiol (5b). Yellow solid; yield
73%; mp 304.17 °C (DSC); IR (KBr, cm−1): 2855, 1574, 1347, 1143,
743; 1H NMR (DMSO-d6): δ 14.61 (bs, 1H, −SH), 8.03 (d, 1H,
ArH), 7.71−7.63 (m, 2H, ArH), 7.41−7.37 (m, 1H, ArH), 4.27 (q, J
= 7.2 Hz, 2H, −NCH2CH3), 1.37 (t, J = 7.2 Hz, 3H, −NCH2CH3);
13C NMR (DMSO-d6): δ 179.0, 147.6, 143.2, 135.3, 131.8, 123.5,
121.8, 117.5, 111.6, 35.9, 12.9; MS (m/z): 231.10 (M + H)+; RP-
HPLC (method A) purity: 99.6%, tR = 4.50 min.

5-Isopropyl[1,2,4]triazino[5,6-b]indole-3-thiol (5c). Yellow solid;
yield 66%; mp 307.01 °C (DSC); IR (KBr, cm−1): 2941, 1602, 1559,
1349, 1146, 742; 1H NMR (DMSO-d6): δ 14.73 (bs, 1H, −SH), 8.05
(d, 1H, ArH), 7.80 (d, 1H, ArH), 7.70−7.65 (m, 1H, ArH), 7.41−
7.37 (m, 1H, ArH), 5.08−5.05 (m, 1H, −NCH), 1.60 (d, 6H, −CH3);
13C NMR (DMSO-d6): δ 178.8, 147.7, 142.6, 135.3, 131.7, 123.8,
121.9, 117.9, 112.9, 45.8, 19.5; MS (m/z): 245.20 (M + H)+; RP-
HPLC (method A) purity: 98.9%, tR = 9.74 min.
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5-Butyl[1,2,4]triazino[5,6-b]indole-3-thiol (5d). Yellow solid; yield
71%; mp 274.32 °C (DSC); IR (KBr, cm−1): 2925, 1603, 1561, 1330,
1137, 757; 1H NMR (DMSO-d6): δ 14.42 (bs, 1H, −SH), 7.86 (d,
1H, ArH), 7.53−7.52 (m, 2H, ArH), 7.24−7.20 (m, 1H, ArH), 4.01
(t, 2H, −NCH2), 1.59−1.53 (m, 2H, −NCH2CH2), 1.20−1.14 (m,
2H, −CH2CH3), 0.74 (t, 3H, −CH2CH3);

13C NMR (DMSO-d6): δ
179.0, 147.9, 143.6, 135.2, 131.8, 123.4, 121.8, 117.4, 111.8, 42.9,
29.6, 19.6, 13.7; MS (m/z): 259.20 (M + H)+; RP-HPLC (method B)
purity: 99.8%, tR = 14.49 min.
5-Benzyl[1,2,4]triazino[5,6-b]indole-3-thiol (5e). Light yellow

solid; yield 69%; mp 293.24 °C (DSC); IR (KBr, cm−1): 2841,
1599, 1569, 1163, 744; 1H NMR (DMSO-d6): δ 14.73 (bs, 1H,−SH),
8.02 (d, 1H, ArH), 7.60−7.56 (m, 1H, ArH), 7.43 (d, 1H, ArH),
7.38−7.25 (m, 6H, ArH), 5.47 (s, 2H, −NCH2);

13C NMR (DMSO-
d6): δ 179.3, 148.4, 143.3, 135.4, 131.8, 128.8, 127.8, 127.3, 123.7,
121.9, 117.6, 111.9, 44.0; MS (m/z): 291.68 (M)+; RP-HPLC
(method A) purity: 98.6%, tR = 6.46 min.
5-(2-Bromobenzyl)[1,2,4]triazino[5,6-b]indole-3-thiol (5f). Yel-

low solid; yield 84%; mp 298.92 °C (DSC); IR (KBr, cm−1): 2980,
2889, 1575, 1180, 748; 1H NMR (DMSO-d6): δ 14.72 (bs, 1H,
−SH), 8.09 (d, 1H, ArH), 7.72−7.70 (m, 1H, ArH), 7.63−7.59 (m,
1H, ArH), 7.43−7.39 (m, 1H, ArH), 7.35 (d, 1H, ArH), 7.27−7.22
(m, 2H, ArH), 6.93−6.91 (m, 1H, ArH), 5.45 (s, 2H, −NCH2); MS
(m/z): 370.09 (M)+, 372 (M + 2)+; RP-HPLC (method B) purity:
99.8%, tR = 17.49 min.
5-(3-Fluorobenzyl)[1,2,4]triazino[5,6-b]indole-3-thiol (5g). Yel-

low solid; yield 64%; mp 282.15 °C (DSC); IR (KBr, cm−1): 2925,
1597, 1571, 1349, 1146, 745; 1H NMR (DMSO-d6): δ 14.71 (bs, 1H,
−SH), 8.19 (s, 1H, ArH), 8.04 (d, 1H, ArH), 7.62−7.58 (m, 1H,
ArH), 7.46 (d, 1H, ArH), 7.40−7.33 (m, 1H, ArH), 7.19 (d, 2H,
ArH), 7.08−7.03 (m, 2H, ArH), 5.48 (s, 2H, −NCH2); MS (m/z):
311.20 (M + H)+; RP-HPLC (method A) purity: 95.7%, tR = 3.84
min.
5-(4-Chlorobenzyl)[1,2,4]triazino[5,6-b]indole-3-thiol (5h). Yel-

low solid; yield 76%; mp 300.43 °C (DSC); IR (KBr, cm−1): 2980,
2885, 1571, 1377, 1141, 754; 1H NMR (DMSO-d6): δ 14.69 (bs, 1H,
−SH), 8.04 (d, 1H, Ar−H), 7.63−7.59 (m, 1H, Ar−H), 7.48 (d, 1H,
Ar−H), 7.41−7.35 (m, 5H, Ar−H), 5.45 (s, 2H, −NCH2); MS (m/
z): 325.99 (M)+, 328 (M + 2)+; RP-HPLC (method B) purity: 98.3%,
tR = 13.65 min.
5-(4-tert-Butylbenzyl)[1,2,4]triazino[5,6-b]indole-3-thiol (5i). Yel-

low solid; yield 81%; mp 249.58 °C (DSC); IR (KBr, cm−1): 3236,
3145, 2970, 2900, 1606, 1465, 1334, 1140; 1H NMR (DMSO-d6): δ
12.46 (bs, 1H, −SH), 7.73−7.72 (m, 1H, ArH), 7.34−7.27 (m, 5H,
ArH), 7.12−7.08 (m, 1H, ArH), 7.02−7.00 (m, 1H, ArH), 4.91 (s,
2H, −NCH2), 1.26 (s, 9H, −CH3); MS (m/z): 350.09 (M + H)+;
RP-HPLC (method A) purity: 99.6%, tR = 4.31 min.
5-(4-Methoxybenzyl)[1,2,4]triazino[5,6-b]indole-3-thiol (5j). Yel-

low solid; yield 78%; mp >250 °C (decomposition); IR (KBr, cm−1):
2980, 1608, 1346, 1246, 759; 1H NMR (DMSO-d6): δ 14.63 (bs, 1H,
−SH), 7.57−7.53 (m, 2H, ArH), 7.34−7.32 (m, 2H, ArH), 7.12−7.08
(m, 1H, ArH), 6.98−6.96 (m, 1H, ArH), 6.88−6.86 (m, 2H, ArH),
4.84 (s, 2H, −NCH2), 3.73 (s, 3H, −OCH3); MS (m/z): 321.09
(M)+; RP-HPLC (method B) purity: 97.0%, tR = 18.95 min.
5-(4-Methylbenzyl)[1,2,4]triazino[5,6-b]indole-3-thiol (5k). Yel-

low solid; yield 72%; mp 292.88 °C (DSC); IR (KBr, cm−1): 2924,
1599, 1572, 1347, 1145, 752; 1H NMR (DMSO-d6): δ 14.69 (bs, 1H,
−SH), 8.03 (d, 1H, ArH), 7.61−7.57 (m, 1H, ArH), 7.45 (d, 1H,
ArH), 7.38−7.34 (m, 1H, ArH), 7.25 (d, 2H, ArH), 7.12 (d, 2H,
ArH), 5.41 (s, 2H, −NCH2), 2.27 (s, 3H, −CH3);

13C NMR
(DMSO-d6): δ 179.3, 148.3, 143.3, 137.1, 135.4, 132.4, 132.8, 129.3,
127.3, 123.7, 121.9, 117.6, 112.0, 43.9, 20.7; MS (m/z): 307.20 (M +
H)+; RP-HPLC (method A) purity: 99.3%, tR = 5.89 min.
3-(Methylsulfonyl)-5H-[1,2,4]triazino[5,6-b]indole (6). General

Procedure C. To a stirred solution of 3-(methythio)-5H-[1,2,4]-
triazino[5,6-b]indole (5a) (1 g, 4.62 mmol) in anhydrous methylene
chloride (20 mL) at 0 °C, mCPBA (80−85% tech solid, 1.79 g, 10.40
mmol) was added as a solid in small portions over a period of a few
minutes. The resulting reaction mixture was stirred at room
temperature with the exclusion of moisture for 24 h. The progress

of the reaction was monitored by TLC. After completion of the
reaction, the organic phase was washed several times with saturated
sodium bicarbonate solution and then with the brine solution. The
collected organic phase was dried over anhydrous magnesium sulfate,
filtered, and evaporated to give light yellowish solid. Yield 72%; mp
232−234 °C; IR (KBr, cm−1): 3447, 3307, 1621, 1591, 1297, 1090,
758; 1H NMR (DMSO-d6): δ 13.25 (bs, 1H, NH), 8.45 (d, 1H,
ArH), 7.77−7.81 (m, 1H, ArH), 7.68 (d, 1H, ArH), 7.49−7.53 (m,
1H, ArH), 3.50 (s, 3H, SO2CH3);MS (m/z): 249 [M + H]+.

Synthesis of N-Substituted 5H-[1,2,4]Triazino[5,6-b]indol-3-
amine Derivatives (7a−7j). General Procedure D. To 3-(methyl-
sulfonyl)-5H-[1,2,4]triazino[5,6-b]indole (6) (0.5 g, 2.014 mmol) in
THF (20 mL), an appropriate amine (10 mmol) was added and
refluxed on a water-bath for approximately 4 h. Progress of the
reaction was monitored by TLC. After completion of the reaction, the
reaction mixture was poured into ice cold water (20 mL). The
aqueous phase was extracted with ethyl acetate (3 × 30 mL), the
organic layer was combined and washed with sodium bicarbonate
solution (5%) and brine, and the collected organic layer was dried
over anhydrous sodium sulfate and evaporated to give a crude product
which was further purified by flash chromatography.

N-Propyl-5H-[1,2,4]triazino[5,6-b]indol-3-amine (7a). Yellow
solid; yield 70%; mp 252−253 °C; IR (KBr, cm−1): 3447, 3060,
2963, 1614, 1533, 1459, 1393, 749; 1H NMR (DMSO-d6): δ 11.73
(bs, 1H, NH), 8.07 (d, 1H, Ar−H), 7.44−7.22 (m, 3H, Ar−H, 1H,
−NH), 3.40−3.37 (m, 2H, −NHCH2), 1.69−1.64 (m, 2H,
−CH2CH3), 0.97 (t, 3H, −CH2CH3);

13C NMR (DMSO-d6): δ
161.7, 149.0, 139.5, 128.5, 121.9, 119.9, 119.7, 116.2, 112.3, 43.0,
22.6, 11.9; MS (m/z): 228.1 [M + H]+; RP-HPLC (method C)
purity: 96.1%, tR = 4.65 min.

N-Isobutyl-5H-[1,2,4]triazino[5,6-b]indol-3-amine (7b). Yellow
solid; yield 82%; mp 243−245 °C; IR (KBr, cm−1): 3429, 3069,
2960, 1609, 1524, 1467, 750; 1H NMR (DMSO-d6): δ 11.81 (bs, 1H,
NH), 8.08 (d, 1H, Ar−H), 7.45−7.25 (m, 3H, Ar−H), 3.24 (m, 2H,
−NHCH2), 2.02−1.95 (m, 1H, −CH), 0.94 (d, 6H, CH3);

13C NMR
(DMSO-d6): δ 161.7, 149.0, 139.5, 128.5, 121.9, 119.9, 119.7, 116.2,
112.3, 49.4, 28.1, 20.8; MS (m/z): 242.1 [M + H]+; RP-HPLC
(method C) purity: 96.7%, tR = 3.39 min.

N-Benzyl-5H-[1,2,4]triazino[5,6-b]indol-3-amine (7c). Yellow
solid; yield 81%; mp 294 °C (DSC); IR (KBr, cm−1): 3440, 3076,
2966, 1606, 1528, 694; 1H NMR (DMSO-d6): δ 11.79 (bs, 1H, NH),
8.08 (d, 1H, Ar−H), 7.45−7.18 (m, 8H, Ar−H), 4.67 (d, 2H,
−NHCH2);

13C NMR (DMSO-d6): δ 161.7, 148.9, 140.5, 139.6,
128.9, 128.7, 127.5, 127.2, 122.0, 120.0, 119.6, 116.2, 112.3, 44.4; MS
(m/z): 276.1 [M + H]+; RP-HPLC (method C) purity: 96.9%, tR =
7.32 min.

N-(4-Chlorobenzyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine (7d).
Yellow solid; yield 68%, mp 218−220 °C; IR (KBr, cm−1): 3414,
3062, 2921, 1620, 1592, 1092, 758; 1H NMR (DMSO-d6): δ 11.82
(bs, 1H, −NH), 8.07 (d, 1H, Ar−H), 7.46−7.24 (m, 7H, Ar−H, 1H,
−NH), 4.63 (d, 2H, −NHCH2);

13C NMR (DMSO-d6): δ 161.5,
149.0, 139.6, 139.0, 131.6, 129.3, 128.8, 128.7, 122.4, 120.1, 119.5,
116.0, 112.4, 43.9; MS (m/z): 310.1 [M + H]+; RP-HPLC (method
C) purity: 96.4%, tR = 5.94 min.

N-(4-Methoxybenzyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine
(7e). Yellow solid; yield 75%; mp 241−243 °C; IR (KBr, cm−1): 3371,
3058, 2961, 1610, 756; 1H NMR (DMSO-d6): δ 11.83 (bs, 1H,
−NH), 8.06 (d, 1H, Ar−H), 7.96 (bs, 1H, −NH), 7.46−7.24 (m, 5H,
Ar−H), 6.86−6.82 (m, 2H, Ar−H), 4.57 (d, 2H, −NHCH2), 3.73 (s,
3H, OCH3); MS (m/z): 306.1 [M + H]+; RP-HPLC (method C)
purity: 97.3%, tR = 4.11 min.

N-(3,4-Dimethoxybenzyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine
(7f). Yellow solid; yield 70%; mp 201−203 °C; IR (KBr, cm−1): 3374,
1615, 1518, 806; 1H NMR (DMSO-d6): δ 8.07 (d, 1H, Ar−H), 7.46−
6.82 (m, 6H, Ar−H, 1H, −NH), 4.57 (d, 2H, −NHCH2), 3.76 (s, 3H,
-OCH3), 3.74 (s, 3H, -OCH3);

13C NMR (DMSO-d6): δ 161.2,
149.1, 148.9, 148.2, 139.7, 132.9, 128.7, 122.0, 120.1, 119.7, 116.0,
112.4, 112.5, 111.9; MS (m/z): 336.1 [M + H]+; RP-HPLC (method
C) purity: 97.7%, tR = 3.63 min.
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N-(2-Picolyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine (7g). Brown-
ish yellow solid; yield 82%; mp 241−243 °C; IR (KBr, cm−1): 3396,
3069, 2972, 1615, 1562, 750; 1H NMR (DMSO-d6): δ 11.79 (bs, 1H,
−NH), 8.52 (d, 1H, Ar−H), 8.13−7.18 (m, 7H, Ar−H, 1H, −NH),
4.77 (d, 2H, −NHCH2);

13C NMR (DMSO-d6): δ 159.8, 149.3,
148.9, 139.6, 137.2, 137.1, 128.8, 122.5, 121.1, 120.9, 120.2, 119.5,
116.0, 112.4, 46.5; MS (m/z): 277.1 [M + H]+; RP-HPLC (method
C) purity: 98.3%, tR = 3.36 min.
N-((Furan-2-yl)methyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine

(7h). Yellow solid; yield 63%; mp 234−236 °C.IR (KBr, cm−1): 3406,
3118, 2967, 1615, 1559, 751; 1H NMR (DMSO-d6): δ 11.83 (bs, 1H,
−NH), 8.12−8.08 (m, 1H, Ar−H), 7.92−6.26 (m, 6H, Ar−H, 1H,
−NH), 4.64 (d, 2H, −NHCH2);

13C NMR (DMSO-d6): δ 155.8,
153.5, 148.9, 142.5, 139.7, 128.8, 122.1, 120.9, 120.2, 119.5, 116.0,
110.9, 107.3, 38.3; MS (m/z): 266.1 [M + H]+; RP-HPLC (method
C) purity: 98.0%, tR = 3.55 min.
N-(2-(Piperidin-1-yl)ethyl)-5H-[1,2,4]triazino[5,6-b]indol-3-

amine (7i). Yellow solid; yield 69%; mp 217−219 °C; IR (KBr,
cm−1): 3399, 3231, 3113, 1618, 1524, 1126, 1092, 754; 1H NMR
(DMSO-d6): δ 11.84 (bs, 1H, −NH), 8.07 (d, 1H, Ar−H), 7.46−7.24
(m, 3H, Ar−H, 1H, −NH), 3.52−3.50 (m, 2H, −NHCH2CH3),
2.55−2.52 (m, 2H, CH2), 2.43−2.40 (m, 4H, −NCH2), 1.55−1.51
(m, 4H, −CH2), 1.42−1.41 (m, 2H, −CH2);

13C NMR (DMSO-d6):
δ 155.8, 149.0, 139.5, 128.4, 122.0, 120.0, 119.7, 116.0, 112.3, 57.9,
54.6, 41.4, 26.0, 24.5; MS (m/z): 297.1 [M + H]+; RP-HPLC
(method D) purity: 98.5%, tR = 5.33 min.
N-(2-Morpholinoethyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine

(7j). Yellow solid, yield 68%; mp >270 °C; IR (KBr, cm−1): 3337,
3070, 2967, 1607, 1526, 1132, 757; 1H NMR (DMSO-d6): δ 11.74 (s,
1H, −NH), 8.08 (d, 1H, Ar−H), 7.45−7.03 (m, 3H, Ar−H, 1H,
−NH), 3.64−3.62 (m, 4H, -OCH2), 3.57−3.55 (m, 2H, −NHCH2),
2.62−2.59 (m, 2H, −NCH2), 2.49−2.47 (m, 4H, −NCH2);

13C
NMR (DMSO-d6): δ 161.7, 149.0, 139.5, 128.6, 122.0, 120.0, 119.6,
116.2, 112.4, 66.7, 57.7, 53.8, 38.3; MS (m/z): 299.2 [M + H]+; RP-
HPLC (method D) purity: 99.1%, tR = 4.55 min.
Synthesis of 5-substituted-3-(methylthio)-5H-[1,2,4]triazino[5,6-

b]indole derivatives (8a−8i). Following the General Procedure B, 5-
substituted 3-(methylthio)-5H-[1,2,4]triazino[5,6-b]indole deriva-
tives 8a−8i were synthesized by methylation of the respective thiol
derivatives 7 with methyl iodide.
5-Methyl-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]indole (8a).

Greenish yellow solid; yield 85%; mp 160−162 °C; IR (KBr,
cm−1): 3052, 3022, 2968, 2925, 1578, 1179, 1072, 762; MS (m/z):
231 [M + H]+.
5-Ethyl-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]indole (8b). Yel-

low solid; yield 82%; mp 148−150 °C; IR (KBr, cm−1): 3054, 2970,
2928, 2872, 1580, 1188, 1078, 749; MS (m/z): 245 [M + H]+.
5-Propyl-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]indole (8c).

Light yellow solid; yield 80%; mp 128−130 °C; IR (KBr, cm−1):
3053, 3026, 2966, 2924, 1575, 1190, 1073, 746; MS (m/z): 259 [M +
H]+.
5-Butyl-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]indole (8d). Light

yellow solid; yield 84%; mp 140−142 °C; IR (KBr, cm−1): 3054,
2953, 2925, 1578, 1187, 1075, 742; MS (m/z): 273 [M + H]+.
5-Benzyl-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]indole (8e). Yel-

low solid; yield 87%; mp 168−170 °C; IR (KBr, cm−1): 3058, 3028,
2955, 2923, 1578, 1186, 1074, 745, 694; MS (m/z): 307 [M + H]+.
5-(2-Methylbenzyl)-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]-

indole (8f). Light yellow solid; yield 82%; mp 161−163 °C; IR (KBr,
cm−1): 3059, 3029, 2974, 2924, 1574, 1181, 1073, 748; MS (m/z):
321 [M + H]+.
5-(4-Methylbenzyl)-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]-

indole (8g). Light yellow solid; yield 81%; mp 195−197 °C; IR (KBr,
cm−1): 3056, 2922, 1581, 1182, 1083, 749; MS (m/z): 321 [M + H]+.
5-(4-Chlorobenzyl)-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]-

indole (8h). Light yellow solid; yield 79%; mp 181−183 °C; IR (KBr,
cm−1): 3059, 3026, 2927, 1583, 1184, 1088, 748; MS (m/z): 341 [M
+ H]+.
5-(4-Fluorobenzyl)-3-(methylthio)-5H-[1,2,4]triazino[5,6-b]-

indole (8i). Light yellow solid; yield 85%; mp 176−178 °C; IR (KBr,
cm−1): 3055, 2924, 1581, 1185, 1078, 751; MS (m/z): 325 [M + H]+.

Synthesis of 5-Substituted 3-(Methylsulfonyl)-5H-[1,2,4]triazino-
[5,6-b]indole Derivatives (9a−9i). Following the General Procedure
C, 5-substituted-3-(methylsulfonyl)-5H-[1,2,4]triazino[5,6-b]indole
derivatives 9a−9i were synthesized by oxidation of respective
thiomethyl derivatives 8a−8i with mCPBA. The obtained product
was used in the next step without further purification.

Synthesis of 5-substituted-5H-[1,2,4]triazino[5,6-b]indol-3-
amine derivatives (10a−10j). Following the General Procedure D,
5-substituted-5H-[1,2,4]triazino[5,6-b]indol-3-amine derivatives
10a−10j were synthesized by reaction of respective sulfone
derivatives 9a−9f and 6 with aqueous ammonia. The obtained solids
were purified by flash chromatography to yield the titled compounds
10a−10j.

5-Methyl-5H-[1,2,4]triazino[5,6-b]indol-3-amine (10a). Light
brown solid; yield 64%; mp >270 °C; IR (KBr, cm−1): 3383, 3307,
3212, 1549,1106,770; 1H NMR (DMSO-d6): δ 8.09 (d, 1H, ArH),
7.60 (d, 1H, ArH), 7.54−7.50 (m, 1H, ArH), 7.35−7.31 (m, 1H,
ArH), 7.26 (bs, 2H, −NH2), 3.72 (s, 3H, −NCH3), MS (m/z): 200
[M + H]+; RP-HPLC (method C) purity: 95.2%, tR = 4.32 min.

5-Ethyl-5H-[1,2,4]triazino[5,6-b]indol-3-amine (10b). Brown
solid; yield 67%; mp >270 °C; IR (KBr, cm−1): 3384, 3308, 3211,
2937, 1549, 1019, 755; 1H NMR (DMSO-d6): δ 8.02 (d, 1H, ArH),
7.71−7.62 (m, 2H, ArH), 7.41−7.37 (m, 1H, ArH), 6.84 (bs, 2H,
−NH2), 4.30−4.24 (m, 2H, −NCH2CH3), 1.82−1.76 (m, 3H,
−NCH2CH3), MS (m/z): 214.2 [M + H]+; RP-HPLC (method C)
purity: 99.0%, tR = 4.68 min.

5-Propyl-5H-[1,2,4]triazino[5,6-b]indol-3-amine (10c). Greenish
yellow solid; yield 67%; mp 265−267 °C; IR (KBr, cm−1): 3384,3308,
3212, 2938, 1588, 1105, 755; 1H NMR (DMSO-d6): δ 8.11 (d, 1H,
ArH), 7.65 (d, 1H, ArH), 7.52−7.48 (m, 1H, ArH), 7.34−7.30 (m,
1H, ArH), 7.27 (bs, 2H, −NH2), 4.21 (t, 2H, −NCH2), 1.85−1.78
(m, 2H, −CH2CH3), 0.90 (t, 3H, −CH2CH3); MS (m/z): 229 [M +
H]+; RP-HPLC (method C) purity: 99.1%, tR = 4.88 min.

5-Butyl-5H-[1,2,4]triazino[5,6-b]indol-3-amine (10d). Light
brown solid; yield 70%; mp 208−210 °C; IR (KBr, cm−1): 3377,
3298, 3210, 2961, 1525, 1035, 741; 1H NMR (DMSO-d6): δ 8.10 (d,
1H, ArH), 7.52−7.51 (m, 2H, ArH), 7.31−7.27 (m, 1H, ArH), 6.90
(bs, 2H, −NH2), 4.22−4.19 (m, 2H, −NCH2), 1.81−1.74 (m, 2H,
−NCH2CH2), 1.36−1.30 (m, 2H, −CH2CH3), 0.92 (t, 3H,
−CH2CH3); MS (m/z): 242.3 [M + H]+; RP-HPLC (method C)
purity: 98.0%, tR = 5.65 min.

5-Benzyl-5H-[1,2,4]triazino[5,6-b]indol-3-amine (10e). Reddish
brown solid; yield 68%; mp 265−267 °C; IR (KBr, cm−1): 3396,
3329, 3029, 2929, 1542, 1030, 746; 1H NMR (DMSO-d6): δ 8.14−
7.93 (m, 1H, ArH), 7.49−7.22 (m, 8H, ArH), 5.45 (s, 2H, −NCH2);
MS (m/z): 276.2 [M + H]+; RP-HPLC (method C) purity: 99.1%, tR
= 8.92 min.

5-(2-Methylbenzyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine (10f).
Yellow solid; yield 71%; mp 253−254 °C; IR (KBr, cm−1): 3462,
3334, 3009, 2922, 1553, 1107, 744; 1H NMR (CDCl3): δ 8.40 (d, 1H,
ArH), 7.44−7.35 (m, 2H, ArH), 7.28−7.20 (m, 2H, ArH), 7.13 (d,
1H, ArH), 7.09−7.06 (m, 1H, ArH), 6.72 (d, 1H, ArH), 5.44 (bs, 2H,
−NH2), 5.21 (s, 2H, −NCH2), 2.44 (s, 3H, −CH3); MS (m/z): 290
[M + H]+; RP-HPLC (method C) purity: 95.9%, tR = 5.54 min.

5-(4-Methylbenzyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine
(10g). Yellow solid; yield 64%; mp 245−247 °C; IR (KBr, cm−1):
3471, 3271, 3057, 2963, 1536, 1098, 743; 1H NMR (DMSO-d6) δ
7.95−7.93 (m, 1H, ArH), 7.55−7.14 (m, 5H, ArH), 6.90−6.88 (m,
2H, ArH), 5.27 (s, 2H, −NCH2), 3.72 (s, 3H, −CH3); MS (m/z):
290.2 [M + H]+; RP-HPLC (method C) purity: 96.6%, tR = 5.73 min.

5-(4-Chlorobenzyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine (10h).
Light brown solid; yield 67%; mp 215−217 °C; IR (KBr, cm−1):
3417, 3298, 2925, 1540, 1039, 746; 1H NMR (CDCl3) δ 8.39 (d, 1H,
ArH), 7.47−7.43 (m, 1H, ArH), 7.39−7.26 (m, 6H, ArH), 5.47 (s,
2H, −NCH2), 5.16 (bs, 2H, −NH2);; MS (m/z): 310 [M + H]+; RP-
HPLC (method C) purity: 97.4%, tR = 5.99 min.

5-(3-Fluorobenzyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine (10i).
Brown solid; yield 59%; mp 230−232 °C; IR (KBr, cm−1): 3418,
3299, 2924, 1550, 1039, 748; 1H NMR (DMSO-d6): δ 7.96−7.94 (m,
1H, ArH), 7.55−7.46 (m, 4H, ArH), 7.32−7.30 (m, 1H, ArH), 7.18−
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7.16 (m, 2H, ArH), 5.33 (s, 2H, −NCH2); MS (m/z): 294 [M + H]+;
RP-HPLC (method C) purity: 97.4%, tR = 6.93 min.
5H-[1,2,4]Triazino[5,6-b]indol-3-amine (10j). Light brown solid;

yield 52%; mp >270 °C; IR (KBr, cm−1): 3383, 3307, 3212, 1558,
1021,755; 1H NMR (DMSO-d6) δ 8.30 (d, 1H, ArH), 7.67−7.63 (m,
1H, ArH), 7.56 (d, 1H, ArH), 7.43−7.39 (m, 1H, ArH), 6.90 (bs, 2H,
−NH2), MS (m/z): 186.09 [M + H]+; RP-HPLC (method C) purity:
98.7%, tR = 3.45 min.
General Procedure for the Synthesis of N-(Bromoalkyl)-

phthalimides (12−14). Phthalimide (1 g, 6.80 mmol), potassium
carbonate (3.76 g, 27.2 mmol), and benzyltriethylammonium chloride
(154 mg, 0.68 mmol) were suspended in acetone (50 mL).
Dibromoalkane (27.2 mmol) was added to the suspension and the
reaction mixture was stirred at room temperature for 24 h. The
solvent was evaporated under vacuum and the residue was dissolved
in water (50 mL) and dichloromethane (50 mL). The organic layer
was separated, and the aqueous solution was further extracted with
dichloromethane (50 mL × 2). The combined organic solution was
dried over sodium sulfate, filtered, and concentrated. The crude
product was purified by column chromatography to provide N-
(bromoalkyl)phthalimides as colorless solids. Melting point data for
12−14 were in accordance with the literature values.91

N-(Bromobutyl)phthalimides (12). White solid; yield 95%, mp
75−78 °C; IR (KBr, cm−1): 2988, 2862, 1768, 1712, 1610, 717.
N-(Bromopentyl)phthalimides (13). White solid; yield 96%, mp

61−63 °C; IR (KBr, cm−1): 2932, 2862, 1769, 1710, 1613, 717.
N-(Bromohexyl)phthalimides (14). White solid; yield 94%, mp

57−59 °C; IR (KBr, cm−1): 2983, 2927, 2860, 1764, 1704, 1610, 720.
Gene ra l P r o c edu r e f o r t h e S yn the s i s o f N ,N -

(Disubstitutedamino)alkylamines (18a−20h). To a solution of N-
(bromoalkyl)phthalimide (4 mmol) in methanol (50 mL), secondary
amines (4.8 mmol) and triethylamine (0.7 mL, 4.8 mmol) were
added. The reaction mixture was refluxed overnight. After completion
of the reaction, the solvent was removed under reduced pressure. The
residue was dissolved in chloroform and washed with water and brine.
The collected organic layer was dried over magnesium sulfate, filtered,
and evaporated under reduced pressure to give yellowish brown oils
which were used in next step without further purification. The
phthalimides thus obtained were dissolved in methanol, and hydrazine
monohydrate (0.8 mL, 16 mmol) was added dropwise. The mixture
was refluxed for about 4 h. The reaction mixture was cooled to room
temperature, the insoluble phthalhydrazide was filtered off, and the
filtrate was evaporated under reduced pressure. The obtained oil was
dissolved in chloroform and filtered to remove some more
phthalhydrazide (this procedure was repeated until complete
disappearance of phthalhydrazide was observed). The filtrate was
concentrated to give pure product as viscous yellowish oil which was
used as such without further purification.
Synthesis of N-Substituted 5H-[1,2,4]Triazino[5,6-b]indol-3-

amine derivatives (21a−23h). Following the General Procedure
D, N-substituted 5H-[1,2,4]triazino[5,6-b]indol-3-amine derivatives
21a−23h were synthesized by reacting compound 6 with the
respective amines 18a−20h. The obtained solids were purified by
flash chromatography to yield the titled compounds 21a−23h.
N-(4-(Dimethylamino)butyl)-5H-[1,2,4]triazino[5,6-b]indol-3-

amine (21a). Yellow solid; yield 67%; mp 161−163 °C; IR (KBr,
cm−1): 3443, 3327, 3048, 2944, 1615, 1463, 1393, 742; 1H NMR
(DMSO-d6): δ 11.75 (bs, 1H, NH), 8.09−8.07 (m, 1H, ArH), 7.46−
7.39 (m, 2H, ArH), 7.27−7.23 (m, 1H, ArH), 3.50−3.49 (m, 2H,
−NHCH2), 2.80−2.78 (m, 2H, −NCH2), 2.563 (s, 6H, −NCH3),
1.80−1.82 (m, 2H, −NHCH2CH2), 1.68−1.75 (m, 2H, −CH2);

13C
NMR (DMSO-d6): δ 155.9, 149.0, 139.6, 128.6, 122.1, 120.03, 119.6,
116.1, 112.4, 56.9, 46.1, 42.6, 26.3, 26.2; MS (m/z): 285.1 [M + H]+;
RP-HPLC (method D) purity: 98.1%, tR = 3.45 min.
N-(4-(Diethylamino)butyl)-5H-[1,2,4]triazino[5,6-b]indol-3-

amine (21b). Yellow solid; yield 69%; mp 190−192 °C; IR (KBr,
cm−1): 3442, 3336, 2966, 1616, 1461, 1391, 748; 1H NMR (CDCl3):
δ 8.24 (d, 1H, ArH), 7.48−7.44 (m, 1H, ArH), 7.36 (d, 1H, ArH),
7.33−7.29 (m, 1H, ArH),6.04 (bs, 1H, −NH), 3.55−3.50 (m, 2H,
−NHCH2), 2.51−2.42 (m, 6H, −NCH2), 1.74−1.54 (m, 4H,

−CH2CH2), 1.05 (t, 6H, CH3); MS (m/z): 313.3 [M + H]+; RP-
HPLC (method D) purity: 97.4%, tR = 3.43 min.

N-(4-(Dipropylamino)butyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (21c). Yellow solid; yield 69%; mp 198−200 °C; IR (KBr,
cm−1): 3444, 3333, 3003, 2956, 1615, 1461, 1390, 746; 1H NMR
(DMSO-d6): δ 11.72 (bs, 1H, NH), 8.06 (d, 1H, ArH), 7.44−7.36
(m, 2H, ArH), 7.26−7.22 (m, 1H, ArH), 2.55−2.54 (m, 2H,
−NHCH2), 2.41−2.38 (m, 2H, −NCH2), 2.32 (t, 4H, −NCH2),
1.66−1.62 (m, 2H, −NHCH2CH2), 1.51−1.48 (m, 2H, −CH2),
1.44−1.35 (m, 4H, −CH2CH3), 0.84 (t, J = 7.3 Hz, 6H, −CH3);

13C
NMR (DMSO-d6): δ 155.8, 149.1, 139.5, 128.5, 121.9, 119.9, 119.7,
116.2, 112.3, 56.0, 53.8, 41.1, 27.3, 24.8, 20., 12.3; MS (m/z): 341.1
[M + H]+; RP-HPLC (method D) purity: 97.6%, tR = 3.72 min.

N-(4-(Dibutylamino)butyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (21d). Yellow solid; yield 64%; mp 180−182 °C; IR (KBr,
cm−1): 3442, 3222, 3003, 2955, 1614, 1460, 1388, 743; 1H NMR
(CDCl3): δ 8.25 (d, 1H, ArH), 7.48−7.44 (m, 1H, ArH), 7.39 (d, 1H,
ArH), 7.33−7.29 (m, 1H, ArH), 5.89 (bs, 1H, NH), 3.55−3.50 (m,
2H, −NHCH2), 2.54−2.50 (m, 2H, −NCH2), 2.48−2.40 (m, 4H,
−NCH2), 1.73−1.66 (m, 2H, −NHCH2CH2), 1.63−1.56 (m, 2H,
−NCH2CH2), 1.47−1.40 (m, 4H, −NCH2CH2), 1.33−1.24 (m, 4H,
−CH2CH3), 0.89 (t, 6H, −CH3);

13C NMR (DMSO-d6): δ155.9,
149.1, 139.5, 128.4, 121.9, 119.9, 119.7, 116.2, 112.3, 53.6, 53.8, 41.1,
29.4, 27.3, 24.8, 20.5, 14.3; MS (m/z): 369.2 [M + H]+; RP-HPLC
(method D) purity: 96.2%, tR = 3.51 min.

N-(4-(Pyrrolidin-1-yl)butyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (21e). Yellow solid; yield 71%; mp 220−222 °C; IR (KBr,
cm−1): 3434, 3219, 3000, 2934, 1617, 1459, 1382, 745; 1H NMR
(DMSO-d6): δ 8.06 (d, 1H, ArH), 7.44−7.36 (m, 2H, ArH), 7.26−
7.22 (m, 1H, ArH), 3.41−3.34 (m, 2H, −NHCH2), 2.47−2.43 (m,
6H, −NCH2), 1.71−1.64 (m, 6H, −NCH2CH2), 1.59−1.54 (m, 2H,
CH2); MS (m/z): 311.3 [M + H]+; RP-HPLC (method D) purity:
97.6%, tR = 3.42 min.

N-(4-(Piperidin-1-yl)butyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (21f). Yellow solid; yield 66%; mp 199−201 °C; IR (KBr,
cm−1): 3445, 3326, 3061, 2933, 1660, 1460, 1393, 748; 1H NMR
(DMSO-d6): δ 11.74 (bs, 1H, NH), 8.06 (d, 1H, ArH), 7.44−7.22
(m, 3H, ArH), 3.41−3.40 (m, 2H, −NHCH2), 2.32−2.26 (m, 6H,
−NCH2), 1.66−1.59 (m, 2H, −NHCH2CH2), 1.58−1.49 (m, 6H,
−NCH2CH2), 1.40−1.39 (m, 2H, −CH2);

13C NMR (DMSO-d6): δ
155.78, 149.05, 139.54, 128.44, 121.9, 119.9, 119.7, 116.1, 112.3, 58.8,
54.5, 41.2, 27.4, 26.0, 24.7, 24.4; MS (m/z): 325.1 [M + H]+; RP-
HPLC (method D) purity: 98.2%, tR = 3.43 min.

N-(4-Morpholinobutyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine
(21g). Yellow solid; yield, 63%; mp 191−193 °C; IR (KBr, cm−1):
3430, 3222, 3007, 2944, 1612, 1457, 1387, 747; 1H NMR (DMSO-
d6): δ 11.63 (bs, 1H, NH), 8.07 (d, 1H, ArH), 7.447.36 (m, 2H,
ArH), 7.26−7.22 (m, 1H, ArH), 3.65−3.62 (m, 4H, -OCH2), 3.46−
3.44 (m, 2H, −NHCH2), 2.39−2.32 (m, 6H, −NCH2), 1.71−1.62
(m, 2H, −CH2), 1.71−1.54 (m, 4H, −CH2);

13C NMR (DMSO-d6):
δ155.8, 149.1, 139.5, 128.5, 121.9, 119.9, 119.7, 116.2, 112.3, 66.7,
58.5, 53.8, 41.1, 27.2, 24.0; MS (m/z): 327.3 [M + H]+; RP-HPLC
(method D) purity: 97.2%, tR = 3.49 min.

N-(4-(4-Methylpiperazin-1-yl)butyl)-5H-[1,2,4]triazino[5,6-b]-
indol-3-amine (21h). Yellow solid; yield 65%; mp 175−177 °C; IR
(KBr, cm−1): 3425, 3222, 3052, 2935, 1615, 1457, 1389, 741; 1H
NMR (DMSO-d6): δ 11.68 (bs, 1H, −NH), 8.03 (d, 1H, ArH), 7.41−
7.32 (m, 2H, ArH), 7.23−7.19 (m, 1H, ArH), 3.39−3.38 (m, 2H,
−NHCH2), 2.31−2.27 (m, 10H, −NCH2), 2.15 (s, 3H, −NCH3),
1.64−1.59 (m, 2H, −NHCH2CH2), 1.55−1.48 (m, 2H, −CH2);

13C
NMR (DMSO-d6): δ 155.9, 149.1, 139.6, 128.5, 121.9, 119.9, 119.7,
116.2, 112.3, 58.0, 55.2, 53.2, 46.2, 41.2, 27.2, 24.4; MS (m/z): 340.3
[M + H]+; RP-HPLC (method D) purity: 99.5%, tR = 3.45 min.

N-(5-(Dimethylamino)pentyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (22a). Yellow solid; yield 62%; mp 198−200 °C; IR (KBr,
cm−1): 3222, 3111, 3007, 2945, 1612, 1457, 748; 1H NMR (DMSO-
d6): δ 8.10−8.05 (m, 1H, ArH), 7.44−7.35 (m, 2H, ArH), 7.26−7.21
(m, 1H, ArH), 3.35−3.30 (m, 2H, −NHCH2), 2.20 (t, 2H, −NCH2),
2.135 (s, 6H, −NCH3), 1.68−1.60 (m, 2H, −NHCH2CH2), 1.46−
1.34 (m, 4H, −CH2);

13C NMR (DMSO-d6): δ 155.9, 149.0, 139.5,
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128.4, 121.9, 119.9, 119.7, 116.2, 112.3, 59.6, 45.7, 41.2, 29.2, 27.4,
24.9; MS (m/z): 299.3 [M + H]+; RP-HPLC (method D) purity:
97.8%, tR = 3.20 min.
N-(5-(Diethylamino)pentyl)-5H-[1,2,4]triazino[5,6-b]indol-3-

amine (22b). Yellow solid; yield 70%; mp 191−193 °C; IR (KBr,
cm−1): 3442, 3333, 3059, 2967, 1615, 1460, 1370, 745; 1H NMR
(DMSO-d6): δ 11.62 (bs, 1H, NH), 8.06−8.02 (m, 1H, ArH), 7.37−
7.32 (m, 2H, ArH), 7.23−7.19 (m, 1H, ArH), 3.36−3.29 (m, 2H,
−NHCH2), 2.44−2.39 (m, 4H, −NCH2), 2.34 (t, 2H, −NCH2),
1.63−1.57 (m, 2H, −NHCH2CH2), 1.41−1.30 (m, 4H, −CH2), 0.92
(t, 6H, −CH3);

13C NMR (DMSO-d6): δ 155.9, 149.0, 139.5, 128.4,
121.9, 119.9, 119.7, 116.2, 112.3, 52.7, 46.7, 41.2, 29.3, 26.9, 24.9,
12.2; MS (m/z): 327.1 [M + H]+; RP-HPLC (method D) purity:
98.40%, tR = 4.18 min.
N-(5-(Dipropylamino)pentyl)-5H-[1,2,4]triazino[5,6-b]indol-3-

amine (22c). Yellow solid; yield 66%; mp 200−202 °C; IR (KBr,
cm−1): 3443, 3329, 3057, 2956, 1614, 1461, 1390, 747; 1H NMR
(CDCl3): δ 8.25 (d, 1H, ArH), 7.49−7.45 (m, 1H, ArH), 7.37 (d, 1H,
ArH), 7.33−7.30 (m, 1H, ArH), 5.54 (bs, 1H, −NH), 3.54−3.49 (m,
2H, −NHCH2), 2.47−2.38 (m, 6H, −NCH2), 1.71−1.66 (m, 2H,
−NHCH2CH2), 1.55−1.39 (m, 8H, −CH2), 0.86 (t, 6H, −CH3);

13C
NMR (DMSO-d6): δ 155.9, 149.1, 139.6, 128.4, 121.9, 119.9, 119.7,
116.2, 112.3, 56.1 53.9, 41.1, 29.2, 27.1, 24.9, 20.4, 12.2; MS (m/z):
355.3 [M + H]+; RP-HPLC (method D) purity: 99.2%, tR = 5.0 min.
N-(5-(Dibutylamino)pentyl)-5H-[1,2,4]triazino[5,6-b]indol-3-

amine (22d). Yellow solid; yield 72%; mp 184−186 °C; IR (KBr,
cm−1): 3444, 3332, 3059, 2931, 1614, 1460, 1390, 746; 1H NMR
(CDCl3): δ 8.18 (d, 1H, ArH), 7.41−7.37 (m, 1H, ArH), 7.31−7.29
(m, 1H, ArH), 7.25−7.22 (m, 1H, ArH), 5.54 (bs, 1H, −NH), 3.40−
3.36 (m, 2H, −NHCH2), 2.41−2.36 (m, 6H, −NCH2), 1.63−1.54
(m, 2H, −NHCH2CH2), 1.48−1.44 (m, 2H, −CH2), 1.39−1.33 (m,
6H, −NCH2CH2), 1.25−1.20 (m, 4H, −CH2), 0.82 (t, 7.3 Hz, 6H,
−CH3);

13C NMR (DMSO-d6): δ 155.8, 149.0, 139.5, 128.4, 121.9,
119.9, 119.7, 116.1, 112.3, 53.9, 53.6, 41.2, 29.4, 29.2, 27.0, 24.9, 20.5,
14.4; MS (m/z): 383.2 [M + H]+; RP-HPLC (method D) purity:
98.8%, tR = 3.07 min.
N-(5-(Pyrrolidin-1-yl)pentyl)-5H-[1,2,4]triazino[5,6-b]indol-3-

amine (22e). Yellow solid; yield 73%; mp 191−193 °C; IR (KBr,
cm−1): 3459, 3306, 3059, 2937, 1615, 1456, 1383, 743; 1H NMR
(DMSO-d6): δ 11.66 (bs, 1H, −NH), 8.06−8.02 (m, 1H, ArH),
7.37−7.32 (m, 2H, ArH), 7.22−7.18 (m, 1H, ArH), 3.38−3.37 (m,
2H, −NHCH2), 2.39−2.34 (m, 6H, NCH2), 1.68−1.57 (m, 6H,
−NCH2CH2), 1.51−1.44 (m, 2H, −CH2), 1.41−1.34 (m, 2H,
−CH2);

13C NMR (DMSO-d6): δ 155.8, 149.1, 139.5, 128.5, 121.9,
119.7, 119.6, 116.2, 112.2, 53.2, 54.1, 41.1, 29.3, 28.7, 25.0, 23.5; MS
(m/z): 325.4 [M + H]+; RP-HPLC (method D) purity: 98.3%, tR =
2.84 min.
N-(5-(Piperidin-1-yl)pentyl)-5H-[1,2,4]triazino[5,6-b]indol-3-

amine (22f). Yellow solid; yield 63%; mp 196−198 °C; IR (KBr,
cm−1): 3423, 3223, 3007, 2935, 1614, 1455, 1383, 741; 1H NMR
(DMSO-d6): δ 11.58 (bs, 1H, −NH), 8.04 (d, 1H, ArH), 7.43−7.39
(m, 1H, ArH), 7.35 (d, 1H, ArH), 7.25−7.21 (m, 1H, ArH), 3.41−
3.40 (m, 2H, −NHCH2), 2.27−2.18 (m, 6H, −NCH2), 1.64−1.59
(m, 2H, −NHCH2CH2), 1.49−1.41 (m, 6H, −NCH2CH2), 1.37−
1.34 (m, 4H, −CH2);

13C NMR (DMSO-d6): δ 155.9, 149.1, 139.6,
128.5, 121.9, 119.9, 119.7, 116.2, 112.3, 59.2, 54.6, 41.2, 29.3, 26.7,
26.1, 25.0, 24.7; MS (m/z): 339.3 [M + H]+; RP-HPLC (method D)
purity: 96.8%, tR = 5.43 min.
N-(5-Morpholinopentyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine

(22g). Yellow solid; yield 62%; mp 199−201 °C; IR (KBr, cm−1):
3426, 3222, 3050, 2925, 1613, 1455, 1384, 749; 1H NMR (DMSO-
d6): δ 11.41 (bs, 1H, −NH), 8.03 (d, 1H, ArH), 7.40−7.32 (m, 2H,
ArH) 7.22−7.18 (m, 1H, ArH), 3.56−3.54 (m, 4H, −OCH2), 3.39−
3.37 (m, 2H, NHCH2), 2.32−2.29 (m, 4H, −NCH2), 2.27−2.24 (m,
2H, −NCH2), 1.65−1.58 (m, 2H, −NHCH2CH2), 1.50−1.43 (m,
2H, −CH2), 1.40−1.32 (m, 2H, −CH2);

13C NMR (DMSO-d6): δ
155.8, 149.1, 139.5, 128.4, 122.0, 119.9, 119.7, 116.1, 112.3, 66.7,
58.8, 53.9, 41.1, 29.2, 26.2, 24.9; MS (m/z): 341.1 [M + H]+; RP-
HPLC (method D) purity: 98.5%, tR = 3.20 min.

N-(5-(4-Methylpiperazin-1-yl)pentyl)-5H-[1,2,4]triazino[5,6-b]-
indol-3-amine (22h). Yellow solid; yield 68%; mp 162−164 °C; IR
(KBr, cm−1): 3439, 3234, 3061, 2931, 1614, 1460, 1389, 745; 1H
NMR (CDCl3): δ 9.76 (bs, 1H, −NH), 8.25 (d, 1H, ArH), 7.49−7.44
(m, 2H, ArH), 7.37−7.31 (m, 1H, ArH), 5.57 (bs, 1H, −NH), 3.53−
3.47 (m, 2H, −NHCH2), 2.60−2.42 (m, 6H, −NCH2), 2.39−2.35
(m, 4H, −NCH2), 2.29 (s, 3H, −NCH3), 1.72−1.65 (m, 2H,
−NHCH2CH2), 1.62−1.53 (m, 2H, −NCH2CH2), 1.46−1.37 (m,
2H, −CH2);

13C NMR (DMSO-d6): δ 155.6, 149.1, 139.7, 128.5,
121.9, 119.9, 119.3, 116.2, 112.3, 58.4, 55.2, 53.2, 46.2, 41.1, 29.2,
26.6, 24.9; MS (m/z): 354.3 [M + H]+; RP-HPLC (method D)
purity: 98.4%, tR = 3.13 min.

N-(6-(Dimethylamino)hexyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (23a). Yellow solid; yield 69%; mp 180−182 °C; IR (KBr,
cm−1): 3321, 3223, 3058, 2937, 1615, 1462, 1386, 744; 1H NMR
(DMSO-d6) δ 11.76 (bs, 1H, −NH), 8.06 (d, 1H, ArH), 7.43−7.36
(m, 2H, ArH), 7.27−7.25 (m, 1H, ArH), 3.39−3.32 (m, 2H,
−NHCH2), 2.19 (t, 2H, −NCH2), 2.11 (s, 6H, −NCH3), 1.62−1.61
(m, 2H, −NHCH2CH2), 1.43−1.32 (m, 6H, −CH2);

13C NMR
(DMSO-d6): δ 155.7, 149.1, 139.5, 128.4, 121.9, 119.9, 119.7, 116.1,
112.3, 59.6, 45.6, 41.1, 29.3, 27.5, 27.1, 26.9; MS (m/z): 313.1 [M +
H]+; RP-HPLC (method D) purity: 99.8%, tR = 3.52 min.

N-(6-(Diethylamino)hexyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (23b). Yellow solid; yield 71%; mp 170−172 °C; IR (KBr,
cm−1): 3443, 3333, 3060, 2929, 1614, 1461, 1374, 747; 1H NMR
(CDCl3): δ 8.25 (d, 1H, ArH), 7.47−7.35 (m, 3H, ArH), 5.75 (bs,
1H, −NH), 3.50−3.43 (m, 2H, −NHCH2), 2.65−2.59 (m, 4H,
−NCH2), 2.52−2.48 (m, 2H, NCH2), 1.71−1.60 (m, 4H, −CH2),
1.46−1.37 (m, 4H, −CH2), 1.07−1.03 (m, 6H, −CH3);

13C NMR
(DMSO-d6): δ 155.9, 149.1, 139.6, 128.4, 121.9, 119.9, 119.7, 116.2,
112.3, 52.6, 46.7, 41.2, 29.3, 27.3, 27.2, 26.9, 12.04; MS (m/z): 341.1
[M + H]+; RP-HPLC (method D) purity: 99.5%, tR = 4.7 min.

N-(6-(Dipropylamino)hexyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (23c). Yellow solid; yield 65%; mp 195−197 °C; IR (KBr,
cm−1): 3445, 3332, 3060, 2929, 1614, 1461, 1374, 747; 1H NMR
(DMSO-d6): 11.669 (bs, 1H, −NH), 8.03 (d, 1H, ArH), 7.40−7.38
(m, 1H, ArH), 7.35−7.33 (m, 1H, ArH),7.24−7.20 (m, 1H,
ArH),3.33−3.31 (m, 2H, −NHCH2), 2.32−2.24 (m, 6H, −NCH2),
1.62−1.58 (m, 2H, −NHCH2CH2), 1.39−1.29 (m, 10H, −CH2),
0.80 (t, 6H, −CH3);

13C NMR (DMSO-d6): δ 155.8, 149.1, 139.6,
128.5, 121.9, 119.9, 119.7, 116.2, 112.3, 56.1, 53.9, 41.1, 29.3, 27.2,
27.1, 26.9, 20.4, 12.3; MS (m/z): 369.1 [M + H]+; RP-HPLC
(method D) purity: 99.1%, tR = 9.72 min.

N-(6-(Dibutylamino)hexyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (23d). Yellow solid; yield 68%; mp 192−194 °C; IR (KBr,
cm−1): 3445, 3322, 3058, 2955, 1615, 1461, 1391, 747; 1H NMR
(DMSO-d6): δ 11.74 (bs, 1H, NH), 8.09−8.07 (m, 1H, ArH), 7.40−
7.24 (m, 3H, ArH), 3.42−3.40 (m, 2H, −NHCH2), 2.54−2.33 (m,
6H, −NCH2), 1.68−1.58 (m, 2H, −NHCH2CH2), 1.44−1.24 (m,
14H, −CH2), 0.98−0.82 (m, 6H, −CH3);

13C NMR (DMSO-d6): δ
155.8, 149.1, 139.6, 128.4, 121.9, 119.9, 119.7, 116.1, 112.3, 53.9,
53.6, 41.2, 29.4, 29.3, 27.2, 26.9, 26.0, 20.5, 14.4; MS (m/z): 397.2
[M + H]+; RP-HPLC (method D) purity: 98.6%, tR = 8.67 min.

N-(6-(Pyrrolidin-1-yl)hexyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (23e). Yellow solid; yield 73%; mp 177−179 °C; IR (KBr,
cm−1): 3442, 3330, 3058, 2930, 1614, 1458, 743; 1H NMR (DMSO-
d6): δ 11.66 (bs, 1H, −NH), 8.05−8.01 (m, 1H, ArH), 7.37−7.32 (m,
2H, ArH), 7.21−7.17 (m, 1H, ArH), 3.36−3.34 (m, 2H, −NHCH2),
2.38−2.32 (m, 6H, −NCH2), 1.66−1.57 (m, 6H, −NCH2CH2),
1.45−1.40 (m, 2H, −NHCH2CH2), 1.38−1.30 (m, 4H, −CH2);

13C
NMR (DMSO-d6): δ 155.8, 149.0, 139.6, 128.5, 121.9, 119.9, 119.7,
116.1, 112.3, 56.2, 54.1, 41.2, 29.3, 28.9, 27.4, 26.9, 23.5; MS (m/z):
339.1 [M + H]+; RP-HPLC (method D) purity: 97.5%, tR = 4.35 min.

N-(6-(Piperidin-1-yl)hexyl)-5H-[1,2,4]triazino[5,6-b]indol-3-
amine (23f). Yellow solid; yield 70%; mp 178−180 °C; IR (KBr,
cm−1): 3445, 3322, 3058, 2955, 1615, 1461, 1391, 747; 1H NMR
(DMSO-d6): δ 11.68 (bs, 1H, −NH), 8.07 (d, 1H, ArH), 7.44−7.35
(m, 2H, ArH), 7.26−7.22 (m, 1H, ArH), 3.42−3.32 (m, 2H,
−NHCH2), 2.31−2.21 (m, 6H, −NCH2), 1.68−1.61 (m, 2H,
−NHCH2CH2), 1.52−1.48 (m, 6H, −CH2), 1.39−1.32 (m, 6H,
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−CH2);
13C NMR (DMSO-d6): δ 155.8, 149.0, 139.5, 128.4, 121.9,

119.9, 119.7, 116.1, 112.3, 59.1, 54.6, 41.1, 29.3, 27.3, 26.9, 26.8, 26.1,
24.7; MS (m/z): 353.1 [M + H]+; RP-HPLC (method D) purity:
97.1%, tR = 4.66 min.
N-(6-Morpholinohexyl)-5H-[1,2,4]triazino[5,6-b]indol-3-amine

(23g). Yellow solid; yield 65%; mp 163−165 °C; IR (KBr, cm−1):
3460, 3334, 3057, 2931, 1614, 1459, 1392, 748; 1H NMR (CDCl3): δ
9.20 (bs, 1H, −NH), 8.25 (d, 1H, ArH), 7.49−7.46 (m, 1H, Ar−H),
7.41−7.38 (m, 1H, ArH), 7.34−7.31 (m, 1H, ArH), 5.70 (bs, 1H,
NH), 3.75−3.72 (m, 4H, -OCH2), 3.50−3.53 (m, 2H, −NHCH2),
2.48−2.42 (m, 4H, −NCH2), 2.36−2.33 (m, 2H, −NCH2), 1.70−
1.66 (m, 4H, −NHCH2CH2), 1.54−1.51 (m, 2H, −CH2), 1.41−1.38
(m, 4H, −CH2);

13C NMR (DMSO-d6): δ 155.9, 149.1, 139.6, 128.5,
121.9, 119.9, 119.7, 116.2, 112.3, 66.6, 58.7, 53.8, 41.1, 29.3, 27.1,
26.9, 26.8; MS (m/z): 355.1 [M + H]+; RP-HPLC (method D)
purity: 98.9%, tR = 3.7 min.
N-(6-(4-Methylpiperazin-1-yl)hexyl)-5H-[1,2,4]triazino[5,6-b]-

indol-3 amine (23h). Yellow solid; yield 67%; mp 160−162 °C; IR
(KBr, cm−1): 3460, 3336, 3056, 2928, 1614, 1459, 1391, 747; 1H
NMR (DMSO-d6): δ 11.71(bs, 1H, −NH), 8.03 (d, 1H, ArH), 7.41−
7.33 (m, 2H, ArH), 7.23−7.19 (m, 1H, ArH), 3.36−3.34 (m, 2H,
−NHCH2), 2.32−2.28 (m, 6H, −NCH2), 2.24−2.20 (m, 2H,
−NCH2), 2.13 (s, 3H, −NCH3), 1.62−1.56 (m, 2H, −NHCH2CH2),
1.42−1.29 (m, 6H, −CH2);

13C NMR (DMSO-d6): δ 155.1, 149.1,
139.6, 128.5, 121.9, 119.9, 119.7, 116.4, 112.3, 58.3, 55.2, 53.2, 46.2,
41.1, 29.3, 27.2, 26.9, 26.8; MS (m/z): 368.1 [M + H]+; RP-HPLC
(method D) purity: 99.1%, tR = 3.26 min.
Biology. Inhibition Studies on AChE and BuChE. The potential of

the test compounds to inhibit ChEs was assessed using the Ellman’s
method as detailed in our earlier report.59,61,62 Human AChE
(product number C1682), equine serum BuChE (product number
C1057), 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, product number
D8130), acetylthiocholine iodide (ATCI, product number A5751),
and butyrylthiocholine iodide (BTCI, product number B3253) were
purchased from Sigma-Aldrich. Donepezil hydrochloride and tacrine
hydrochloride hydrate were used as standard drugs. All the
experiments were carried out in 50 mM Tris-HCl buffer at pH 8.
Five different concentrations (0.001−100 μM) of each test compound
were used to determine the enzyme inhibition activity. Briefly, 50 μL
of AChE (0.22 U/mL) or 50 μL of BuChE (0.06 U/mL) and 10 μL
of the test or standard compounds were incubated in 96-well plates at
room temperature for 30 min. Further, 30 μL of the substrate, namely,
ATCI (15 mM) or BTCI (15 mM), was added, and the solution was
incubated for additional 30 min. Finally, 160 μL of DTNB (1.5 mM)
was added to it, and the absorbance was measured at 415 nm
wavelength using the microplate reader 680 XR (BIO-RAD, India).
The IC50 values were determined from the absorbance obtained for
various concentrations of the test and the standard compounds. The
IC50 value recounts the concentration of the drug required to inhibit
the enzyme activity by 50%. All determinations were performed in
triplicate and at least in three independent runs.
Antioxidant Activity [1,1-Diphenyl-2-picrylhydrazyl (DPPH) Rad-

ical Scavenging Activity]. The spectrophotometric DPPH assay was
carried out as described earlier.61 Concentrations of the selected test
compounds that exhibited promising neuroprotective effects against
H2O2 insult were selected for the DPPH assay. In brief, 10 μL of a test
compound (10 and 20 μM, in Tris-HCl buffer, pH 7.4) was mixed
with 20 μL of DPPH (10 mM in methanol) in a 96-well plate. Finally,
the volume was adjusted to 200 μL using methanol. After a 30 s
incubation at room temperature protected from light, the absorbance
was noted at 520 nm wavelength using a microplate reader 680 XR
(BIORAD, India). The free radical scavenging activity was
determined as the reduction percentage (RP) of DPPH using the
equation RP = 100[(A0 − AC)/A0], where A0 is the untreated DPPH
absorbance and AC is the absorbance value for the added sample
concentration C. Ascorbic acid was used as the standard antioxidant.
Cell Culture Studies. The human neuroblastoma SH-SY5Y cell line

was procured from the National Centre for Cell Science (NCCS)
(Pune, India). Cells were routinely cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum

(FBS), 1 mM glutamine, 50 U/mL penicillin, and 50 μg/mL
streptomycin (reagents from Gibco) at 37 °C in a humidified
incubator at 5% CO2. All cells used in the study were of the low
passage number (<15).

Determination of Cell Viability and Neuroprotection. To
determine the cytotoxicity of the selected test compounds, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
was performed. SH-SY5Y cells were seeded in 96-well plate at a
density of 5 × 104 cells per well. After 24 h, the medium was replaced
with relatively higher concentrations of test compounds (40 μM and
80 μM) for another 24 h at 37 °C. After the incubation period, the
cell viability was determined using MTT assay. In another set of
experiments, the test compounds were assessed for their ability to
protect SH-SY5Y cells against oxidative damage induced by H2O2 and
Aβ1−42. Cells were exposed to the test compounds at relatively low
concentrations (5, 10, and 20 μM) and incubated for 2 h. After the
incubation period, the test compounds were replaced with a medium
containing cytotoxic insult, i.e., H2O2 (100 μM) or Aβ1−42 (25 μM)
and left for an additional 24 h period. Thereafter, the cell viability was
assessed using MTT assay. Briefly, the medium was replaced with 80
μL of fresh medium and 20 μL of MTT (0.5 mg/mL, final
concentration; Sigma) in PBS. After 4 h, MTT was removed and the
crystals of formazan were dissolved in DMSO. Formazan concen-
trations were quantified at 570 nm with 630 nm reference
wavelengths using a microplate reader 680 XR (BIO-RAD, India).
Percentage protection against H2O2 and Aβ1−42 insults was calculated
by considering absorbance of the control cells as 100% of the cell
viability.

In Vitro Blood-Brain Barrier Permeation Assay. The PAMPA
assay was performed to predict the BBB permeation of the most active
compounds 23e and 23f. The donor microplates (PVDF membrane,
pore size 0.45 μm) and the acceptor microplates were obtained from
the Millipore. Porcine brain lipid (PBL) was purchased from Avanti
Polar Lipids. The filter surface of the donor microplate was first
impregnated with 4 μL of porcine brain lipid (20 mg in 1 mL
dodecane). The acceptor microplate was filled with 200 μL of
phosphate buffer saline (PBS)/ethanol (70:30). The test compounds
(5 mg/mL) were dissolved in DMSO and diluted with PBS/ethanol
(70:30) to get a final concentration of 100 μg/mL. 200 μL of the
solution was filled in the donor well and the donor plate was carefully
placed on the acceptor plate to form a sandwich and incubated for
120 min at 25 °C. After the incubation period, the donor plate was
removed and the concentration of the test compounds in the acceptor
wells was determined using UV spectrophotometry. Each sample was
analyzed at five different wavelengths, in four wells, and at least in
three independent runs. The results are expressed as mean ± SEM. Pe
was calculated using the following equation:
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where Vd and Va are the volumes in the donor well and acceptor well,
respectively, A is the filter area, t is the permeation time, (drug)acceptor
is the concentration of the test compound in the acceptor well, and
(drug)equilibrium is the theoretical equilibrium concentration.

In the experiment, seven commercial drugs of known BBB
permeability were included to validate the analysis set (Table S1,
Supporting Information). A plot of the Pe(exp) versus Pe(ref) values
gave a strong linear correlation, Pe(exp) = 1.16 Pe(ref) + 0.1668 (R2 =
0.9781) (Figure S277, Supporting Information).

Assessment of Cognitive Improvement in an Animal Model
of AD. Morris Water Maze Test. Adult male Swiss Albino mice (20−
25 g) were divided into five groups of seven animals each as per the
given treatment (normal control, vehicle-treated control, donepezil at
5 mg/kg, compound 23e at 5 and 10 mg/kg). Scopolamine
hydrochloride (1.4 mg/kg)79,80 was dissolved in saline and
administered intraperitoneally (ip) to the animals of all groups except
the vehicle-treated control group, which received an equal volume of
saline. Donepezil at 5 mg/kg and compound 23e at 5 and 10 mg/kg
in 0.5% CMC were administered orally 30 min prior to administration
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of scopolamine to the respective experimental group animals. All these
treatments were continued for 14 consecutive days. During the last 5
days of the treatment period, spatial learning and memory were
assessed using the Morris water maze (MWM) test.59,79

A maze consisting of a circular pool (65 cm diameter; 30 cm
height) was filled with water (26 ± 1 °C) up to 20 cm depth. The
inside walls of the pool were painted black. The pool was divided into
four quadrants, and the escape platform was placed 1 cm below the
water surface in the middle of any one quadrant. Experiments on the
individual animals were carried out to determine the time required by
the animal to reach the hidden platform (i.e., escape latency time,
ELT) which assesses the spatial learning and memory. All of the
experiments were carried out in a soundproof room and supervised by
a blind observer.
Neurochemical Analysis. After completing the MWM test, the

animals were sacrificed and the whole brain was isolated from the
skull and homogenized in a glass Teflon homogenizer in 12.5 mM
sodium phosphate buffer (pH 7). The homogenates were centrifuged
at 15 000 rpm for 15 min at 4 °C. The supernatants were utilized for
estimations of different biochemical parameters. The cholinergic
biomarkers AChE and BuChE were estimated in the mice brain using
Ellman’s method. A volume of 100 μL of the supernatant was
incubated with 2.7 mL of phosphate buffer and 100 μL of freshly
prepared ATCI or BTCI (15 mM) for 5 min. Finally, 100 μL of
DTNB (1.5 mM) was added, and the absorbance was noted at 415
nm wavelength spectrophotometrically.
MDA, an indicator of lipid peroxidation, was estimated using the

thiobarbituric acid reacting substance (TBARS) method as described
earlier.61 MDA reacted with thiobarbituric acid in acidic medium at
high temperature and formed a red complex TBARS which was
analyzed spectrophotometrically. Briefly, 200 μL of the supernatant
was mixed with 1 mL of 50% trichloroacetic acid in 0.1 M HCl and 1
mL of 26 mM thiobarbituric acid. After vortex mixing, samples were
heated at 95 °C for 20 min. Later on the samples were centrifuged at
15000 rpm for 10 min and the supernatants were read at 532 nm
wavelength.
Catalase (CAT) is an enzyme mediating breakdown of H2O2, a

toxic form of oxygen metabolite into oxygen and water. CAT activity
was determined following the method described by Sinha et al.59

Briefly, 100 μL of the supernatant was mixed with 150 μL of 0.01 M
phosphate buffer (pH 7). Reaction was started by the addition of 250
μL of H2O2 (0.16 M), the medium was incubated at 37 °C for 1 min,
and the reaction was stopped by the addition of 1 mL of dichromate/
acetic acid reagent (5% K2Cr2O7/glacial acetic acid; 1:3 v/v). The
reaction mixture was immediately kept in a boiling water bath for 15
min and resulted in the development of a green color. Finally, the
mixture was analyzed at 570 nm wavelength spectrophotometrically.
In order to extract glycine and glutamate, 10 μL aliquots of

hypothalamus homogenate were thawed and then mixed with 0.17 M
perchloric acid (10% w/v). The mixture was left for 20 min at 4 °C.
The resulting supernatant was decanted in a separate Eppendorf tube
and centrifuged at 4 °C for 20 min at 15 000 rpm. After
centrifugation, the supernatant fraction was separated and maintained
at −70 °C until determination of free amino acids by HPLC coupled
with an electrochemical detector (model no. Waters 2465, Waters
Corporation, Milford, MA). Mobile phase was prepared by dissolving
monosodium phosphate (0.1 M), EDTA (0.5 mM) and potassium
chloride (2 mM) in HPLC grade methanol (25% v/v), diluted with
distillated water. The solution pH was adjusted to 4.5. The mobile
phase was filtered twice and degassed in an ultrasonic bath for 20 min,
before circulation in the HPLC system. Analysis was performed on a
Welchrom C18 column with 1.2 mL/min flow rate, 3000 psi pressure,
and 850 mV working potential of the detector. The internal standards
were prepared by mixing 200 μL of 1 mM stock of glycine/glutamate
in 200 μL of pooled supernatant and diluted with 600 μL of mobile
phase. It was used with an equimolar concentration of derivatizing
agent [22 mg of o-phthalaldehyde dissolved in 500 μL of absolute
ethanol, 500 μL of 1 M sodium sulfite, and 900 μL of 0.1 M
tetraborate buffer, adjusted to pH 10.4 with 5 M sodium hydroxide]
to make final concentrations of 2, 1, 0.5, 0.4, 0.2, and 0.1 μmol/L, and

200 μL of which was injected into the HPLC column. The sample
solutions were prepared by diluting 200 μL of homogenate in 800
μLof mobile phase; 10 μL of it was mixed with 10 μL of derivatizing
agent and diluted in 880 μL of mobile phase. The concentration of
neurotransmitter in the brain was estimated by comparing the area
with the calibration curve.92

Y-Maze Test. Adult male Wistar rats (150−200 g) were divided
into five experimental groups of seven animals each as per the given
treatment: (normal control, vehicle-treated control, donepezil at 5
mg/kg, and compound 23e at 5 and 10 mg/kg). The animals were
anesthetized with ketamine (100 mg/kg, ip) and xylazine (30 mg/kg,
ip) and mounted in a stereotaxic apparatus (Stoelting). All of the
groups (except the vehicle-treated control group which received an
equal volume of normal saline) were injected with 2 μL of Aβ1−42 (4
μM/μL in normal saline) unilaterally at the following coordinates:
−4.0 mm anteroposterior, −2.5 mm mediolateral, and −3.5 mm
dorsoventral from bregma. Donepezil at 5 mg/kg and compound 23e
at 5 and 10 mg/kg in 0.1% CMC were administered perorally to the
respective experimental group animals for 15 consecutive days after 5
days of surgical recovery.59 The Y-maze test was adopted for the
assessment of immediate working memory. The test was performed
during the last 5 days of the treatment period in the animals which
were subjected to icv injection of Aβ1−42. Each animal from the
treated groups was kept at the end of any one arm of the maze and
allowed to explore all the three arms. The sequence and the number
of arm entries were recorded visually for each rat over a period of 5
min. An actual “alteration” was defined as entries in all three arms in
consecutive choices (i.e., ABC, BCA, or CAB but not BAB). Repeat
arm entry was considered as a sign of memory impairment. The
number of arm entries indicated locomotor activity. The “alteration
score” for each rat was calculated using the equation:

= [ ] ×

% spontaneous alteration performance

no. of altered entries/no. of repeated entries 100

Acute Toxicity Study.Wistar female rats (200−250 g) were used to
determine the acute toxicity of the test compound 23e. During the
experiment, animals were maintained with free access of food and
water ad libitum. Compound 23e was suspended in 0.5% CMC−Na
and given orally to the experimental groups. After administration of
the test compound, the animals were observed continuously for the
first 4 h for any abnormal behavior and mortality. Afterward, the
animals were observed intermittently for the next 24 h and
occasionally for 14 consecutive days after administration of
compound 23e. After 14 days, the animals were sacrificed and
examined macroscopically for possible damage to the heart, liver, and
kidneys.

Computational Studies. Docking Studies. Docking studies were
performed with Glide module of Schrodinger Suite. Glide is projected
for screening of probable ligands based on binding mode and affinity
for a given receptor molecule. It performs grid-based ligand docking
and searches for promising interactions between ligand molecules and
a macromolecule, typically a protein. The 3D structures of ligand
molecules were built within Maestro93 using the Build module, and a
single low energy conformation search was carried out for all
molecules under study using the OPLS_2005 force field at
physiological pH conditions using the LigPrep module of
Schrödinger, keeping all parameters at standard values. The 3D
crystallographic structures of AChE (PDB code: 2CKM, 1B41) and of
BuChE (PDB code: 4BDS) were obtained from the RCSB Protein
Data Bank94 and prepared for docking with the protein preparation
wizard of Schrödinger. The grid was generated on the active site of
the respective receptor structure and was validated by redocking the
preexisting cocrystallized ligand structures. Docking calculations for
the minimized 3D ligand structures were performed in extra precision
(XP) mode within the active sites of the receptor structures. This
docking protocol was validated by comparing the interactions of the
docked conformer of donepezil in the active site of AChE with the
reported literature.95
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Molecular Dynamics Simulations. Maestro−Desmond (based on
the OPLS-2005 force field) was used to perform the molecular
dynamics simulation study of the molecule 23e.96−98 To begin, the
system was solvated with the TIP3P water model in an orthorhombic
box of 10 Å3 and neutralized by Na+ ions for AChE and by Cl− ions
for BuChE. The long-range electrostatic interactions were studied by
smooth particle-mesh Ewald (PME) approximation, and the non-
bonded interactions were analyzed by using a MSHAKE algorithm
with a cutoff of 9 Å. The default “six step relaxation protocol” was
followed to relax the system, which was involved with both restrained
as well as unrestrained minimizations (2 steps) chased by the
equilibration processes (4 steps). The productive MD was carried out
for 20 ns with the NPT ensemble at 300 K and 1 atm pressure using a
Nose−́Hoover thermostat and Martyna−Tuckerman−Klein barostat.
The coordinates and energies were noted at every 10 and 1.2 ps,
respectively. The ligand−protein complex stability was analyzed by
determining the root-mean-square deviation of the protein (RMSD-
P), root-mean-square fluctuation of the protein (RMSF-P), root-
mean-square deviation of the ligand (RMSD-L), molecular surface
area (MolSA), solvent-accessible surface area (SASA), radius-of-
gyration (rGyr), and polar surface area (PSA).
In Silico Prediction of Physicochemical and Pharmacokinetics

Parameters. In silico prediction of physicochemical and pharmaco-
kinetic properties was carried out with QikProp program v 3.5
(Schrodinger LLC, New York).71 The structures of the ligand
molecules were built within Maestro using the Build module, and a
single low energy conformation search was carried out for all
molecules under study using OPLS_2005 force field at physiological
pH condition using LigPrep module of Schrödinger. These structures
were used for Qik-Prop to determine various physicochemical and
pharmacokinetic descriptors. There were 51 properties predicted by
the software. The major descriptors that were considered in this study
were Lipinski’s rule of five (Rule of 5); NRB, number of rotatable
bonds; PSA, polar surface area; SASA, total solvent accessible surface
area; CNS, predicted central nervous system activity; QPPMDCK,
predicted apparent MDCK cell permeability; QPPCaco, Caco-2 cell
permeability in nm/s; QPlogBB, brain/blood partition coefficient;
QPlogKhsa, binding to human serum albumin; QPlogS, predicted
aqueous solubility; and percent human-oral Absorption, human oral
absorption.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acschemneur-
o.9b00226.

HPLC methods, spectral data of synthesized com-
pounds, and in vitro blood-brain barrier permeation
assay data (PDF)
Docking pose of compound 23e within AChE (PDB)
Docking pose of compound 23e within BuChE (PDB)

■ AUTHOR INFORMATION
Corresponding Author
*Tel.: +91 265 2434187. Fax: +91 265 2418927. E-mail:
mryadav11@yahoo.co.in.
Author Contributions
D.V.P., N.R.P., and A.M.K. performed synthesis and collected
data. D.D.K., S.B.P., P.N.U., K.B.P., and D.B.S. contributed
reagents and materials and assisted in synthesis and data
collection. A.M.K. designed and performed computational
studies. K.V.P. drafted the biological evaluation studies. S.P.P.,
A.S., and A.R.M. performed biological studies and collected
data. P.R.M. and N.K.P. helped in synthesis and data
interpretation. D.V.P. and N.R.P. wrote the manuscript.

M.R.Y. conceived and designed the study and approved the
final version of the manuscript.
Funding
M.R.Y. is thankful to the University Grant Commission
(UGC), New Delhi, for providing UGC-BSR Faculty Fellow-
ship [No. F.18-1/2011(BSR)]. D.V.P. gratefully acknowledges
the DST-INSPIRE, New Delhi for awarding Research
Fellowship (IF-150660). N.R.P. is thankful to the UGC,
New Delhi, for awarding Senior Research Fellowship [F. No.
25-1/2014-15(BSR)/7-129/2007/(BSR)].
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are thankful to Bharat Senta for his generous help
in carrying out HPLC analysis of final compounds.

■ ABBREVIATIONS USED
ACh, acetylcholine; AChE, acetylcholinesterase; AD, Alz-
heimer’s disease; ADME, absorption, distribution, metabolism,
and excretion; ATCI, acetylthiocholine iodide; BBB, blood-
brain barrier; BTCI, butyrylthiocholine iodide; BuChE,
butyrylcholinesterase; CAS, catalytic active site; CAT, catalase;
ChEs, cholinesterases; DMEM, Dulbecco’s modified Eagle’s
medium; DPPH, 1,1-diphenyl-2-picrylhydrazyl; DSC, differ-
ential scanning calorimetry; DTNB, 5,5′-dithiobis(2-nitro-
benzoic acid); ELT, escape latency time; FBS, fetal bovine
serum; % HOA, human oral absorption percent; IAEC,
institutional animal ethics committee; mCPBA, meta-chlor-
operbenzoic acid; MDA, malondialdehyde; MolSA, molecular
surface area; MTDLs, multitarget-directed ligands; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
MWM, Morris water maze; NCE, new chemical entity; NRB,
number of rotatable bonds; PAMPA, parallel artificial
membrane permeation assay; PAS, peripheral anionic site;
PBL, porcine brain lipid; PBS, phosphate buffer saline; PSA,
polar surface area; rGyr, radius of gyration; RMSD-L, root-
mean-square deviation of the ligand; RMSD-P, root-mean-
square deviation of the protein; RMSF-P, root-mean-square
fluctuation of the protein; ROS, reactive oxygen species; SASA,
solvent-accessible surface area; SI, selectivity index; TBARS,
thiobarbituric acid reactive substances; THF, tetrahydrofuran;
TLC, thin layer chromatography; TPSA, topological polar
surface area; UV, ultraviolet; XP, extra precision

■ REFERENCES
(1) Scheltens, P., Blennow, K., Breteler, M. M. B., de Strooper, B.,
Frisoni, G. B., Salloway, S., and Van der Flier, W. M. (2016)
Alzheimer’s disease. Lancet 388, 505−517.
(2) Patterson, C. (2018) World Alzheimer Report 2018: The State of
the Art of Dementia Research: New Frontiers, pp 32− 36, Alzheimer’s
Disease International, London.
(3) Talesa, V. N. (2001) Acetylcholinesterase in Alzheimer’s disease.
Mech. Ageing Dev. 122, 1961−1969.
(4) Selkoe, D. J. (2003) Folding proteins in fatal ways. Nature 426,
900.
(5) Hardy, J. A., and Higgins, G. A. (1992) Alzheimer’s disease: the
amyloid cascade hypothesis. Science 256, 184.
(6) Maccioni, R. B., Farías, G., Morales, I., and Navarrete, L. (2010)
The revitalized tau hypothesis on Alzheimer’s disease. Arch. Med. Res.
41, 226−231.
(7) Chu, D., and Liu, F. (2019) Pathological changes of tau related
to Alzheimer’s Disease. ACS Chem. Neurosci. 10, 931−944.

ACS Chemical Neuroscience Research Article

DOI: 10.1021/acschemneuro.9b00226
ACS Chem. Neurosci. 2019, 10, 3635−3661

3658

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acschemneuro.9b00226
http://pubs.acs.org/doi/abs/10.1021/acschemneuro.9b00226
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.9b00226/suppl_file/cn9b00226_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.9b00226/suppl_file/cn9b00226_si_002.pdb
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.9b00226/suppl_file/cn9b00226_si_003.pdb
mailto:mryadav11@yahoo.co.in
http://dx.doi.org/10.1021/acschemneuro.9b00226


(8) Greenough, M. A., Camakaris, J., and Bush, A. I. (2013) Metal
dyshomeostasis and oxidative stress in Alzheimer’s disease. Neuro-
chem. Int. 62, 540−555.
(9) Bonda, D. J., Wang, X., Perry, G., Nunomura, A., Tabaton, M.,
Zhu, X., and Smith, M. A. (2010) Oxidative stress in Alzheimer
disease: a possibility for prevention. Neuropharmacology 59, 290−294.
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2-Aminobenzamide-Based Factor Xa Inhibitors with Novel
Mono- and Bi-Aryls as S4 Binding Elements
Nirav R. Patel,[a] Dushyant V. Patel,[a] Ashish M. Kanhed,[a, c] Sagar P. Patel,[a] Kirti V. Patel,[a]
Daniel K. Afosah,[b] Umesh R. Desai,[b] Rajshekhar Karpoormath,[c] and Mange Ram Yadav*[a]

Factor Xa, a key serine protease in the coagulation cascade, has
attracted a great deal of attention as a target for developing
new antithrombotic agents. A series of novel alkyl, benzyl,
biphenyl and substituted piperazine derivatives as S4 binding
elements have been synthesized as potential human factor Xa
(FXa) inhibitors with 2-amino-5-chloropyridine as the S1 bind-
ing moiety. All the synthesized compounds were tested in vitro
for FXa inhibitory activity by chromogenic substrate hydrolysis

assay. The active compounds were selected to assess their ex
vivo prothrombin time prolonging activity. Keeping in mind the
promising in vitro and ex vivo profile of N-(5-chloropyridin-2-yl)-
2-(4-(2-cyanophenyl)benzylamino)benzamide (16f), it was se-
lected for further in vivo evaluation of its antithrombotic
potential. Structure-activity relationship and molecular interac-
tion analysis by the docking and dynamics studies within the
series are discussed.

Introduction

Thrombosis is a leading contributor to global diseases like
ischemic heart diseases, stroke and venous thromboembolism
(VTE).[1] As per the impact report published by the International
Society on Thrombosis and Hemostasis (ISTH), 1 in 4 deaths
worldwide is due to thrombosis, and up to 60% of VTE are
reported during hospitalization.[2] Due to several side effects
and limitations of currently available antithrombotic drugs,
extensive research efforts are required to develop an ideal
orally active antithrombotic drug with a better safety profile.
An ideal antithrombotic agent should suppress thrombosis
without affecting normal hemostasis and should have good
oral bioavailability, minimum bleeding risks and possesses
specificity towards direct inhibition of an activated coagulation
factor.[3]

To prevent or reduce clotting, currently there is a focus on
certain vital enzymes which modulate the coagulation process.
Over the last decade, two serine proteases, factor Xa (FXa) and
factor IIa (FIIa or thrombin) attracted the attention of medicinal
chemists. Out of these two, thrombin is responsible for fibrin
formation and it also plays vital roles in several other

physiological processes like platelet activation, platelet aggre-
gation and development of new blood vessels. Compared to
thrombin, inhibition of FXa is more specific and involves lower
bleeding risks as it does not affect the existing levels of
thrombin.[4] Several preclinical studies suggested that FXa could
be a better target for anticoagulation therapy as compared to
thrombin.[4b,5] One molecule of FXa is responsible for the
generation of more than 1000 thrombin molecules.[6] Due to its
upstream position in amplification cascade, inhibiting FXa
could prove to be a better strategy than direct inhibition of
thrombin. The latest results indicated that the use of indirect
FXa inhibitors and recently approved direct FXa inhibitors had
been associated with lower bleeding risks.[7] Thus, FXa is
considered to be an attractive target for the development of
antithrombotic drugs.

Currently U.S. Food and Drug Administration (FDA) has
approved four orally active, selective FXa inhibitors, Rivarox-
aban[8] (1), Apixaban[9] (2), Edoxaban[10] (3) and Betrixaban[11] (4)
(Figure 1). These novel FXa inhibitors displayed higher specific-
ity, better oral bioavailability and lesser food and drug
interactions compared to the conventional anticoagulant
agents.[12,13] However, they still have many drawbacks like drug-
drug interactions,[13,14] narrow clinical indications[13,15,16] and lack
of specific antidote for preventing bleeding.[17] These inhibitors
are not recommended to the patients suffering from acute
hepatic and renal impairment,[18,19] and patients with artificial
heart valves.[20] So, there is a need to further develop novel and
safer FXa inhibitors to advance their clinical use.

A large number of FXa inhibitors containing various
scaffolds such as anthranilamide,[21] diamidobenzene, diamino-
cycloalkane, aminopiperidine,[22] pyrrolidine,[23] pyrazole,[24] ox-
azolidinone,[25] isoxazole,[26] piperazine, indole,[27] indazole,[28]

dihydropyrazolopyridinone,[29] tetrahydroisoquinoline,[30] cou-
marin,[31] arylsulfonamidopiperidone[32] and amino acids (eg.
glycine, proline)[33] have been reported by various research
groups. Among these, anthranilamide and cis-diamine based
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FXa inhibitors have been explored extensively for developing
orally active antithrombotic drugs. These vicinal diamide-based
FXa inhibitors with U or V shape of the molecule demonstrated
good binding to FXa. The benzamidine derivative 5 (Figure 1)
with 1,2-disubstituted benzene scaffold and thiophene/benzo-
thiophene substituted anthranilamides 6 and 7 (Figure 1) have
been reported to inhibit human FXa with potent oral anti-
coagulant activity.[34,35] Darexaban, a 1,4-diazepanylbenzamide
8 (Figure 1) has been reported to be a potent orally active FXa
inhibitor.[36] Favourable pharmacokinetic profile and metabolic
stability with high potency promoted darexaban as a clinical
candidate.

Inspired by the favourable biological profile of anthranila-
mide based FXa inhibitors, we selected betrixaban 4 as a lead
molecule for further chemical modifications. It was planned to
use anthranilamide as the central scaffold to connect it to the
two different hydrophobic arms (S1 binding ligand and S4
binding ligand). The neutral haloaromatics, particularly the
chlorinated ones have proven their worth as successful S1
binding ligands as they bind effectively to Tyr228 of S1 pocket
by Cl-π interaction, improving selectivity and oral bioavailabil-
ity.[37] The highly basic amidine group, initially used as
successful S1 and S4 binding ligand, has been reported to be
the culprit for poor oral bioavailabilty.[38]

To develop orally active antithrombotic agents, it was
contemplated to introduce alkyls, benzyls, biphenyls or sub-
stituted piperazines as S4 binding ligands in the anthranilamide
scaffold as the replacements of highly basic amidine group of
betrixaban 4 and maintain the 5-chloro-2-pyridyl group as
such, as the S1 binding ligand as represented in Figure 2.

Results and discussion

Chemistry

The reported anthranilamide derivatives were synthesized by
adopting Schemes 1and 2. The compounds 13a-13m were
prepared from commercially available isatoic anhydride in two
steps. In the first step, isatoic anhydride 9 was reacted with
alkyl/arylalkyl halides in presence of some organic base to
obtain N-substituted isatoic anhydrides 10a-10 l.[39] The N-
substituted isatoic anhydrides 10a-10 l were subjected to ring
opening by reacting with 2-amino-5-chloropyridine to afford
the desired substituted 2-amino-N-(5-chloropyridin-2-yl)benza-
mides 13a-13 l.

The synthetic routes for the preparation of compounds
15a-15 f and 16a-16 i are also illustrated in Scheme I.
Commercially available 2-nitrobenzoic acid 11 was used as the
starting material to obtain the targeted 2-aminobenzamide
13m. Controlled condensation of 2-nitrobenzoic acid 11 with
2-amino-5-chloropyridine gave intermediate 12 which was
reduced with SnCl2 to get the aniline derivative 13m. The 4-
bromomethyl-1,1’-biphenyls 18a-18 i, prepared from 17a-17 i
as per Scheme II, were used to obtain compounds 16a-16 i.
Suzuki reaction was used to get biphenyls 17a-17 i from aryl
halides and phenylboronic acids.[40] The key intermediate 13m
was reacted with chloroacetyl chloride to offer the intermediate
14. The chloro group of the intermediate 14 was displaced by
different substituted piperazines to get the desired piperazinyl
compounds 15a-15 f.

Molecular modeling studies

To have a view of the molecular interactions of the synthesized
compounds with the enzyme, docking studies were performed
with FXa. All the synthesized compounds were docked in the
active site of FXa. Docking of betrixaban 4 was also done as a
standard. The docking scores are given in the supporting
information. Compound 16 f offered the highest docking score
which indicated its high binding interactions with the enzyme.
The intermolecular interactions of the highest binding com-
pound 16f and betrixaban 4 as a standard drug are shown in
Figure 3.

In betrixaban 4, the pyridine ring occupied the S1 pocket,
indicating a good lipophilic interaction. In addition to this,
chloro group of pyridine and π-system of Tyr228 of S1 pocket
exhibited a non-covalent lipophilic interaction. Interestingly,

Figure 1. Some well-known FXa inhibitors.

Figure 2. Anthranilamide derivatives possessing novel S4 binding ligands.
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compound 16 f also demonstrated similar interactions and the
chloro group of pyridine in compound 16f was observed to be
stabilized at 3.82 Å from the centroid of Tyr228 aromatic ring
which indicated high stability between the ligand-enzyme
complex. In case of betrixaban, –C=O of Gly219 (2.1 Å) and
disulfide linkage of Cys191 and Cys220 (2.4 Å) displayed good
hydrogen bonding interactions with the pyridine amide–NH to
form a stable complex. Whereas in case of compound 16f, the
–C=O and -NH of the amide interacted with -NH of Gln192
(2.12 Å) and –C=O of Gly219 (1.92 Å), respectively by hydrogen
bonding to form a stable complex. The aromatic ring of 2-
aminobenzamide exhibited strong π-cation interactions with
the Arg222. Generally the π-cation interaction is considered
stronger than hydrogen bond or any other physical interac-

Scheme 1. Synthetic route for the preparation of compounds 15a-15 f and 16a-16 i. Reagents and conditions: (i) Alkyl/arylalkyl halide, DIPEA, DMA, rt; (ii) 2-
Amino-5-chloropyridine, pot. tert-butoxide, THF, rt (Method A); (iii) 2-Amino-5-chloropyridine, POCl3, dry pyridine, 0–5 °C, 3 hrs (iv) SnCl2.2H2O, EtOAc, reflux (for
13m); (v) Chloroacetyl chloride, K2CO3, dry DCM, 0–5 °C; (vi) Substituted piperazines, DMF, 120 °C, 4–6 hrs (Method B);; (vii) K2CO3, DMF, 18a-18 i, 120 °C, 4–6 hrs
(Method C).

Scheme 2. Synthetic route for the preparation of compounds 18a-18 i.
Reagents and conditions: (i) K2CO3, Pd(OAc)2, PEG 400, H2O, 50 °C, 30 mins (ii)
N-Bromosuccinimide, AIBN, CCl4, reflux, 20 h.
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tions, and this has been observed here to impart ligand
receptor stability. Further, the ortho substituted biphenyl group
in compound 16f exhibited excellent π-π interaction with
Tyr99, Phe174 and Trp215 triad in the S4 pocket. From the
obtained results we clearly get an idea that occupying S1 and
S4 sites by specific lipophilic functionalities is of utmost
importance for enhanced binding affinity of the ligands within
the enzyme active site.

To check selectivity, we also performed docking of the
most active compound 16 f with the Thrombin, FIXa and FXIa.
For this purpose the protein structures were obtained from
RCSB database (PDB code: 1SL3, 3CL5, 5QCK respectively). The
docking scores suggest the selectivity of 16f towards FXa over
Thrombin, FIXa and FXIa.

Molecular dynamics simulations

In the molecular docking studies, compound 16f exhibited
highly favourable interactions within the active site of FXa.
Thus, to confirm and validate the stability of the proposed
complex of the active compound 16f and FXa, molecular
dynamics was performed. The dynamic stability of the ligand

(16f) with FXa was studied in the complex over a period of
10 ns duration. Post dynamic analysis was carried out to
understand stability of the ligand-receptor complex by average
root mean square deviation (RMSD).42] To examine the binding
stability of the complex over the predefined period of time,
RMSD� P, RMSF� P and RMSD� L (P=Protein; L=Ligand) were
scrutinized to support the docking results. Initial pose of the
ligand-receptor complex was considered as the reference frame
to calculate these values. RMSD� P was calculated to under-
stand the large scale movements in the protein in presence of
the ligand in the active site. This gives insights into the
structural conformation of the protein throughout the simu-
lation time. The RMSD� P for FXa with ligand 16f complex was
observed in the range of 0.7 to 1.6 Å. This observation
suggested that the presence of 16f in the active site of FXa
receptor has not influenced the stability of the protein back-
bone throughout the simulation run. To identify the stability of
the ligand with respect to the protein and its binding site, the
RMSD� L of 16f was computed. The Lig fit on Prot RMSD� L for
the ligand was observed in the range of 0.4 to 3.2 Å. Here, the
major fluctuation was observed during first 1 ns duration and
afterwards the ligand in the complex was quite stable with
RMSD in the range of 0.4 to 1.8 Å with an average value of
1.1 Å. The average RMSD value observed here is significantly
less than the RMSD� P, indicating that the ligand is stable inside
the binding pocket and it has not diffused away from the active
site during the entire simulation period. Further, the Lig fit on
Lig RMSD was measured to understand the internal fluctuation
of the ligand atoms. It was observed in the acceptable range of
0.3 to 1.3 Å and no deviation was observed during the study
period (Figure 4a).

The structural integrity of the protein and the residual
mobility of the ligand were quantified in terms of RMSF� P

Figure 3. (a) 2D representation of interactions between compound 16f and
the active site of FXa enzyme. (b) Docking pose of compound 16f within the
active site of FXa. (c) Overlay of the 3D structures of compound 16f and
betrixaban 4 within the active site of FXa (PDB code: 4 A7I[41]). Color code:
betrixaban=Cyan, 16f=Green.

Table 1. Docking score and IC50 values of Compound 16f

Enzyme Glide XP docking score IC50 value (μM)
a

FXa -10.43 0.7 � 0.2
Thrombin -7.88 > 100
FIXa -6.98 ND
FXIa -8.07 ND

aInhibitory activity against human FXa and FIIa. IC50 values shown are the
mean of duplicate measurements. ND=Not Determined

Figure 4. (a) RMSD� P, RMSD� L plot for FXa with 16f; (b) RMSF� P for FXa
with 16f; (c) Ligand and receptor residue contact diagram for FXa with 16f.
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(Figure 4b). For almost all residues including loop residues and
the terminal residues of the protein in complexation with 16f,
in the active site, the RMSF� P was below 3.2 Å. In the protein
ligand stability the interaction study was also evaluated over a
period of time. In the docking study, the NH and C=O of the
carboxamide group and NH of 2-aminobenzamide scaffold of
compound 16 f form the H-bond with Gly219, Gln192 and
Gly216 respectively. From simulation study it was confirmed
that the amide NH and 2-amino -NH formed two H-bonds with
Gly219 and Gly216. These were maintained stable over 92%
and 29% of simulation time respectively with the respective
amino acids. All these H-bonds were having distance within
2.5 Å, and donor angle of �120° and acceptor angle of � 90°.
Further, the H-bond with Gln192 was not observed to be stable
within these limits during the simulation time. Additionally, the
amine –NH and amide –C=O of 2-aminobenzamide showed
23% stable intra-molecular H-bond over the total simulation
period. Further, the MD study showed that the π-cation
interaction between Arg222 and 2-aminobenzamide was stable
only for approximately 20% of total duration of simulation. The
hydrophobic interactions including π-π interaction with Tyr99,
Phe174 and Trp215 played vital role in the stability of the
ligand-receptor complex wherein all the residues were involved
in hydrophobic interaction for more than 80% of the total
simulation time (Figure 4c).

Biology

In vitro FXa and thrombin inhibition assays

In vitro enzyme inhibition assays for FXa and thrombin were
performed for the synthesized compounds at a concentration
of 100 μM by using a chromogenic substrate (Spectrozyme TH
for thrombin and S-2222 for FXa) as per the previously reported
procedure.[15a] The residual enzyme activity was determined
from the change in the absorbance at 405 nm with hydrolysis
of the substrate by the enzyme. Those compounds with less
than 60% of the residual FXa activity were chosen for
determination of their IC50 values. Compounds 13e-13g, 13 i-
13k, 15e and 16a, 16c-16 f, 16h and 16 i showed inhibition of
FXa in the preliminary screening (Figure 5). All the synthesized
compounds showed more than 50% thrombin residual activity
(Figure 6). All the selected compounds demonstrated good
selectivity for FXa over thrombin (IC50 values of >100 μM).
Table 2 represents IC50 of compounds 13e-13g, 13 i-13k, 15e
and 16a, 16c-16 f, 16h and 16 i against both the enzymes.

Ex vivo PT prolongation and clotting time

Compounds showing significant inhibition of the enzyme in
the preliminary screening were evaluated further using ex vivo
measurements of prothrombin time and clotting time. The PT
prolonging activity and clotting time of compounds 13e-13g,
13 i-13k, 15e and 16a, 16c-16 f, 16h and 16 i along with
control group and standard drug apixaban were determined at
2 h after oral administration in rat (30 mg/kg dose) and the
data are shown in Table 2. Most of the tested compounds

indicated slightly higher prolongation in prothrombin time
than that of control (7.7 sec). Compounds 16c (9.8 sec), 16d
(9.9 sec), 16f (10.1 sec) and 13 j (9.9 sec) showed significant

Figure 5. FXa residual activity (%) after treatment with the synthesized
compounds. Experiments were performed at 100 μM in duplicate. Mean of %
FXa residual activity values are represented (SE < 20%).

Figure 6. Thrombin residual activity (%) after treatment with the synthesized
compounds. Experiments were performed at 100 μM in duplicate. Mean of %
FXa residual activity values are represented (SE < 20%).

Table 2. IC50 values, PT time and Clotting time for the test compounds

Compound
IC50 value (μM)

a

PT time (sec)b Clotting time (sec)bFXa Thrombin

13e 23.7 � 3.4 >100 9.2 15
13f 18.4 � 2.6 >100 8.7 30
13g 11.5 � 1.3 >100 8.9 30
13 i 41.0 � 3.2 >100 8.6 30
13j 48.3 � 2.9 >100 9.9 30
13k 23.2 � 8.4 >100 9.4 37.5
15e 57.5 � 8.6 >100 9.4 30
16a 35.3 � 2.3 >100 8.8 35
16c 5.4 � 1.0 >100 9.8 40
16d 1.3 � 0.8 >100 9.9 40
16e 12.5 � 2.2 >100 9.1 35
16f 0.7 � 0.2 >100 10.1 45
16h 30.0 � 6.4 >100 8.7 30
16 i 52.5 � 5.7 >100 9.5 35
Apixaban 0.35 � 0.1 >100 12.8 60
Control - - 7.7 12.5

aIC50 values shown are the mean of duplicate or triplicate measurements.
b The ex vivo PT time and Clotting time were determined 2 h after oral
administration of the test compounds to rats at a dose of 30 mg/kg (n=3).
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change in the prothrombin time. The selected test compounds
also showed much higher clotting time than the control
(12.5 sec). Compound 16f (45 sec) exhibited significant change
in clotting time offering the highest value among the selected
compound. However, this was lesser than the standard drug
apixaban (60 sec).

In vivo FeCl3 induced arterial thrombosis

Based on in vitro FXa inhibitory activity and ex vivo PT
prolongation time of compound 16 f, it was selected for in vivo
evaluation of antithrombotic potential by FeCl3 induced arterial
thrombosis model in rats. The reduction in thrombus weight
was considered as a preventive measure for in vivo efficacy of a
compound. Compound 16 f reduced thrombus weight by 46%
at 30 mg/kg in rats. In the case of standard drug (apixaban) at
dose of 30 mg/kg, the reduction in thrombus weight was found
to be 69%.

Structure-activity relationships and interaction analysis

The effect of various S4 binding ligands on the anthranilamide
scaffold has been studied with respect to antithrombotic
activity of the synthesized compounds, retaining 2-amino-5-
chloropyridine as the S1 binding moiety.

Simple alkyl substituted compounds 13a-13c showed
<50% inhibition of the enzyme in the initial screening. As S4
site is comprised of a cage of aromatic amino acids like Tyr99,
Phe174 and Trp215, it was also observed in the computational
binding analysis that simple aliphatic substituents did not

exhibit good binding affinity in this region. This observation
was supported by the fact that compounds containing
substituted benzyl groups as the S4 moieties exhibited better
activity, and favourable interactions with the enzyme in the
docking study. Initially, benzyl groups were introduced to
obtain compounds 13d-13 l. All the benzyl substituted com-
pounds 13d-13 l showed low to moderate FXa inhibitory
activity (IC50 = 10 to 50 μM). This was supported by the ligand-
receptor binding analysis in terms of slightly improved hydro-
phobic and π-π stacking interactions. Compound 13g with 4-
methoxybenzyl group exhibited somewhat higher FXa inhib-

Figure 7. Direct inhibition of FXa by compounds 13e, 13f, 13g, 13 i (A), 13j, 13k, 15e (B), 16a, 16c, 16d, 16e (C) and 16f, 16h, 16 i (D). Solid lines represent
sigmoidal fits to the data to obtain IC50 as described in experimental section. Experiments were performed in duplicate or triplicate (SE <20%).

Figure 8. Effect of 16f and apixaban (30 mg/kg) on thrombus weight (FeCl3
induced arterial thrombosis model). Statistical analysis was performed by
One way ANOVA using Graph-pad prism 5.0 *p < 0.01 vs. vehicle control.
(n=3)
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itory activity (IC50 = 11.5 μM) amongst the benzyl substituted
compounds. Here, because of the 4-methoxy group, the π
cloud of the aromatic ring was observed to be strong and it
was reflected very well in the π-π interactions with the
aromatic amino acids of the S4 binding pocket of the receptor.
Compound 13 j containing 3-fluorobenzyl showed a moderate
activity (IC50 = 48.3 μM). The orientation of the phenyl ring of
the molecule in the molecular interactions with the receptor is
a very important aspect as proven by the substituents on the
ortho and para positions. In docking studies it was observed
that, the ortho substituents on the aromatic ring were
distorting the orientation of the benzyl ring because of the
steric effects and hence in most of the cases, the π-π
interactions were lacking or poor with the aromatic triad of
Tyr99, Phe174 and Trp215 of the active site. The electron
donating para substituents were found to be helping in both
the ways by allowing proper orientation of the ring as well as
by increasing the electron density.

Considering the favourable literature reports[43] on biphenyl
derivatives, it was decided to synthesize substituted biphenyls
as S4 binding ligands to get compounds 16a-16 i. Biphenyls
were expected to show better activity. Except for compound
16b and 16g, the remaining biphenyl derivatives displayed
more than 50% inhibition of the enzyme at 100 μM concen-
tration. Poor activity of 16b (tert-butyl group at para position)
and 16g (methoxy group at para position) could be rational-
ized using docking studies. In the receptor active site
interactions of 16b and 16g, the para substituted hydrophobic
groups were observed to be entering the polar and charged
amino acids region like Glu97 and Thr98 and thus having
unfavorable interactions. Compound 16a without any substitu-
ents on both the rings exhibited an IC50 value of 35.0 μM.
Substitution at 2-position of the proximal ring in compound
16h resulted into slightly improved activity. Introduction of
substituents on ortho position of the distal ring resulted into
increased potency. For example, compounds 16d (2-chloro)
and 16e (2-methoxy) demonstrated much improved FXa
inhibitory activity with IC50 values of 1.3 μM and 12.5 μM
respectively. Compound 16f displayed the highest inhibition of
the enzyme with an IC50 value of 0.7 μM. This improvement in
activity was by the distal ortho substituent due to steric effect
and could be explained by the docking study also. The
orientation of the distal phenyl ring because of the presence of
ortho substituent led to favourable orientation of the molecule
for strong hydrophobic and π-π interactions with Tyr99,
Phe174 and Trp215. Further substitution by 3,5 difluoro group
in compound 16c was found to offer an IC50 value of 5.4 μM.
Incorporation of substituents at para position of the distal ring
in compounds (16b, 16g and 16 i) was associated with
decreased potency as explained above.

Further, substituted piperazines were introduced as the S4
binding moieties in place of biphenyls to obtain compounds
15a-15 f. Among the substituted piperazines, compound 15e
alone with benzylpiperazine group could offer moderate
inhibition of the enzyme with an IC50 value of 57.5 μM.

Conclusion

A total of twenty-eight anthranilamide derivatives having some
novel S4 binding moieties such as alkyls, benzyls, biphenyls
and substituted piperazines were assessed to determine their
effect on antithrombotic activity. Amongst the tested com-
pounds, benzyl substituted derivative 13g and the biphenyl
derivatives 16c, 16d and 16 f showed significant inhibition of
the enzyme with IC50 values of 11.5 μM, 5.4 μM, 1.3 μM and
0.7 μM respectively. The obtained results suggests that lip-
ophilicity and aromaticity all alone do not play significant roles
for good binding to the S4 pocket but steric and electronic
effects of the functional groups are responsible for higher
binding affinity. Compound 16f is the ‘best find’ of the study
offering high selectivity for FXa over thrombin, with IC50 value
in submicromolar range and causing significant enhancement
in the clotting time.

Supporting Information Summary

Details of experimental procedures for synthesis of compounds,
biological evaluation and characterization data of compounds
are provided in supporting information.
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a b s t r a c t

Thrombosis is a leading cause of death in cardiovascular diseases such as myocardial infarction (MI),
unstable angina and acute coronary syndrome (ACS) in the industrialized world. Venous thromboem-
bolism is observed in about 1 million people every year in United States causing significant morbidity
and mortality. Conventional antithrombotic therapy has been reported to have several disadvantages and
limitations like inconvenience in oral administration, bleeding risks (heparin analogs), narrow thera-
peutic window and undesirable interactions with food and drugs (vitamin K antagonist-warfarin). The
unmet medical demand for orally active safe anticoagulants has generated widespread interest among
the medicinal chemists engaged in this field. To modulate blood coagulation, various enzymes involved
in the coagulation process have received great attention as potential targets by various research groups
for the development of oral anticoagulants. Among these enzymes, factor Xa (FXa) has remained the
centre of attention in the last decade. Intensive research efforts have been made by various research
groups for the development of small, safe and orally bioavailable FXa inhibitors. This review is an attempt
to compile the research work of various researchers in the direction of development of FXa inhibitors
reported since 2010 onward.

© 2016 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Thrombosis is one of the leading causes of deaths in the car-
diovascular diseases such as myocardial infarction (MI), unstable
angina and acute coronary syndrome (ACS) in developed coun-
tries [1,2]. It is estimated that venous thromboembolism (VTE)
afflicts about 1 million (1e2 per 1000) people every year in
United States and about 0.1 million of them die of VTE [3]. More
than one million individuals in Europe are affected by venous
thromboembolic disorders each year that are responsible for at
least 0.5 million deaths [4]. Thrombosis is obstruction of blood in
the arterial and venous circulation. Depending upon the site of
formation of thrombus, thrombosis is classified as arterial or
venous thrombosis. Different types of antithrombotic drugs are
used to treat both arterial and venous thrombosis depending on
their pathological differences [5e11]. Arterial thrombosis is
generally treated by antiplatelet agents because the condition is
associated with platelet aggregation and activation induced by
ruptured atherosclerotic plaque, leading to MI and ACS [12].
Obstruction of veins is in the form of deep vein thrombosis (DVT)
or pulmonary embolism (PE) which can be treated by anticoag-
ulant agents [13].

The current antithrombotic therapy includes vitamin K antag-
onists, coagulation enzymes’ inhibitors and heparins such as
unfractionated heparins (UFHs), low molecular weight heparins
(LMWHs) or fractionated heparins [6,14e16]. Although these drugs
have proved their efficacy in clinical practice but they have been
found to be associated with several problems. Warfarin, a vitamin K
antagonist is the most widely used antithrombotic drug. Unfortu-
nately warfarin has a narrow therapeutic window, causes unde-
sirable interactions with food and drugs and possesses risk of
bleeding [17]. Debigatran etexilate, an oral thrombin inhibitor was
found to have uncontrolled bleeding which could prove fatal [18].
Other anticoagulants like UFH, LMWHs, direct thrombin inhibitors
(Argatroban, Hirudin derivatives) and indirect factor Xa (FXa) in-
hibitor (Fondaparinux) require parenteral administration which is
responsible for clot formation at the site of injection limiting their
use in clinical practice. Heparin analogs are associated with
thrombocytopenia, immunological reactions and certain other
serious side effects [19]. These shortcomings in the existing drugs
motivate researchers to discover new orally bioavailable antith-
rombotic drugs with better safety profile.

1.1. Hemostasis and thrombosis

Hemostasis is a normal physiological process in which
bleeding is prevented to minimize excessive blood loss [20].
Hemostasis maintains the integrity of circulatory system but it
sometimes gets imbalanced, causing either thrombosis or hem-
orrhage. The balance between thrombosis and hemorrhagic

condition is controlled in the body by the interactions between
platelets and vascular membrane as well as coagulation factors
and fibrinolytic system [21]. The hemostatic process involves
three phases; primary hemostasis, coagulation and fibrinolysis.
All the three processes are highly interrelated with each other
and regulate blood fluidity in the vessels by maintaining vascular
integrity and their openness [22]. The overstated response of
hemostatic system causes vascular endothelial injury, arresting
of blood flow and hypercoagulation, resulting into a pathological
condition called thrombosis [23]. Primary hemostasis is initiated
instantly due to vascular endothelial injury or damage and is
associated with vasoconstriction to reduce blood loss from the
site of injury, and the aggregation and activation of platelets to
form a platelet plug [24]. Subsequently, secondary hemostasis
starts which includes coagulation cascade resulting into forma-
tion of insoluble fibrin clot at the site of injury by complex in-
teractions of clotting factors and fibrinolytic system [25]. Most of
these clotting factors are trypsin-like serine proteases that are
formed from their respective proenzymes or zymogens, synthe-
sized by liver [2,26].

1.2. Blood coagulation

Blood coagulation, a complicated process, has been well
explained in the literature [27e30]. There are two models which
are used to explain the blood coagulation:

1.2.1. The cascade model
According to the cascade model [31,32], coagulation is regulated

by two parallel pathways, the extrinsic and the intrinsic pathways,
intersecting at the point of activation of FXa as illustrated in Fig. 1
[33]. After the activation of factor X, a common pathway begins
with activation of prothrombin to thrombin which subsequently
activates soluble fibrinogen to form insoluble fibrin. The polymer-
ized fibrin and activated platelets form a stable clot at the site of
injury [34].

1.2.2. The cell-based model
The cell based model explains the in vivo mechanism of blood

coagulation in a better way that includes important interactions
between the cells that are directly involved in hemostasis and the
coagulation process. As per this model [35e37], coagulation con-
sists of three phases: initiation, amplification and propagation as
described in Fig. 2 [38]. Initiation takes place on the surface of the
glycoprotein tissue factor (TF) which activates coagulation factor
VII. The proteolytic complex of TF-VIIa activates factor IX and factor
X. On the TF-exposed cells, FXa is responsible for generation of
small amount of thrombin (FIIa) from prothrombin (FII). In ampli-
fication phase, the surface bound thrombin activates platelets along
with factor V, factor XI, and factor VIII. FXIa plays a booster role in
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generation of FIXa on the surface of the platelets and thus results in
a thrombin burst. In propagation phase, the activated complexes
FIXa-FVIIIa (termed as ‘Xase’) and FVa-FXa (termed as ‘pro-
thrombinase’) are responsible for generation of FXa and thrombin
respectively on the phospholipid surface of the activated platelets.
In addition, the surface bound FXIa activates FIX to formmore Xase
and thus accelerates the generation of FXa which generates
thrombin in association with FVa on the surface of the platelets.
Finally, thrombin leads to proteolytic cleavage of the fibrinogen to

fibrin.

1.3. Structure of FXa

FXa, a vitamin K-dependent serine protease has two chains of
amino acids linked by a disulfide bridge [39]. The heavy chain
consists of 303 amino acids and the light one of 139 amino acids.
The catalytic triad in FXa is present in the heavy chain and com-
prises of Ser195, His57 and Asp102. The active site of FXa is iden-
tified as S1 and S4 subsites and the surrounding residues. The S1
subsite is a narrow pocket formed by Trp215-Gly216 on one side of
the wall and Ala190-Cys191-Gln192 on the other side. The bottom
of S1 pocket is lined by Asp189 and the side chain of Tyr228. Pro-
thrombin, the natural substrate of FXa, interacts through ionic
hydrogen bonding of the side chain of Arg to the Asp189 in S1
pocket (Fig. 3) [40]. In contrast to other serine proteases, access to
the S2 pocket in FXa is blocked by Tyr99. The S4 binding pocket is
an aromatic box formed by the side chains of Tyr99, Phe174 and
Trp215. This binding site differs greatly from sites of other trypsin-
like serine proteases. Highly selective inhibitors can be obtained by
targeting the S4 pocket [41].

The nomenclature of binding pockets in the protease and its
substrate (S1, S2 …, S10, S20 … and P1, P2 …, P10, P20 …) of a serine
protease has been given by Schechter and Berger to simplify
identification of the sites [42]. As per this nomenclature, a protein
subsite indicated as S1 binds to the corresponding substrate amino
acid indicated as P1. The cleavage point for the enzyme subsite is
between S10 and S1 and for the peptide substrate it is between P10

and P1. In both the directions, the numbering of subsites is given
from the cleavage point in ascending order (S1, S2,…, Sn increasing
towards the N-terminus and S10, S20, …, Sn0 increasing towards the
C-terminus) as shown in Fig. 4.

1.4. Structural differences between FXa and thrombin

Selectivity is an important issue for the development of FXa
inhibitors. Due to structural similarities between both the enzymes,
FXa inhibitors may also bind to thrombin. Hence, there is a need to
address the selectivity issue for the development of newer FXa
inhibitors by understanding structural differences between FXa
and thrombin. Some research groups have resorted to molecular
modeling techniques to obtain supportive results to understand the
structural differences between both the enzymes and to sort out

Fig. 1. The cascade model of coagulation (the feedback mechanisms are omitted for
clarity). Used with permission from Adams, R. L. & Bird, R. J. Nephrology; 14, 2009,
462e470 (copyright© 2009, John Wiley & Sons Inc.).

Fig. 2. Cell based model of coagulation.
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the selectivity issue. There are different schools of thoughts as per
literature regarding the selective binding of various inhibitors to
FXa or to thrombin [43e47]. However, a more clear picture
regarding the selectivity issue was given by Bhunia et al. [48] with

the help of ligand and structure based modeling approaches. The
most noticeable difference in thrombin from FXa (Fig. 5B) is the
presence of D-pocket in thrombin (Fig. 5A), composed of Tyr60A-
Pro60B-Pro60C-Trp60D residues [49]. This pocket in thrombin is
considered as an important recognition site for the development of
thrombin-selective inhibitors [48,50]. In both FXa and thrombin,
the S1 pocket is highly similar to each other having two residues,
Asp189 and Tyr228, and Cys191-Cys220 residues located at the
bottom of the site. S1 pocket could be playing an important role
toward potential inhibition of both the enzymes. The S1 pocket is
about 12 Å deep, made up of two antiparallel b-sheets which form a
partial roof by undergoing U-turn at the entry of S1-pocket. This
partial roof was named as S2-pocket where the two amino acid
residues namely Gly216 and Gly218 were found to play a critical
role for potential inhibition of FXa whereas three amino acid resi-
dues (Gly216, Gly219 and Ser214) were found to play the same role

Fig. 3. X-ray crystal structure of FXa along with Rivaroxaban (PDB code: 2W26). Used with permission from Roehrig, S. et al. J. Med. Chem. 48, 2005, 5900e5908 (copyright© 2005,
American Chemical Society).

Fig. 4. Nomenclature for substrate/inhibitor residues and the corresponding binding
sites in the enzyme.

Fig. 5. Comparison of active site of (A) thrombin and (B) FXa. Top left: Thrombin complexed with Dabigatran (PDB code 1KTS) and Top right: FXa complexed with Rivaroxaban (PDB
code 2W26). Used with permission from Straub et al. Angew. Chem. Int. Ed. Engl. 50, 2011, 4574e4590 (copyright© 2011, John Wiley & Sons Inc.).
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in thrombin. Co-crystallization experiments have established the
fact that these residues of S2 pocket are actually involved in
forming H-bonds with the bound molecules. As far as amidine-
based inhibitors are concerned, it has been reported that NH
group of amidine formed strong H-bond with residual water
located near Tyr228. In case of non-amidine based inhibitors,
instead of interaction with the water residue, chloro group of the
inhibitor is responsible to make strong bonding with Tyr228 in this
pocket through van der Waals interactions. Additionally another
molecular recognition site i.e. S3 pocket made up of Glu192 in
thrombin and Gln192 in FXa called as esteric site, is present.
Carboxylate group containing compounds interact more favorably
with glutamine in FXa than with glutamate in thrombin. Differ-
ences in S4 pockets are more prominent between both of them. In
thrombin this subsite is formed by leu99, Ile174 and Trp215 at the
bottomwhile it is comparativelymore symmetrically formed by the
corresponding Tyr99 and Phe174 in FXa, which make an “aromatic
box” along with Trp215 [49].

1.5. Factor Xa as a promising target for the development of
antithrombotic drugs

Factor X, a vitamin K-dependent serine protease is secreted in
blood as an inactive zymogen. This inactive form is converted into
the active form FXa by the factor TF-VIIa complex through the
extrinsic pathway or by factor IXa-VIIIa complex through the
intrinsic pathway (Fig. 1). FXa is the key enzyme in the blood
clotting pathway which converts prothrombin to thrombin. On the
surface of the phospholipid membrane of activated platelets, FXa
forms a complex with prothrombinase and factor Va in the pres-
ence of calcium ions [51]. Thus, FXa plays a central role in the
enzymatic activation of blood coagulation cascade and controls
hemostasis by regulating thrombin generation and formation of
fibrin subsequently in both the models i.e. cascade model (Fig. 1) as
well as the cell-based model (Fig. 2). Factor Xa is responsible for the
propagation of coagulation process by converting prothrombin
(Factor II) to thrombin (Factor IIa). One molecule of FXa is respon-
sible for generation of more than 1000 thrombin molecules [52].
FXa thus plays a crucial amplifying role in the coagulation process.

Drug discovery programs for oral anticoagulants were initially
focussed on developing strategies for inhibition of thrombin. But
the available data supported the fact that FXa is a more important
target than thrombin for the development of orally active small
molecule anticoagulants [26]. Inhibition of FXa could prove to be
more effective than direct inhibition of thrombin because of its
upstream position from thrombin in the amplification cascade
[53,54]. Selective inhibition of FXa has less bleeding risks because
the pre-existing normal thrombin level, and activation and aggre-
gation of platelets is not affected [55e58]. Several preclinical
studies indicated that FXa inhibitors had a broader therapeutic
window than direct thrombin inhibitors [59e62]. FXa has attracted
substantial attention of medicinal chemists to develop novel
antithrombotic drugs due to its pivotal role in coagulation cascade.
U.S. Food and Drug Administration (FDA) has approved three orally
active selective FXa inhibitors: Rivaroxaban 1 [63,64], Apixaban 2
[65] and Edoxaban 3 [66], while several others like Betrixaban 4
and Eribaxaban 5 are under different stages of clinical trials (Fig. 6)
[30,67,68]. However, these FXa inhibitors have been reported to
manifest many drawbacks like long half-life, drug-drug interactions
[30,69], bleeding risks [70] and narrow clinical indications [71,72].
So, there is a need to develop novel potent FXa inhibitors as ideal
oral anticoagulants with better safety and predictable pharmaco-
kinetic profiles.

2. Designing strategies adopted for the development of FXa
inhibitors

First crystal structure of FXa was reported in 1994 and till date
656 structures are available in protein data bank having 224 entries
for Homosapiens [73]. After 2010 almost 33 entries of holo enzyme
structures have been reported [74e86] with various inhibitors
(Table 1; key terms used for search criterion “coagulation
Fxa þ Homosapiens þ 2010e2015” in PDB). As per the inputs ob-
tained from the enzymatic studies and the available crystallo-
graphic structure of FXa, three pharmacophore units i.e. P1 moiety,
P4 moiety and a central scaffold are required to be present in po-
tential FXa inhibitors. Availability of crystal structures of FXa bound
to various inhibitors has enabled researchers to identify suitable
chemical moieties capable of bonding to S1 and S4 pockets of FXa
using structure based drug design approach for the designing of
better FXa inhibitors. Going back to early days of developments,
most of the FXa inhibitors were developed by using amidine
grouping as P1 and P4 motif. But due to lack of oral bioavailability
and nonselectivity of amidine-based FXa inhibitors, amidine was
replaced by some nonbasic functional groups as P1 motifs. Initially,
efforts were made to develop orally active selective FXa inhibitors
having halo or other substituted benzenes as P1 motifs. Halo de-
rivatives particularly chloro substituted moieties (5-
chlorothiophen-2-yl moiety in Rivaroxaban 1, 5-chloro-2-
aminopyridine in Betrixaban 4 and Edoxaban 3, and 4-
chlorobezene in Eribaxaban 5) and 4-methoxybenzenes (Apix-
aban 2 and Darexaban 88) have proved to be successful P1 motifs.
These neutral chlorinated P1 motifs bind effectively to Tyr228 of S1
pocket by CeClep interaction and thus improve selectivity and oral
bioavailability [76,87,88]. On the other side, amidine or bezamidine
as P4 motifs were also replaced by bi- and mono-aryl motifs
[75,86,89]. To connect the P1 and P4 moieties, various central
scaffolds have been explored to form U/V or L shaped molecules
[48,90e94]. Different P1, P4 and central scaffolds have been iden-
tified by various research groups to develop orally active selective
FXa inhibitors [28,49,68,95e97]. Some of the preferred and
frequently used P1 and P4 motifs, and the central scaffolds or
linkers have been described below.

2.1. P1 motifs used for designing of FXa inhibitors

2.1.1. Amidine derivatives as P1 motifs
Amidines (Fig. 7) like acetamidine 6 [98], benzamidine 7 [99],

naphthalene-2-carboxamidine 8 [100] have been reported as P1
motifs for the development of FXa inhibitors.

2.1.2. Halo derivatives as P1 motifs
Halogen containing homo/heteroaromatic groups (Fig. 8) like 2-

chlorothiophene 9 [101], 4-chlorobenzene 10 [102], 5-
chloropyridine 11 [103], 2-(5-chlorothien-2-yl)ethenyl 12 [104],
5-chlorobenzo[b]thiophene 13 [105], 6-chlorobenzo[b]thiophene
14, 3,6-dichlorobenzo[b]thiophene 15, 6-chloronaphthalene 16
[106,107], 7-chloroisoquinoline 17, 6-chloro-4-quinolinone 18, 6-
chloro-4-quinazolinone 19, 1-fluoronaphthalene 20 [84], 5-
chloroindole 21 and 3-chloroindole (22, 23) [84,108] have been
reported to show favourable interaction with S1 pocket of FXa.

2.1.3. Substituted benzenes as P1 motifs
Substituted benzenes (Fig. 9) like 3-aminobenzo[d]isoxazole 24

[109], 3-aminoindazole 25, 1-aminoisoquinoline 26, 3-benzylamine
27, 4-methoxybenzene 28 [110], 2-benzylamine 29 and 3-
benzamide 30 [111] have been also reported as P1 motifs.
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2.2. Central scaffolds used for attaching P1 and P4 motifs

To connect both of the pharmacophores (P1 moiety and P4
moiety), several central scaffolds (Fig. 10) such as pyrazole 31 [112],
oxazolidin-2-one 32 [94], pyrrolidin-2-one 33 [105], piperazine 34
and 35 [113], 4,5-dihydropyrazolo[3,4-d]pyrimidine-3-
carboxamide 36 [114], 1,3-diazepan-2-one 37 [115], 4,5,6,7-
tetrahydro-4-oxo-pyrazolo[4,3-c]pyridine-3-carboxamide 38
[116], pyrrolidine-1,2-dicarboxamide 39 [117], cyclohexane-1,2-
diamine 40 [84], 2-aminobenzamide 41 [89,90,118,119] have been
used for the development of FXa inhibitors.

2.3. P4 motifs used for designing of FXa inhibitors

2.3.1. Monoaryls as P4 motifs
Monoaryl groups (Fig. 11) like 1-phenylpiperidin-2-one 42 [118],

1-phenylpiperazine/morpholine/piperidine 43 [40], 4-(piperidin-
1-yl)pyridine 44 [120], 4-phenylmorpholin-3-one 45 [64], 1-
phenylpyrrolidin-2-one 46, 2-(methanesulfonyl)benzene 47 [121],
pyridin-2-one 48 [118], pyridine N-oxide 49 [122], 1-
benzylpyrrolidine 50 [123], 2-(pyrrolidin-1-yl)methyl-1H-imid-
azole 51 [104] have been used as P4 motifs.

2.3.2. Biaryls as P4 motifs
Biaryls (Fig. 12) like substituted biphenyls 52e55 [124,125], 1-

phenylpyridin-2(1H)-one 56 [118], 1-(3-fluorophenyl)-1H-imida-
zol-2-yl-N,N-dimethylmethanamine 57 [126] were reported as P4
motifs.

2.3.3. Miscellaneous groups as P4 motifs
Several other groups (Fig. 13) like piperidin-2-one 58, mor-

pholin-2-one 59 [121], N-methylpiperazine 60, N-substituted 4H-
imidazol-2-amine 61 [119], oxazolidin-2-one 62 [121], N,N-dime-
thylamidine 63 [103], 4,5,6,7-tetrahydro-5-methylthiazolo[5,4-c]
pyridine 64 [122], 1H-pyrrolo[3,2-c]pyridine 65 [127], 1-(1-

methylpiperidin-4-yl)piperazine 66 [128] have also been reported
as P4 motifs.

Different research groups have designed molecules incorpo-
rating the above said pharmacophoric groups as FXa inhibitors. A
large number of FXa inhibitors belonging to various chemical
classes like arylpropanoic acid, arylsulfamoylacetic acid, isoxazo-
line, isoxazole, pyrazole, pyrrolidinone, aminopiperidine, lactam,
piperazine, anthranilamide, disubstituted benzene, dia-
minocycloalkane and amino acids (glycine, proline and b-amino-
propionate) have been reported previously [28,30,49]. In this report
we have systemically described the developments in the field since
2010 onward on the basis of chemical classes to which they belong.

2.3.4. Pyrrolidine based FXa inhibitors
Glaxo Smith Kline has remained active in the development of

FXa inhibitors (Fig. 14) [75]. Sulfonamidopyrrolidin-2-one con-
taining compound 67 (FXa, Ki ¼ 4 nM; PT1.5X ¼ 1.2 mM, t1/2 ¼ 0.7 h,
F ¼ 75%), a clinical candidate, was used as a lead molecule for the
development of novel FXa inhibitors. Structure and property based
drug designing approach was utilized to design novel compounds
having similar size, hydrophobicity and molecular weight as that of
compound 67. By considering pharmacokinetics data and structural
properties, compounds were reported having different monoaryl
motifs as S4 binding ligands. Compound 68a (FXa, Ki ¼ 0.8 nM;
PT1.5X ¼ 0.9 mM), a mixture of two diastereomers 68b and 68c,
having N,N-dimethylamino group as P4 motif and 2-(5-
chlorothien-2-yl)ethenyl as P1 motif showed good anticoagulant
activity and excellent inhibition of FXa. The individual isomers 68b
(FXa, Ki ¼ 2 nM; PT1.5X ¼ 0.7 mM, t1/2 ¼ 1.3 h, F ¼ 54%) and 68c (FXa,
Ki ¼ 1 nM; PT1.5X ¼ 0.9 mM, t1/2 ¼ 1.6 h, F ¼ 23%) showed similar
profiles. Compound 69a (FXa, Ki ¼ 0.8 nM; PT1.5X ¼ 2.9 mM) was a
mixture of two diastereomers 69b and 69c containing the same P4
N,N-dimethylamino motif as present in 68a-68c with slightly more
bulky 6-chloronaphthyl group as the P1 motif. The isomers 69b
(FXa, Ki¼ 2 nM) and 69c (FXa, Ki¼ 2 nM) exhibited slightly reduced

Fig. 6. Some well known FXa inhibitors (1e5).
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Table 1
Crystal structures of FXa along with different inhibitors deposited in the PDB since 2010.

PDB
Code

Resolution
(Å)

Inhibitor FXa
Inhibition
Ki (nM)

Reference

4BTI 2.3 0.2 [76]

4BTT 2.59 1.43 (IC50)

4BTU 2.37 0.5 (IC50)

3TK5 2.2 1.3 (IC50) Deposition author(s): Suzuki, M., Mochiuki, A., Nagata, T., Takano, H.,
Kanno, H., Kishida, M., Ohta, T.
Yet to be published

3TK6 1.8 1.7 (IC50)

(continued on next page)
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Table 1 (continued )

PDB
Code

Resolution
(Å)

Inhibitor FXa
Inhibition
Ki (nM)

Reference

4A7I 2.4 2 [78]

2Y5F 1.29 2 [81]

2Y5G 1.29 146

2Y5H 1.33 1620

3Q3K 2.0 7.4 (IC50) [85]
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Table 1 (continued )

PDB
Code

Resolution
(Å)

Inhibitor FXa
Inhibition
Ki (nM)

Reference

3SW2 2.42 4.71
13 (IC50)

[82]

2Y7X 1.9 1 [83]

2Y7Z 1.84 2 [86]

2Y80 1.9 9

2Y81 1.7 2

(continued on next page)
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Table 1 (continued )

PDB
Code

Resolution
(Å)

Inhibitor FXa
Inhibition
Ki (nM)

Reference

2Y82 2.2 4

2WYG 1.88 2 [75]

2WYJ 2.38 1

2XBV 1.66 7 [74]

2XBW 1.72 10
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Table 1 (continued )

PDB
Code

Resolution
(Å)

Inhibitor FXa
Inhibition
Ki (nM)

Reference

2XBX 1.85 15

2XBY 2.02 e

2XC0 2.05 192

2XC4 1.67 9

2XC5 1.7 62

(continued on next page)
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Table 1 (continued )

PDB
Code

Resolution
(Å)

Inhibitor FXa
Inhibition
Ki (nM)

Reference

3IIT 1.8 9.5 (IC50) [84]

3M36 2.15 0.15e150 [79]

3M37 1.9 0.91e2.9

3LIW 2.22 25 [77]

3KQB 2.25 0.5 [80]
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anticoagulant activity (PT1.5X ¼ 1.9 mM and 2.1 mM respectively) but
somewhat improved pharmacokinetics profiles in terms of
increased half-lives (t1/2 ¼ 2.6 h and 2.1 h respectively). In vitro
metabolism of compounds 69b and 69c resulted into formation of
demethylated analogs 70 (FXa, Ki ¼ 4 nM; PT1.5X ¼ 6.9 mM) and 71
(FXa, Ki ¼ 2 nM; PT1.5X ¼ 7.0 mM) with comparatively less potent
anticoagulant activity.

To overcome the time dependent inhibition (TDI) of CYP3A4 in
the a-methylbenzylamine (a-MBA) series, the GSK research group
converted the benzylic amino group present in compounds 70
(TDI ¼ 17 fold) and 71 (TDI ¼ 8.5 fold) into cyclic structures like
aminoindane 72 and phenylpyrrolidine 73 [86]. TDI of CYP3A4 was
determined using diethoxyfluorescein (DEF) and 7BQ as substrates

and expressed as fold decrease in the initial IC50 value. Among the
reported compounds, the aminoindane derivatives showed signif-
icant time dependent P450 inhibition (TDI ¼ 2.2 fold). Compounds
73a-73c having phenylpyrrolidine as the P4 motif demonstrated
comparable biological activity (FXa, Ki ¼ 2e4 nM;
PT1.5X ¼ 4.5e8 mM) and pharmacokinetics profiles (plasma clear-
ance 2.6e2.8 ml/min/kg, volumes of distribution 1.7e1.9 L/kg, half
lives 7.5e10.2 h, oral bioavailability 25e38%) to the clinical candi-
date 67 (FXa, Ki ¼ 4 nM; PT1.5X ¼ 1.2 mM; Clp ¼ 8 ml/min/kg;
Vss ¼ 0.29 L/kg; t1/2 ¼ 0.7 h and F ¼ 75%). Phenylpyrrolidine con-
taining compound 73b did not show TDI of CYP3A4 in the dieth-
oxyfluorescein (DEF) assay (TDI ¼ 1.7 fold in 7BQ assay).
Tetrahydroisoquinoline (THIQ) derivatives 74 and 75 showed
comparable selectivity for tissue plasminogen activator. Thus, to
increase FXa selectivity, the compounds were modified by incor-
porating tetrahydro-2-benzazepine ring as the P4 motif resulting
into compound 76 [83].

In efforts to find pyrrolidine based FXa inhibitors with improved
pharmacokinetic profile like oral bioavailability and potency,
exhaustive research was done on compounds having pyrrolidine
scaffold 77 by researchers at Roche (Fig.14) [74]. Effortsweremade to
optimize P1 component which showed favourable interactions with
S1 b-pocket. Among this series, compound 78 showed good oral

Table 1 (continued )

PDB
Code

Resolution
(Å)

Inhibitor FXa
Inhibition
Ki (nM)

Reference

3KQC 2.2 2.2

3KQD 2.75 0.4

3KQE 2.35 8.1

Fig. 7. Amidine derivatives (6e8) as P1 motifs.
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bioavailability (F ¼ 100% in rat and 65% in monkey), excellent selec-
tivity (Ki for FXa¼ 7 nM, and for thrombin and other serine proteases
Ki > 33 mM) and high anticoagulant activity (PT2X ¼ 1.5 mM). Com-
pound 78 has been reported to be selected for clinical trials [74].

2.3.5. Oxazolidinone and isoxazole based FXa inhibitors
On the basis of the structure of the approved FXa inhibitor

Rivaroxaban 1, Xue et al. reported a novel series of fused [5,6,6]
tricyclic oxazolidinones (Fig. 15) [121]. After studying the binding
mode of Rivaroxaban 1 to human FXa, an additional linker was
introduced to form a bridge between oxazolidine ring and phenyl
ring without disturbing the structural planarity of the molecule.
Structural modifications of both P1 and P4 groups and the linkers
resulted into a novel series of FXa inhibitors. Further, SAR and

pharmacokinetic studies in rats and dogs resulted into potent and
highly selective FXa inhibiting compound 79 (FXa IC50 ¼ 3.41 nM;
Thrombin IC50 > 20 mM) exhibiting good oral bioavailability
(F ¼ 92% in dogs) and excellent efficacy in the in vivo models of
thrombosis (AV-shunt, VT and arterial thrombosis). Compound 79
showed superior in vivo efficacy (ED50 ¼ 2.97 mg/kg) to Rivarox-
aban 1 (ED50 ¼ 4.53 mg/kg) in arterial thrombosis model of rats
[121].

Investigators at Shenyang Pharm. University have used oxazo-
lidinone scaffold and different P4motifs to develop a novel series of
FXa inhibitors (Fig. 15) [94]. Replacement of morpholin-3-one, the
S4 ligand of Rivaroxaban 1with different motifs like pyrrole, indole
and thiazole resulted into compounds having good FXa inhibitory
activities. Compound 80 having pyrrole ring showed 98% inhibition

Fig. 8. Halo derivatives (9e23) as P1 motifs.

Fig. 9. Substituted benzenes (24e30) as P1 motifs.
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at 0.1 mM, whereas thiazole containing compound 81 showed 91%
inhibition at 0.1 mM. Indole based compound 82 showed 69% in-
hibition at 0.1 mM. Conversion of dimethylamino group of com-
pound 80 (PTCT2x ¼ 0.61 mM, aPTTCT2x ¼ 1.20 mM) into
diethylamino group led to the discovery of compound 83
(PTCT2x ¼ 0.15 mM, aPTTCT2x ¼ 0.30 mM) with an improved anti-
coagulant profile in human plasma.

With an assumption to prevent degradation of carboxamides

into mutagenic anilines, Yang et al. sought to employ bicyclic iso-
xazole scaffold with different P1 and P4 groups (Fig. 15) [129].
Optimization of P1 and P4 moieties by attaching various sub-
stituents led to the discovery of compound 84 having high selec-
tivity (FXa, IC50 ¼ 0.013 mM; Thrombin, IC50 > 20 mM) and good
anticoagulant effect in human plasma (PT2x ¼ 2.12 mM). Molecular
docking studies of compound 84 showed p-p interaction of pyr-
imidinone ring with the phenyl ring of Tyr99 while the carbonyl

Fig. 10. Central scaffolds (31e41) used for designing of FXa inhibitors.

Fig. 11. Monoaryls (42e51) as P4 motifs.

N.R. Patel et al. / European Journal of Medicinal Chemistry 121 (2016) 671e698 685



oxygen of P1 motif showed multiple hydrogen bonds with Ser214
and Trp215. Carbonyl oxygen of pyrimidinone ring showed H-
bonding interaction with NH of Gly216 (Fig. 16).

2.3.6. Anthranilamides and disubstituted benzenes as FXa inhibitors
As an output of high-throughput screening (HTS) programme,

researchers at Astellas Pharma disclosed compound 85 as a novel
leadmolecule (Fig.17) [130]. Optimization of the lead compound 85
(IC50 ¼ 6216 nM) by incorporating amidine group led to the
development of compound 86, as a highly selective and potent
novel FXa inhibitor (IC50 ¼ 8.6 nM, PTCT2x ¼ 0.11 mM).With the aim
to increase oral bioavailability, compound 86was further optimized
to a non-amidine group containing compound by substituting
amidino group with methoxy group to get compound 87 (FXa,
IC50 ¼ 103 nM; PTCT2x ¼ 2.8 mM). Introduction of a phenolic hy-
droxyl group at 3rd position of the central phenyl ring in compound
87 led to the discovery of Darexaban 88 with an improved FXa
inhibitory activity (IC50 ¼ 54.6 nM) and slightly reduced anticoag-
ulant property (PTCT2x ¼ 4.1 mM). Subsequent metabolic studies on
compound 88 demonstrated formation of glucuronide conjugate 89
(FXa, IC50 ¼ 28.6 nM; PTCT2x ¼ 2.5 mM) as an active and stable
metabolite of compound 88. Compound 88 (FXa, Ki ¼ 0.031 mM)
and its metabolite 89 (FXa, Ki ¼ 0.020 mM) showed higher selec-
tivity for FXa over other serine proteses (Ki of 88 and 89 > 100 mM
for FIIa) [130].

Ishihara et al. [131] reported a novel strategy for the discovery of
orally active blood coagulation enzyme inhibitors (Fig. 17). The
strategy was based on biotransformation of non-amidine inhibitors

into more hydrophilic conjugates. Compound 90 (FXa, IC50 ¼ 4 nM;
PTCT2x ¼ 0.31 mM) a phenol derivative, and the corresponding
glucuronide 91 (FXa, IC50 ¼ 4.9 nM; PTCT2x ¼ 0.28 mM) showed
comparable FXa inhibitory activity to the deshydroxy analog 92
(FXa, IC50 ¼ 5.8 nM; PTCT2x ¼ 0.22 mM). Both the compounds 90
and 91 demonstrated higher selectivity for FXa (FIIa,
IC50 > 100 mM). Pharmacokinetics data indicated rapid trans-
formation of compound 90 to its corresponding glucuronide 91
after oral administration. Thus, biotransformation of compound 90
into a highly hydrophilic conjugate 91 substantially improved its
ex vivo anticoagulant activity.

Structural analog 93 of Darexaban 88was also developed by the
research group of Astellas Pharma (Fig. 17) [132]. Introduction of
phenolic hydroxyl group at the 3rd position of the central phenyl
ring of compound 93 (FXa, IC50 ¼ 140 nM) resulted into compound
94 (FXa, IC50 ¼ 150 nM, PT-prolongation value 1.97 fold after oral
administration to mice with a dose of 100 mg/kg) and its corre-
sponding glucuronide derivative 95 (FXa, IC50 ¼ 66 nM). Incorpo-
ration of chloro group at 5th position of the central phenyl ring of
compound 94 led to the identification of compound 96 with
enhanced FXa inhibition potency (IC50 ¼ 68 nM) and significant
anticoagulant activity (PT-prolongation value 3.91 fold). Further
structural modifications in the P1moiety led to the identification of
highly potent FXa inhibitor 97 (IC50 ¼ 8.7 nM) with significant
anticoagulant activity (PT-prolongation value 7.8 fold). The corre-
sponding hydrophilic conjugate compound 98 (FXa, IC50 ¼ 1.5 nM)
exhibited approximately 40-fold higher activity than the corre-
sponding glucuronide 95 (FXa, IC50 ¼ 66 nM). Compound 98 also

Fig. 12. Biaryls (52e57) as P4 motifs.

Fig. 13. Miscellaneous groups (58e66) as P4 motifs.
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showed higher selectivity for FXa over thrombin (IC50 > 100 mM for
thrombin).

Yang et al. [133] independently used 3,4-diaminobenzoyl scaf-
fold with different P1 and P4 motifs (Fig. 18). Among the reported
series of derivatives, compound 99 with 3,4-dimethoxyl group and
compound 100 having 4-acetamido group as S1 binding ligands

showed comparable FXa inhibitory activity (FXa, IC50¼ 17.1 nM and
15.6 nM respectively) to Rivaroxaban 1 (FXa, IC50 ¼ 14.4 nM).
Compound 99 showed higher selectivity for FXa over other serine
proteases like thrombin and trypsin (IC50�100 mM for thrombin).
Compound 99 also exhibited excellent in vivo antithrombotic
activity.

Fig. 14. Pyrrolidine based FXa inhibitors (67e78).
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Researchers at Zydus Research Centre reported some anthrani-
lamide based compounds (Fig. 18) [134]. Replacement of the highly
basic amidine group (S4 ligand) of Betrixaban 3 by neutral sulfox-
imine resulted into a series of active compounds. Compound 101
displayed 76% inhibition of FXa at 0.1 mM (PTCT2x ¼ 7.2 mM). Effect
of different substituents on nitrogen of sulfoximine group indicated
that anticoagulant activity of a compound was a function of its
potency, hydrophilicity and plasma-protein binding. Compound
102 bearing methoxyacetyl moiety on the nitrogen of sulfoximine
group exhibited increased polarity and improved anticoagulant
activity (PTCT2x ¼ 3 mM). Replacement of methoxy group of com-
pound 102 with different alkylamino substituents resulted into
highly potent compound 103 (100% inhibition at 0.1 mM and
PTCT2x ¼ 0.68 mM). Compound 103 and its metabolite 104 were
found to have higher selectivity for FXa (Ki ¼ 1.1 and 1.5

respectively) over other related serine proteases (Ki of >20 mM for
thrombin, trypsin and plasmin) and lesser effect on CYP3A4.
Compound 103 demonstrated good in vivo antithrombotic activity.

Fragment based drug designing and virtual screening ap-
proaches were successfully applied by Xing et al. [135] to identify
two hits 105 and 106 possessing FXa inhibitory activity (Fig. 18).
Structural analogs of these two hits were prepared and evaluated
for FXa inhibitory activity. Compound 107 was found as the most
potent FXa inhibitor (FXa, IC50 ¼ 23 nM) among the reported series
of compounds having excellent selectivity (FIIa, IC50 ¼ 48 mM) and
potent anticoagulant activity (PT2x ¼ 8.7 mM).

2.3.7. Diamines as FXa inhibitors
As is the case with Edoxaban 3, researchers at Daiichi Sankyo

used diamine linker, 2-aminomethylphenylamine as a scaffold, for

Fig. 15. Oxazolidinone (79e83) and isoxazole 84 based FXa inhibitors.
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connecting S1 and S4 binding ligands (Fig. 19) [91]. Compound 108
(FXa, IC50¼ 1.7 nM; PTCT2x¼ 0.50 mM)was reported to show highly
potent activity in rat and monkey models. Compound 108 was also
found to have low aqueous solubility (17 mg/ml at pH 6.8) and
moderate metabolic stability (53%) in human liver microsomes.

To overcome these issues, compound 108 was further modified
by introduction of polar groups on the central phenyl ring resulting
into compound 109 (FXa, IC50 ¼ 2 nM; PTCT2x ¼ 0.85 mM) having
good inhibitory activity in monkeys with higher solubility
(>850 mg/ml at pH 6.8). Modifications of S4 binding ligands led to
the discovery of N-isopropyl derivative 110 (FXa, IC50 ¼ 0.93 nM;
PTCT2x ¼ 0.62 mM) exhibiting higher inhibitory activity and meta-
bolic stability (96%) than compound 109. To reduce the risk of
metabolic instability of thiophene moiety, investigators prepared
phenypropionylamide derivatives and reported some potent com-
pounds such as 111e113. X-ray crystal structure of human FXa with
compound 112 bound to it showed interactions of the chlor-
othiophene and thiazolopyridine groups with S1 and S4 pockets
respectively. The central phenyl ring of compound 112 was
observed near to the S1b-pocket. On the basis of interaction studies
of compound 112with FXa, researchers reported novel zwitterionic
compounds such as 114e118 by attaching fluoro, chloro, tri-
fluoromethyl, methoxy and ethoxy groups to the central phenyl
ring of compound 112. All these compounds 114e118 showed
potent inhibitory activity and long duration of action after oral
administration in monkeys. Compounds such as 110, 112, 113 and
115 displayed higher AUC values (605, 1368, 785 and 724 ngh/ml
respectively) than compound 109 (AUC ¼ 247 ngh/ml). The oral
bioavailability of compounds 110, 112 and 115 was found to be 51%,
67% and 52% respectively. Compounds 112 and 115 also showed
small Cmax/C24h of 3.3 and 3.9 respectively [136].

Daiichi Sankyo researchers discovered alternative scaffolds to
cyclohexanediamine present in Edoxaban 3, such as ethylenedi-
amine and phenylenediamine (Fig. 19) [85]. Unsubstituted ethyl-
enediamine derivative 119 (FXa, IC50 ¼ 221 nM; PTCT2x ¼ 18 mM)
with chloroindole as the S1 binding ligand and thiazolotetrahy-
dropyridine as the S4 binding ligand showed moderate FXa inhib-
itory activity. Introduction of methyl acetate group on C-1 position
of ethylenediamine in S configuration resulted into compound 120
(FXa, IC50 ¼ 70 nM; PTCT2x ¼ 6.5 mM) with improved FXa inhibitory

activity. Replacement of methoxy group of 120with dimethylamino
group resulted into compound 121 (FXa, IC50 ¼ 47 nM;
PTCT2x ¼ 3.2 mM) with modest FXa inhibitory activity. Phenyl-
enediamine as a new scaffold was also identified by this group.
Compound 122 (FXa, IC50 ¼ 7.4 nM) having phenylenediamine as
the spacer and the same P1 and P4 groups as present in compound
119, demonstrated strong FXa inhibitory activity. Substitution of
carboxylic function at the 4th position of phenylenediamine
increased the inhibitory activity against FXa. Compound 123
showed magnificent FXa inhibitory potency (FXa, IC50 ¼ 2.2 nM)
and good anticoagulant activity (PTCT2x ¼ 3.9 mM) along with
improved solubility (71 mg/ml at pH 1.2 and 362 mg/ml at pH 6.8).
Compound 123 showed 91% ex vivo FXa inhibitory activity after
intravenous administration in rats, and high metabolic stability but
low permeability.

2.3.8. Pyrazole based FXa inhibitors
Development of pyrazole based FXa inhibitors has been

considered as an interesting approach due to the success of Apix-
aban 2. During extensive efforts to develop a conceivable back up to
Apixaban, Bristol-Myers Squibb researchers discovered phenyl-
triazolinone containing compounds having excellent affinity for
FXa (Fig. 20) [80]. Efforts were made to replace benzylamine group
(P1 moiety) in compound 124 with different heterocyclic analogs
resulting into compound 125 having phenyltriazolinone as S1
binding ligand with high affinity for FXa (Ki ¼ 0.5 nM). Introduction
of phenyltriazolinone to the bicyclic pyrazole scaffold of Apixaban 2
resulted into compound 126 with good selectivity (FXa,
Ki ¼ 0.25 nM; FIIa, Ki > 6000 nM) and comparable anticoagulant
activity (PT EC2x ¼ 4.4 mM) to Apixaban 2 (FXa, Ki ¼ 0.08 nM; PT
EC2x ¼ 3.8 mM). X-ray crystal studies of compounds bound to the
human FXa enzyme indicated that phenyltriazolinone motif was
accommodated in S1 pocket of FXa due to re-orientation of a side
chain of Asp 189. Efforts have also been made by this group to
identify different P4 moieties by replacing the lactam ring of
Apixaban [137]. Compound 127 bearing a neutral hydroxymethyl
group as a P4 motif showed good FXa affinity (FXa, Ki ¼ 0.66 nM;
FIIa, Ki ¼ 2578 nM) and moderate anticoagulant activity (PT
EC2x ¼ 3.8 mM) along with good pharmacokinetic profile in dogs
(clearance value of 0.98 L/kg/h, Vdss value of 3.02 L/kg, t1/2 value of
4.95 h and F value of 50%). Compound 128 with methylsulfone as
the P4 moiety exhibited high FXa affinity, good anticoagulant ac-
tivity (FXa, Ki ¼ 0.48 nM; PT EC2x ¼ 3.90 mM) and a favourable
pharmacokinetic profile (clearance ¼ 0.32 L/kg/h, Vdss ¼ 0.51 L/kg,
t1/2 ¼ 1.70 h and F ¼ 79%).

2.3.9. Coumarins as FXa inhibitors
As coumarin derivatives were known to possess anticoagulant

activity, Amin et al. [138] employed coumarin as a scaffold to
develop novel FXa inhibitors with favourable biological profiles
(Fig. 21). A novel series of amidino derivatives was found to exhibit
prothrombin time comparable to warfarin (PT¼ 42.3 s). Compound
129 was found to be the most potent one with a PT value of 36.5 s.
Substitution on the nitrogen of amidine in compound 129 with
hydroxyl group resulted into compound 130 with good anticoag-
ulant activity (PT ¼ 26.0 s). Some novel compounds containing
heterocyclic moieties substituted at 6-position of the coumarin ring
were also reported. Cyclization of amidoxime group of compound
130 led to identification of the most potent anticoagulant com-
pound 131with a PT value of 42.3 s similar to warfarin. Compounds
having pyrazole 132 and coumarinyloxadiazole 133 showed good
anticoagulant activity with PT values of 38.5 s and 37.8 s
respectively.

Fig. 16. Docking pose of compound 84 with FXa. Pink dotted lines indicate hydrogen
bonds, and p-p interaction of the pyrimidone ring with the phenyl ring of Tyr99 is
shown as yellow column. Used with permission from Yang et al. Bioorg. Med. Chem.
Lett. 25, 2015, 492e495 (Copyright© 2014 Elsevier Ltd.). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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2.3.10. Arylsulfonamidopiperidone derivatives
Researchers at Bristol-Myers Squibb reported a novel series of

compounds 134e138 having the arylsulfonamide-valerolactam
scaffold (Fig. 22) [82]. Benzofuran sulfonamidopiperidin-2-one
134 (FXa, IC50 ¼ 1110 nM) with pyrrolidine as the P4 moiety was
modified utilizing different aromatic rings as the P1 moiety. Among
the series, compound 135 with 6-chloro-2-naphthyl as the P1
moiety showed good FXa inhibitory (IC50 ¼ 32 nM) and

anticoagulant (PT EC2x ¼ 12 mM) activities. Replacement of the P4
pyrrolidine moiety of compound 135 with the 3,7-diazabicyclo
[3.3.1]nonan-3-yl group and cytisine resulted into more potent
compounds 136 (FXa, IC50 ¼ 22 nM; PT EC2x ¼ 3.5 mM) and 138
(FXa, IC50 ¼ 13 nM; PT EC2x ¼ 4.1 mM) respectively. X-ray crystal
structure of compound 138 in the bound form to human FXa
revealed that the 6-chloro-2-naphthyl group binds to the S1 pocket,
with the acylcytisine group occupying the S4 pocket. Derivatization

Fig. 17. Disubstituted benzenes (85e89) and anthranilamides (90e98) reported by Astellas Pharma.
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of NH group of 3,7-diazabicyclo[3.3.1]nonan-3-yl of compound 136
resulted into the formation of the most potent compound 137 (FXa,
IC50 7 nM; PT EC2x ¼ 1.7 mM) of the series.

2.3.11. Tetrahydroisoquinolines as FXa inhibitors
Al-Horani et al. [139] discovered tetrahydroisoquinoline as a

novel scaffold having two hydrophobic arms which are the struc-
tural requirements for inhibition of FXa (Fig. 23). Compound 139

was identified as a novel hit from themolecular modeling studies of
FXa inhibitors. Replacement of piperidone ring of 139 (FXa,
IC50 ¼ 56 mM) with morpholin-3-one resulted into compound 140
(FXa, IC50 ¼ 36 mM) with somewhat improved activity. The p-
chlorophenylacetyl group as the P1 moiety in compound 141
(IC50 ¼ 1.3 mM) showed a high affinity for FXa. Further optimization
of the structure led to discovery of dicarboxamide 142
(IC50 ¼ 0.27 mM) as a highly efficacious FXa inhibitor with a Ki value

Fig. 18. Diamidobenzenes (99, 100) reported by Yang et al., anthranilamides (101e107) reported by Zydus Research Centre and Xing et al.
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of 135 nM, PT value of 17.1 mM and aPTT value of 20.2 mM in human
plasma. Compound 142 showed 1852 fold higher selectivity for FXa
inhibition over other serine proteases.

3. Conclusion

Discovery of an ideal orally active antithrombotic drug has
remained elusive till date. Research efforts in this direction led to
the discovery of numerous coagulation enzyme inhibitors including
various thrombin and FXa inhibitors. Several preclinical studies
have highlighted the importance of FXa as a better and effective
target than thrombin because of its upstream position in the
coagulation cascade. In addition to this, FXa inhibitors are reported
to show nil or less bleeding risks. Better safety and superior efficacy
have also been reported with FXa inhibitors over thrombin

inhibitors. All these facts elevated the importance of FXa as an ideal
target for the development of orally active antithrombotic agents.
For the development of selective FXa inhibitors, the crystal struc-
tures of both the enzymes (FXa and thrombin) have been used.
Since both these enzymes have high degree of structural similarity,
computer aided drug designing techniques have been utilized to
sort out the selectivity issue and to understand the structural dif-
ferences in the active sites of the two enzymes. A better description
of the selectivity issue has been given by Bhunia et al. [48] by taking
different classes of selective thrombin, FXa and FXa-thrombin dual
inhibitors into consideration.

In the current review, we have systematically discussed FXa
inhibitors reported by various research groups. Majority of the
structural changes are reportedly carried out in three pharmaco-
phoric units i.e. P1 moiety, P4 moiety and the central scaffold of the

Fig. 19. Diamines (108e123) as FXa inhibitors.
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inhibitors. The inhibitors have been classified on the basis of
chemical classes as pyrrolidine, oxazolidinone, isoxazole, anthra-
nilamide, diamidobenzene, diamine, pyrazole, coumarin, arylsul-
fonamidopiperidone and tetrahydroisoquinoline based compounds
reported since 2010 onward. Although a large number of com-
pounds possess potent FXa inhibitory activity as discussed in this
review, none of these compounds has entered clinical trials suc-
cessfully because of their poor oral bioavailability. However, a few

of the compounds (78, 88) are reported to have been selected for
further clinical development. Whether these would cross the bar of
clinical trials and hit the market, is a big question. Compound 78
showed an effective FXa inhibition (FXa Ki ¼ 7 nM) and good oral
bioavailability (F ¼ 100% in rat and 65% in monkey) [74].

On the basis of binding modes of the active compounds, it could
be concluded that 4-methoxyphenyl group in compounds 88 and
94, haloaromatics like 4-chlorophenyl in compound 107, 5-

Fig. 20. Pyrazole based FXa inhibitors (124e128).

Fig. 21. Coumarins (129e133) as FXa inhibitors.
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chloropyridine in compound 78 and 2-chlorothiophene in com-
pounds 79 and 81 have showed good affinities for S1 pocket.
Monoaryl motifs like 1-phenylpiperidin-2-one in compound 107, 1-
phenylmorpholin-2-one in compounds 79 and 84, biaryl motifs like
substituted biphenyls in compounds 124e126 and 1-
phenylpyridin-2(1H)-one in compounds 78, 99 and 100 have

showed good affinity towards S4 pocket. It can also be concluded
that to maintain the desired U/V or L shaped skeletal frame of the
compounds, selection of a suitable central scaffold or linker is the
key to the development of potent and selective FXa inhibitors. It is
hoped that this review would be helpful to the researchers for the
development of selective orally active new FXa inhibitors suitable

Fig. 22. Arylsulfonamidopiperidones (134e138) as FXa inhibitors.

Fig. 23. Tetrahydroisoquinolines (139e142) as FXa inhibitors.
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for the treatment of various thrombotic conditions involved in
various cardiovascular complications.
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Abstract
Furans are considered an influential part of heterocyclic systems due to their interesting biological prop-
erties. Vicinal diaryl furans have shown significant biological activities such as anti-inflammatory, an-
ticancer, antioxidant, and antifungal. Rofecoxib, a selective COX-2 inhibitor belonging to this class was 
previously approved by the FDA, but withdrawn later on due to its toxicity. Efforts have been made in 
this chapter to describe the general methods for the synthesis of vicinal diaryl furans and to elaborate 
the biological significance of these derivatives as reported in the literature.

Keywords: Vicinal diaryl furan, Rofecoxib, Anti-inflammatory, Anti-cancer, Antioxidant, Antifungal, 
COX-2 inhibitors, LOX inhibitors

Heterocyclic compounds are widely distributed in nature. Furan (1) (Fig.  7.1) is a five- 
membered aromatic ring with one oxygen atom. Ether oxygen in furan imparts polarity and 
hydrogen bond acceptor potential to the molecule. It is soluble in alcohol, ether, and acetone 
but slightly soluble in water. The presence of furan ring in various compounds attributes in-
teresting biological features to them.

The concept of bioisosterism has given special significance to furan derivatives in the field 
of medicinal chemistry. Furan is electronically and sterically similar to benzene and other het-
erocyclic rings such as pyrrole and thiophene. As a result, furan analogs of this biologically 
active ring system exhibit similar activities. The high reactivity of furan ring offers substitu-
tion in the ring even at much mild reaction conditions. The presence of oxygen heteroatom 
has the potential to alter the metabolic fate of the resulting molecules. Thus, the furan deriva-
tives are less likely to be vulnerable to toxic effects showing a better therapeutic profile.

The furan ring skeleton is present in numerous medicinal agents (2–7) possessing a variety 
of activities such as analgesic, antibacterial, anticonvulsant, antifungal, anti-inflammatory, 
antihyperglycemic, antitumor, antiviral, etc. Some prominent drugs containing furan ring 
includes rofecoxib (2), dantrolene (3), prazosin (4), ranitidine (5), nitrofurantoin (6), and furo-
semide (7) (Fig. 7.2).
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In the last 2 decades, vicinal diaryl heterocycles have gained enormous attention due to the 
expanding horizon of their biological profile. Various heterocycles have been incorporated 
into the vicinal diaryl scaffold and the resulting compounds have been evaluated for their 
biological effects. Vicinal diaryl furan derivatives have been reported in the literature by var-
ious research groups possessing biological activities such as antioxidant, anti-inflammatory, 
anticancer, etc. In this chapter, we discus vicinal diaryl furans and their derivatives along 
with their medicinal significance.

7.1  SYNTHESIS OF VICINAL DIARYL FURANS

A number of well-established methods for the synthesis of vicinal diaryl furans have been 
described in the literature. Some of the general synthetic routes to prepare vicinal diaryl fu-
rans are described below.

7.1.1  Synthesis of Diaryl Furans by Dehydration of 1,4-Diketones

The Stetter reaction of aldehydes with chalcones (8) is reported to give 1,4-diketones (9), 
which on acid-catalyzed dehydration converts to diaryl furans (10) (Fig.  7.3) (Stetter and 
Kuhlmann, 2004).

FIG. 7.1  Structure of a furan (1).

FIG. 7.2  Structures of furan-containing drugs (2–7).
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7.1.2  Synthesis of Diaryl Furans by Intramolecular Aldol Condensation

Reaction of substituted phenylacetic acid (11) with the monobromo derivative of ace-
tophenone (12) gives 2-oxo-2-phenylethyl 2-phenylacetate derivative (13). Intramolecular 
aldol condensation of compound (13) forms the lactone ring. α, β-Unsaturated lactone 
(14) on reduction with DIBAL-H gives the furan derivative (15) (Fig. 7.4) (Pirali et al., 
2006).

7.1.3  Synthesis of Diaryl Furanones by Condensation Reaction

When substituted benzaldehyde is coupled to lithium acetylide (16), it results in the  
formation of diol (17). Oxidation of the benzylic hydroxyl group by manganese dioxide 
(MnO2) gives the corresponding ketone (18), which is cyclized by diethylamine to 5-aryl-2, 
2-dialkyl-3(2H)-furanone (19). The bromination of acetic acid results in the corresponding 
bromo derivative (20), which on Suzuki coupling with the relevant arylboronic acid resulted 
in the diaryl compound (21) (Fig. 7.5) (Shin et al., 2001).

7.1.4  Synthesis of Diaryl Furan-2,5-Diones From Benzoylformic Acid

The condensation reaction between benzoylformic acid (22) and phenylacetic acid (23) in 
the presence of acetic anhydride under reflux conditions results in the formation of compound  
(24) (Fig. 7.6) (Fields et al., 1990).

FIG. 7.3  Synthesis of vicinal diaryl furans (10) from 1,4-diketones.

FIG. 7.4  Synthesis of 3,4-diaryl furans (15) by intramolecular aldol condensation.
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7.1.5  Synthesis of Diaryl Hydroxyfuranones From Aryl Pyruvates

The reaction of methyl arylpyruvates (25) with benzaldehyde (26) and 1,5-diazabicyclo 
[5.4.0]undecene (DBU) in DMF gives diaryl hydroxyfuranone (27) (Fig.  7.7) (Weber et  al., 
2002).

In another method, (Z)-3-aryl-2-hydroxypropenoic acid (29) is obtained by acidic hydroly-
sis of 4-benzylideneoxazol-5(4H)-one (28) which is synthesized from substituted benzaldehde 
by Erlenmeyer synthesis (Bailly et al., 2004). Methylation of the acid (29) by methyl iodide in 
the presence of DBU gives methyl arylpyruvates (30) (Namiki et al., 1988). On condensation 
with an appropriate benzaldehyde, methyl arylpyruvate (30) afforded the corresponding hy-
droxyfuranone derivative (31) (Fig. 7.8) (Weber et al., 2002).

FIG. 7.5  Synthesis of vicinal diarylfuranone derivatives (21).

FIG. 7.6  Synthesis of 3,4-diaryl furan-2,5-diones (24).

FIG. 7.7  Synthesis of 4,5-diaryl hydroxyfuranones (27).
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7.2  VICINAL DIARYL FURANS AS COX-2 INHIBITORS

More than 4 decades ago, it was proposed that the nonsteroidal anti-inflammatory drugs 
(NSAIDs) act by inhibiting the prostaglandins (PGs) biosynthesis via the cyclooxygenase 
(COX) enzyme (Vane, 1971). Vane was bestowed with Nobel Prize in Medicine for this work. 
Some 20 years after this discovery, in around 1990, it was discovered that there were two COX 
isoforms, namely cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) (Fu et al., 1990). 
COX-1 is expressed constitutively in several tissues including the kidneys, platelets, and the 
gastrointestinal (GI) tract, and is involved in the normal physiological homeostasis such as GI 
integrity, renal function, and vascular dilation. Interruption of COX-1 activity elicits gastrointes-
tinal toxicity such as perforation of the gut, ulceration, and bleeding (Smith and Dewitt, 1996). 
COX-2 is induced by inflammatory stimulus that causes inflammation (Dubois et al., 1998).

Traditional NSAIDs, for example, aspirin, diclofenac, ibuprofen, naproxen, piroxicam, etc. 
inhibit both COX isoforms that account for their anti-inflammatory effect as well as their 
undesired effect of GI toxicity (Dannhardt and Kiefer, 2001). So selectively inhibiting COX-2 
over COX-1 was considered a favorable approach for the management of inflammation and 
inflammation-mediated disorders as it lowered GI toxicity in comparison to the traditional 
NSAIDs (Cannon and Breedveld, 2001).

The underlying endeavors for the evolution of selective COX-2 inhibitors were being 
made by the Merck research group by keeping in mind that these inhibitors would have the 
potential to open up a new era of novel NSAIDs having better therapeutic properties and 
lesser side effects like gastropathy. A number of tricyclic 4-methylsulfonylphenyl class of 
compounds were reported by the researchers at that time taking DuP 697 (32) (Fig. 7.9), as 
a lead from that study (Gans et al., 1990). It was known beforehand that replacing the meth-
ylsulfonyl group by a sulfonamide group enhanced the oral bioavailability but at the same 
time, it dramatically increased COX-1 inhibitory activity thereby deteriorating the selectiv-
ity indices of the resulting compounds. The presence of a bromo or a methyl group in the 
central scaffold also increased the COX-1 inhibitory activity (Leblanc et al., 1995; Gauthier 

FIG. 7.8  Synthesis of vicinal diaryl furanones (31).
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et  al., 1996). By considering these aspects, Merck researchers planned to consolidate the 
following structural modifications into the designed selective COX-2 inhibitors for the im-
provement in their oral absorption without compromising the selectivity ratio: (1) utilizing 
the methylsulfone rather than the sulfonamide group to increase COX-2 selectivity; (2) re-
placement of the bulky bromo substituent in DuP 697 (32) to increase COX-2 selectivity; 
and (3) replacing the central thiophene scaffold with a new heterocycle to address the oral 
absorption issue.

In light of these points, the thiophene scaffold was substituted by a lactone ring. The meth-
ylsulfone moiety was retained for augmenting COX-2 selectivity. The two isomeric lactone 
derivatives (33 and 34) (Fig. 7.9) were synthesized and out of the two, compound (33) was 
found to be inactive, whereas compound (34) was observed to possess noteworthy COX-2 
inhibitory activity. Compound (34) showed potent COX-2 inhibitory activity comparable to 
indomethacin; however, it was a much poorer inhibitor of COX-1.

Likewise with other reported vicinal diaryl COX-2 inhibitors, it was observed that com-
pounds with the p-substituted phenyl rings at the C-3 position of the furan showed improved 
COX-1 inhibition raising the selectivity issue. Compound (34) was a more potent COX-1 in-
hibitor than compound (35c) (Fig. 7.9). Moreover, the presence of substituent at the third po-
sition (e.g., 35a) or at both third and fourth positions (e.g., 35b) (Fig. 7.9) led to a decrease in 
COX-1 inhibitory activity, whereas the COX-2 inhibitory activity of the compounds (35a and 
35b) remained unaffected. It was observed that these changes did not significantly influence 
their COX-2 inhibitory activities. The lower phenyl ring (at the C-3 position) was replaced by 
some heterocycles, but these compounds exhibited a reduction in COX-2 inhibitory activity. 
From these results, it was conceded that the active site of the COX-1 enzyme is sterically more 
challenging compared with the active site of COX-2, which made it more challenging toward 
the changes in the substitution pattern (Mancini et al., 1994).

Among so many compounds synthesized and screened, rofecoxib (35c) was identified 
to be an orally active, potent, and selective COX-2 inhibitor. Rofecoxib (35c) has shown an 

FIG. 7.9  COX inhibitors (32–35) reported by the MERCK research group.
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ED50 of about 1 mg/kg in different animal models, offering a remarkable therapeutic index of 
greater than 300. Additionally, rofecoxib (35c) showed admirable pharmacokinetics and dose 
proportionality in various animal species. The US FDA approved rofecoxib on May 20, 1999 
and the drug was marketed under the brand names Vioxx, Ceoxx, and Ceeoxx. Soon after 
approval, rofecoxib got wide acknowledgment from the medical fraternity dealing with pa-
tients having arthritis and other acute or chronic pain causing conditions. On September 30, 
2004 Merck pulled back rofecoxib as its long-term high-dosage use led to high risk of stroke 
and heart attack in patients. Disruption of the physiological balance in cyclooxygenase path-
way by rofecoxib leads to decreased levels of anti-aggregatory and vasodilatory prostacyclin 
PGI2 and concurrently increased the levels of prothrombotic thromboxane A2 that increases 
the incidence of adverse cardiovascular events. Rofecoxib was a standout among the most 
generally utilized medications ever to be pulled back from the market.

Habeeb et al. reported rofecoxib analog (36) (Fig. 7.10), in which the methylsulfonyl group, 
the hydrogen-bonding pharmacophore, was substituted by a bioisosteric dipolar azido group 
(Habeeb et al., 2001). Compound (36) showed promising COX-2 inhibitory activity (COX-2, IC50 
value of 0.196 μM, SI = 812). Compound (36) also showed remarkable oral anti-inflammatory ac-
tivity (42.9 ± 1.0 % inhibition at 3 h and 27.5 ± 4.6% inhibition at 5 h) in carrageenan-induced rat 
paw edema assay after giving the test compound orally at a dose of 50 mg/kg and analgesic 
activity (46.7 ± 1.3% inhibition of pain at 30 min and 60.6 ± 1.6% inhibition of pain at 60 min) in 4% 
NaCl-induced abdominal constriction assay in rats after 50 mg/kg ip dose of the test compound.

Rahim et al. (2002) reported 2-, 3-, or 4-acetoxy analogs of rofecoxib (37a–c) (Fig. 7.10) as se-
lective COX-2 inhibitors. These compounds (37a–c) exhibited poor COX-1 inhibitory activity 
with IC50 values of greater than 100 μM, but interestingly showed excellent COX-2 inhibition 
having IC50 values in the range of 0.00126–0.00350 μM relative to rofecoxib (COX-2, IC50 value 
of 0.4279 μM, SI > 1168). These data suggested that the compounds (37a–c) might inhibit the 
prostaglandins synthesis at the sites of inflammation via the cyclooxygenase pathway and 
due to their poor COX-1 inhibitory activity, these compounds could be free from ulcerogenic 
side effects.

Black et al. (2003) introduced the hydroxyl group on the fifth position of the diaryl fura-
none. These compounds (38) (Fig. 7.11) have shown high selectivity for COX-2 and were lack-
ing potency against COX-1. The aqueous solubility of most of the furanone derivatives was 
observed to be very low; these hydroxyl furanones showed excellent solubility in alkaline 
solution due to the formation of open chain isomer salts. In animal studies, the oral dosing 
of sodium salts of these compounds showed equivalent efficacy compared with the neutral 

FIG. 7.10  Rofecoxib analogs (36, 37) as COX inhibitors.

https://en.wikipedia.org/wiki/Stroke
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cyclic form. Compound (39a) showed good efficacy in rat paw edema assay with an ED50 
value of 1.8 mg/kg, in rat pyresis model with an ED50 value of 0.7 mg/kg, in rat hyperalgesia 
model with an ID50 value of 0.8 mg/kg and in rat adjuvant arthritis model with an ID50 value 
of 0.6 mg/kg. The GI toxicity of the compound was studied by 51Cr assay in rats wherein 
it showed that after dosing of 100 mg/kg for 10 days, there was no loss in the integrity of  
GI tract.

Zarghi et  al. (2004) reported a series of rofecoxib analogs having p-substituted phe-
nyl rings at C-3 and C-4 positions of the central furan-2-one scaffold (40a–h) (Fig.  7.12).  
Various substituents such as sulfonamido, azidosulfonyl, or N-acetylsulfonamido were tried 
and investigated the impact of these substituents on the potency and selectivity of COX  
isozymes. In vitro studies exhibited that the compounds (40c and 40d) having an additional 
sulfonamido group were inactive COX inhibitors with IC50 values greater than 100 μM. In 
contrast, compound (40g) having a 4-azidosulfonylphenyl substituent showed modest inhi-
bition of COX-1 and COX-2 with IC50 values of 31.5 μM and 11 μM, respectively. On the con-
trary, the corresponding regioisomer (40h) was not a potent COX-2 inhibitor (an IC50 value of 

FIG. 7.11  3,4-Diaryl hydroxyfuranones (38) as selective COX-2 inhibitors.

FIG. 7.12  Rofecoxib analogs (40a–h) reported by Zarghi et al.
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3.15 μM), but selectivity for COX-2 (SI > 31) was notable. The N-acetylsulfonamide-containing 
compounds (40e and 40f) brought about the acetylation of the COX-2 enzyme, providing a 
new class of acetylating COX-2 inhibitors. Compound (40e) showed approximately compa-
rable inhibition of COX-1 and COX-2 isozymes with IC50 values of 3.1 μM and 4.6 μM, respec-
tively. On the other hand, the corresponding regioisomer compound (40f) was a potent and 
selective COX-2 inhibitor (IC50 value of 0.05 μM, SI > 2000) compared with rofecoxib (COX-2, 
with an IC50 value of 0.05 μM, SI > 1162), and was not ulcerogenic as it showed the least COX-1 
inhibition (IC50 > 100 μM).

Shin et  al. (2004) designed and synthesized some novel 2,2-dialkyl-4,5-diaryl-3(2H)-  
furanone derivatives. Compound (41a) (Fig.  7.13) showed good COX-2 inhibitory activ-
ity (IC50 value of 0.05 μg/mL) and COX-2 selectivity (SI = 400) comparable to celecoxib. 
Replacement of the 4-phenyl ring of the furanone with heterocyclic rings led to signifi-
cant decrease in COX-2 inhibition. Compound (41b) (Fig.  7.13) having a spirocyclopentyl  
moiety showed COX-2 inhibitory activity (IC50 value of 0.03 μg/mL) better than the corre-
sponding 2,2-diethyl-3(2H)-furanone derivative (IC50 value of 5 μg/mL) and equal to the 2, 
2-dimethyl-3(2H)-furanone derivative (IC50 value of 0.05 μg/mL). The spirocyclopentyl moi-
ety of compound (41b) occupies a lesser space compared with the diethyl moiety, which could 
be responsible for improved COX-2 inhibitory potency of compound (41b). Compounds hav-
ing spirocyclohexyl moiety at this point showed poor COX-2 inhibitory activities due to the 
size limitation near the access of the COX-2 active site. When the methylsulfone group was 
replaced with the sulfonamide group, the selectivity for COX-2 decreased but COX-2 inhibi-
tory activity got improved appreciably. Compound (41d) (Fig. 7.13) showed sevenfold better 

FIG. 7.13  2-Substituted 4,5-diaryl-3(2H)-furanone derivatives (41a–f) as COX-2 inhibitors reported by Shin et al.
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COX-2 inhibitory activity (IC50 value of 0.003 μg/mL) than the corresponding methylsulfonyl 
derivative (IC50 value of 0.02 μg/mL).

To enhance the COX-2 selectivity of these compounds, a halide substituent was incorpo-
rated into the phenyl ring having a sulfonamide/methylsulfone group. Substitution with a 
halide next to these groups in compounds (41e and 41f) (Fig. 7.13) increased the selectivity for 
COX-2 from 250 to 6667 and from 100 to 167, respectively, compared with the corresponding  
compounds without the halide substituent. The most potent compound (41d) showed a 
powerful anti-inflammatory activity in adjuvant-induced arthritis preventive model with an 
ED50 value of 0.1 mg/kg/day and strong analgesic activity in carrageenan-induced thermal 
hyperalgesia with an ED50 value of 0.25 mg/kg. On 7-day repeat dosing, these compounds 
exhibited reduced or no gastric side effects similar to selective COX-2 inhibitors. Although 
2,2-dimethyl-4-phenyl-5-{4-(methylsulfonyl)phenyl}-3(2H)-furanone derivatives were pow-
erful anti-inflammatory agents and potent selective COX-2 inhibitors, their poor bioavailabil-
ity in dogs raised a question on their oral bioavailability in humans.

The sulfoxide moiety is an effective functionality to promote the transdermal penetration, 
which then get converted enzymatically into the corresponding sulfone. Sulfoxide analog as 
a prodrug could be utilized for improving oral bioavailability of the corresponding sulfone 
analog having bioavailability issues. Moh et al. used this strategy for improving the oral bio-
availability of lipophilic selective COX-2 inhibitor with a methylsulfone moiety (Moh et al., 
2004). The pharmacokinetics data for the sulfone analog (42b) (Fig. 7.14) after oral administra-
tion of the corresponding sulfoxide analog (42a) (Fig. 7.14) was Cmax = 2.6 mg/mL, Tmax = 2 h, 
and AUC0_24h = 23.1 h mg/mL (10 mg/kg). Compound (42b) when given orally showed about 
3.5-fold reduction in the systemic exposure of compound (42b) as shown by its pharmacoki-
netics parameters [Cmax = 0.64 mg/mL, Tmax = 4.3 h and AUC0_24h = 6.6 h mg/mL (10 mg/kg)]. 
The concept of the sulfoxide analog as a prodrug was further justified by evaluating an-
other set of sulfone analog (42d) (Fig. 7.14) and the corresponding sulfoxide prodrug (42c) 
(Fig. 7.14). The sulfoxide analogs (42a and 42c) exhibited less COX-2 inhibition in comparison 
to their corresponding sulfone analogs (42b and 42d). The sulfoxide prodrugs also have low 
COX-1 inhibitory activity. As the sulfoxide analogs exhibited weaker COX-1 and COX-2 in-
hibitory activities compared with the corresponding sulfone analogs, the sulfoxide analogs as 

FIG. 7.14  Vicinal diarylfuranone derivatives (42a–d) as reported by Moh et al.
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prodrugs could offer an appropriate way out to lessen the GI side effects of COX-2 inhibitors 
having a methylsulfone grouping.

Zarghi et al. (2007) reported methanesulfonamido analogs of rofecoxib (43a-f) (Fig. 7.15) in 
which various substitutents (H, F, Cl, Me, OMe) were introduced into the lower phenyl ring 
(at C-3 position) to understand the cumulative steric and electronic effects of the substituents 
on the selectivity and inhibitory potencies for COX isozymes. Compounds (43a–d) having a 
phenyl or 4-halo-substituted phenyl ring at C-3 position exhibited dual COX-1 and COX-2 
inhibition with COX-2 selectivity indices in the range of 3.1–39.4; whereas the compounds 
(43e and 43f) possessing an electron-donating methyl or methoxy group were more selective 
COX-2 inhibitors having COX-1 IC50 values of greater than 100 μM. Among all of the reported 
compounds, compound (43c) showed the highest selective COX-2 inhibition with an IC50 
value of 0.8 μM.

Considering the flexibility and chiral nature of COX-2 active site, Singh et al. designed 
a series of 5-substituted 2,3-diaryl-tetrahydrofuran-3-ol derivatives having substituted aryl 
moieties at C-2 and C-3 positions of the central tetrahydrofuran scaffold. The tetrahydrofu-
rans with 5-hydroxymethyl (44) or 5-carboxylic acid (45) groups and different substituents  
on the aryl rings were evaluated for their COX inhibitory activities (Singh et al., 2008b). The 
presence of substituted aryl moieties in compounds (44a–f) (Fig. 7.16) not only affects the  

FIG. 7.15  Methanesulfonamido analogs of rofecoxib (43a–f) as reported by Zarghi et al.

FIG. 7.16  5-Substituted 2,3-diaryl-tetrahydrofuran-3-ols (44a–f and 45a–c) as selective COX-2 inhibitors.
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inhibitory activities but also govern the selectivity toward COX-2 enzyme. Compounds (44b 
and 44f) showed almost comparable COX-2 (43% and 40% at 10−6 M concentration, respec-
tively) and COX-1 (56% and 55% at 10−5 M concentration, respectively) inhibition. Compound 
(44c) exhibited moderate COX-2 (67% and 68% at 10−6 M and 10−5 M concentrations, respec-
tively) and COX-1 (73% at 10−5 M concentration) inhibition. Compounds (44d and 44e) showed  
notable COX-2 inhibition (88% and 65% at 10−6 M concentration, respectively) as well as a 
selectivity index of greater than 10 for COX-2. Compound (45a) (Fig. 7.16) displayed average 
COX-2 inhibition (69% and 68% at 10−5 M and 10−6 M concentrations, respectively) with a se-
lectivity index of greater than 10 for COX-2. Compounds (45b and 45c) (Fig. 7.16) showed 82% 
and 90% COX-2 inhibition, respectively, at 10−5 M concentration. These compounds showed 
considerable COX-2 inhibition, even better than celecoxib (50% at 10−6 M concentration) and 
are comparable to rofecoxib (75% at 10−6 M concentration). These compounds get relucted in 
air providing a benefit over rofecoxib which is prone to exert toxicity owing to its oxidative 
degration to maleic anhydride derivative (Reddy and Corey, 2005).

Several 2-oxo-3H-benzoxazole derivatives have shown potent analgesic and anti-inflammatory 
activity and some of them have additionally shown inhibitory activity for PGE2 formation 
(Renard et al., 1981; Okçelik et al., 2003; Abdel-Azeem et al., 2009). Eren et al. incorporated a  
substituted benzoxazole moiety in place of one of the aryl rings in the diaryl furan for obtaining  
better COX-2 inhibitors (Eren et al., 2010). Only compound (46) (Fig. 7.17) from the series 
showed significant inhibition of COX isozymes at 10 μM concentration. The IC50 values of 
compound (46) for COX-1 and COX-2 were 0.061 μM and 0.325 μM, respectively. Compound 
(46) showed a selectivity index (COX-1/COX-2) of 0.19 relative to rofecoxib (SI = 250) and 
indomethacin (SI = 0.13).

Macrophages play a crucial role in inflammation as they produce numerous proinflam-
matory molecules including PGE2. PGE2 has been considered as an important prostaglandin 
involved in the pathophysiology of inflammation and inflammation-mediated disorders. So 
the pharmacological intervention of PGE2 production has been assumed to diminish symp-
toms of diseases caused by excessive and/or extensive macrophage activation. Moon et al. re-
ported vicinal diaryl furan-2,5-dione derivatives having a broad inhibitory spectrum against 
PGE2 production in macrophage cells (Moon et al., 2010). Compound (47) having the sulfide 
moiety on the phenyl ring was reported to give better activity than those with sulfoxide or 
sulfone moieties. Among these derivatives, compound (47) (Fig. 7.17) showed good inhib-
itory activity (IC50 value of 3.58 μM) for PGE2 production as well as COX-2 inhibition (IC50 
value of 18.45 μM).

FIG. 7.17  Structures of compounds reported by Eren et al. (46) and Moon et al. (47).
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7.3  VICINAL DIARYL FURANS AS ANTICANCER AGENTS

The three interacting moieties on a central scaffold like pyrazole in celecoxib and furanone 
in rofecoxib are the important structural features of diaryl-based COX-2 inhibitors. Singh  
et al. reported tetrahydrofuran as the central scaffold having substituted aryl moieties at the  
second and the third position and hydroxymethyl group at the fifth position (Singh et al., 
2007). The tetrahydrofuran is structurally identical to the central scaffold of rofecoxib; never-
theless; it is lacking in the oxidation tendency of furanone. The substituents present on the two-  
phenyl rings have high impact on the anticancer activities of the compounds. Compounds 
(48b and 48c) (Fig. 7.18) with chloro groups on the fourth and second positions of the phenyl 
rings showed excellent anticancer activities having an average GI50 value of 1.99 × 10−5 M and 
2.20 × 10−5 M, respectively, for all the cell lines tested. Interestingly, these inhibitory activity val-
ues are in tune with the average GI50 value of 5-fluorouracil (5-FU) (1.77 × 10−5 M). Compound 
(48b) inhibited the growth of tumor cells showing 71% and 87% inhibition in CCRF-CEM and 
SR cell lines, respectively, at 10−6 M concentration. Replacement of the chloro group with the 
fluoro or methoxy groups as in compounds (48d and 48e) (Fig. 7.18) offered poor average GI50 
values for these compounds at concentrations of 9.50 × 10−5 M and 9.33 × 10−5 M, respectively. 

FIG. 7.18  Diaryl tetrahydrofuran derivatives (48a–f and 49a–j) reported by Singh et al. as anticancer agents.
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In the HOP-92 cell line of NSCLC and HS 578T cell line of breast cancer, compound (48d) 
showed 13% (at 10−5 M concentration) and 29% (at 10−7 M concentration) growth inhibition, 
respectively. In CCRF-CEM and SR cell lines of leukemia, compound (48e) showed 46% and 
36% (at 10−6 M concentration) growth inhibition, respectively. Replacement of chloro with 
the methylsulfonyl group as in compound (48f) (Fig. 7.18) caused a decrease in activity with 
average the GI50 value being 1.0 × 10−4 M.

The authors also reported a series of diaryl tetrahydrofuran derivatives in which the hy-
droxymethyl group was substituted by ethylsulfanylmethyl group and evaluated the result-
ing derivatives for the COX-2 inhibitory activity (Singh et al., 2008a). The two diastereomers 
were well discriminated by COX-2 enzyme. Compound (49b) (Fig.  7.18) with 5S* config-
uration showed good inhibition of COX-2 (IC50 value of 0.25 μM) while compound (49a) 
(Fig. 7.18) with 5R* configuration showed relatively poor inhibition of COX-2 (IC50 value of 
7.56 μM). Among the reported compounds, compound (49c) (Fig. 7.18) exhibited high COX-2 
inhibition with IC50 < 0.01 μM, which was superior to that of rofecoxib and celecoxib.

Many COX inhibitors such as aspirin, rofecoxib, celecoxib, and so forth have been used as 
lead to exploit their potential as potent therapeutic agents in cancer chemotherapy along with 
other cytotoxic drugs after the connection of COX-2 enzyme in the advancement of cancer 
was well established (Meric et al., 2006). As the tetrahydrofuran derivatives were reported 
to have good COX-2 inhibitory activities, these derivatives were evaluated further for their 
growth inhibitory activities in several cancer cell lines. Compound (49b) (Fig. 7.18) showed 
an average GI50 value of 5.49 × 10−5 M for all the cell lines tested. In the SR cell line of leuke-
mia, it exhibited a GI50 value of less than 1.00 × 10−8 M, showed 51% (at 10−7 M concentration) 
and 60% (at 10−8 M concentration) growth inhibition of tumor cells. Compounds (49d and 
49e) (Fig.  7.18) showed appreciable average GI50 values of 1.73 × 10−5 M and 1.31 × 10−5 M, 
respectively, for all the cell lines tested. Compound (49e) showed GI50 values of 3.65 × 10−8 M 
(CCRF-CEM cell line) and <1.00 × 10−8 M (SR cell lines). In the PC3 cell line of prostate cancer, 
compounds (49d and 49e) showed better growth inhibitory activities than celecoxib. High 
LC50 values of compounds (49b, 49d, and 49e) indicated poor toxicity of these compounds.

Kim et al. (2002b) reported a diaryl oxazolone derivative (52) (Fig. 7.19) having potent cy-
totoxicity and antitumor activity (Nam et al., 2001). These derivatives were structurally sim-
ilar to deoxypodophyllotoxin (DPT) (50) (Fig. 7.19), a potent cytotoxic compound obtained 
from the plant Pulsatilla koreana (Kim et al., 2002a). Combretastatin A4 (51) (Fig. 7.19) is a po-
tent antimitotic and cytotoxic agent obtained from the plant Combretum caffrum (Pettit et al., 
1989). The double bond with cis configuration and the 3,4,5-trimethoxy groups on ring A are 
the fundamental requirements for its antitumor action. The cis double bond is subject to rapid 
cis–trans isomerization in the presence of light, heat, and protic media. From this observation, 
to make the compound more stable, numerous cis-restricted analogs were prepared which 
showed a biological profile comparable to combretastatin A4. By taking the above inputs, 
Kim et al. have designed diaryl furanones having two aromatic moieties linked directly to the 
furan ring. This research group was the first to report 3,4-diaryl-2(5H)-furanones, a group of 
compounds recognized previously as selective COX-2 inhibitors, with admirable anticancer 
activity. In cell line study, compounds (53a–d) (Fig. 7.19) exhibited noteworthy cytotoxic ac-
tivities (ED50 < 20 nM).

The neovasculature is a potential target for the discovery of new anticancer agents. A num-
ber of potential candidates that interacted with α-tubulin and disrupt the microtubule complex  



	 7.3  Vicinal Diaryl Furans as Anticancer Agents	 235

have already been studied in clinical trials (Jordan and Wilson, 2004; Neri and Bicknell, 2005). 
Combretastatin A4 (51) is reported to have neovasculature specificity and interacts with 
α-tubulin (Young and Chaplin, 2004). Pirali et al. reported replacement of the olefinic bridge 
present in combretastatin A4 (51) with a furan ring, by keeping in mind that the furan ring 
could be readily functionalized by electrophilic aromatic substitution reaction. In neuroblas-
toma cells, these rigid analogs showed potent cytotoxic activity at nanomolar concentrations 
and showed a structure–activity relationship comparable to combretastatin A4 (Pirali et al., 
2006). Compound (54a) (Fig. 7.20) showed an IC50 of 39 ± 8.9 nM for cell growth. The hydroxyl 
group containing compound (54d) (Fig. 7.20) was the most potent one having an IC50 value 
of 2.9 ± 0.33 nM; compound (54c) (Fig. 7.20) having an amino group showed a slightly poor 
IC50 value (5.1 ± 0.7 nM); and compound (54b) (Fig. 7.20) having a nitro group exhibited an 

FIG. 7.19  Structures of deoxypodophyllotoxin (DPT) (50), combretastatin A4 (51), diaryl oxazolone derivative 
(52), and diaryl furanone derivatives (53a–d).

FIG. 7.20  3,4-Diarylfurans (54a–d) reported by Pirali et al. as anticancer agents.



236	 7.  Synthesis and Biological Activities of Vicinal Diaryl Furans

IC50 value of between 100 nM and 1 μM. In the in vivo tubulin polymerization assay, these 
compounds behaved identically to combretastatin A4 (51) and inhibited the polymerization 
of tubulin but at the same time, in a cell cycle analysis these compounds did not show the 
G2/M blockage as combretastatin A4, thereby indicating a different mechanism of action that 
might or might not depend on tubulin polymerization.

7.4  VICINAL DIARYL FURANS AS ANTIOXIDANTS AND ANTI-
INFLAMMATORY AGENTS

Medical conditions such as myocardial infarction, neurologic trauma, and carcinogenesis 
could be aggravated by the presence of free radicals (Gutteridge and Halliwell, 1993). Free 
radicals are toxic mainly because they initiate a chain reaction of lipid peroxidation and could 
split DNA, RNA, proteins, cellular membranes, and cellular organization. Free radicals are 
reported to have a crucial role in the pathophysiology of inflammation and airway obstruc-
tion in asthma. Under normal conditions, to offset the harmful effects of free radicals, aerobic 
organisms have their own defense systems such as glutathione peroxidase, superoxide dis-
mutase, certain antioxidants, and free radical scavengers such as ascorbic acid (55) (Fig. 7.21), 
α-tocopherol, glutathione, and β-carotene (Halliwell, 1991). Ascorbate is a potent naturally 
occurring antioxidant working by reacting with aqueous peroxy radicals as well as by re-
viving the antioxidant properties of α-tocopherol (Bendich et al., 1986). However, it has low 
solubility in lipophilic environment and is susceptible to thermal and oxidative degradation, 
so there is a need of stable ascorbate derivatives with better lipophilicity (Kato et al., 1988; 
Nihro et al., 1991, 1992).

FIG. 7.21  Structures of ascorbic acid (55), ascorbic acid analogs (56a, b), and vicinal diaryl hydroxyfuranone (57).
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Weber et al. (2000) reported antioxidant properties of lipophilic ascorbic acid analogs (56a 
and 56b) (Fig. 7.21). These furanone derivatives were more effective than ascorbic acid, al-
though substitution at fourth position of the furan ring by a benzoyl or an acetyl group en-
hanced their toxicity compared with ascorbic acid (Coudert et al., 1996; Weber et al., 2000). 
The authors also synthesized a series of novel 3-hydroxyfuranone derivatives having aro-
matic substituents directly linked to the furan ring in the fourth and fifth positions to identify 
suitable features for better activity with minimal toxicity (Weber et al., 2002). Among the re-
ported compounds by the authors, compound (57) (Fig. 7.21) having a 2,3-dihydroxyphenyl 
ring on the fifth position of the furan ring was the most powerful antioxidant compound with 
superoxide anion quenching capacity (IC50 value of 0.187 μM), DPPH radical scavenging ac-
tivity (IC50 value of 10.3 μM), and lipid peroxidation inhibitory effect (IC50 value of 0.129 μM). 
Anti-inflammatory activity of the compound was investigated in carrageenan-induced paw 
edema in rat and phorbol ester-induced ear edema in mice (TPA-test). In the TPA-test, the 
test compound at an i.p. dose of 100 mg/kg showed more potent anti-inflammatory activity 
compared with indomethacin and ketorolac as standard drugs.

In continuation of their earlier work on 4,5-diaryl-3-hydroxy-2(5H)-furanones possessing 
good antioxidant and anti-inflammatory activities, Weber et  al. designed and synthesized 
new furanone derivatives having methylsulfonylphenyl or methylsulfonamidophenyl moi-
eties, as present in potent NSAIDs such as nimesulide (58) (Fig. 7.22), celecoxib, and rofecoxib. 
Among these, compound (59) (Fig. 7.22) was found to be the most potent compound with 
DPPH radical scavenging activity (an IC50 value of 1779 μM), superoxide anion radical scav-
enging capacity (IC50 value of 511 μM), inhibition of lipid peroxidation (IC50 value of 123 μM), 
and anti-inflammatory activity (65% inhibition of edema at 200 mg/kg i.p.).

7.5  VICINAL DIARYL FURANS AS DUAL COX-2 AND LOX 
INHIBITORS

Cyclooxygenase (COX) and lipoxygenase (LOX) enzymes mediate the conversion of  
arachidonic acid into prostanoids and leukotrienes, respectively (Funk, 2001). LTs are im-
portant in the pathogenesis of inflammation. LOX is known to be associated with metab-
olism of low-density lipoproteins which leads to atherosclerosis and other cardiovascular 
complications (Zhao and Funk, 2004). Due to the blockage of COX pathway, the LOX path-
way is upregulated and gastrotoxic leukotrienes get accumulated. So synergistic block-
ing of both COX- and LOX-mediated metabolic pathways of arachidonic acid for better  

FIG. 7.22  Structures of nimesulide (58) and compound (59).
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anti-inflammatory activity, emerged to be a safer alternative to selective inhibition of COX-2 
(Fiorucci et al., 2001). Licofelone (60) (Fig. 7.23), a dual COX and LOX inhibitor was devel-
oped by Merckle GmbH, Germany. It was stated to have reduced GI toxicity relative to the 
conventional NSAIDs (Bias et al., 2004).

Arachidonoyl hydroxamate is reported to be a potent 5-LOX enzyme inhibitor, pre-
sumably due to chelation of iron in the catalytic site of 5-LOX-enzyme (Corey et  al., 
1984). This has provided an important clue for the designing of N-hydroxyurea and 
hydroxamic acid-based 5-LOX enzyme inhibitors (Carter et  al., 1991). Using this ratio-
nale, dual inhibitors, such as compound (61) (Fig.  7.23) having a diarylpyrazole scaf-
fold from celecoxib, a selective COX-2 inhibitor and an iron chelating hydroxamic acid 
moiety from 5-LOX inhibitors, were synthesized and evaluated. Taking inputs from 
this work, Chen et al. designed a series of hybrid compounds, in which rofecoxib was 
coupled to N-hydroxycarbamate moiety or an oxime group as dual COX/LOX inhib-
itors (Chen et  al., 2006). In  vitro enzyme inhibition studies revealed that compound 
(62) (Fig. 7.23) showed good COX-1, COX-2, and 15-LOX inhibition with IC50 values of 
1 μM, 1.1 μM, and 3.4 μM, respectively. Compound (63a) (Fig. 7.23) showed an ideal com-
bination of COX-2, 5-LOX and 15-LOX inhibitory activities with IC50 values of 1.4 μM, 
0.28 μM, and 0.32 μM, respectively. Compound (63b) (Fig.  7.23) showed dual COX-2 
and 5-LOX inhibitory activities with IC50 values of 2.7 μM and 0.30 μM, respectively. In  
carrageenan-induced rat paw edema assay, compounds (63a and 63b) exhibited good anti-  
inflammatory activity relative to caffeic acid and nordihydroguaiaretic acid (NDGA) 
which are 5-LOX and 15-LOX inhibitors, respectively. However, these compounds (63a  
and 63b) were found to be less potent than celecoxib (ED50 value of 10.8 mg/kg).

FIG. 7.23  Structures of some dual COX and LOX inhibitors (60–63).
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7.6  VICINAL DIARYL FURANS AS ANTIFUNGAL AGENTS

Immunocompromised patients, for example, those having HIV infection, cancer chemo-
therapy, or organ transplantation need to undergo long-term antifungal treatment to circum-
vent the opportunistic fungal infections. In spite of the fact that potent antifungal agents 
are there in the market, they are still suffering from some limitations like definite range of 
activity against various fungal strains or limited CNS penetration and toxicities. The problem 
is further complicated by extensive use of antifungal agents that leads to increased resistant 
in fungi. So, there is an urgent requirement of potential therapeutics that can effectively re-
place the currently used antifungal agents. There are some research groups reporting various 
antifungal furanones, based on the structural features of incrustoporin (65) (Fig. 7.24) (Pour 
et al., 2000, 2001; Vale-Silva et al., 2006). Pour et al. described 5-alkyl-3-aryl-2,5-dihydrofuran-
2-ones as antifungal agents (Senel et al., 2010).

Borate et al. (2011) reported the hybrid compounds containing the pharmacophores pres-
ent in furanones and fluconazole (64) as antifungal agents. Compound (66) (Fig. 7.24) showed 
very potent antifungal activity against C. albicans ATCC 24433 (MIC50 value of 0.5 μg/mL),  
C. glabrata ATCC 90030 (MIC50 value of 0.5 μg/mL), also a notable antifungal activity against 
C. tropicalis ATCC 750 (MIC50 value of 2 μg/mL). In compound (66), the substituent present  
on the phenyl ring (A) (Fig. 7.24) governed the antifungal activity of compounds. The pres-
ence of 2,4-difluoro and 4-fluoro groups were acceptable, while the 4-bromo, 4-methyl or 
4-methoxy substituents diminished the antifungal activity marginally. When the 4-phenyl 
ring was replaced with a thiophene ring, there was not any observable change in the antifun-
gal activity.

7.7  VICINAL DIARYL FURANS AS NO DONORS

Nitric oxide (NO) has a critical role of cytoprotection in GI homeostasis by pro-
moting blood flow to mucosa, inhibiting platelet aggregation and inflammatory-cell  
activation (Wallace et al., 1994). These constructive actions of NO could complement the gastro-  
protective character of selective COX-2 inhibitors, and also induced the peripheral vasodi-
lation to lower the blood pressure upsurge which was caused by diminished physiological 

FIG. 7.24  Structures of some antifungal agents (64–66).
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levels of PGI2 by selective COX-2 inhibitors (Elliott et al., 1995; Muscará et al., 1998). Hybrid 
compounds having an NO-donor moiety in their structures (NO-coxibs) have been explored 
to provide clinically safer COX-2 inhibitors. Compound (67) (Fig. 7.25) having NO donor moi-
ety linked to the isoxazole ring showed anti-inflammatory activity comparable to valdecoxib 
having additional antithrombotic activity at a higher dose (Dhawan et al., 2005). Compound 
(68) (Fig. 7.25) having an NO-donor moiety was efficiently cleaved by esterases and released 
the parent anti-inflammatory agent indomethacin and NO (Velázquez et al., 2008).

Abdellatif et al. (2011) reported a novel hybrid prodrug (69) (Fig. 7.25) wherein the NO-
donor moiety was attached to the parent compound (70). The authors designed a novel hybrid 
prodrug with the hope that the NO, released from the prodrug might show antihypertensive 
and antiplatelet aggregation actions, which would prevent the adverse hypertensive and 
thrombotic effects of the parent drug rofecoxib. On incubating the prodrug with phosphate 
buffer having pH of 7.4, a low amount of NO (4.2%) was released which was substantially 
increased in presence of rat serum. The incubation studies suggested that the prodrug (69) 
released both NO and the parent compound (70) in vivo after cleavage by nonspecific serum 
esterases (Fig. 7.26). Compound (69) was a selective COX-2 inhibitor showing marked anti- 
inflammatory activity with a ED50 value (72.2 μmol/kg) in between the values offered by the 
standard drugs celecoxib (30.9 μmol/kg) and ibuprofen (327 μmol/kg).

7.8  CONCLUSION

Over the last 2 decades, a good amount of research has been done for the synthesis and 
biological evaluation of vicinal diaryl furan derivatives. In this chapter, an attempt has been 
made to cover all the important perspectives of diaryl furans as medicinal agents. The general 

FIG. 7.25  Structures of compounds (67–69).
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methods of synthesis of diaryl furans have been schematically delineated. Various biological 
activities such as anti-inflammatory, anticancer, antioxidant, antifungal, and NO releasing 
activities of diaryl furans have been discussed.

Early efforts for finding a safer alternative to the traditional NSAIDs from the Merck Lab re-
sulted into the discovery of rofecoxib, which gained FDA approval for osteoarthritis and other 
acute pain conditions but just after five years, Merck pulled back the drug due to enhanced risk 
of cardiovascular complications in patients using the drug. Various authors reported a number of 
rofecoxib analogs such as azido analog (36), acetoxy analogs (37a-c), N-acetylsulfonamideanalogs 
(40e, 40f), and methanesulfonamido analogs (43a-f) with good anti-inflammatory activities. Shin 
et al. reported dialkyl diarylfuranones, among which the most potent compound (41d) showed 
good analgesic and anti-inflammatory activities. Moh et al. used the prodrug approach to improve 
the poor bioavailability of lipophilic selective COX-2 inhibitors having methylsulfone moiety. As 
the compounds (42a, 42c) having sulfoxide moiety exhibited lower COX-1/COX-2 inhibition 
compared with the compounds (42b, 42d) having sulfone moiety, the sulfoxide prodrugs could 
be beneficial in the reduction of the GI burden of the parent molecules. Moon et al. reported diaryl 
furandione (47) which showed good PGE2 production inhibition as well as COX-2 inhibition.

The furanone ring present in rofecoxib was susceptible to oxidation to maleic anhydride 
derivative which could show toxicity. Singh et al. reported diaryl tetrahydrofurans which get 
relucted in the air providing an advantage for such compounds over rofecoxib. Compounds 
(44d, 44e) showed good COX-2 inhibitory activity. Singh et  al. also reported compounds 
(48b, 48c) with good anti-cancer activity. Compounds (49b, 49d, and 49e) showed significant 
growth inhibitory activity over all 59 cancer cell lines. The cis-restricted analogs of combret-
astatin A4 have been reported by various groups. These combretafurans (53a-d and 54a-d) 
showed good anticancer activity.

Weber et al. reported the 5-hydroxyfuranone derivatives, among which compounds (57, 
59) showed potent anti-inflammatory and antioxidant activities. Chen et  al. reported ro-
fecoxib analogs with N-hydroxycarbamate moiety, as in compounds (63a, b) with dual COX 
and LOX inhibitory activity.

A hybrid molecule (66) containing furanone and fluconazole pharmacophores was re-
ported by Borate et  al., which has shown good antifungal activity against various fungal 
strains. Abdeallahatif et  al. reported a hybrid compound (69) having NO donor moiety  
attached to hydroxymethyl group of rofecoxib analog. This prodrug showed good anti-  
inflammatory activity as well as inhibition of phenylephrine-induced vasoconstriction.

FIG.  7.26  Compound (69) released NO and the parent compound (70) after cleavage by nonspecific serum 
esterases.

https://en.wikipedia.org/wiki/Osteoarthritis
https://en.wikipedia.org/wiki/Acute_pain
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Thus, the diarylfuran motif has the potential for further exploration as an important scaf-
fold for different therapeutic purposes.
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Abstract
Azoles are a broad class of five-membered nitrogen containing heterocyclic ring systems that may con-
tain other non-carbon atom(s) such as sulfur or oxygen. They are important heterocycles to develop 
novel therapeutic agents. Several nitrogen–sulfur containing azoles such as thiazoles, thiazolines, thi-
azolidinones, and thiadiazoles have been extensively investigated and reported to possess a diversified  
spectrum of biological activities. Some of the vicinal diaryl thiazoles, thiazolines, thiazolidinones, and 
thiadiazoles demonstrated anticancer, anti-HIV, and anti-inflammatory activities. This chapter de-
scribes general synthetic schemes, designing, and biological profiles of various vicinal diaryl thiazoles, 
thiazolines, thiazolidinones, and thiadiazoles.

Keywords: Vicinal diaryl thiazoles, Thiazolines, Thiazolidinones, Thiadiazoles, Anti-HIV, Anticancer, 
Anti-inflammatory, COX-2 inhibitors, Anti-Alzheimer, ACAT/SOAT inhibitors

Medicinal chemists are fascinated by heterocyclic compounds due to their diversified phar-
maceutical and medicinal applications. Azoles are a class of five-membered heterocyclic com-
pounds containing a nitrogen atom that may contain additional heteroatom (nitrogen, sulfur, 
or oxygen) in the ring (Turchi and Dewar, 1975). The presence of azoles in many biologically 
active natural and synthetic compounds has proved its medicinal importance. Heterocycles of 
this class including tetrazoles (Ostrovskii et al., 2012), pyrazoles (Kumar et al., 2013), thiazoles 
(Rouf and Tanyeli, 2015), oxazoles (Ghani et al., 2016), isoxazoles (Barmade et al., 2016), etc., 
have motivated many researchers throughout the world to exploit their biological potential to 
design and develop newer therapeutic agents. A large number of nitrogen–sulfur containing 
azoles such as thiazoles, thiazolines, thiazolidinones, and thiadiazoles have been extensively 
investigated for their widespread biological activities. This chapter will cover synthesis, de-
signing, and biological profile of vicinal diaryl thiazoles (1), thiazolines (2), thiazolidinones 
(3), and thiadiazoles (4) (Fig. 8.1).
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8.1  THIAZOLES

Thiazoles are a class of five-membered heterocyclic compounds featuring both nitrogen 
and sulfur atoms as part of aromatic ring system. On the basis of the positions of nitrogen and 
sulfur atoms in the ring this heterocycle can acquire two isomeric forms 1,3-thiazole (1; called 
as thiazole) or 1,2-thiazole (5) also known as isothiazole (Fig. 8.2). The thiazole ring has been 
found to be a prime component of vitamin B1 (thiamine), a vitamin essential for our body.

Thiazoles are widely used in the manufacture of fungicides, dyes, cosmetics (Bach and 
Heuser, 2000), sensors, molecular switches, and preparation of liquid crystals (Frija et  al., 
2016). In addition, they have also been utilized in medicinal chemistry to develop bioactive 
molecules and drugs. Thiazole has been frequently used either as a scaffold or an important 
pharmacophoric moiety in several drug molecules (6–10) (Fig. 8.3).

Apart from some interesting biological activities shown by thiazole derivatives, the thiazole 
ring has been exploited by medicinal chemists to develop some novel therapeutic agents for 
the treatment of hypertension, schizophrenia, thrombosis, inflammation, bacterial and HIV 
infections, allergies, and more recently in the management of pain (Siddiqui et al., 2009). As a 
result of its great significance, thiazole ring has been considered as a versatile scaffold in the 
field of medicinal chemistry (Chhabria et al., 2016).

Vicinal diaryl thiazoles have also shown interesting pharmacological profile. In the fol-
lowing section, some of the general synthetic routes and biological activities of vicinal diaryl 
thiazoles are systematically discussed.

8.1.1  Synthesis of Vicinal Diaryl Thiazoles

8.1.1.1  Hantzsch Synthesis
This is the oldest and the most widely used straightforward method for the synthesis of 

thiazole derivatives (13). This involves one-pot condensation of α-haloketones (11) and thio-
amides (12) in refluxing alcohol. General synthetic route is depicted in Fig. 8.4.

In another method (Fig. 8.5), diazocarbonyl compounds (14) were reacted with primary 
amides (15) to form α-acylaminoketones (16) in the presence of dirhodium tetraacetate. The 
1,4-dicarbonyl intermediates (16) are then subsequently cyclized into thiazole derivatives (17) 
with the treatment of Lawesson’s reagent (Davies et al., 2004).

FIG. 8.1  Nitrogen–sulfur containing ring systems.

FIG. 8.2  Structures of thiazole (1) and isothiazole (5).
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4,5-Disubstituted 2-aminothiazoles (20) were synthesized via the copper-catalyzed 
coupling of oxime acetates (18) with isothiocyanates (19) as depicted in Fig.  8.6 (Tang 
et al., 2016).

Lingaraju et al. reported an efficient method (Fig. 8.7) to synthesize 4,5-disubstituted thi-
azoles (23) from aryl methyl isocyanides (22) and methyl or hetero arene-carbodithioates (21) 
in the presence of sodium hydride (Lingaraju et al., 2012).

FIG. 8.3  Some well-known drugs (6–10) having thiazole ring.

FIG. 8.4  Hantzsch synthesis for vicinal diaryl thiazoles (13).

FIG. 8.5  Synthesis for vicinal diaryl thiazoles (17) using Lawesson’s reagent.
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8.1.2  Biological Properties of Vicinal Diaryl Thiazoles and Isothiazoles

Most of the vicinal diaryl thiazole derivatives have been reported as anti-inflammatory, 
analgesic, and anticancer agents. The following section will cover biological spectrum of thi-
azoles and their isomeric isothiazoles.

8.1.2.1  Anti-Inflammatory Activity
The anti-inflammatory activity of conventional NSAIDs is due to the inhibition of cycloo-

xygenases (COXs). Two isoenzymes, COX-1 and COX-2, are responsible for the formation of 
prostaglandins from arachidonic acid. The constitutive COX-1 maintains important physio-
logical processes like vascular hemostasis and gastroprotection. On the other side, COX-2 is 
inducible, having a significant role in inflammation. Thus, selective inhibition of COX-2 has 
been considered as a more effective strategy to treat inflammation and related disorders with 
reduced gastrointestinal (GI) side effects than NSAIDs. To overcome the limitations of the 
current anti-inflammatory drugs, COX-2 as a target attracted the attention of medicinal chem-
ists in the last 2 decades. The vicinal diaryl carbo/heterocyclic scaffold received widespread 
popularity among the researchers for the advancement of selective COX-2 inhibitors. Several 
substituted diaryl heterocycles have been successfully reported as selective COX-2 inhibitors 
(24–28) (Fig. 8.8) (Dannhardt and Kiefer, 2001).

In their efforts for developing selective COX-2 inhibitors, Tanaka et al. designed compound 
(31) from the structural analysis of itazigrel (29) and timegadine (30) (Fig. 8.9). Compound 
(31) inhibited the production of malondialdehyde (MDA) (IC50 = 31 μM) with vasodilatory 
activity (ED50 = 2 μM). MDA is produced from the metabolism of arachidonic acid in the syn-
thesis of prostaglandins in platelets, so inhibition of its production is considered to be in 
tune with COX inhibitory activity. Further structural modifications of the lead compound (31) 
were carried out to design a novel series of 4,5-bis(4-methoxyphenyl)-2-substituted thiazoles. 
Among the series, compound (32) was identified as the most potent selective COX-2 inhibitor 
(Fig. 8.9). Biological data demonstrated that compound (32) exhibited potent inhibitory activ-
ity against MDA (IC50 = 0.088 μM) and ex vivo antiplatelet activity (100% inhibition, 6 h after 
1 mg/kg administration) with in vitro vasodilation (ED50 = 6.2 μM). Although compound (32) 

FIG. 8.6  Synthesis of 4,5-diaryl 2-aminothiazoles (15).

FIG. 8.7  Synthesis of 4,5-diaryl thiazoles (23).
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showed the most potent cyclooxygenase inhibition (IC50 = 0.43 μM), it manifested no ulcero-
genesis in rats unlike aspirin (Tanaka et al., 1994).

Carter et al. reported a series of sulfonyl-substituted 4,5-diaryl thiazoles (34, 36, and 37) 
(Fig. 8.10) which were evaluated for their COX inhibitory activity. On the basis of the lead 
molecule SC-58125 (33), sulfonyl moiety was retained for optimal selectivity to obtain 4,5-  
diaryl thiazole derivative (34). Compound (34) was the most potent selective COX-2 inhibitor 

FIG. 8.8  Some selective COX-2 inhibitors (24–28).

FIG. 8.9  Some vicinal diaryl thiazoles (29, 31, and 32) reported by Tanaka et al.
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with good activity in carrageenan-induced rat paw edema assay (27% inhibition at 20 mg/kg).  
Inspired from the selective COX-2 inhibitor celecoxib (24) and 35, sulfonylmethyl moi-
ety of compound (34) was replaced by sulfonamide group to obtain compound (36) which 
showed enhanced inhibitory activity against COX-1. Compound (36) also showed good 
in vivo activity (50% inhibition at 2 mg/kg) as examined by rat air pouch assay (AP). Further 
modifications at C-2 position of the thiazole ring and minimal/no substitution on non-  
sulfonamide phenyl ring resulted in compound (37) with improved in  vivo activity (59%  
inhibition in AP at 2 mg/kg) and in vitro inhibition of COX-2 (Carter et al., 1999).

On the basis of the previously reported 3,4-diaryl oxazol-2-ones (38), Emami et al. synthe-
sized 3,4-diaryl-2(3H)-thiazolethiones (e.g., 39) (Fig. 8.11) as potential selective COX-2 inhibi-
tors (Emami and Foroumadi, 2006).

FIG. 8.10  Structures of SC58125 (33), 35, and some vicinal diaryl thiazoles (34, 36, and 37).

FIG. 8.11  Some selective COX-2 inhibitors (38, 39) reported by Emami et al.
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Scholz et al. discovered isothiazoles (e.g., 43) and dithiolanes (e.g., 44) (Fig. 8.12) as COX/5-
LOX inhibitors for anti-inflammatory, hydroxyl radical (OH)-scavenging, and anti-adhesive 
activities. Initially the isoselenazole ring of the existing COX/5-LOX inhibitor iselenazole (40) 
(Fig. 8.12) was exchanged by isothiazole ring with the logic to develop compounds retain-
ing COX/5-LOX inhibitory activities and additionally to possess hydroxyl radical scaveng-
ing potential. Unfortunately, compound (43) having the isothiazole ring did not show any 
improvement in the hydroxyl radical scavenging activity. Further modifications were carried 
out by incorporating the dithiothione heterocycle present in anetholtrithione (41) or oltipraz 
(42), which was expected to infuse hydroxyl radical scavenging activity into the vicinal diaryl 
system. Compound (44) was found to be the most favorable hit with a balanced inhibition of 
all four targets (COX-1, IC50 = 7 μM; COX-2, IC50 = 9 μM; 5-LOX, IC50 ~10 μM, and hydroxyl rad-
ical scavenging activity, IC50 = 9 μM). Compound (44) was also found to inhibit the expression 
of Mac-1, and adhesion and infiltration of leukocytes in vitro and in vivo (Scholz et al., 2009).

8.1.2.2  Anticancer Activity
Cancer is a multifactorial disease, medically called as malignant neoplasm. Carcinogenesis 

appears with many abnormal physiological changes such as apoptosis, uncontrolled cell 
growth, cell adherence, tumor acidity (pH reduction), hypoxia, metastasis, and angiogenesis 
(Chowdhury et al., 2012; Pinto et al., 2009; Subramanian et al., 2004; Weinmann et al., 2004; 
Zhang et al., 2010).

Antitumor agents that bind to colchicine site of tubulin and prevent polymerization of 
microtubules have fascinated many researchers in the last decade. Combretastatin A-4 (45) 
(Fig. 8.13) has been reported as a standout among the most active antimitotic agents derived 
from Combretum caffrum, the African bushwillow tree. Although CA-4 (45) has proved its 
strong cytotoxic effect against different human cancer cell lines, it was found to be inactive 

FIG. 8.12  Structures of iselenazole (40), anetholtrithione (41), oltipraz (42), vicinal diaryl isothiazole (43), and 
dithiolane (44).
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in in vivo studies due to its low aqueous solubility. Initially prodrug approach was adopted 
for improvement in the aqueous solubility of combretastatin A-4 (45) to obtain compounds 
(46–48) (Fig. 8.13) (Ohsumi et al., 1998; Pettit et al., 1995). However, these compounds showed 
greater cytotoxicity and caused hemorrhagic necrosis within tissue by arresting the blood 
flow at the site of tumor. In addition, it was found that cis-combretastatin analogs easily isom-
erize into trans-forms showing dramatic reduction in antitumor activity. Thus, to develop 
chemically stable cis-restricted combretastatins with suitable geometry of the neighboring 
aryl groups required for the potency, derivatives were obtained by introducing various five- 
membered heterocycles such as pyrazole, tetrazole, imidazole, furazan (1,2,5-oxadiazole),  
oxazole, isoxazole, triazole, 1,2,5-thiadiazole, and thiazole.

Ohsumi et  al. reported a small series of thiazole derivatives (49a–d) (Fig.  8.13) with  
substitutions at the 2-position with hydrogen (49a), methyl (49b), amino (49c), and hydrazino 
(49d) groups. Among these, compound (49c) showed potent antitubulin (IC50 = 1 μM) activ-
ity and cytotoxicity (IC50 = 57.5 nM) with in  vivo antitumor activity (inhibition ratio = 75%, 
40 mg/kg) which was comparable to that of AC-7739 (47) (inhibition ratio = 73%, 40 mg/
kg). Compound (49c) was reported to have lesser antiproliferative activity than that of CA-4 
(Ohsumi et al., 1998).

Romagnoli et al. designed a novel series of 2-amino-4,5-diaryl thiazole (50a–e) (Fig. 8.14) 
by retaining trimethoxyphenyl moiety similar to CA-4 (45), which was thought to show 
maximal tubulin binding affinity. Modifications were carried out on the phenyl ring of C-5 
position of the thiazole scaffold by incorporating electron withdrawing (CF3) and electron 
releasing substituents (Me, Et, OMe, and OEt). All the synthesized compounds were assessed 
for their antiproliferative actions against seven human tumor cell lines (HeLa, A549, K562, 

FIG. 8.13  Structures of combretastatin A-4 (45, 46), AC-7739 (47), AC-7700 (48), and vicinal diaryl thiazole analogs 
(49a–d).
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HT-29, MCF-7, HL-60, and Jurkat). Compounds (50a; 2-naphthyl) and (50b; 4-methylphenyl) 
showed higher antiproliferative activity than CA-4 (45) against five of the seven cell lines. 
Compound (50e) was found to show the most potent inhibitory activity with IC50 values 
varying from 0.03 to 0.9 nM against all the seven cancer cell lines except HT-29 and MCF-7. 
Compound (50c; 4-CF3 substituent) having IC50 value of 0.4 nM was found to be the most ac-
tive in MCF-7 cells. Compound (50d; 4-OMe and 3-F substituents) was identified as the most 
active derivative against HT-29 cells with an IC50 value of 5.7 nM. By considering these results, 
the authors made further modifications in compounds (50a–e) at C-2 position of the thiazole 
ring by replacing the amino group with different moieties such as N-methylamino, N,N-
dimethylamino, and methyl groups. Compounds (51–53) (Fig. 8.14) having N-methylamino 
moiety at C-2 were the most active as antiproliferative agents. Compound (53) showed the 
highest inhibition of tubulin polymerization (IC50 = 0.89 μM) and it also inhibited the binding 
of colchicine with tubulin (80% inhibition) (Romagnoli et al., 2012).

Salehi et al. also replaced the cis-olefinic bond by a thiazole ring to develop a series of 4,5- 
diaryl-thiazol-2-thioalkyl analogs (e.g., 54, 55) (Fig. 8.14) of CA-4 (45). Compounds were tested 
against the cancer cell lines (HT-29, MCF-7, and AGS) and the fibroblastic cell line (NIH-3T3) 
utilizing MTT test. In biological testing, all the compounds were found inactive against HT-29 
cell line except for compound (54) which exhibited a low cytotoxicity. Compound (54) con-
taining 4-chloro and 4-thiomethyl substituents on the phenyl rings was found to have higher 
cytotoxicity (IC50 = 7.1 μM) against MCF-7 cell line than rest of the compounds. Interestingly, 
compound (54) showed very low toxicity against NIH-3T3 cells as compared to CA-4 (45). 
Compound (55) with methoxy group on the two phenyl rings displayed moderate cytotox-
icity against MCF-7 (IC50 = 23.8 μM) and AGS (IC50 = 23.9 μM) cell lines. Docking studies of 
compounds (54 and 55) in the colchicine binding site of tubulin revealed that the phenyl 
group on the 4th position of the thiazole ring resembled the trimethoxyphenyl moiety of the 
colchicine and was accommodated near Cys249 in α, β-tubulin structure. The phenyl ring on 
the 5th position of the thiazole ring builds up a π–π interaction with Asn258 and a progres-
sion of hydrophobic interactions with Met259 and Lys352. Moreover, the authors have also 
reported a series of 2-alkylthio-4-(2,3,4-trimethoxyphenyl)-5-arylthiazole derivatives (56, 57) 

FIG. 8.14  Vicinal diaryl thiazole derivatives (50–57) as anticancer agents.
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and evaluated them for their antiproliferative activity. Biological data demonstrated that a 
benzylthio group (57a, b; IC50 = 8–20 μM) on C-2 position of the thiazole nucleus resulted in 
the significant improvement in cytotoxicity as compared to the 2-methylthio substituted de-
rivatives (56a, b; IC50 = 95–100 μM) (Salehi et al., 2013).

8.1.2.3  Anti-Alzheimer Activity
In the contemporary advancements of therapeutics, Alzheimer disease (AD) has emerged 

as a demanding disease to be taken care of among the neurodegenerative diseases (Kumar 
et al., 2015). In spite of the fact that the correct reason(s) for the AD is not yet completely 
known, reports figure out several factors like reduction of acetylcholine (ACh) levels in the 
brain, neurofibrillary tangles and amyloid β (Aβ) plaque formation, and oxidative stress 
(Goedert and Spillantini, 2006). Several preclinical studies suggested that acetylcholinester-
ase (AChE) and butyrylcholinesterase (BuChE) are responsible for the hydrolysis of ACh in 
the brain. Inhibition of these two enzymes is considered as a potential strategy to enhance the 
cholinergic transmission in AD (Mesulam et al., 2002). A multi-target directed drug develop-
ment approach has been currently utilized by various researchers as such drugs have shown 
better efficacy and safety profile (Cavalli et al., 2008). Some vicinal diaryl heterocycles have 
been reported to possess neuroprotective activity.

Inspired from some previously reported vicinal diaryltriazines (Sinha et  al., 2015) ex-
hibiting AChE inhibitory activity, Shidore et  al. extended the multi-target directed drug 
design concept by developing a novel series of hybrid molecules for the treatment of AD  
(Shidore et al., 2016). The authors designed hybrid molecules by using pharmacophoric moi-
ety of donepezil (AChE inhibitor) and diarylthiazole as multi-target directed ligands. The 
diarylthiazole–benzylpiperidine hybrid molecules (58–61) (Fig. 8.15) were synthesized and 
investigated for their anti-Alzheimer activity. Biological data revealed that compounds hav-
ing benzylpiperidine and 4,5-disubstituted thiazolyl-2-amine linked with aminomethylene  
spacer (58 and 59) and without carbon spacer (60) possessed higher AChE and BuChE in-
hibitory activity than compounds (e.g., 61) linked with carboxamide group. Among the se-

FIG. 8.15  Vicinal diaryl thiazoles (58–61) as multi-target directed ligands.
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ries, compound (58) demonstrated the most potent inhibitory activity against AChE (IC50 
value of 0.30 μM) and BuChE (IC50 value of 1.84 μM). Compounds (58–60) showed moderate 
to high inhibition of AChE-induced Aβ1−42 aggregation and detectable in vitro antioxidant 
and antiapoptotic properties. Compound (58) exhibited remarkable in vivo anti-ChE and 
antioxidant activities. Besides, compound (58) exhibited in vivo neuroprotective action by 
diminishing Aβ1−42-induced toxicity by reducing abnormal levels of Aβ1−42, p-Tau, cleaved 
caspase-3, and cleaved PARP proteins. Compound (58) also indicated good oral absorption 
and was well tolerated up to 2000 mg/kg, p.o., dose without demonstrating any toxic effect 
(Shidore et al., 2016).

8.1.2.4  Cholesterol Lowering Agents
Atherosclerosis promoting cardiovascular disease (CVD) is one of the major causes for 

high morbidity and mortality in the industrialized world (Grundy et al., 1997). Decreasing 
the elevated lipid and cholesterol levels in serum is considered as one of the preventive 
measures of atherosclerosis. Inhibition of endogenous cholesterol biosynthesis and absorp-
tion of dietary cholesterol from the intestine have become a point of focus to reduce se-
rum cholesterol levels (Kannel et al., 1971). Esterification of cholesterol in intestine is the 
rate-limiting step for the absorption of dietary cholesterol. Sterol O-acyltransferase (SOAT) 
also known as acyl-CoA: cholesterol acyltransferase (ACAT) is a group of enzymes respon-
sible for the formation and deposition of cholesteryl esters as the plaque in atherosclerosis 
(Norum et al., 1979). Over the last few years, various SOAT inhibitors and cholesterol ab-
sorption inhibitors have been explored to control serum cholesterol (Bell et al., 2006; Pal 
et al., 2013).

Pal et al. synthesized some novel vicinal diaryl thiazole-urea derivatives as cholesterol-  
lowering agents (Pal et al., 2017). All of the reported compounds were screened for SOAT 
enzyme inhibitory activity. Among the series, compound (62) (Fig. 8.16) showed the most 
remarkable activity with an IC50 value of 2.43 μM. Compound (62) exhibited reduction 
of in vivo triglyceride turnover in polaxamer-407-induced lipoprotein lipase inhibition 
model. Compound (62) additionally exhibited dose-dependent inhibition of serum total 
cholesterol and avoidance of LDL-C rise at a dose of 30 mg/kg. Moreover, compound 
(62) dose-dependently demonstrated its potential to prevent decreasing levels of serum 
HDL-C, and enhanced the atherogenic index. Toxicological investigation of compound 
(62) suggested that a dose of 2000 mg/kg of (62) did not indicate any toxic effect or mor-
tality (Pal et al., 2017).

FIG. 8.16  Vicinal diaryl thiazole (62) as cholesterol lowering agent.
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8.2  THIAZOLINES

Thiazolines are a group of positional isomers having nitrogen and sulfur in the five-  
membered heterocyclic ring system. They are also called as dihydrothiazoles. Different iso-
meric forms of thiazolines such as 4-thiazoline (63), 3-thiazoline (64), and 2-thiazoline (65) are 
shown in Fig. 8.17.

8.2.1  Synthesis of Vicinal Diaryl Thiazolines

Synthesis of 3,4-diaryl-2-imino-4-thiazolines (68) was reported wherein condensation of 
the corresponding amine hydrochloride (66) was carried out with phenacyl thiocyanate (67) 
(Fig. 8.18) (Mahajan et al., 1972).

3,4-Diaryl-2-imino-4-thiazolines (68) were also synthesized by treatment of the substituted 
phenacyl bromides (69) with arylthiosemicarbazides (70) (Fig. 8.18) (Liu et al., 2009).

Liu et al. synthesized 3,4-diarylthiazolones (74) from acetophenones (71) and anilines 
(72) as shown in Fig. 8.19. The ketimines (73) as intermediates obtained from dehydra-
tion of acetophenones (71) and anilines (72) were further treated with chlorocarbonyl-
sulfenyl chloride in the presence of pyridine to get the final compounds (74) (Liu et al., 
2009).

FIG. 8.17  Isomeric forms of thiazolines (63–65).

FIG. 8.18  Synthesis of vicinal diaryl 4-thiazolines (68).
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8.2.2  Biological Activities of Vicinal Diaryl Thiazolines

Vicinal diaryl thiazolines reported as anti-inflammatory, analgesic, and anticancer agents 
are described in the following section.

8.2.2.1  Anticancer, Analgesic, and Anti-Inflammatory Activities
Various 3,4-diaryl-2-imino-4-thiazolines (68) were condensed with 4-cyanopyridine and 

2-cyanopyrazine to obtain the corresponding 3,4-diaryl-2-imino-N-(4′-pyridyliminomethyl)- 
4-thiazolines (75a–d) and 3,4-diaryl-2-imino-N-(2′-pyrazinyliminomethyl)-4-thiazolines  
(76a–d) (Fig.  8.20). During column chromatography over silica gel some of these com-
pounds got hydrolyzed into the corresponding 3,4-diaryl-2-imino-N-(4′-carbonylpyridyl)-4-  
thiazolines (e.g., 75e) and 3,4-diaryl-2-imino-N-(2'-carbonylpyrazinyl)-4-thiazolines (e.g., 
76e) (Fig.  8.20). During the screening for anticancer activity against six human cancer cell  
lines including prostate (DU 145), colon (HT 29), breast (MCF 7/ADR), CNS (U 251), and 
lung large tumors (NCIH 460), the best IC50 values were shown for 75e (4.8 μM, breast tumor, 
cell line MCF 7/ADR), 75e (6.3 μM, CNS tumor, cell line U 251), 75d (6.2 μM, breast tumor, 
cell line MCF 7), 76b (11.5 μM, prostate tumor, cell line DU 145), 76b (1.0 μM, colon tumor,  
cell line HT 29), and 76b (0.9 μM, lung large carcinoma, cell line NCIH 460, CNS, cell line U 
251). Compounds (75a, b, 76a) also exhibited anti-inflammatory activity (100 mg/kg p.o.) in 
carrageenan-induced rat paw edema model. Compounds (75b, 75c, 75e, 76c, 76d and 76e) 
have been reported to possess strong analgesic activity (Sondhi et al., 2005b).

Sondhi et  al. also performed condensation of 3,4-diaryl-2-imino-4-thiazolines (68) with 
acridine derivatives to get acridinyl-thiazolino derivatives (77a–c and 78a, b) (Fig. 8.20). The 
compounds were evaluated for anti-inflammatory, analgesic, and kinase inhibition activi-
ties. Compounds (77a, b and 78b) having methoxy group of the acridine ring and methoxy, 
nitro and hydrogen, respectively, at ortho positions of the phenyl ring attached to the nitro-
gen showed good anti-inflammatory activity (>30%). Compounds (77c and 78a) also showed 
good analgesic activity (>50%). Compound (77c) exhibited moderate activity against CDK1 

FIG. 8.19  Synthesis of 3,4-diarylthiazolones (74).
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(IC50 = 8.5 μM). This data offers an opportunity for researchers to explore novel analogs of this 
class of compounds as potential CDK1 inhibitors (Sondhi et al., 2005a).

In continuation of their efforts, the same research group carried out condensation of 3,4- 
diaryl-2-imino-4-thiazolines (68) with 2-cyanopyridine and hydantoin-5-acetic acid to get 
compounds (79a–c, d) (Fig.  8.21). Compounds (79a,d) have been reported to possess anti-  
inflammatory activity with 49% and 34% inhibition, respectively, at 50 mg/kg p.o. dose. 
Compounds (79b, c) showed good analgesic activity (with 50% inhibition) (Sondhi et al., 2009b).

The authors have synthesized and investigated methanesulfonamide (80a, b) (Fig.  8.21)  
and amidine (81 and 82) (Fig. 8.21) derivatives of 3,4-diaryl-2-imino-4-thiazolines (68) for their 
anti-inflammatory and anticancer activities. Compounds (80a and 81) showed good anticancer 
activity against colon cancer cell line (COLO-205). Compound (82) was found to have good 
anticancer activity against liver (HEP-2; 32%) and neuroblastoma cell lines (IMR-32; 47%). 
Compound (80b) demonstrated good anti-inflammatory activity (34.7%) at 50 mg/kg p.o. 
dose which was equivalent to the standard drug phenylbutazone (37%) (Sondhi et al., 2009a).

Lui et al. designed and synthesized two series of cis-restricted analogs of CA-4 (45) using thi-
azolimines (83) and thiazolones (84) (Fig. 8.22) as a replacement of olefinic group in CA-4 (45). 
All the synthesized compounds were tested for their anticancer activity against human CEM 
leukemia cells. Compound (83a; IC50 = 1.5 μM) showed higher cytotoxicity than compound (83b; 
IC50 = 13.2 μM) which indicated that 3,4,5-trimethoxyphenyl moiety on the N-3 position of the 
thiazoline ring was more favorable for cytotoxicity. In second series, the authors synthesized  
3,4-diaryl thiazolones (84) by utilizing the same substitution pattern of both the essential 
3,4,5-trimethoxyphenyl and 4-methoxyphenyl groups. Compound (84a; IC50 = 1.8 μM) showed 
higher cytotoxicity than its isomeric derivative (84b; IC50 = 14.9 μM). Introduction of 3-amino  
group on 4-methoxyphenyl moiety in compound (84a) resulted in compound (84c; IC50 = 0.24 μM) 
with improved cytotoxicity. Replacement of 4-H of thiazolone ring of compound (84c) with 
chloro group resulted in compound (84d; IC50 = 0.12 μM) with twofold increase in activity.

FIG. 8.20  Vicinal diaryl 4-thiazolines (75–78) reported by Sondhi et al.
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8.3  THIAZOLIDINONES

The five-membered heterocycle thiazolidinone is a saturated form of thiazole ring having 
a carbonyl group at positions 2, 4, or 5. Availability of more sites (2, 3, and 5) for substitution 
and two important hetero atoms (N and S) make thiazolidinone ring an attractive moiety to 
the medicinal chemists. The 1,3-thiazolidin-4-one scaffold (85) having a carbonyl group at 
position 4, sulfur and nitrogen atoms at positions 1 and 3, respectively, has been exploited 

FIG. 8.21  Vicinal diaryl 4-thiazolines (79–82) reported by Sondhi et al.

FIG. 8.22  Vicinal diaryl thiazolimines (83) and thiazolones (84) as anticancer agents.
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for its biological potential. Owing to the combination of molecular flexibility and presence 
of elementary heteroatoms, 4-thiazolidinone scaffold has been known to show a diversified 
range of biological activities. An impressive pharmacological profile of ralitoline (86) as an-
ticonvulsant, pioglitazone (87) as antidiabetic, thiazolidomycin (88) as bactericidal agent, 
and etozoline (89) as antihypertensive demonstrated the potential of thiazolidinone moiety 
(Fig. 8.23) (Devinyak et al., 2012; Tripathi et al., 2014; Verma and Saraf, 2008). As a result of 
the biological importance attached to 4-thiazolidinone, substantial efforts have been made to 
exploit its medicinal potential.

Further, vicinal diaryl-substituted thiazolidin-4-ones have generated enormous interest in 
the drug discovery field among the researchers due to their multifarious biological potential. 
Intensive research endeavors have been made on the synthesis and biological activities of vic-
inal diaryl-substituted thiazolidin-4-ones. Its remarkable pharmacological profile motivated 
many researchers to carry out changes at N-3 and C-2 positions of thiazolidin-4-one (85) with 
different aryl or heteroaryl substituents.

8.3.1  Synthesis of Vicinal Diaryl Thiazolidinones

Several approaches have been reported for the synthesis of vicinal diaryl-substituted 
thiazolidin-4-ones. The basic synthetic routes required three segments, that is, a carbonyl 
compound, an amine, and thioglycolic acid. The typical synthetic process reported is suit-
able either with a one-pot three components condensation or a two-step process (Fig. 8.24). 
The formation of an imine (92) by the attack of nitrogen of an amine (91) on the carbonyl of  
aldehyde or ketone (90) initiates the reaction. Nucleophilic attack of sulfur on imine  

FIG. 8.23  Structures of 4-thiazolidinone (85) and some drugs (86–89) containing thiazolidinone moiety.

FIG. 8.24  General synthetic route for 4-thiazolidinone scaffold (93).
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preceded by intramolecular cyclization and elimination of H2O resulted in the formation of 
thiazolidin-4-one (93).

Several synthetic reports promote the above cyclocondensation using catalysts such as N,N′-
dicyclohexylcarbodiimide (DCC) (Srivastava et al., 2002), ZnCl2 (Desai and Desai, 2006), 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), sodium sulfate, 
ferrite, ionic liquids ([bmim][PF6] (Yadav et al., 2009), N-methylpyridinium tosylate (Lingampalle 
et al., 2010)), silica gel (Thakare et al., 2014), nano-Fe2O3/SiO2 (Azgomi and Mokhtary, 2015), 
yttrium triflate Y(OTf)3 (Luo et  al., 2016), and activated fly ash (Shanti et  al., 2013). The use 
of solid-phase systems, microwave heating, and polymer supported systems to synthesize 
2,3-disubstitiuted 4-thiazolidinones (93) have also been reported (Subhedar et al., 2016).

In another method (Fig. 8.25A), Bolognese et al. reported microwave-assisted synthesis of 
1,3-thiazolidin-4-one derivatives (95) from benzylidene-anilines (94) and thioglycolic acid in 
benzene (Bolognese et al., 2004).

Pratap et al. explored Saccharomyces cerevisiae as biocatalyst to accelerate the formation of 
imines along with cyclocondensation of aldehydes (96), amines (97), and thioglycolic acid in 
formation of the final product 2,3-diaryl thiazolidinones (98) (Fig. 8.25B) (Pratap et al., 2011).

FIG. 8.25  Synthesis of vicinal diaryl thiazolidin-4-ones using (A) microwave heating, (B) S. cerevisiae as biocata-
lyst, (C) propylphosphonic anhydride (T3P)-DMSO, and (D) ultrasonication.
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Kumar et al. synthesized 2,3-disubstituted 4-thiazolidinones (101) from substituted benzyl 
alcohols (99) (Fig. 8.25C). This method involved propylphosphonic anhydride (T3P)-DMSO 
assisted oxidation of alcohols (99) to aldehydes or keto compounds and their further cycliza-
tion with anilines (100) and thioglycolic acid to afford 4-thiazolidinones (101) (Sharath Kumar 
et al., 2012).

Gouvea et  al. synthesized thiazolidinones from the reaction of arene aldehydes (102), 
2-aminopyridine (103), and thioglycolic acid under ultrasonication (Fig. 8.25D). The reaction 
of the aldehyde (102) with 2-aminopyridine (103) requires a Lewis acid (BF3: MeOH 50 %) cat-
alyst to form the corresponding imine (104). The intermediate imine (104) then reacted with 
thioglycolic acid in the presence of ultrasound irradiation (25 min) to afford 2-aryl-3-(pyridin-
2-yl)-1,3-thiazolidin-4-ones (105) (Gouvêa et al., 2012).

8.3.2  Biological Activity of 1,3-thiazolidin-4-ones

A diversified spectrum of biological activities, mainly antiviral (anti-HIV), antiprolifer-
ative, anti-inflammatory, and analgesic activities exhibited by vicinal diaryl-substituted  
thiazolidin-4-ones have been described in the following section.

8.3.2.1  Antiviral Activity
2,3-Diaryl-1,3-thiazolidin-4-one analogs turned out to be a novel class of HIV-1 non-  

nucleoside reverse transcriptase inhibitors (NNRTIs). On the basis of structure–activity re-
lationship (SAR) and molecular modeling studies, different structural modifications were  
performed on almost all the positions of the thiazolidin-4-one scaffold (Barreca et al., 1999). 
In their continuous efforts to develop potent NNRTIs, Barreca et al. designed and synthe-
sized 2,3-diaryl-1,3-thiazolidin-4-ones on the basis of their previously reported thiazoloben-
zimidazoles (TBZs) (106 and 107) (Fig. 8.26) as NNRTIs (Barreca et al., 2001). The targeted 
compounds were designed by the ring opening of imidazole nucleus of TBZs and keeping 
the π-system and nitrogen atom intact. Introduction of phenyl or 2-pyridinyl ring at N-3 po-
sition of the thiazolidinone with dihalo-substituted phenyl ring at C-2 position offered com-
pounds (108–120) (Fig. 8.26). From the SAR study, it has been observed that compounds with 
2-pyridinyl substituent at N-3 position and two chloro groups at 2nd and 6th positions of the 
phenyl ring of C-2 position enhanced the potency. Incorporation of methyl group at the C-6 
position of pyridin-2-yl ring resulted in compounds (112–114) with EC50 values of 44, 82, and 
53 nM, respectively. Moreover, the introduction of more lipophilic substituents at 6-postion of 
2-pyridinyl group resulted in additional compounds (115–119) with higher antiviral activity 
and low toxicity (Barreca et al., 2002). Sriram et al. also synthesized and evaluated some com-
pounds by utilizing the same approach of substitution at phenyl ring of C-2 and N-3 positions 
of thiazolidinone. The compound (120) (Fig. 8.26) has been reported as a potent inhibitor of 
HIV-1 replication with EC50 value of 10 μM and CC50 of 120 μM. (Sriram et al., 2005).

Rao et al. also made extensive efforts toward the development of 2,3-diaryl-1,3-thiazolidin- 
4-ones (121–127) (Fig. 8.26) as anti-HIV agents (Rao et al., 2002; Rao et al., 2003). To have more 
understanding of the SARs of 1,3-thiazolidin-4-ones exhibiting anti-HIV-1 activity, the pyri-
dine ring was strategically replaced by suitably substituted pyrimidine ring and retaining the 
2,6-disubstituted phenyl ring at C-2 position (Rao et al., 2004). The synthesized compounds 
were tested for reduction in cytopathic effects of HIV-1 (IIIb) and HIV-2 (ROD) in MT-4 cells. 
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Most of the compounds exhibited high selectivity by showing more preventive effect on HIV-1 
(IIIb) and were negligibly toxic to MT-4 cells. Compound (121; EC50 = 0.227 μM, CC50 = 173 μM, 
selectivity index (SI) = 758) possessing 2,6-dichlorophenyl at C-2 position was found to be 
more active than the corresponding 2-chloro-6-fluoro-substituted (122; EC50 = 0.581 μM, 
CC50 = 136 μM, SI = 234) and 2,6-difluoro-substituted (123; EC50 = 3.65 μM, CC50 = 426 μM, 
SI = 118) derivatives. Introduction of methyl group at C-4′ position of the pyrimidine ring 
in compound (121) resulted in compound (124) with enhanced activity (EC50 = 0.044 μM, 
CC50 = 180 μM, SI = 2454). Furthermore, to explore the importance of lipophilicity, a second 
methyl group was introduced at C-6′ position of pyrimidine ring in compound (124) to 
get the most active compound (125; EC50 = 0.017 μM, CC50 = 52.5 μM, SI = 9521) of the series. 
Replacement of methyl group at C-6′ position of pyrimidine ring with methoxy group led 
to the formation of compound (126; EC50 = 0.024 μM, CC50 = 161 μM, SI = 2187) having activ-
ity comparable to that of compound (125). Compound (127; EC50 = 32.84 μM, CC50 = 179 μM, 
SI = 5.5) having hydroxyl group at C-6’ position of the pyrimidine ring showed reduced  
activity due to low affinity toward hydrophobic site of NNRTIs (Rao et al., 2004).

Subsequently, 1,3-thiazolidin-4-one scaffold was also employed by Rawal et al. to exam-
ine the effect of changes at C-2 position of the thiazolidinone moiety. Initially, compounds 
were prepared by placing different substituents on the phenyl ring at C-2 and keeping the 
furfuryl moiety constant at the N-3 position (Rawal et al., 2005). Compound (128) (Fig. 8.27) 
having 2,6-dichlorophenyl at C-2 position was found to be the most active among the se-
ries with EC50 value of 0.204 μM (SI = 216). From molecular modeling and QSAR studies, 

FIG. 8.26  Structures of TBZs (106, 107) and vicinal diaryl thiazolidin-4-ones reported by Berreca et et al. (108–120) 
and Rao et al. (121–127).
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compounds with the overall high hydrophobicity were predicted to show better HIV-1 RT 
inhibitory activity. Modifications were carried out by incorporating different substituents 
in the pyrimidine ring at N-3 position of the thiazolidinone moiety to increase hydropho-
bicity. Compounds (129–131) (Fig. 8.27) having 4-methyl-6-trifluoromethylprimidin-2-yl at 
N-3 position showed moderate activity. Introduction of the 4-methyl-6-phenylprimidin-2-yl 
(132; EC50 = 6.1 μM) (Fig. 8.27), 4-phenyl-6-trifluoromethylprimidin-2-yl (133; EC50 ≥ 80 μM), 

FIG. 8.27  Structures of thiazolidin-4-one derivatives (128–155) reported by Rawal et al.
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and 4,6-diphenylprimidin-2-yl (134; EC50 ≥ 194 μM) led to decrease in HIV-1 RT inhibitory 
activity. Further modification by incorporating 4,5,6-trimethylprimidin-2-yl moiety resulted 
in the identification of the most active compounds (135; EC50 = 30 nM and 136; EC50 = 30 nM) 
with high selectivity indices of ≥10,000 and low toxicity in MT-4 as well as CEM cells. 
Compounds (135 and 136) were found to be more active in MT-4 (10-fold) and CEM cells 
(50-fold) than the TBZ derivative (106) (Rawal et al., 2007b).

The same research group designed and synthesized novel 1,3-thiazolidin-4-ones substi-
tuted with thiourea or isothiourea group at the N-3 position. Introduction of a thiazol-2-yl 
moiety at the N-3 position of the 1,3-thiazolidin-4-one scaffold resulted in the identification  
of compounds (137–140) (Fig. 8.27) with improved HIV-1 RT inhibitory activity. Compounds 
(137; EC50 = 0.41 μM, SI > 893, 138; EC50 = 0.60 μM, SI = 72, and 140; EC50 = 0.37 μM, SI > 1001) 
showed higher activity than TBZ (EC50 = 1.10 μM, SI = 45) in CEM cells with higher selectiv-
ity indices. Compound (139) was found to be the most potent in MT-4 cells (EC50 = 0.26 μM, 
SI = 113) and CEM cells (EC50 = 0.23 μM, SI = 138) in the series. Introduction of 5-ethyl[1,3,4]
thiadiazol-2-yl (e.g., 141–143) at N-3 resulted in decrease in the activity (EC50 = 10 to 50 μM) 
compared to the thiazol-2-yl containing compounds (Rawal et  al., 2007a). The biological 
data of all these compounds revealed that the anti-HIV activity of 2,3-diaryl-1,3-thiazolidin-  
4-ones was greatly dependent on the nature of substituents at C-2 and N-3 positions of the  
thiazolidin-4-one ring. To support the inference, the authors employed 2,6-dibromophenyl  
substituent at C-2 and different heteroaryls at N-3 position of the thiazolidin-4-one. Compounds 
(144–151) (Fig. 8.27) were identified as the most active anti-HIV agents, inhibiting HIV-1 repli-
cation at 20–320 nM with negligible cytotoxicity and high selectivity (SI up to 7123 in MT-4 and 
6726 in CEM cells). Moreover, in MT-4 cells (1- to 17.5-fold) and CEM cells (1.7- to 36.7-fold) 
these compounds exhibited activities higher than that in TBZ-1 (Rawal et al., 2008b).

The 4-thiazolidinone scaffold has also been focused for the advancement of inhibitors of 
hepatitis C virus NS5B polymerase. By taking a cue from the previously reported thiazolidin-  
4-ones, Rawal et  al. also investigated a novel series of 2,3-diaryl-1,3-thiazolidin-4-ones for 
the same activity (Rawal et  al., 2008a). Modifications at 2- and 3-positions of the thiazoli-
din- 4-one ring resulted in the identification of compounds (152–155) (Fig. 8.27) with prom-
ising anti-HCV activity (>85% and >60% inhibition of NS5B and NS5B RdRp, respectively). 
Among these, compounds (152 and 155) were observed to be the most potent with IC50 values 
of 31.9 μM and 32.2 μM, respectively (Rawal et al., 2008a).

In a slightly different manner, Murugesan et al. applied QSAR and bioisosterism-based 
drug design concept to develop a novel series of thiazolidin-4-ones having different aryl/
heteroaryl groups at C-2 and N-3 positions (Murugesan et  al., 2011). Compounds (156;  
75% inhibition at 100 μg/mL and 157; 95% inhibition at 100 μg/mL) (Fig.  8.28) containing 

FIG. 8.28  Structure of vicinal diaryl thiazolidin-4-ones (156–159) reported by Murugesan et al.
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5-methylisoxazol-3-yl moiety at N-3 showed good anti-HIV RT activity. Compound (158) 
(Fig. 8.28) bearing 5-bromo-4,6-dimethylpyridin-2yl at N-3 exhibited the highest inhibitory 
activity (98% inhibition). Bioisosteric replacement of the phenyl ring with pyridine ring at 
C-2 and introduction of 4,6-dimethylpyridin-2yl moiety at N-3 position of thiazolidin-4-one 
resulted in an active compound (159; 85% inhibition). In further cell-based biological stud-
ies, the compounds (156–159) showed potent activity against HIV-1 IIIB (EC50 value of 0.09–
0.8 μM with SI of 46–446) and HIV-1 ADA5 (EC50 value of 0.12–1.06 μM with SI of 36–335). 
These compounds were also active against HIV-1 UG070 (EC50 value of 0.10–1.55 μM with  
SI of 24–402) and HIV-1 VB59 (EC50 value of 0.07–1.1 μM with SI of 33.9–574). Docking stud-
ies indicated that the 2′,6′-dihalophenyl of compounds (156–158) and 3′,5′-dihalopyridyl  
moiety of compound (159) interacted through π–π interactions into hydrophobic pocket 
which was made up of aromatic amino acids such as Tyr181, Tyr188, and Trp229. The substit-
uents (methyl/bromo) on heteroaryl ring at N-3 position show hydrophobic interactions with 
aromatic side chain of Tyr318. The carbonyl oxygen of thiazolidin-4-one and oxygen atom of 
isoxazolidine ring in compounds (156 and 157) form hydrogen bonds with N–H of Lys101 
residue of the backbone (Murugesan et al., 2011).

8.3.2.2  Anti-Inflammatory and Analgesic Activities
During a search for selective COX-2 inhibitors, compound (160) (Fig.  8.29) was found 

with a significant anti-inflammatory activity against carrageenan-induced rat paw edema. 
Compound (161) showed 78% edema inhibition which was comparable to celecoxib (24) hav-
ing 45% inhibition at the same dose (Vazzana et al., 2004). From the structure analysis of the 
available selective COX-2 inhibitors, it has been observed that 4-methylsulfonyl group on one 
of the phenyl rings is necessary for good COX-2 selectivity and potency. By keeping this in 
mind, Zarghi et al. have reported 2,3-diaryl-1,3-thiazolidin-4-ones having p-methylsulfonyl 
group on C-2 phenyl ring and different substituents (H, F, Me, and OMe) at para position of 
N-3 phenyl ring. Compound (162; IC50 = 0.12 μM and SI > 833) was found to be the most potent 
and selective COX-2 inhibitor of the series (Zarghi et al., 2007).

8.3.2.3  Anticancer Activity
Protein tyrosine kinases (PTKs) play a crucial role in cell growth and differentiation in 

all organisms and also show their participation in the development of neoplastic diseases. 
Small molecule inhibitors of tyrosine kinases have attracted more attention these days for 
developing anticancer agents due to their favorable safety profile and compatibility with 

FIG. 8.29  Vicinal diaryl thiazolidin-4-ones (160–162) as selective COX-2 inhibitors.
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other chemotherapeutic agents or radiation therapy. Several tyrosine kinase inhibitors such 
as gefitinib (Iressa), imatinib (Gleevec), erlotinib (Tarceva), and sorafenib (BAY 43-9006) have 
been successfully approved or are in clinical trials. Thus tyrosine kinase is considered as an 
important target for antitumor agents which interfere with specific cell signaling pathway 
that permits target specific therapy. There are several reports on the anticancer activity of 
vicinal diaryl thiazolidinones as discussed below.

Kamel et al. synthesized thiazolidin-4-ones and evaluated them for their cytotoxic activity. 
Compound (163) (Fig. 8.30) exhibited noteworthy cytotoxic effect against cervix cancer cell 
line HELA (IC50 = 1.95 μM) and breast cancer cell line MCF7 (IC50 = 1.07 μM). It was noted that 
the activity was mainly attributed to 4-[(pyridin-2ylamino)sulfonyl]phenyl moiety rather 
than the thiazolidin-4-one ring attached to this moiety that played a subsidiary role (Kamel 
et al., 2010).

A number of analogs of compounds (164 and 165) (Fig. 8.30) were synthesized and inves-
tigated for their anticancer activity against cell lines of lung cancer (A549) and breast cancer 
(MB-231) (Wu et al., 2014). Initial modifications with the two aromatic rings of 164 and 165 
identified compound (166) with good activity (IC50 values of 1.87 μM and 4.57 μM for A549 
and MB-231, respectively). Replacement of the bromo substituent of compound (166) with 
the ester group resulted in compound (167; IC50 values of 0.29 μM and 23.07 μM for A549 
and MB-231, respectively) with enhanced anticancer activity. Further modifications with ary-
lalkyl aminocarbonyl groups in the 3rd position of the 2-aryl ring led to the discovery of 
compounds (168; IC50 values of 0.21 μM and 0.23 μM for A549 and MB-231, respectively, and 
169; IC50 values of 0.16 μM and 0.18 μM for A549 and MB-231, respectively) with dramati-
cally improved cytotoxic effects. Compounds (168 and 169) exhibited good anti-migration 
activities (IC50 = 0.01–0.05 μM) in wound healing and transwell migration models. Compound  

FIG. 8.30  Vicinal diaryl thiazolidin-4-one derivatives (163–169) as anticancer agents.
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(168) also showed in  vivo inhibition of tumor growth and metastasis in animal models  
(Wu et al., 2014).

8.3.2.4  Antibacterial and Antifungal Activities
A substantial growth in the cases of multidrug-resistant bacterial infections over the years 

has turned into a point of concern across the globe. All the positions in thiazolidin-4-one scaf-
fold have been investigated to enhance the antibacterial and antifungal activities. It has been 
successfully reported that the arylazo (Labouta et al. 1987), sulfamoylphenylazo, and phenyl-
hydrazono groups at different positions of the thiazolidinone ring improved antibacterial ac-
tivity (Mandlik and Patwardham, 1966). The antibacterial activity of these compounds could 
be due to the effect of inhibition of Mur B enzyme which acted on the precursor of the biosyn-
thesis of peptidoglycans (Bronson et al., 2003). The C-2 and N-3 substituted thiazolidinones 
have mostly been reported to possess broad range of inhibition against bacteria and fungi. 
The SAR analysis indicated that thiazolidinone derivatives were more active against Gram-
negative bacteria than Gram-positive bacteria (Jain et al., 2012).

The effect of various substituents on C-2 and N-3 positions of 1,3-thiazolidin-4-one was stud-
ied by Sayyed et al. All the synthesized 2,3-diaryl-1,3-thiazolidin-4-one derivatives containing 
2,6-dichlorophenyl, 1,2,4-triazolyl, or antipyrine ring at N-3 and differently substituted 3-iodo-or 
3-bromo-phenyl rings at C-2 showed good antimicrobial activity at a concentration of 50 μg/mL. 
Compound (170) (Fig. 8.31) exhibited zone of inhibition of 24, 25, and 27 mm against Bacillus sub-
tilis, Salmonella typhi, and Escherichia coli, respectively, at this concentration (Sayyed et al., 2006).

Gopalakrishnan et  al. reported the synthesis and evaluation of 2-phenyl-3-(4,  
6-diarylpyrimidin-2-yl)thiazolidin-4-ones (171) (Fig.  8.31) for their antibacterial activity 
(Gopalakrishnan et al., 2009). All the synthesized compounds were screened for their antibacte-
rial activity against Staphylococcus aureus, β-hemolytic Streptococcus, Vibrio cholera, S. typhi, Shigella 
flexneri, E. coli, Klebsiella pneumonia, and Pseudomonas aeruginosa. Generally, compounds having 
electron-donating groups showed good antibacterial activity. Compounds containing electron- 
donating groups (OMe and Me) at different positions of the phenyl ring linked to the pyrimidine 
ring demonstrated good activity against S. aureus, S. typhi, and E. coli. Compounds having both 
electron-withdrawing (Cl, F) and electron-donating (Me) groups exhibited low antibacterial activ-
ity but potent activity against Aspergillus flavus and Rhizopus (Gopalakrishnan et al., 2009).

FIG. 8.31  Vicinal diaryl thiazolidin-4-one derivatives (170, 171) as antibacterial agents.
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8.4  THIADIAZOLES

Thiadiazole is a member of azole class of heterocycles containing two carbons, two  
nitrogens, and one sulfur atom. According to the position of the nitrogen and sulfur atoms 
in the ring, thiadiazoles are classified as 1,2,3-thiadiazole (172), 1,2,4-thiadiazole (173), 1,2,5- 
thiadiazole (174), and 1,3,4-thiadiazole (175) (Fig. 8.32) (Kushwaha et al., 2012).

Some of the drug molecules that contain thiadiazole ring are sulfamethizole (176), acet-
azolamide (177), cefazolin (178), xanomeline (179), timolol (180), and recently developed 
SCH-202676 (181) (Fig. 8.33). Thiadiazoles are used as bioisosteres of thiazole, oxazole, oxa-
diazole, and benzene for the development of analogs with improved biological profiles. 
1,2,4-Thiadiazoles and 1,3,4-thiadiazoles have been widely used by researchers due to their 
diverse chemical and biological potential (Hu et al., 2014; Li et al., 2013).

Vicinal diaryl thiadiazoles have been reported to offer interesting biological profile. In the 
following section, some of the general methods of synthesis and biological activities of vicinal 
diaryl thiadiazoles are discussed.

FIG. 8.32  Isomers of thiadiazole (172–175).

FIG. 8.33  Thiadiazole ring containing drugs (176–181).



270	 8.  Vicinal Diaryl Thiazoles and Thiadiazoles

8.4.1  Synthesis of Vicinal Diaryl Thiadiazoles

A series of 2,3,5-substituted [1,2,4]thiadiazoles (186) was reported to be prepared via syn-
thetic routes as shown in Fig. 8.34. Substituted anilines (182) were reacted with benzonitriles 
(183) to form N-arylbenzamidines (184) which were further reacted with substituted isothio-
cyanates to obtain imidoylthioureas (185). The intermediates (185) upon oxidation with bro-
mine afforded the final compounds (186) (Pan et al., 2003).

Goblyos et al. also reported synthesis of 2,3,5-substituted[1,2,4]thiadiazoles (186) by using 
benzamides (187) as the starting material which was initially converted into benzimidoyl 
chlorides (188). Substitution of chloro by NCS followed by the addition of amine formed the 
thioureas (185) which were further oxidized by bromine to obtain the final products (186) as 
depicted in Fig. 8.34 (Göblyös et al., 2005).

8.4.2  Biological Activity of Vicinal Diaryl Thiadiazoles

Melanocortin-4 receptor (MC4) plays a vital role in the modulation of feeding behav-
ior, nerve recovery, nociception, sexual function, energy homeostasis, stress responses, and 
drug addiction. To develop selective receptor agonists, Pan et  al. identified 2,3-diaryl-5-  
anilino[1,2,4]thiadiazole derivatives (189a–c) (Fig. 8.35) as selective MC4 agonists by using 

FIG. 8.34  Synthesis of vicinal diaryl 1,2,4-thiadiazoles (186).
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high throughput screening (Pan et al., 2003). Further modifications were carried out on the 
three aryl rings of 189a (IC50 value of 174 nM) resulted in some active compounds (189b, c) 
with improved binding affinity (IC50 value of 22 nM and 4.4 nM, respectively). When admin-
istered intraperitoneally, compounds (189a–c) caused significant reduction in food intake in a 
fasting-instigated feeding model in rats. When fed orally, 189a–c lost activity, mainly because 
of quick conversion to the inactive imidoylthiourea reduction products (Pan et al., 2003).

SCH-202676 (190) (Fig. 8.35) has been reported as an effective modulator of G-protein 
coupled receptors (GPCRs) such as muscarinic, dopaminergic, adrenergic, and opioid. 
Nieuwendijk et  al. synthesized analogs (190–194) and tested them for their modula-
tory properties on adenosine receptors (van den Nieuwendijk et al., 2004). Compounds 
(190–192; methyl substituted and 193; ethyl substituted) (Fig. 8.35) have been reported to 
have good modulatory activity on A1 receptor. Further biological studies demonstrated 
that compounds (190–193) were allosteric inhibitors. Compound (192) has been found to 
be the most active with an EC50 value of 0.64 μM which is four times more potent than 
SCH-201676 (190; EC50 value of 2.8 μM). Compounds (190 and 191) displayed peculiar 
displacement characteristics of both radiolabeled agonists and antagonists binding to 
the A2A receptors, and compound (190) showed some activity on A3 receptors (van den 
Nieuwendijk et al., 2004).

Goblyos et al. thought to carry out variations at N-imino substituent of compound (190) 
to develop a novel series of 2,3,5-substituted [1,2,4]thiadiazoles (Göblyös et al., 2005). All 
the compounds containing alkyl groups on imine nitrogen showed significant inhibition 
of binding of [3H]CCPA (2-chloro-N6-cyclopentyladenosine) to human A1 adenosine re-
ceptors. Introduction of phenyl and benzyl substituents resulted in slightly decreased in-
hibition of binding of [3H]CCPA. Most of the compounds were also reported to increase 
[3H]DPCPX (1,3-dipropyl-8-cyclopentylxanthine) antagonist binding. Further investiga-
tion of 190 and 194 by bioanalytical procedures demonstrated unusual receptor binding 
due to conversion of 190 and 194 into the corresponding thioureas. It is also stated that 
thiadiazoles are sulfhydryl modifying operators instead of allosteric modulators, as they 
reversibly alter the sulfhydryl groups of cysteine residues in cell membrane preparations 
(Göblyös et al., 2005).

8.5  CONCLUSION

This chapter emphasized the general synthetic methods, design, and biological profiles of 
vicinal diaryl substituted thiazoles, thiazolines, thiazolidinones, and thiadiazoles. It has been 

FIG. 8.35  Structures of some vicinal diaryl 1,2,4-thiadiazoles (189–194).
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revealed that these vicinal diaryl-substituted heterocycles provide the structural framework 
for the development of new therapeutic agents having diversified pharmacological potential. 
Vicinal diaryl thiazoles and thiazolidinones have been more widely explored compared to 
thiazolines and thiadiazole. Most of the thiazole derivatives showed anticancer and COX-2 
inhibitory activities. A few of them (36 and 37) showed more significant COX-2 inhibitory 
activity than celecoxib. Thiazole has also been used as a pharmacophoric moiety in the  
development of various therapeutic agents for the treatment of hyperlipidemia and Alzheimer 
disease. Thiazolidin-4-one scaffold, having vacant C-2 and N-3 positions, has been exploited 
more by various research groups for different biological activities such as antiviral (anti-HIV), 
antiproliferative, anti-inflammatory, analgesic, antibacterial, and antifungal. Biological po-
tential of vicinal diaryl-substituted thiazolines and thiadiazoles has not been still fully uti-
lized which creates an opportunity for medicinal chemists to develop novel drug molecules 
for newer targets.
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