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Resistance to antibiotics is a major global problem and there is an urgent need to develop new therapeutic

agents. Although many classes of active compounds have been established as efficient derivatives in

diverse fields of antimicrobial therapy, they have not yet found wide application against a few deadly

microbes. In recent years, compounds have been developed that have solved some of the problems

posed; for example improved bioavailability is one of the targets achieved with most of the more recent

compounds, allowing for once-daily dosing. Benzofuran and its derivatives are found to be suitable

structures, existing widely in natural products and unnatural compounds with a wide range of biological

and pharmacological applications; thus, considerable attention has been focused on the discovery of

new drugs in the fields of drug invention and development. Some benzofuran derivatives, such as

psoralen, 8-methoxypsoralen and angelicin have been used in the treatment of skin diseases such as

cancer or psoriasis. The unique structural features of benzofuran and its wide array of biological

activities make it a privileged structure in the field of drug discovery, especially in the search for

efficient antimicrobial candidates. Recently, this scaffold has emerged as a pharmacophore of choice

for designing antimicrobial agents that are active toward different clinically approved targets. To pave

the way for future research, there is a need to collect the latest information in this promising area. In

the present review, we collated the published reports on this versatile core to provide a deeper insight,

so that its full therapeutic potential can be utilized for the treatment of microbial diseases. This study

systematically provides a comprehensive report on current developments in benzofuran-based

compounds as antimicrobial agents and is also helpful for the researchers working on a substitution
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pattern around the nucleus, with an aim to help medicinal chemists to develop structure activity

relationships (SAR) on these derivatives as antimicrobial drugs.
1. Introduction

Contagious microbial diseases are increasing with the course of
time around the world due to the emergence of new multidrug-
resistant bacteria, resulting from the development of mutage-
nicity.1 They are a major cause of morbidity and mortality,
especially in people who are immunosuppressed and patients
who acquire them in hospitals.2 The challenge that is more
crucial than ever is the conscious usage of the currently mar-
keted antibiotics and also development of novel efficient anti-
biotic agents.3,4 In view of this, it is imperative to discover new
chemotherapeutic agents to prevent the emergence of resis-
tance and ideally shorten the duration of therapy. From this
perspective, one of the best ways to design new antimicrobial
agents is to synthesize/generate bioactive heterocyclic moieties
using a single molecular scaffold.
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Heterocyclic ring systems are powerful backbones with many
biological properties. Among the heterocyclic compounds,
benzofuran derivatives are an important class of compounds,
occupying a place in numerous bioactive natural products.
Benzofuran was synthesized for the rst time by Perkin in 1870.5

Subsequently, the research and development of benzofuran-
based biologically active compounds has been a rapidly devel-
oping and increasingly active eld due to their wide potential
applications as medicinal drugs (pharmaceuticals), agrochem-
icals, molecular electronic and functional polymers, man-made
materials, articial acceptors, and supramolecular ligands.6 In
particular, the application of benzofuran derivatives in medic-
inal chemistry has achieved great progress. Many benzofuran-
anchored drugs play an important role in the treatment of
various types of diseases and new benzofuran derivatives with
medicinal value are being actively explored worldwide.7 The
accepted name for ring system 1 (shown in Fig. 1) in chemical
abstracts is benzo(b)furan. To shorten this, (b) is conveniently
dropped and it is commonly known by the generic name
benzofuran. The name, coumarone, used in earlier literature for
this nucleus is now rejected. The positions of benzofuran ring
are numbered starting from heteroatom, as shown in Fig. 1.

Benzofuran derivatives exhibit signicant activity including
antifungal,8,9 antiprotozoal,8 antitubercular,10 antiinammatory,11
Fig. 1 Structure/numbering system in benzofuran.
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anticonvulsant,12 anticancer,13 antiHIV,14 analgesic,15 antipara-
sitic,16 antihyperlipidemic,17 antioxidant,18 antidiabetic,19 antihy-
pertensive,20 antiplasmodial,21 anti-Alzheimer's,22 vasodilating
and hypotensive,23 and antiarrhythmic.24 Moreover, some of the
benzofuran derivatives have been demonstrated to be potent
topoisomerase I inhibitors,25 sigma receptors,26 Pim-1 inhibitors,27

farnesyl transferase inhibitors,28 histamine H3 receptors29 and
carbonic anhydrase inhibitors.30 Moreover, this heterocyclic
compound is found in various branches of chemical research,
namely, in polymer31,32 and dye industries33,34 and in silver
photography.35,36 Benzofuran derivatives are important heterocy-
cles frequently found in both bioactive compounds and organic
materials. A few benzofuran derivatives that are actively used in
the pharmacological eld are illustrated in Fig. 2. Themembers of
the furocoumarin class of natural products including psoralen 2,
8-methoxypsoralen 3 and angelicin 4 can cross-link with DNA
upon light irradiation. As a result, they have been used for the
treatment of skin diseases such as cancer or psoriasis.37–40 The
natural product coumestrol 5 is found especially in soya beans
and has estrogenic activity.41 Synthetic bioactive compounds
containing benzofurans are also important, as exemplied by
amiodarone 6, which is an antiarrhythmic drug.42,43 Recently,
benzofurans have also emerged as important structural elements
for organic materials such as the organic transistor 7.44 (�)-1-
(Benzofuran-2-yl)-2-propylaminopentane {(�)-BPAP} 8 is another
benzofuran-based drug used as a catecholaminergic and seroto-
nergic activity enhancer. This stimulates the impulse propagation
mediated transmitter release of the neurotransmitters dopamine,
norepinephrine and serotonin in the brain.45 5-(2-Aminopropyl)-
2,3-dihydrobenzofuran (5-APDB) 9 and 6-(2-aminopropyl)-2,3-
dihydrobenzofuran (6-APDB) 10 are putative entactogen drugs of
the phenethylamine and amphetamine classes.46 5-(2-Amino-
propyl)benzofuran (5-APB) 11 and 6-(2-aminopropyl) benzofuran
Fig. 2 Benzofuran core, a multifunctional nucleus.

This journal is © The Royal Society of Chemistry 2015
(6-APB) 12 are triple monoamine reuptake inhibitors47,48 and 5-
APB is also an agonist of the 5-HT2B receptor.48 Thismakes it likely
that 5-APB would be cardiotoxic with long term use, as seen in
other 5-HT2B agonists such as fenuramine and MDMA. 6-APB is
an entactogenic compound of the phenethylamine and amphet-
amine classes.49

Therefore, the vast range of biological effects associated
with this scaffold has resulted in the benzofuran ring system
being considered as a privileged structure. This has resulted in
considerable effort being focused on benzofuran-based
medicinal agents and the expanding research and develop-
ments have become rapidly developing and increasingly active
domains of research and are extended to almost the whole
range of medicinal eld. To develop more effective and less
toxic agents to treat infectious diseases is still a challenge for
the pharmaceutical chemist. A large amount of effort has been
invested in the past decade to develop benzofuran-based
compounds as microbial agents that are active on different
clinically approved therapeutic targets and show excellent
therapeutic potency.

A spectrum of pharmacological activities exhibited by
benzofuran and its derivatives has been reviewed by some
researchers;50 however, in this review, we focused on the
applications of benzofuran scaffolds (as organic molecules,
inorganic complexes and naturally occurring compounds) as
antimicrobial agents in detail. By looking into the importance
of this therapeutic area, we decided to collect literature on the
antimicrobial potency of benzofurans, the indispensable
anchor in medicinal chemistry. In this review, we have
attempted to shed light and compile published reports on
benzofuran derivatives along with some opinions on different
approaches to help the medicinal chemists in designing future
generation potent yet safer antimicrobial agents. The purpose
RSC Adv., 2015, 5, 96809–96828 | 96811
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of this review is to update the most recent reports on the
development of microbial agents as potential drug candidates
for the treatment of infectious diseases.

2. Chemistry of benzofuran

Benzofurans are a class of very important heterocyclic
compounds existing widely in natural products and unnat-
ural compounds with biological and pharmacological
potentials. It is therefore not surprising that an enormous
amount of research has been carried out to develop efficient
synthetic methods for their assemblies. The most pertinent
and oen employed strategies involve the one-pot ether-
ication and dehydrative cyclization of o-hydrox-
yacetophenones 13 under basic conditions.51 Other strategies
include the dehydrative cyclization of o-hydroxybenzyl
ketones 16 or R-(phenoxy)alkyl ketones 17 (Fig. 3)52 and the
cyclization of aryl acetylenes using transition-metal catal-
ysis.53 Although numerous synthetic approaches have been
developed to prepare this family of compounds during the
past decades, general protocols for the synthesis of these
compounds are still of high interest.50

3. Structural requirements of
benzofuran derivatives for
antimicrobial activity

A close proximity exists between the chemistry of furan and
benzofuran. The greater stability of benzofuran compared
with furan is due to annelation of the benzene ring. Similar to
furan, oxygen contributes 2p-electrons to form a 10-p-electron
system in the case of benzofuran. This compound belongs to
a group that is commonly known as “electron rich” or “p

excessive” heteroaromatics. As anticipated of such
compounds, the benzofuran ring is highly reactive towards
electrophilic substitution; however, the overall reactivity of the
furan ring in benzofuran is decreased by the annelated
Fig. 3 General scheme for the synthesis of benzofuran derivatives.

96812 | RSC Adv., 2015, 5, 96809–96828
benzene ring. Resonance considerations of such condensed
systems indicate that electrophilic substitution should occur
at C-3. This is true with the analogous heterocycle, indole and
to some extent with thionaphthene. However, benzofuran
undergoes electrophilic substitution almost exclusively at the
C-2 position, in contrast to the general prediction. This
unusual difference in orientation between benzofuran and
thionaphthene is associated with the electronegativity of
oxygen and sulphur. Because oxygen is more electronegative
than sulphur, the unshared electrons around oxygen are held
more tightly than those of sulphur. Thus, the strongly elec-
tronegative character of oxygen cuts down the extent to which
an unshared pair interacts with the two double bonds to form
the aromatic system. Therefore, benzofuran behaves to
a considerable extent like an olen. Due to this distortion of
electrons, ionic structure 18 is of greater importance in
benzofuran (Fig. 3) and consequently electrophilic substitu-
tion at the C-2 position is favored. However, in thionaphthene,
the electronegativity of sulphur is secondary to the stabilizing
inuence of benzene resonance, and the ionic structure 20
with a negative charge at the C-2 position is of greater
importance (Fig. 4).54

From the collected literature, it is found that the benzo-
furan nucleus substituted at all positions with various
substituents produces potent antimicrobial activity; however,
the 1-position contains core oxygen and therefore it is
unsubstituted. The 2-position of benzofuran may be unsub-
stituted, or isatin, pyrazoline, pyrazole, imidazole, oxadiazole
with –Cl, –OH, hydrazides, 2-piperidine, 4-nitrophenyl hydra-
zones, acetyl group and 2,4-dichloro-isoxazole, 4-uorophenyl-
isoxazole substituents may enhance the antimicrobial activity.
Similarly, good activity was observed when the 3-position was
substituted with hydrazone, benzylidene, pyrazoline, acetyl
group or methyl group. The 4-position of the benzofuran may
be substituted or unsubstituted but good antimicrobial
activity was exhibited when the substituent on the 4-position
contained halogens or hydroxyl groups. The 5- or 6-position of
the nucleus may be unsubstituted, and substituents with
halogens, nitro and hydroxyl groups have also displayed
potent antibacterial activity. To exhibit antibacterial activity, it
is essential that benzofuran contains halogens, nitro and
hydroxyl groups at positions 4, 5, and 6. Benzofuran with
triazolo-thiadiazine containing phenyl, methylphenyl or bro-
mophenyl at the 7-position displayed good antimicrobial
activity (Fig. 5).
Fig. 4 Orientation of benzofuran and thionaphthene.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Benzofuran scaffold in antimicrobial agents.
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4. Benzofuran derivatives as
antimicrobial agents

Nowadays, a number of common and uncommon bacteria
previously susceptible to common antimicrobials are reported
to have developed resistance to diverse antibiotics. Initially,
these bacteria caused signicant nosocomial infections and
were the cause of major morbidity and mortality in patients.
More recently, they have spread to the community, causing
severe illness in previously healthy and otherwise non-
vulnerable patients.55–58 Owing to this increased microbial
resistance, new classes of antimicrobial agents with other
modes of action are needed to ght against the recent
multidrug-resistant infections.

Mohamed et al. reported the synthesis of a series of
benzofuran-based pyrazoline-thiazoles 21(a–d) (Fig. 6) and
uorinated pyrazole-thiazole (22–26) derivatives and tested
their potential antimicrobial activities against four Gram-
positive bacteria (Staphylococcus aureus (S. aureus (SA)),
Fig. 6 Structures of fluorinated 2-(3-(benzofuran-2-yl) pyrazol-1-yl) thi

This journal is © The Royal Society of Chemistry 2015
Bacillus subtilis (B. subtilis (BS)), Bacillus megaterium (B. mega-
terium (BM)), Sarcina lutea) and Gram-negative bacteria (Kleb-
siella pneumoniae (K. pneumoniae (KP)), Pseudomonas aeruginosa
(P. aeruginosa (PA)), and Escherichia coli (E. coli (EC))). Among
these compounds, 21c displayed excellent antimicrobial activity
and highest potency against all the tested organisms with
respect to reference drugs (ciprooxacin and ketoconazole).
Compounds 21d and 22b inhibited the growth of S. aureus with
inhibition zones (IZ) of 23 and 20 mm, respectively, while
compound 22a evidenced promising antifungal activity against
K. pneumoniae, P. aeruginosa, and E. coli with an IZ of about 24
mm. Moreover, compound 21c showed the highest activity
against S. aureus, S. cerevisiae, and C. albicans with an IZ of
about 23 mm. A SAR study revealed that the presence of a -
chloro substituent on pyrazoline and pyrazole moieties (21c and
22a) increases the antimicrobial activity (Fig. 6).59

In the literature, we found that the antimicrobial activity of
benzofuran derivatives appears to be more dependent on
substitution at the heterocyclic furan ring than on substitution
azoles.

RSC Adv., 2015, 5, 96809–96828 | 96813
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at the aromatic moiety.60 Telvekar and co-workers investigated
a series of benzofuran-3-carbohydrazide derivatives and
screened for their potential antifungal activity against candida
albicans (C. albicans). The combination of unsubstituted ben-
zylidene and a chloro di-substituted benzofuran ring exhibited
greater activity compared to the activity of other members. In
the case of a benzofuran derivative substituted with two
electron-withdrawing groups 27, the activity was increased
around fourfold. The electron-withdrawing group on the
benzofuran ring and the electron-donating group on the para
position of the aromatic side chain showed good activity 28
(Fig. 7).61

Structural modication of clinically approved benzofuran-
based antimicrobial drugs is an effective strategy to increase
biological activity and broaden the active spectrum of current
drugs. Therefore, there are some reports on amidrazone deriv-
atives that were found to possess remarkable biological activi-
ties62,63 and additionally these compounds have been reported
as precursors of some effective antifungal azoles.64 Abdel-Aziz
and co-workers presented the synthesis of benzofuran-
amidrazones 29(a–e), 30a, b and 31(a–c) (Fig. 8) and screened
their antifungal/antibacterial activities. These derivatives
showed signicant antifungal potency, which was more than
their antibacterial potency. Compound 30b exhibited the
highest potency against all the tested fungal organisms with
respect to a reference drug, griseofulvin. C. albicans (MIC ¼ 75
mg mL�1) was the most sensitive fungus to griseofulvin (MIC ¼
75 mg mL�1), followed by Aspergillus fumigatus (A. fumigatus),
Geotrichum candidum (G. candidum) and Syncephalastrum
Fig. 7 Structures of substituted benzofuran-3-carbohydrazide.

Fig. 8 Structures of benzofuran-arylamidrazone derivatives.

96814 | RSC Adv., 2015, 5, 96809–96828
racemosum (S. racemosum). Moreover, the same compound
exhibited activity (MIC¼ 75 mg mL�1) against S. aureus, which is
a little less than the standard drug amoxicillin (MIC ¼ 50 mg
mL�1). A SAR study revealed that the piperidine moiety and 4-
nitrophenylhydazone functions are essential for potential anti-
microbial activity. Piperidines, which are frequently found in
the side chains of therapeutic agents, are not usually associated
with pharmacophores; they simply serve as surrogates for open-
chain tertiary amines (Fig. 8).65

3-Methanone-6-substituted-benzofuran derivatives were
synthesized by Liu and co-workers and evaluated for their in
vitro antibacterial activities against E. coli, S. aureus, Methicillin-
resistant Staphylococcus aureus (MRSA), B. subtilis, and P. aeru-
ginosa. Some of the compounds 32(a–c) and 33 with MIC80 ¼
0.78–12.5 mg mL�1 displayed excellent antibacterial activities
compared to the positive controls (cefotaxime and sodium
penicillin). Compounds 34 and 35 displayed strain-specicity to
S. aureus with MIC80 ¼ 3.12–12.5 mg mL�1. SAR studies revealed
that the hydroxyl group at the C-6 position of benzofuran is
essential for antibacterial activity, and the functional groups at
the C-3 position play an important role in the antibacterial
selectivity of these compounds (Fig. 9).66

Furthermore, a benzofuran skeleton bearing aryl substitu-
ents at the C-3 position through a methanone linker has also
been investigated as an antibacterial agent. Compound 36awith
a hydroxyl group at the C-4 position showed moderate anti-
bacterial activity against S. aureus (MIC80 ¼ 0.39 mg mL�1) and
MRSA (MIC80 ¼ 0.78 mg mL�1), compared to the positive
control drugs. On the other hand, compounds with methylation
of the hydroxyl group had reduced solubility and decreased
antimicrobial abilities, and compounds with halogen substitu-
ents showed no antimicrobial activity, whereas compound 36b
had favorable activity against B. subtilis (MIC80 ¼ 0.78 mg
mL�1).67 Chandrashekar et al. demonstrated the synthesis and
antimicrobial applications of 5-phenyl-1-benzofuran-2-yl deriv-
atives and the biphenyl methanones 37 and 38(a–c). These
derivatives exhibited antimicrobial activities with MIC values
ranging between 0.001 and 0.5 mg mL�1. The carbinols and
tertiary alcohols corresponding to methanone exhibited no
antimicrobial activity (Fig. 10).68
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Structures of 3-methanone-benzofuran derivatives.
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Rao and co-workers reported a series of 2,4,6-trimethoxy
benzofuran derivatives as antibacterial agents. The synthesized
compound, benzofuran carbohydrazide, 39, displayed excellent
activities with IZs of 27 mm and 26 mm against E. coli and S.
aureus, respectively, at 25 mg mL�1, when compared with the
standard drug noroxacin (IZ ¼ 25 mm) for the same strains.
Moreover, benzofuran carboxylic acid, 40, showed a remarkable
activity against P. aeruginosa (IZ ¼ 21 mm) and S. pyogenes (IZ¼
23 mm), although a SAR study has not been reported for these
compounds.69 Soliman and co-workers described the synthesis
of naturally occurring visnagin derivatives and tested for their
antimicrobial activity against different bacterial and fungal
strains. Surprisingly, these compounds showed better anti-
mycotic activities than the reference drug, uconazole. In
particular, compounds 41 (0.64 mM) and 42 (0.532 mM)
demonstrated promising antifungal activity. The tested
compounds exhibit higher antifungal activity against A. avus
than against C. albicans.70 A series of benzyl-
benzofurylcarboxamido benzoxazole derivatives are reported
by Yildiz et al. and their antimicrobial activity was determined
against some Gram-positive and Gram-negative bacteria and
fungi. Among the tested derivatives, 43(a–d) exhibited higher
activity against P. aeruginosa than ampicillin (MIC > 500 mg
mL�1), rifampicin (MIC > 500 mg mL�1) and ooxacin (MIC ¼
62.5 mg mL�1) and had the same potency as gentamycin (MIC ¼
31.25 mg mL�1). Compound 43c displayed promising activity
Fig. 10 Structures of phenyl benzofuran derivatives.

This journal is © The Royal Society of Chemistry 2015
with an MIC value of 15.6 mg mL�1 against drug-resistant P.
aeruginosa, which is more potent than all standard drugs.
Compound 43b, carrying a benzyl group at the second position
of the benzoxazole ring, showed a remarkable antifungal
activity. In addition, attaching a hydrogen or bromine on
position “R” played a role in obtaining good inhibitory potency.
However, substituting position R1 with a bromine atom, while
the main structure was 2-phenylbenzoxazole, decreased the
inhibitory effect (Fig. 11).71

Rangaswamy and co-workers reported the synthesis of a new
class of functionalized benzofuranyl methoxy phenyl pyrazole
scaffolds. The synthesized compounds were evaluated for
antibacterial and antifungal activities by the well plate method
in Mueller-Hinton agar. The -chloro, -uoro, -bromo, and -nitro
functionalized derivatives demonstrated better activity, while
the others showed less activity against all the tested bacterial
strains. Compounds 44a (p-uoro substituted) and 44b (p-
chloro substituted) on the 1-substituted phenyl ring showed
signicant activity against P. aeruginosa and E. coli at concen-
trations of 1 and 0.5 mg mL�1, which was almost 15 times better
than the standard drug, streptomycin (12 mm and 17 mm at 0.5
mg mL�1). Compounds 44c (p-bromo substituted) and 44d (m-
chloro substituted) exhibited similar activity to that of the
standard drug against E. coli. As for antibacterial activities, the
presence of halogen substituents on the phenyl ring produced
better antifungal activity compared to other analogues.72
RSC Adv., 2015, 5, 96809–96828 | 96815
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Fig. 11 Structures of compounds (39–43).

RSC Advances Review

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
on

 1
/1

3/
20

26
 5

:4
0:

28
 A

M
. 

View Article Online
Furthermore, a series of benzofuran-based pyrazole deriva-
tives as antibacterial/antifungal agents are reported. The
introduction of substituted anilines into the pyrazole ring
enhanced the antibacterial activity. Compounds 45a and 45b,
possessing p-chloro and p-uoro substituents on the 1-
substituted phenyl ring, showed excellent activity against P.
aeruginosa and E. coli at concentrations of 1 and 0.5 mg mL�1.
The activity is considerably affected by halogen substituents
present at the para position of the phenyl ring. In the case of
compound 45b, uoro substituent on the para-position of
phenyl ring accounted for the enhanced antifungal activity
against C. albicans as compared to the standard drug, ucona-
zole.73 Kirilmis and co-workers designed mesitylene-substituted
benzofuran derivatives for antimicrobial activity against S.
aureus, E. coli and C. albicans. Among the synthesized
compounds, (E)-1-(1-benzofuran-2-yl)-2-mesitylethanone-O-
benzoyloxime (46) was found to be the most effective derivative
against S. aureus and E. coli at MIC values of 4 and 32 mg mL�1,
respectively (Fig. 12).74
Fig. 12 Structures of phenyl benzofuran-pyrazole and mesitylene-benz

96816 | RSC Adv., 2015, 5, 96809–96828
Koca et al., developed a series of benzofuran-ketoxime
derivatives as effective antimicrobial agents and among the re-
ported ones, compound 51a exhibited promising activity (MIC
¼ 0.039 mg mL�1) against S. aureus. The compounds 47, 48, 49b,
49c, 50 and 51b revealed almost the same antimicrobial effect
against C. albicans (0.625 mg mL�1). Compound 49a displayed
a good antimicrobial effect against C. albicans (2.5 mg mL�1).75

The synthesis and antimicrobial efficacies of a series of ben-
zodifuran amide derivatives are reported by Soni et al. These
compounds exhibited higher MIC values (600 mg mL�1) against
Gram-negative bacteria P. aeruginosa and fungus C. albicans. A
SAR study revealed that the presence of an electron-withdrawing
group at the para position of amine is responsible for their
moderate activity against Gram-positive bacteria B. subtilis
(52a–c), while the presence of an electron-releasing group at the
para position of the amine resulted in moderate activity against
S. aureus (Fig. 13).76

Triheterocycles with coumarin, benzofuran and furan rings
are reported by Khan and co-workers. The synthesized
ofuran derivatives.

This journal is © The Royal Society of Chemistry 2015
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Fig. 13 Structures of benzofuran-cyclobutyl ketoxime and benzodifuran amide derivatives.
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compounds were screened against two bacterial and two fungal
species by the standard cup plate method. Introduction of
monochloro and dichloro substituents on the benzofuran ring
enhanced the antimicrobial potency against Pseudomonas
chinchori, A. fumigatus, and P. wortmanni. Among the reported
compounds, 53a–e exhibited considerable inhibition of the
microbial growth of all the species at 50 mg mL�1 concentration.
SAR studies showed that the chlorination of the benzofuran
ring enhances both the antibacterial and antifungal potencies
of the triheterocycles.77 Angularly fused polycyclic heterocycles
with coumarin, benzofuran and pyridine rings 54a–f are also
reported as antimicrobial agents. All the synthesized
compounds exhibited anti-microbial activity against P. chinchori
at an MIC of 25 mg mL�1, and for antifungal screening, the
growth inhibition was found at 25 mg mL�1 concentration
against A. fumigatus, whereas for P. wortmanni, these derivatives
were found to be active at a concentration of 100 mg mL�1.78

Abdel-Wahab et al. reported the synthesis of a series of
benzofuranyl nitro arylbutanones and benzofuranyl dihydro
aryl thiazolyl pyrazole derivatives and their antimicrobial
activity at 100 mg concentration. 1-(Thiazol-2-yl) pyrazoline (55)
revealed excellent antimicrobial activity against Gram-negative
bacteria (with an IZ of 25 mm) and good activity against
Gram-positive bacteria (with a IZ of 17 mm). It was concluded
that benzofuran, pyrazoline, and thiazole moieties are essential
for potential antimicrobial activity.79 Furthermore, they re-
ported a series of benzofuranyl pyrazole derivatives as antimi-
crobial agents. Compounds 56–59 presented promising
antifungal activities against C. albicans, which were more than
the reference compound, uconazole. Moreover, compounds 58
and 59 exhibited noticeable antibacterial activities against B.
subtilis, which were better than that of the control, amoxicillin.
SAR studies revealed that the benzofuran moieties are essential
for antimicrobial activity and an increase in the activity is found
with an increase in the number of nitrogen atoms. The
This journal is © The Royal Society of Chemistry 2015
phthalimide moieties in compounds are also found to be
benecial for the potential antimicrobial activities.80 On the
other hand, benzofuran-thiazole and phenyl pyrazole conju-
gated compounds as antimicrobial agents are reported.
Benzofuran derivatives (60–65), produced the highest IZ of 30–
40 mm against C. albicans, therefore it is concluded that
benzofuran, pyrazole and thiazole moieties are benecial for
antimicrobial activity (Fig. 14).81

Ugale and co-workers developed benzofurano-isatin deriva-
tives as antimicrobial agents. Compound 66a with a nitro group
at C-7 of isatin exhibited signicant antibacterial activity
against E. coli and P. vulgaris with the same MIC value of 31.25
mg mL�1. Moreover, the presence of a uoro group at the C-7
position in the case of compound 66b resulted in good activi-
ties against B. subtilis, E. coli and P. vulgaris with anMIC value of
31.25 mg mL�1. This derivative was found to be active when
compared to the standard drugs, ampicillin and noroxacin. A
SAR study revealed that the introduction of an electron-
withdrawing substituent on the isatin nucleus at the C-5 and
C-7 positions enhances the antibacterial potential.82 Shanker
Rao and co-workers reported the synthesis of imidazole/
thiazole-benzofuran-conjugated compounds and their antibac-
terial and antifungal activities. Compounds 67a and 68a
exhibited an excellent effect on S. aureus, P. aeruginosa and
Enterococcus feltis (E. feltis) bacterial strains. Compounds 67c
and 68a exhibited effective antimicrobial activity against S.
aureus and E. coli. Antifungal activity was shown against two
human pathogen fungal species, A. niger and T. viride.
Compounds 67(a,b) and 68b showed signicant activities
against both the tested organisms.83 In continuation of this
study on benzofuran, they also reported the synthesis of a thia-
zolidinone nucleus bridged with quinoline and benzofuran.
Compounds 69a and 70 showed the highest activities against
Klebsiella pneumoniae, whereas compounds 69d and 70 exhibi-
ted the highest activities against E. coli. Amongst the antifungal
RSC Adv., 2015, 5, 96809–96828 | 96817
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Fig. 14 Structures of compounds (53–65).
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activity results, compound 70 demonstrated the highest activity
against A. niger, and compounds 69a, 69d and 70 showed the
highest activity against C. albicans. Compound 69c exhibited
very good activity against P. chrysozenous, while compounds 69b
and 70 displayed the highest activity against T. vridar.84

Imidazole-substituted benzofuran-conjugated compounds are
reported along with their antimicrobial potentials. Compounds
71(b,c) displayed an effective IZ against B. subtilis, while
96818 | RSC Adv., 2015, 5, 96809–96828
compounds 71a, 71c and 71d presented a similar level of activity
against F. moniliforme. Compound 71b showed comparatively
higher activity against T. viride and F. moniliforme. From the
SAR, the activity was increased by the presence of halo (-I, -Br
and -Cl) groups as substituents at the R and R2-positions on the
benzene ring, and methyl groups at the R1 or R2 positions in
combination with –I and –Br at the R position enhanced the
activity (Fig. 15).85
This journal is © The Royal Society of Chemistry 2015
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Fig. 15 Structures of compounds (56–71).
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Hadj-Esfandiari and co-workers reported the synthesis of 5-
nitroimidazolebenzofuranone and 4-nitro-
imidazolebenzofuranone derivatives and their antibacterial
activity against Gram-positive and Gram-negative bacteria. All 5-
nitroimidazole analogues showed remarkable inhibition,
evincing their potential antimicrobial activity. Benzofuran with
a 4-nitroimidazole core or phenyl group exhibited antibacterial
activity with an MIC of 100 mg mL�1. Benzofuranone, 72, was
slightly more effective in inhibiting the growth of K. pneumoniae
with an MIC of 0.39 mg mL�1, which is 2- to 8-fold higher than
the 5-nitrobenzimidazole derivatives against Gram-positive
bacteria. The antibacterial activity was enhanced by the nega-
tive charge of –NO2 group on the C-5 position of imidazole;
a partial charge on the carbonyl oxygen in benzofuran is
necessary for the activity.86 Manna and co-workers reported the
synthesis of quinoxalino/benzofuran-pyrazole derivatives under
microwave conditions; their antibacterial activity was evaluated
against seven different multidrug-resistant organisms in
various concentrations and results were compared with stan-
dard uoroquinolone drugs. Among the reported compounds,
73(a–e) showed better activities against E. coli, P. aeruginosa, S.
typhi and S. aureus. A SAR study revealed that ortho substitution
in the phenyl ring with –OH or –NO2 and para substitution on
the phenyl ring by –OCH3 at the 5-position of the pyrazole ring
evidenced the best antibacterial activity against Gram-negative
bacteria.87 Aminopyridine-benzofuran derivatives 74(a–e) were
prepared under microwave-assisted synthetic protocols and
were tested for their antimicrobial activity against P. aeruginosa
and S. aureus; none of these compounds exhibited good anti-
microbial activity.88 Basavaraja et al. reported a series of oxa-
diazole and pyrazole derivatives incorporating a benzofuran
core as microbial agents. The compounds bearing chloro-
substitution, 75a, and a hydroxyl group, 75b, exhibited potent
antimicrobial activity.89 Abdel-Aziz and co-workers synthesized
2-substituted-3-methylbenzofuran derivatives and screened
This journal is © The Royal Society of Chemistry 2015
their antimicrobial activity. The highest antifungal and anti-
bacterial activities were demonstrated by an ethoxymethylene
derivative, 76, and an ethylene derivative, 77, respectively. The
presence of a pyrazole moiety beside the benzofuran ring (in the
cases of 78 and 79) imparts high antifungal and antibacterial
activities. The signicant antimicrobial activity of 77 and 80
may be due to the presence of benzofuran moieties in addition
to the hydrazide function in both the derivatives.90 Further-
more, they reported the stereoselective synthesis of benzofuran-
based piperidinyl arylamidrazones and tested them for in vitro
antimicrobial activity. Compound 81 showed a low MIC (25 mg
mL�1) against A. fumigatus and revealed an MIC of 75 mg mL�1

against C. albicans, compared with the standard drug, griseo-
fulvin, which showed MIC of 50 and 75 mg mL�1 against A.
fumigatus and C. albicans, respectively. From an SAR study, it is
concluded that both the piperidine moiety and the 4-nitro-
phenylhydazine function were essential for the antimicrobial
activity (Fig. 16).91

Rida and co-workers studied a series of benzofuran deriva-
tives containing heterocyclic ring substituents linked toa
benzofuran nucleus at the C-2 position by a two- to four-atom
spacer as potential antimicrobial agents. Compounds were
evaluated for their in vitro activity against S. aureus, Gram-
positive bacteria, E. coli, Gram-negative bacteria, and C. albi-
cans, a fungus, and ampicillin and clotrimazole were used as
reference drugs. Compound 82 exhibited less activity against S.
aureus with an MIC of 500 mg mL�1. A SAR study revealed that
the presence of a spacer between the heterocyclic substituent
and the benzofuran nucleus may be essential for the biological
activity.92 Bis-benzofuran-thiadiazine derivatives were reported
as antibacterial and antifungal agents. Compounds containing
the phenyl (83a), methoxyphenyl (83b) and bromophenyl (83c)
substituents at the C-3 position of a triazolo-thiadiazine ring
demonstrated promising activity against bacterial and fungal
strains. Compound 83b is highly active against all the tested
RSC Adv., 2015, 5, 96809–96828 | 96819
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Fig. 16 Structures of compounds (72–81).
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organisms employed and the IZ was found to be greater than
the standard drug, neomycin.93 2-Substituted and diacetyl
benzofurans are reported by Khan et al., using palladium-
catalyzed reactions. The compounds demonstrated mild to
signicant growth inhibition against Gram-positive and Gram-
negative bacteria. An isomeric mixture of diacetylbenzofurans
emerged as the most potent microbial agent. In particular, 2,3-
Fig. 17 Structures of compounds (82–84).

96820 | RSC Adv., 2015, 5, 96809–96828
diacetylbenzofuran (84) was the most potent compound. From
this data, it is concluded that the catalytic sites for benzofurans
in the target biomolecule are those with at least one hydro-
phobic pocket and two H-bond donors—a polar hydroxylated
and an imino nitrogen containing amino acid residues. More-
over, substitution at the C4–7 positions of the benzofuran ring
and the replacement of a 3-acetyl group by other acyl/lower alkyl
This journal is © The Royal Society of Chemistry 2015
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Fig. 18 Structures of compounds (85–94).
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functionalities are to be envisaged for functional characteriza-
tion of the target biomolecule (Fig. 17).94

A series of uorine-substituted benzofuran chalcones,
benzofuran-pyrazoles and benzofuran-isoxazoles were synthe-
sized and screened for their antibacterial and antifungal
activity, and the results were compared with standards, ampi-
cillin and griseofulvin. Compound 85a displayed good activity
with an MIC of 62.5 mg mL�1 against S. typhi and S. pyogenes,
whereas compounds 85b and 86(a,b) showed similar antibac-
terial activity to the reference drug, ampicillin. For antifungal
This journal is © The Royal Society of Chemistry 2015
activity, compounds 85c, 86c, 87a and 87b exhibited better
activity than the reference drug, griseofulvin, against C. albi-
cans.95 Furthermore, a series of uorine-containing benzofuran-
pyrimidine conjugates as antimicrobial agents are reported.
Compounds 88(a–c) showed excellent antibacterial activities
against S. pyogenes, which were similar to the activity of the
reference drug, ampicillin. With respect to antifungal activity,
compounds 88(b,c) showed similar activity against C. albicans.96

Benzofuran-salicylic acid derivatives as antimicrobial agents
were described by Hassan and co-workers. Azo derivatives 89(a–
RSC Adv., 2015, 5, 96809–96828 | 96821
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Fig. 19 Structures of benzofuran-based metal complexes as antimicrobial agents.
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c) exhibited good antibacterial activity against both Gram-
positive and Gram-negative bacteria and compound 90
demonstrated a promising antifungal activity. A SAR study
revealed that the substitution of salicylic acid with an amino
group either at position C-5, C-4, or C-3 improved the antimi-
crobial activity.97 Kenchappa et al. demonstrated the synthesis
and antimicrobial activity of benzofuran barbitone/
thiobarbitone derivatives. Compounds 91(a,b), having two
bromo substituents on C-5 of benzofuran and C-4 of the phenyl
ring, respectively, were found to exhibit excellent antibacterial
activity against all the tested bacterial strains with MIC values
ranging between 29.76 and 31.96 mmol L�1. The same
compounds also exhibited equipotent activity against all fungal
strains with MIC values in the range of 12.50–66.49 mmol L�1.
SAR studies revealed that substitution at the ortho position of
benzofuran ring and the para position of aryl ring was respon-
sible for the increased antimicrobial activity. Compounds con-
taining two bromo substituents have increased antimicrobial
activity compared to those bearing a single halogen/other
substituent group.98 The same group also developed b-amino
carbonyl derivatives of benzofuran as antimicrobial agents.
From these studies, it is concluded that the electron-
withdrawing groups substituted on the aromatic ring, particu-
larly at the para position, 92(a–c), exhibited potential antimi-
crobial activity.99 Srinivas and co-workers investigated the
synthesis of benzofuran-isoxazole and tested its antibacterial
and antifungal activity using a serial tube dilution technique;
results were compared with ampicillin and uconazole as
a reference standard. Among the tested derivatives, compounds
93a and 93b possessed maximum activity, which may be due to
96822 | RSC Adv., 2015, 5, 96809–96828
electron-withdrawing substituents such as 2,4-dichlorophenyl
and 4-uorophenyl appended at the C-5 position of isoxazole
core. Moreover, the presence of 2-chlorophenyl, 2,4-dichlor-
ophenyl, and 4-nitrophenyl 93a, b and d) at the C-5 position of
isoxazole structure resulted in good antifungal activity. This
reveals the importance of the electronic effects of the substitu-
ents present on the aromatic ring in enhancing the
antibacterial/antifungal activity.100 Kumar et al., invented
a series of tricyclic compounds containing benzofuran, benzo-
thiazole and lactum derivatives as antimicrobial agents against
B. subtilius, E. coli and C. albicans. Compounds 94(a–c) exhibi-
ted moderate activities with IZ ranging from 11 to 17 mm
(Fig. 18).101
5. Benzofuran-based metal
complexes as antimicrobial agents

Metal ions play an important role in biochemical processes.
Many biochemical reactions depend on the presence of metal
ions, which are the part of coordination complexes. Increasing
attention has been given in the last decade to the biological
applications of benzofuran-based metal complexes including
late transition metals such as cobalt(II), nickel(II), copper(II)
and zinc(II). Many of these complexes exhibited considerable
antibacterial and anticancer properties in in vitro and/or in
vivo assays. The choice of a suitable substitution on the
benzofuran-based ligand system is found to be crucial in the
design of novel target specic bioactive metal complexes. In
this section, the important benzofuran-based ligands and
This journal is © The Royal Society of Chemistry 2015
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Fig. 20 Structures of benzofuran-based natural products as antimicrobial agents.
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their metal complexes reported for potential biological appli-
cations are discussed.

Halli and co-workers reported the synthesis of benzofuran-2-
carbohydrazide, 95, and its Co(II), Cu(II), Ni(II), Cd(II), Hg(II),
Zn(II), and UO2(II) complexes and Th(IV) complexes of phenyl-
isocyanate (BCPT)/p-chlorophenylisothiocyanate (BCCIPT). All
the complexes and ligands were screened for their potential
antimicrobial activity. The Zn(II), Cd(II), Hg(II), Ni(II) and UO2(II)
complexes displayed signicant growth inhibition activity
against Pseudomonas and Wild bacillus bacteria compared with
the free ligand BCCIPT and metal ions.102 Furthermore, a series
of mixed ligand complexes of the type [MLL0Cl2] of Co(II), Ni(II),
Cu(II), Zn(II), Cd(II) and Hg(II) derived from benzofuran-2-
carbohydrazide and 3,4,5-trimethoxybenzaldehyde and ortho-
phenylenediamine/2,6-diaminopyridine (96, 97) were reported.
All the complexes and ligands were screened for potential
antimicrobial activity against bacterial strains. The Zn(II), Cd(II)
and Hg(II) complexes exhibited potential antimicrobial activity
against both bacteria and fungi, having higher activity than
ligands against the same microorganisms.103 Furthermore,
complexes of Co(II), Ni(II), Zn(II), Cd(II) and Hg(II) from
benzofuran-2-carbohydrazide with 2-acetylthiophene/
acetophenone were reported as microbial agents. The Schiff
bases were inactive against all the bacteria tested, while Hg(II)
complexes (98, 99) showed signicantly enhanced activity
against both the bacterial, E. coli and S. aureus, and fungal, A.
niger and A. avus, strains. All other complexes showed less
This journal is © The Royal Society of Chemistry 2015
growth inhibition activity against all bacteria tested.104–106 Goel
et al. synthesized Cu(II) and Fe(III) complexes derived from 2-
acetylbenzofuran and semicarbazone/thiosemicarbazone
ligands and screened their antibacterial activities. The metal
complexes (100, 101) displayed effective antibacterial properties
against all the pathogenic bacteria; in particular, complexes of
thiosemicarbazone demonstrated remarkable antibacterial
activity. The metal complexes were found to have higher anti-
bacterial activities compared with their respective Schiff base
ligands (Fig. 19).107
6. Benzofuran-based natural
products as antimicrobial agents

Natural products play an important role in both drug discovery
and chemical biology. In fact, many approved therapeutics as
well as drug candidates are derived from natural sources.
Benzofuran natural products isolated from the Styracaceae
family plants, such as Styrax japonica, S. formosanus, S. obassia,
S. macranthus and S. officinalis, showed a variety of biological
activities including insecticidal, fungicidal, antimicrobial,
antiproliferative, cytotoxic and antioxidant properties.108,109

Over the years, several newer/modied approaches were adop-
ted for the isolation of benzofuran and their compounds and
were screened for antibacterial/antifungal activities. All the
related compounds are listed in Table 1 (Fig. 20).
RSC Adv., 2015, 5, 96809–96828 | 96823
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Table 1 List of novel benzofuran derivatives as antimicrobial agents isolated from natural sources

S.
No. Species Family Compound Reference(s)

1 Cotula coronopifolia Asteraceae 6-Methoxy-1-benzofuran-4-ol (102) 110
2 Heliotropium lifolium Boraginaceae Methyl-30-hydroxy-20,20,60-trimethyl-3H-spiro[1-benzofuran-2,10-cyclohexane]-5-carboxylate

(103), 30-hydroxy-20,20,60-trimethyl-3H-spiro[1-benzofuran-2,10-cyclohexane]-5-carboxylic
acid (104), methyl-30-acetyloxy-20,20,60-trimethyl-3H-spiro[1-benzofuran-2,10-cyclohexane]-
5-carboxylate (105), methyl-30-isopentanoyloxy-20,20,60-trimethyl-3H-spiro[1-benzofuran-
2,10-cyclohexane]-5-carboxylate (106), methyl-30-benzoyloxy-20,20,60-trimethyl-3H-spiro[1-
benzofuran-2,10-cyclohexane]-5-carboxylate (107)

111

3 Phomopsis sp. — 3-(Hydroxymethyl)-6,7-dihydrobenzofuran-4(5H)-one (108) 112
4 Eupatorium

aschenbornianum
Asteraceae 5-Acetyl-3b-angeloyloxy-2b-(1-hydroxyisopropyl)-2,3-dihydrobenzofurane (109), 5-acetyl-

3b-angeloyloxy-2b-(1-hydroxyisopropyl)-6-methoxy-2,3-dihydrobenzofurane (110)
113

5 Glycyrrhiza Xibei licorice 4-(6-Hydroxy-4-methoxy-5-(3-methylbut-2-enyl)benzofuran-2-yl)benzene-1,3-diol or
licocoumarone (111), 2-(2,4-dimethoxyphenyl)-4,6-dimethoxy-5-(3-methylbut-2-enyl)
benzofuran (112)

114

6 Ligularia veitchiana Compositae 1,3-Dimethoxy-4,6-dimethylnaphthofuran (113) 115
7 Cladonia rangiferina Cladoniaceae Didymic acid (114), condidymic acid (115) 116
8 Achyrocline satureioides Asteraceae 10,100-[6,7,9-Trihydroxy-8-(2-hydroxy-3-methylbut-3-en-1-yl)-3,3-dimethyl-3H-benzofuro[2,3-

f]chromene-5,10-diyl]bis(2-(S)-methylbutan-1-one) (116), 10,100-[6,7,9-trihydroxy-8-(2-
hydroxy-3-methylbut-dihydroxy)-3,3-dimethyl-3H-benzofuro[2,3-f]chromene-5,10-diyl]
bis(2-(S)-methylbutan-1-one) (117)

117

9 Dalea spinosa
(Psorothamnus
spinosus)

Fabaceae Spinosan A (118), spinosan A acetate (119), (+)-medicarpin (120) 118

10 Helianthella
quinquenervis

Asteraceae Euparin (121) 119

11 Stemona aphylla Stemonaceae Stemofuran E (122), stemofuran J (123), stemofuran M (124), stemofuran P (125),
stemofuran R (126)

120

12 Gnetum gnemon L. Gnetacea Stilbenoid (127), gnetin C (128) 121
13 Allium cepa Alliaceae 2-(3,4-Dihydroxyphenyl)-4,6-dihydroxy-2-methoxybenzofuran-3-one (129) 122
14 Caesalpinia

pulcherrima
Leguminosae Isovouacapenol D or [(4aa,5b,11bb)-1,2,3,4,4a,5,6,11b-octahydro-4,4,7,11b-tetramethyl

phenanthro[3,2-b]furan-4a,5-diol-5-benzoate] (130)
123

15 Murraya koenigii Rutaceae 33-(13-Hydroxyethyl)-7-hydroxy-1-isobenzofuranone (131) 124
16 Calea platylepis Asteraceae/

Heliantheae
Euparin (132), caleprunin A (133), caleprunin B (134), euparone (135) 125
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7. Conclusions and future aspects

Incidences of bacterial and fungal infections have increased
signicantly in the past 25 years. The evolution of resistance in
bacterial strains against currently available antibacterial agents
has been an increasing concern in recent years. To overcome
the threat of widespread multidrug resistance in Gram positive
and Gram negative bacterial strains as well as fungi, there is
ongoing demand for new antimicrobial agents. The discovery of
novel drugs in many elds, i.e. antibacterial, has been stalled
for many years. There is an urgent need for new pharmaceuti-
cals that have a broader spectrum of activity or act through
novel mechanisms of action, i.e. to overcome the increasing
incidence of microbial resistance observed for currently used
drugs. Numerous outstanding achievements revealed that
benzofuran-based compounds have extensive potential as
antimicrobial agents. To further optimize the complete poten-
tial of benzofuran compounds, SAR-based studies are likely to
continue to play an important role. It is very likely that opti-
mized benzofuran compounds with excellent potency and few
side effects will continue to be created. Some of these benzo-
furan compounds will undoubtedly be used as antimicrobial
therapeutic agents in the near future. The present review,
96824 | RSC Adv., 2015, 5, 96809–96828
covering literature from the last een years, is expected to
provide a bird's eye view of benzofuran-derived compounds for
drug designers and medicinal chemists as well as comprehen-
sive and target-oriented information for the development of
clinically viable molecules. Furthermore, future research in this
eld will bring innovative pharmaceutical developments with
a considerable spectrum of use.
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Commun., 2000, 65, 1093–1108.

16 S. P. Gibson and C. Laurate, Benzofuran antiparasitic
agents, WO/2008/102232, 2008.

17 K. V. Sashidhara, R. K. Modukuri, R. Sonkar, K. B. Rao and
G. Bhatia, Eur. J. Med. Chem., 2013, 68, 38–46.

18 S. S. Rindhe, M. A. Rode and B. K. Karale, Indian J. Pharm.
Sci., 2010, 72, 231–235.

19 K. A. Reddy, B. B. Lohray, V. Bhushan, A. C. Bajji,
K. V. Reddy, P. R. Reddy, T. H. Krishna, I. N. Rao,
H. K. Jajoo, N. V. Rao, R. T. Chakrabarti, D. Kumar and
R. Rajagopalan, J. Med. Chem., 1999, 42, 1927–1940.

20 B. C. Ross, D. Middlemiss, D. I. C. Scopes, T. I. M. Jack,
K. S. Cardwell, M. D. Dowle, J. G. Montana, M. Pass and
D. B. Judd, EP, 0514197 A1, 1992.

21 S. Ravikumar, G. Ramanathan and M. Gnanadesigan, Asian
Pac. J. Trop. Med., 2012, 5, 358–361.

22 M. Ono, M. P. Kung, C. Hou and H. F. Kung, Nucl. Med.
Biol., 2002, 29, 633–642.

23 M. B. Isman, P. Proksch and L. Witte, Arch. Insect Biochem.
Physiol., 1987, 6, 109–120.

24 M. B. Isman, in Insecticides of plant origin, J. T. Arnason, B. J.
R. Philogène and P. Morand, ACS Symposium Series 387,
Washington, DC, 1989, pp. 44–58.

25 K. Suzuki, T. Okawara, T. Higashijima, K. Yokomizo,
T. Mizushima and M. Otsuka, Bioorg. Med. Chem. Lett.,
2005, 15, 2065–2068.

26 K. S. C. Marriott, A. Z. Morrison, M. Moore, O. Olubajo and
L. E. Stewart, Bioorg. Med. Chem. Lett., 2012, 20, 6856–6861.

27 Y. Xiang, B. Hirth, G. Asmussen, H.-P. Biemann,
K. A. Bishop, A. Good, M. Fitzgerald, T. Gladysheva,
A. Jain, K. Jancsics, J. Liu, M. Metz, A. Papoulis, R. Skerlj,
J. D. Stepp and R. R. Wei, Bioorg. Med. Chem. Lett., 2011,
21, 3050–3056.
RSC Adv., 2015, 5, 96809–96828 | 96825

https://doi.org/10.1039/C5RA20658H


RSC Advances Review

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
on

 1
/1

3/
20

26
 5

:4
0:

28
 A

M
. 

View Article Online
28 K. Asoh, M. Kohchi, I. Hyoudoh, T. Ohtsuka,
M. Masubuchi, K. Kawasaki, H. Ebiike, Y. Shiratori,
T. A. Fukami, O. Kondoh, T. Tsukaguchi, N. Ishii, Y. Aoki,
N. Shimma and M. Sakaitani, Bioorg. Med. Chem. Lett.,
2009, 19, 1753–1757.

29 M. Sun, C. Zhao, G. A. Gfesser, C. Thiffault, T. R. Miller,
K. Marsh, J. Wetter, M. Curtis, R. Faghih,
T. A. Esbenshade, A. A. Hancock and M. Cowart, J. Med.
Chem., 2005, 48, 6482–6490.

30 S. L. Graham, J. M. Hoffman, P. Gautheron, S. R. Michelson,
T. H. Scholz, H. Schwam, K. L. Shepard, A. M. Smith and
R. L. Smith, J. Med. Chem., 1990, 33, 749–754.

31 B. Pourabas and A. Banihashemi, Polym. Int., 2002, 51,
1086–1099.

32 J. Xu, G. Nie, S. Zhang, X. Han, S. Pu, L. Shen and Q. Xiao,
Eur. Polym. J., 2005, 41, 1654–1661.

33 C. H. Chen, N. Y. Fairport, L. J. Fox and M. Balmnore, Novel
benzofuran dyes, US Pat., 4900831 A, 1990.

34 C. H. Chen and J. L. Fox, Novel benzofuran dyes, US Pat.,
4948893 A, 1990.

35 R. Sato, K. Kato, T. Sasaki and H. Sugit, Silver halide
photosensitive materials for color photography, EP,
0148536 A2, 1985.

36 H. Odenwalder, H. Langen, J. Hagemann and K. Henseler,
Color photographic silver halide, material, US Pat.,
5981160 A, 1999.

37 P. S. Song and K. J. Tapley Jr, Photochem. Photobiol., 1979,
29, 1177–1197.

38 F. P. Gasparro, R. Dallamico, D. Goldminz, E. Simmons and
D. Weingold, Yale J. Biol. Med., 1989, 62, 579–593.

39 S. Caffieri, Photochem. Photobiol. Sci., 2002, 1, 149–157.
40 L. Santana, E. Uriarte, F. Roleira, N. Milhazes and F. Borges,

Curr. Med. Chem., 2004, 11, 3239–3261.
41 E. M. Bickoff, A. N. Booth, R. L. Lyman, A. L. Livingston,

C. R. Thompson and F. Deeds, Science, 1957, 126, 969–970.
42 J. W. Mason, N. Engl. J. Med., 1987, 316, 455–566.
43 F. Bogazzi, L. Tomisti, L. Bartalena, F. Aghini-Lombardi and

E. Martino, J. Endocrinol. Invest., 2012, 35, 340–348.
44 C. Mitsui, J. Soeda, K. Miwa, H. Tsuji, J. Takeya and

E. Nakamura, J. Am. Chem. Soc., 2012, 134, 5448–5451.
45 F. Yoneda, J. Knoll, H. Ode, M. Sakae, M. Katurada, T. Moto,

T. Ando, S. Shimazu, K. Takahata and M. Fujimoto,
Ethylamine derivatives, US Pat., 6214859, 2001.

46 A. P. Monte, D. Marona-Lewicka, N. V. Cozzi and
D. E. Nichols, J. Med. Chem., 1993, 36, 3700–3706.

47 P. Dawson, J. Opacka-Juffry, J. D. Moffatt, Y. Daniju,
N. Dutta, J. Ramsey and C. Davidson, Prog. Neuro-
Psychopharmacol. Biol. Psychiatry, 2014, 48, 57–63.

48 L. Iversen, S. Gibbons, R. Treble, V. Setola, X. P. Huang and
B. L. Roth, Eur. J. Pharmacol., 2012, 700, 147–151.

49 K. Briner, J. P. Burkhart, T. P. Burkholder, M. J. Fisher,
W. H. Gritton, D. T. Kohlman, S. X. Liang, S. C. Miller,
J. T. Mullaney, Y. C. Xu and Y. Xu, US Pat., 7045545, 2006.

50 (a) R. Naik, D. S. Harmalkar, X. Xu, K. Jang and K. Lee, Eur.
J. Med. Chem., 2015, 90, 379–393; (b) A. Radadiya and
A. Shah, Eur. J. Med. Chem., 2015, 97, 356–376; (c)
R. J. Nevagi, S. N. Dighe and S. N. Dighe, Eur. J. Med.
96826 | RSC Adv., 2015, 5, 96809–96828
Chem., 2015, 5, 561–581; (d) K. M. Dawood, Expert Opin.
Ther. Pat., 2013, 23, 1133–1156; (e) M. G. Kadieva and
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