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Abstract: Imidazole is a five-membered heterocyclic system featuring two nitrogen het-
eroatoms at the 1- and 3-positions of the ring. The imidazole scaffold is particularly
suited for kinase inhibition concepts. This further confirms that this scaffold is a privi-
leged structure in the development of anticancer drugs. Considering these key factors
and the recent focus of scientists on imidazole compounds, we discuss the anticancer
activities of imidazole-containing hybrids and related compounds, highlighting articles
published in 2023 that serve as a basis for medicinal chemistry leads. From a chemical
perspective, the present review emphasizes hybrid molecules with an imidazole ring in
the side chain, imidazole-centered hybrid molecules, condensed imidazole hybrids, hy-
brid compounds containing two or more imidazole rings, polycyclic imidazole hybrids,
imidazole-containing metal complexes, and benzimidazole hybrids.

Keywords: anticancer activity; benzimidazole; hybrid compounds; imidazole; imidazole–
metal complex; lead compounds; medicinal chemistry

1. Introduction
It is generally understood that the excessive spread of cancer ultimately leads to an in-

crease in the lethality of mankind [1]. Medicinal chemists discovered several “hit” or “lead”
compounds to solve this task [2–4]. For two cancer treatment modalities, i.e., chemotherapy
and immunotherapy, synthesized or natural compounds are used [5,6], especially nitrogen-
containing heterocyclic compounds (N-heterocycles) [7,8]. Recent reports confirmed the
promising anticancer properties of N-heterocyclic derivatives [9]. Our research group also
investigated the anticancer and other pharmacological potentials of N-heterocycles [10–27].
On the other hand, several factors (e.g., pharmacokinetics and side effects) become a barrier
to the completion of a candidate drug-like agent. Nevertheless, heterocycles are a primary
component of chemotherapeutic drugs, and the further development of these compounds
seems to be promising.

Imidazole is a five-membered heterocyclic system that contains two nitrogen het-
eroatoms at the 1 and 3 positions of the ring [28–30]. Several compounds with imidazole
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rings have been found in plants [31] and other living organisms [32]. In addition, these
scaffolds are included in many nucleotides; for example, half of the purine structure
represents an imidazole ring [33,34]. The imidazole scaffold is more suitable for the con-
cept of kinase inhibition [35]. This again confirms that this scaffold may be a privileged
structure for anticancer drug development [36–40]. Many imidazole hybrid drugs are
already in use for cancer treatment (Figure 1). Fadrozole [41] is a selective non-steroidal
aromatase inhibitor used for breast cancer treatment in Japan. Imidazole carboxamide
(dacarbazine [42]) is also a well-known chemotherapeutic drug used for the treatment of
melanoma and Hodgkin’s lymphoma. Another anticancer drug used to treat acute myeloid
leukemia is quizartinib [43]. Indimitecan [44] is a DNA topoisomerase I inhibitor with
anticancer activity in several human cancer cell lines. Tipifarnib (Zarnestra™) [45] is a
farnesyltransferase inhibitor used to treat several types of cancer, including neck cancer,
breast cancer, peripheral T-cell lymphoma, and chronic myelomonocytic leukemia. Chronic
myeloid leukemia is treated with nilotinib (Tasigna®) [46], while ponatinib [47] is used to
treat chronic myeloid leukemia and acute lymphoblastic leukemia.

Figure 1. Imidazole-based anticancer drugs are currently undergoing clinical trials.

A “hybrid molecule” integrates two or more pharmacophore substituents, structures,
rings, or fragments into a single molecular entity. It may also involve replacing similar
components of one compound with those of another. In medicinal chemistry, hybrid
molecules can target the same tumor by combining pharmacophore groups from different
drugs acting by the exact mechanism [48,49]. Alternatively, they can be designed to target
multiple tumors simultaneously by incorporating pharmacophores from medicines that
use various mechanisms of action [49]. The synthesis of azole-containing hybrids is easily
achieved by CH functionalization of two necessary heterocyclic skeletons [9,50–55].

Considering the recent focus on imidazole compounds, we discuss and highlight the
anticancer activities of imidazole-containing hybrids and related compounds, based on
articles published in 2023, as a basis for medicinal chemistry leads.

2. The Literature Acquisition Strategy of This Review
The imidazole core structure has emerged as a significant building block in various

drug candidates. Every year, multiple reports have been published that examine their
physical and chemical properties. Since 2023, approximately 35 review articles with the
keyword “imidazole” in their titles have been published in the Scopus database [56].
However, a majority of these papers focus on the diverse chemical and physical properties
of this heterocyclic system. Several review articles have examined the medicinal and
pharmacological properties of imidazole hybrids, but more than 100 scientific studies
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on this topic were published each year. On 13 January 2023, two review articles on the
biological properties of imidazole and its derivatives were published by Tolomeu and
Fraga [57] and Rani et al. [58]. These publications refer to literature before 2023. In 2024,
Poyraz et al. [59] published a comprehensive review of the pharmacological aspects of
imidazole hybrids, emphasizing various bioassays. Since 2023, two reviews have addressed
the anticancer potential of imidazole-based hybrids: the reviews by Kumar et al. [60] in
2024 and Ghara et al. [61] in 2025. However, Kumar et al. [60] did not include reports
published in 2023, while the review by Ghara et al. [61] references only one such report. Our
review summarizes, discusses, and highlights imidazole-containing hybrid leads identified
as promising drug candidates with anticancer properties based on research investigations
reported in 2023.

We searched the Scopus database using the keyword “imidazole” and its variations
“imidazole hybrids” and “imidazole AND anticancer” to uncover published reports on the
medicinal properties of imidazole and its derivatives, especially for anticancer applications.

We included only reports from 2023 to ensure that our findings reflect the latest
research. Studies in medicinal chemistry were prioritized for their relevance to drug
development; reports focusing solely on synthetic methods or chemical properties without
a pharmacological context were excluded.

We reviewed sources that reported on “imidazole hybrids” identifying lead com-
pounds with anticancer potential, capturing a range of hybrid structures:

(a) Hybrid molecules with an imidazole ring in the side chain: Compounds where the
imidazole moiety is part of a larger structure that influences biological activity.

(b) Imidazole-centered hybrid molecules: Compounds where the imidazole serves as a
central core interacting with multiple biological targets.

(c) Condensed imidazole hybrids: Structures with fused imidazole rings to enhance
pharmacological properties.

(d) Hybrid compounds with two or more imidazole rings: These have unique mechanisms
of action and improved efficacy due to multiple imidazole units.

(e) Polycyclic imidazole hybrids: Complex structures incorporating imidazole in a poly-
cyclic framework, affecting solubility and biological interactions.

(f) Imidazole-containing metal complexes: Reports included due to their interesting
biological activities from the involved metal ions.

(g) Benzimidazole hybrids: These compounds demonstrate structural variations around
the imidazole ring to enhance anticancer activity.

Thus, our search rigorously filtered the literature to include only reports relevant to the
medicinal chemistry of imidazole hybrids with documented anticancer activity, allowing
for focused analysis of their therapeutic promise.

3. Hybrid Molecules with an Imidazole Ring in the Side Chain
Several imidazole-1,2,4-oxadiazole hybrids were synthesized and evaluated for their

antiproliferative activity by Lavunuri et al. [62]. Erlotinib was used as a reference drug.
Most prepared imidazole derivatives exhibited higher potency in MCF-7 breast cancer cells
than in A549 lung cancer and HepG2 hepatocellular carcinoma cells. Among them, deriva-
tive 1, namely (E)-N-(2-(5-(3,5-dichloro-4-methoxyphenyl)-1,2,4-oxadiazol-3-yl)ethyl)-1-(1-
methyl-1H-imidazol-2-yl)mathen-amine (Figure 2), showed better activity against MCF-7
cells (IC50: 3.02 µM). This imidazole compound was also promising on HepG2 and A549
cell lines. Compound 1 showed promising anti-EGFR activity, with an IC50 of 1.21 µM.

Yevale et al. [63] investigated the anticancer properties of imidazole–pyrazole hybrids.
All hybrid compounds were tested against human MCF-7 and MDA-MB-231 breast cancer
cells and Vero kidney epithelial cells. Two imidazole compounds, 2 and 3 (Figure 2),
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containing various substituents on the benzene ring—including halogens and methoxy and
methyl groups—exhibited potent cytotoxicity against the MDA-MB-231 (GI50: 0.63 µM) and
MCF-7 (GI50: 12 µM) cell lines. In comparison, imatinib showed GI50 values of 10.36 µM
for MDA-MB-231 cells and 16.08 µM for MCF-7 cells. Notably, 2 and 3 were more potent
inhibitors of Aurora A kinase than alisertib, with 2 being 4.7 times stronger and 3 being
2.8 times more potent. In addition, 2 was effective in arresting the cell cycle at the G2/M
phase (34.9%).
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Figure 2. The structures of potential antitumor compounds 1–8.

Fang et al. [64] studied the antitumor properties of novel plinabulin scaffolds against
human H460, HCT116, and BxPC-3 cancer cell lines, focusing on targeting β-tubulin.
Derivative 4 (Figure 2) was identified as the most potent compound, with IC50 values
of 20.9 µM for NCI-H460 cells, 7.3 µM for HCT116 cells, and 16.7 µM for BxPC-3 cells.
This hybrid derivative was particularly effective in inhibiting microtubule formation. In
addition, it disrupted the proliferation of the HCT116 cell line during the G2/M phase at a
concentration of 20 nM.

Quinoline–imidazole–piperidine hybrids, including substituted amide and sulfon-
amide fragments, were synthesized by Kardile et al. [65]. The compounds were tested
against various cancer cell lines, including HCC827 (EGFR Del E746-A750), NCI-H1975
(L858R/T790M), and A549 (wild-type EGFR), as well as normal BEAS-2B bronchial epithe-
lium cells. Imidazole 5 (Figure 2) showed the highest potency, with IC50 values of 0.010,
0.21, 0.99, 2.9, 9, and 85.14 µM, respectively. Additionally, it exhibited promising enzyme
inhibitory activity against EGFR L858R/T790M in vitro (IC50: 138 nM).

Gariganti et al. synthesized interesting hybrid derivatives containing an imidazole
fragment [66]. The compounds were tested in PC3, A549, MCF7, and A2780 cell lines using
the MTT assay. Derivative 6 (Figure 2), which contains two 3,4,5-trimethoxyphenyl rings in
its side chains, a benzofuran nucleus, an amide group, and both 1,2,3-triazole and imidazole
moieties, exhibited excellent apoptotic activity. The IC50 values for compound 6 in the four
cell lines investigated were 0.097, 0.04, 0.013, and 0.022 µM, respectively. This indicates that
6 was 25-, 77-, 162-, and 63-fold more active than the reference drug etoposide.
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Qin and colleagues reported several indole derivatives containing an imidazole
ring that served as potent and orally bioavailable TRKA inhibitors [67]. Compound 7
(Figure 2) emerged as the lead molecule, demonstrating excellent stability in plasma
(half-life > 289.1 min) and moderate stability in liver microsomes (half-life: 44.3 min). Phar-
macokinetic studies indicated that compound 7 has good oral bioavailability as a TRKA
inhibitor, with a bioavailability rate of 116.07%. In the Ba/F3-TRKAF589L cell line, hybrid 7
showed an IC50 of 41.5 µM, while it showed an IC50 of 4.5 µM in Ba/F3-TRKAG667C cells.
These results indicate that imidazole 7 had superior antiproliferative activity compared
to selitrectinib, which had an IC50 of 95.6 µM in Ba/F3-TRKAF589L cells and 16.7 µM in
Ba/F3-TRKAG667C cells.

Cheng et al. [68] developed a novel proteolysis-targeting chimera (PROTAC) by incor-
porating a 1-methyl-2-nitro-1H-imidazol-5-yl methyl group into an EGFR-based PROTAC
containing a CRBN E3 ligand. The inhibitory activity of the target compounds was eval-
uated in vitro against human PC9 lung adenocarcinoma cells. In particular, imidazole
compound 8 (Figure 2) showed significant hypoxia-selective inhibitory activity.

Tsuji and colleagues [69] developed a dual prodrug improving pancreatic cancer
treatment by releasing a PYG inhibitor and gemcitabine under hypoxic conditions. Hybrid
compound 9 (Figure 3), which contains an imidazole-(4-aminophenyl)methylcarbamate
fragment, exhibited significant antiproliferative effects in a dose-dependent manner at
concentrations ranging from 1 to 10 µM.

Figure 3. The structures of potential antitumor compounds 9–19.

A series of imidazole derivatives linked by a triazolopyrazine ring were developed
as PARP1 inhibitors by Wang et al. [70]. In particular, compound 10 (Figure 3) exhibited
exceptional activity (IC50: 1.9 ± 0.5 nM), making it 23 times more potent than olaparib
(IC50: 43.2 nM) against the MDA-MB-436 (BRCA1−/−) breast cancer cell line. In addition,
it demonstrated an IC50 of 21.6 ± 13.7 nM against the Capan-1 pancreatic cancer cell line,
which was 32 times more potent than olaparib (IC50: 692 nM). Even more significantly,
compound 10 inhibited PARP1 activity at an impressively low IC50 value of only 3.2 nM.
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Malakar and co-workers investigated dithiocarbazate-based Schiff bases containing an
imidazole ring [71]. The chemotherapeutic ligand 11 (Figure 3), with IC50 values ranging
from 70.4 to 2.34 µM, exhibited significant cytotoxicity against the human H520 lung
squamous cell carcinoma cell line using the MTT assay. In particular, the presence of amino
and thione groups in the Schiff base structure enhanced its antiproliferative activity. This
highlights the importance of these features for improved therapeutic efficacy.

Hassan et al. synthesized thioxoimidazolidinone compounds as dual inhibitors of
CDK2 and EGFR, with derivative 12 (Figure 3) showing exceptional potency [72]. It
achieved IC50 values of 0.098 µM for EGFR and 0.087 µM for CDK2. In addition, compound
12 effectively inhibited the growth of HCT-116, MCF-7, and HepG-2 cancer cells, with IC50

values of 1.87 µM, 5.70 µM, and 7.30 µM, respectively. In comparison, erlotinib used as a
standard drug showed higher IC50 values (17.86 µM for HCT116, 13.0 µM for MCF-7, and
72.3 µM for HepG-2 cells).

p97 (valosin-containing protein) is considered a promising target for anticancer thera-
pies. Its expression is elevated in various cancers, including colorectal, pancreatic, thyroid,
squamous cell, breast, osteosarcoma, gastric, and lung cancer [73]. Novel hybrid imidazole
derivatives were synthesized as covalent inhibitors of p97/VCP ATPase, a protein involved
in various cellular processes, by Wang et al. [74]. Derivatives 13 and 14 (Figure 3) exhibited
impressive activity, with IC50 values of 0.35 nM and 0.36 nM, respectively, against p97.
Additionally, cell viability was assessed in the human U87MG glioblastoma cell line for
compound 13 (IC50: 27.9 nM) and for compound 14 (IC50: 34.6 nM). These results may
position both compounds as promising candidates for cancer therapy.

In a comprehensive study by Zarenezhad et al. [75], several compounds with imidazole
and triazole rings were investigated. Their in vitro cytotoxic activity was tested against the
human melanoma A375 cell line using the MTT assay. Compound 15 (Figure 3) exhibited
moderate activity; however, structural modifications are necessary for future studies to
enhance its potency. Docking analysis revealed that 15 formed multiple hydrogen bonds
and hydrophobic interactions in the active regions of the tubulin dimer.

The development of novel BCR-ABL tyrosine kinase inhibitors relevant to chronic
myeloid leukemia was reported by Wang and colleagues [76]. They synthesized imidazole-
containing aromatic amides through nucleophilic reactions with piperazines and morpho-
lines. These compounds were tested against three human cancer cell lines: K-562 and
HL-60 leukemia cells and MCF-7 breast cancer cells. In particular, the imidazole derivative
16 (Figure 3) showed the lowest IC50 value against K-562 cells (5.66 ± 2.06 µM). The K-562
leukemia cells were inhibited at lower concentrations than the MCF7 cells. This ensures the
specificity of compound 16, which was further subjected to the other biological assays.

By creating hybrids of benzoxazepinone and imidazole, Teuscher et al. [77] developed
novel inhibitors targeting the WDR5 protein. The 3,4-dihydrobenzo [f] [1,4] oxazepin-5(2H)-
one core structure was an effective scaffold for these inhibitors. In particular, compound
17 (Figure 3) exhibited the strongest growth inhibition (GI50), which was as low as 3.2 nM
against the MV4:11 myelomonocytic leukemia cell line and 10 nM against the MOLM-13
acute myeloid leukemia cell line.

The hybrid derivative 18 (Figure 3), which combines imidazole and phenanthrene
rings, was a promising candidate for prostate cancer therapy [78]. In LNCaP cells, it
exhibited significant androgen receptor (AR) degradation activity, with a DC50 of 1.28 µM,
making it 11.2 times more potent than galeterone (DC50: 14.4 µM). In addition, in vitro
screening showed that the derivative 18 had an IC50 of more than 40 µM, indicating lower
hERG channel suppression compared to galeterone, which had an IC50 of 6.47 µM. This
suggests that 18 may provide effective AR targeting with a potentially better safety profile
concerning cardiac effects.
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Compound 19 (Figure 3), a lead candidate designed as a CD38 inhibitor, featured bioisos-
teric structures that include an imidazole moiety on the right, a 2-methoxyethoxypyrimidine
ring on the left, and a central 4-fluoromethylpyrimidine. It was synthesized by Li et al.
and had an IC50 value of 11 µM for CD38 [79]. Its structure incorporated a polar group,
resulting in an impressive solubility of 272 mM in phosphate-buffered saline (PBS) at pH
7.4, making it an interesting candidate for further biological investigation and potential
therapeutic use.

4. Imidazole-Centered Hybrid Molecules
Xie and colleagues [80] reported the development of a proteolysis-targeting chimera

that exhibited six times the anti-cell proliferative activity of the selective EZH2 inhibitor
tazemetostat (EPZ-6438; IC50: 11 nM). In particular, the compound 20 (Figure 4) showed
strong anti-proliferative effects on human Su-DHL-6 large cell lymphoma cells upon treat-
ment with 30 µM for 48 h. In addition, treatment with 10 µM 20 led to significant apoptosis
in the same cell line after 48 h.

Figure 4. The structures of potential antitumor compounds 20–26.

Giri et al. [81] synthesized compound 21 (Figure 4) with remarkable cytotoxic-
ity against various cancer cell lines. Featuring a 2-aminoimidazole core and a 2,3,4-
trimethoxy aromatic ring, compound 21 exhibited potent inhibitory effects on HeLa cervical
(IC50: 10 nM) cancer cells and B16F10 (47 nM) melanoma cells, as well as T47D (12 nM),
MDA-MB-231 (47 nM), and MCF-7 (13 nM) breast cancer cells. The compound effectively
disrupted tubulin polymerization, with a dissociation constant of 5.0 ± 0.6 µM. In addition,
in silico studies indicated that compound 21 exhibits excellent water solubility and a favor-
able balance of hydrophilicity and lipophilicity, thereby possibly enhancing its potential for
oral administration in cancer treatment.

Muhammed and colleagues developed imidazole-based compounds that exhibit cy-
totoxic properties against various cancer cells [82]. When the human A549 lung adeno-
carcinoma and DLD-1 colorectal cell lines were treated with these compounds for 48 h,
compound 22 (Figure 4) showed greater efficacy than cisplatin in inhibiting the prolifera-
tion. Additionally, molecular docking studies revealed that compound 22 forms a single
hydrogen bond with DNA topoisomerase I.
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Çetiner et al. investigated hybrid derivatives with imidazole cores, evaluating their
antitumor potential against the MCF7 breast cancer cell line using the MTT assay [83]. The
imidazole compound 23 (Figure 4) emerged as particularly noteworthy, exhibiting an IC50

of 7.9 µM, which is lower than that of most other derivatives and the positive control drug
cisplatin (IC50: 9.75 µM). However, its anti-aromatase activity (IC50: 5.4 µM) did not exceed
that of letrozole (IC50: 0.114 µM). Furthermore, ligand 23 exhibited the highest interaction
energy of −8.224 kcal/mol with the target protein, indicating a strong binding affinity.

Ibrahim and his team reported several imidazole–pyridine hybrids [84]. They tested
these compounds for their ability to inhibit the enzyme carbonic anhydrase IX (CA9/CAIX)
and their effects on human HCT-116 colon cancer and HeP2 cervical cancer cells. Com-
pound 24 (Figure 4), which has two methoxy groups in the meta position, showed the
strongest effects. It had an IC50 value of 7.96 µM against HeP2 cells, which was superior
to that of doxorubicin as a standard anticancer drug. Compound 24 exhibited the highest
toxicity against the HCT-116 cell line (IC50: 12.51 µM) compared to other compounds.
Additionally, compound 24 significantly inhibited carbonic anhydrase IX (IC50: 7.55 µM).

A series of conjugates containing imidazole and various substituted biphenyl frag-
ments were synthesized by Wang et al. [85]. Their antiproliferative effects on human cancer
cell lines (HeLa, A549, KYSE30, HCC1806, and MDA-MB-231) were evaluated using the
CCK-8 assay. The results indicated that 25 (Figure 4), as the lead compound, exhibited
a half-maximum inhibition concentration of 0.66 µM on day 3. Interestingly, this deriva-
tive also exhibited low cytotoxicity (IC50: 8.77 µM) against normal breast cells, possibly
indicating limited tumor-specific effects.

In another study, Kang et al. synthesized a series of deuterated imidazole derivatives
as potent ALK5 receptor inhibitors [86]. In particular, hybrid 26 (Figure 4) exhibited high
potency in a TGF-β assay (IC50: 3.5 ± 0.4 nM) compared to the positive control vacutertib
(IC50: 9.4 nM). In vivo studies showed that compound 26 had improved microsomal
metabolic stability (23.1 µL/min/mg protein) and moderate clearance (29.0 mL/min/kg)
in humans.

5. Condensed Imidazole Hybrids
Begines and colleagues developed a novel hybrid compound that combines an im-

idazole with a thiophene-condensed sulfonamide group [87]. They investigated its an-
tiproliferative properties by testing it against the cytosolic isoforms hCA I, hCA II, hCA IX,
and hCA XII by kinetic analysis. Compound 27 (Figure 5) demonstrated a 61% reduction
in proliferation in human PANC-1 pancreatic carcinoma cells. In addition, compound
27 demonstrated the highest potency and selectivity as an inhibitor of human carbonic
anhydrase isoform IX (Ki: 6.2 nM).

Singh et al. [88] synthesized new imidazole derivatives fused to a thiazole ring. These
derivatives inhibited aldolase 2,3-dioxygenase 1. Compound 28 (Figure 5) had the lowest
half-maximal inhibitory concentration (13 µM) in vitro. Importantly, when tested on,
conjugate 28 was non-toxic to cell viability even at a concentration of 100 µM toward
human embryonic kidney HEK293 cells, highlighting its safety profile.

Khamees et al. [89] developed new imidazole/thiadiazole derivatives inhibiting the
Pim-1 oncoprotein. In silico analysis confirmed that the compound 29 (Figure 5) bound to
Pim-1. Furthermore, the drug properties and pharmacokinetic characteristics of 29 were
examined using the SwissADME platform, predicting its potential lead candidate for future
drug development.

Fu et al. [90] developed analogs of the marine natural product naamidin J that demon-
strated antitumor effects on human RKO colorectal adenocarcinoma cells by reducing PD-L1
expression and enhancing tumor-infiltrating T-cell immunity. Compound 30 (Figure 5) ex-
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hibited antitumor activity against RKO cells (IC50: 31.7 µM). In addition, 30 was identified
as an enhancer of intratumoral T-cell infiltration and an inductor of tumor apoptosis.

Figure 5. The structures of potential antitumor compounds 27–32.

New bioactive hybrids with anticancer properties, incorporating pharmacophore
groups such as imidazole–triazole and coumarin combinations, were developed by Samala
et al. [91]. Compound 31 (Figure 5) (IC50: 3.36 µM) demonstrated superior activity against
MCF-7 breast cancer cells compared to the control drug, erlotinib (IC50: 4.25 µM). Addition-
ally, conjugate 32 (Figure 5) was 2.86 times more cytotoxic than erlotinib (IC50: 10.12 µM)
toward human A549 lung adenocarcinoma cells. Furthermore, compound 32 demonstrated
the most potent inhibitory effect on EGFR tyrosine kinase activity (IC50: 0.367 µM).

Liu et al. [92] developed and evaluated a potentially revolutionary new selective and
orally bioavailable EGFR YK-029A inhibitor. This inhibitor specifically targeted M and exon
20 insertion mutations and showed promising results in treating non-small cell lung cancer
cells. Compound 33 had IC50 values of 11.0 nM for the EGFR WT enzyme and 0.37 nM for
the EGFR (LR/TM) enzyme. Derivative 33 (Figure 6) is expected to enter Phase III clinical
trials for treating EGFRex20 in non-small cell lung cancer.

Figure 6. The structures of potential antitumor compounds 33–35.

Compound 34 (Figure 6), a selective inhibitor of heparanase-1 (HPSE-1) that also
reduces the inhibitory activity of β-glucuronidase (GUSb) and glucosylceramidase β1
(GBA), was synthesized by Imai and co-workers [93]. Imidazole 34 showed IC50 values
of 0.442 for heparinase-1 (HPSE-1), while the values for GUSb and GBA were 0.893 and
0.439 µM, respectively. Subsequently, the 6-methoxy group of compound 34 was replaced
by a bulky/phenethyloxy fragment, resulting in a new imidazole hybrid 35 (Figure 6) [94].
This hybrid showed enhanced selectivity against HPSE-1 (IC50: 0.0566µM) and inhibited
the activity of GUSb and GBA by 8.6 and 2.8 times.

Novel macrocyclic compounds containing an imidaole moiety were synthesized by
Xiao et al. [95] as inhibitors of anaplastic lymphoma kinase (ALK). Their study also evalu-
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ated the in vivo pharmacokinetic properties of these compounds. Derivative 36 (Figure 7),
which possesses a single chiral atom, exhibited notable superiority in inhibitory activity
against the ALKG1202R enzyme (IC50: 6.4 µM) compared to reprotectinib, which has two
chiral atoms and an IC50 value of 7.9 µM.

Figure 7. The structures of potential antitumor compounds 36–43.

Marco et al. [96] aimed to improve the pharmacokinetic properties of previously
synthesized benzimidazole-based compounds targeting C-MYC by introducing a nitrogen
atom into the benzene ring. Their efforts resulted in the creation of a novel biaryl compound,
37 (Figure 7), featuring a 6,5-linked imidazopyridine nucleus. This compound not only
demonstrated an improved pEC50 value of 6.4 for c-MYC HTRF but also showed improved
lipophilicity (5.0) and solubility (≥0.52 µM).

Li et al. [97] developed a series of hybrid compounds featuring an imidazopyridine
core, and their anticancer effects were assessed through in vitro and in vivo investigations.
Derivative 38 (Figure 7) emerged as a potent inhibitor of mTOR and all classes of PI3K,
exhibiting superior activity compared to copanlisib. Furthermore, 38 demonstrated an
IC50 value of 0.09 µM and 0.07 µM against the HT-29 colon carcinoma and PC-3 prostate
carcinoma cell lines, respectively.

Dimitrov et al. studied novel sulfonamide-based ATM kinase inhibitors featuring an
imidazopyridine core [98]. Hybrids 39 and 40 (Figure 7), exhibiting the highest nanomolar
efficacy, were identified as potential candidates (IC50 values of 0.48 and 0.96 µM, respectively).

Ren et al. [99] synthesized new imidazole analogs targeting tubulin polymerization.
They tested the compounds in vitro on four cancer cell lines, i.e., MCF-7, B16-F10, HeLa,
and HepG-2. Compound 41 (Figure 7) showed more potent antiproliferative activity in
all cell lines tested than the positive control, colchicine. The IC50 values of this compound
ranged from 0.009 to 0.001 nM.

A series of novel derivatives of 6-(pyrrolidine-1-yl)imidazo [1,2-b]pyridazine were
synthesized and evaluated for their potential as TRK type II inhibitors by Xiang et al. [100].
Compound 42 (Figure 7) exhibited 109.4-fold more potent antiproliferative activity than
the type I TRK inhibitor larotrectinib (IC50: 284.4 nM) and 16-fold more significant activity
than the type II TRK inhibitor celitrectinib (IC50: 41.4 nM) against murine mutant Ba/F3-
CD74-TRKAG667C pro-B cells.

Building on previous research, these scientists [101] designed inhibitors targeting TRK
type III. The biochemical kinase assay revealed that compound 43 (Figure 7) inhibited
TRKG667C at an impressive sub-nanomolar range of 1.42 nM, outperforming celitrectinib
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146.5-fold and repotrectinib 30-fold. In addition, this conjugate was effective against Ba/F3-
CD74-NTRKTG667C cells, also at a sub-nanomolar level of 1.43. These results demonstrate
that compound 43 was superior to other type II TRK inhibitors.

Guo et al. [102] developed new purine sulfonamides targeting Janus kinase 2 (JAK2)
and BRG4 (BD2) with synergistic effects. The enzymatic IC50 values for compound 44
(Figure 8) were 22 nM for JAK2 and 13 nM for BRG4. In addition, MV4-11 myelomonocytic
leukemia and MDA-MB-230 breast adenocarcinoma cells showed significant inhibitory
effects on human cancer cell lines, with IC50 values of 1.4 nM and 2.82 nM, respectively.
Additionally, a positive therapeutic impact against myeloproliferative disease was noted in
the Ba/F3-JAK2V617F allograft model treated with 44 at a dose of 60 mg/kg for 17 days,
resulting in normalization of liver and spleen volumes by 44.67% and 59.3%, respectively.

Figure 8. The structures of potential antitumor compounds 44–49.

Cárdenas et al. [103] identified novel cell-permeable inhibitors of the eukaryotic trans-
lation initiation factor 4E (eIF4E) to block aberrant cap-dependent translation in cancer.
The biochemical inhibitory activity and target interaction were assessed for competitive
inhibition of eIF4E using a fluorescence polarization assay with fluorescein-labeled m7GTP.
Among the synthesized compounds, compound 45 (Figure 8) was the most potent cap
analog (IC50: 1.1 µM).

Kim and colleagues [104] developed derivatives of 2,8-disubstituted-6-N-substituted-
4-thionucleosides as potential immuno-oncological agents. Derivative 46 (Figure 8) demon-
strated the most substantial antagonism against hA2AAR, displaying the highest affinity
(Ki, A2A: 7.7 ± 0.5 nM). The in vivo pharmacokinetic assessment of the purine-based
compound 46 showed an average plasma clearance of 60.5 mL/min/kg. It was absorbed
within 15 min upon oral intake, producing an exposure rate of 22.8%.

Moi et al. described compound 47 (Figure 8), which contained a purine base and
a trifluoromethyloxydiazole ring [105]. This compound exerted antitumor activity to-
ward human LNCaP prostate adenocarcinoma cells in vitro. In particular, compound 47
effectively inhibited the invasive behavior of prostate cancer cells at a concentration of
0.32 ± 0.02 nM. In addition, inhibitor 47 reduced HDAC4 activity, which contributes to the
aggressive cancer characteristics.

Chen and colleagues [106] synthesized novel purine-based imidazole derivatives as
DCLK1 inhibitors for treating pancreatic cancer. Compound 48 (Figure 8) significantly
inhibited the human SW1990 pancreatic adenocarcinoma cell line at a concentration of
0.6 µM over 21 days. It induced G0/G1 cell cycle arrest and apoptosis.

Summers et al. [107] synthesized thiazole derivatives of imidazotetrazinones with
the aim to generate modified substances of temozolomide, a clinically established DNA
methylating anticancer drug. Analog 49 (Figure 8) exhibited cytotoxicity against human
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U373V and U373M astrocytoma cells as well as HCT 116 colon carcinoma cells in vitro
at concentrations of 3.59, 4.09, and 5.35, respectively. This compound demonstrated a far
greater selectivity than temozolomide.

6. Hybrid Compounds Containing Two or More Imidazole Rings
Sowmya and her team [108] developed a new series of bis-imidazosulfon-

ylpyrrolidicaboxamides and evaluated their cytotoxic effects on NCI-H1299 non-small
cell lung cancer, HCT-166 colon cancer, and PC-3 prostate cancer cell lines. Compound
50 (Figure 9) exhibited the most potent cytotoxic effects, with IC50 values of 10.48, 14.7,
and 12.55 nM after treatment for 24 h. Furthermore, molecular docking revealed that
50 exhibits the highest protein binding energy (∆Gb: −12.86 kcal/mol) and the lowest
predicted inhibition constant (pKi: 0.38 nM).

Figure 9. The structures of antitumor compounds containing two or more imidazole rings 50 and 51.

Hirose and colleagues [109] developed pyrrole–imidazole polyamide analogs, a class
of hybrid compounds that act as DNA alkylating agents. The authors tested them in p53-
mutated PANC-1 prostate xenograft tumors. The intravenous administration of compound
51 (Figure 9) (1 mg/kg) along with gemcitabine to mice for three weeks inhibited tumor
growth 50 times more than gemcitabine (50 mg/kg) alone, demonstrating the potential of
pyrrole–imidazole polyamide analogs in cancer treatment.

Specker et al. [110] developed tryptophan hydroxylase inhibitors in order to suppress
serotonin overproduction. Imidazole compound 52 (Figure 10), a xanthine derivative
of imidazopyridine–imidazothiazoles, exhibited the highest inhibitory potency and mi-
crosomal stability. Hybrid 52 inhibited the TPH1 and TPH2 isoforms at sub-nanomolar
concentrations of 0.007 and 0.016 µM, respectively, with a solubility coefficient of 189 µM.

Figure 10. The structure of antitumor compounds with two or more condensed imidazole
rings 52–56.

Syed et al. [111] synthesized imidazole–oxazole derivatives with two imidazole
rings and evaluated their activity against PC3 prostate cancer, MCF7 breast cancer, A549
lung adenocarcinoma, and A2780 ovarian carcinoma cell lines using the MTT assay.
Analog 53 (Figure 10) exhibited the most significant anticancer properties. Additional
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structure–activity relationship studies indicated that compound 53 contained an electron-
withdrawing (3,5-dinitro) substituent on the phenyl group, resulting in the highest anti-
cancer activity (PC3, IC50: 0.023 µM; A549, IC50: 0.045 µM; MCF-7, IC50: 0.99 µM; and
A2780, IC50: 0.13 µM). These results suggest that compound 53 was significantly more
potent than etoposide.

Kuttruff et al. [112] developed a novel selective imidazopyridazinone-β-D-ribofuranoside-
(2′→5′)-phosphorothioate-2′-F-2′-deoxyadenosine-(3′→5′)-phosphorothioate (compound
54, (Figure 10)) STING agonist. This cyclic dinucleotide (54) activated all five STING vari-
ants (WT, REF, HAQ, AQ, and Q alleles) at low IC50 concentrations (0.54, 0.64, 6.11, 0.61,
and 1.98 µM, respectively). The effectiveness of the STING agonist 54 against tumors was
assessed in vivo utilizing the murine EMT6 syngeneic breast cancer model. Doses of 0.25,
1, or 4 µg were given weekly for three weeks, leading to total regression of tumor cells even
at the lowest dose.

Hassan et al. [113] presented new analogs of chiral imidazole compounds with a
condensed bi-tri-heterocyclic structure. These compounds were synthesized using the
Mannich reaction and evaluated for cytotoxic activity against 60 cancer cell lines at the
US National Cancer Institute. The biological screening revealed that two hybrids, 55
and 56, (Figure 10) exhibited significant activity against various cancer cell types at a
single concentration of 10−5 M. Specifically, the analog 55 inhibited five leukemia cell lines
(73.57% to 82.55%), as well as colon (58.89–80.81%), prostate (57.62–66.72%), and ovarian
(54.55–75.25%) cancer cell lines. Notably, 55 killed 89.94% of LOX IMVI melanoma cells
and inhibited the breast cancer cell lines MCF7 and MDA-MB-468 by 94.62% and 99.76%,
respectively. Similarly, conjugate 56 showed inhibitory effects on numerous cancer cell
types. In particular, it inhibited MDA-MB-468 cells by 92.64% at 10−5 M and exhibited
73.68% anti-growth activity against HOP-62 non-small cell lung cancer cells. Furthermore,
HL-60 leukemia, MCF7 breast cancer, and SK-OV-3 ovarian cancer cells, as well as VERO
normal kidney epithelial cells, were used to test the in vitro cytotoxicity of derivatives 55
and 56. Compound 55 showed an efficacy comparable to the standard anticancer drug
doxorubicin and was 1.66 times more effective than 5-fluorouracil against HL-60 cells. In
addition, 55 and 56 showed a 2.5-fold and 2-fold improvement in antiproliferative activity,
respectively, compared to 5-fluorouracil in MCF-7 cells.

7. Polycyclic Imidazole Hybrids
Hasanvand et al. [114] designed new imidazoquinazoline derivatives as tyrosine

protein kinase inhibitors, particularly the epidermal growth factor receptor (EGFR). Kinase
assay results indicated that compound 57 (Figure 11) showed strong inhibitory potency and
selectivity against EGFR (IC50: 12.3 µM) among the synthesized compounds. Furthermore,
compound 57 showed significant antiproliferative effects against PC3 prostate carcinoma,
HepG2 hepatocellular carcinoma, HeLa cervical cancer, and MDA-MB-231 breast cancer
cell lines, with IC50 values of 0.04, 18.86, 2.48, and 3.43 µM, respectively. Overall, 57 proved
to be an exceptional anticancer agent with remarkable antiproliferative activity (PC3, IC50:
0.04 µM; HeLa, IC50: 2.48 µM; MDA-MB-231, IC50: 3.43 µM) that was 145.75, 3.52, and 2
times more effective than erlotinib.

Husseiny et al. [115] prepared the imidazole hybrid 58 (Figure 11) with an imida-
zolthiazepine moiety, which showed improved antiproliferative effects against the MCF-7
breast cancer and HepG2 hepatocellular carcinoma cell lines compared to the reference
medication roscovitine. This purine compound combined showed anticancer activity in
the sub-nanomolar range, with IC50 values of 8.06 and 5.52 µM for HepG2 and MCF-
7 cells, respectively. It exhibited lower cytotoxicity in normal WI38 lung fibroblasts
(IC50: 39.46 µM). In addition, analog 58 inhibited CDK with an IC50 of 0.219 nM, and
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treatment with this derivative resulted in 58 times more apoptotic cells than the stan-
dard treatment.
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Figure 11. The structure of polycyclic imidazole derivatives 57–62 exhibits antitumor activity.

Sadula and Gaddhe [116] synthesized acenaphthoxynon–imidazole derivatives and
performed in silico molecular docking and MTT assays. Compounds 59–61 (Figure 11)
exhibited higher binding affinities with heat shock protein 90 and DNA topoisomerase
II (−10.6; −10.9; −9.3 kcal/mol, respectively) compared to doxorubicin (−9.1 kcal/mol).
The effectiveness of these inhibitors was assessed against A549 lung adenocarcinoma,
HeLa cervical cancer, Du-145 prostate cancer, and Hep-G2 hepatocellular carcinoma cell
lines using the MTT assay. Compounds 59–61 exhibited six times greater efficacy than the
positive control doxorubicin. These analogues exhibited low toxicity when tested against
NHDF normal dermal fibroblasts.

Yuan and colleagues [117] developed novel polycyclic imidazole compounds. Ana-
log 62 (Figure 11) effectively inhibited the growth of A549 lung adenocarcinoma cells
(IC50: 9 nM). It showed more excellent selectivity, since normal L929 cells were inhibited at
much higher concentrations (IC50: 21.5 µM)—a result that was even better than those with
the first inhibitor YM155. Compound 62 arrested the cell cycle in the G0/G1 phase in the
0–0.1 µM concentration range, with 92.37% of the cells undergoing apoptosis at a dose of
0.25 µM. In addition, in vivo analyses suggested that 62 was more effective than YM155
and doxorubicin in a lung cancer xenograft model. It did not induce side effects or weight
loss if administered subcutaneously at a dose of 2 µg/kg.

8. Imidazole-Containing Metal Complexes
Cobalt (Co) metal complexes featuring imidazole and mefenamic acid ligands were

synthesized by Nnabuike et al. [118]. The structural configurations of the synthesized
complexes were determined using crystal X-ray diffraction analysis. Complex 63 (Figure 12)
exhibited significantly stronger anticancer properties than mefenamic acid toward MDA-
MB breast cancer cells.

Pilon et al. [119] synthesized new organometallic imidazole compounds containing
iron (Fe) and evaluated their efficacy against human Colo320 and Colo205 colon adenocarci-
noma cell lines, as well as human MRC-5 embryonic fibroblasts. Treatment with compound
64 (Figure 12) for 48 h resulted in IC50 values of 1.26 µM for Colo320, 2.21 µM for Colo205,
and 3.1 µM for MRC-5 cells. Compound 64 demonstrated efficacy that was superior to
cisplatin and comparable to doxorubicin. In addition, compound 64 inhibited the activity
of P-glycoprotein (ABCB1), a key player in multidrug resistance in cancer. It induced both
early (27.9%) and late (34.4%) stages of apoptosis in Colo320 cells.

Azal Shakir Waheeb [120] conducted a comprehensive study of imidazole metal
complexes chemically linked to aromatic amines through the azo group of the -N = N- chro-
mophore. The silver(I) complex 65 (Figure 12) inhibited the proliferation of primary human
laryngeal epithelial cell lines, particularly the AMC-HN8 cell line, which demonstrated a
moderate IC50 value of 67.02 µM. Importantly, this compound exhibited relatively lower
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cytotoxicity against WRL-68 normal fetal liver cells (IC50: 151.7 µM). These results suggest
that complex 65 may exhibit selectivity by being effective against cancer cells but sparing
normal cells.

Figure 12. The structures of imidazole complexes (63–70) exhibit antitumor activities.

Al-Adilee and colleagues investigated a novel class of metal chelate complexes con-
taining azo-imidazole moieties [121–123]. The Au(III) complex 66 (Figure 12) exhibited
cytotoxic effects, eliminating cancer cells only at a concentration of 71.04 nM. In contrast,
normal WRL-68 cells showed significantly lower sensitivity (IC50: 169.6 µM), indicating
a relatively low cytotoxic effect on healthy cells [122]. The Pt(IV) complex 67 (Figure 12)
exhibited cytotoxic properties against breast cancer cell lines. Quantitatively, the complex
induced 53.24% cell death at a concentration of 0.28 µM, with an IC50 value of 0.09 µM.
While these cytotoxic levels do not exceed those of the standard chemotherapeutic drug dox-
orubicin, which has an IC50 of 0.07 µM, it is noteworthy that the Pt(IV) complex 67 showed
an improved safety profile, with an IC50 for healthy WRL-68 cells of 0.13 µM [123]. Subse-
quently, a Pt(IV) complex 68 (Figure 12) was synthesized that exhibited potent inhibitory
effects on human esophageal carcinoma cells through a ligand exchange mechanism [121].
In particular, the chloride salt derivative of this complex exhibited promising anticancer
activity against the SK-GT4 esophageal carcinoma cell line, demonstrating effectiveness at
a nanomolar concentration of 28.32 nM. In addition to its anticancer properties, this novel
chelate complex also exhibited significant antioxidant activity, suggesting a broad potential
for therapeutic applications.

Simultaneously, Kumari et al. [124] developed 15 new Ru(II) complexes using im-
idazolyl mesalazine esters. Three of them showed significantly better antiproliferative
effects than CDDP as a standard drug. In particular, compound 69 (Figure 12) effectively
decreased the c-MYC levels in SCC070 and SCC070-hICN-GFP oral squamous carcinoma
cells, as well as MDA-MB-231 breast cancer cells, at concentrations of 1.5, 1.7, and 2.5 nM.
Additionally, complex 69 outperformed the other two compounds in promoting mitochon-
drial depolarization.

Kapitza et al. [125] designed Au(I/III) complexes attached to the imidazole ring and
evaluated their biological activity using the MTT assay. Upon incubation with compound
70 (Figure 12) for 72 h, a panel of drug-sensitive and -resistant cancer cell lines (A549,
A549-R, K562, K562-R, MCF-7, MCF-7TamR) exhibited IC50 values in the range of 0.14 to
0.55 µM, and the drug-resistant sublines did not show cross-resistance to compound 70.
The same was true for another set of sensitive and resistant cell lines (A2780, A2780V-CSC,
A2780cis, IGROV1, and IGROV1-CSC) (IC50: 0.02 to 1.04 nM).
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Zhang et al. [126] prepared a new platinum(II) complex 71 (Figure 13) with a purine
moiety and evaluated it in vivo and in vitro. This complex acted as a multimodal an-
ticancer agent, damaging mitochondria and inhibiting several metabolic pathways of-
ten overactivated in triple-negative breast cancer, mainly carbohydrate, lipid, and nu-
cleotide metabolism. In addition, it activated an anticancer mechanism that promotes
autophagy, including mitophagy. The novel platinum(II) complex 71 exhibited antipro-
liferative activity on MDA-MB-231 (IC50: 0.35 µM) and MCF-7 breast cancer cell lines
(IC50: 0.62 µM), demonstrating an antiproliferative effect 60 times more potent than that of
cisplatin (IC50: 21.0 µM).

Figure 13. The structures of imidazole complexes 71 and 72, which exhibit antitumor activities.

Yang et al. [127] studied NHC-Au(I) complexes containing 4,5-diaryl imidazole and
glycyrrhetinic acid. Complex 72 (Figure 13) was the most effective one, inducing im-
munogenic cell death in hepatocellular carcinoma cells. The antiproliferative effects of the
complexes were evaluated using the MTT assay on Hepa1-6 (IC50: 0.49 µM), Hep3B (IC50:
1.59 µM), and HepG2 (IC50: 2.37 µM) hepatocellular carcinoma cell lines and normal liver
cells (LO2: 3.49 µM). Complex 72 also demonstrated more significant cytotoxicity than
auranofin, oxaliplatin, and cisplatin, which were used as positive controls.

9. Benzimidazole Hybrids
Patagar and colleagues synthesized hybrid 73 (Figure 14), which integrated benzimida-

zole, oxadiazole, and coumarin nuclei, evaluating its efficacy against MCF-7 breast cancer
using MTT assays [128]. Compound 73 exhibited weak anticancer activity (IC50: 20.67 µM)
comparable to that of the standard drug doxorubicin. In addition, the in silico binding
energy of conjugate 73 to quinone reductase was −11.5 kcal/mol, which was considerably
lower than that of doxorubicin (−7.9 kcal/mol).

Wang et al. [129] generated new benzimidazole–carbohydrazide hybrids. In the
ADP-Glo fluorescent kinase assay, compound 74 (Figure 14) demonstrated PI3Kα enzyme
inhibition at a remarkably low concentration of 0.32 nanomoles. Compound 74 was sub-
sequently tested in vitro, demonstrating inhibitory activity toward PC-3 prostate cancer,
MCF-7 breast cancer, and U87.MG glioblastoma cells at concentrations of 0.57, 0.13, and
0.7 µM, respectively. These results are comparable to those observed with the reference
compound ZSKT-474. Oral and intravenous injections of compound 74 were adminis-
tered daily to xenograft-transplanted mice for 17 days, resulting in a 57.7% reduction in
tumor size.

Recognizing that the DNA-cleaving activity of DHX33 helicase during DNA repli-
cation can lead to cancer, Wang and coworkers [130] designed DHX33 small-molecule
inhibitors. Carboxamide 75 (Figure 14), which contained pyrrole, thiophene, and benzim-
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idazole structures, was the most potent inhibitor of DHX33. In human liver microsomal
stability assays using U251.MG glioblastoma cells, hybrid 75 demonstrated 391-fold higher
potency (IC50: 0.02 µM) than the previously synthesized BCD38 (IC50: 7.82 µM).

Figure 14. The structure of benzimidazole hybrids (73–80) shows antitumor activity.

Fang et al. [131] developed compound 76 (Figure 14), which inhibited the cystine–
glutamate antiporter and induced cell death by ferroptosis. Compound 76 effectively
reduced the proliferation of various human cancer cell lines, including 786-O, MDA-MB-
231, HeLa, A375, and Du145, with IC50 values of 0.7, 4.34, 1.91, 1.33, 2.31, and 1.64 µM,
respectively. Since 76 (IC50: 15.6 µM) is more metabolically stable than the known ferropto-
sis inducer erastin (IC50: 4.0 µM), further in vivo studies were conducted. Intraperitoneal
injection of 76 for 21 days in a HepG2 xenograft tumor model resulted in ferroptosis and a
77.1% reduction in tumor masses without side effects.

Coşkun and colleagues reported a new class of 4-(2/3/4-pyridyl)thiazole-2-acetamides
with a benzimidazole side chain [132]. Compound 77 (Figure 14) inhibited the human
chondrosarcoma cell line SW1353, with an IC50 value of 2.03 µM. In addition, normal
L929 connective tissue cells showed low cytotoxicity (IC50: 356.73 µM). Conjugate 77
increased the levels of the pro-apoptotic BAX protein while decreasing the levels of the
anti-apoptotic BCL-2 protein, thereby inducing apoptosis. It also effectively inhibited
tyrosine kinase activity.

Duan et al. [133] developed a series of benzimidazole–thienopyridine analogs that
inhibit ATP kinase. Some of these compounds demonstrated better effects than the reference
drug, BAY 1895344. Notably, compound 78 (Figure 14) stood out among the others. It
exhibited a bioavailability of 32.8%, a short half-life (T1/2: 1.24 h), and a clearance rate
of 4495 mL/kg/h. Compound 78 effectively and selectively inhibited ATR kinase at a
concentration of 1.0 nM.

Radwan et al. synthesized a hybrid compound 79 (Figure 14) with a unique structure
comprising thione-linked benzimidazole and benzothiazole moieties [134]. Conjugate
79 did not exhibit significant antitumor activity toward A549 lung adenocarcinoma cells.
Nevertheless, this compound inhibited cell migration at a concentration of 20 µM. It
also bound to the heterogeneous nuclear ribonucleoprotein (hnRNP) protein, suggesting
possible biological effects.

Fan et al. [135] synthesized a new compound 80 (Figure 14) by adding a benzyl group
at the N3 position of the derivative 6-(2-amino-1H-benzo[d]imidazol-6-yl)quinazolin-4(3H)-
one, which inhibited Aurora A and PI3Kα kinase activity, with IC50 values of 10.19 and
13.12 nM, respectively. Furthermore, hybrid 80 exhibited significant antitumor activity
against three lung cancer cell lines (A549, HCC827, and H1975), with IC50 values of 0.83,
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0.26, and 1.02 µM, respectively, and it promoted apoptosis. Additionally, conjugate 80
displayed a 7-fold reduction in cytotoxicity (IC50: 1.87 µM) against normal human MRC-5
embryonic lung fibroblasts.

Kadam and his research team [136] investigated imidazole hybrids linked to coumarin
through a thiol group. They evaluated the cytotoxic effects with paclitaxel as the refer-
ence drug. The hybrid 81 (Figure 15) exhibited a superior antiproliferative effect (IC50:
0.18 ± 0.13 µM) against MCF-7 breast cancer cells using MTT assays that was better than
the effect of paclitaxel (IC50: 0.35 µM). In addition, molecular docking studies revealed
that compound 81 had a protein binding affinity of −9.2 kcal/mol, which was significantly
better than the standard compound isoniazid (−5.9 kcal/mol).

Figure 15. The structures of benzimidazole hybrids (81–88) with antitumor activity.

Fu and colleagues [137] developed N’-(4-chlorobenzoyl)-4-(4-(4-(2-(difluoromethyl)-4-
methoxy-1H-benzo[d]imidazol-1-yl)-6-morpholino-1,3,5-triazin-2-yl)piperazine-1-carbohydrazide
(82, (Figure 15)), a novel selective PI3Kα inhibitor with an IC50 of 0.14. This compound ex-
hibited significant antiproliferative effects against PC-3, HCT-116, and U87.MG cell lines in
the nanomolar range (0.28, 0.57, and 1.37 nM, respectively). Hybrid 82 was more cytotoxic
than the reference drug ZSTK-474 regarding kinase inhibition against these three cancer
cells. Additionally, pharmacological assays indicated that 82 induced apoptosis in U87-MG
cells and showed that no weight loss or mortality was observed in mice treated with 82.

Veliparib contains a benzimidazole fragment, while pazopanib is mainly functional-
ized by benzopyrazole and pyrimidine moieties. Li et al. [138] contributed to developing
the PARP inhibitor veliparib and the VEGFR pazopanib. The combination of these two
drugs resulted in the dual inhibitor 83 (Figure 15), which effectively inhibited the enzymatic
activities of VEGFR2 and PARP1 at doses of 190.6 nM and 60.9 nM, respectively. Compound
83 successfully reduced the proliferation of breast cancer cell lines (MDA-MB-231, MCF-7,
HCC1937, and MDA-MB-436) at concentrations of 4.1, 3.5, 2.7, and 1.9 nM, respectively.

Liu and colleagues [139] presented hybrid 84 (Figure 15), which selectively targeted
HDAC6. With a benzimidazole core, this compound suppressed HDAC6 at a concentration
of 4.63 µM. In xenograft tumor studies in mice injected with RPMI-8226 plasmocytoma
cells, derivative 84 at a dose of 0.5 nM for 21 days resulted in an antiproliferative response.
In vivo studies further demonstrated that derivative 84, with a half-life of 0.699 h, resulted
in significantly fewer adverse effects, including weight loss and mortality, compared to
ACY-1215.
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Triple-negative breast cancer is a highly aggressive form of malignant epithelial tumor
originating from mammary tissue. Effective treatment combines synergistic approaches,
including CDK12 and PARP1 inhibitors. Derivative 85 (Figure 15), synthesized by Zhang
et al. [140], exhibited the most potent inhibitory activities against both CDK12 (IC50: 285 nM)
and PARP1 (IC50: 34 nM) alongside a significant antiproliferative effect in triple-negative
breast cancer cell lines (IC50: 8.5 µM in MB-231; IC50: 9.7 µM in MDA-MB-468; IC50: 9.0 µM
in -MB-436).

Abdullah et al. [141] developed a new category of 2-N-sec-butyl- and tert-butyl-2-
arylbenzimidazoles. Compound 86 (Figure 15) inhibited the proliferation of MDA-MB-231
cells at an IC50 of 62.3 µM, and other hybrid 87 inhibited the proliferation of MCF-7 breast
cancer cells at an IC50 of 54.62 µM (Figure 15).

Chen and colleagues [142] presented new derivatives of essential monoaminobenz-
imidazole compounds. Compound 88 (Figure 15) emerged as a STING agonist among
these synthesized compounds due to its favorable pharmacokinetic properties. Specifically,
compound 88 activated IRF3 with an IC50 value of 0.0529 and demonstrated an IFN-β
stimulation value of 0.1157 µM. The metabolic stability assay indicated that the half-life for
human liver microsomal stability was 44.42 min, with a clearance rate of 15 µL/min/mg.

Liu et al. [143] synthesized compound 89 (Figure 16), a robust STING agonist derived
from amido benzimidazole with an IC50 value of 1.5 µM. After 2 h incubation, its metabolic
stability was measured at 39.5%. Administration of doses of 0.27, 0.12, and 0.03 µM
significantly increased the protein levels of IFN-β, CXCL10, and IL-6, respectively.

 

Figure 16. The structures of benzimidazole containing potential antitumor compounds 89–95.

Modukuri et al. [144] synthesized 90 (Figure 16), a compound with an isoquinoline
and benzimidazole scaffold, which was identified as a selective inhibitor of monokinase
targeting bone morphogenetic protein receptor 2 (BMPR2). At a concentration of 1.2 nM,
the conjugate 90 exhibited an IC50 for BMPR2 inhibition with a half-life of 45 min in MLM
and 80 min in HLM. Additionally, the clearance rate of hybrid 90, which reflects tissue
redistribution, was 31 µL/min/mg in MLM and 17 µL/min/mg in HLM. In addition,
compound 90 inhibited BMP-bn-induced transactivation in BMP HEK293T reporter cells
exposed to 10.21 µM BMP2 for 6 h, with an IC50 of 6.19 µM.

Wang et al. [145] identified potent, selective small molecule STAT3 inhibitors with benz-
imidazole and 1,3,4-thiadiazole structures. Compound 91 (Figure 16) effectively blocked the
IL-6/JAK/STAT3 pathway with an IC50 of 0.65 µM. Investigation of the antitumor activity of
hybrid compound 91 revealed that its doses for inhibiting proliferation in DU-145 prostate
cancer and MDA-MB-231 breast cancer cell lines were 2.97 and 3.26 µM, respectively.
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Jeon and colleagues [146] developed monomeric STING agonists with amido benz-
imidazole and pyridine cores. Derivative 92 (Figure 16) demonstrated activity on human
leukemia cell line THP-1VT with an IC50 of 3.1 µM. The pharmacokinetics of the lead com-
pound 92 were investigated both in vivo and in vitro. Compound 92 exhibited 18.06% and
27.85% stability during the microsomal phase of the mouse and human liver, respectively.
Plasma stability was found to be 99.9% in both cases. In addition, the plasma clearance
was measured to be 5.73 L/h/kg and the half-life (T1/2) was 13.31 h. Hybrid 92 reduced
tumor growth by 50.5% over 12 days when administered orally to syngeneic mice bearing
breast cancer.

Ko and his team [147] obtained compound 93 (Figure 16), which effectively inhibited
FLT3 wild-type and FLT3 D835Y mutated genes, showing IC50 values of 0.941 and 0.199 nM,
respectively, in acute myeloid leukemia cells. Compound 93 has a central benzimidazole
nucleus with an indazole ring on one side and a furan moiety on the other. In addition,
Western blot assays revealed that derivative 93 inhibited STAT5 phosphorylation at a
concentration of 1 nM upon treatment of MV4-11 myelomonocytic leukemia cells for 24
h, with a sub-nanomolar GI50 of 0.26 nM. Hybrid 93 was ten times more potent than the
positive control gilteritinib (GI50: 2.90 nM).

Bradley et al. [148] designed a new selective N-terminal bromodomain BET using basic
piperidine and benzimidazole as chemical probes. Compound 94 (Figure 16) exhibited a
remarkable 1000-fold selectivity for the BD1 domain compared to BRD4 BD2, with an IC50

for hWB MCP-1 of 126 nM (pIC50: 6.9 nM) and an excellent water solubility of ≥0.52 µM.
Cui et al. [149] investigated new potent SYK inhibitors and their biological effects on

hematological cancer cells. Compound 95 (Figure 16) exhibited robust inhibition of SYK
and reduced PLCγ2 phosphorylation in MV4-11 myelomonocytic leukemia and RAMOS
B-cell lymphoma cells at micromolar concentrations of 1.5 µM and 18.0 µM, respectively.
Hybrid compound 95 had a terminal half-life of 3.79 h when administered orally and
6.49 h intravenously.

Theodore et al. [150] designed novel benzimidazole-based EFGR inhibitors and evalu-
ated their efficacy against MCF-7 breast cancer and HCT-116 colon cancer cells. Compound
96 (Figure 17) exhibited the most potent inhibitory effects on EFGR/WT and EFGR/LR/TM,
with IC50 values of 4.38 and 5.69 nM, respectively. It also suppressed the proliferation
of MCF-7 and HCT-116 cancer cells at concentrations of 2.07 and 6.72 µM, respectively.
Furthermore, its cytotoxicity on normal Vero cells was lower (IC50: 56.19 nM) than that of
erlotinib (IC50: 18.69 nM).

 

Figure 17. The structures of benzimidazole compounds 96–102, which contain potential antitu-
mor properties.
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Guo and colleagues [151] reported the synthesis of (S)-5-methyl-N-(2-((2-methylpyrrolidin-
1-yl)methyl)-1H-benzo[d]imidazol-5-yl)-6-oxo-5,6-dihydrophenanthridine-2-carboxamide
(97, (Figure 17)), which exhibited an IC50 of 15.4 nM for ENL inhibition. Subsequently,
treatment of MOLM-13 and MV4-11 leukemia cells for 72 h with compound 97 inhibited
the proliferation at concentrations of 8.3 µM and 4.8 µM, respectively. These results suggest
that compound 97 was 7- and 9-fold more potent against these cancer cell lines than the
positive control SGC-iMLLT.

Shinde and coworkers [152] designed new thiophene–pyridine–benzimidazole hybrids
and evaluated their anticancer properties. Compounds 98 and 99 (Figure 17) exhibited the
lowest IC50 values against the HepG2, MCF-7, and HCT116 cancer cell lines. Compound 99
showed IC50 values of 12.02 µM, 9.14 µM, and 4.96 µM, respectively, while compound 98
showed IC50 values of 12.46 µM, 9.92 µM, and 5.25 µM against the same cancer cells.

Alzahrani et al. evaluated a triazole–benzimidazole–oxazole hybrid [153]. Compound
100 (Figure 17) outperformed tamoxifen, chosen as a positive control, but was less effective
than doxorubicin. MTT assay results indicated that compound 100 inhibited the growth
of HepG-2, HCT-116, and MCF-7 cell lines at concentrations of 6.56, 5.30, and 3.23 µM,
respectively. According to the docking assay, derivative 100 exhibited the highest free
binding energy of −7.92 kcal/mol.

Singh and coworkers [154] developed new benzimidazole derivatives that inhibit the
enzyme FASN, which plays a crucial role in palmitate biosynthesis, a process essential
for cancer cell development and division. Compounds 101 and 102 (Figure 17) effectively
blocked FASN, with IC50 values of 3 µM and 2.5 µM, respectively. Compound 101 exhibited
the highest cytotoxic activity against HCT-116 and Caco-2 colon cancer cells, as well as MCF-
7 breast cancer cells, at low doses of 3, 4.1, and 3.5 µM, while showing lower cytotoxicity
(IC50 = 30.1 µM) against HEK 293 human embryonic kidney cells. In addition, these hybrids
induced apoptosis in HCT-116 cells by decreasing Bcl-xl, increasing caspase-3 activity, and
accumulating cells in the sub-G0/G1 cell cycle phase.

Bondock et al. [155] prepared enaminones conjugated with benzimidazole and pyrimi-
dine and evaluated their antitumor properties. Hybrid 103 (Figure 18) effectively inhibited
MCF-7 and HepG-2 carcinoma cells at concentrations of 16.78 and 14.89 µM, respectively.
Furthermore, compound 103 did not show cytotoxic effects when normal REP1 retinal
pigment epithelial cells were treated for 48 h.

Zhang et al. [156] synthesized a novel drug candidate that inhibited methionine
adenosyltransferase 2A, thereby suppressing cancer cell growth. Compound 104 (Figure 18)
blocked MAT2A with an IC50 value of 26 nM and induced 52% cell death in HCT-116 cells
after incubation at a dose of 50 mg/kg for 28 days. Pharmacokinetic analysis of derivative
104 revealed that the maximum plasma concentration was 0.67 µg/L with a half-life of
2.98 h.

Rao and colleagues [157] synthesized novel tricyclic benzimidazoxazinone compounds
as TNF-α inhibitors. Some of these compounds showed significantly lower IC50 values than
the positive control, thalidomide (IC50 ~ 197.3 µM). The compound with the lowest IC50,
derivative 105 (5.2 µM) (Figure 18), was suggested for further pharmacological evaluation.
The mouse macrophage line RAW 264.7 was treated with hybrid 105 at concentrations of
100, 60, and 30 µM, leading to cell viability percentages of 75.13%, 79.52%, and 81.47%,
respectively, along with a bioavailability score of 0.55.

Horai et al. [158] developed a new tricyclic benzimidazole derivative combined with
pyran that showed antitumor activity. Compound 106 (Figure 18) inhibited BRD4, leading
to the arrest of melanoma cell growth in vitro (IC50: 15 nM). When administered orally at a
dose of 60 mg/kg twice daily for 14 days to an A375.S2 melanoma xenograft mouse model,
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tricyclic imidazole hybrid 106 reduced skin cancer cell proliferation by nearly 41% without
a significant effect on body weight.

Hassan and others [159] synthesized dinuclear azolium selenium adducts and eval-
uated their biological activities. The anticancer activity of these scaffolds was evaluated
against HepG2 hepatocellular carcinoma cells, human embryonic kidney cells (HEK-293),
and normal human endothelial cells (EA.hy926) using the MTT assay. Compound 107
(Figure 18) exhibited the highest cytotoxicity, with IC50 values of 0.54 µM against HEK-293
cells and 1.73 µM against HepG2 cells. Additionally, compound 107 exhibited the lowest
toxicity against the standard cell line EA.hy926 (IC50: 34.16 µM).

 

Figure 18. The structures of condensed and complex benzimidazole derivatives 103–111, with
antitumor potential.

Thankan et al. [160] synthesized mono-HCl Gal salt (108) along with mono- and di-
HCl VNPPP433-3β salts (109 and 110) (Figure 18) to inhibit degradative adhesion signaling,
specifically AR/AR-V7 and Mnk1/2-eIF4E. Compounds 108–110 were orally bioavailable,
safe, and remarkably effective against aggressive CWR22Rv1 prostate carcinoma cells and
tumor xenografts. These compounds outperformed the positive controls, abiraterone and
enzalutamide. Compound 108 exhibited IC50 values of 0.36, 0.21, and 0.56 nM against the
LNCaP, C4-2B, and CWR22Rv prostate cancer cell lines, respectively. Hybrid 109 showed
IC50 values of 0.28, 0.33, and 0.26 nM against the same cell types, while compound 110
exhibited IC50 values of 0.23, 0.21, and 0.28 nM.

Jackson et al. [161] described the preparation of new benzimidazole derivatives with
chiral centers. Enzymatic studies indicated that compound 111 (Figure 18) had potential as
an inhibitor of B3GNT2. Structural and in vitro analyses revealed IC50 values of 0.009 nM
for derivative 111 against the B3GNT2 enzyme and 1.1 nM against Jurkat acute T-cell
leukemia cells.

Choi and colleagues [162] prepared new derivatives of benzimidazole–purine–
morphine hybrids. Compound 112 (Figure 19) decreased the proliferation of bladder
cancer cells by phosphorylating the catalytic domain of 4E-BP1, a target of casein kinase 1
(CK1e), at a concentration of 0.058 nM. The antiproliferative efficacy of 112 was measured
in human bladder cancer cell lines (T24, 5637, UM-UC-3, and U2-OS) at concentrations of
256, 314, 540, and 373 nM, respectively.
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Figure 19. The benzimidazole complex derivatives 112–116 with antitumor activity.

Chen et al. [163] synthesized ruthenium compounds with a benzimidazole core as
alternatives to the anticancer drug cisplatin. The compounds 113 and 114 (Figure 19)
exhibited more significant cytotoxicity than cisplatin in human SGC-7901 gastric cancer,
human BEL-7402 cervical cancer, and murine B16 melanoma cell lines, with IC50 values of
3.4 µM, 5.8 µM, and 7.2 µM for 113 and 3.5 µM, 5.8 µM, and 5.1 µM for 114, respectively.
Cisplatin had IC50 values of 5.7 µM, 15.2 µM, and 19.6 µM. Compounds 113 and 114
induced cell death through multiple mechanisms. These included autophagy, ferroptosis,
apoptosis, mitochondrial dysfunction, and activation of caspase 3.

A new iridium (Ir) complex with a benzimidazole ring was developed by Yuan et al. [164].
The Ir complex 115 (Figure 19) effectively inhibited tumor growth in vivo at a dose of 5 mg/kg,
resulting in a 71.67% inhibition rate. Notably, the Ir complex 115 displayed considerable
cytotoxic effects against B16 melanoma and Eca-109 esophageal squamous cell carcinoma
cells, with low IC50 values of 0.4 µM, 5.2 µM, and 2.5 µM, respectively.

Hou and colleagues [165] identified new Schiff-based benzimidazole–purine–morphine
hybrid compounds with two benzimidazole rings. The in vitro MTT assay revealed that the
cobalt(III) complex 116 (IC50: 12.94 µM) (Figure 19) exhibited more potent antiproliferative
activity than cisplatin (IC50: 16.8 µM) in MDA-MB-231 breast cancer cells. The complex 116
exhibited comparable activity to cisplatin against A549 lung adenocarcinoma cells, with an
IC50 of 13.19 µM. It exhibited reduced activity against the HeLa-derived cell lines CNE-2Z
and SMMC-7721, with IC50 values of 28.23 and 34.46 µM, respectively. Benzimidazole
complex 116 increased the intracellular free oxygen level, arrested the cell cycle in the
G0/G1 phase, and induced apoptosis.

10. Structure–Activity Relationships (SARs)
In total, this review highlights 116 imidazole-containing hybrids. The most influential

fragments, enhanced groups, and pharmacophore substituents are presented in Table 1.
The key substituents affecting the anticancer properties of the imidazole hybrids include
the methoxy (-OCH3) group and chlorine and fluorine halogens. When the methylene
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bridge and amide group were optimized for potency, piperazine or morpholine fragments
affected the solubility of most hybrid molecules. Furthermore, the activity was influenced
by heterocyclic rings such as quinoline, quinazoline, pyrazole, indolinone, and metals,
especially in complex hybrids.

Table 1. SARs of imidazole hybrids 1–116.
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Rings and Fragments
Influencing Activity

Groups/Sections
Enhancing

Activity

Pharmacophore
Substituents Le

ad
C

om
po

un
ds

Rings and Fragments
Influencing Activity

Groups/Sections
Enhancing

Activity

Pharmacophore
Substituents

1 1,2,4-Oxadiazole Azomethine -OCH3 59 Naphtho/imidazole Phenyl -NO2

2 Pyrazole -NH-CH2- -OCH3 60 Naphtho/imidazole Phenyl -OCH3

3 Pyrazole -NH-CH2- -F 61 Naphtho/imidazole Phenyl -Cl

4 Piperazine-2,5-dione Indole -Bn 62 Anthra/imidazolium Carbonyl -CH3

5 Piperazine Sulfonamide -CF3 63 Co Amide -CH3

6 Benzofuran, triazole Amide -OCH3 64 Fe Phenylphosphane -Bn

7 Indolin-2-one -NH-CH2- -OCH3 65 Ag Imine -Br

8 Quinazoline,
indolinone Amide -Cl, -F 66 Au Imine -Cl

9 Pyrimidine, thiophene Amide -F, -Cl, -Bn 67 Pt Imine -CH3

10 Pyrazine, triazole Amide -F, -Bn 68 Pt Imine -Cl, -OCH3

11 Azomethine, thione Imine -CH3 69 Ru Azomethine -OH

12 Thione Carbonyl -Cl, -Bn 70 Au poly-phenyl -C2H5

13 Ethoxy/ethoxy Amide -F 71 Pt, pyrimidine, purine Carbonyl -CH3

14 Ethoxy/ethoxy Amide -Cl 72 Au Methylene
bridge -OCH3

15 Triazole Phenoxy -Cl, -OH 73 Chromenone Oxadiazole -CH3

16 Piperazine Amide -CF3 74 Triazine, piperazine Imine,
morpholine -F

17 Quinoline Oxazepinone -CF3, -OCH3 75 Pyrrole, thiophene Amide -CH3, -OCH3

18 Cyclopenta/phenanthren Amide -F 76 Piperidine Sulfonamide -CF3

19 Pyrimidine Amide -CF3 77 Thiazole, pyridine Amide -CH3

20 Triazole, piperazine Amide -Cl 78 Thienopyrimidine Morpholine -S(O)2-CH3

21 Quinoline 3,4,5-tri-OCH3 -OCH3 79 Thiazole Thioimidazole -CH2-

22 di-Phenyl Ph-4-OCH3 -OCH3 80 Quinazoline Amide Bn

23 Furyl Ph-4-CH3 -CH3 81 Chromenone Thioimidazole -OCH3

24 Pyridine Carbonyl -OCH3 82 Triazine, piperazine Morpholine,
Amide -Cl, -F, OCH3

25 Piperazine Biphenyl -CF3 83 Pyrimidine, Pyrazole Amide -Cl, -CH3

26 Pyrazole, pyridine -NH-CH2- -F 84 Bis-benzyl Amide -OH

27 Thieno[3,4-d]imidazole Sulfamide -[-CH2]- 85 Pyrimidine Piperidine -I

28 Imidazo[2,1-b]thiazole tert-Bu-NH2 -OCH3 86 Phenylimidazole Ester -Cl

29 Imidazo/thiadiazole tert-Bu -F 87 Phenylimidazole Ester -Bu

30 di-Benzyl Amide -OCH3 88 Oxazole, pyrazole Methylene
bridge, amide -CF3

31 Imidazo/triazole Chromen -F 89 Pyrazole Methylene
bridge, amide -F, -OCH3

32 Imidazo/triazole Chromen -OCH3 90 Quinoline Amide -NH2

33 Imidazo/pyridine,
Pyrimidine Amide -OCH3 91 Thiadiazole, Piperazine -F, -CF3
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Table 1. Cont.

Le
ad

C
om

po
un

ds

Rings and Fragments
Influencing Activity

Groups/Sections
Enhancing

Activity

Pharmacophore
Substituents Le

ad
C

om
po

un
ds

Rings and Fragments
Influencing Activity

Groups/Sections
Enhancing

Activity

Pharmacophore
Substituents

34 Imidazo/pyridine Methylene
bridge -COOH 92 Nicotinamide Methylene

bridge, Amide -CH3

35 Imidazo/pyridine Methylene
bridge -COOH, -OH 93 Indazole, furan Amide -NH2

36 Imidazo/pyridazine Amide -F 94 Piperidine Pyridinone -CH3

37 Imidazo/pyridazine Oxazole -N-(Et)2 95 Pyrrolopyrimidine,
piperazine Pyrazole -Pr

38 Imidazo/pyridazine;
triazole

Morpholine,
sulfamide -[-CH2]-, -F 96 Dioxopiperidine Amide -CF3

39 Imidazo/pyridine,
indoline

Methylene
bridge -S(O)2-CH3 97 Pyrrolidine Amide -CH2-, -CH3

40 Imidazo/pyridine,
quinoline

Methylene
bridge -S(O)2-CH3 98 Thiophene Methylene

bridge, amide -Cl

41 Imidazo/pyridine,
indole 3,4,5-tri-OCH3 -OCH3 99 Thiophene Amide -Cl

42 Imidazo/pyridazine,
piperazine

Amide,
pyrrolidine -CF3 100 Triazole Methylene

bridge -COOH

43 Imidazo/pyridazine,
piperazine

Methylene
bridge -CH3 101 Piperazine Carbonyl -Cl

44 Purine, piperazine Sulfamide -CH3 102 Piperazine Carbonyl -Cl

45 Purine
Methylene

bridge,
phosphone

-Cl 103 Thiazole Imine -CH3

46 Purine, thiophene Methylene
bridge -OH 104 Pyridopyrimidine Methylpiperazine -CH3

47 Purine Oxadiazole -Cl, -CF3 105 Chromen Carbonyl -Ph

48 Purine, piperazine Sulfone -OCH3 106 Oxo-
dihydropyrimidine

Morpholine,
carbonyl -Bn

49 Imidazo/tetrazinone Thiazole -Propynyl 107 Bis-benzimidazole Methylene
bridge -CH3

50 Benzamide, pyrrole Sulfamide -Cl 108
Galeterone

(benzimidazole
portion)

Galeterone
(steroid
portion)

-CH3, -OH

51 Pyrrole
Amide,

Methylene
bridge

-CH3 109
Galeterone

(benzimidazole
portion)

Galeterone
(steroid
portion)

-CH3

52 Purine,
Imidazo/thiazole

Methylene
bridge -CH3 110

Galeterone
(benzimidazole

portion)

Galeterone
(steroid
portion)

-CH3

53 Imidazo/oxazole 3,4,5-tri-OCH3 -Br, -OCH3 111 Pyrimidine Carbonyl -CF3

54 Purine Phosphone -F 112 Bis-benzimidazole Morpholine -F

55 Purine Thione -CH3, -OH 113 Ru Biphenyl -Cl

56 Purine Thiadiazine -Ph 114 Ru Biphenyl -Ph

57 Quinazoline Amine -OCH3 115 Ir -[-CH = CH-]- -CH3

58 Purine Thiazepine -Cl 116 Co Azomethine -Br

11. Conclusions and Perspectives
In summary, lead compounds featuring the imidazole motif show promise as effective

drug candidates in the future, whether in their existing form or after necessary chemical
and biological modifications. This review demonstrates that most synthesized imidazole
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hybrids exhibit encouraging anticancer activity. A key point is that positioning the imida-
zole core within the hybrid molecule significantly affects potency and selectivity. When the
imidazole core was situated in the side chain, the hybrid molecule demonstrated efficacy
in specific cancer cell types, particularly breast cancer cells. When it was located in the
center or condensed with other heterocycles, it inhibited cell lines of other tumor types,
particularly colon cancer cells. This highlights an essential aspect of this scaffold’s nature.
These compounds enabled chemical interactions between imidazole and various enzymes.
They effectively oriented the corresponding side rings, such as the fused ring in the imida-
zole hybrid system, toward the binding sites of proteins, enzymes, and amino acids. The
unique properties of imidazole in these hybrid systems offer considerable advantages in
drug design and delivery. While earlier bioavailability, solubility, and metabolic properties
of imidazole-tethered hybrids posed significant challenges, recent advances address these
limitations and reaffirm these scaffolds as a privileged class of heterocycles. Although
there have been significant advancements in the physicochemical properties of common
imidazole hybrids, including selectivity and water solubility, results from in vivo assays
indicate that further development is necessary, particularly for imidazole metal complexes.
Functionalizing these compounds into metal complexes through further chemical modifica-
tion enhances solubility and could improve uptake by cancer cells. Imidazole-containing
lead compounds, as essential family members of azoles, may serve as privileged synthons
in pharmaceutical sciences and medicinal chemistry.
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