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ABSTRACT: In contrast to proximal C−H bond activations, distal C−H bond activation is fundamentally more challenging and
requires distinctly specialized directing partners or techniques. In this context, we report an unprecedented dual (distal) β-
C(benzylic)−H and δ-C(aryl)−H bond activation relay protocol for the chemo-, regio-, and stereoselective construction of
heterocycle-tethered benzofulvenes via [3 + 2] CH/CH-alkyne annulation under palladium catalysis. The protocol overrides the
more favorable [4 + 2] CH/NH annulation and does not follow the vinylic C−H bond activation pathway. Mechanistic studies
provide insight into the favored cyclopalladation of key intermediates (resulting from β-C(benzylic)−H bond cleavage) through
relay δ-C(aryl)−H cleavage (vs N−H cleavage) prior to reductive elimination, which is the key to desired annulation. The
synthesized new chemical entities (NCEs) constitute a novel scaffold with favorable anticancer activity against oral squamous cell
carcinoma (OSCC). Detailed biomolecular studies, including RNA-sequencing and analysis, indicate that these compounds (4e and
4w) arrest the cell cycle at the S-phase and target multiple cancer hallmarks, such as the activation of apoptotic pathways and
impairment of mitochondrial activity simultaneously, suggesting their chemotherapeutic potential for oral cancer by addressing the
complexity and adaptability of cancer cells in chorus.
KEYWORDS: distal C−H bond activation, Pd-catalysis, NHC ligand, alkyne annulation, quinazolone-tethered benzofulvenes, oral cancer

■ INTRODUCTION
The early phase of drug discovery depends largely on the
supply of new chemical entities (NCEs) to ensure the
assessment of library compounds (including SAR studies) to
acquire the potential hit/lead compounds.1−3 As a result, the
development of novel synthetic approaches, including both
early and late-stage diversification strategies, to generate NCEs
is extremely promising.4 Over time, a general consensus has
emerged in academia and industry over the sustainability and
efficacy of organic synthesis via step- and atom-economic
processes, along with the demand for environmental safety.5,6

In this context, the C−H bond activation strategy that negates
the need for substrate-functionalization is highly desirable and
rewarding.7 Toward this end, outstanding development has
been observed,8−11 particularly the directed ortho (proximal)
C−H bond activation,12−16 leading to a diverse array of

products with a multitude of applications ranging from
materials to medicine.17−20

In recent years, distal (remote) C−H bond activation has
emerged as a promising approach for the hitherto difficult
synthesis and modifications of many organic frameworks,
thereby expanding the range of synthetic possibilities.21−24

Such approaches are particularly useful for selective function-
alizations and late-stage manipulations of complex organic
molecules, such as pharmaceuticals and natural products,

Received: September 2, 2024
Revised: September 28, 2024
Accepted: October 1, 2024
Published: October 11, 2024

Articlepubs.acs.org/jacsau

© 2024 The Authors. Published by
American Chemical Society

4474
https://doi.org/10.1021/jacsau.4c00802

JACS Au 2024, 4, 4474−4487

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dinesh+Parshuram+Satpute"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Garvita+Narang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harshal+Rohit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jagdish+Manjhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Divita+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sangita+Dattatray+Shinde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sangita+Dattatray+Shinde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shyam+Kumar+Lokhande"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Priyanka+Patel+Vatsa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinal+Upadhyay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shivkanya+Madhavrao+Bhujbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shivkanya+Madhavrao+Bhujbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amit+Mandoli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dinesh+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.4c00802&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00802?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00802?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00802?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00802?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00802?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00802?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00802?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00802?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/4/11?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/11?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/11?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/11?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.4c00802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


amino acids, and macromolecular templates, via sp2 (including
meta- and para−C−H functionalization of arenes) and sp3 C−
H bond activation strategies.25−28 Furthermore, advances in
catalyst (and ligand) design have resulted in excellent site-
selectivity, allowing for precise functionalizations of distal C−
H bonds in molecules with numerous C−H sites having similar
electronic and steric preferences using template-directed,
transient-directing groups, nondirected, noncovalent interac-
tions, and other approaches.29−34 Overall, distal C−H bond
activation provides new and unique reactivity patterns,
allowing the synthesis of novel chemical frameworks that
would be difficult to acquire using typical synthetic methods.

Contrasting proximal C−H bond activation, distal C−H
bond activation is fundamentally more challenging and, thus,
less explored and requires distinctly specialized techniques.
Reaching out to the distal positions requires innovative
strategies, including but not limited to the intermediacy of
larger metallacycles (thermodynamically unfavorable), the
specialized directing groups, including the transient directing
group, favorable substrate preparations, etc.25−34 Despite the
noticeable progress in the area, the construction of carbo-
(hetero)cycles via dual (distal) C−H bond activation
constitutes a prime challenge and very limited progress has
been taking place.35−37 In this context, Chatani et al.

Figure 1. Reported dual (distal) C−H bond activation protocols and the present invention.
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developed an elegant annulation of aromatic amides with
maleimides via the activation of dual γ-C−H bonds in the
presence of a 2-methylthiophenyl amide directing group.35 In a
remarkable finding, Yu et al. discovered a Pd-catalyzed dual
C(γ, β)−H activation of adjacent methylene units in carboxylic
acids to yield benzocyclobutene (BCB) scaffolds via [2 + 2]
benzannulation employing dihaloarenes.36 The Yu lab further
reported a 2-fold C(γ, γ)−H activation protocol with gem-
dimethyl-containing carboxylic acids to construct γ-arylated γ-
lactones under Pd-catalysis using L,X-type carboxpyridone
ligand37 (Figure 1).

To the best of our knowledge, we report for the first time an
unprecedented dual δ-C(aryl)−H and β-C(benzylic)−H bond
activation relay protocol for the chemo-, regio-, and stereo-
selective construction of heterocycle-tethered benzoful-
venes38−40 via [3 + 2] alkyne annulation reactions under
palladium catalysis. The mechanistic study highlights the
favored cyclopalladation of key intermediates (resulting from
β-C(benzylic)−H bond cleavage) through relay δ-C(aryl)−H
cleavage (vs N−H cleavage) prior to reductive elimination is
the key to desired annulation. The synthesized NCEs
constitute a novel scaffold with favorable anticancer activity
against oral squamous cell carcinoma (OSCC). Detailed
biomolecular studies, including RNA-sequencing and analysis,
indicate that these compounds (4e and 4w) arrest the cell
cycle at the S-phase and target multiple cancer hallmarks
simultaneously, suggesting their chemotherapeutic potential
for oral cancer by addressing the complexity and adaptability of
cancer cells in chorus.

■ RESULTS AND DISCUSSION

Method Development

We choose 2-(4-methylphenethyl)quinazolin-4(3H)-one 1a
and diphenylacetylene 2a as a model substrate, and the
possible annulation outcome reveals several potential products
(3a−3h) via heteroatom assistance (Figure 2). The study
began with the investigation of ligands (phosphines, bi-
sphosphines, NHCs, and bipyridines) for the reaction
involving the treatment of 1a with 2a in the presence of
catalytic PdCl2 and stoichiometric oxidant Cu(OAc)2·H2O in
1,4-dioxane under heating conditions. While no product(s)
formation was observed using pyridine ligands, the formation
of 3a (NMR, HRMS, single X-ray crystal) was obtained in
XPhos (17%) and RuPhos (18%). Other tested phosphines
were found to be ineffective in yielding any annulation
product(s). The evaluation of NHC ligands was fruitful; the
SIPr·HCl was found to be most promising, with an improved
yield of 3a (28%) (Figure 3A). These preliminary results
demonstrating unprecedented but highly selective oxidative [3
+ 2] C−H/C−H alkyne annulation to make 3a formed the
basis for further explorations.

Subsequently, the other Pd(II) and Pd(0) sources were
examined. An improved yield of 3a (39%) was obtained in
Pd(OAc)2. The other tested Pd catalysts were either inferior or
ineffective (Figure 3A). A survey of solvents showed that the
reaction is solvent sensitive (see SI). While only traces of 3a
formation were observed in DMF, DMSO, DCE, MeCN, and
MeNO2, the other tested solvents (PhMe, 1,4-dioxane, THF,
and N-methyl-2-pyrrolidone (NMP)) were found to be
compatible with yields ranging from 11 to 51%. N-methyl-2-

Figure 2. Expected and observed products via annulation of 1a with 2a.
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pyrrolidone (NMP) was found to be the most efficient solvent,
providing the highest yield of 3a (51%) (see SI). Tested
catalysts derived from other transition metals (Rh, Ru, Ir, Ni,
Mn, and Co) were found to be ineffective (see SI). We further
examined different organic and inorganic oxidants, and
Cu(OAc)2·H2O was found to be optimal (see SI). The
inclusion of Cs2CO3 in place of K2CO3 improved the yield
significantly, with a 62% isolated yield of 3a (see SI). A full
optimization study revealed that the use of 10 mol % of
Pd(OAc)2 and SIPr·HCl (20 mol %) with Cu(OAc)2·H2O (2
equiv) in NMP at 100 °C was optimal with 72% isolated yield
of 3a (Figure 3B, and see SI). A series of control experiments
were performed. In the absence of any one of the reaction
components, the reaction failed to yield 3a (see SI).
Substrate Scope
The scope of the [3 + 2] C−H/C−H alkyne annulation was
examined next (Figure 4). The effect of substitution on the
phenyl ring was tested first. Electronically different 2-
phenethylquinazolin-4(3H)-ones reacted well with 2a to
form corresponding E-benzofulvenes (3a, 4a−4f, 4q−4u) in
good to moderate yields. Subsequently, different internal
alkynes were tested and found to be compatible under the
reaction conditions (4h−4p) to yield desired benzofulvenes
with promising yields and selectivity. Unsymmetrical internal
alkynes, 1-ethyl-4-((4-methoxyphenyl)ethynyl)benzene and 1-
butynylbenzene, were found to be well-suited with regiose-
lective formation of 4n (69%, single X-ray crystal) and 4o

(68%, single X-ray crystal), respectively. In contrast, dialkyl
alkynes and terminal alkynes failed to yield the product under
reaction conditions. The substitutions on the core quinazolone
ring were tolerated well with good yields of the desired
products (4q−4u). The corresponding thieno[3,2-d]-
pyrimidin-4(3H)-one and benzofuro[3,2-d]pyrimidin-4(3H)-
one were found compatible, yielding 4v and 4w, respectively,
with good yield and selectivity. Looking forward to the
substrate scope, it is evident that the protocol offers good
functional group tolerance as the halogens (−F, −Cl, −Br),
electron releasing group (−OMe), electron-withdrawing group
(−CF3), and ester (−CO2Me) functionalities were tolerated
well without significant reduction in the product yields.
Further, piperonyl containing 1a was found to be compatible
with a good yield of product 4f. Pleased to note that the
naphthyl analogue of 1a resulted in the desired product 4g
with good yield (70%) and stereoselectivity (single X-ray
crystal).
Mechanistic Investigation
In order to gain mechanistic insight into this distal [3 + 2] C−
H/C−H-alkyne annulation, systematic experiments were
proposed and conducted under optimized conditions (Figure
5). First, we examined the essence of heteroatom assistance
and the scope of directing partners. No annulation product(s)
were observed by the treatment of alkyne 2a with 1,2-
diphenylethane 5a, 2-phenethylpyridine 5b or 2-phenethylpyr-
imidine 5c, or 2-phenethyl benzothiazole 5d or 2-phenethyl

Figure 3. Method development: (A) screening of the ligands and palladium catalysts; (B) optimized conditions.
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Figure 4. Scope of stereoselective construction of heterocycle-tethered benzofulvenes.
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Figure 5. Mechanistic investigations: (A) evaluation of hetero-atom/directing group assistance; (B) examination of cascade dehydogenation/
vinylic C-H bond activation pathway; (C) examination of unactivated sp3 C-H bond (benzyl vs methyl); (D) scope of homologation; (E) H/D
labeling study and KIE determination; (F) electronic effect (competitive experiment); (G) radical trap experiments.
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benzimidazole 5e. Further, N-methylated 1a (5f), thioamide
analog 5g, and corresponding linear arylalkyl amide 5h were
not active under the reaction conditions. These results
indicated that the presence of the (NH)-quinazolone type of
directing partner is critical for this cyclization reaction (Figure
5A).

Next, we examined the possibility of cascade dehydrogen-
ation/alkyne annulation to make the desired product via
vinylic C−H bond activation.41 Treatment of 1a under
optimized conditions but in absence of alkyne 2a gave the
corresponding 2-styryl quinazolone 6a (13% 1H NMR),
however, preformed 6a failed to give the 3a under the reaction
conditions. It indicated that the reaction proceeds exclusively
via the benzylic C−H bond activation pathway and does not
involve the vinylic C−H bond activation (Figure 5B).
Replacement of the phenyl moiety with linear alkyl (7a) shut
down the reaction, further strengthening the operation of the
benzylic C−H bond activation pathway (Figure 5C).
Homologous chain elongation did not yield the annulation
product (8a), indicating that the larger palladacycles could not
possibly be formed under the reaction conditions (Figure 5D).

To gain the nature of C−H bond cleavage, deuterium-
labeling studies were undertaken. Treatment of 1a with MeOD
under optimized conditions but in the absence of alkyne 2a did
not lead to any significant H/D exchange (<5%) at the δ-CH
(phenyl ring) but exhibited significant benzylic H/D exchange
(11% D). The major site for H/D exchange was α-CH2 (67%
D); however, this process is a nonproductive route. The study
further suggested that this α-methylene H/D exchange is also
base (and heat) induced, as it proceeds in the absence of the
catalyst/ligand/oxidant as well. In the presence of alkyne 2b,

annulation proceeded with the incorporation of deuterium at
the exocyclic C�C bond (26% D) (Figure 5E).

The transformation of 1a to 3a reaction involves four C−H
bond cleavages (two C(β)−H bond, one C(δ)−H bond, one
C(α)−H bond) wherein one C(β)−H bond (initial C−H
cleavage/cyclopalladation) and C(δ)−H bond (final C−H
bond cleavage/cyclopalladation) are involved in the actual
annulation reaction. We tried our best to prepare the
respective substrates to determine which specific C−H bond
cleavage is the rate-determining step. Unfortunately, we were
successful in preparing the substrate 9a only and performed the
KIE determination study. A significant kinetic isotope effect
(kH/kD ≈ 2.06) was observed, suggesting the distal C(δ)−H
cleavage to be the rate-determining step42 (Figure 5E).

In order to examine the electronic effects of a substituent on
the phenyl ring of arylalkyl quinazolones, an intermolecular
competition experiment was performed. The treatment of the
equimolar mixture of 1b and 1c with 2a under optimized
conditions gave 4b and 4e in 78 and 22% yields (1H NMR),
respectively. This result indicates that the presence of an
electron-withdrawing group (in a phenyl system) decreases the
substrate reactivity toward the product formation and vice
versa (Figure 5F). Finally, a radical trap experiment was
performed. When the reaction was carried out in the presence
of 1 equiv of TEMPO, 3a was produced in 65% yield,
indicating that the reaction does not proceed through a radical
mechanism (Figure 5G).

Toward the end, we have evaluated the catalytic efficiency of
both isolated Pd complexes, Complex-I (PdIV) and Complex-II
(PdII) (single X-ray crystal),43−48 for the transformation of 1a
to 3a under optimized conditions, without Pd(OAc)2 and

Figure 6. Plausible catalytic cycle depicting the formation of 3a.
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SIPr·HCl. While Complex-II proved ineffective, Complex-I
catalyzed the reaction, yielding 3a with a 65% yield (see SI).
Given that the reaction did not proceed with Pd(OAc)2 or
Complex-II alone, we propose that in situ generated Complex-I
(PdIV) plays a key catalytic role. However, the possibility that
Complex-I decomplexes to PdII species, which could then
facilitate the reaction, cannot be ruled out.49

Based on mechanistic studies, the proposed catalytic cycle
that accounts for product formation is shown in Figure 6. The
in situ generated active catalytic species is likely to coordinate
with the amide-NH of 1a, followed by the formation of five-
membered palladacycle II by the activation of a β-
C(benzylic)−H bond, the latter step being reversible C−H
cleavage (step A). Alkyne coordination (step B) followed by
migratory insertion (step C) would generate intermediate IV.
Subsequent irreversible δ-C(aryl)−H bond relay cleavage (step
D) resulted in the formation of a crucial six-membered
palladacycle V. Finally, the desired penultimate annulation
product was formed through reductive elimination (step E)
with the concomitant CuII-promoted oxidation of PdII back to
the active PdIV species (step F). The requisite dehydrogenation
leading to an exocyclic C�C bond could proceed by the

activation of an allylic (or azaallylic) C−H bond followed by β-
hydrogen elimination from the resulting Pd-(aza)allyl inter-
mediate (step G).50 To be noted, the favored cyclopalladation
of intermediate IV to V via δ-C(aryl)−H cleavage (vs N−H
cleavage) prior to reductive elimination overrides the conven-
tional CH/NH annulation pathway and yields the desired [3 +
2] CH/CH annulation product. The regioselective annulation
(4o) using an unsymmetrical alkyl arylacetylene supported the
mechanistic hypothesis that benzylic C−H bond activation
occurred prior to arene C−H bond activation.
Origin of Selectivity

Considering the amide-NH [−(C�O)−NH−] and heter-
oatoms (N or O) of 1a as directing partners, we expect the
diverse range of alkyne annulation products (3a−3h);
however, under the reaction conditions, we observed the
formation of only 3a. As we observed the formation of 3a only,
it is evident that under the reaction conditions, only the amide
functionality (amide-NH) of 1a is serving as the directing
partner.41,51 Thus, the cyclization pathways that follow the
heteroatom N or O direction for the initial metal insertion and
subsequent oxidative addition to form palladacycle are

Figure 7. (A) CAL-27 cells were treated with all the synthesized NCEs for 24 h, and the Alamar blue assay was performed to gain insight into %cell
viability. The cytotoxicity assay was done in triplicate; plot (B) represents % cell viability in CAL-27 cells; plot (C) represents % cell viability in
NOE cells treated with 4e, 4o, and 4w, whereas the two NCEs 4e and 4w exhibited selective toxicity (therapeutic index) toward CAL-27 and NOE
cells; (D) cell migratory assay showed both the NCEs were effectively arresting the migratory potential of CAL-27 cells; (E) further, cell cycle
analysis showed that these compounds 4e and 4w arrested the cell cycle at S to G2 phase; (F) apoptosis assay also showed that the treated cells are
undergoing apoptosis compared to untreated CAL-27 cells. For further information, see Supporting Data.
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nonoperational, and hence, no related products (3e, 3f, and
3g) were observed. The formation of 3c, 3d, and 3h may
follow the amide direction (amide-NH), but the requisite
palladacycle is 4-membered, which is otherwise not favorable
due to ring strain, thus not leading to such products. The
formation of 3a and 3b is really compelling in nature; it follows
the amide direction (amide-NH) for initial C−H bond
cleavage to form common 5-membered palladacycle II,
which on subsequent alkyne coordination and migratory
insertion forms the common key complex IV. The complex
IV will either undergo C(δ)−H bond or N−H bond cleavage to
form 3a (via 6-membered palladacycle) or 3b (via 7-
membered palladacycle), respectively. We believe that the
reductive elimination through 6-membered palladacycle
leading to 3a is more facile compared to 7-membered

palladacycle (leading to 3b) as it provides more steric
encumbrance.52 Further, to be noted, the formation of 6-
membered palladacycle is more favorable over 7-membered
palladacycle due to their ring strain, which further justifies the
selectivity of 3a over 3b.53

Further, from the ligand investigation study, it is evident that
NHC ligands are pivotal for this transformation. This could be
explained on the basis of the strong σ-donation ability of
NHCs to the palladium center, enabling facile oxidative
additions (compared to metal-phosphine counterparts).54−57

Further, such strong σ-donation by NHCs improves the
stability of palladium in high oxidation states, which is
problematic with typical phosphine ligands due to their facile
oxidation to phosphine oxides. The strong metal−carbenic
bond of the NHC complex also favors tight binding kinetics,

Figure 8. RNA-seq analysis of treated and untreated CAL-27 cells to understand the molecular function of compounds: (A) schematic workflow of
RNA sequencing and analysis; (B) volcano plot of the differential gene expression; (C, D) Gene Set Enrichment Analysis (GSEA) results
displaying the top 10 significantly enriched hallmark gene sets associated with upregulated and downregulated genes due to both 4e and 4w.
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therefore, lessening ligand dissociation. On the other hand, the
presence of sterically demanding groups bound to the N atoms
enable facile reductive elimination of the product from
palladium complexes, as the steric encumbrance is alleviated
upon reductive elimination.58

Evaluation of Anticancer Activity of Library Compound

In recent years, quinazoline (and fulvene) derivatives have
emerged as an important class of cancer chemotherapeutics
against a wide range of tumors, including oral cancer.59−65 The
various mechanistic pathways associated with quinazoline-
based NCEs include, but are not limited to, the inhibition of
protein targets such as kinase,66−68 lysine methyl transferase,69

and topoisomerase,59,70,71 as well as the inhibition of tubulin
polymerization,72,73 vascular endothelial growth factor recep-
tor-2 (VEGFR-2),74 poly(ADP-ribose) polymerase-1 (PARP-
1),75 and others for their anticancer activities. The FDA has
approved many quinazoline derivatives for clinical use,
including gefitinib, erlotinib, lapatinib, afatinib, and vandetanib.
However, despite advances in chemotherapy (including
imaging technology and surgery), oral cancer continues to be
characterized by high death rates. According to the
GLOBOCAN 2020 report, there were about 177757 deaths
and roughly 377713 new cases recorded for cancer of the lip
and oral cavity alone.76,77 Furthermore, the disease’s mortality
and incidence are expected to climb by 32% by 2040. Thus,
recognizing the related mortality and morbidity, as well as the
limits of current treatment, the discovery of more effective
drugs for oral cancer is of the utmost need.78 In this context,
we investigated the synthesized novel structural framework,
benzofulvenes-linked quinazolones, for their possible ther-
apeutic applications in oral cancer.

To identify the most promising anticancer compound(s)
among the library (3a, 4a−4w) toward oral cancer, we first
screened cell viability in the CAL-2779 oral cancer cell lines at
50 μM (Figure 7A). IC50 values of three compounds (4e, 4o,
and 4w) that showed good cell cytotoxicity at 50 μM were
determined in CAL-27 (vs normal oral epithelium cell lines,
NOE). Compound 4e showed the best comparative cytotox-
icity and cell viability in CAL-27 cancer cells (IC50 9.41 ± 1.04
μM) in comparison to NOE cells (IC50 62.39 ± 9.25 μM)
followed by 4o (IC50 9.65 ± 0.43 vs 42.84 ± 3.63 μM), and 4w
(IC50 8.79 ± 0.22 vs 43.26 ± 8.26 μM; Figure 7B,C). Thus,
overall, cytotoxicity results suggested 4e and 4w were the top
two NCEs exhibiting selective toxicity (therapeutic index)
toward the oral cancer cell lines (vs NOE cells), thereby
exploring them for further characterization of anticancer
properties and biomolecular evaluation at a dose of their
respective IC50 value (9.41 μM for 4e and 8.79 μM for 4w),
respectively.

Cell migration and metastasis are one of the core hallmarks
of the cancers.80,81 To examine the effect of the 4e and 4w in
inhibiting the migratory potential of CAL-27, an in vitro
scratch assay was performed.82 The gap closure measured after
24 h for the 4e and 4w treated group was less than the control,
suggesting their antimigratory effects against the CAL-27
(Figure 7D and SI). To evaluate the effects of identified NCEs
on the cell cycle, CAL-27 cells were treated with 4e and 4w for
24 h separately, stained with propidium iodide, and analyzed
by flow cytometry (FACS). The cell cycle analysis revealed an
increase in the cells of the S-phase and a decrease in the G2-
phase, suggesting that the compounds inhibit the S-to-G2
phase transition, thereby arresting the cells in the S-phase

(Figure 7E). FACS analysis further revealed that the treated
cells were undergoing apoptosis, 4e (39.526 ± 2.5) and 4w
(40.83 ± 2.74), compared to the untreated CAL-27 cells
(2.623333 ± 0.12) (Figure 7F).

To investigate the molecular mechanisms (genes and
pathways) underlying the growth inhibition and apoptosis
effects induced by compounds 4e and 4w, we conducted RNA-
seq analyses in untreated and treated CAL-27 cells and
compared the global gene expression levels between control
and treated cells (Figure 8).83 Between 50 and 57 million
paired end reads were generated in each condition, of which
over 95% were mapped to the human genome (hg38). In 4e-
treated cells, 779 differentially expressed (DE) genes were
identified (adjusted P value < 0.05 and log2 fold change > 1),
of which 550 genes were upregulated, and 229 genes were
downregulated (see csv file, SI). Similarly, in 4w-treated cells,
774 genes were upregulated, and 445 genes were down-
regulated (see the csv file, SI). Notably, key apoptosis-related
genes such as HMOX1, ATF3, DDIT3, and BCL11B were
significantly upregulated upon treatment with both com-
pounds, suggesting both 4e and 4w activate apoptotic
pathways in CAL-27 cancer cells (Figure 8B), thereby also
validating the apoptosis seen by FACS analysis. In contrast,
several genes associated with mitochondrial OXPHOS system
functioning, such as MT-ATP6, MT-CO2, etc., were among
the top downregulated with the treatment of both compounds,
indicating impaired mitochondrial activity following the
treatment with both compounds (Figure 8B).

Gene Set Enrichment Analysis (GSEA) of the upregulated
genes after the treatment with 4e and 4w revealed the
enrichment of gene sets related to apoptosis and the p53
pathway, suggesting that the compounds activate pathways
involved in regulating cell growth and apoptosis (Figure
8C,8D, left). In contrast, the downregulated genes were
enriched in hallmark gene sets associated with cancer-relevant
pathways such as glycolysis, inflammatory response, and
epithelial-mesenchymal transition (EMT) (Figure 8C,D,
right).

■ CONCLUSIONS
In conclusion, we report a novel C−H bond activation relay
chemistry leading to chemo-, regio, and stereoselective
construction of benzofulvenes via dual (distal) C(β, δ)-H bond
activations-alkyne annulation strategy under palladium catal-
ysis. Surprisingly, more favorable [4 + 2] C−H/NH alkyne
annulation products were not observed. The protocol overrides
the conventional C−H/N-H annulation pathways and does
not follow the pedestrian vinylic C−H bond activation
pathway. Mechanistic studies’ insight into the favored
cyclopalladation via δ-C(aryl)−H cleavage (vs N−H) prior
to reductive elimination is a key to success. Further, we have
demonstrated the potent anticancer activity of the selected
NCEs (4e, 4w) in the oral cancer cell line (CAL-27) wherein
these compounds arrest the cell cycle at the S-phase, inhibit
cell migration, and induce apoptosis. The RNA-seq analysis
revealed that both NCEs (4e & 4w) target multiple cancer
hallmarks such as activation of apoptotic pathways (via
upregulation of apoptosis-related genes like HMOX1, ATF3,
DDIT3, & BCL11B), impairment of mitochondrial activity
(via downregulation of genes associated with mitochondrial
OXPHOS system functioning, such as MT-ATP6, MT-CO2,
etc.) simultaneously, suggesting their chemotherapeutic
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potential for oral cancer by addressing the complexity and
adaptability of cancer cells in chorus.

■ METHODS

General Procedure for the Synthesis of the
Quinazolone-Tethered Benzofulvenes via [3 + 2]
C−H/C−H Alkyne Annulation
Into an oven-dried 1-dram scintillation vial equipped with a magnetic
stir-bar, palladium(II) acetate [Pd(OAc)2] (4.5 mg, 0.02 mmol, 10
mol %), 1,3-bis(2,6-diisopropylphenyl)imidazolinium chloride [SIPr·
HCl] (17 mg, 0.04 mmol, 20 mol %), Cu(OAc)2·H2O (80 mg, 0.4
mmol, 2 equiv), Cs2CO3 (65 mg, 0.2 mmol, 1 equiv) followed by 1a
(53 mg, 0.2 mmol, 1 equiv) and 2a (53 mg, 0.3 mmol, 1.5 equiv) were
dissolved in 2 mL of NMP in a glovebox. The vial was sealed with a
screw cap with the PTFE liner, transferred out of the glovebox, and
stirred at 100 °C for 24 h. Upon completion, the reaction was cooled
to ambient temperature, diluted with ethyl acetate, and passed
through the Celite bed. The workup was done using water/brine and
ethyl acetate. The organic layer was dried over Na2SO4 and
concentrated in vacuo and purified by column chromatography
(solvent system: hexane−ethyl acetate) to afford analytically pure (E)-
2-(5-methyl-2,3-diphenyl-1H-inden-1-ylidene)methylquinazolin-
4(3H)-one 3a.
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