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A series of four carboranyl-BODIPY conjugates (0-CB-10, m-CB-15, Me-o0-CB-28, and Me-o0-CB-35) and
one phenylene-BODIPY conjugate (PB-20) were synthesized. The carboranyl-BODIPY conjugates
incorporate boron clusters, specifically ortho- and meta-carboranes, covalently linked to BODIPY
fluorophores while the phenylene-BODIPY conjugate features a phenylene ring covalently linked to
BODIPY fluorophore. The newly synthesized conjugates were characterized by 'H NMR, **C NMR, B
NMR, °F NMR, FT-IR, and high-resolution mass spectral analysis. /n vitro cytotoxicity of the synthesized
conjugates has been evaluated against the Hela cervical cancer cell line. The study reveals that o-CB-10

Received 8th October 2024 shows a maximum cell death potential at lower concentrations (12.03 uM) and inhibited cell proliferation

Accepted 23rd October 2024
and migration in cancer (Hela) cells. Additionally, flow cytometry study reveals that o-CB-10 and Me-o-

DOI: 10.1035/d4ra07241c CB-28 arrest the cell cycle at the S phase. The results indicate that the carboranyl-BODIPY conjugates
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1. Introduction

Icosahedral carboranes are often regarded as three-dimensional
analogues of benzene.® They exist in three isomers such as
ortho-, meta- and para-carborane distinguished by the relative
positions of the two carbon atoms within the icosahedral cage
(Fig. 1). They display distinctive electronic and molecular
structures,” which have been applied to a variety of applications
such as in medicinal chemistry,*** material science'*> and
organometallic/coordination chemistry.***® Derivatives of
icosahedral carboranes showed cytotoxicity towards several
cancer cells. Continuous efforts have been devoted by
researchers to conjugate carboranes with several tumour tar-
geting moieties such as amino acids,**° receptor-specific
membrane antigens,**** porphyrins, micelles, poly-
meric nanoparticles, peptides,*  liposomes,* den-
drimers,***” carbohydrates,*®**° and BODIPY,*** etc. to enhance
the therapeutic effect of the drugs for selective and effective
treatment of cancer in addition to their application in boron
neutron capture therapy (BNCT). Two boron-based drugs,
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have the potential to be effective anticancer agents.

sodium mercaptododecaborate (BSH) and bor-
onophenylalanine (BPA), have clinically demonstrated efficacy
as BNCT agents® (Fig. 1). Moreover, derivatives of icosahedral
carboranes have also shown cytotoxicity towards glioma
cells.%4%

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene, commonly
referred to as BODIPY, is a compound in which BF, is chelated
to dipyrromethene, the half form of porphyrin. BODIPY-based
compounds have garnered significant interest due to their
versatility across various applications, including drug
administration,®* bioimaging,”*”® photodynamic
treatment®*> (PDT), and artificial photosynthetic systems.****
Notably, these compounds exhibit a preferential accumulation
in tumor tissue, creating favorable tumor-to-healthy tissue
ratios, thereby rendering them promising candidates for boron
neutron capture therapy (BNCT).** Moreover, BODIPY can be
easily modified to include biological capabilities without
affecting its inherent features.

Despite significant progress in therapy, cancer continues to
be a prominent cause of death worldwide. Existing therapeutic
methods, such as chemotherapy, frequently have limited
effectiveness because of the occurrence of unwanted side effects
and the emergence of drug resistance.®” These issues arise from
the inability to specifically target cancer cells while maintaining
the integrity of healthy tissues. Tumorigenesis is a dynamic
process characterized by genetic, epigenetic, and metabolic
changes that disturb the normal cell cycle.?®®** Cancer cells avoid
programmed cell death (apoptosis) and alter cell cycle check-
points, resulting in uncontrolled replication.’ In the cell cycle,
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Fig. 1

a sequence of events leading to cell division is typically
controlled by checkpoints during the G1/S, S, and G2/M phases.
Cancer cells evade these regulatory checkpoints, allowing
uncontrolled proliferation. Targeting proteins involved in the
course of the cell cycle has become a viable technique for
treating cancer.”

Multiple chemicals have been formulated to disrupt the
course of the cell cycle. Flavopiridol, for example, hinders
cyclin-dependent kinases (CDKs), resulting in the halting of the
cell cycle in both the G1 and G2 stages.”* Indisulam (E7070),
a compound derived from sulfonamide derivative, causes cells
to stop in the G1 phase of the cell cycle and slows down the
transition from G1 to the S phase, and finally results in cells
being arrested in the G2 phase and undergoing apoptosis.”
Additional drugs, including AZD5438, SNS-032, bryostatin-1,
seliciclib, PD 0332991, and SCH 727965, demonstrate inhibi-
tory effects on the cell cycle at various phases.**

So, developing novel chemotherapeutic medications that can
specifically target and eliminate cancer cells while limiting
harm to healthy organs is crucial. In 2020, our research group
developed triazine-cored dendritic molecules containing
multiple o-carborane clusters and investigated their cytotoxicity
against breast cancer cell lines.* In the same year, we reported
the synthesis of a series of carborane-appended glycoconjugates
with selective cytotoxicity towards MCF-7 breast cancer cells and
A431 skin cancer cells over healthy cells.® Additionally, we also
developed star-shaped phenylene BODIPY and conducted
toxicity and biocompatibility evaluations on zebrafish.®® In
2023, dendritic glycoconjugates containing multiple o-carbor-
ane clusters were synthesized, and their anti-cancer efficacy was
studied against MCF-7 breast cancer cell lines.>® These findings
inspired us to continue the bioactivity exploration of carborane
and BODIPY-based molecules. Herein, we report the synthesis
of four carboranyl-BODIPY conjugates: ortho-carboranyl BOD-
IPY 10 (0-CB-10), meta-carboranyl BODIPY 15 (m-CB-15), meth-
ylene bridged ortho-carboranyl BODIPY 28 (Me-0-CB-28) and
methylene bridged ortho-carboranyl BODIPY 35 containing two
carborane moieties (Me-0-CB-35) along with one phenylene-
BODIPY conjugate 20 (PB-20). Biological evaluation of these
compounds was carried out against HeLa cervical cancer cell
lines to explore the ability of the synthesized carboranyl BOD-
IPYs as anti-cancer therapeutics.
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(A) Three isomers of icosahedral carborane. (B) Clinically approved boron-based drugs as anti-cancer agents.

2. Results and discussion
2.1 Synthesis

Four carboranyl-BODIPY conjugates (0-CB-10, m-CB-15, Me-o-
CB-28, and Me-0-CB-35) and one phenylene-BODIPY conjugate
(PB-20) were designed and successfully synthesized following
several reaction conditions. Synthetic methods like Sonogashira
cross-coupling reaction, Suzuki cross-coupling reaction, deca-
borane insertion, PCC mediated oxidation, base promoted
substitution reaction, etc. were involved in addition to TFA
catalyzed preparation of dipyrromethane, DDQ mediated
formation of dipyrromethene and subsequent BF;. OEt,
promoted the formation of BODIPY in the presence of a base
like Et;N. All the newly synthesized compounds were well
characterized through FT-IR, NMR, and mass spectral analysis
(see ESIY).

2.1.1 Synthesis of ortho-carboranyl BODIPY 10 (0-CB-10).
Synthesis of ortho-carboranyl BODIPY 10 (0-CB-10) was carried
out starting from commercially available compound 1-bromo-4-
iodobenzene 1 as shown in Scheme 1. The reaction of
compound 1 with trimethylsilyl acetylene 2 under Sonogashira
cross-coupling reaction conditions afforded compound 3 with
excellent yield. K,CO; promoted deprotection of the TMS group
in compound 3, which yielded alkynylated compound 4 in good
yield. Ortho-carborane appended derivative 5 was synthesized
upon decaborane insertion reaction of compound 4 in aceto-
nitrile. Subsequently, the ortho-carborane appended aldehyde 7
was formed via Suzuki coupling reaction in the presence of mild
base Cs,CO;. The condensation of compound 7 with compound
8 in the presence of trifluoroacetic acid (TFA) produced o-car-
boranyl dipyrromethane 9. The resultant o-carboranyl dipyrro-
methane subsequently oxidized using 2,3-dichloro-5,6-dicyano-
p-benzoquinone (DDQ) to afford the stable ortho-carborane
appended dipyrromethene which undergone deprotonation in
basic conditions using Et;N before being exposed to excess
BF;-OEt,and formed the desired 0-CB-10 with 41% yield.
Substituted pyrrole 8 used in the synthesis of dipyrromethene
derivatives was prepared in three steps in accordance with the
reported procedure.”®

2.1.2 Synthesis of meta-carboranyl BODIPY 15 (m-CB-15).
Starting from BuLi mediated reaction of meta-carborane 11, m-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route for ortho-carboranyl BODIPY 10 (o-CB-10).

CB-15 was prepared as depicted in Scheme 2. At first, the C-
arylated mono-bromo derivative of m-carborane 12 was
synthesized from the reaction of meta-carborane 11 with
compound 1 via reported Cu(i) mediated approach in the
presence of strong base like BuLi followed by purification using
column chromatography and sublimation. Upon reaction of
compound 12 with 4-formyl phenyl boronic acid 6 under Suzuki
cross-coupling reaction conditions, meta-carboranyl C-aryl
aldehyde 13 was prepared in good yield. Trifluoroacetic acid
(TFA) catalyzed condensation of compound 13 with compound
8 produced meta-carboranyl dipyrromethane 14 in decent yield
as a white solid. The resultant m-carboranyl dipyrromethane 14
subsequently oxidized to m-carboranyl dipyrromethene deriva-
tive using DDQ, and upon addition of Et;N followed by BF;-
-OEt, to the same reaction mixture, m-CB-15 was synthesized as
red solid with 38% yield.

2.1.3 Synthesis of phenylene BODIPY 20 (PB-20). To find
out the effect of o- and meta-carborane on the properties of
BODIPY derivatives, PB-20 was synthesized by starting from the

—_—
2. Et3N, BF;0Et;

Suzuki coupling reaction of compound 1 with phenylboronic
acid 16 as presented in Scheme 3. The reaction of compound 1
with compound 16 catalysed by PdCl,(PPhj3), in presence of Na,
CO; afforded compound 17 in 81% yield. Again, under the
Suzuki coupling condition, the corresponding aldehyde 18 was
prepared upon reaction of compound 17 with 4-formylphenyl
boronic acid 6 with 65% yield. Phenylene dipyrromethane 19
was synthesized with 64% yield upon treatment of compound
18 with substituted pyrrole 8 catalyzed by trifluoroacetic acid
(TFA). Finally, in one pot reaction, oxidation of dipyrromethane
19 was carried out using DDQ to form phenylene dipyrrome-
thene derivative, which upon treatment with Et;N and BF;-OEt,
afforded PB-20 as red solid in 42% yield.

2.1.4 Synthesis of methylene bridged ortho-carboranyl
BODIPY 28 (Me-0-CB-28). Synthetic routes used to obtain Me-o-
CB-28 is shown in Scheme 4. Synthesis of BODIPY 28 containing
one ortho-carborane moiety was achieved starting from a base-
promoted nucleophilic substitution reaction. Commercially
available methyl-4-hydroxybenzoate 21 and propargyl bromide

CHO

PdCIy(PPhj3),
K,CO3, 1,4 Dioxane

100 °C, 15h, 51% 13

8 H
- > “CcINc
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Scheme 2 Synthetic route for meta-carboranyl BODIPY 15 (m-CB-15).
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Scheme 3 Synthetic route for phenylene BODIPY 20 (PB-20).

22 underwent a nucleophilic substitution reaction in the pres-
ence of base K,COj; to get alkyne derivative 23 with 86% yield. 4-
(Prop-2-ynyloxy) phenyl methanol 24 was obtained upon
reduction of the ester group of compound 23 with LiAlH,. The
primary alcohol group of compound 23 oxidized to 4-(Prop-2-
ynyloxy) benzaldehyde 25 using pyridinium chlorochromate
(PCC) as an oxidizing agent. To prevent the reduction of the
aldehyde group to primary alcohol in the presence of decabor-
ane, compound 25 was first converted to dipyrromethane 26,
and then the o-carborane cage was formed upon refluxing with
decaborane. Trifluoroacetic acid (TFA) catalyzed the reaction of
compound 25 with substituted pyrrole 8 in dichloromethane,
afforded dipyrromethane 26 with 66% yield. Ortho-carboranyl
dipyrromethane conjugate 27 was prepared from compound 26
upon refluxing with decaborane. In a one-pot reaction system,
the resultant o-carboranyl dipyrromethane 27 underwent an

benzoquinone (DDQ), yielding o-carboranyl dipyrromethene
monitored by TLC. To the same reaction mixture, subsequent
addition of triethyl amine followed by BF;-OEt, provided the
desired Me-0-CB-28 in 39% yield as a red solid.

2.1.5 Synthesis of methylene bridged ortho-carboranyl
BODIPY 35 containing two carborane moieties (Me-0-CB-35).
Under a similar approach as described in the preparation of Me-
0-CB-28, carboranyl BODIPY 35 containing two ortho-carborane
cages was prepared as deep red solid shown in Scheme 5. The
reaction of commercially available methyl-3,5-
dihydroxybenzoate 29 with propargyl bromide 22 in the pres-
ence of base K,CO; yielded alkyne derivative 30, which upon
subsequent reduction with LiAlH, provided compound 31 with
a decent yield. PCC-mediated oxidation of compound 31 affor-
ded formyl compound 32 with 85% yield. Trifluoroacetic acid
(TFA) catalyzed the reaction of compound 32 with substituted

oxidation reaction using 2,3-dichloro-5,6-dicyano-p-  pyrrole 8, afforded dipyrromethane 33 with 66% yield, which,
LiAIH,  HO
om0y o "o
MeO’ Acetone _— THF,rt, s —
22 60 °C Meo 5 T 4h,82% 24
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Scheme 4 Synthetic route for methylene bridged ortho-carboranyl BODIPY 28 (Me-o-CB-28).
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Scheme 5 Synthetic route for methylene bridged carboranyl BODIPY 35 (Me-o0-CB-35) having two ortho-carborane moieties.

upon refluxed with decaborane compound 34 containing two
carborane moieties, was prepared. The resultant ortho-carbor-
anyl dipyrromethane 34 underwent oxidation with DDQ form-
ing o-carboranyl dipyrromethene checked by TLC. Subsequent
addition of triethyl amine and BF;-OEt, provided the desired
Me-0-CB-35 in 43% yield.
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The final BODIPY conjugates 0-CB-10, m-CB-15, Me-0-CB-28,
Me-0-CB-35, and PB-20 were confirmed from 'H NMR, *C NMR,
B NMR, "°F NMR, FT-IR and high-resolution mass spectral
evidence. All conjugates exhibited solubility in DMSO solvent.
In all BODIPY compounds, the disappearance of the -NH
proton peak around ¢ = 8.43-9.26 ppm and meso proton around

m-CB-15

Me-0-CB-35
1C50=42.38uM
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(A) Representative images of the Hela cells treated with carrier (DMSO) or 10 uM concentrations of each of the compounds o-CB-10, m-

CB-15, PB-20, Me-0-CB-28 and Me-0-CB-35 for 72 h on Hela cells. The compound o-CB-10 shows highest degree of cell death in comparison
to others (B) Represents the dose inhibitory curve determined by MTT cell viability assay. The ICsq values are indicated in the graph. Results are

expressed as the mean + standard error.
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0 = 5.5 ppm in "H NMR spectra indicated the formation of
BODIPY conjugates. The presence of the BF, group in BODIPY
conjugates was evident from "B NMR and '°’F NMR spectral
data. The presence of fluorine was confirmed from *°F NMR
spectral analysis, which showed a1:1:1:1 quartet in the range
0 = —140 to 6 = —141 ppm. In proton decoupled ''B NMR
spectra of BODIPY conjugates, a triplet peak is observed in the
range 6 = —0.23 to 6 = —0.85, corresponding to BF, boron. In
3C NMR spectra appearance of peaks around 6 = 60 ppm and
0 = 75 ppm for two cage carbons and in proton decoupled "'B
NMR spectra resonance of peaks in the range 6 = 0 ppm to 6 =
—15 ppm confirms the presence of carborane cage/s in carbor-
anyl BODIPY conjugates. FT-IR spectral analysis showed strong
bands around v, = 2600 cm ™" corresponding to B-H stretching
in all carboranyl BODIPY conjugates. The anti-cancer efficacy of
the synthesized BODIPYs against HeLa cervical cancer cells
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were investigated through in vitro cytotoxicity, cell proliferation
activity, cell migration activity, and p53 expression study. Flow
cytometry study was also carried out to explore at which phase
the synthesized BODIPYs able to inhibit the HeLa cell cycle
progression.

2.2 Biological evaluation

2.2.1 Cytotoxicity of BODIPY conjugates (0-CB-10, m-CB-15,
Me-0-CB-28, Me-0-CB-35, and PB-20) on HeLa cell viability. The
anti-cancer efficacy of the BODIPY conjugates (0-CB-10, m-CB-
15, Me-0-CB-28, Me-0-CB-35, and PB-20) against Human
Cervical cancer cells (HeLa cells) were investigated. Fig. 2A
illustrates the results of in vitro cytotoxicity studies conducted
with BODIPY conjugates against HeLa cells after 72 hours, and
dose-dependent cytotoxic effects were observed. The half-

PB-20
ICs, = 48.35uM (HeLa)

i C\/
| e
p Me-0-CB-35

ICsq = 42.38uM (HeLa)

PB-20 Me-0-CB-28 Me-0-CB-35

BODIPY conjugates

Fig. 3
BODIPY-conjugates.
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(A) Shows the ICsq values of compounds o-CB-10, m-CB-15, PB-20, Me-o0-CB-28, Me-0-CB-35. (B) Table showing trends in ICsq values
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Fig.4 (A) Colony forming assay of Hela cells. Cells were treated with carrier or 10 uM each of BODIPY conjugates in 12 well plates and incubated

for 14 days. Cells were fixed and stained with crystal violet. (B) The number of colonies was quantified by using Imaged software and the graph

was plotted by using Graph pad Prism.

maximal inhibitory concentration (ICs,) values were calculated
and are presented in Fig. 2B. In vitro cytotoxicity assays revealed
that the carboranyl-BODIPY conjugates exhibited varying levels
of toxicity against HeLa cervical cancer cells. Notably, 0-CB-10
demonstrated the highest cytotoxicity, with an ICs, value of
12.03 pM, indicating its potent anti-cancer activity. Conversely,
m-CB-15 displayed intermediate cytotoxicity (IC5o, = 28.74 pM),
while the phenylene BODIPY (PB-20) exhibited significantly
lower cytotoxicity (ICs, = 48.35 uM). Surprisingly, the
methylene-bridged ortho-carboranyl BODIPY conjugates, Me-0-
CB-28 and Me-0-CB-35, exhibited notably lower cytotoxicity,

A

Carrier

Fig. 5

with ICs, values of 48.99 pM and 42.38 pM, respectively. These
findings suggest that the conjugation of carborane moieties to
BODIPY enhances cytotoxicity compared to phenylene-based
conjugates with ortho-carborane showing greater potency than
meta-carborane (Fig. 3). Furthermore, the presence of a methy-
lene spacer between the carborane and BODIPY moieties
appears to significantly diminish cytotoxicity, possibly due to
disruption of the electronic conjugation between these groups.

2.2.2 Effect of BODIPY conjugates on HeLa cell prolifera-
tion. The anti-cancer effects of BODIPY conjugates can further
be assessed form the inhibition of cell proliferation. The study

Me-0-CB-2

. (4

Me-0-CB-35

150+

% of wound closure

(A) Photomicrograph of Hela cells treated with carrier or 10 uM concentrations of each of the compounds at O h, and 24 h. (B) Graph

represents the closure of wound area for carrier and compound treated cells at 0 h, and 24 h respectively. The compound o0-CB-10 has least
wound closure than carrier and others. Statistical analysis was carried out using ANOVA and the p < 0.05.
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evaluates the reproductive potential of cells for unrestricted
division and colony formation by employing the cell survival
assay to examine the capacity of an individual cell to develop
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into a colony.”® HeLa Cells were treated with a fixed sub-lethal
concentration (10 uM) of the BODIPY conjugates (0-CB-10, m-
CB-15, PB-20, Me-0-CB-28 and Me-0-CB-35) along with the
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Fig. 6 Effect of BODIPY conjugates on the cell cycle distribution of Hela cells. The compounds 0-CB-10 and Me-o0-CB-28 treated cell are
arrested in S phase of cell cycle.
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carrier. The colonies were stained with crystal violet, and the
photograph was taken. The representative images of crystal
violet stained colonies are shown in Fig. 4A. The colonies were
counted and shown in graph Fig. 4B. The result indicates that o-
CB-10 is more effective in inhibiting HeLa cell proliferation
compared to other tested compounds. Significant anti-
proliferative activity was observed in the case of ortho-carbor-
anyl BODIPY 0-CB-10, while other compounds under study
were found to be less efficient in inhibiting HeLa cell
proliferation.

2.2.3 Effects of BODIPY conjugates on HeLa cell migration.
The development of tumors to metastasis is a multistage
process wherein malignant cells spread from the main tumor to
inhabit distant locations.”” To investigate the potential of
BODIPY conjugates (o-CB-10, m-CB-15, Me-0-CB-28, Me-0-CB-
35, and PB-20) to inhibit cell migration, a wound-healing assay
was employed. This in vitro model mimics the migratory
behavior of cells observed in vivo during wound repair. By
creating a “wound” in a cell monolayer and monitoring its
closure over time, the rate of cell migration can be quantified.
The wound was made using a P10 pipette tip and treated with
carrier (DMSO) as well as 10 uM concentration of each of the
synthesized BODIPY conjugates for 24 h. To observe the scratch,
distance images were collected at 0 hours and 24 hours under
an inverted microscope and are shown in Fig. 5A. Cell migration
was analyzed as reported earlier”® and plotted in graph as
depicted in Fig. 5B. The result indicate that 0-CB-10 is highly
significant in inhibiting cell migration in comparison to the
carrier and other tested compounds.

2.2.4 Flow cytometry study of BODIPY conjugates. To
investigate the effects of BODIPY conjugates on cell cycle
regulation, HeLa cells were treated with a fixed sub-lethal
concentration (10 pM) of each BODIPY conjugate for 24
hours. The percentage of cells in the G1, S, and G2/M phases of
the cell cycle was determined based on the distribution of PI
fluorescence intensity (FL2-A channel). Forward scatter (FSC-H)
was used to exclude cell debris and aggregates. The results
depicted in Fig. 6 demonstrate that treatment with 0-CB-10 and
Me-0-CB-28 induced a significant arrest of HeLa cells in the S
phase of the cell cycle. In contrast, the remaining compounds,
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Carrier
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m-CB-15, PB-20, and Me-0-CB-35, primarily caused a G1 phase
arrest. These findings suggest that the BODIPY conjugates exert
distinct effects on cell cycle progression, with 0-CB-10 and Me-o0-
CB-28 specifically targeting S phase cell cycle arrest. S phase
arrest serves as a protective mechanism that facilitates DNA
repair, prevents mutation accumulation, and enhances thera-
peutic strategies against cancer by promoting apoptosis and
enabling synchronized cellular responses.®

2.2.5 Effects of BODIPY compounds on the expression of
p53 on HeLa cells. p53, a crucial tumor suppressor, safeguards
genomic integrity by regulating cell cycle, DNA repair and
apoptosis. Activated by DNA damage, p53 halts the cell cycle for
repair or initiates apoptosis to prevent cancerous cells from
spreading.'®>'** HeLa cells typically contain wild-type p53 alleles
alongside HPV (human papillomaviruses) DNA.'” Research
shows that HPV E6 can inhibit p53's transcriptional activity
without degrading it, which is crucial for understanding how
HPV contributes to cervical carcinogenesis.'® The expression
levels and activity of p53 can serve as biomarkers for predicting
responses to therapies. Elevated p53 levels have been associated
with increased sensitivity to treatments that induce
apoptosis.’™ We evaluated the p53 expression of HeLa cells
treated with BODIPY conjugates (10 pM) using immunocyto-
chemistry. The cells were stained with Hoechst 33342, and
fluorescence images were merged using the Image] program, as
shown in Fig. 7A. The images were quantified using an ImageJ
plotted graph, and statistical analysis was carried out using
Graph pad Prism with a p-value of 0.05, as shown in Fig. 7B. The
data reveal that p53 expression was significantly higher in the
cells treated with Me-0-CB-28. However, the other drugs did not
significantly alter the expression of p53 remarkably (Fig. 8).

3. Conclusion

In summary, four carboranyl-BODIPY conjugates (0-CB-10, m-
CB-15, Me-0-CB-28, and Me-0-CB-35) and one phenylene-
BODIPY conjugate (PB-20) were synthesized. The anti-cancer
efficacy of the synthesized compounds were evaluated against
HeLa cervical cancer cells. Among them, ortho-carboranyl
BODIPY compound 10 (0-CB-10) exhibited higher cytotoxicity,

B.

Me-0-CB-28  Me-0-CB-35

Fluorescence density

Fig.7 p53 immunofluorescence analysis of Hela cells treated with BODIPY conjugates. (A) Fluorescence images of the treated cells stained with
Hoechst 33342 (B) statistical analysis using Graph pad Prism with p value 0.05.
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Fig. 8 Summary of biological evaluation of BODIPY conjugates.

efficiently inhibiting HeLa cell proliferation and migration, and
causing cell cycle arrest at the S phase. The methylene-bridged
ortho-carboranyl BODIPY conjugate 28 (Me-0-CB-28) was found
to restore p53 protein in HeLa cells without affecting EGFR
expression, while also inducing cell cycle arrest at the S phase,
as shown by flow cytometry studies.

Although compound o0-CB-10 demonstrated potent anti-
cancer activity, further studies are needed to clarify the under-
lying mechanisms of toxicity, particularly regarding the role of
ortho-carborane. The observation that compounds Me-0-CB-28,
which contain one ortho-carborane moiety and Me-0-CB-35,
which contain two ortho-carborane moiety, do not exhibit pro-
portionally greater toxicity suggests that factors such as cellular
internalization or other mechanisms may influence the differ-
ences in cytotoxicity. Therefore, the role of ortho-carborane in
the observed biological activity remains inconclusive.

These findings highlight the potential of carboranyl-BODIPY
conjugates as anticancer agents. The effectiveness of the
conjugates can be attributed to their ability to generate reactive
oxygen species (ROS).'” When the conjugates react chemically
with cancer cells, the generated ROS can induce oxidative stress
within cancer cells, leading to DNA damage, protein oxidation,
and lipid peroxidation.’*® This oxidative stress can trigger
apoptotic pathways, ultimately resulting in cell death. More-
over, the conjugates also interact with cellular targets involved
in cell cycle regulation or signaling pathways, disrupting
normal cellular processes and promoting apoptosis. The
combined effects of these mechanisms contribute to the
observed anticancer activity of the carboranyl-BODIPY conju-
gates. But further research involving other cancer cell lines, in
vivo models, and mechanistic studies is required to better

34652 | RSC Adv, 2024, 14, 34643-34660

understand their efficacy, specificity, and potential side effects.
Ongoing work is addressing these aspects.

4. Experimental section
4.1 Materials and methods

Reactions were generally performed under argon atmosphere in
oven-dried flasks. Solvents and reagents were added using
syringes. Solvents were dried and distilled using standard
procedures. Reagents were purchased from commercial
suppliers and were used as received without further purifica-
tion. All compounds were purified by column chromatography
on silica gel (60-120 mesh). Yields of the products refer to
analytically pure samples. Progress of the reaction was moni-
tored by TLC on silica gel 60 F,5,-coated TLC plates and visu-
alized by Short-UV light at 254 nm. 'H and "*C NMR spectra
were recorded on Bruker Fourier Transform multinuclear NMR
spectrometer at 400 MHz and 100 MHz respectively. Chemical
shifts are reported relative to TMS (*H: 6 0.00 ppm), CDCl; (**C:
6 = 77.0 ppm) and coupling constants are given in Hertz (Hz).
"B NMR spectra are proton-decoupled and recorded at 128
MHz relative to BF;-Et,0. '°F NMR spectra were recorded at 376
MHz. FT-IR spectra were recorded on a Thermo Scientific
Nicolet iS5 FT-IR spectrophotometer. Melting points were
measured with optics digital melting point apparatus and are
uncorrected.

4.2 Cell culture

Dulbecco's modified eagle medium (DMEM), fetal bovine
serum (FBS), trypsin 0.25% EDTA, penicillin-streptomycin (cell

© 2024 The Author(s). Published by the Royal Society of Chemistry
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clone, Genetix India), ITS - Insulin Transferrin Selenium (cell
clone). Human cervical cancer (HeLa cells) obtained from
National Centre for Cell Sciences, Pune, India and were cultured
in complete Dulbecco's modified eagle medium (DMEM) sup-
plemented with 10% Fetal Bovine Serum (FBS) and 1% peni-
cillin-streptomycin (PS) in a humidified incubator with 5% CO,
and in atmospheric oxygen.

4.3 Cell viability assay

Cells were seeded in 96 well plates (2 x 10° per well) incubated
overnight for attachment and treated with different concentra-
tions (1.25 pM, 2.51 uM, 5.02 uM, 10.05 pM, 20.11 uM, 40.23 uM
and 80 puM) of BODIPY conjugates (0-CB-10, m-CB-15, PB-20,
Me-0-CB-28, and Me-0-CB-35) for 72 h. Then 50 pl of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution (5 mg mL ™" in DMEM w/o phenol red) was added to
each well and the cells were further incubated for next 4 h. After
that, the medium was aspirated, and the purple formazan
crystals were dissolved by adding 80 pl DMSO and kept in
a shaker for 30 minutes. Then absorbance was measured at
595 nm by a microplate reader.

4.4 Colony forming assay

Colony Forming Assay was performed by taking approximately
500 numbers of cells per well. They were seeded in a 12 well
plate and treated with 10 uM concentrations of drugs and
carrier. The next day the drug was discarded, and new complete
media was added and was left for 14 days. The media was
changed at regular intervals. After that we fixed the cells with
methanol and acetic acid at 1 : 3 ratios and left it for 30 minutes.
Then 200-300 pl of crystal violet was added for further 15
minutes and the plate was washed with tap water. The colony of
cells was counted in bare eyes and the graph was plotted.

4.5 Wound healing assay

For wound healing assay cells were seeded in 12 well plates (10°
cells per well) and incubated at 37 °C in 5% CO, incubator. After
24 hours of cell seeding, they were treated with 10 uM concen-
trations of synthetic compounds along with the carrier. Then
a scratch wound was made on the confluent monolayer of HeLa
cells with P10 pipette tip. Then the cells were observed under an
inverted microscope at ‘0’ hours and ‘24’ hours and the image
was captured. All the images were quantified using Image] and
the graph was plotted by using GraphPad prism against wound
size on the ‘X’ axis and time on the ‘Y’ axis.

4.6 Immunocytochemistry

Cells were cultured in 96 well plates and treated with carrier and
respective BODIPY conjugated compounds (10 uM) for 24 h. The
cells were fixed by 4% formaldehyde for 30 minutes, per-
meabilized using 0.25% Triton X-100, washed three times with
ice-cold PBS each for 5 minutes. The cells were blocked with 1%
BSA in PBST for 1 hour, incubated with diluted antibody (1 : 300
dilution) in blocking solution overnight at 4 °C. After overnight
incubation, the cells were washed three times in PBS, 5 minutes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in each wash, followed by incubated with diluted secondary
antibody (1 : 300 dilution) for three hours at room temperature
in dark and washed three times with PBS for 5 minutes each in
dark. Nuclei were stained with diluted Hoechst solution for 30
minutes and images were taken in fluorescence microscope.

4.7 Flow cytometry

Subconfluent cells (4 x 10° no of cells) were incubated in 6 mm
well plates for 24 h and treated with the carrier and respective
BODIPY conjugated compound such 5 pM and 10 pM. After 24 h
of treatment, the cells were harvested with Trypsin/EDTA,
centrifuged for getting the plate. These plates were properly
mixed with 75% ethanol for preservation. The cells were finally
resuspended in PI solution (50 uL ml~') and Rnase A (10 mg
mL™") and incubated for 30 min at 25 °C. Finally, the distri-
bution of cells in various phases of the cell cycle was estimated
using BD Accuri E6 flow cytometer at 10 000 cells.

4.8 Preparation and analytical data of compounds

4.8.1 Compound 3. Commercially available 1-bromo-4-
iodobenzene 1 (3.0 g, 10.6 mmol) was dissolved in anhydrous
THF (50 mL). To that solution triethylamine (6.0 mL), cuprous
iodide (81 mg, 0.424 mmol), PdCl,(PPhs;), (149 mg, 0.212 mmol)
and trimethyl silyl acetylene (1.47 mL, 10.6 mmol) were added
and stirred at room temperature for 3 hours. The reaction
mixture was filtered through short silica gel pad and evapo-
rated. The crude product obtained was purified by silica gel
column chromatography using hexane as eluent to obtain 2.5 g
of pure compound 3 as colorless solid. Yield: 93%. Mp: 60 °C."H
NMR (400 MHz, CDCls, 6 ppm): 7.24 (d, ] = 8.0 Hz, 2H), 7.13 (d, ]
= 8.0 Hz, 2H), 0.05 (s, 9H, -CH;). *C NMR (100 MHz, CDCl;,
6 ppm): 133.5,131.6, 122.9, 122.2, 104.0, 95.7, 0.01. HRMS (m/z2):
caled for C,,H,3BrSi: 251.9964, found 251.9961 [M'].

4.8.2 Compound 4. To a solution of compound 3 (4.0 g,
15.79 mmol) in mixed solvents (80 mL) (THF : MeOH = 1:1),
K,CO3 (3.27 g, 23.7 mmol) was added and stirred at room
temperature for 3 hours. Filtered the reaction mixture over
short silica pad and concentrated. The crude product was
purified by silica gel column chromatography using hexane as
eluent to obtain 2.2 g of pure compound 4 as a colorless solid.
Yield: 77%. Mp: 65 °C.'"H NMR (400 MHz, CDCl;, 6 ppm): 7.38
(d,J = 8.0 Hz, 2H), 7.27 (d,J = 8.0 Hz, 2H), 3.04 (s, 1H alkyne-H).
3C NMR (100 MHz, CDCl;, 6 ppm): 133.6, 131.6, 123.2, 121.1,
82.6, 78.4. IR (KBr): 2924, 2853, 2108, 1484, 821 cm ™ *. HRMS (m/
2): caled for CgH;Br: 180.9647, found 180.9646 [M'].

4.8.3 Compound 5. Solution of decaborane (1.42 g, 11.6
mmol) in anhydrous CH;CN (14 mL) was refluxed at 100 °C for 2
hours to obtain a white precipitate. To that precipitate
compound 4 (1.4 g, 7.73 mmol) dissolved in anhydrous aceto-
nitrile (5 mL) was added and refluxed at 100 °C for another 12
hours. After completion of reaction, MeOH (2 mL) was added to
quench the excess decaborane and concentrated in rotary
evaporator. The crude product was purified by silica gel column
chromatography using hexane as eluent to obtain pure
compound 5 as white solid. Yield: 65%. Mp: 135 °C. "H NMR
(400 MHz, CDCl;, 6 ppm): 7.46 (d, J = 8.0 Hz, 2H), 7.34 (d, ] =
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12.0 Hz, 2H), 3.91 (s, 1H, Ccage-H). '*C NMR (100 MHz, CDCls,
6 ppm): 132.6, 132.1, 129.3, 124.7, 75.6 (Ccage—C), 60.2 (Ceage—C)-
"B NMR (128 MHz, CDCl;, proton decoupled): —2.23, —3.39,
—9.19, —10.39, —13.0. IR (KBr): 3063, 2958, 2921, 2565 (B-H),
1633, 1491, 1397, 1070, 830 cm ‘. HRMS (m/z): caled for
CgH,5B,oBr: 298.1355, found 298.1344 [M'].

4.8.4 Compound 7. To a solution of compound 5 (200 mg,
0.664 mmol) and 4-formylphenylboronic acid 6 (199 mg, 1.328
mmol) in anhydrous 1,4-dioxane (15 mL), Cs,CO; (234 mg,
0.664 mmol) was added. Refluxed the reaction mixture at 100 °C
for 15 hours. After completion of reaction, filtered the reaction
mixture through short silica gel pad and concentrated. The
crude product was purified by silica gel column chromatog-
raphy using 10% ethyl acetate in hexane as eluent to obtain pure
compound 7 as white solid. Yield: 51%. Mp: 170 °C. "H NMR
(400 MHz, CDCl;, 6 ppm): 10.05 (s, 1H, -CHO), 7.96 (d, J =
8.0 Hz, 2H), 7.71 (d, J = 8.0 Hz 2H), 7.59 (s, 4H), 4.03 (s, 1H,
Ceage-H). °C NMR (100 MHz, CDCl;, 6 ppm): 191.8, 145.3,
141.4, 135.9, 133.7, 130.5, 128.3, 127.8, 127.8, 76.1 (Ccage—C),
60.3 (Ccage—C). "B NMR (128 MHz, CDCl;, proton decoupled):
—2.31, —3.48, —9.19, —10.39, —12.41. IR (KBr): 3029, 2962, 2921,
2580 (B-H), 1693 (C=O0), 1605, 1390, 1170, 1072, 1003,
820 cm~'. HRMS (m/z): caled for C;5H,0B;00: 325.2590, found
325.2588 [M'].

4.8.5 Compound 9. To a solution of compound 7 (200 mg,
0.613 mmol) and compound 8 (225 mg, 1.349 mmol) in anhy-
drous dichloromethane (20 mL),TFA (0.5 mL, 6.13 mmol) was
added at 0 °C and stirred at room temperature for 2 hours. After
completion of reaction, distilled water (10 mL) was added to
quench the reaction. Extracted the crude product using
dichloromethane, washed with water (3 times), dried the
combined organic layers over anhydrous Na,SO, and concen-
trated. The crude product was purified by silica gel column
chromatography using 12% ethyl acetate in hexane as eluent to
obtain 260 mg of pure compound 9 as white solid. Yield: 66%.
Mp: 137 °C.'"H NMR (400 MHz, CDCl;, 6 ppm): 8.61 (s, 2H, -
NH), 7.52 (d,J = 8.0 Hz, 4H), 7.47 (d, ] = 8.0 Hz, 2H),7.16 (d, ] =
8.0 Hz, 2H), 5.55 (s, 1H, meso-H), 4.21 (q, J = 8.0 Hz, 4H, -
CHaester)s 4.0 (8, 1H, Ceage~H), 2.23 (s, 6H, ~CHzpyrrote), 1.81 (8,
6H, ~CHjpyrrole), 1.29 (t,] = 8.0 Hz, 6H, -CHzegeer)- >C NMR (100
MHz, CDCl;, 6 ppm): 162.1, 142.2, 139.3, 138.5, 132.6, 131.6,
129.0, 128.2, 127.7,127.4, 118.2, 118.1, 76.4 (Ccage—C), 60.0, 53.5
(Ceage=C), 40.6 (meso-C), 14.6, 10.8, 9.0. ''B NMR (128 MHz,
CDCl;, proton decoupled): —2.25, —3.57, —9.27, —10.64,
—12.25. IR (KBr): 3307, 3054, 2978, 2924, 2858, 2594 (B-H),
1670, 1498, 1439, 1387, 1249, 1146, 1097, 944 cm™*. HRMS (m/
2): caled for C33HyyB1oN,0y: 641.4377, found 641.4375 [M'].

4.8.6 Compound 0-CB-10. To a solution of compound 9
(230 mg, 0.358 mmol) in anhydrous dichloromethane (30 mL),
DDQ (98 mg, 0.429 mmol) was added and stirred at room
temperature for 1 hour. After complete consumption of starting
material 9 monitored by TLC, triethylamine (0.5 mL, 3.58
mmol) was added to it followed by BF;-OEt, (0.9 mL, 7.16
mmol) at 0 °C and stirred at room temperature for another 2
hours. After completion of reaction distilled water (10 mL) was
added to the reaction mixture at 0 °C to quench the reaction.
Extracted the crude product using dichloromethane (3 times).
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The combined organic layers were dried over anhydrous Na,SO,
and concentrated. The crude product was purified by neutral
silica gel column chromatography using 15% ethyl acetate in
hexane as eluent to obtain pure compound 0-CB-10 as red solid.
Yield: 41%. Mp: 127 °C."H NMR (400 MHz, CD,Cl,, § ppm): 7.61
(d, J = 8.0 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 7.51 (d, ] = 8.0 Hz,
2H), 7.37 (d, J = 8.0 Hz, 2H), 4.13 (q,J = 8.0 Hz, 4H, -CH,ger),
4.04 (s, 1H, Ceage-H), 2.15 (s, 6H, ~CHspyrrote), 1.55 (S, 6H, -
CHjpyrrole)s 1.32 (t,/ = 8.0 Hz, 6H, -CHzegter). '>C NMR (100 MHz,
CD,Cl,, 6 ppm): 161.5, 141.4, 139.2, 133.6, 128.1, 128.1, 127.5,
127.4,127.3,127.2,118.0,117.6, 76.6 (Ccage—C), 74.4, 61.9 (Ceqge—
C), 59.9, 14.2, 10.2, 9.2. "'B NMR (128 MHz, CD,Cl,, proton
decoupled): 0.23 (t, J = 28.2 Hz, BF,), —2.16, —8.94,
—10.78(Cage-B). '’F NMR (376 MHz, CD,Cl,, 6 ppm): —141.09
(q,J = 26.3 Hz). IR (KBr): 2925, 2854, 2595 (B-H), 1664, 1443,
1385, 1243, 1102, 1032, 818 cm ‘. HRMS (m/z): caled for
C33H,1B11F,N,0,: 686.4125, found 686.4207 [M'].

4.8.7 Compound 13. To a solution of compound 12
(500 mg, 1.66 mmol) in mixed solvents (THF : toluene = 1:1)
(30 mL), 4-formylphenylboronic acid (498 mg, 3.32 mmol),
PdCl,(PPh;), (58 mg, 5 mol%), a solution of K,CO; (687 mg,
4.98 mmol) in 3 mL of distilled water were added and refluxed at
110 °C for 24 hours. Extracted the crude product using
dichloromethane (3 times), dried the combined organic layer
over anhydrous Na,SO, and concentrated. The crude product
was purified by silica gel column chromatography using 5%
ethyl acetate in hexane as eluent to obtain pure compound 13 as
white solid. Yield: 63%. Mp: 140 °C.'"H NMR (400 MHz, CDCl;,
6 ppm): 9.98 (s, 1H, -CHO), 7.78 (d, J = 8.0 Hz, 2H), 7.63 (d, ] =
8.0 Hz, 2H), 7.50 (s, 4H), 3.03 (s, 1H, Ccage—H). °C NMR (100
MHz, CDCl;, 6 ppm): 191.8, 145.8, 140.1, 135.6, 135.4, 130.3,
128.5, 127.6, 127.3, 76.7 (Ceage=C), 55.2 (Ccage—C). 'B NMR (128
MHz, CDCl;, proton decoupled): —3.79, —10.31, —13.29,
—15.15. IR (KBr): 3061, 2959, 2926, 2851, 2734, 2604 (B-H), 1701
(C=0), 1605, 1492, 1215, 1170, 1005, 838 cm™*. HRMS (m/z):
caled for Cy5H,B1,0: 325.2599, found 325.2587 [M'].

4.8.8 Compound 14. To a solution of compound 13
(250 mg, 0.766 mmol) and compound 8 (281 mg, 1.687 mmol) in
anhydrous dichloromethane (30 mL), TFA (0.23 mL, 3.064
mmol) was added at 0 °C and stirred at room temperature for 4
hours. After completion of reaction, quenched the reaction
using distilled water. Extracted the crude product using
dichloromethane (3 times), washed with water, dried the
combined organic layers over anhydrous Na,SO, and concen-
trated. The crude product was purified by silica gel column
chromatography using 7% ethyl acetate in hexane as eluent to
obtain pure compound 14 as colorless solid. Yield: 85%. Mp:
92 °C."H NMR (400 MHz, CD,Cl,, 6 ppm): 8.86 (s, 2H, -NH),
7.36-7.42 (dd, J = 8.0 Hz, 6H), 7.07 (d, J = 8.0 Hz, 2H), 5.55 (s,
1H, meso-H), 4.07 (q, J] = 8.0 Hz, 4H, ~CHjegter), 3-09 (s, 1H,
Ceage-H), 2.11 (S, 6H, ~CHzpyrrole)s 1.76 (3, 6H, ~CHapyrroe), 1.16
(t, J = 8.0 Hz, 6H, ~CHjegrer). °C NMR (100 MHz, CD,Cl,,
6 ppm): 161.8, 140.8, 139.4, 138.5, 134.2, 131.8, 128.7, 128.3,
127.3, 126.8, 118.2, 118.0, 78.2 (Ccage=C), 59.8, 55.5 (Ccage=C),
40.2 (meso-C), 14.2, 10.4, 8.6. ''B NMR (128 MHz, CD,Cl,,
proton decoupled): —2.36, —3.5, —9.27, —10.53, —11.04, —12.38.
IR (KBr): 3310 (N-H), 3032, 2924, 2832, 2740, 2598 (B-H), 1696,
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1604, 1520, 1483, 1393, 1306, 1213, 1167, 1005, 840 cm ™. HRMS
(m/2): caled for C33H,4B1oN,0,: 641.4262, found 641.4376 [M'].
4.8.9 Compound m-CB-15. To a solution of compound 14
(250 mg, 0.389 mmol) in anhydrous dichloromethane (30 mL),
DDQ (97 mg, 0.428 mmol) was added and stirred at room
temperature for 1 hour. After complete consumption of starting
material 14 checked by TLC, triethylamine (0.27 mL, 1.945
mmol) was added to the reaction mixture followed by BF;-OEt,
(0.49 mL, 3.89 mmol) at 0 °C and stirred at room temperature
for another 2 hours. After completion of reaction, quenched the
reaction by using distilled water (10 mL) at 0 °C and extracted
with dichloromethane (3 times). Combined organic layers were
dried over anhydrous Na,SO, and concentrated. The crude
product was purified by neutral silica gel column chromatog-
raphy using 10% ethyl acetate in hexane as eluent to obtain pure
compound m-CB-15 as red solid. Yield: 38%. Mp: 230 °C."H
NMR (400 MHz, CD,Cl,, 6 ppm): 7.70 (d, J = 8.0 Hz, 2H), 7.53 (d,
J = 8.0 Hz, 2H), 7.47 (d, ] = 8.0 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H),
4.33 (q,J = 8.0 Hz, 4H, ~CHjester), 311 (5, 1H, Ceage—H), 1.90 (s,
6H, ~CHjpyrrote)s 131 (8, 6H, ~CHypyrrore), 1.31 (t,/ = 8.0 Hz, 6H, -
CHjester): °C NMR (100 MHz, CD,Cl,, 6 ppm): 162.1, 141.1,
140.2, 135.0, 133.9, 133.0, 128.5, 128.3, 128.0, 127.0, 118.0,
117.5, 78.0 (Ceage—C), 59.9, 55.5 (Ceage—C), 31.9, 13.8, 12.2, 9.2.
"B NMR (128 MHz, CD,Cl,, proton decoupled): 0.23 (t, J =
29.4 Hz, BF,), —3.93, —10.43, —13.27, —15.07(Ccage-B). "’F NMR
(376 MHz, CD,Cl,, 6 ppm): —141.09 (q, J = 26.3 Hz). IR (KBr):
3060, 2926, 2848, 2604 (B-H), 1719, 1670, 1647, 1530, 1443,
1392, 1267, 1183, 1121, 1075, 1005 cm ™~ *. HRMS (m/2): caled for
C33H41B11F,N,0,: 686.4125, found 686.4106 [M'].

4.8.10 Compound 17. To a solution of commercially avail-
able 1-bromo-4-iodobenzene 1 (1.5 g, 5.3 mmol) in mixed
solvents (toluene : ethanol = 3 :1) (20 mL), phenylboronic acid
(646 mg, 5.3 mmol), PACl, (PPh;), (149 mg, 4 mol%), a solution
of K,CO; in distilled water (2 mL) were added and refluxed at
100 °C for 12 hours. Extracted the crude product using
dichloromethane (3 times). Dried the combined organic layers
were over anhydrous Na,SO, and concentrated. The crude
product was purified by silica gel column chromatography
using hexane as eluent to obtain pure compound 17 as white
solid. Yield: 81%. Mp: 92 °C."H NMR (400 MHz, CDCl;,  ppm):
7.51 (d,J = 8.0 Hz, 2H), 7.45-7.48 (dd, ] = 8.0 Hz, 2H), 7.33-7.37
(m, J = 8.0 Hz, 4H), 7.27 (t,] = 8.0, Hz, 1H). "*C NMR (100 MHz,
CDCl;, 6 ppm): 131.9, 129.0, 128.8, 127.7, 127.3, 127.2, 127.0,
121.6. HRMS (m/z): caled for C;,HoBr: 233.1039, found 250.82
[M" + H,0].

4.8.11 Compound 18. To a solution of compound 17
(700 mg, 3.0 mmol) in mixed solvents (THF : toluene = 1:1) (40
mL), 4-formylphenylboronic acid 6 (675 mg, 4.5 mmol),
PdCl,(PPh;), (84 mg, 4 mol%), a solution of K,CO; (1.24 g, 9.0
mmol) in distilled water (2 mL) were added and refluxed at 110 °©
C for 24 hours. Extracted the crude product using dichloro-
methane (3 times). Dried the combined organic layers were over
anhydrous Na,SO, and concentrated. The crude product was
purified by silica gel column chromatography using 10-20%
ethyl acetate in hexane as eluent to obtain pure compound 18 as
white solid. Yield: 65%. Mp: > 200 °C."H NMR (400 MHz, CDCl;,
6 ppm): 9.98 (s, 1H, -CHO), 7.89 (d, J = 8.0 Hz, 2H), 7.72 (d, ] =
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8.0 Hz, 2H), 7.64 (s, 4H), 7.57 (d, J = 8.0 Hz, 2H), 7.39 (t, ] =
8.0 Hz, 2H), 7.30 (t, ] = 8.0 Hz, 1H). "*C NMR (100 MHz, CDCl,
6 ppm): 192.0, 146.7, 141.4, 140.3, 138.5, 135.2, 130.4, 128.9,
127.8,127.8,127.7,127.6,127.1. IR (KBr): 2921, 2831, 2741, 1703
(C=0), 1602, 1483, 1385, 1005, 820 cm . FTMS (m/z): calcd for
C,0H,,0: 258.3139, found 259.11 [M' + H].

4.8.12 Compound 19. To a solution of compound 18
(350 mg, 1.35 mmol) and 8 (497 mg, 2.98 mmol)in anhydrous
dichloromethane (30 mL), TFA (1.0 mL, 13.5 mmol) was added
at 0 °C and stirred at room temperature for 4 hours. After
completion of reaction monitored by TLC, distilled water (10
ML) was added to quench the reaction. Extracted the crude
product using dichloromethane (3 times). Dried the combined
organic layers were over anhydrous Na,SO, and concentrated.
The crude product was purified by silica gel column chroma-
tography using 10% ethyl acetate in hexane as eluent to obtain
500 mg of pure compound 19 as white solid. Yield: 64%. Mp:
197 °C.'"H NMR (400 MHz, CD,Cl,, 6 ppm): 9.26 (s, 2H, -NH),
7.57 (dd, J = 8.0 Hz, 6H), 7.46 (d, J = 8.0 Hz, 2H), 7.36 (t, ] =
8.0 Hz, 2H), 7.26 (t, ] = 8.0 Hz, 1H), 7.09 (d, J = 8.0 Hz, 2H), 5.56
(s, 1H, meso-H), 4.03 (q,J = 8.0 Hz, 4H, ~CHegter), 2.10 (s, 6H, -
CHspyrrole), 1.80 (s, 6H, ~CHspyrrote); 1.14 (t, J = 8.0 Hz, 6H, -
CHiegter). °C NMR (100 MHz, CD,Cl,, 6 ppm): 162.0, 140.5,
140.1, 139.3, 139.2, 128.9, 128.7, 127.4, 127.3, 127.1, 126.9,
118.2, 118.0, 59.9, 40.0 (meso-C), 14.3, 10.5, 8.7. IR (KBr): 3349
(N-H), 2983, 2921, 2856, 1666, 1485, 1432, 1280, 1250, 1164,
1097, 761 cm™'. HRMS (m/z): caled for C;,H;35N,0,: 574.7086,
found 573.34 [M" — H].

4.8.13 Compound PB-20. To a solution of compound 19
(330 mg, 0.574 mmol) in anhydrous dichloromethane (30 mL),
DDQ (156 mg, 0.688 mmol) and stirred at room temperature for
2 hours. After complete consumption of starting material 19
checked by TLC, triethylamine (0.4 mL, 2.87 mmol) was added
to it followed by BF;-OEt, (0.7 mL, 5.74 mmol) at 0 °C and
stirred at room temperature for another 2 hours. Quenched the
reaction using distilled water (10 mL) at 0 °C and extracted the
crude product using dichloromethane (3 times). Dried the
combined organic layers were over anhydrous Na,SO, and
concentrated. The crude product was purified by silica gel
column chromatography using 10% ethyl acetate in hexane as
eluent to obtain pure compound PB-20 as red solid. Yield: 42%.
Mp: 110 °C."H NMR (400 MHz, CD,Cl,, 6 ppm): 7.62 (s, 4H),
7.57-7.60 (m, J = 8.0 Hz, 4H), 7.38 (t,/ = 8.0 Hz, 4H), 7.29 (d, ]/ =
8.0 Hz, 1H), 4.14 (q, J = 8.0 Hz, 4H, ~CHjeger), 2.17 (s, 6H, -
CHspyrrote)y 1.58 (S, 6H, ~CHspyrrote), 1.22 (t, J = 8.0 Hz, 6H, -
CHijegter). “C NMR (100 MHz, CD,Cl,, 6 ppm): 161.5, 141.4,
140.5, 140.4, 140.3, 139.1, 128.8, 127.4, 127.4, 127.3, 127.1,
126.9, 118.0, 117.5, 74.5, 59.9, 14.2, 10.2, 9.3. ''B NMR (128
MHz, CD,Cl,, proton decoupled): 0.25 (t,J = 28.2 Hz). "°F NMR
(376 MHz, CD,Cl,, 6 ppm): —141.09 (q, J = 26.3 Hz). IR (KBr):
3023, 2926, 2864, 1669, 1645, 1484, 1445, 1268, 1187, 765 cm ™.
HRMS (m/z): caled for Cs;;H3sBF,N,0,: 621.2731, found
621.2727 [M'].

4.8.14 Compound 23. To a solution of commercially avail-
able methyl-4-hydroxybenzoate 21 (1.5 g, 9.86 mmol) in anhy-
drous acetone (30 mL), K,CO3 (2.99 g, 21.67 mmol), propargyl
bromide 22 (1.05 mL, 11.8 mmol) were added and refluxed at
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60 °C for 24 hours. After completion of reaction, the reaction
mixture was filtered through short silica gel pad and concen-
trated. The crude product was purified by silica gel column
chromatography using 10% ethyl acetate in hexane as eluent to
obtain 1.6 g of pure compound 23 as colorless solid. Yield: 86%.
Mp: 78 °C."H NMR (400 MHz, CDCl, § ppm): 7.99 (d, J = 8.0 Hz,
2H), 6.98 (d, J = 8.0 Hz, 2H), 4.73 (s, 2H, -CH,), 3.87 (s, 3H, -
CHgester), 2.54 (t,] = 4.0 Hz, 1H, alkyne-H). "*C NMR (100 MHz,
CDCl;, 6 ppm): 166.7, 161.2, 131.6, 123.5, 114.6, 77.9, 76.2, 55.9,
52.0. IR (KBr): 3246, 2958, 2913, 2860, 2128, 1706, 1608, 1511,
1440, 1289, 1176, 1106, 1024, 853 cm ™ '. HRMS (m/2): calcd for
C11H;,03: 190.1953, found 191.05 [M* + H].

4.8.15 Compound 24. LiAlH, (1.59 g, 42.0 mmol) was sus-
pended in dry THF (40 mL) and the reaction flask was cooled to
0 °C. Then compound 23 (2 g, 10.5 mmol) was dissolved in
10 mL of dry THF and added to the reaction mixture at 0 °C. The
reaction mixture was stirred at 0 °C for 1 hour and then stirred
at room temperature for another 4 hours. At 0 °C, water was
added dropwise to the reaction mixture to quench the LiAlH,,
and reaction mixture was extracted with dichloromethane. The
organic layers were washed with water, dried over anhydrous
Na,SO, and solvent was evaporated in rotary evaporator. The
crude reaction mixture was purified by silica gel column chro-
matography using 30% ethyl acetate in hexane to obtain 1.4 g of
compound 24 as colorless liquid. Yield: 82%. 'H NMR (400
MHz, CDCl,, 6 ppm): 7.28 (d, J = 8.0 Hz, 2H), 6.95 (d, J = 8.0 Hz,
2H), 4.68 (d,J = 4.0 Hz, 2H, -CH,), 4.59 (s, 1H, -OH), 2.51 (t, ] =
4.0 Hz, 1H, alkyne-H). >*C NMR (100 MHz, CDCl;, é ppm): 157.2,
134.2, 128.7, 115.1, 78.6, 75.7, 65.0, 55.9. IR (KBr): 3287, 2924,
2872, 2120, 1883, 1610, 1587, 1510, 1456, 1376, 1216, 1027,
814 cm ™.

4.8.16 Compound 25. To a solution of compound 24 (1 g,
6.749 mmol) in anhydrous dichloromethane (40 mL), PCC
(2.9 g, 13.489 mmol) was added at 0 °C and stirred at room
temperature for 1 hour. Filtered the reaction mixture through
short silica gel pad and concentrated. The crude product was
purified by silica gel column chromatography using 15% ethyl
acetate in hexane as eluent to obtain 850 mg of pure compound
25 as colourless solid. Yield: 79%. Mp: 90 °C."H NMR (400 MHz,
CDCl;, 6 ppm): 9.87 (s, 1H, -CHO), 7.83 (d, J = 8.0 Hz, 2H), 7.06
(d,J = 8.0 Hz, 2H), 4.76 (d, J = 4.0 Hz, 2H, -CH,), 2.56 (t, ] =
4.0 Hz, 1H, alkyne-H). ">*C NMR (100 MHz, CDCl;, 6 ppm): 190.8,
162.4, 132.0, 130.7, 115.3, 77.6, 76.5, 56.0 IR (KBr): 3211, 3057,
2929, 2832, 2122, 1681 (C=0), 1603, 1577 cm*. HRMS (m/z):
caled for C1oHgO,: 161.0597, found 161.0596 [M'].

4.8.17 Compound 26. To a solution of compound 25
(400 mg, 2.497 mmol) and compound 8 (915.65 mg, 5.49 mmol)
in anhydrous dichloromethane (30 mL), TFA (3.8 mL, 49.94
mmol) was added at 0 °C and stirred at room temperature for 2
hours. After completion of reaction, quenched the reaction at
0 °C using distilled water (10 mL). Extracted the crude product
using dichloromethane (3 times), washed with water, dried the
combined organic layers over anhydrous Na,SO, and concen-
trated. The crude product was purified by silica gel column
chromatography using 10% ethyl acetate in hexane to obtain
758 mg of pure compound 26 as colorless solid. Yield: 64%. Mp:
100 °C. "H NMR (400 MHz, CDCls, 6 ppm): 8.52 (s, 2H, -NH), 7.0
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(d,J = 8.0 Hz, 2H), 6.89 (d, ] = 8.0 Hz, 2H), 5.46 (s, 1H, meso-H),
4.65 (s, 2H, -CH,), 4.20 (q, J = 8.0 Hz, 4H, ~CH,egter), 2.52 (t,] =
4.0 Hz, 1Hgugne)y 223 (5, 6H, ~CHspyrrole)y 1.78 (S, 6H, -
CHjpyrrole)s 1.28 (t,/ = 8.0 Hz, 6H, ~CHzegter). '>C NMR (100 MHz,
CDCl;, 6 ppm): 162.0, 156.9, 132.1, 132.1, 129.4, 127.7, 118.0,
117.9, 115.4, 78.5, 75.8, 59.9, 55.9, 40.1 (meso-C), 14.6, 10.7, 8.9.
IR (KBr): 3284 (N-H), 2978, 2924, 2860, 2120, 1652, 1508, 1441,
1245,1146,1099, 1026 cm ™~ '. HRMS (m/2): caled for C,3H3,N,0s5:
477.2384, found 477.2386 [M*].

4.8.18 Compound 27. Solution of decaborane (205 mg,
1.678 mmol) in anhydrous acetonitrile (3 mL) and resulting
solution was refluxed at 100 °C for 2 hours. To it a solution of
compound 26 (400 mg, 0.839 mmol) in anhydrous acetonitrile
(5 mL) was added and refluxed at 100 °C for another 12 hours.
After completion of reaction, MeOH (2 mL) was added to
quench the excess decaborane and concentrated. The crude
product was purified by silica gel column chromatography
using 15% ethyl acetate in hexane to obtain 300 mg of
compound 27 as white solid. Yield: 60%. Mp: 156 °C. "H NMR
(400 MHz, CDCl;, 6 ppm): 8.44 (s, 2H, -NH), 7.01 (d, J = 8.0 Hz,
2H), 6.76 (d, J = 8.0 Hz, 2H), 5.45 (s, 1H, meso-H), 4.38 (s, 2H, -
CH,), 4.23 (q, /] = 8.0 Hz, 4H, ~CHegter); 4.08 (S, 1H, Ccage-H),
2.23 (s, 6H, ~CHapyrrole)y 1.76 (S, 6H, ~CHapyrrole)y 1.30 (8, J =
8.0 Hz, 6H, ~CHjcgter)- >C NMR (100 MHz, CDCl3, 6 ppm): 162.0,
156.3, 133.4, 131.7, 129.8, 127.7, 118.1, 117.9, 115.3, 71.4 (Ccage—
C), 69.3, 60.0, 57.8 (Ceage—C), 40.3 (meso-C), 14.6, 10.8. ''B NMR
(128 MHz, CDCl;, proton decoupled): —3.10, —4.29, —9.38,
—10.56, —11.91, —13.19. IR (KBr): 3322 (N-H), 2983, 2921, 2860,
2585 (B-H), 1678, 1655, 1508, 1441, 1241, 1142, 1021, 911 cm .
HRMS (m/z): caled for CygH4,B10N,0s: 595.4170, found
595.4179 [M'].

4.8.19 Compound Me-0-CB-28. To a solution of compound
27 (200 mg, 0.343 mmol) in anhydrous dichloromethane (20
mL), DDQ (117 mg, 0.514 mmol) was added at 0 °C and stirred
at room temperature for 2 hours. Then after complete
consumption of compound 27 checked by TLC, triethylamine
(0.24 mL, 1.715 mmol) was added to it followed by BF;-OEt,
(0.43 mL, 3.43 mmol) at 0 °C and stirred at room temperature
for another 2 hours. The reaction was quenched using distilled
water (10 mL) at 0 °C and extracted the crude product using
dichloromethane (3 times). Dried the combined organic layers
were over anhydrous Na,SO, and concentrated. The crude
product was purified by neutral silica gel column chromatog-
raphy using 20% ethyl acetate in hexane as eluent to obtain
85 mg of pure compound Me-0-CB-28 as red solid. Yield: 39%.
Mp: > 200 °C. "H NMR (400 MHz, CD,Cl,, 6 ppm): 7.20 (d, ] =
8.0 Hz, 2H), 7.02 (d,J = 8.0 Hz, 2H), 4.51 (s, 2H, -CH,), 4.39 (q,J
= 8.0 Hz, 4H, ~CHjester), 4.16 (S, 1H, Ccage~H), 1.96 (s, 6H, -
CHspyrrole),1:37 (t, J = 8.0 Hz, 6H, ~CHaeseer), 1.34 (5, 6H, -
CHjpyrrote): ~C NMR (100 MHz, CD,Cl,, 6 ppm): 162.2, 158.2,
147.9, 145.2, 142.3, 133.3, 129.4, 129.1, 128.4, 115.8, 71.6 (Ccage—
C), 69.1, 62.0, 58.5 (Ccage—C), 13.9, 12.4, 9.3. 'B NMR (128 MHz,
CD,Cl,, proton decoupled): —0.80 (t, J = 28.2 Hz, BF,), —3.14,
—4.36, —9.54, —10.71, —13.19(Ccage-B). '°F NMR (376 MHz,
CD,Cl,, 6 ppm): —141.06 (q, J = 26.3 Hz). IR (KBr): 3081, 2980,
2925, 2570 (B-H), 1747, 1713, 1610, 1537, 1470, 1387, 1225,
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1181, 1118, 1014, 856 cm ‘. HRMS (m/z): caled for
C,5H30B11N,F,05: 640.3918, found 640.4022 [M'].

4.8.20 Compound 32. To a solution of compound 31 (1 g,
4.625 mmol) in anhydrous dichloromethane (40 mL), PCC
(1.99 g, 9.25 mmol) was added at 0 °C and stirred at room
temperature for 1 hour. Filtered the reaction mixture through
short silica gel pad and concentrated. The crude product was
purified by silica gel column chromatography using 15% ethyl
acetate in hexane as eluent to obtain 840 mg of pure compound
32 as colorless solid. Yield: 85%. Mp: 70 °C."H NMR (400 MHz,
CDCl;, 6 ppm): 9.89 (s, 1H, -CHO), 7.10 (d, J = 0 Hz, 2H), 6.84 (t,
J = 4.0 Hz, 1H), 4.71 (d, J = 0 Hz, 4H, -CH,), 2.54 (t, ] = 4.0 Hz,
2H, alkyne-H). >C NMR (100 MHz, CDCl;, 6 ppm): 191.6, 159.2,
138.5, 109.0, 108.8, 77.8, 76.3, 56.2. IR (KBr): 2936, 2872, 2754,
2114, 1702 (C=0), 1601, 1459, 1340, 1280, 1155, 1061, 953, 895.
HRMS (m/2): caled for C3H;003: 215.0703, found 215.0702 [M'].

4.8.21 Compound 33. To a solution of compound 32
(600 mg, 2.801 mmol) and 8 (1.03 g, 6.162 mmol) in anhydrous
dichloromethane (40 mL), TFA (2.14 mL, 28.01 mmol) was
added at 0 °C and stirred at room temperature for 2 hours. After
completion of reaction, distilled water (10 mL) was added to
quench the reaction. Extracted the crude product using
dichloromethane, washed with water (3 times), dried the
combined organic layers over anhydrous Na,SO, and concen-
trated. The crude product was purified by silica gel column
chromatography using 20-30% ethyl acetate in hexane to obtain
1.0 g of pure compound 33 as light pink solid. Yield: 67%. Mp:
155 °C. 'H NMR (400 MHz, CDCl;, 6 ppm): 8.49 (s, 2H, -NH),
6.52 (t,J = 4.0 Hz, 1H), 6.34 (d, ] = 0 Hz, 2H), 5.42 (s, 1H, meso-
H), 4.59 (d, J = 0 Hz, 4H, -CH,), 4.21 (q, /] = 8.0 Hz, 4H, -
CHaester); 252 (t,] = 4.0 Hz, 2Hjiyne—H), 2.23 (s, 6H, -CHjprrole),
1.78 (s, 6H, ~CHjpyrrote), 1.29 (t, / = 8.0 Hz, 6H, ~CHjester)- °C
NMR (100 MHz, CDCl3, 6 ppm): 161.9, 159.1, 141.7, 131.3, 127.7,
118.1, 118.1, 108.4, 101.1, 78.1, 76.1, 60.0, 56.0, 41.2 (meso-C),
14.6, 10.8, 8.9. IR (KBr): 3320 (N-H), 2974, 2924, 2868, 2118,
1651, 1597, 1441, 1260, 1150, 1065, 943, 824, 776 cm™*. HRMS
(m/z): caled forCs;Hz4N,06: 531.2490, found 531.2483 [M].

4.8.22 Compound 34. Solution of decaborane (461 mg,
3.769 mmol) in anhydrous acetonitrile (5 mL) was refluxed at
100 °C for 2 hours to obtain a white precipitate. To it a solution
of compound 33 (500 mg, 0.942 mmol) in anhydrous acetoni-
trile (6 mL) was added and refluxed at 100 °C for another 16
hours. After completion of reaction, MeOH (2 mL) was added to
quench the excess decaborane and concentrated. The crude
product was purified by silica gel column chromatography
using 15% ethyl acetate in hexane to obtain 530 mg of pure
compound 34 as white solid. Yield: 73%. Mp: >200 °C."H NMR
(400 MHz, CDCl3, 6 ppm): 8.43 (s, 2H, -NH), 6.25 (d, J = 0 Hz,
2H), 6.23 (t, ] = 4.0 Hz, 1H), 5.41 (s, 1H, meso-H), 4.32 (s, 4H, -
CH,), 4.23 (q, ] = 8.0 Hz, 4H, ~CHjester), 3.99 (8, 2H, Ceage—H),
2.24 (s, 6H, ~-CHspyrrote), 1.78 (s, 6H, ~CHapyrrole), 1.31 (t, J =
8.0 Hz, 6H, ~CHjcgter)- >C NMR (100 MHz, CDCl3, 6 ppm): 162.2,
158.7,143.1, 130.7, 127.7, 118.5, 118.2, 108.6, 100.8, 71.4 (Ccage~
C), 69.2, 60.2, 58.0 (Ccage—C), 41.1 (meso-C), 14.6, 10.8. ''B NMR
(128 MHz, CD,Cl,, proton decoupled): —2.95, —4.13, —9.34,
—10.52, —13.13. IR (KBr): 3336 (N-H), 3048, 2980, 2926, 2852,
2593 (B-H), 1698, 1648, 1596, 1442, 1384, 1266, 1164, 1092,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1018, 944777 cm ‘. HRMS (m/z): caled for Cs;HssB,oN,Og:
767.6079, found 767.6077 [M*].

4.8.23 Compound Me-0-CB-35. To a solution of compound
34 (400 mg, 0.5194 mmol) in anhydrous dichloromethane (30
mL), DDQ (130 mg, 0.571 mmol) was added at 0 °C and stirred
at room temperature for 2 hours. After complete consumption
of compound 34 checked by TLC, triethylamine (0.36 mL, 2.597
mmol) was added to it followed by BF;-OEt, (0.65 mL, 5.194
mmol) at 0 °C and stirred at room temperature for another 2
hours. The reaction was quenched using distilled water (10 mL)
at 0 °C and extracted the crude product using dichloromethane
(3 times). Dried the combined organic layers were over anhy-
drous Na,SO, and concentrated. The crude product was puri-
fied by neutral silica gel column chromatography using 15%
ethyl acetate in hexane to obtain 180 mg of pure compound Me-
0-CB-35 as red solid. Yield: 43%. Mp: >200 °C. "H NMR (400
MHz, CD,Cl,, 6 ppm): 6.55 (t,/ = 4.0 Hz, 1H), 6.51 (d,J = 4.0, Hz,
2H), 4.42 (s, 4H, -CH,), 4.39 (q, / = 8.0 Hz, 4H, -CH 1), 4.07 (5,
2H, CeageH), 1.98 (8, 6H, ~CHjpyrrote)y 1.42 (S, 6H, ~CHspyrrole),
1.37 (t,J = 8.0 Hz, 6H, ~CHjegter). >C NMR (100 MHz, CD,Cl,,
6 ppm): 162.0, 159.4, 146.0, 145.8, 142.1, 137.1, 132.5, 129.4,
108.1, 103.2, 71.3 (Ceage=C), 69.6, 62.1, 58.6 (Ceage=C), 13.9, 12.2,
9.3. "'B NMR (128 MHz, CD,Cl,, proton decoupled): —0.85 (t,] =
28.2 Hz, BF,), —3.08, —4.30, —9.51, —10.69, —13.25(Ccage-B). *°F
NMR (376 MHz, CD,Cl,, 6 ppm): —141.25 (q, J = 26.3 Hz). IR
(KBr): 2987, 2925, 2848, 2593 (B-H), 1664, 1438, 1385, 1243,
1163, 1020, 773 cm™ . HRMS (m/2): caled for C5;Hz;B,;N,F,0¢:
812.5820, found 812.5617 [M*].
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