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derivatives as mechanistic
scaffolds for anticancer agents: synthesis,
characterization, DNA-binding, and computational
studies

Hina Zaman,a Aamer Saeed, *a Uzma Azam, a Ghulam Shabir,a Madiha Irfan,b

Basant Farag c and Hesham R. El-Seedid

Cancer continues to be a major global health challenge, necessitating the ongoing development of novel

small-molecule therapeutics that can selectively target DNA and disrupt cancer cell proliferation. In this

study we report the synthesis and characterization of novel guanidine derivatives (7a–j). Their DNA-

binding potential was assessed through electronic absorption spectroscopy, revealing characteristic

hypochromic shifts indicative of minor groove-binding interactions with salmon sperm DNA (SS-DNA).

Among the series, 4-Me, 4-Br-substituted compound (7i) exhibited the highest binding constant (Kb =

3.49 × 105 ± 0.04 M−1 at 298 K), comparable to that of the reference groove binder, cabozantinib (Kb =

5.79 × 105 M−1). The negative Gibbs free energy change (DG = −31.61 kJ mol−1) confirmed the

spontaneity and thermodynamic stability of the binding interaction. Molecular docking studies further

supported these experimental findings, with compound (7i) displaying a favorable docking score of

−8.9 kcal mol−1 and forming hydrogen bonding and hydrophobic interactions within the DNA minor

groove. Additionally, DFT calculations and ADMET predictions provided insights into the electronic

features and pharmacokinetic attributes of novel guanidine derivatives (7a–j), establishing DNA binding

as a mechanistic foundation and reinforcing their rationale for future evaluation in anticancer drug

discovery.
1. Introduction

Cancer is a multifaceted disease marked by abnormal and
uncontrolled proliferation of cells, oen resulting from genetic
mutations that disrupt normal cellular function.1 Being a major
cause of mortality worldwide, it continues to pose a signicant
challenge to global health, prompting ongoing efforts to
discover more effective therapeutic strategies.2 Among the
various molecular targets explored in anticancer research, DNA
has emerged as a critical focus due to its central role in regu-
lating cell growth, division, and survival.3

Small molecules which exhibit DNA-binding properties have
gained substantial attention for their ability to interfere with
essential biological processes such as replication, transcription,
and gene expression.4 These interactions typically mediated
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through intercalation, groove binding or electrostatic forces can
induce cytotoxic effects in cancer cells, making DNA a valuable
target in chemotherapy.5 The development of such agents holds
great promise for expanding the arsenal of anticancer therapies.

Guanidines are nitrogen-rich small organic molecules that
have attracted considerable attention due to their broad spec-
trum of biological activities.6,7 Their signicance in drug design
stems from their capacity to engage in non-covalent interac-
tions with various molecular targets, particularly through
hydrogen bonding, charge pairing, and cation–p interactions
with anionic groups such as carboxylates, phosphates, and
suldes.8 These interaction patterns play a pivotal role in
molecular recognition and support the pharmacological
adaptability of guanidine-based compounds. A noteworthy
advantage of the guanidine moiety is its amphoteric character,
allowing it to function as both a Brønsted base and a mild acid.9

Guanidine-containing drugs have demonstrated therapeutic
potential across diverse areas, including antibacterial, anti-
fungal, antiprotozoal, antiviral and anticancer applications
(Fig. 1).

Although DNA remains one of the primary targets of
guanidine-based agents, their cytotoxic mechanisms extend
beyond DNA interaction.10,11 These include disruption of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Some selected guanidine incorporating drugs and designed molecule.
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bacterial membranes, induction of reactive oxygen species
(ROS), mitochondrial-mediated apoptosis, and inhibition of
proteins.12 The guanidine group is therefore considered a privi-
leged scaffold in anticancer drug development. Its ability to
interact with phosphate residues within the minor groove of
DNA helix enhances its potential as a DNA-binding
pharmacophore.13,14

In response to the pressing need for effective anticancer
therapies and the recognized biological versatility of guani-
dines, we designed and synthesized a series of novel
cyclopropyl-linked guanidine derivatives (7a–j) as part of our
ongoing research.15–17 To the best of our knowledge, the
synthesis of cyclopropyl-linked guanidines has not been previ-
ously reported, making this scaffold itself a novel contribution
in guanidine-based drug discovery. The cyclopropyl ring is
a conformationally constrained and lipophilic bioisostere,
frequently employed in drug design to enhance metabolic
stability, restrict conformational exibility, and modulate
molecular recognition at biological targets.18 Its incorporation
into guanidine scaffolds offers a distinct steric and electronic
environment that has not been rigorously explored in DNA
binding studies. Although guanidines have been widely studied
for biological activity, systematic studies on cyclopropyl-
appended guanidines, particularly their DNA-binding poten-
tial and structure–activity relationships, are scarce. To address
this gap, the present work combines novel synthetic develop-
ment with experimental DNA-binding studies and computa-
tional analyses to provide an integrated evaluation of their
pharmacological relevance. Specically, we investigated their
binding constants (Kb), thermodynamic stability (DG), and
spectroscopic behaviour, while correlating these results with
DFT-derived electronic descriptors, molecular docking simula-
tions, and ADMET predictions. This dual approach not only
claries how substituent and electronic features inuence DNA-
© 2025 The Author(s). Published by the Royal Society of Chemistry
binding efficiency but also positions cyclopropyl-linked guani-
dines as a previously unexplored and promising class of DNA-
targeted anticancer agents.

2. Results and discussion
2.1. Chemistry

The novel guanidine derivatives (7a–j) were synthesized
following the previously reported method with slight modi-
cations, as outlined in Scheme 1. Initially, the corresponding
thiourea intermediates19 (5a–d) were subjected to a desulfur-
ization reaction by treating them with mercuric chloride in the
presence of triethylamine as a base. This reaction facilitates the
removal of the sulfur atom from the thiourea moiety. Subse-
quently, various substituted anilines (6a–f) were introduced into
the reaction mixture, leading to nucleophilic substitution at the
electrophilic intermediate generated in situ. The reaction pro-
ceeded smoothly under mild conditions to afford the targeted
guanidine derivatives (7a–j) in excellent yields.

The structural characterization for synthesized compounds
(7a–j) was carried out through different spectroscopic tech-
niques i.e. FTIR and NMR. The spectral data of a representative
derivative, (7a), are discussed below:

The FTIR spectrum of the compound (7a) displayed charac-
teristic N–H stretching bands at 3346 and 3214 cm−1. A band at
3088 cm−1 was indicative of sp2 C–H stretching, whereas the
absorption at 3010 cm−1 corresponded to sp3 C–H vibrations.
Similarly, a strong band at 1678 cm−1 conrmed the presence of
an amide carbonyl group, and the peak at 1643 cm−1 was
attributed to C]N stretching. The C]C stretching vibrations
appeared at 1544 cm−1, and a band at 1341 cm−1 was associated
with C–N stretching.

In 1H NMR spectrum, the amide proton appeared as a broad
singlet at 10.82 ppm, indicative of the deshielding effect caused
RSC Adv., 2025, 15, 31548–31563 | 31549
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Scheme 1 Synthetic trail of novel guanidine derivatives (7a–j).
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by the adjacent carbonyl group. The broadness of the signal
suggested the possibility of hydrogen bonding or exchange with
the solvent or other protons. Similarly, the N–H proton attached
to the cyclopropyl ring also appeared as a broad singlet, but at
a slightly lower chemical shi of 8.40 ppm. The methine proton
of the cyclopropyl was observed as a multiplet in the range of
2.92–2.83 ppm. The remaining four protons appeared as two
distinct multiplets between 0.98 and 0.81 ppm. Additionally, all
protons of the phenyl rings were observed in the range of 8.15–
7.36 ppm. The 13C NMR spectrum further supported the
structure, showing the most deshielded signal at 176.7 ppm for
the amide carbonyl carbon, and a characteristic signal at
160.0 ppm for the imine carbon. The cyclopropyl ring carbons
appeared at 22.2 and 7.2 ppm, while aromatic carbons were
recorded within the range of 138.9–125.4 ppm. All these spectral
details conrmed the successful synthesis of the desired
guanidine derivative.
2.2. DNA binding studies

Numerous anticancer drugs target DNA as their primary phar-
macological site. Compounds that interact with genomic DNA
have demonstrated notable therapeutic success.20 Therefore,
assessing the interaction between newly synthesized
compounds (7a–j) and DNA is crucial for elucidating their
mechanism of action and anticancer potential. The interaction
of guanidine derivatives with salmon sperm DNA (SS-DNA) was
evaluated using UV-Visible spectroscopy. Absorption spectra for
each compound (50 mM) were recorded in the absence and then
increasing the concentrations of SS-DNA, (5–40 mM) (Fig. S31).
Prior to measurements, the compound–DNA mixtures were
incubated at room temperature for thirty to forty minutes to
31550 | RSC Adv., 2025, 15, 31548–31563
allow for interaction. All parameters of DNA-binding are illus-
trated in Table 1. The synthesized compounds (7a–j) displayed
characteristic absorption bands in the range of 236–283 nm,
corresponding to p–p* transitions. Upon the incremental
addition of SS-DNA, hypochromism with minimal or absence of
signicant shis in lmax was observed in the UV-Vis spectra of
all compounds, implying effective binding to DNA. The absence
of signicant shis in lmax (<10 nm), and the observed hypo-
chromic effect suggest a groove binding mode, characterized by
electronic overlap between the chromophores of the
compounds and DNA base pairs within the minor groove.

To quantify the binding interaction, the intrinsic binding
constant (Kb) was determined using the Benesi–Hildebrand
method and Gibbs free energy (DG) was calculated. The Kb

values ranged from 104 to 105 M−1, consistent with minor
groove binder, cabozantinib (105 M−1).21 The order of DNA-
binding affinity, based on Kb values, was: 7i > 7e > 7a > 7f >
7g > 7c > 7j > 7h > 7d > 7b. These results support a minor groove-
binding mode rather than intercalation in accordance with
previously reported guanidine-based molecules.22 Among these,
compound (7i) (R1 = 4-Me, R2 = 4-Br) exhibited the highest Kb

(3.49 × 105 ± 0.04 M−1) which is comparable to the reference
drug cabozantinib and the most negative DG value
(−31.61 kJ mol−1), reecting a strong and spontaneous binding
affinity. This enhanced interaction is likely due to the syner-
gistic electronic and hydrophobic effects of the methyl and
bromo substituents. Compound (7e), with 3,4,5-tri-
methylphenyl ring, also showed strong binding (Kb = 9.68× 104

± 0.08 M−1, DG = −28.43 kJ mol−1), suggesting that electron-
donating methyl groups enhance DNA interaction through
hydrophobic and van der Waals forces (Fig. 2). Moderate to high
DNA-binding affinities were observed for halogen- and nitro-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative DNA binding affinities and thermodynamic data of guanidine derivatives (7a–j)

Compd R1, R2 lmax (nm) Dl (nm) Kb (M−1) DG (kJ mol−1)

7a H, 4-Cl 274 2 7.84 × 104 � 0.16 −27.91
7b H, 4-Br 236 — 1.33 × 104 � 0.03 −23.52
7c H, 4-Me 272 2 5.21 × 104 � 0.12 −26.90
7d H, 4-OMe 271 3 2.37 × 104 � 0.23 −24.95
7e H, 3,4,5-triMe 270 2 9.68 × 104 � 0.08 −28.43
7f H, 3-NO2 261 — 7.07 × 104 � 0.10 −27.65
7g 4-OMe, 4-Cl 274 — 5.74 × 104 � 0.05 −27.14
7h 4-Me, 4-Cl 283 7 2.90 × 104 � 0.13 −25.45
7i 4-Me, 4-Br 259 — 3.49 × 105 � 0.04 −31.61
7j 3,4-diOMe, 4-Cl 274 3 4.30 × 104 � 0.14 −26.42
Cabozantinib — — — 5.79 × 105 −32.87
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substituted derivatives such as (7a), (7f), and (7g), with Kb values
between 5.74 × 104 and 7.84 × 104 M−1 and corresponding
negative DG values, signifying spontaneous binding. These
interactions may be stabilized through hydrogen bonding and
electrostatic forces. In contrast, compound (7b) (4-Br) showed
the lowest Kb (1.33 × 104 ± 0.03 M−1) and the least negative DG
(−23.52 kJ mol−1), implying a weaker interaction. This may
result from steric hindrance or suboptimal orientation for
groove binding.

To better contextualize the DNA-binding properties of (7i),
we compared its binding constant and docking score with
several clinically or experimentally relevant DNA-binding agents
(Table 2). Metformin, a widely used biguanide antidiabetic
drug, binds DNA with moderate affinity (Kb z 8.3 × 104 M−1)
but shows no direct anticancer activity. Amiloride, an FDA-
approved diuretic drug, exhibits very weak binding (Kb z 102

M−1) and only limited indirect anticancer effects.23 In contrast,
netropsin, a well-established DNA minor-groove binder,
displays strong affinity (Kb z 104 to 105 M−1) and docking
Fig. 2 UV-Vis absorption spectra of the most active compounds (7e) (R
presence of SS-DNA (5–40 mM); (inset) plot of Ao/A − Ao versus 1/[DNA
concentrations of SS-DNA in the absorption spectra at pH 7.0 and temp

© 2025 The Author(s). Published by the Royal Society of Chemistry
scores in the range of −8 to −9 kcal mol−1, with reported
antimicrobial and experimental anticancer activity.24 Against
this benchmark set, (7i) exhibits a competitive binding prole,
underscoring the novelty of our scaffold within guanidine-
derived chemotypes and its potential as a DNA-interactive
therapeutic lead.

Overall, the DNA-binding data conrm that the electronic
nature and position of the substituents signicantly inuence
the interaction strength of guanidine derivatives with DNA. The
spontaneous nature of all interactions (as shown by negative DG
values) supports the potential of these compounds as DNA-
targeting anticancer agents.
2.3. Density functional theory (DFT) analyses

DFT offers crucial information on the electronic structure,
stability, and reactivity of compounds, which is fundamental for
understanding their interactions with different biological
targets.25 In this study, DFT calculations were performed for
2 = 0.9994) and (7i) (R2 = 0.9957) (50 mM) in the absence and in the
] mM. The decrease in the absorption of compounds with increasing
erature 298 K indicate the hypochromic effect.

RSC Adv., 2025, 15, 31548–31563 | 31551

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05647k


Table 2 Comparative DNA-binding parameters of compound (7i) and reference agents

Molecule Reported biological role Kb (M−1) Docking score (kcal mol−1)

7i (this work) — ∼1.2 × 105 −7.6
Metformin Antidiabetic 8.3 × 104 −5.2
Amiloride Diuretic, Na+ channel blocker ∼102 −4.8
Netropsin Antimicrobial and anticancer 104 to 105 −8.2 to −9.0

Table 3 FMO energies and global reactivity descriptors for synthesized guanidines (7a–j)

Compd R1, R2 EHOMO (eV) ELUMO (eV) DE (eV) IP (eV) EA (eV) X (eV) u (eV) h (eV) S (eV−1)

7a H, 4-Cl −5.5 −1.51 3.99 5.5 1.51 3.50 3.07 1.99 0.50
7b H, 4-Br −5.52 −1.39 4.12 5.52 1.39 3.46 2.90 2.06 0.48
7c H, 4-Me −5.34 −1.27 4.07 5.34 1.27 3.30 2.68 2.03 0.49
7d H, 4-OMe −5.38 −1.32 4.06 5.38 1.32 3.35 2.77 2.03 0.49
7e H, 3,4,5-triMe −5.11 −1.24 3.87 5.11 1.24 3.17 2.60 1.93 0.51
7f H, 3-NO2 −5.89 −2.42 3.47 5.89 2.42 4.15 4.97 1.73 0.57
7g 4-OMe, 4-Cl −5.52 −1.19 4.33 5.52 1.19 3.35 2.60 2.16 0.46
7h 4-Me, 4-Cl −5.52 −1.37 4.14 5.52 1.37 3.44 2.86 2.07 0.48
7i 4-Me, 4-Br −4.98 −1.26 3.71 4.98 1.26 3.12 2.63 1.85 0.53
7j 3,4-diOMe, 4-Cl −5.57 −1.35 4.21 5.57 1.35 3.46 2.85 2.10 0.47
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guanidine based compounds (7a–j) and the global reactivity
parameters are presented in Table 3. Frontier molecular orbital
(FMO) analysis is a widely recognized quantum chemical
method employed to explore the electronic attributes of organic
molecules. According to FMO theory, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) play a crucial role in determining
a compound's chemical behavior, including its reactivity and
stability. The FMO distribution patterns of the most active
compounds in the series (7e and 7i) are illustrated in Fig. 3,
highlighting the key regions likely involved in effective biolog-
ical interactions.
Fig. 3 FMO's of the most active guanidine derivatives (7e and 7i).

31552 | RSC Adv., 2025, 15, 31548–31563
A higher EHOMO value reects strong electron donating
capacity and is directly associated with a lower ionization
potential (IP). Among the examined compounds, (7d) exhibited
the highest EHOMO (−4.9 eV) and the lowest IP (4.9 eV), indi-
cating its strong electron-donating nature. In contrast, a lower
ELUMO value is linked to greater electron affinity (EA). Notably,
compound (7f) displayed the highest EA (2.42 eV) and the lowest
ELUMO (−2.42 eV), highlighting its strong tendency to accept
electrons.

The energy gap between HOMO–LUMO (DE) is a critical
parameter that affects both the chemical reactivity and stability
of molecules. A smaller DE indicates higher reactivity and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a greater potential for interactions with biological targets.
Among the synthesized derivatives, (7f), (7i), and (7e), displayed
the lowest energy gaps (3.47, 3.71, and 3.87 eV, respectively). In
contrast, compound (7g) showed the highest energy gap of
4.33 eV, reecting greater stability and reduced reactivity.

The synthesized derivatives (7a–j) displayed moderate elec-
tronegativity (X) values ranging from 3.12 to 4.15 eV, reecting
a balanced ability to accept electrons and a potential affinity for
DNA binding.

The electrophilicity index (u), a key indicator of a molecule's
reactivity toward electron-rich sites in biological targets, was
highest for compounds (7a) (3.07 eV), (7b) (2.90 eV), and (7f)
(4.97 eV). These elevated values suggest a strong electron-
accepting capacity, implying higher reactivity and lower
inherent stability for these molecules.

The chemical hardness (h) analysis showed that compound
(7g) possessed the highest hardness value (2.16 eV), suggesting
strong resistance to charge transfer and low chemical reactivity.
While the chemical soness (S), the reciprocal of hardness, was
greatest for compound (7f) (0.77 eV−1), indicating its higher
reactivity and greater susceptibility to electronic interactions.
Moreover, Molecular Electrostatic Potential map (MEP)
provided valuable information on the electron distribution
within the compounds, showcasing electron-rich (red) and
electron-decient (blue) regions that are likely to participate in
nucleophilic and electrophilic interactions with biological
targets. The MEPmap of one of the most active compounds (7i),
depicted in Fig. 4, clearly illustrates these reactive regions
involved in binding interactions. Collectively, these ndings
support the potential of these compounds to interact effectively
with DNA and serve as promising anticancer agents.
2.4. Quantitative correlation analysis of DFT descriptors

To strengthen the qualitative frontier orbital analysis, quanti-
tative correlations were established between the electronic
descriptors (EHOMO, ELUMO, DE) and the experimental binding
Fig. 4 MEP map of guanidine derivative (7i).

© 2025 The Author(s). Published by the Royal Society of Chemistry
constants (Kb) and docking scores (Fig. 5a–e). Regression anal-
ysis revealed that DE exhibited a moderate negative correlation
with log10(Kb) (r = −0.54; Fig. 5a), reecting that a smaller
orbital gap enhances reactivity and promotes stronger DNA
binding. EHOMO correlated moderately and positively with
log10(Kb) (r = +0.51; Fig. 5b), consistent with enhanced donor
capability supporting groove interactions, whereas ELUMO alone
showed negligible correlation (r z −0.02; Fig. 5c).

Docking scores showed a moderate negative correlation with
log10(Kb) (r = −0.50; Fig. 5d), indicating that stronger DNA
binders also tend to display more favorable docking energies.
Importantly, DE exhibited a stronger positive correlation with
docking scores (r = +0.65; Fig. 5e), reinforcing that electronic
reactivity descriptors are mechanistically linked with molecular
recognition trends observed in docking.

The Pearson correlation matrix (Fig. 5f) statistically
summarizes these relationships, conrming that DE and EHOMO

are the strongest electronic predictors of DNA binding affinity
in this series, while ELUMO is non-informative. Moreover, DG
correlated moderately with both DE (r z −0.49) and docking
scores (r z −0.52), suggesting that thermodynamic stability is
also partially governed by electronic descriptors. Collectively,
these statistical analyses provide a quantitative framework to
support the SAR trends observed experimentally, thereby
addressing the limitations of purely qualitative DFT
interpretation.
2.5. Molecular docking

In the development of anticancer agents, the ability of
a compound to bind DNA is a critical factor, as such interac-
tions enable the identication of specic DNA regions targeted
through non-covalent mechanisms.21 Molecular docking serves
as a powerful computational tool, especially when integrated
with experimental data, to predict binding affinity and inter-
action patterns of potential drug candidates.26 In this study,
AutoDock Vina was utilized to evaluate the binding modes and
RSC Adv., 2025, 15, 31548–31563 | 31553
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Fig. 5 Multi-panel analysis of electronic descriptors and DNA binding/docking parameters. Panels (a–e) illustrate regression plots correlatingDE,
EHOMO, ELUMO, and docking score with log10(Kb), as well as DE with docking score. Panel (f) provides a Pearson correlation matrix summarizing
interrelationships among all descriptors and binding data.
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affinities of the synthesized guanidines (7a–j) toward double-
stranded DNA (PDB ID: 3EY0), sequence: 50-(ATATATATAT)-30.
The docking results summarized in Table 4, revealed that all
compounds interacted effectively with the DNA duplex, exhib-
iting binding energies between −7.2 and −8.9 kcal mol−1,
implying their potential for stable DNA binding. Docking
simulations of compounds (7a–j) demonstrated their preferen-
tial binding within the minor groove of the DNA helix, as
illustrated in Fig. 6. Among all synthesized guanidine deriva-
tives, (7i) bearing 4-methyl and 4-bromo substituents demon-
strated the strongest binding energy (−8.9 kcal mol−1),
suggesting a highly stable interaction within the DNA minor
groove. This was closely followed by compound (7f) (3-nitro)
with −8.8 kcal mol−1 and (7e) (3,4,5-trimethyl) with
−8.6 kcal mol−1, revealing that both electron-donating and
electron-withdrawing groups can enhance DNA binding when
positioned appropriately. Most compounds formed conven-
tional hydrogen bonds with adenine (DA-A, DA-B) and thymine
(DT-A, DT-B) residues. The hydrogen bond distances generally
fell within the optimal range of 2.1–2.7 Å, indicating stable
binding. Compound (7e), for instance, formed strong conven-
tional hydrogen bonds with DA-A:7 and DA-B:5 at 2.73 and 2.66
Å, respectively. Similarly, (7c) (R1 =H, R2= 4-Me) demonstrated
31554 | RSC Adv., 2025, 15, 31548–31563
a binding energy of −8.4 kcal mol−1 and formed multiple H-
bonding interactions with DA-B:7 and DA-A:7.

In addition to hydrogen bonding, many compounds exhibi-
ted carbon hydrogen bonds and hydrophobic interactions such
as p–anion, p–alkyl, and p–sigma contacts. These non-covalent
interactions further stabilized the compound–DNA complexes.
The compound (7h) (4-Me, 4-Cl) exhibited a signicant binding
energy of−8.3 kcal mol−1 and engaged inmultiple non-covalent
interactions including hydrogen bonding with DA-A:7, carbon
hydrogen bonding, p–anion interaction with DT-B:6, and p–

alkyl interactions with DA-A:7 and DA-B:5, respectively. Like-
wise, (7d) (H, 4-OMe) displayed similar interactions, reinforcing
its relatively strong binding energy of −8.2 kcal mol−1. The
presence of halogen atoms appears to contribute positively to p-
related interactions. For example, compound (7b) (R1 =H, R2 =

4-Br) formed p–alkyl interactions in addition to conventional
and carbon hydrogen bonding, resulting in a moderate binding
energy of −7.5 kcal mol−1. In comparison, (7a) (H, 4-Cl) showed
the weakest binding (−7.2 kcal mol−1), forming fewer interac-
tions and lacking signicant hydrophobic contacts. Compound
(7f), bearing a nitro group, showed one of the highest binding
affinities. It formed a conventional hydrogen bond with DA-A:5
and engaged in additional carbon hydrogen and p–sigma
interactions with DT-B:8 and DA-A:7, respectively, which may be
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Docking results of synthesized guanidines (7a–j)

Compd R1, R2 Binding energy Distance Interacting residue Type of interactions

7a H, 4-Cl −7.2 2.25, 2.36 DA-B:7, DT-B:8 Conv. H-bond
3.55 DT-B:8 Carbon hydrogen bond

7b H, 4-Br −7.5 2.11 DA-A:7 Conv. H-bond
3.08 DA-A:7 Carbon hydrogen bond
5.49, 5.27, 5.17 DA-B:5, DA-A:7, DA-A:7 p–alkyl

7c H, 4-Me −8.4 2.71, 2.52 DA-B:7, DA-A:7 Conv. H-bond
DT-B:6 Carbon hydrogen bond

7d H, 4-OMe −8.2 3.51 DT-A:8 Carbon hydrogen bond
4.39 DT-A:6 p–anion
5.47, 5.35 DA-A:5, DA-A:7 p–alkyl

7e H, 3,4,5-triMe −8.6 2.73, 2.66 DA-A:7, DA-B:5 Conv. H-bond
7f H, 3-NO2 −8.8 2.50 DA-A:5 Conv. H-bond

3.66 DT-B:8 Carbon hydrogen bond
3.94 DA-A:7 p–sigma

7g 4-OMe, 4-Cl −7.7 2.67, 2.50 DA-A:7, DA-B:5 Conv. H-bond
3.20, 3.58, 3.55 DA-A:9, DT-B:6, DT-B:8 Carbon hydrogen bond
4.98 DA-A:5 p–alkyl

7h 4-Me, 4-Cl −8.3 2.12 DA-A:7 Conv. H-bond
3.46 DA-A:7 Carbon hydrogen bond
4.78 DT-B:6 p–anion
5.42, 5.15 DA-B:5, DA-A:7 p–alkyl

7i 4-Me, 4-Br −8.9 2.10 DA-A:7 Conv. H-bond
3.43 DT-A:8 Carbon hydrogen bond
4.80 DT-B:6 p–anion
5.05, 5.16, 5.44 DA-A:7, DA-B:5 p–alkyl

7j 3,4-diOMe, 4-Cl −8.0 2.13, 2.51 DA-A:7, DA-A:7 Conv. H-bond
3.70, 3.43, 3.79 DA-A:7, DT-A:6, DT-B:6 Carbon hydrogen bond
4.93, 4.47, 4.51, 5.21 DA-A:7, DA-B:5, DT-B:6 p–alkyl
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attributed to the strong electron-withdrawing nature of the
nitro group promoting polar interactions. Furthermore, (7g) (4-
OMe, 4-Cl) also interacted via multiple modes, including
hydrogen bonding with DA-A:7 and DA-B:5, and p–alkyl inter-
actions, achieving a binding energy of −7.7 kcal mol−1. Finally,
(7j) (3,4-diOMe, 4-Cl) showed a binding energy of −8.0 kcal-
mol−1 and engaged in a combination of conventional hydrogen
bonding and extensive p–alkyl interactions involving DA-A:7,
DA-B:5, and DT-B:6. This suggests that the di-methoxy substi-
tution enhances van der Waals contacts and hydrophobic
stabilization with the DNA grooves. Overall, these docking
results correlate well with the DNA binding constants (Kb) and
free energy changes (DG), supporting the conclusion that the
synthesized guanidine derivatives effectively bind with DNA,
predominantly via minor groove binding, involving hydrogen
bonding and hydrophobic interactions. The high binding
energy of (7i), (7e), and (7f) suggests their potential as effective
DNA-targeting anticancer agents.

While SS-DNA and a canonical DNA duplex (PDB ID: 3EY0)
provide useful model systems, they do not fully replicate the
sequence heterogeneity and chromatin organization of human
genomic DNA. Thus, the binding affinities observed for the
synthesized compounds should be interpreted as indicative
rather than absolute. Future studies will focus on validating
these ndings with human genomic DNA, complementary
biophysical assays, and in chromatin contexts to better estab-
lish biological relevance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.6. Structure–activity relationship (SAR) analysis

A systematic SAR evaluation was carried out by correlating the
electronic features (HOMO–LUMO gap, soness, electron-
donating/withdrawing tendencies), steric effects, and experi-
mental DNA-binding data (Kb, DG) (Fig. 7). Three major trends
were observed. First, compounds with small electron-donating
substituents (Me, OMe) at the para position generally
enhanced DNA-binding affinity compared to purely bromo
derivative. For example, (7c) (4-Me) and (7d) (4-OMe) displayed
moderate affinities (Kb = 5.21 × 104 ± 0.12 and 2.37 × 104 ±

0.23 M−1), consistent with improved groove t and stabilization
through hydrophobic or weak polar contacts. Second, the
synergistic effect of combining an EDG with a polarizable
halogen was most evident in (7i) (4-Me, 4-Br), which emerged as
the strongest binder in the series (Kb = 3.49 × 105 ± 0.04 M−1;
DG = −31.61 kJ mol−1). Here, the para-methyl group enhances
hydrophobic packing and increases local electron density, while
bromine contributes polarizability and favorable groove-ligand
contacts. This balance of steric compatibility and electronic
tuning provides an optimal t, explaining why (7i) out-
performed even multi-methylated analogues such as (7e) (3,4,5-
triMe). Third, halogenation alone was insufficient: 7b (4-Br)
exhibited the weakest binding (Kb = 1.33 × 104 ± 0.03 M−1),
suggesting steric hindrance and lack of electron donation limit
stabilization. Conversely, chloro substitution (7a, 4-Cl) gave
a stronger effect (7.84 × 104 ± 0.16 M−1), indicating that
RSC Adv., 2025, 15, 31548–31563 | 31555
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Fig. 6 3D and 2D docked pose of guanidine derivatives (7e and 7i).
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chlorine's smaller size and moderate polarizability favor groove
accommodation.

A notable exception was observed with (7f) (3-NO2), which
showed a comparatively high binding constant (Kb = 7.07 × 104

± 0.10 M−1), exceeding some EDG-bearing analogues. Despite
being a strong electron-withdrawing group, the meta-NO2 may
preserve planarity and enable specic polar or electrostatic
31556 | RSC Adv., 2025, 15, 31548–31563
interactions within the groove. DFT data support this inter-
pretation, as (7f) showed the lowest DE (3.47 eV) and highest S
(0.77 eV−1), reecting greater electronic reactivity that could
facilitate DNA interactions, even if overall stabilization is less
efficient than in (7i).

These ndings are in line with previous reports on minor
groove binders, where electronic tuning through methylation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Qualitative SAR visualization illustrating the influence of electronic substituents on Kb, DE, and DG in the synthesized guanidine series.
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and halogenation enhances both DNA affinity and biological
activity, including cytotoxic potential.27 Notably, literature on
guanidine-based minor groove binders also demonstrates that
such substituent patterns not only enhance DNA binding
affinity but are frequently associated with increased cytotoxic
activity, attributed to improved hydrophobic contacts and
stabilization of DNA–ligand complexes.28 Taken together, our
Table 5 Pharmacokinetic parameters of synthesized guanidine derivativ

Compd 7a 7b 7c 7d 7e

Absorption
Caco-2 permeability 1.288 1.294 0.828 0.835 1.
HIA 85.175 85.108 86.633 90.415 10

Distribution
VD 1.431 1.432 1.47 0.011 0.
BBB permeability, log BB 0.175 0.174 0.188 −0.084 0.
CNS permeability, log PS −1.85 −1.827 −1.89 −3.277 −

Metabolism
CYP1A2 — — — — —
CYP2C19 — — — — —
CYP2C9 — — — — —
CYP2D6 — — — — —
CYP3A4 Substrate Substrate Substrate — —

Excretion
CLplasma −0.43 0.809 0.841 0.86 −

Toxicity
Herg blockers No No No No N
AMES toxicity No No Yes No N
Skin sensitization No No No No N
Human hepatotoxicity No No No No N

© 2025 The Author(s). Published by the Royal Society of Chemistry
SAR analysis shows that optimal binding requires a balance of
substituents: small EDGs provide enhanced groove t, halogens
contribute polarizability, and specic positioning of EWGs can
occasionally create favorable polar contacts. These features
explain why some synthesized guanidine derivatives achieved
the strongest DNA-binding affinities in the present study.
es (7a–j)

7f 7g 7h 7i 7j

262 0.348 1.044 1.285 1.29 1.062
0 87.475 86.243 85.275 85.208 87.933

011 1.398 1.256 1.49 1.491 1.109
126 0.156 0.009 0.146 0.144 0.003
2.042 −2.173 −3.299 −1.779 −1.757 −2.226

— — — — Inhibitor
Inhibitor Inhibitor — — Inhibitor
— — — — —
— — Inhibitor Inhibitor Inhibitor
Substrate/inhibitor Substrate Substrate Substrate —

0.57 0.539 0.85 0.831 0.811 0.853

o No No No No No
o Yes No Yes No No
o No No No No No
o No Yes No No No

RSC Adv., 2025, 15, 31548–31563 | 31557
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2.7. ADMET proling

ADMET proling was carried out using online web tools, pkCSM
and ADMETlab 3.0, to assess the pharmacokinetic behavior of
Fig. 8 Bioavailability radar plot of guanidine derivatives (7a–j).

31558 | RSC Adv., 2025, 15, 31548–31563
the synthesized guanidine derivatives (7a–j). The results pre-
sented in Table 5, highlight drug-likeness and pharmacokinetic
attributes, supporting their potential as orally active therapeutic
agents.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The radar plots (Fig. 8) illustrated that all compounds (7a–j)
fall within the optimal range for key drug-likeness parameters.
Each compound complied with Lipinski's rule of ve, showing
molecular weights below 500 g mol−1, two hydrogen bond
donors, 4–7 hydrogen bond acceptors, and 6–8 rotatable bonds,
signifying favorable oral bioavailability and molecular exi-
bility. These properties are necessary for optimal passive
diffusion and receptor binding. The topological polar surface
area (TPSA) for all compounds <100 Å2, is ideal for blood–brain
barrier penetration and gastrointestinal absorption.

All compounds exhibited high human intestinal absorption
(HIA), ranging from 85.1–100%, indicating excellent oral
bioavailability (Table 5). The Caco-2 permeability values for most
derivatives fell within the optimum range (>0.9 log Papp), with
compounds (7a), (7b), (7e), (7g), and (7h) demonstrating values
>1.0, suggestive of efficient transcellular transport. Notably,
compounds (7c) and (7d) showed slightly reduced Caco-2
permeability (0.828–0.835), and (7f) presented the lowest
permeability (0.348), which could be attributed to enhanced
polarity or steric hindrance due to the presence of nitro groups.
Volume of distribution (VD) values for the most compounds were
moderate to high (>1.0 L kg−1), implying good tissue perme-
ability. Compound (7d) and (7e) showed very low VD (0.011 L
kg−1), possibly reecting their stronger plasma protein binding.

In case of blood–brain barrier (BBB) permeability, most
compounds exhibited positive log BB values (>0.1), due to
their high potential to cross the BBB. However, compound (7d)
(log BB = −0.084) and (7j) (log BB = 0.003) were exceptions,
reecting lower CNS availability. CNS permeability (log PS)
values were within the moderate range (−1.7 to −3.3), with (7d)
and (7g) exhibiting the lowest values, further supporting
reduced CNS exposure for these derivatives. Cytochrome P450
(CYP) proling indicated that several compounds may act as
enzyme inhibitors or substrates, suggesting negligible potential
for metabolic liabilities and drug–drug interactions. Notably,
compounds with halogen or methoxy groups showed interac-
tion potential with CYP2C19, CYP2D6, and CYP3A4 isoforms.
The predicted clearance (CL) rates were within the normal range
(>0.5 mL min−1 kg−1), indicating efficient elimination.
However, compounds (7a) and (7e) exhibited prolonged reten-
tion in the body. While this may enhance therapeutic efficacy, it
also raises concerns regarding potential accumulation and
associated toxicity risks.

Importantly, none of the compounds were predicted to be
hERG blockers or skin sensitizers, suggesting a low risk of
cardiotoxicity and dermal adverse effects. However, AMES
toxicity was predicted for compound (7c), (7f), and (7h), indi-
cating potential mutagenicity. Despite this, the overall favorable
ADMET prole, particularly the lack of hepatotoxicity, car-
diotoxicity, and high CNS permeability, supports these
compounds, especially the non-mutagenic ones, as promising
candidates for further optimization and development.

3. Experimental

All reagents and chemicals used in this study were of analytical
grade and sourced from Sigma-Aldrich. Solvents were dried and
© 2025 The Author(s). Published by the Royal Society of Chemistry
distilled using standard methods before use. Prior to use,
solvents were dried and distilled through standard procedures.
The melting points of the synthesized derivatives (7a–j) were
measured using a StuartSMP3 melting point apparatus. FTIR
spectra were recorded on a Thermo Fisher Scientic FT-IR
spectrometer equipped with an ATR accessory, and the results
were reported in cm−1. Further structural characterization of
the synthesized derivatives (7a–j) was conducted via NMR
spectroscopy (1H NMR spectra at 300 MHz and 13C NMR at 75
MHz), utilizing a Bruker Avance spectrometer. Deuterated
solvents (acetone and chloroform) were used for sample prep-
aration, with tetramethyl silane (TMS) as an internal reference.
Chemical shi values (d) were reported in parts per million
(ppm) and coupling constants (J) in hertz (Hz). The progression
of reaction was observed by thin layer chromatography (TLC) on
Merck aluminium-backed plates coated with silica gel Kiesel
60F254 (0.2 mm thickness). A mobile phase consisting of n-
hexane and ethyl acetate (7 : 3) was employed. TLC spots were
visualized under UV light at wavelengths of 254 and 365 nm. Rf
values were calculated to assess compound purity and monitor
the reaction course.
3.1. Protocol for the synthesis of guanidine derivatives (7a–j)

For the guanidine synthesis (7a–j), the thiourea precursors (5a–
d) (1.1 mmol) and triethylamine (1.4 mmol) were dissolved in
DMF solvent. The reaction mixture was cooled to 0 °C, and
mercuric chloride (HgCl2) (1.1 mmol) was added under vigorous
stirring. Aer 30 minutes, substituted anilines (1.1 mmol) (6a–f)
were added, and the reaction mixture was stirred at 25 °C for 18
hours. During the reaction, initially light yellow colored mixture
gradually turned dark black, indicating desulfurization. Upon
complete consumption of reactants, as observed by TLC, the
reaction mixture was ltered to remove the black precipitate of
mercuric sulde. Ice chips were then poured into the ltrate
and stirred for 20 minutes, resulting in the precipitation of the
solid guanidine products. The solid was ltered, dried,
and recrystallized from ethanol to obtain the desired products
(7a–j).

3.1.1 N-(N0-(4-Chlorophenyl)-N-cyclopropylcarbamimidoyl)

benzamide (7a). White crys
tals; mp.: 126–128 °C; yield: 81%; Rf: 0.55 (n-hexane : ethyl
acetate, 7 : 3); FTIR (ATR, cm−1), 3346, 3214 (N–H), 3088 (sp2 C–
H), 3010 (sp3 C–H), 1678 (C]O, amide), 1643 (C]N), 1544 (C]
C), 1341 (C–N); 1H NMR (300 MHz, acetone-d6) d: 10.82 (s, 1H,
NH), 8.40 (s, 1H, NH), 8.14 (d, 2H, 3J= 7.2 Hz, aromatic), 7.70 (d,
2H, 3J = 8.1 Hz, aromatic), 7.48–7.39 (m, 5H, aromatic), 2.92–
2.83 (m, 1H, cyclopropyl C–H), 0.98–0.81 (m, 4H, cyclopropyl 2×
CH2);

13C NMR (75 MHz, acetone-d6) d: 176.7 (C]O), 160.0 (C]
N), 138.9, 137.3, 130.8, 128.2, 127.7, 125.4 (aromatic carbons),
22.2, 7.2 (cyclopropyl carbons). Anal. calcd for C17H16ClN3O
RSC Adv., 2025, 15, 31548–31563 | 31559
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[313.79]: C, 65.07; H, 5.14; N, 13.39%. Found: C, 65.09; H,
5.11; N, 13.40%.

3.1.2 N-(N0-(4-Bromophenyl)-N-cyclopropylcarbamimidoyl)

benzamide (7b). White crys-
tals; mp.: 132–134 °C; yield: 86%; Rf: 0.56 (n-hexane : ethyl
acetate, 7 : 3); FTIR (ATR, cm−1), 3398, 3246 (N–H), 3088 (sp2 C–
H), 3007 (sp3 C–H), 1659 (C]O, amide), 1646 (C]N), 1557 (C]
C), 1257 (C–N); 1H NMR (300 MHz, acetone-d6) d: 10.80 (s, 1H,
NH), 8.32 (s, 1H, NH), 8.14 (d, 2H, 3J= 6.9 Hz, aromatic), 7.66 (d,
2H, 3J = 9 Hz, aromatic), 7.59–7.55 (m, 2H, aromatic), 7.49–7.36
(m, 3H, aromatic), 2.90–2.87 (m, 1H, cyclopropyl C–H), 1.00–
0.82 (m, 4H, cyclopropyl 2× CH2);

13C NMR (75 MHz, acetone-
d6) d: 176.7 (C]O), 160.0 (C]N), 138.9, 138.0, 131.2, 130.8,
128.9, 127.7, 125.6, (aromatic carbons), 22.1, 7.2 (cyclopropyl
carbons). Anal. calcd for C17H16BrN3O [358.24]: C, 57.00; H,
4.50; N, 11.73%. Found: C, 57.03; H, 4.52; N, 11.70%.

3.1.3 N-(N-Cyclopropyl-N0-(p-tolyl)carbamimidoyl)benza-

mide (7c). White crystals;
mp.: 147–149 °C; yield: 89%; Rf: 0.59 (n-hexane : ethyl acetate,
7 : 3); FTIR (ATR, cm−1), 3403, 3280 (N–H), 3025 (sp2 C–H), 2920
(sp3 C–H), 1676 (C]O, amide), 1638 (C]N), 1545 (C]C), 1261
(C–N); 1H NMR (300 MHz, CDCl3) d: 10.86 (s, 1H, NH), 8.28–8.24
(m, 2H, aromatic), 7.49–7.36 (m, 4H, aromatic), 7.23–7.21 (m,
2H, aromatic), 2.40 (m, 1H, cyclopropyl C–H), 2.39 (s, 3H,
OCH3), 0.84–0.75 (m, 4H, cyclopropyl 2× CH2);

13C NMR (75
MHz, CDCl3) d: 178.1 (C]O), 169.5 (C]N), 133.8, 131.6, 129.8,
129.7, 129.1, 128.8, 128.0, 127.9 (aromatic carbons), 21.0
(cyclopropyl carbon), 21.0 (CH3), 7.8 (cyclopropyl carbons).
Anal. calcd for C18H19N3O [293.37]: C, 73.69; H, 6.53; N, 14.32%.
Found: C, 73.68; H, 6.55; N, 14.35%.

3.1.4 N-(N-Cyclopropyl-N0-(4-methoxyphenyl)carbamimidoyl)

benzamide (7d). White
crystals; mp.: 120–122 °C; yield: 91%; Rf: 0.53 (n-hexane : ethyl
acetate, 7 : 3); FTIR (ATR, cm−1), 3295, 3196 (N–H), 3010 (sp2 C–H),
2836 (sp3 C–H), 1664 (C]O, amide), 1628 (C]N), 1548 (C]C),
1241 (C–N); 1HNMR (300MHz, CDCl3) d: 10.60 (s, 1H, NH), 8.22 (d,
2H, 3J= 3.6 Hz, aromatic), 7.49–7.37 (m, 5H, aromatic), 7.22 (d, 2H,
3J = 8.1 Hz, aromatic), 2.98–2.75 (m, 1H, cyclopropyl C–H), 2.39 (s,
3H, OCH3), 0.97–0.77 (m, 4H, cyclopropyl 2× CH2);

13C NMR (75
31560 | RSC Adv., 2025, 15, 31548–31563
MHz, CDCl3) d: 177.0 (C]O), 167.3 (aromatic carbon), 161.5 (C]
N), 135.5, 135.5, 133.2, 133.0, 130.1, 128.4, 126.1 (aromatic
carbons), 55.5 (OCH3), 26.9, 7.1 (cyclopropyl carbons). Anal. calcd
for C18H19N3O2 [309.37]: C, 69.88; H, 6.19; N, 13.58%. Found: C,
69.89; H, 6.16; N, 13.61%.

3.1.5 N-(N-Cyclopropyl-N0-(3,4,5-trimethylphenyl)carbamimi-
doyl)benzamide (7e).

White crystals; mp.: 131–
133 °C; yield: 86%; Rf: 0.55 (n-hexane : ethyl acetate, 7 : 3); FTIR
(ATR, cm−1), 3266, 3211 (N–H), 3014 (sp2 C–H), 2918 (sp3 C–H),
1664 (C]O, amide), 1615 (C]N), 1541 (C]C), 1233 (C–N); 1H
NMR (300 MHz, CDCl3) d: 10.70 (s, 1H, NH), 8.36 (s, 1H, NH), 7.87
(d, 1H, 3J = 6.3 Hz, aromatic), 7.45–7.23 (m, 3H, aromatic), 6.95 (s,
2H, aromatic), 2.89–2.86 (m, 1H, cyclopropyl C–H), 2.29 (s, 6H,
CH3), 2.24 (s, 3H, CH3), 1.01–0.74 (m, 4H, cyclopropyl 2× CH2);

13C
NMR (75 MHz, CDCl3) d: 176.3 (C]O), 161.0 (C]N), 139.3, 135.9,
130.4, 129.0, 128.8, 128.2, 127.3 (aromatic carbons), 22.1 (cyclo-
propyl carbon), 20.1 (CH3), 17.3 (CH3), 7.4 (cyclopropyl carbons).
Anal. calcd for C20H23N3O [321.42]: C, 74.74; H, 7.21; N, 13.07%.
Found: C, 74.71; H, 7.23; N, 13.06%.

3.1.6 N-(N-Cyclopropyl-N0-(3-nitrophenyl)carbamimidoyl)

benzamide (7f). White
crystals; mp.: 128–130 °C; yield: 76%; Rf: 0.44 (n-hexane : ethyl
acetate, 7 : 3); FTIR (ATR, cm−1), 3284, 3211 (N–H), 3094 (sp2 C–
H), 2944 (sp3 C–H), 1673 (C]O, amide), 1627 (C]N), 1532 (C]
C), 1222 (C–N); 1H NMR (300 MHz, acetone-d6) d: 10.0 (s, 1H,
NH), 8.79 (s, 1H, NH), 8.13–8.09 (m, 2H, aromatic), 7.68–7.63
(m, 3H, aromatic), 7.58–7.52 (m, 4H, aromatic), 2.82–2.75 (m,
1H, cyclopropyl C–H), 0.81–0.61 (m, 4H, cyclopropyl 2× CH2);
13C NMR (75 MHz, acetone-d6) d: 168.1 (C]O), 154.7 (C]N),
154.7, 132.8, 132.7, 132.6, 128.6, 128.5, 128.0 (aromatic
carbons), 22., 5.9 (cyclopropyl carbons). Anal. calcd for
C17H16N4O3 [324.34]: C, 62.95; H, 4.97; N, 17.27%. Found: C,
62.92; H, 4.98; N, 17.30%.

3.1.7 N-(N0-(4-Chlorophenyl)-N-cyclopropylcarbamimidoyl)-4-
methoxybenzamide (7g).

White crystals; mp.:
© 2025 The Author(s). Published by the Royal Society of Chemistry
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144–146 °C; yield: 83%; Rf: 0.45 (n-hexane : ethyl acetate, 7 : 3);
FTIR (ATR, cm−1), 3316, 3145 (N–H), 3031 (sp2 C–H), 2935 (sp3 C–
H), 1681 (C]O, amide), 1631 (C]N), 1508 (C]C), 1241 (C–N); 1H
NMR (300 MHz, acetone-d6) d: 10.67 (s, 1H, NH), 8.09 (d, 2H, 3J =
8.7 Hz, aromatic), 7.70 (d, 2H, 3J= 8.1 Hz, aromatic), 7.44–7.40 (m,
2H, aromatic), 6.92 (dd, 2H, 4J = 1.8 Hz , 3J = 6.6 Hz, aromatic),
3.84 (s, 3H, CH3), 2.88–2.83 (m, 1H, cyclopropyl C–H), 0.97–0.78
(m, 4H, cyclopropyl 2× CH2);

13C NMR (75 MHz, acetone-d6) d:
176.5 (C]O), 162.2 (aromatic carbon), 159.7 (C]N), 137.4, 131.5,
130.8, 128.6, 128.2, 125.1, 112.9 (aromatic carbons), 54.7 (OCH3),
22.2, 7.2 (cyclopropyl carbons). Anal. calcd for C18H18ClN3O2

[343.81]: C, 62.88; H, 5.28; N, 12.22%. Found: C, 62.89; H, 5.26; N,
12.25%.

3.1.8 N-(N0-(4-Chlorophenyl)-N-cyclopropylcarbamimidoyl)-4-
methylbenzamide (7h).

White crystals; mp.:

Paper
139–142 °C; yield: 79%; Rf: 0.48 (n-hexane : ethyl acetate, 7 : 3);
FTIR (ATR, cm−1), 3286, 3100 (N–H), 3007 (sp2 C–H), 2923 (sp3 C–
H), 1681 (C]O, amide), 1635 (C]N), 1541 (C]C), 1254 (C–N); 1H
NMR (300 MHz, acetone-d6) d: 10.71 (s, 1H, NH), 8.34 (s, 1H, NH),
8.03 (d, 2H, 3J = 8.1 Hz, aromatic), 7.71 (d, 2H, 3J = 8.1 Hz,
aromatic), 7.44–7.40 (m, 2H, aromatic), 7.20 (d, 2H, 3J = 7.8 Hz,
aromatic), 2.90–2.87 (m, 1H, cyclopropyl C–H), 2.36 (CH3), 1.00–
0.77 (m, 4H, cyclopropyl 2×CH2);

13C NMR (75MHz, acetone-d6) d:
176.8 (C]O), 159.8 (C]N), 141.0, 137.4, 136.3, 129.0, 128.6, 128.3,
128.2, 125.2 (aromatic carbons), 22.2 (cyclopropyl carbon), 20.5
(CH3), 7.2 (cyclopropyl carbon). Anal. calcd for C18H18ClN3O
[327.81]: C, 65.95; H, 5.53; N, 12.82%. Found: C, 65.94; H, 5.54; N,
12.85%.

3.1.9 N-(N0-(4-Bromophenyl)-N-cyclopropylcarbamimidoyl)-4-
methylbenzamide (7i).

White crystals; mp.:
135–137 °C; yield: 87%; Rf: 0.46 (n-hexane : ethyl acetate, 7 : 3);
FTIR (ATR, cm−1), 3286, 3094 (N–H), 3004 (sp2 C–H), 2923 (sp3 C–
H), 1629 (C]O, amide), 1636 (C]N), 1484 (C]C), 1246 (C–N); 1H
NMR (300 MHz, CDCl3) d: 10.69 (s, 1H, NH), 8.03 (d, 2H, 3J =
8.1 Hz, aromatic), 7.66 (d, 2H, 3J= 8.4 Hz, aromatic), 7.58–7.54 (m,
2H, aromatic), 7.20 (d, 2H, 3J= 7.8Hz, aromatic), 2.89–2.85 (m, 1H,
cyclopropyl C–H), 2.36 (CH3), 0.99–0.77 (m, 4H, cyclopropyl 2×
CH2);

13C NMR (75 MHz, CDCl3) d: 176.8 (C]O), 159.7 (C]N),
141.0, 136.3, 131.2, 129.0, 129.0, 128.4, 128.4, 125.5 (aromatic
carbons), 22.2 (cyclopropyl carbon), 20.5 (CH3), 7.2 (cyclopropyl
© 2025 The Author(s). Published by the Royal Society of Chemistry
carbon). Anal. calcd for C18H18BrN3O [372.27]: C, 58.08; H, 4.87; N,
11.29%. Found: C, 58.10; H, 4.88; 11.27%.

3.1.10 N-(N0-(4-Chlorophenyl)-N-cyclopropylcarbamimidoyl)-
3,4-dimethoxybenzamide (7j).

White crystals; mp.:
151–153 °C; yield: 85%; Rf: 0.51 (n-hexane : ethyl acetate, 7 : 3);
FTIR (ATR, cm−1), 3395, 3084 (N–H), 3014 (sp2 C–H), 2952 (sp3 C–
H), 1682 (C]O, amide), 1652 (C]N), 1560 (C]C), 1266 (C–N); 1H
NMR (300 MHz, CDCl3) d: 7.73 (s, 4H, aromatic), 7.44–7.40 (m, 2H,
aromatic), 6.94 (d, 1H, 3J = 9 Hz, aromatic), 6.85 (OCH3), 3.81
(OCH3), 2.87–2.83 (m, 1H, cyclopropyl C–H), 0.97–0.77 (m, 4H,
cyclopropyl 2× CH2);

13C NMR (75 MHz, CDCl3) d: 176.3 (C]O),
164.4 (C]N), 151.9, 148.4, 139.2, 133.4, 132.7, 128.1, 125.3, 122.3,
112.1, 110.3 (aromatic carbons), 55.1, 54.8 (OCH3), 22.2, 7.2
(cyclopropyl carbons). Anal. calcd for C19H20ClN3O3 [373.84]: C,
61.05; H, 5.39; N, 11.24%. Found: C, 61.07; H, 5.38; N, 11.27%.

3.2. DNA binding protocol

SS-DNA, purchased from Sigma-Aldrich, was used as received
without any additional purication. A stock solution of DNA was
prepared using deionized water and subsequently diluted to suit-
able concentrations for spectrophotometric measurements. DNA
concentration was determined by measuring absorbance at
260 nm with a UV-Visible spectrophotometer, applying the Beer–
Lambert law: c = A260/(3 × l), where 3 is 6600 M−1 cm−1 and the
path length (l) is 1 cm. The A260/A280 absorbance ratio was deter-
mined to be 1.87, indicating low levels of protein contamination
and conrming the suitability of the DNA for binding studies.
Fresh dilutions of SS-DNA in the micromolar range were prepared
for each experiment. The guanidine derivatives (7a–j) were di-
ssolved in methanol at a concentration of 50 mM, and their base-
line UV absorption spectra were obtained before adding DNA. UV-
Vis titration experiments were carried out in duplicate by main-
taining a constant compound concentration while gradually
increasing the SS-DNA concentration from 5 to 40 mM. All spectral
measurements were recorded using a Shimadzu 1700 UV-Visible
spectrophotometer, and the binding parameters are reported as
mean ± SEM (n = 2).

3.3. Molecular docking

Docking simulations were performed by employing AutoDock
Vina 1.5.7 tools29 to evaluate the interaction of guanidine
derivatives (7a–j) with DNA. The crystal structures of DNA (PDB
ID: 3EY0) was retrieved from Protein Data Bank via the link:
https://doi.org/10.2210/pdb6XVJ/pdb. Prior to docking, the
protein was prepared using AutoDock Tools by removing
crystallographic water molecules, adding polar hydrogen
atoms, and assigning Kollman charges. A docking grid was
generated around the active site, guided by the position of the
RSC Adv., 2025, 15, 31548–31563 | 31561
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co-crystallized ligand, and its coordinates and dimensions were
specied in a conguration le. The ligand originally present in
the crystal structure was removed before saving the DNA model
in PDBQT format. The synthesized guanidines (7a–j) were
geometrically optimized using Gaussian 09 (ref. 30) soware
(B3LYP/6-31G(d)). Then these optimized structures were
initially saved in PDB format using GaussView 6.0 and subse-
quently converted to PDBQT les for docking studies. Docking
simulations were executed via the command-line interface, and
the resulting binding poses and interactions were analyzed and
visualized using Discovery Studio.31 While molecular docking
provides valuable insights into the potential bindingmodes and
affinities of the compounds with DNA, it is important to
acknowledge its limitations. Docking simulations typically treat
DNA as a rigid structure and do not fully account for solvent
effects, ionic strength, or dynamic conformational changes that
occur under physiological conditions. As a result, docking
scores and predicted binding poses should be interpreted
qualitatively rather than quantitatively. To strengthen the
conclusions, docking results were complemented by experi-
mental studies, including UV-Vis titrations assay, which provide
direct evidence of DNA-binding interactions and validate the
theoretical predictions.

3.4. Density functional theory

DFT calculations were carried out using GaussView 6.0 soware
with the B3LYP functional and 6-31G(d) basis set.32 All
computations were conducted in the gas phase to obtain opti-
mized geometries, electronic properties, and energy-related
parameters.

3.5. ADMET

The ADMET properties of the guanidine derivatives (7a–j) were
assessed using the online platforms pkCSM33 and ADMET lab
3.0.34 Canonical SMILES representations for each compound
were generated using ChemDraw 22.0, and key physicochemical
properties and pharmacokinetic potential were systematically
predicted.

4. Conclusions

A novel series of guanidine derivatives (7a–j) was synthesized and
evaluated as potential DNA-binding agents. Spectroscopic and
docking studies revealed strong affinities (Kb = 104 to 105 M−1),
with compound (7i) (4-Me, 4-Br) showing the highest binding
constant (3.49× 105± 0.04 M−1), favorable thermodynamics, and
the best docking score (−8.9 kcal mol−1). DFT analysis indicated
optimal electronic properties, while ADMET predictions sug-
gested overall drug-likeness but also agged potential risks such
as AMES toxicity and prolonged retention, underscoring the need
for scaffold optimization. Although DNA was selected as the
primary target based on precedent for guanidine minor-groove
binders, selectivity toward other biomacromolecules and effects
on non-cancerous cells remain to be claried. Beyond DNA
binding, these scaffolds may have broader therapeutic potential,
including synergy with current chemotherapeutics, overcoming
31562 | RSC Adv., 2025, 15, 31548–31563
resistance, and application in multi-target drug design. Impor-
tantly, the present work establishes DNA binding as amechanistic
foundation for guanidine derivatives and future studies will
therefore focus on selectivity proling, cytotoxicity in cancer versus
normal cells, in vivo validation, and scaffold optimization through
the introduction of metabolically cleavable substituents, balanced
lipophilicity, and rened electronic features to enhance pharma-
cokinetics and safety, thereby supporting progression toward
preclinical development.
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