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Abstract

Chrysin, a flavonoid has been derivatised through benzoylation and the use of phenylhydrazine to give
7-ortho-benzoyl chrysin (GA) and 2-pheny-4-(2-phenylhydrozono)-4H-chromene-5,7-diol (ZH)
derivatives. Metal (II) complexes of GA and ZH derivatives have been synthesized and characterized
by percentage metal analysis, infrared and electronic spectroscopies, magnetic susceptibility and
melting points. The In-silico studies of GA, ZH and their complexes were conducted against prostate
cancer androgen receptor (PDB id 1e3g) using Python Prescription (PyRx) and visualized using Biovia
Discovery 2024 with Abiraterone acetate as standard drug. The ADMET (Adsorption, Distribution,
Metabolism, Excretion and Toxicity) analysis of the synthesized compounds and the standard drug was
carried out using SwissADME and (Prediction of Toxicity of Chemicals) Protox 3.0. From the Infrared
spectra data GA and ZH behave as bidentate ligands with GA coordinating to the metals through the
carbonyl oxygen of the chromone group (1740 -1742cm1) and the phenolic oxygen of the hydroxyl
moiety (3169- 3074cm1) at position seven, while ZH bonded through the imine nitrogen (1632-633cm-
1) and the phenolic hydroxyl oxygen (3058-3062cm1). The magnetic susceptibility and electronic
spectral data indicated that the metal (II) complexes have octahedral geometries. The docking results
showed that GA, [Cu(GA)2(H20),].2 H2O, [Ni(GA)2(H:20):], [Co(GA)2(H20),]. H>O with docking
score values of -9.3 kcal/mol, -9.4 kcal/mol, -10.0 kcal/mol and -10.5 kcal/mol interact more with amino
acids in the active sites of receptor protein androgen via H-bond, pi-pi interaction than the standard
drugs Abiraterone acetate (docking score -8.8.0 kcal/mol). ADMET analysis showed good oral
bioavailability of GA and [Co(GA):(H20).]. H,O among the complexes, less toxicity but low
gastrointestinal absorption of [Co(GA)2(H20).]. H2O compared to Abiraterone acetate which might
limit its potential as a lead as anti-androgen drug against prostate cancer.

Keywords: Chrysin-derivatives, Prostate cancer, 7-ortho-benzoyl chyrsin, metal complexes,
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INTRODUCTION

Prostate cancer (PC) is a global health problem with high rate and frequency, and a life
expectancy of five to ten years after diagnosis (Huang et al., 2022). A main factor in PC
progression is the androgen receptor (AR), which through the androgen ligands that trigger
the AR pathway, involved in the proliferation of normal and malignant prostate epithelial
(Dalton and Gao, 2010). Hence, AR and their ligands are considered good targets for
developing precise therapeutic molecules with antagonist effects (antiandrogens) beneficial
for PC treatment (Narayanan, 2020). Natural products, with less unfavorable effects such as
flavonoids with anti-inflammatory, anti-diabetic, anti-bacterial, anti-allergic, anti-angiogenic,
antitumoral, free radicals scavenging and oxidative stress prevention properties have become
highly crucial in Benign prostatic hyperplasia management (Kopustinskiene et al., 2020; Lin et
al., 2013; Parajuli et al., 2009; Tzanova et al., 2020; Veeramuthu et al., 2017). Chrysin (5,7-
dihydroxyflavone) (Figure 1) is a naturally-occurring flavonoid in bee propolis, honey and
various plant extracts (Barbari¢ et al., 2011; Pichichero et al., 2010); its anti-viral, anti-bacterial,
antiasthma, anti-inflammatory, neuroprotective, and cardioprotective and anticancer effect in
several types of cancer have been reported (Mehdi et al., 2018; Talebi et al., 2021). Chrysin’s
potential to limit cell growth and promote cell death via the apoptotic pathway in a number
of different cancer cell lines, represents a promising therapeutic strategy to combat the
diseases. Chrysin was reported to act as anti-androgen against prostate cancer by binding to
and inhibiting mutated androgen receptors, inducing cancer cell apoptosis, and suppressing
tumor growth pathways (Carranza-Aranda et al., 2024; Ryu et al., 2017; Shahbaz et al., 2023).
Despite chrysin’s favourable pharmacological activities, its clinical utility remains limited
owing to its poor bioavailability, low solubility, limited permeability, and rapid elimination
from the body (Eatemadi, et al., 2016; Rahmani, and Khan, 2025). Overcoming these
challenges will necessitate the development of derivatives through structure activity
relationship and mechanistic studies, (Rahmani, and Khan, 2025). Chrysin (Figure 1) as
hydroxylated flavone, contains two hydroxyl groups at C5 and C7 positions (Naz et al., 2019;
Talebi et al., 2021). However, OH at the C7 position is more reactive and such derivatives are
mostly described (Hairani and Chavasiri, 2022; Zou et al., 2010). Thus, introduction of
additional substituents will influence its bioavailability and a biological activity (Gao et al.,
2021). Thus, the modification of chrysin at the hydroxyl C7 position through benzoylation and
condensation reaction at C-4 by addition of phenylhydrazine have resulted in GA and ZH
chrysin derivatives as shown in Figure 2.

Complexation with transition metals have been reported to enhanced anti-cancer effects of
chrysin by a factor of ten (Shahbaz et al., 2023). Based on this, complexation of chrysin
derivatives GA and ZH with metal(Il) complexes of Co, Ni, Fe and Cu were conducted.

Figure 1: Structure of Chrysin
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(E)-2-phenyl-4-(2-phenylhydrazono)-4 H-chromene-5,7-diol  (ZH)
Figure 2: Structures of synthesized derivatives of chrysin GA and ZH

Computational approaches are increasingly important in therapeutic development for
prostate cancer (Huang and Hu, 2025). Methods such as In silico or virtual screening,
molecular docking, and molecular dynamics (MD) simulations afforded faster, cheaper and
time-efficient approaches for recognizing small-molecule inhibitors targeting AR (Eugene-
Osoikhia et al., 2024; Huang and Hu, 2025). Virtual screening allows the fast assessment of
large chemical libraries to predict likely compounds to bind to the target or receptor proteins
based on structural features which aid and reduces experimental screening time (Huang and
Hu, 2025). Structure-based drug discovery (SBDD and ligand-based drug discovery (LBDD)
are two different methods used in Computer-Aided Design and Drafting (CADD) (Shaker et
al., 2021; Vidal et al., 2010). Structure based drug design approaches calculate the binding
affinity between a ligand and a target protein, in a specific binding pocket, by means of the
structures of the ligand and the target protein (Paggi et al., 2024). Among structure-based drug
design, molecular docking is the most common method which has been frequently used since
the early 1980s (Jakhar et al., 2020). Molecular docking method helps drug discovery by
envisaging the binding affinities and interaction styles of candidate molecules with AR or
related proteins, simplifying the choice of effective inhibitors (Ahmad ef al., 2022; Jakhar et al.,
2020).

In this work we report synthesis, characterisation and In Silico modelling of chrysin
derivatives (GA and ZH) and their metal (II) complexes as potential androgen receptor
antagonists for Prostate Cancer Therapy.
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MATERIAL AND METHODS

Materials and Reagents. All reagents and solvents were of analytical grade and used without
further purification. Chrysin, phenylhydrazine and benzoyl chloride, Cobalt (II) Chloride
hexahydrate, Copper (II) chloride dihydrate, Nickel (II) Chloride hexahydrate, Iron (II)
Chloride dehydrate were obtained from Sigma Aldrich chemicals.

Physical Measurements

The electronic spectra of the complexes were determined as solid reflectance on a Perkin-
Elmer Lambda 25 Spectrophotometer in the range 200-400 cm~! for UV region and 400-900
cm for visible region. The infrared spectra were recorded as KBr discs on a Perkin-Elmer BX
II FT-IR spectrometer 4000-400 cm~1. The room temperature magnetic susceptibilities at 303K
were measured on Sherwood susceptibility balance MSB Mark 1 and diamagnetic corrections
were calculated using Pascal’s constant. Melting points were determined with Stuart SMP10
Melting point apparatus. Metal analysis was determined by complexometric titration using
EDTA solution, murexide indicator and ammonia/ammonium chloride buffer.

Synthesis of 7-ortho-benzoyl chyrsin (GA)

The synthesis of GA (Scheme 1) was carried out according to the method described by Chen
et al., 2019. To 30 ml dichloromethane was added chrysin (0.9 g, 3.54 mmol), the solution was
stirred for 10 minutes, To the stirring solution was added 0.9 mL pyridine and this was
allowed to stir for 10 mins. This was followed by the addition of 1.26 mL of benzoyl chloride
gradually to the mixture and stirred for 4hrs. Afterward, the reaction mixture was refluxed
under inert gas for 2 hrs which gave a milky -white precipitate. This was cooled to room
temperature and the precipitate filtered (1.1747 g, 92.69 %) percentage yield.

0]
9 0
c CsHsN o O |
reflux/ N,
OH O + HCI
7-0-benzoyl chrysin (GA)

\J

OH ©

chrysin Benzoyl chloride

Scheme 1: Synthesis of 7-Ortho-Benzoyl Chyrsin (GA)

Synthesis of 2-pheny-4-(2-phenylhydrozono)-4h-chromene-5,7-diol (ZH)

The synthesis of ZH (Scheme 2) was carried out according to the method described by
Pouramiri et al., 2023. Chrysin (0.1 g, 0,393 mmol) in 30 ml dichloromethane was stirred for
10 minutes, To the stirring solution was added 0.1mL of triethylamine which caused colour
change from faded yellow to yellow. The stirring continued for further 10 mins. Afterwards,
0.1mL of phenylhydrazine was then added and deepen the yellow colour of the reaction
mixture. This was followed by the addition of 6 ml glacial acetic acid and stirring continued
for 12 hrs. After the completion of stirring, the reaction mixture was refluxed under nitrogen
for 10 hrs. The reaction mixture was cooled to room temperature and the brick red precipitate
was filtered and dried. The percentage yield obtained was (0.2863 g, 19.47 %)
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2-PHENY-4-(2-PHENYLHYDROZONO)-4H-CHROMENE-5,7-DIOL
(ZH)
Scheme 2: Synthesis of 2-Pheny-4-(2-Phenylhydrozono)-4h-chromene-5,7-diol (ZH)

Synthesis of benzoylated chyrsin metal complexes of [M(GA)2(H20).]. nH>O, Where M = Cu(II), Co(II), Ni(II)
and Fe(II) ;n=0,1and 2

This synthesis was carried out according to published procedure by Halevas et al., 2021 with
slight modification. To the stirring solution of benzoylated chrysin derivative GA (0.2687g,
0.75mmol) in 10ml methanol was added 0.14ml of triethylamine followed by the addition of
the metal (II) chloride salt (0.375mmol) in 10 ml methanol giving 2:1 stoichiometric ratio. The
stirring continued for 2hrs and afterwards was refluxed for 6 hrs at 60°C. The resulting
solution was cooled to room temperature and left for few days after which the precipitate was
formed. The precipitate was filtered, washed with methanol, dried and weighed. The
percentage yields for the different metal complexes are presented in Table 1.

Synthesis of 2-Pheny-4-(2-Phenylhydrozono)-4h-chromene-5,7-diol chrysin metal
complexes of [M(ZH)2(H20)2]. nH>0O, Where M = Co(II) and Ni(II); n =2 and 4

The synthesis was similar to that of the benzoylated complexes according to published
procedure by Halevas et al., 2021 with slight modification. To the stirring solution of (2-
phenyl-4-(2-Phenylhydrazono)-4H-Chromene-5,7-diol) chrysin derivative ZH
(0.1721g,0.5mmol) in 10ml methanol was added 0.14ml of triethylamine followed by the
addition of the metal (II) chloride salt (0.25mmol mmol) in 10 ml methanol giving 2:1
stoichiometric ratio. The stirring continued for 2hrs and afterwards was refluxed for 6 hrs at
60°C. The resulting solution was cooled to room temperature and left for few days after which
the precipitate was formed. The precipitate was filtered, washed with methanol, dried and
weighed. The percentage yields for the different metal complexes are presented in Table 1.
Only the copper and nickel complexes were synthesized due to the small yield of ZH.

Computational Approach

Molecular docking of the synthesized chrysin derivatives GA, ZH and their metal(Il)
complexes against Prostate cancer androgen receptor was carried out using PyRx. ADMET
analysis was done using SwissADME and Protox 3.0.

Ligand sample Preparation / Preparation Control Drug for Docking

ChemDraw Pro v16.0 was used to make a two-dimensional model of the chemical structure
while the ligand compound samples were being prepared. To minimize and change the
structures, the molecular mechanics force field (MMFF2) was used. This field was also present
in the 3D display of ChemDraw. The file was finally saved in PDB form. (Ambarwati et al.,
2022). The three-dimensional (3D) structure of the control drug (Abiraterone acetate.
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PubChem id 9821849) was obtained from the PubChem database, comprehensive general
repository for information on chemicals and their related biological activity accessed at
https:/ / pubchem.ncbi.nlm.nih.gov (Kim et al., 2016).

Retrieval and Preparation of Target Proteins

The three-dimensional (3D) structures of the target protein or receptor (Androgen receptor
PDB id 1e3g) was retrieved from the Protein Data Bank (PDB) (http://rcsb.org) (Desai and
Joshi, 2019). The drug targets or ligands were processed to make sure they were in the right
format for uploading onto PyRx window to facilitate a more efficient docking process The

refinement process was conducted using the Biovia Discovery Studio Visualizer (Duyu et al.,
2020).

Determination of active sites of proteins

The Computed Atlas for Surface Topography of Proteins (CASTp) was used to identify the
amino acids residue present in the targets' active sites. Accessible via the website
http:/ /sts.bioe.uic.edu/castp/index.html (Afolayan and Oladokun, 2024)

RESULTS AND DISCUSSION

The synthesized derivatives of chrysin GA obtained through benzoylation and ZH by reaction
with phenylhydrazine and their metal(ll) complexes are stable at room temperature. The
derivatives GA gave a good yield of 92.19% while the yield for ZH was small 19.47%. The
complexes gave varying shades of colour in low to moderate good yields in the range 31.30%
- 84.76% as shown in Table 1. The derivatives GA and ZH melted at 150°C and 210°C
respectively, while the complexes melted in the range 225°C-270°C except the cobalt
complexes which decomposed above 300°C. The complexes were insoluble in most solvents
and but are soluble in DMSO. The analytical data are summarized in Tablel below.

Table 1: Analytical data for the complexes

Compound Mol. Wt Colour % Yield | M.Pt (°C) %Metal Uttt (BM)
(g/mol) Exp (Calc)

C2Hi1405 (GA) 358.35 Milky White | 92.69 150-152 _ _

C21H16N20s (ZH) 344.37 Brownish red | 19.47 210-211 _ _

[Cu(GA)2(H20).]. 2H.0 852.25 Pale Green 59.07 256 7.80 (7.45) 1.5

[Ni(GA)2(H20)2] 811.39 Yellow 75.68 225 7.25 (7.23) 2.08

[Fe(GA)2 (H20)2] 808.55 Green 76.00 270 7.35 (6.90) 3.10

[Co(GA)2(H20)2]. H2O 829.69 Yellow 64.22 >300 7.86 (7.11) 2.84

[Ni(ZH)2(H20),].4H,O 796.74 Greenish 31.30 230 7.51 (7.37) 212
yellow

[Co(ZH)2(H20).].2H>O 819.73 Greenish 84.76 >300 7.15 (7.20) 3.36
yellow

Exp = experimental, pesr = effective magnetic moments, M. Pt = melting point, GA=7-O-Benzoylchrysin, ZH= 2-
Phenyl-4-(2-phenylhydrazono)-4h-chromene-5,7-diol

Infra-red spectra studies of synthesized complexes

The relevant infrared data are presented in Table 2. The infra-red spectra data of GA (7-ortho
benzoyl chyrsin) and ZH (2-Pheny-4-(2-Phenylhydrozono)-4h-chromene-5,7-diol and their
metal(II) complexes were studied and assigned based on careful comparison of their spectra
and that of chrysin.
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In the free chrysin spectrum, a band observed at 1652 cm-1, assigned to the C=O bond
stretching vibration of the chromone ring was shifted to 1752 cm-1 in GA derivative, the
phenolic O-H stretching vibration observed at 3150 cm—1 was also shifted to 3169 cm-1 in GA.
The strong signals at 1448 cm—1, indicative of the v(C=C) stretching in the y-pyrone and
benzene rings of chrysin were also observed in GA confirmed the formation of the benzoyl
derivatives. (Halevas et al., 2025). However, the absence of C-Cl stretching vibration of
benzoyl chloride at 773cm? in GA was due to the neutralization reaction which occurred in
the process of the reaction as a result of addition trimethylamine as a binding agent which
have neutralized the hydrochloric acid generated in the course of the reaction, (Chen et al.,
2020)

Comparing the spectra of free chrysin and ZH derivative, the phenolic O-H stretching peak
at 3150 cm! was also observed in the position as the reaction of phenylhydrazine involved
condensation of the carbonyl carbonyl to give an imine moiety which was obtained as anew
band at 1652 cm! (Dammene-Debbih et al., 2024) and N-H stretching vibration at 3084cm-1.

In the spectra of the GA metal complexes of Cu(Il), Ni(Il), Fe(Il) and Co(II), the GA derivative
acted as a bi-dentate ligands binding through the chromone C=O stretching vibration at 1752
cm! which shifted bathochromically in the range 1740-1742 cm! in all the complexes. Also,
there was shift of the phenolic O-H stretching vibration at 3169cm- in GA to lower wave
number in all the complexes in the range 3061cm1-3074 cm-1.

Similarly, ZH ligand also exhibited bi-dentate nature binding to the metal through the imine
moiety (C=N) in position four (C-4) with band at 1652cm-! which shifted to lower wave
number in the complexes in the range 1633 cm-1 to 1632 cm-1. The phenolic oxygen atom was
also used by ZH to coordinate to metal by the shifting of this band at 3150cm-1 in ZH to
3058cm-1- 3062cm-1 in the complexes confirming it involvement in bonding.

All the complexes exhibit broad bands in the range of 3430-3416 cm™?, which can be attributed
to the presence of coordinated water molecules (Rimbu et al., 2014). The appearance of new
bands at about 531-583cm™ and 465-476cm! are assigned to M-O and M-N and vibrations,
respectively which support the involvement of N and O atoms in complexation with metal
ions under investigation (Eugene-Osoikhia et al., 2020; Nakamoto, 2009).

Table 2: Relevant IR data of Chrysin, GA, ZH chrysin derivatives and their complexes in
cm!

Compounds V oHyH20 VC-Hiaromatic) Nc=o Ve=c Vo Ve=n N-H VMmN m-0
Chrysin 3150 3010(s) 1653(s) 1448 1166(m)

C2HuOs (GA) 3169(s) 3000 1752 1453 1184 - -

CaiH1eN20s (ZH) 3150(b) 3000 - 1498 - 1652 3084 -
Cu(GA)2(H20)2]. 2H0 3065 (b) | 3000 1742(s) 1449(s) - - - - 574
[Ni(GA)2(H20)s] 3074 (b) | 3000 1740(s) 1431 - - - - 578
[Fe(GA): (H20)2] 3061 (b) | 3000 1742(s) - 531
[Co(GA)2(H20)z]. H2O 3066(b) 3000 1740(s) 1447(s) - - - - 583
[Ni(ZH)2(H20)2]. 4H:0 3062 - - 1448 - 1633 3084 | 465 -
[Co(ZH)2(H20)2].2H20 3058 - - 1448 - 1632 3080 | 476

b = broad, s = strong, m = medium

Electronic Spectra and Magnetic Moments of the synthesized complexes

The electronic spectral absorptions of the ligands and complexes (Figures 3 and 4) are
presented in Table 3. From literature report, free chrysin exhibited two main characteristic UV
absorption bands at 310- 350 nm (32258cm - 28571cm-!) due to B-ring absorption (cinnamoyl
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system, Band I) and at 250-290 nm (40,000cm! - 34483cm™) which corresponds to A-ring
absorption (benzoyl system, Band II) which were attributed to m —m* transitions (Pancha et
al., 2026, Kasprzak et al., 2015, Munoz et al., 2015). The GA derivative of chrysin formed
through benzoylation showed one band at 352nm (28409cm-) due to B-ring absorption
(cinnamoyl system, Band I) assigned to m —n* transition. However, the ZH phenylhydrazine
derivative showed two bands at 352nm ((28409cm) assigned to m —1* transition and 366 nm
(27322cm?) assigned to n —m* transition respectively.

The copper complex Cu(GA)2(H20),]. 2H>O showed two unsymmetrical absorption peaks at
14663 cm-1 and 15432 cm-1 assigned to 2B1g;—2B,; and 2B1;—2E;4 transitions of a tetragonal
octahedral geometry in consistent with distorted octahedral geometry (Eugene-Osoikhia et al.,
2021). The copper complex Cu(GA)2(H20)]. 2H>O also exhibited low magnetic moment value
of 1.5 B.M, which is consistent to one unpaired electron due to spin-spin interactions through
hydrogen bonding (El-Tabl et al., 2016).

The electronic spectra of nickel complexes exhibited two d-d transitions at 14577cm-1 (686 nm)
and 15924 cm-1 (628 nm) for [Ni(GA)>(H20):], and 14577cm-1 (686 nm), 15823cm-1 (632 nm)
for [Ni(ZH)2(H20),].4H>O. These bands were assigned to 3As;—3T>; and 3A»;—3Ti; (F)
transitions respectively. Usually, square planar Ni(II) complexes are diamagnetic while
octahedral and tetrahedral complexes are paramagnetic with moments in the range 2.90 - 3.40
B.M and 3.50 - 4.10 B.M respectively (Masoud et al., 2008). In this study, magnetic moment of
208 BM and 212 B.M observed for the Ni complexes [Ni(GA)(H20),] and
[Ni(ZH)2(H20)2].4H20 showed equilibrium between the high spin octahedral and low spin
octahedral geometry (Ohtsu and Tanaka, 2004; Ohtsu and Tanaka, 2005).

Iron complex [Fe(GA)2 (H20).] complex had two bands at 14577 cm-1 (686 nm) and 15455cm-
1 (648) nm) characteristic of 6-coordinate, high spin and low spin octahedral geometry and
were assigned to 5T2;—5E; and 'Aj;—1Ty; transitions and a magnetic moment of 3.10 B.M
observed for this complex was suggestive of spin equilibrium between the high spin and low
spin octahedral geometry (Kitchen et al., 2013; Rudavskyi et al., 2013).

The electronic spectra of the Cobalt complexes gave three bands at 12658 cm-1 (790 nm), 14749
cm-1 (678 nm) and 16556 cm—1 (604 nm) for [Co(GA)2(H20)2]. H20 and 14706 cm-1 (680 nm),
15924 cm-1 (628 nm) and 17361 cm—1 (576 nm) to [Co(ZH)2(H20).].2H20 respectivel . These
bands observed were assigned to the transitions, 4T — *Togr)(V1), *Tigm— *Azgr)(v2) and
Tigm— *Tige)(V3), respectively, suggestive of an octahedral geometry around Co(Il) ion
(Dasmahapatra et al., 2024; Alsuhaibani et al., 2023). The magnetic susceptibility values of 3.36
B.M and 2.84 BM observed for [Co(ZH)2(H20).].2H>O and [Co(GA)2(H20)2]. H2O complexes
were lower than the value expected for high spin three unpaired electrons (3.87 BM) but fell
within the anomalous range (2.36 - 3.72 BM) reported in literature (Hayami et al., 2011; Kumar,
2021). These observed moments of 3.36 and 2.84 BM can be explained by assuming an
equilibrium mixture of the spin-paired (inner orbital) and spin-free (outer orbital) states in
each case. Therefore, it can be inferred that the metal-ligand bonds must be quite strong,
involving appreciable pi-bonding and that the energy difference between the two electronic
states (spin-paired and spin-free) is of the order of kT (Gibson et al., 2007; Kumar, 2021).
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Table 3: Electronic spectra data of GA, ZH chrysin derivatives and their complexes

compound UV bands (cm-?) Probable transitions
GA 28409 — 1*
ZH 28409 m— ¥
27322 n— ¥
Cu(GA)z(HzO)z]. 2H,0 28249 n— mo*
15432 2Bz — 2Eig
14663 2Blg i 2B2g
[Ni(GA)2(H20)2] 28409 m— ¥
15924 ?Azg = Tig(r)
14577 3A2g —3Tg
[Fe(GA)2 (H20)2] 27322 n— m*
15455 1A15—1Tog
14577 5T2g—5Eq
[Co(GA)2(H20)]. H2O 28090 o— m*
16556 4T14(F)— 4T14(P)
14749 4T14(F)— 4Ax(F)
12658 4T14(F)— 4T25(F)
[Ni(ZH)»(H20),].4H-O 40650 m— 1*
27933 n— o*
15823 3A2g —>3T1g(1:)
14577 3A2g —3Tg
[CO(ZH)Z(HZO)Z].ZHZO 34483 n— m*
27933 n— *
17361 4T14(F)— 4T1,4(P)
15924 4T14(F)— *Axg(F)
14706 4T14(F)— 4To4(F)
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.nH,0

where M = Cu, Ni, Fe,and Co n=0,1and2
Figure 3: Proposed structure of metal(II) complexes of benzoylated chyrsin derivative (GA)

. ]'leo

Where M = Ni, Co andn=2,4

Figure 4: Proposed structure of metal(II) complexes of 2-Pheny-4-(2-Phenylhydrozono)-4h-chromene-5,7-diol
chrysin derivative (ZH).

Computational Report

Molecular Docking

Results of the binding affinity scores of the chrysin derivatives GA, ZH, their metal complexes
and the standard drug Abiraterone are presented in Table 4 below. All the compounds
interacted with the selected targets with varying binding affinities, as listed in Table 4. Out
of the nine compounds, only GA derivative, and some of its complexes [Cu(GA)2(H20).].2H.O
[Ni(GA)2(H20)2], [Co(GA)2(H20)2]. H20O, have lower binding affinity at -9.3 kcal/mol, -9.4
kcal/mol, -10.5 kcal/mol and -10.0 kcal/mol compared to the standard drug (Abiraterone
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acetate) at -8.8 kcal/mol against Androgen receptor (AR). Hence, they were selected as the
control for subsequent studies. GA derivative has a better binding affinity of -9.3 kcal/mol
than ZH derivative with binding affinity of -8.6 kcal/mol.

Table 4: Binding affinity scores of chrysin derivatives GA, ZH, their metal complexes and
the Standard Drugs

Binding affinity

Compounds (kcal/mol)
Abiraterone Acetate (Control drug) -8.800
GA derivative -9.300
ZH derivative -8.600
[Cu(GA)2(H20),]. 2 H,O -9.400
[Ni(GA)2(H20)] -10.000
[Fe(GA)2(H20),] -8.700

-10.500
[CO(GA)z(HzO)Z]. H,O
[Ni(ZH),(H20),]- 4H,O -8.500

-8.800
[CO(ZH)Q(HQO)Q]. ZHQO

Molecular Docking Interaction

Investigation of the interaction of the docked structures reveal the most satisfactory
interactions within the active site. The molecular docking interaction result of GA derivative,
[Cu(GA)2(H20)2]. 2H,O, [Ni(GA)x(H20)2], [Co(GA)2(H20)2]. H>O, the standard drug
Abiraterone acetate are shown in Figures. 5 (a-e).
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Figure 5(a): 2D and 3D Interaction of GA derivative with Androgen receptor
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Figure 5(c): 2D and 3D Interaction of [Ni(GA)2(H20)2] complex with Androgen receptor
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Figure 5(d): 2D and 3D Interaction of [Co(GA)2(H20)2]. H2O complex with Androgen receptor
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Figure 5(e): 2D and 3D Interaction of Abiraterone Acetate with Androgen receptor

GA derivative ligand showed binding energy of -9.3 kcal/mol). The interaction of the GA with
the protein residues showed that the ligand bonded with one conventional hydrogen bond
between the ligand group and amino acid residue VAL 685; five pi-alkyl interaction was
observed between the benzene derivative and different amino acid residues at ALA 748, PRO
682, VAL 685, ARG 752 and VAL 684 at the binding site. The interaction of the ligand with the
protein residue showed that the ligand bonded with one pi-cation bond between the phenyl
group and amino acid residue ARG 752. One van der Waals interaction was observed between
the carbonyl functional group and amino acid residue at TRP 751 at the binding site. Finally,
there was a pi-pi T-shaped interaction between the phenyl group and amino acid residue at
TRP 751 as shown in Figure 5a

[Cu(GA)2(H20)2] showed lowest binding energy of -9.4 kcal/mol. The copper complex
bonded with one pi-cation bond between the phenyl group and amino acid residue ARG 752;
two pi-alkyl at ARG 752 and ALA 748. The interactions also feature two pi-pi T-shaped at TRP
751 and PRO 682. One van der Waals interaction was observed between the carbonyl
functional group and amino acid residue at TRP 751 at the binding site Figure 5b. The nickel
complex [Ni(GA)2(H20):] with the binding energy of -10.0 kcal/mol interacted with the
protein residues by binding with one conventional hydrogen bond and amino acid residues
ARG 752. It was involved with four pi-alkyl interactions between the phenyl groups and
amino acid residues at LEU 805, ARG 752, ALA 748 and PRO 682 Figure 5c. The cobalt
complex with the best binding affinity of 10.5 kcal/mol related with the protein residues with
one pi-cation bond between the phenyl group and amino acid residue ARG 752; two pi-alkyl
at ARG 752 and ALA 748. The interactions also feature two pi-pi T-shaped at TRP 751 and
PRO 682. One van der Waals interaction was observed between the carbonyl functional group
and amino acid residue at TRP 751 at the binding site as shown in Figure 5d.

The compound Abiraterone acetate with binding energy -8.800 kcal/ mol formed two carbon

hydrogen bond between the drug and amino acid residue VAL 684 and ARG 752 in the
binding site. Three of the amino acid residues, TRP 751, LEU 805 and PRO 801 were involved

T. T. Eugene-Osoikhia et al, DUJOPAS 12 (3a): 74-94, 2026 86



Synthesis, Characterization, and In Silico Modelling of Chrysin Derivatives and Their Transition Metal (lI)
Complexes as Potential Androgen Receptor Antagonists for Prostate Cancer Therapy

in alkyl interactions with the phenyl groups of the ligand, while one of the protein residue
VAL 684 was involved pi-alkyl interaction in Figure 5e.

ADMET Report

Pharmacokinetic and toxicological properties are important parts to achieve good oral
bioavailability and safe drugs in the drug design. (Abiodun et al., 2025; Garcia et al., 2021). The
ADMET computational assessments of GA derivative, [Cu(GA)2(H20):]. 2H>O,
[Ni(GA)2(H20)2], [Co(GA)2(H20)2]. H2O and the standard drug Abiraterone acetate were done
to evaluate the highest inhibitory efficacy against Androgen receptor are presented in Tables
5and 6.

Table 5: ADME Prediction of GA derivative, its complexes and Abiraterone acetate

Compounds GIA BBB p-gp CYP LIPINSKI Rule | Consensus Water Bio-
(Chemical formula) Permiabi | substrate Inhibitor of Five LogPo/w Solubility availability
lity scores

GA derivative High No No 1A2, 2C19, | O 3.43 Moderately 0.55
2C9 Soluble

[Cu(GA)2(H20)2]. 2 | Low No Yes 3A4 2 0.00 Insoluble 0.17

HO

[Ni(GA)2(H20):] Low No Yes 3A4 2 0.00 Insoluble 0.17

[Co(GA)2(H20)2]. Low No Yes 2C9, 3A4 1 0.00 Insoluble 0.55

H0O

Abiraterone acetate High No No 2C9, 3A4 1 0.00 Moderately 0.55

Soluble

GIA: Gastrointestinal absorption, BBB: Blood brain barrier, P-gp substrate: permeability glycoprotein substrate

Absorption

The absorption properties such as water solubility, intestinal absorption (human), P-
glycoprotein properties and Lipinski's rule of five were calculated. Solubility have important
role both in the theoretical and practical applications of chemical compounds (Martnez et al.,
2017). The ability to of a drug to dissolve in a given solvent has significant effects on the
reactivity, stability, and bioavailability of the compound. Thus, solubility held major
importance in drug design and formulation (Tran et al., 2019). GA derivative is moderately
soluble as the standard drug Abiraterone acetate, but all the complexes are insoluble in water
as shown in Table 5. However, low water solubility does not eliminate consideration of
compounds as potential drugs; but indicated some challenges which might be encountered
with its development as drug to enable adequate bioavailabilty (Czelen et al., 2023). Human
intestinal absorption was used to envisage the amount of drugs absorbed in the human
intestine (Sinha et al., 2020). The GA derivative showed high gastro-intestinal absorption like
standard drug Abiraterone acetate indicating favourable oral bioavailability but the
complexes Cu(GA)2(H20)2]. 2H2O, [Ni(GA)2(H20)2], [Co(GA)x(H20)2]. HXO showed poor
intestinal absorption signifying limited uptake following oral administration. The P-
glycoprotein (P-gp) properties help to determine the probability of interaction between the
tested drugs and the receptor of the protein as an inhibitor or substrate, which may contribute
to a significant reduction in the permeability of drugs through membranes (Sinha et al., 2020).
The synthesized GA derivative showed no p-gp substrate while the complexes
Cu(GA)2(H20)2]. 2H20, [Ni(GA)2(H20)2], [Co(GA)2(H20)2]. H2O showed pg-substrate which
could lead to reduced intracellular accumulation due to active efflux, perhaps reducing their
effectiveness as a therapy.

Log Po/w is a standard descriptor to measure lipophilicity. Compounds’ lipophilicity affects

how easily they pass through biological membranes (Duran-iturbide et al., 2020). According
to most filters (rule of 5) for drug-likeness, a lipophilicity range of 0 to 5 is usually considered
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optimal for drug design (Ononamadu et al., 2021). The LogP o/w values obtained for GA
derivative and its complexes Cu(GA)>(H20)2]. 2H2O, [Ni(GA)2(H20)2], [Co(GA)2(H20)2]. H2O
suggested that were lipophilic. None of the c can pass the compounds GA and the complexes
can pass through the blood-brain barrier (BBB), thus, there is likely little exposure to the
central nervous system.

Metabolism and Excretion

Cytochrome P450 enables the metabolism of drugs (Sinha et al., 2020). Inhibitors of this
enzyme may affect the metabolism of the drugs, and the drugs may have a opposite effect
(Dominguez-Villa et al., 2021). Although, only CYP1, CYP2, CYP3 and CYP4 are liable in the
metabolism of drugs, currently, 17 categories of CYPs have been identified in humans and
only the types (1A2, 2C9, 2C19, 2D6 and 3A4) are responsible for ninety percent
biotransformation of drugs than, pass (Zanger and Schwab, 2013). The compounds exhibited
particular inhibition of the cytochrome P450 (CYP) enzyme. Only compound (GA) ligand
derivative inhibited CYP1A2, CYP2C9 and CYP2C19, while abiraterone acetate,
[Co(GA)2(H20)2]. HXO and GA inhibited CYP2C9. Complexes [Co(GA)2(H20)2]. H20,
Cu(GA)2(H20)2]. 2H:0, [Ni(GA)2(H20)2] and abiraterone acetate inhibited CYP3A4, a crucial
enzyme in drug metabolism, which may suggest a possibility of drug-drug metabolic
interactions. None of these compounds exhibited inhibition for CYP2Dé. Lipinski’s rule of five
evaluation shows that compounds Cu(GA)2(H:20)2]. 2H>O and [Ni(GA)2(H20):] violated two
parameters, indicating sub-optimal drug-likeness, while compounds abiraterone acetate and
[Co(GA)2(H20)2]. H2O have a single violation, whereas GA derivative complied fully with the
rule. Bioavailability scores (Table 5) are highest (0.55) for abiraterone acetate,
[Co(GA)2(H20)2]. H2O and GA derivative suggesting moderate oral bioavailability, while
compounds Cu(GA)2(H20)2]. 2H>O and [Ni(GA)>(H20):] exhibited lower predicted
bioavailability (0.17), which are in agreement with their physicochemical and
pharmacokinetic limitations.

Toxicity
The toxicity profile of GA derivative, its complexes and the standard abiraterone acetate is

given in Table 6 below:

Table 6: Toxicity profile of GA derivative, its complexes and abiraterone

Compounds Hepat | Neuroto | Nephrotox | Respiratory | Cardiotoxicity | Carcinogenci | Immunotoxic | Mutagenic
(Chemical formula) otoxici | xicity icity toxicity ty ity ity

ty
GA derivative No No Yes Yes No Yes No No
[Cu(GA)(H20)2]. 2 | No No Yes No No No Yes Yes
HO
[Ni(GA)2(H20):] No No Yes No No No Yes Yes
[Co(GA)2(H20)]. No No No Yes No No Yes Yes
HO
Abiraterone acetate No No No Yes No Yes Yes No

The predicted toxicity results for abiraterone acetate (standard drug), [Cu(GA)2(H:20):]. 2H2O,
[Ni(GA)2(H20)2], [Co(GA)2(H20)2]. H2O and GA ligand show some important differences in
their safety profiles. All the compounds, including the control drug and the GA derivative
were found to be non-toxic to both the liver, nervous system and the heart, which suggests
they may be safe in those areas. However, the [Cu(GA)2(H:0)2]. 2H2O, [Ni(GA)2(H20).] and
GA ligand, showed signs of kidney toxicity, while abiraterone acetate and the
[Co(GA)2(H20)2]. H2O did not. For respiratory toxicity, abiraterone acetate, [Co(GA)2(H20)a].
H>O and the GA derivative were marked as potentially harmful, while the [Cu(GA)>(H20)2].
2H>0 and [Ni(GA)2(H20)2] complexes were not. Abiraterone acetate and the GA ligand were
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predicted to possibly cause cancer, but none of the metal complexes showed this risk.
Regarding impacts on the immune system, only GA derivative did not exhibit signs of
immunotoxicity while the complexes and abiraterone acetate did.

From the toxicity profile, abiraterone acetate GA derivative did not cause genetic alterations,
while [Cu(GA):(H20)2]. 2H2O, [Ni(GA)2(H20)2], [Co(GA)2(H20)2]. HXO complexes were
predicted to have mutagenic potential, indicating that they may have an impact on genetic
material.

CONCLUSION

Chrysin derivatives GA and ZH obtained through benzoylation the use of phenlyhydrazine.
And their metal (II) complexes of Cu(Il), Ni(Il), Fe(II) and Co(II) have been synthesized and
characterized. The antimicrobial studies and In-silico studies of GA, ZH and their complexes
were conducted against prostate cancer androgen receptor (PDB id 1e3g) using Abiraterone
acetate as standard drug. The Infrared spectra data showed GA and ZH as bidentate ligands
with GA coordinating to the metals through the carbonyl oxygen of the chromone group and
the phenolic oxygen of the hydroxyl while ZH bonded through the imine nitrogen atom and
the phenolic hydroxyl oxygen. The magnetic susceptibility and electronic spectral data
indicated that the metal (II) complexes have octahedral geometries. The in-vitro antimicrobial
screening carried out, displayed inactivity of the derivatives and their complexes against
bacteria tested The docking results showed that GA, was better than ZH which inferred the
reason its complexes compared better than that of ZH. ADMET analysis showed good oral
bioavailability and less toxicity of GA and [Co(GA)2(H20).]. HO among the complexes, but
the low gastrointestinal absorption of [Co(GA)2(H20)2]. H2O compared to Abiraterone acetate
might limit its potential for consideration as anti-androgen drug against prostate cancer.
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