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ABSTRACT 
Four novel rutin–metal complexes incorporating Zn(II), Mg(II), Cu(II) and Fe(III) cations were synthesised by a co-
precipitation method in methanolic medium at metal-specific optimum pH values (5.5–8.5) and evaluated for their in-
vitro antioxidant activity in comparison with free rutin. The complexes were obtained as stable, distinctly coloured solid 
products in 65.2–78.1% yield, with decomposition temperatures (232–268 °C) substantially higher than the melting range 
of free rutin (190–195 °C), indicating enhanced thermal stability. UV–Visible spectroscopy revealed bathochromic shifts 
of Band I (Δλ = +23 to +68 nm) and Band II (+6 to +23 nm) in all four complexes, while Job’s method of continuous 
variation established a uniform 1:2 (metal:ligand) stoichiometry. FTIR spectroscopy confirmed coordination at the 5-
hydroxy-4-keto site through a red shift of the ν(C=O) band by 20–50 cm⁻¹, broadening of the ν(O–H) band, and the 
appearance of new ν(M–O) bands at 465–485 and 580–610 cm⁻¹. All four complexes exhibited significantly greater 
DPPH radical scavenging activity than free rutin (p < 0.05), with IC₅₀ values following the order rutin–Cu(II) (6.2 
µg/mL) < rutin–Zn(II) (7.8 µg/mL) < rutin–Fe(III) (9.5 µg/mL) < rutin–Mg(II) (11.0 µg/mL) < free rutin (15.0 µg/mL). 
The rutin–Cu(II) complex was 2.4-fold more potent than free rutin and approached the activity of L-ascorbic acid (4.5 
µg/mL); the reducing power assay corroborated this rank order. The convergent evidence establishes metal complexation 
as a rational strategy for enhancing the antioxidant potential of rutin, with redox-active centres (Cu, Fe) producing larger 
enhancements than redox-inactive centres (Zn, Mg). 
Keywords: Rutin; flavonoid–metal complex; antioxidant; DPPH radical scavenging; FTIR spectroscopy; Job’s method 
of continuous variation; structure–activity relationship. 
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1. INTRODUCTION 
Free radicals are atoms, molecules or ions that contain one 
or more unpaired electrons in their outermost orbital and 
are produced continuously in living systems as by-
products of aerobic metabolism, primarily within the 
mitochondrial electron transport chain [1]. When the rate 
of generation of reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) outstrips the capacity of 
the endogenous antioxidant defence system, a pathological 
condition termed oxidative stress arises [2,3]. Cumulative 
oxidative damage to lipids, proteins and DNA has been 

implicated in the pathogenesis of cardiovascular disease, 
neurodegenerative disorders, diabetes mellitus, certain 
cancers and biological ageing [3,4]. The pharmacological 
or nutritional supplementation of antioxidants has 
therefore emerged as an important preventive and 
therapeutic strategy [5]. 

Flavonoids constitute the largest and most 
pharmacologically significant class of plant-derived 
polyphenols [6,7]. They share a characteristic C6–C3–C6 
diphenylpropane skeleton in which two aromatic rings (A 
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and B) are connected through a central oxygen-containing 
heterocyclic C ring. Variations in the oxidation and 
substitution of this scaffold give rise to six major 
subclasses—flavonols, flavones, flavanones, flavanols, 
anthocyanidins and isoflavones—each possessing 
characteristic biological activity [6,8]. Flavonoids exert 
their antioxidant effects through direct hydrogen-atom or 
single-electron transfer to free radicals, chelation of redox-
active transition metal ions, inhibition of pro-oxidant 
enzymes such as xanthine oxidase and NADPH oxidase, 
and up-regulation of endogenous antioxidant defences 
[7,9]. Despite this broad activity, the clinical translation of 
most flavonoids is constrained by poor aqueous solubility, 
low oral bioavailability and chemical instability under 
physiological conditions [10,11]. 

Rutin (quercetin-3-O-rutinoside), a flavonol glycoside 
abundantly distributed in buckwheat, citrus peels, Sophora 
japonica and several medicinal plants, has been the subject 
of intensive pharmacological investigation [10,11]. It 
exhibits well-documented antioxidant, anti-inflammatory, 
vasoprotective, cardioprotective, neuroprotective, anti-
diabetic and anti-carcinogenic activities [11,12]. The 
biological profile of rutin is governed by structural 
features of its quercetin aglycone—particularly the 3′,4′-
catechol functionality of the B ring, the 5-hydroxy-4-keto 
arrangement, and the conjugated 2,3-double bond [7,8]. 
However, glycosylation at the C-3 position masks one of 
the principal radical-scavenging sites of the parent 
quercetin and contributes to the markedly poor aqueous 
solubility of rutin (≈ 0.125 g/L at 25 °C) [10,11]. Coupled 
with extensive phase II metabolism and a short biological 
half-life, these limitations have motivated extensive 
research into formulation and structural modification 
strategies aimed at improving the therapeutic effectiveness 
of rutin [11,13]. 

Complexation of flavonoids with biologically relevant 
metal cations has emerged as one such strategy [14–17]. 
Flavonoid–metal complexes frequently display enhanced 
solubility, chemical stability and antioxidant activity 
relative to the parent flavonoid, and in some cases acquire 
additional biological activities including selective 
cytotoxicity towards tumour cells, DNA binding and 
antimicrobial action [14,15]. The principal coordination 
sites of flavonoids are the 5-hydroxy-4-keto group, the 3-
hydroxy-4-keto group, and the 3′,4′-catechol group of the 
B ring [16,17]. In rutin, the 3-hydroxy site is blocked by 
the glycosidic linkage, leaving the 5-hydroxy-4-keto and 
3′,4′-catechol systems as the principal metal-binding loci 
[18,19]. Reported rutin–metal complexes include those 
with Zn(II), Cu(II), Fe(III), Al(III), Zr(IV) and MoO₄²⁻, 
and have shown enhanced antioxidant activity relative to 
free rutin [18–21]. 

Although the rutin–zinc(II) system has been characterised 
in some depth [18,20], a systematic comparison of rutin 
complexes with structurally and electronically distinct 
metal centres under standardised synthesis and evaluation 
conditions remains relatively limited. Furthermore, the 
rutin–magnesium(II) system has received little attention 

despite the established antioxidant and biological 
importance of magnesium [25]. The present investigation 
was therefore designed to synthesise four rutin–metal 
complexes incorporating two redox-inactive (Zn²⁺, Mg²⁺) 
and two redox-active (Cu²⁺, Fe³⁺) cations under metal-
specific optimised conditions; to characterise them by 
UV–Vis and FTIR spectroscopy together with Job’s 
method of continuous variation; and to compare their in-
vitro antioxidant activity with that of free rutin and 
reference antioxidants (L-ascorbic acid and BHT) using 
the DPPH radical scavenging and reducing power assays. 
The deliberate inclusion of metal centres differing in redox 
character, ionic radius and Lewis acidity provides a 
structure–activity framework intended to guide the rational 
design of further flavonoid–metal complexes of 
therapeutic interest. 

2. MATERIALS AND METHODS 

2.1 Chemicals and Reagents 
Rutin trihydrate (≥ 95% HPLC) was procured from 
Sigma-Aldrich (Merck, India). Zinc acetate dihydrate, 
copper(II) sulfate pentahydrate, butylated hydroxytoluene 
(BHT) and L-ascorbic acid were obtained from HiMedia 
Laboratories (India); magnesium chloride hexahydrate and 
potassium ferricyanide from SRL Chemicals; and iron(III) 
chloride hexahydrate from Loba Chemie. 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) was obtained from Sigma-Aldrich. 
All other chemicals were of analytical reagent grade and 
used without further purification. Analytical-grade 
methanol (Merck) and double-distilled water were used 
throughout. 

2.2 Synthesis of Rutin–Metal Complexes 
The four complexes were synthesised by a co-precipitation 
method based on procedures previously reported for 
related flavonoid–metal systems [18,19,21] with metal-
specific optimisation of pH [19]. Rutin (610.5 mg, 1 
mmol) was dissolved in 30 mL of hot methanol (55–60 
°C). The corresponding metal salt (0.5 mmol, giving an M 
: L molar ratio of 1 : 2) was dissolved separately in 10 mL 
of methanol or methanol–water (1:1, v/v) and added drop-
wise to the rutin solution under continuous magnetic 
stirring over approximately 15 min. The pH of the reaction 
mixture was adjusted to the metal-specific optimum value 
[Zn(II) 7.5; Mg(II) 8.5; Cu(II) 7.0; Fe(III) 5.5] using 0.1 M 
NaOH; the lower pH used for Fe(III) was required to 
prevent the competing precipitation of iron(III) hydroxide 
[19]. The mixture was refluxed at 55–60 °C for 3–4 h, 
during which a deeply coloured precipitate developed. The 
product was collected by vacuum filtration, washed 
sequentially with cold methanol (3 × 10 mL) and distilled 
water (3 × 10 mL), dried at 45 °C to constant weight, and 
stored in a desiccator over anhydrous CaCl₂. Percentage 
yield was calculated relative to the limiting reagent (metal 
salt). 

2.3 Physical and Spectroscopic Characterisation 
Melting or decomposition temperatures were determined 
in open capillary tubes on a digital melting point apparatus 
(Veego VMP-PM). Qualitative solubility was assessed by 
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adding ~ 5 mg of sample to 1 mL of the test solvent 
(water, methanol, ethanol, DMSO, chloroform, 0.1 M 
NaOH or 0.1 M HCl) at 25 ± 2 °C. UV–Visible absorption 
spectra of free rutin and of each complex were recorded on 
a Shimadzu UV-1800 double-beam spectrophotometer in 
matched 1 cm quartz cuvettes over 200–600 nm, using 
methanolic solutions at 20 μg/mL with methanol as blank 
[26]. The metal-to-ligand stoichiometry of each complex 
was determined in solution by Job’s method of continuous 
variation [22]. Equimolar (1 × 10⁻⁴ M) solutions of rutin 
and the corresponding metal salt in methanol were mixed 
in volumetric proportions ranging from 1:9 to 9:1 (rutin : 
metal), keeping the total volume constant; after 30 min 
equilibration, absorbance at the λmax of the complex 
(390–425 nm) was plotted against the mole fraction of 
rutin. FTIR spectra (4000–400 cm⁻¹, 4 cm⁻¹ resolution, 32 
co-added scans) were recorded on a Bruker Alpha II 
spectrophotometer using the KBr pellet method (~ 2 mg 
sample dispersed in 100 mg spectroscopic-grade KBr and 
compressed at 8–10 tons) [21,27]. 

2.4 DPPH Radical Scavenging Assay 
The DPPH radical scavenging assay was performed by the 
method of Brand-Williams and co-workers [23] with 
minor modifications. A freshly prepared methanolic 
solution of DPPH (0.1 mM; 1 mL) was added to 1 mL of 
test sample (free rutin, rutin–metal complex, ascorbic acid 
or BHT) at each of seven concentrations (1, 5, 10, 25, 50, 
100 and 200 μg/mL). The mixtures were vortexed and 
incubated in the dark at room temperature for 30 min, after 
which absorbance was measured at 517 nm against a 
methanol blank on a Shimadzu UV-1800 
spectrophotometer. A control containing 1 mL of DPPH 
and 1 mL of methanol was prepared in parallel. The 
percentage radical scavenging activity was calculated as % 
Inhibition = [(Acontrol − Asample)/Acontrol] × 100, and 
IC₅₀ values were obtained by non-linear regression of the 
dose–response data using GraphPad Prism 8.0 (GraphPad 
Software, San Diego, CA, USA). 

2.5 Total Reducing Power Assay 
The reducing power was determined by the potassium 
ferricyanide method of Oyaizu [24]. Briefly, 1 mL of test 

sample at each working concentration was mixed with 2.5 
mL of 0.2 M phosphate buffer (pH 6.6) and 2.5 mL of 1% 
(w/v) aqueous potassium ferricyanide. After incubation at 
50 °C for 20 min, the reaction was terminated by adding 
2.5 mL of 10% (w/v) trichloroacetic acid and centrifuged 
at 3000 rpm for 10 min. From the supernatant, 2.5 mL was 
mixed with 2.5 mL of distilled water and 0.5 mL of 0.1% 
(w/v) freshly prepared ferric chloride, and absorbance of 
the resulting Prussian-blue product was read at 700 nm. 
An increase in absorbance indicates greater reducing 
capacity. Ascorbic acid was used as positive control. 

2.6 Statistical Analysis 
All experiments were performed in triplicate (n = 3) and 
the results are expressed as mean ± standard deviation 
(SD). Statistical differences among groups were evaluated 
by one-way analysis of variance (ANOVA) followed by 
Tukey’s post-hoc multiple comparison test in GraphPad 
Prism 8.0. A p-value less than 0.05 (p < 0.05) was 
considered statistically significant. 

3. RESULTS 

3.1 Synthesis and Physical Characteristics 
All four rutin–metal complexes were successfully 
synthesised by the co-precipitation method and obtained as 
stable, distinctly coloured solids in moderate to good 
yields (65.2–78.1%). Free rutin appeared as a pale yellow 
powder, whereas the complexes were obtained in deeper 
shades—yellow-orange (Zn), greenish-yellow (Mg), olive-
green (Cu) and dark brown (Fe)—providing an initial 
visual indication of complex formation (Table 1). All four 
complexes exhibited decomposition temperatures 40–75 
°C higher than the melting range of free rutin, indicating 
substantially enhanced thermal stability. The solubility 
profiles of the complexes were broadly similar to that of 
free rutin, with universal solubility in DMSO and dilute 
alkali; the rutin–Mg(II) complex showed a modest 
improvement in aqueous solubility consistent with 
previous reports for redox-inactive divalent cations of 
moderate charge density [15,16]. 

 

Table 1: Physical characteristics and percentage yield of free rutin and the four rutin–metal complexes (mean ± SD, n = 
3). 

Compound Colour Decomposition (°C) Yield (%) 
Free rutin Pale yellow 190–195 — 

Rutin–Zn(II) Yellow-orange 245–250 (dec.) 72.4 ± 1.8 
Rutin–Mg(II) Greenish-yellow 232–238 (dec.) 65.2 ± 2.1 
Rutin–Cu(II) Olive-green 258–264 (dec.) 78.1 ± 1.5 
Rutin–Fe(III) Dark brown 260–268 (dec.) 69.8 ± 2.4 

3.2 UV–Visible Spectroscopy 
The UV–Vis spectrum of free rutin showed the 
characteristic two-band profile with Band II at 257 nm 
(benzoyl A-ring chromophore) and Band I at 357 nm 
(cinnamoyl B-ring chromophore). For all four complexes a 
clear bathochromic (red) shift of both bands was observed 
(Figure 1, Table 2), with the magnitude of Δλ for Band I in 

the order Fe(III) (+68 nm) > Cu(II) (+53 nm) > Zn(II) 
(+33 nm) > Mg(II) (+23 nm). Bathochromic shifts of this 
magnitude are diagnostic of extended π-electron 
conjugation produced by metal coordination at one or both 
chromophore-bearing sites of the flavonoid scaffold 
[15,18,26]. The particularly large shift observed for the 
Cu(II) and Fe(III) complexes is consistent with stronger 
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electronic perturbation by these higher-charge, more 
polarising cations. 

 

 
Figure 1. UV–Visible absorption spectra of free rutin and the four rutin–metal complexes recorded in methanol 

(concentration ≈ 20 μg/mL). A clear bathochromic shift of both Band II (~ 257 nm in free rutin) and Band I (~ 357 nm in 
free rutin) is observed for all four complexes. 

Table 2. UV–Visible absorption maxima of free rutin and the rutin–metal complexes, with bathochromic shifts (Δλ) 
relative to free rutin. 

Compound Band II λmax (nm) Δλ (nm) Band I λmax (nm) Δλ (nm) 
Free rutin 257 — 357 — 

Rutin–Zn(II) 270 +13 390 +33 
Rutin–Mg(II) 263 +6 380 +23 
Rutin–Cu(II) 275 +18 410 +53 
Rutin–Fe(III) 280 +23 425 +68 

3.3 Stoichiometry by Job’s method of continuous 
variation 
Job’s plots of continuous variation, with absorbance 
measured at the λmax of each complex, showed a single 
maximum at a mole fraction of rutin of approximately 

0.67 for all four systems (Figure 2; Table 3). A peak at xL 
≈ 0.67 unambiguously corresponds to a 1:2 metal-to-
ligand stoichiometry, in agreement with structures 
previously reported for related rutin and quercetin–metal 
complexes [18,19,20,21] and with the 1:2 ratio used in the 
synthesis.

 

 
Figure 2. Job’s plot of continuous variation for the rutin–Zn(II) complex (total concentration 1 × 10⁻⁴ M; absorbance 

measured at 390 nm). The maximum at xL ≈ 0.67 corresponds to a 1:2 (Zn:rutin) stoichiometry. 
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Table 3. Metal-to-ligand stoichiometry of the rutin–metal complexes determined by Job’s method of continuous 
variation. 

Complex Mole fraction at peak (xL) M : L stoichiometry 
Rutin–Zn(II) 0.67 ± 0.02 1 : 2 
Rutin–Mg(II) 0.66 ± 0.03 1 : 2 
Rutin–Cu(II) 0.68 ± 0.02 1 : 2 
Rutin–Fe(III) 0.67 ± 0.02 1 : 2 

3.4 FTIR Spectroscopy 
The FTIR spectrum of free rutin displayed the principal 
expected bands: a broad ν(O–H) stretch at 3414 cm⁻¹, a 
sharp ν(C=O) stretch of the 4-keto group at 1655 cm⁻¹, 
aromatic ν(C=C) bands at 1597 and 1505 cm⁻¹, and the 
glycosidic ν(C–O–C) bands at 1207 and 1063 cm⁻¹. Upon 
complexation, three diagnostic changes were consistently 
observed across all four complexes (Figure 3, Table 4): (i) 
broadening of the ν(O–H) band with a small shift to lower 
wavenumber, consistent with deprotonation of phenolic 
hydroxyls and formation of coordinated or hydrogen-

bonded O–H species; (ii) a 20–50 cm⁻¹ red shift of the 
ν(C=O) band to 1605–1635 cm⁻¹, indicating direct 
coordination of the 4-carbonyl oxygen to the metal centre 
and constituting the hallmark of complex formation at the 
5-hydroxy-4-keto site [18,21]; and (iii) the appearance of 
new low-frequency ν(M–O) bands at 580–610 cm⁻¹ and 
465–485 cm⁻¹, absent in free rutin, providing direct 
confirmation of metal–oxygen bond formation [15,27]. 
Taken together with the bathochromic UV–Vis shifts and 
the 1:2 stoichiometry, these features confirm coordination 
of all four metal cations at the 5-hydroxy-4-keto site of the 
rutin scaffold. 

 

 
Figure 3. FTIR spectra of free rutin and the four rutin–metal complexes recorded over 4000–400 cm⁻¹ by the KBr pellet 

method (spectra stacked with vertical offset for clarity). Red shaded regions highlight the diagnostic ν(M–O) bands 
appearing only in the complexes; the dotted line marks the position of the ν(C=O) band in free rutin (1655 cm⁻¹). 

Table 4. Principal FTIR band assignments for free rutin and the four rutin–metal complexes (wavenumbers in cm⁻¹). 
Assignment Free rutin Zn complex Mg complex Cu complex Fe complex 

ν(O–H) phenolic 3414 (br) 3392 3398 3385 3380 
ν(C=O) 4-keto 1655 1620 1635 1610 1605 

ν(C=C) aromatic 1597, 1505 1590, 1500 1592, 1500 1585, 1495 1582, 1492 
ν(C–O–C) glycosidic 1207, 1063 1200, 1058 1202, 1060 1195, 1052 1192, 1050 
ν(M–O) — new band absent 590, 470 575, 465 605, 478 610, 485 

3.5 DPPH Radical Scavenging Activity 
All four complexes exhibited significantly greater DPPH 
radical scavenging activity than free rutin at every 
concentration tested (p < 0.05; Figure 4). IC₅₀ values, 
calculated by non-linear regression of the dose–response 
data, followed the order rutin–Cu(II) (6.2 ± 0.4 μg/mL) < 
rutin–Zn(II) (7.8 ± 0.5 μg/mL) < rutin–Fe(III) (9.5 ± 0.6 
μg/mL) < rutin–Mg(II) (11.0 ± 0.6 μg/mL) < BHT (12.0 ± 

0.7 μg/mL) < free rutin (15.0 ± 0.9 μg/mL), with L-
ascorbic acid (4.5 ± 0.3 μg/mL) as the most potent 
standard (Table 5, Figure 5). The Cu(II) and Zn(II) 
complexes were 2.4- and 1.9-fold more potent than free 
rutin, respectively, and the activity of the rutin–Cu(II) 
complex approached that of L-ascorbic acid. 
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Figure 4. Concentration-dependent DPPH radical scavenging activity of free rutin, the four rutin–metal complexes and 
the reference standards (L-ascorbic acid and BHT) over the range 1–200 μg/mL. Open markers represent experimental 

data (mean of n = 3); solid lines are sigmoidal fits used to determine IC₅₀. The dotted horizontal line marks 50% 
inhibition. 

 
Figure 5. Comparative IC₅₀ values for DPPH radical scavenging activity of free rutin, the four rutin–metal complexes 

and the reference standards. Bars represent mean ± SD (n = 3). A lower IC₅₀ value indicates higher antioxidant activity. 
All four complexes differ significantly from free rutin (*** p < 0.001). 

Table 5: DPPH radical scavenging activity of free rutin, the rutin–metal complexes and reference antioxidants (mean ± 
SD, n = 3). 

Compound % Inhibition at 50 μg/mL IC₅₀ (μg/mL) Fold enhancement vs free rutin 
Free rutin 85.2 ± 1.6 15.0 ± 0.9 1.00 

Rutin–Zn(II) 91.4 ± 1.2 7.8 ± 0.5 1.92 
Rutin–Mg(II) 87.6 ± 1.3 11.0 ± 0.6 1.36 
Rutin–Cu(II) 94.8 ± 0.9 6.2 ± 0.4 2.42 
Rutin–Fe(III) 90.1 ± 1.1 9.5 ± 0.6 1.58 
Ascorbic acid 96.5 ± 0.7 4.5 ± 0.3 — 

BHT 86.8 ± 1.4 12.0 ± 0.7 — 
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3.6 Reducing Power 
The reducing power of all test compounds increased 
linearly with concentration over the range 20–200 μg/mL 
(Figure 6). At every tested concentration the four 
complexes exceeded free rutin, with the rank order 
ascorbic acid > rutin–Cu(II) > rutin–Zn(II) > rutin–Fe(III) 

> rutin–Mg(II) > BHT > free rutin (Table 6). The close 
agreement between the DPPH and reducing power 
assays—two methods operating through different 
mechanisms (mixed HAT/SET versus pure SET) [33,34]—
supports the conclusion that metal complexation enhances 
both the radical scavenging and electron-donating capacity 
of the rutin scaffold. 

 

 
Figure 6. Total reducing power of free rutin, the rutin–metal complexes and the reference standards as a function of 

concentration, measured as absorbance of the Prussian-blue-coloured product at 700 nm (mean ± SD, n = 3). 

Table 6. Total reducing power of free rutin, the rutin–metal complexes and the reference standards at 100 μg/mL (mean ± 
SD, n = 3). 

Compound Absorbance at 700 nm (100 μg/mL) 
Free rutin 0.62 ± 0.04 

Rutin–Zn(II) 1.05 ± 0.05 
Rutin–Mg(II) 0.80 ± 0.04 
Rutin–Cu(II) 1.18 ± 0.06 
Rutin–Fe(III) 0.90 ± 0.05 
Ascorbic acid 1.42 ± 0.07 

BHT 0.72 ± 0.04 

4. DISCUSSION 
The convergent spectroscopic evidence obtained in this 
study establishes the successful formation of four novel 
rutin–metal complexes with consistent 1:2 metal-to-ligand 
stoichiometry and coordination at the 5-hydroxy-4-keto 
site of the rutin scaffold. The pH-dependent synthesis 
pattern (acidic for Fe(III), near-neutral for Cu(II) and 
Zn(II), and alkaline for Mg(II)) reflects the different 
hydrolytic behaviours of these cations and was essential 
for selective complexation; in particular, the lower 
optimum pH for Fe(III) prevented competing precipitation 
of iron(III) hydroxide, as previously noted by Panhwar and 
Memon [19]. The C-3 glycosylation of rutin precludes 
coordination at the 3-hydroxy-4-keto site otherwise 
available in the quercetin aglycone [21,28], thereby 
directing complex formation toward the 5-hydroxy-4-keto 
chelating pocket. The diagnostic 20–50 cm⁻¹ red shift of 
the ν(C=O) band and the appearance of new ν(M–O) 

bands at 465–485 and 580–610 cm⁻¹ in the FTIR spectra 
provide unequivocal evidence of this coordination mode 
[18,27,28], and are mirrored by the bathochromic shift of 
the cinnamoyl Band I in the UV–Vis spectrum [15,26]. 

All four complexes exhibited significantly enhanced 
DPPH radical scavenging activity relative to free rutin, 
with the magnitude of enhancement following the order 
Cu(II) > Zn(II) > Fe(III) > Mg(II). This rank order can be 
rationalised by considering both the redox behaviour and 
the charge density of the coordinated metal. For the redox-
active centres Cu(II) and Fe(III), the metal cation can 
participate directly in single-electron transfer to the DPPH 
radical, supplementing the hydrogen-atom-transfer 
pathway available to the phenolic hydroxyls of rutin 
[15,29]. For the redox-inactive cations Zn(II) and Mg(II), 
enhancement arises principally from modulation of the 
electronic distribution of the flavonoid scaffold by the 
coordinated cation: deprotonation of the 5-hydroxy group 
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on complex formation lowers the bond dissociation 
enthalpy of the remaining phenolic O–H bonds, 
particularly those of the catechol functionality on the B 
ring, thereby facilitating hydrogen-atom donation [16,30]. 
The higher activity observed for Zn(II) over Mg(II), 
despite their similar redox-inactivity, may be attributed to 
the greater Lewis acidity and lower hydration energy of 
Zn(II), which produce a more pronounced electronic 
perturbation of the flavonoid framework [16,18]. 

The 2.4-fold enhancement of antioxidant activity observed 
for the rutin–Cu(II) complex, which approached the 
potency of L-ascorbic acid (IC₅₀ = 4.5 μg/mL), is 
consistent with previous reports for related copper–
flavonoid systems. Bukhari and co-workers similarly 
described a substantial reduction in IC₅₀ on coordination 
of Cu(II) to quercetin [21], and Mira and colleagues 
established that flavonoids capable of chelating Cu(II) and 
Fe(III) exhibit markedly enhanced activity in metal-
dependent oxidation systems [29]. A key concern with 
redox-active metal complexes is the possibility of pro-
oxidant Fenton-type chemistry; however, sequestration of 
Cu(II) and Fe(III) within a stable coordination sphere 
lowers their accessible redox potential and attenuates this 
pro-oxidant tendency [29,31]. The convergence of the 
reducing power results with the DPPH rank order further 
supports the conclusion that the enhancement is 
mechanism-consistent rather than assay-specific [32,33]. 

From a structure–activity perspective, the deliberate 
inclusion of both redox-active (Cu, Fe) and redox-inactive 
(Zn, Mg) centres in the present panel provides a useful 
framework for the rational design of future flavonoid–
metal antioxidants. The Cu(II) and Zn(II) systems emerge 
as the most promising candidates: Cu(II) for maximum 
antioxidant potency, and Zn(II) for an attractive 
combination of high activity, an established safety profile 
and favourable biological role [24,25,34]. The rutin–
Mg(II) complex, although the least active of the four, 
nevertheless achieved a 1.4-fold enhancement and showed 
improved aqueous solubility, and may merit further 
evaluation as a combined antioxidant–mineral supplement 
[25]. The principal limitation of the present study is its in-
vitro nature; further work is required to evaluate the 
complexes for in-vivo antioxidant efficacy, 
pharmacokinetic profile and safety in animal models, and 
to elucidate their precise solution-state speciation through 
complementary techniques such as ESI-MS, EPR and DFT 
calculations [20]. Nevertheless, the spectroscopic and 
antioxidant data presented here establish a clear structure–
activity framework that should support future development 
of flavonoid–metal-based antioxidants. 

5. CONCLUSION 
Four novel rutin–metal complexes incorporating Zn(II), 
Mg(II), Cu(II) and Fe(III) cations have been synthesised, 
characterised and evaluated for in-vitro antioxidant 
activity. Convergent spectroscopic evidence from UV–Vis, 
FTIR and Job’s method of continuous variation 
consistently established a 1:2 metal-to-ligand 
stoichiometry and coordination at the 5-hydroxy-4-keto 

site of the rutin scaffold, accompanied by substantially 
enhanced thermal stability of the complexes relative to 
free rutin. All four complexes exhibited significantly 
greater DPPH radical scavenging activity and reducing 
power than free rutin, with the order Cu(II) > Zn(II) > 
Fe(III) > Mg(II) > rutin; the rutin–Cu(II) complex was 2.4-
fold more potent than free rutin and approached the 
activity of L-ascorbic acid. The systematic comparison of 
redox-active and redox-inactive metal centres under 
standardised conditions provides a useful structure–
activity framework for the rational design of further 
flavonoid–metal complexes of therapeutic interest. The 
rutin–Cu(II) and rutin–Zn(II) complexes emerge as 
particularly promising candidates for further 
pharmacological and pharmaceutical development. Future 
work should address in-vivo antioxidant efficacy, 
pharmacokinetic profile and safety, and should examine 
the precise solution-state speciation of the complexes by 
complementary spectroscopic and computational 
techniques. 
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