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Abstract
Quercetin (Q) is a dietary flavonol with promising antidiabetic activity but limited therapeutic utility due to poor solubility and low 
bioavailability. Herein, we report a temperature-controlled synthesis, structural characterization, and α-amylase inhibitory activity 
of a copper(II)–quercetin (CuQ) complex prepared from a 1:1 Cu(II):quercetin mixture in methanol at 65 °C. The characterization 
techniques include an elemental analysis (EA), AAS, TGA, MSB, UV-Vis, and FTIR. Elevated temperature predominantly affords 
a bis(quercetin)-Cu(II) complex, [Cu(H2O)(Q)2]·4H2O, supported by DFT calculations. Spectroscopic, thermal, and magnetic data 
are consistent with a proposed mononuclear Cu(II) structure, in which the metal center is coordinated by two quercetin ligands. 
DFT calculations suggest a thermodynamic preference for the complex, with the relative reaction free energy (ΔΔGo

reaction = 32.93 
kcal mol-1) representing the difference in Gibbs free energy change between the formation of CuQ 1:1 and 1:2 complexes, 
confirming the higher stability of CuQ 1:2. The complex exhibits enhanced α-amylase inhibitory activity (IC50 = 133 µM) 
compared to free quercetin (IC50 = 450 µM). The apparent IC50 value is reported alongside acarbose (IC50 = 148 µM) under 
identical assay conditions. These findings indicate that the coordination of Q with Cu(II) enhances the inhibitory activity of the α-
amylase enzyme.    
 
Keywords α-amylase, copper, DFT, metal-flavonoid complex, quercetin  

1. INTRODUCTION

Quercetin (Q) or 2-(3,4-dihydroxyphenyl)-3,5,7-

trihydroxy-4H-chromen-4-one is one of the most 

common and well-studied flavonols [1]–[3], widely 

found in fruits and vegetables [2]. Q exhibits 

diverse pharmacological activities, including 

antioxidant, antidiabetic, anti-inflammatory, 

antimicrobial, anti-osteoporotic, and anticancer 

effects [1][4]. In glucose homeostasis models, Q 

supports β-cell regeneration and insulin secretion, 

thereby improving glycemic control in chemically 

induced diabetes [5]. Consistent with these 

antidiabetic actions, Q inhibits human pancreatic α-

amylase in vitro [6]. It also inhibits α-amylase and α

-glucosidase, thereby reducing postprandial glucose 

 
excursions [7].  

Despite these promising activities, the 

therapeutic application of Q is limited by poor 

aqueous solubility [8], pronounced hydrophobicity, 

low chemical stability, and low bioavailability, 

which collectively reduce its gastrointestinal 

absorption and systemic exposure [4][5][7][9]. 

Metal-ion complexation is widely used as a strategy 

to improve solubility and bioavailability of Q 

relative to its free form, thereby enhancing its 

pharmacological performance [9][10]. This strategy 

is supported by the presence of multiple oxygen-

donor sites in Q, enabling coordination with various 

metal ions [11]. Three coordination domains are 

most frequently implicated (Figure 1): the B-ring 

catechol (3′,4′-dihydroxyl), the C-ring 3-OH/4-oxo 

site, and the 5-OH/4-oxo site [11]–[13]. These 

features make Q a versatile metal chelator [12][13].  

Among the first-row transition-metal–quercetin 

systems, copper–quercetin complexes exhibit 

relatively high stability under comparable 

experimental conditions [1][11][14]. Complexation 

with Cu(II) is also chemically consequential 

because it can reshape the redox behavior of the 

flavonoid. Previous studies report enhanced radical-

scavenging performance (DPPH/ABTS) and 

reduced ROS generation in copper-catalyzed 
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Fenton-type systems under certain conditions [15]. 

Furthermore, Cu(II)-quercetin (CuQ) exhibits 

bioactivities relevant to osteogenic [16], 

angiogenic, antimicrobial [17], antitumor [18], and 

anticancer activities [10].  

The reported stoichiometry of CuQ complexes is 

strongly dependent on synthesis conditions. In 

methanol at room temperature, Vimalraj et al. [16] 

reported a 1:1 CuQ complex, coordinated primarily 

through the 3-OH/4-oxo site. Under similar 

conditions, Sajid et al. [17] observed both 1:1 and 

1:2 CuQ species. The outcome varied with the 

copper precursor (CuCl2 or CuSO4) and the Q 

source (pure Q or onion-peel extract), while 

maintaining the same dominant binding at the 3-

OH/4-oxo site. Notably, the spectroscopic patterns 

were described as broadly comparable despite 

evident changes in complex color. Importantly, the 

1:2 (Cu:Q) complex is generally more 

thermodynamically stable and exhibits higher 

antioxidant and antibacterial activities than the 1:1 

form. In ethanol at room temperature, Muñoz et al. 

[19] also reported a 1:2 CuQ complex with 3-OH/4-

oxo coordination, supported by the Yoe–Jones 

method and DFT calculations. The same study 

further showed that increasing the temperature (15–

30 °C) promotes complex formation, consistent 

with its enhanced thermodynamic stability [19]. 

Consistent 1:2 stoichiometry has also been reported 

by Azeez et al. [13] and Jomova et al. [15] using 

Job’s plot analysis, complemented by DFT 

(B3LYP), with an analogous coordination motif. In 

contrast, Bukhari et al. [20] proposed a possible 2:1 

(Cu:Q) complex in methanol at room temperature, 

involving both the 3-OH/4-oxo and 5-OH/4-oxo 

sites.  

This study investigates the influence of thermal 

conditions (65 °C) on the coordination environment 

and stoichiometry during CuQ complexation. The 

synthesis was carried out using an equimolar Cu

(II):Q ratio (1:1) in methanol, following a modified 

procedure of Vimalraj et al. [16] (Figure 1). Under 

these conditions, the reaction predominantly yields 

the bis(Q) Cu(II) complex, [Cu(H2O)(Q)2]·4H2O 

(Cu:Q = 1:2), isolated in 89% yield. DFT 

calculations support the proposed binding mode (3-

OH/4-oxo chelation) and indicate the relative 

stability of the 1:2 complex. The α-amylase 

inhibitory activities of the complex and free Q were 

then evaluated under identical assay conditions.  

 

 

 
 

 
Figure 1. Temperature-dependent synthesis of Cu(II)–quercetin complexes in methanol [16].  
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2. MATERIALS AND METHODS 

 

2.1. Materials 

Copper(II) sulfate pentahydrate (CuSO4×5H2O), 

Q (C15H10O7), and starch were purchased from 

Sigma-Aldrich Reagent, USA. Diethyl ether 

(C4H10O), enzyme pancreatin (8000 E/g amylase), 

ethanol (C2H5OH), iodine (I2), methanol (CH3OH), 

potassium iodide (KI), sodium dihydrogen 

phosphate dihydrate (NaH2PO4·2H2O), and 

disodium hydrogen phosphate (Na2HPO4) were 

purchased from Merck, Germany. Acarbose was 

purchased from OGB Dexa, Indonesia.  

 

2.2. Methods  

 

2.2.1. Synthesis of [Cu(H2O)(Q)2]·4H2O 

The synthesis method refers to the research by 

Vimalraj, et al. [16] with a complexation 

temperature of 65 °C. Q (0.5 mmol) was dissolved 

in 25 mL of methanol, followed by the addition of 

CuSO4·5H2O (0.5 mmol), yielding a dark brown 

solution. The mixture was heated to 65 °C under 

stirring for 1 h, then refrigerated for 3 days. The 

final product was filtered, washed with diethyl 

ether, dried in a vacuum desiccator, and 

recrystallized from methanol. Yield: 89%. Found: 

C, 47.44; H, 3.80; Cu, 8.40%. Analytical values for 

C30H28CuO19: C, 47.61; H, 3.70; Cu, 8.40%. 

 

2.2.2. Cu(II)-quercetin Characterization 

The CuQ complex was characterized using 

various instrumental techniques. Electronic 

absorption and complex-formation features were 

examined by UV–Vis spectroscopy (UV-Vis, 

Shimadzu UV-188). Functional groups were 

examined by Fourier transform infrared 

spectroscopy (FTIR, PerkinElmer Spectrum 100). 

The proton environment of Q was analyzed by 

proton nuclear magnetic resonance (¹H NMR, JEOL 

ECZ-500R). Elemental composition (C, H, and N) 

was determined using an elemental analyzer (EA, 

Leco CHN628), while copper content was 

measured by an atomic absorption 

spectrophotometer (AAS, Shimadzu AA-700). 

Thermal stability and decomposition behavior were 

evaluated by thermogravimetric analysis (TGA, 

TGA 5500). Magnetic properties were determined 

using a magnetic susceptibility balance (MSB, 

Sherwood Scientific MSB). The α-amylase 

inhibitory activity was measured 

spectrophotometrically using a visible 

spectrophotometer (721G). 

 

2.2.3. α-amylase Inhibition Assay 

The α-amylase inhibitory activity was evaluated 

using a modified Fuwa method [3][21]. A 1000 μM 

stock solution of CuQ was prepared, centrifuged to 

remove insoluble material, and the supernatant was 

diluted to the desired concentrations. Pancreatin 

 

 

 
Figure 2. UV-Vis spectra of quercetin and [Cu(H2O)(Q)2]·4H2O.  
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was dissolved in sodium phosphate buffer (pH 6.9) 

to obtain a 50 ppm enzyme solution. Equal volumes 

(100 μL) of the complex solution and enzyme 

solution were incubated at 37 °C for 15 min. 

Subsequently, 100 μL of starch solution (0.1% w/v) 

was added, followed by further incubation for 10 

min at 37 °C. The reaction was terminated by 

adding 0.1 N HCl (100 μL) and iodine solution. The 

mixture was then diluted with distilled water to a 

final volume of 2.0 mL, and the absorbance was 

measured at 600 nm using a visible 

spectrophotometer. All measurements were 

performed in triplicate. Free quercetin and acarbose 

were evaluated under identical conditions as 

positive controls. The percentage of α-amylase 

inhibition was calculated according to Jaishree and 

Narsimha [3] (Equation (1)); 

 

        (1) 

 

where A is the absorbance of the buffer with 

enzyme, B is the absorbance of the buffer alone, C 

is the absorbance of the sample solution with 

enzyme, and D is the absorbance of the sample 

solution in the buffer without enzyme. 

 

2.2.4. DFT Computational Methods 

All calculations were performed using Gaussian 

09 Revision D.01 [22] at the SMD-M06/def2-

TZVP//M06/def2-SVP level of theory [23]–[25] in 

implicit methanol, unless otherwise stated. 

Frequency calculations at the M06/def2-SVP level 

were performed to confirm that the optimized 

structures correspond to true minima—i.e., no 

imaginary (negative) frequencies were detected. 

Natural bond orbital (NBO) analysis was conducted 

using the NBO version integrated within Gaussian 

09 Revision D.01 [26]. Visualization of 

computational results was conducted with 

GaussView 5.0.9 [27]. The reaction free energy 

 

 

 
Figure 3. FTIR spectra of quercetin and [Cu(H2O)(Q)2]·4H2O.  
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Quercetin [Cu(H2O)(Q)2]·4H2O 

3306 b 3256 b OH 

1667 s 1631 w C=O 

1462 w 1431 s δ OH 

1381 s 1374 s C–OH 

1246 s 1277 s C–O–C 

 626 s Cu–O 

 

Table 1. Interpretation of absorption band data on FTIR spectra of quercetin and [Cu(H2O)(Q)2]·4H2O. 

b = broad; s = sharp; w = wide  
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(ΔGo
reaction) was calculated in methanol according to 

Equation (2).  

        

      (2) 

 

For the formation of the [Cu(Q)(H2O)2]
+ 

complex, the ΣGo
product and ΣGo

reactant are expressed 

by Equations (3) and (4): 

 

        (3) 

 

        (4) 

 

Meanwhile, for the formation of the [Cu(H2O)

(Q)2] complex, they are given by Equations (5) and 

(6): 

 

        (5) 

  

        (6) 

  

3. RESULTS AND DISCUSSIONS 

 

3.1. Synthesis and Composition of The Complex 

The [Cu(H2O)(Q)2]·4H2O was prepared by 

heating Q with CuSO4·5H2O in methanol at 65 °C 

for 1 h, yielding a brown-green solid in 89% yield. 

Elemental analysis and AAS gave C = 47.44, H = 

3.80, and Cu = 8.40%, which are consistent with the 

calculated values for C30H28CuO19 (C = 47.61, H = 

3.70, Cu = 8.40%). Q was characterized by 1H-

NMR spectroscopy (500 MHz, DMSO-d6): δ 12.48 

(1H, s, 5-OH), 10.81 (1H, s, 7-OH), 9.62 (1H, s, 3-

OH), 9.40 (1H, s, 4′-OH), 9.34 (1H, s, 3′-OH), 7.67 

(1H, d, J = 2.20 Hz, H-2′), 7.54 (2.23 Hz, 1H, dd, J 

= 8.58, H-6′), 6.88 (1H, d, J = 8.45 Hz, H-5′), 6.40 

(1H, d, J = 2.05 Hz, H-8), and 6.18 (1H, d, J = 2.0 

Hz, H-6) (Figure S1). Due to its paramagnetic 

nature, the complex [Cu(H2O)(Q)2]·4H2O is not 

suitable for NMR analysis. 

 

3.2. Spectroscopic Analysis 

In the UV–Vis spectrum of Q, band II (A-ring 

benzoyl system) appears in the 250–300 nm region 

at λmax = 257 nm. Band I (B-ring cinnamoyl system) 

is located in the 300–400 nm region, with a 

maximum at λmax = 372 nm. Both bands arise 

primarily from π→π* transitions [12][19]. Upon 

coordination with Cu(II), band I shifts from 371 to 

373 nm, while band II shifts from 257 to 271 nm. 

This bathochromic shift toward longer wavelengths 

indicates coordination of Cu(II) and possible ligand

-to-metal charge transfer. These observations are 

consistent with previously reported bathochromic 

shifts associated with metal ion–flavonoid 

interactions [12][19]. The UV-Vis spectra of Q and 

the complex were recorded in ethanol (Figure 2). 

The experimental results are consistent with the 

DFT calculation (Figure S2 and Table S1). 

The appearance of a new absorption band at 427 

nm indicates the formation of a metal-flavonoid 

complex, as neither metal ion nor the free ligand 

 

 

 

 
Figure 4. TGA-DTA spectrum of [Cu(H2O)(Q)2]·4H2O.  
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shows absorption at this wavelength [19][28]. The 

observed spectral changes upon addition of Cu(II) 

suggest that the electronic structure of Q is affected 

by metal coordination. These changes are consistent 

with the involvement of the cinnamoyl system and 

possible coordination through the 3-OH/4-oxo site, 

as reported in previous studies [13][29]. The 3-OH 

group, which contains the most acidic proton, is 

considered the primary site for complexation, 

typically involving the 3-OH/4-oxo chelation site. 

The 3′-4′-hydroxyl groups may act as secondary 

donors. In contrast, the 5-OH/4-oxo site is generally 

less involved due to the lower acidity and steric 

inaccessibility of the 5-OH  [13][30]–[32].  

Fourier transform infrared spectroscopy (FTIR) 

spectra of Q and CuQ were recorded in the range of 

400–4000 cm-1 (Figure 3). The main absorption 

bands and their assignments are summarized in 

Table 1. For free Q, a strong band at 1667 cm-1 is 

attributed to the ν(C=O) stretching vibration of the 

4-oxo group. In the spectrum of the CuQ complex, 

this band shifts to 1631 cm-1, indicating a decrease 

in the C=O bond order upon coordination. This shift 

suggests the involvement of the C=O group, 

together with a neighboring phenolic hydroxyl 

group (3-OH or 5-OH), in chelation to Cu(II) [19]

[31].  

In quercetin, a strong band at 1462 cm-1, 

assigned to the δ(OH) bending mode, decreases 

significantly upon complexation, suggesting the 

involvement of the phenolic OH group in metal 

coordination [19]. The spectra show bands at 1381 

cm-1 for free Q and 1374 cm-1 for [Cu(H2O)(Q)2]

·4H2O, corresponding to ν(C–OH) vibrations. 

These observations indicate that coordination alters 

the phenolic environment [16]. The characteristic ν

(C–O–C) of the complex appears at 1262 cm−1, 

shifted from 1246 cm−1 in free Q, suggesting an 

increase in bond order upon coordination [33].  

The broad band at 3306 cm−1 in free Q is 

attributed to O–H stretching, associated with 

hydrogen bonding of phenolic groups. In the 

complex, this band shifts to 3256 cm−1, indicating 

changes in hydrogen bonding and/or partial 

deprotonation of phenolic O–H groups [16], 

possibly due to the presence of lattice- or 

coordinated water molecules [34], consistent with 

EA data. Additionally, a new band at 626 cm−1 

appears in the complex spectrum and is assigned to 

Cu–O stretching, which is absent in the free ligand 

[13][16][19]. Metal–oxygen stretching vibrations, ν

(M–O), are typically observed in the 410–590 cm−1 

region [13], providing further evidence for the 

formation of a Cu–O bond between the metal center 

and Q oxygen donors [16][19]. 

  

 

 

 
Figure 5. The [Cu(H2O)(Q)2]·4H2O proposed structure.  
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3.3. Thermal Analysis 

Thermogravimetric-differential thermal analysis 

(TGA-DTA) (Figure 4) reveals the dehydration and 

decomposition of the complex. The first weight loss 

occurs between 30–140 °C, with an observed loss 

of 10.06% (calculated 9.52%),  corresponding to the 

release of four uncoordinated water molecules. This 

assignment is consistent with previous reports 

showing that uncoordinated water is typically 

released in the 90–140 °C range [35]. The second 

weight loss, measured at 140–365 °C (14.64% 

observed, 14.42% calculated), is attributed to the 

initial or partial thermal decomposition of the 

organic ligand framework. EA and FTIR data 

further support the presence of water molecules in 

the complex, consistent with the proposed 

formulation.  The FTIR spectrum of the CuQ 

exhibits a broad band at 3256 cm−1, assigned to O–

H stretching vibrations of water molecules, 

corresponding to water of crystallization [34].  

3.4. Structure of Complex 

The observed magnetic moment (μeff = 1.79 BM 

at 298 K) indicates that the complex is 

paramagnetic and is consistent with a mononuclear 

Cu(II) center possessing one unpaired electron (3d9 

configuration) [36]. This value falls within the 

typical range reported for Cu(II) complexes (1.7–

2.2 BM). According to Kato et al. [37], magnetic 

moments in the range of 1.72–1.82 BM suggest 

increased covalent character. The proposed 

structure (Figure 5) is supported by EA, TGA-DTA, 

UV-Vis, FTIR, and MSB data, corresponding to the 

formulation [Cu(H2O)(Q)2]·4H2O (C30H28CuO19). 

The characterization results suggest the 

formation of a CuQ complex with a 1:2 

stoichiometry. The data are consistent with 

coordination through the 3-OH/4-oxo chelation site, 

in agreement with previous studies. Lekka et al. 

[38] reported that coordination of Cu(II) with two 3

-OH/4-oxo chelate sites from two quercetin 

 

 

 
Figure 7. The optimized structure of (a) [Cu(Q)(H2O)2]

+  and (b) [Cu(H2O)(Q)2].  

 
 

 

 
Figure 6.  The (a) HOMO and (b) LUMO of quercetin in methanol at the SMD-M06/def2-TZVP//M06/

def2-TZVP level of theory.  
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molecules provides optimal orbital overlap and 

minimal steric hindrance, resulting in the lowest 

total energy among possible coordination modes, 

such as 5-OH/4-oxo chelation. Muñoz et al. [19] 

further showed that CuQ complexation is 

endothermic (ΔH > 0), with positive ΔS and 

negative ΔG, indicating enhanced complex stability 

at higher temperatures. DFT calculations also 

support that the 3-OH/4-oxo site is the most 

favorable binding site for Cu(II), consistent with the 

experimental results [19].  

The reaction conducted at 65 °C favors the 

formation of more thermodynamically stable CuQ 

species by facilitating ligand reorganization. In 

general, kinetic products form rapidly via lower 

activation barriers, whereas thermodynamic 

products correspond to more stable configurations 

favored at elevated temperatures and longer 

reaction times [39]. Chen et al. [8] demonstrated 

that increasing the synthesis temperature from 22 to 

60 °C enhances the extent of CuQ complexation in 

a liposomal system without disrupting vesicle 

structure, highlighting temperature as a key 

parameter in complex formation. In this context, 

higher temperatures may favor the formation of 

more stable metal–ligand assemblies, such as the 

1:2 Cu(II):Q complex [19]. These findings support 

the role of temperature in determining whether 

kinetic or thermodynamic pathways dominate 

during complex formation and crystallization [39], 

in agreement with the spectroscopic and 

computational results obtained in this study.  

3.5. DFT Computational Results 

The dipole moment vector of Q (Figure S4) 

suggests that the negative dipole is oriented toward 

the region around the 5-OH and 4-oxo sites. 

Electron population analysis shows that the partial 

charge on the 4-oxo oxygen atom is the most 

negative (Table S2), suggesting that this site may 

serve as the initial interaction site for Cu2+. The 

optimized structure of Q is presented in Figure S2. 

The HOMO of Q is delocalized over all oxygen 

atoms (Figure 6). However, analysis of atomic 

orbital contributions indicates that the 3-OH site 

contributes the most, suggesting it acts as the 

primary nucleophilic site (Table S3). These results 

suggest that interaction between Cu2+ and the 4-oxo 

group may initiate complex formation, followed by 

electron donation from the 3-OH oxygen to the 

metal center.  

The optimized structures of the [Cu(Q)(H2O)2]
+ 

and [Cu(H2O)(Q)2] are shown in Figure 7. The [Cu

(Q)(H2O)2]
+ complex adopts a distorted tetrahedral 

geometry, whereas [Cu(H2O)(Q)2] exhibits a square

-pyramidal geometry. This distorted tetrahedral 

arrangement is consistent with previous reports 

showing that hydrated Cu2+ species can display 

mixed tetrahedral, trigonal-bipyramidal, and 

distorted octahedral geometries [40]. The calculated 

charge distribution of hydroxyl hydrogen atoms in 

Q is summarized in Table S4, while the 

corresponding Wiberg bond indices (WBI) are 

presented in Table S5. 

The calculated reaction free energies for CuQ 

 

 

 
Figure 8. Comparison of 1:1 and 1:2 CuQ complex formation pathways with corresponding ΔΔG° values.  
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complex formation in methanol suggest that the 1:2 

complex, [Cu(H2O)(Q)2], is predicted to be more 

stable than the 1:1 species, [Cu(Q)(H2O)2]
+, in 

agreement with the experimental observations at 65 

°C (Figure 1). The relative reaction free energy 

difference (ΔΔG°reaction) represents the Gibbs free 

energy difference between the 1:1 and 1:2 

complexes. A value of 32.93 kcal mol-1 indicates a 

clear energetic preference for the 1:2 complex 

(Figure 8). Analysis of the Oipso–Cu bond distances 

and WBI shows that the interaction between Cu and 

Q is stronger in [Cu(H2O)(Q)2] than in [Cu(Q)

(H2O)2]
+. However, coordination of two bulky Q 

ligands to Cu2+ requires overcoming additional 

kinetic barriers associated with ligand–ligand 

exchange repulsion during formation of the 

coordination covalent bonds [41][42]. This may 

explain the requirement for elevated temperature 

(65 °C) in the present study.  

In both complexes, the Cu–Oipso bond distances 

involving the 3-OH group are shorter than those 

involving the 4-oxo oxygen (Table S6 and Table 

S7).  In addition, the Oipso–Cu WBI for the 3-OH 

are higher than for the 4-oxo oxygen, suggesting a 

stronger interaction between Cu2+ and the 3-OH 

(Table S8 and Table S9).  

 

3.6. α-Amylase Inhibitory Activity 

The α-amylase inhibitory activity of [Cu(H2O)

(Q)2]·4H2O was evaluated using the Fuwa starch–

iodine assay at 600 nm (pH 6.9, 37 °C), alongside 

free Q and acarbose (Figure 9). All measurements 

were performed in triplicate, and the results are 

expressed as mean ± standard deviation; error bars 

in Figure 9 represent the standard deviation of the 

measurements. Across the tested concentration 

range, [Cu(H2O)(Q)2]·4H2O exhibited higher 

percentage inhibition than Q, with apparent  IC50 

values of 450 μM (Q), 133 μM (CuQ), and 148 μM 

(acarbose), calculated after blank correction 

according to Equation (1). These results 

demonstrate that Cu(II) coordination enhances the α

-amylase inhibitory activity of Q under the present 

conditions. The reported IC50 values represent 

apparent estimates obtained under identical assay 

conditions and are intended for comparative 

evaluation. While the results demonstrate 

reproducible α-amylase inhibition, the biological 

assessment is currently based on a single 

colorimetric assay. Further studies are therefore 

required to elucidate the underlying mechanism of 

inhibition. 

Flavonoids inhibit α-amylase through a 

combination of hydrogen bonding and hydrophobic 

interactions near the catalytic region (Asp197, 

Glu233, and Asp300) and adjacent binding pockets. 

These interactions may interfere with substrate 

binding at or near the active site, thereby reducing 

 

 

 
Figure 9.  Inhibitory activity of α-amylase enzyme by quercetin, [Cu(H2O)(Q)2]·4H2O, and acarbose. Data 

represent the mean ± SD of three replicates (n = 3); error bars indicate standard deviation (SD).  
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enzyme activity. The molecular structure of 

flavonoids, including hydroxyl groups, conjugated 

double bonds, and structural planarity, significantly 

impacts binding affinity and inhibitory activity [43].  

Q has been reported to act as a mixed inhibitor 

[43] or a non-competitive inhibitor [44] depending 

on experimental conditions. Structure–activity 

studies further highlight the importance of hydroxyl 

groups at C5/C7 (ring A) and C3′/C4′ (ring B), as 

well as the C2=C3 double bond, in determining 

inhibitory potency [43][45]. Coordination to Cu(II) 

preserves these key structural features and may 

contribute to the improved apparent potency 

compared to free Q. The presence of Cu(II) may 

enhance interactions with the enzyme through 

hydrogen bonding and metal coordination with 

catalytic residues, thereby influencing inhibitory 

activity [6]. These effects may be associated with 

changes in electronic structure and molecular 

orientation upon complexation. However, further 

studies, such as enzyme kinetics or molecular 

docking, are required to clarify the detailed 

mechanism of inhibition. 

 

4. CONCLUSIONS 

 

The [Cu(H2O)(Q)2]·4H2O complex was 

successfully synthesized in 89% yield from an 

equimolar Cu(II):Q (1:1) ratio in methanol at 65 °C. 

EA, AAS, UV–Vis, FTIR, thermal, and magnetic 

data support the formation of a mononuclear Cu(II) 

complex with a 1:2 metal–ligand stoichiometry. 

The spectroscopic and computational results are 

consistent with coordination via the 3-OH/4-oxo 

donor sites, with one coordinated water molecule 

and four lattice water molecules. Compared to room

-temperature conditions that favor kinetically 

formed mono(quercetin) complexes, elevated 

temperature (65 °C) promotes the formation of the 

1:2 complex. DFT calculations in implicit methanol 

indicate a relative thermodynamic preference for 

the 1:2 complex over the 1:1 species (ΔΔGo
reaction = 

32.93 kcal mol-1), consistent with the experimental 

observations. The complex exhibits enhanced α-

amylase inhibitory activity (IC50 = 133 µM) 

compared to free Q (IC50 = 450 µM), with an 

apparent IC50 value falling within the same 

concentration range as acarbose under identical 

assay conditions. These results suggest that Cu(II) 

coordination may enhance the inhibitory activity of 

Q under the present experimental conditions. 

Overall, temperature-controlled complexation with 

Cu(II) influences the structural properties of the 

complex and is associated with enhanced in vitro α-

amylase inhibitory activity. These results provide a 

basis for further mechanistic studies of metal–

flavonoid systems. 
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