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Highlights 

• • 

A combined experimental and theoretical study of a new series of (bpy)Pt(II) linked to a 

bio-active ligand. 

• • 

Bipyridyl flavonolate platinum(II) complexes undergo oxygenation upon irradiation while 

stay stable in the dark. 

• • 

The excited state of bipyridyl flavonolate platinum(II) complexes is mixed metal/ligand to 

ligand charge transfer (ML-LCT). 

 

Abstract 

Platinum(II) complexes with coordinated bio-active molecules that can undergo photo-induced 

oxygenation are finding applications in photoactivated chemotherapy (PCT). A series of 

bipyridyl(bpy) Pt(II) complexes with ligand flavonolate (fla-) [PtIIBpyFlaR][BF4] [BF4] (R = p- 

OMe (1), p-Me (2), p-H (3)) were prepared and characterized. Their photochemical and 

photophysical properties were investigated. Complexes 1–3 exhibit emission at ~530 nm, as 

compared to the analogous [PdIIBpyFlaR][BF4] with no emission upon irradiation. In addition, 

Pt(II) complexes undergo oxygenation reaction with oxygen with near visible light, indicating 

photocleavage of ligand flavonolate. Carbon monoxide(CO) release was observed by 

https://www.sciencedirect.com/topics/chemistry/oxygenation


deoxymyoglobin from oxygenation of Pt(II) flavonolate complexes. Density functional theory 

calculations predict a mixed, Pt/fla- to bpy, metal/ligand-to-ligand charge transfer (ML-LCT) state 

in complexes 1–3. 
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1. Introduction 

Since cisplatin was discovered more than six decades ago, platinum (II) complexes have attracted 

a lot of attention [1], [2], [3]. Cisplatin, carboplatin, and oxaliplatin (Fig. 1) are widely used 

anticancer drugs in clinics and proven to have high efficacy in cancer treatment, however, these 

compounds suffer a lack of selectivity and exhibit severe side effects [4]. The drawbacks of Pt-

based anticancer drugs have motivated researchers all over the world to strive to develop new 

anticancer candidates with lower toxicities and higher activities toward Pt-drug resistant cancer 

cells [5], [6], [7], [8], [9], [10], [11], [12]. Among new approaches, photo-activated chemotherapy 

(PCT) is specifically relevant to our research in anticancer area. PCT is an approach where a 

biologically active compound is bonded to a metal center to form a complex that is nontoxic in the 

dark. Upon irradiation, PCT agent would release biologically active ligand as inhibitor of protein 

and coordinatively unsaturated metal complex which is available to bind to proteins 

and DNA [13], [14], [15]. 

 

 

Fig. 1. Structures of (a) cisplatin, (b) carboplatin, (c) oxaliplatin. 
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Flavonols, naturally found in vegetables and fruits, have a wide range of biological and 

pharmacological activities in in-vitro studies, including anti-inflammatory, antibacterial, antiviral, 

antiallergic, cytotoxic, and antitumor activities [16], [17], [18], [19], [20], [21], [22], [23]. As seen 

in Fig. 2, a typical flavonol(3-hydroxyflavone) is composed of a benzene ring (A), condensed with 

a six-membered 4-pyrone ring (C) carrying a phenyl ring (B) in the 2- position and hydroxyl 

group in the 3-position. Flavonols can react with various divalent metals to form stable 

coordination compounds with bidentate binding at the hydroxyl and carbonyl groups of ring 

C [24], [25], [26], [27]. Our group is interested in polypridyl platinum (II) complexes because of 

their high performances in various photonic applications [28]. These d8 complexes with diimine 

ligands are often photo-inactive in solution at room temperature due to the presence of low-lying 

metal centered d-d states [29]. In order to develop photo-active d8 complexes, it is necessary to 

introduce strongly donating ligands to push the energy of the d-d states to higher level. Flavonolate 

ligands are strong π-donor ligands that serve to destabilize the HOMO and contribute to a 

diminished HOMO-LUMO gap. Nevertheless, there are only few d8 metal complexes with 

flavonolate ligand known. In this paper, we prepared a family of photo-active complexes of 

(bpy)PtII with biologically active ligand, 3-hydroxy flavone, and investigated their electronic and 

photochemical properties (Fig. 3). In addition, experimental observations were verified by DFT 

calculations. 

 

Fig. 2. Structure of 3-hydroxyflavone. 
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Fig. 3. Structure of bipyridyl flavonolate platinum(II) complex. 

2. Experimental section 

2.1. Materials and physical measurement 

The reagents and solvents were obtained from commercial sources and used as received. The (2,2′-

bipyridine)dichloroplatinum(II) (Pt(Bpy)Cl2), silver tetrafluoroborate (AgBF4), 3-hydroxyflavone 

(Fla), 3-hydroxy-4′-methoxyflavone (Fla-OMe), Angeli’s salt, and solvents were purchased from 

Sigma-Aldrich. The 3-hyrdoxy-4′-methoxyflavone (Fla-Me) was obtained from Otave. 

1H NMR spectra were obtained at ambient temperature in DMSO-D6 solution on a Jeol ECS 

400 MHz NMR spectrometer. J values are given in Hz. UV–Vis spectra were recorded at ambient 

temperature using an Agilent HP8453 diode array spectrophotometer in a standard UV–Vis quartz 

cuvette. Emission and excitation spectra were recorded on a Hitachi F-4500 fluorescence 

spectrometer. A Rayonet Photochemical Reactor, RPR-100, equipped with RPR-5750A lamps was 
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used for all photochemical reactions. Accurate masses were resolved by an Accela Bundle 

Liquid Chromatograph (LC) coupled to a Thermo Electron Linear Trap Quadropole Orbitrap 

Discovery mass spectrometer. FT-IR data was collected on a Perkin Elmer Spectrum 100 FT-IR 

spectrometer. Elemental analyses were performed by Atlantic Microlabs Inc., Norcross, GA. 

2.2. General procedure for preparation of 1–3 

Silver tetrafluoroborate (AgBF4) (0.4 mmol) was dissolved in methanol (4 mL); (2,2′-bipyridine) 

dichloroplatinum(II) (PtII(Bpy)Cl2) (0.2 mmol) was dissolved in DMSO (4 mL), and then the 

solutions were stirred together at ambient temperature 2 h. Following gravity filtration, solid 3-

hydroxyflavone derivative (0.24 mmol) and triethylamine (1 mL) were added to the filtrate. The 

reaction mixture was refluxed for 6 h. The corresponding platinum(II) bipyridyl flavonolate salt 

was then recovered using vacuum filtration and recrystallized in CH3OH/CH3CN solvent; 

remaining solvent was removed in a vacuum desiccator overnight. 

[(Pt(Bpy)(3-Hydroxy-4′-methoxyfla)][BF4]] Complex 1. Yield: 70% (green crystals) UV–Vis 

λmax (CH3CN/nm)(ε/M−1 cm−1) (459 (33 000); 1H NMR (DMSO-D6, 400 MHz): δ 8.35 

(d, J = 4.5 Hz, 1H), 8.21 (d, J = 4.5 Hz, 1H), 8.06 (t, J = 16.6, 4H), 7.99 (d, J = 8.2 Hz, 2H), 7.69 

(d, J = 8.5 Hz, 1H), 7.62 (t, J = 15.4 Hz, 1H), 7.48 (t, J = 12.6 Hz, 1H), 7.36 (d, J = 8.2 Hz, 2H), 

7.25 (t, J = 14.9 Hz, 1H), 6.79 (d, J = 8.5 Hz, 2H) ppm, 3.83 (s, 3H) ESI-MS(+) m/z (relative 

intensity) calc. 618.30; found: 618.10. Elemental analysis calculated for C26H19BF4N2O4Pt: C 

44.28%, H 2.72%, N 3.97%. Found: C 44.21%, H 2.75%, N 3.99%. 

[(Pt(Bpy)(3-Hydroxy-4′-methylfla)][BF4]] Complex 2. Yield: 87% (green crystals) UV–Vis 

λmax (CH3CN/nm)(ε/M−1 cm−1) (453 (25 000); 1H NMR (DMSO-D6, 400 MHz): δ 8.46 

(d, J = 4.8 Hz, 1H), 8.28 (d, J = 4.7 Hz, 1H), 8.16 (t, J = 5.1, 4H), 7.99 (d, J = 7.6 Hz, 2H), 7.82 

(d, J = 8.1 Hz, 1H), 7.71 (t, J = 15.7 Hz, 1H), 7.54 (m, J = 17.2 Hz, 1H), 7.46 (d, J = 8.6 Hz, 1H); 

7.42 (t, J = 11.3 Hz, 1H), 7.34 (t, J = 14.5, 1H), 7.10 (d, J = 7.6 Hz, 2H) ppm, 2.32 (s, 3H). ESI-

MS(+) m/z (relative intensity) calc. 602.31; found: 602.10. C26H19BF4N2O3Pt: C 45.30%, H 

2.78%, N 4.06%. Found: C 45.33%, H 2.76%, N 4.05%. 

[(Pt(Bpy)(3-Hydroxyfla)][BF4]] Complex 3. Yield: 82% (green crystals) UV–Vis 

λmax (CH3CN/nm)(ε/M−1 cm−1) (449 (11 000); 1H NMR (DMSO-D6, 400 MHz): δ 8.81 

(d, J = 5.4 Hz, 1H), 8.53 (d, J = 5.4 Hz, 1H), 8.34 (t, J = 6.8, 4H), 8.25 (m, J = 7.2 Hz, 2H), 8.11 

(d, J = 4.1 Hz, 1H), 7.84 (t, J = 7.8 Hz, 1H), 7.73 (d, J = 4.5 Hz, 1H), 7.67 (t, J = 6.5 Hz, 1H), 7.51 
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(m, 5H). ESI-MS(+) m/z (relative intensity) calc. 588.29; found: 588.10. C25H17BF4N2O3Pt: C 

44.47%, H 2.54%, N 4.15%. Found: C 44.48%, H 2.50%, N 4.14%. 

2.3. Oxygenation reaction of 1–3 with O2 upon irradiation 

A stock solution (1 mM, 50 µL) of 1 in DMSO in an argon atmosphere was added to oxygen 

saturated acetonitrile (2 mL) in a screw-capped UV cuvette. The cuvette was irradiated with light 

λirr ≥ 360 nm by bandpass (Thorlabs) filters then monitored by UV–Vis spectroscopic analysis in 

10 min. intervals for a total of 80 min. The experiment was repeated with complexes 2 and 3. 

2.4. CO trapping by deoxymyoglobin 

The oxygenated product of complex 1 was prepared following the literature [27a]. 

Complex 1 (20 mg) was put in a one – neck flask with 20 mL acetonitrile. Bubble oxygen into 

flask for 7 mins. The flask was taken to Xe lamp with a filter (only pass ≥ 360 nm) in front of lamp 

and stirred under O2 for 20 mins. The oxygenated complex 1 was collected by evaporating solvent 

under vacuum. 

CO trapping was carried out in a long-necked quartz cuvette attached via side arm to a 10 mL 

round bottom flask. A 6.2 μM sample of deoxymyoglobin in 3 mL pH 7.0 phosphate buffer was 

added to the cuvette; a 2 mM of solution of oxygenated complex 1 in MeCN was added to the 

round-bottom flask and the reaction was initiated by Xe lamp. The generation of CO-FeIIMb, via 

diffusion of CO through the side arm, was observed by a shift of the Soret absorbance peak from 

434 to 423 nm. 

2.5. Computational procedure 

All QM calculations were performed by Gaussian09 package [30] using DFT and TD-DFT for the 

electronic ground states (GSs) and excited states (ESs), respectively. CAM-

B3LYP [31] functional and LANL2DZ [32] basis set were used to optimize ground and excited 

state geometries as well as to determine the absorption spectrum. In all TD-DFT calculations, the 

first sixty singlet ESs were considered to study the absorption. Calculations were done in 

acetonitrile with implicit solvation using the polarizable continuum model (PCM) [33]. Molecular 

orbitals (MOs) from the Gaussian calculations were plotted using the VMD [34] program. The 

analysis of the MO compositions was performed using the GaussSum program [35]. 
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3. Results and discussion 

3.1. Synthesis and characterization 

To synthesize the bipyridyl flavonolate Pt(II) complexes [PtIIBpyFlaR][BF4](R = p- OMe (1), p-

Me (2), p-H 3)), (2,2′-bipyridine)dichloroplatinum(II) (1.0 eq) dissolved in DMSO was mixed 

with silver tetrafluoroborate (2.0 eq) dissolved in methanol to precipitate AgCl and generate 

[PdIIBpy(sol)2] moiety. After filtration, solid 3-hydroxyflavone derivative (1.2 eq) was added to 

the filtrate, along with triethylamine to deprotonate flavonols. After 6 h refluxing, the products 

were recovered, recrystallized in CH3OH/CH3CN solvent, and dried under vacuum. All 

complexes 1–3 are relatively stable under air in solid state. The complexes have been characterized 

by 1H NMR spectroscopy, positive mode electrospray ionization mass spectrometry (ESI-MS + ), 

UV–Vis and infrared spectroscopies, and elemental analysis. In general, the 1HNMR spectra of 1–

3 in DMSO-d6 exhibit bipyridyl resonances in the 8.0 – 9.0 ppm range that are typical for protons 

in bipyridyl compounds and ligand flavonolate resonances in the 6.8–7.8 ppm range (Figs. S1–

S3). The peak assigned to the methoxy group in complex 1 is seen at 3.8 ppm. The peak assigned 

to the methyl group in complex 2 is seen at 2.3 ppm. Each complex in ESI-MS(+) shows one peak 

cluster that can be assigned to [PtIIBpyFlaR]+ (m/z (pos.) = 618.10 for 1, 602.10 for 2, and 588.09 

for 3). The m/z value and isotope distribution pattern of each peak cluster match well with the 

calculated value (Figs. S4–S6), indicating that each complex keeps its oxidation state and 

mononuclear structure in solution. 

3.2. Spectroscopic properties of the complexes 1–3 

Bipyridyl flavonolate Pt(II) complexes (1–3) have very similar IR and electronic spectra (Table 

1). FT-IR spectra shows the presence of functional group of carbonyl (-C O). Shifts in their 

characteristic absorbance peaks help determine how ligands are coordinated with the metal. The C

O stretching vibration of the coordinated carbonyl in the ligand of complexes 1–3 are 

between 1450 and 1500 cm−1, shifted to 102–152 cm−1 lower energies compared to the free 3-

hydroxyflavone (1602 cm−1) [24], [25], [26]. This shift of lower energies can be explained by the 

formation of a five-membered chelate ring as the metal bonds to the carbonyl oxygen of the 

flavonolate ligand [24], [25], [26], [27]. 
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Table 1. Summary of FT-IR ,UV–Vis absorption, and emission data for Pt(II) bipyridyl flavonolate 

complexes. 

Complex λmax (nm) Ext. Coeff. (M−1 cm−1) νCO (cm−1) Ex. λmax (nm) Em. λmax (nm) σa 

1 459 3.3x 104 1450 364 535 −0.27 

2 453 2.5x 104 1460 358 532 −0.17 

3 449 1.1x 104 1500 344 532 0 

 

a 

Hammett constants σ for substituents (OCH3, CH3, and H)5. 

 

When dissolved in DMSO under anaerobic conditions, each complex 1–3 (Fig. 4a) exhibits an 

electronic absorption maxima between 449 and 459 nm (complex 1: 459 nm 

(ε = 3.3 × 104 M−1cm−1), complex 2: 453 nm (ε = 2.5 × 104 M−1cm−1), complex 3: 449 nm 

(ε = 1.1 × 104 M−1cm−1)), assigned to the π-π* transition as is typical in metal flavonolate 

complexes. The λmax of Pt(II) bipyridyl flavonolate complexes [PtIIBpyFlaR]BF4 are red-shifted 

around 15 nm as compared to similar [PdIIBpyFlaR]BF4 [27]. [PtIIBpyFla]+ is blue-shifted about 

10 nm relative to those of free flavonolate (458 nm for Me4NFla [24] and 465 nm for 

KFla [36], [37]). Furthermore, the λmax values of the complexes are in order of 1 > 2 > 3, and the 

plot of the λmax vs Hammett constant σ is linear (R = 0.93) [38]. The largest λmax was observed in 

complex 1, bearing the strongest electron-donating group (OMe), presumably due to the best 

planarity and conjugation in flavonolate molecule of 1, as confirmed by its smallest torsion angle 

in [CoIILRFla] complexes [24], [25]. These results indicate that the λmax of the coordinated 
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flavonolate is also affected by the electronic nature of the substituent group in the ligands. 

 

Fig. 4. (a) UV–Vis spectrum of complex 3 (25 μM in acetonitrile); (b) Action spectra of 

complex 3 in acetonitrile at room temperature. 

The action spectra of complex 3 in acetonitrile at room temperature is shown in Fig. 4b; excitation 

of a transition centered at 350 nm, attributable to the flavonolate, elicits an emission at 532 nm. 

This behavior strongly resembles that described for Cd2+ and Hg2+ flavonolate complexes which 

also undergo photo-induced dioxygenation and photo-cleavage of ligand 

flavonolate [24], [25], [26]. This excitation is critical to the reaction with O2 as 

no oxygenation was observed in analogous [PdBpyFlaR]+ complexes due to the lack 

of photosensitivity [27c]. 

3.3. Electronic structure calculations 

To gain further insight into the electronic structures of 1–3, these complexes were investigated by 

means of DFT and TD-DFT methods. A preliminary study of the calculated electron properties 

of 3 was performed to assess the validity of the adopted theoretical modeling for the investigated 

compounds by comparison with the experimental results presented. The calculated molecular 

orbitals (MOs) and Mulliken population densities for 1 are shown in Fig. 5 (Figs. S7–S8 

for 2 and 3) and Table 2 (Table S1 for 2 and 3). 
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Fig. 5. Calculated frontier molecular orbitals for complex 1. 

 

 

Table 2. Percent contribution of selected MOs and corresponding energies (EMO) of complex 1. 

MO Complex 1 

% Contribution EMO (eV) 

Pt Bpy Fla-OMe 

LUMO + 3 1 98 1 −1.85 

LUMO + 2 1 98 1 −1.95 

LUMO + 1 3 61 36 −2.87 

LUMO 3 58 39 −3.06 

HOMO 10 3 87 −5.91 

HOMO-1 13 3 84 −6.84 

https://www.sciencedirect.com/topics/chemistry/frontier-orbital


MO Complex 1 

% Contribution EMO (eV) 

Pt Bpy Fla-OMe 

HOMO-2 91 3 7 −7.00 

 

As displayed in Fig. 5 and Table 2, HOMO of complex 1 in the ground state is mainly flavonolate 

ligand (Fla-OMe) (87%) with minor contributions from Pt (10%) and bipyridine (bpy) (3%) while 

the LUMO is of mixed bpy (58%) and Fla-OMe (39%). The calculated data evidence that the 

flavonolate ligand characterizes the high occupied MOs (HOMO and HOMO-1), while the bpy 

ligand occupies the low virtual ones (LUMO, LUMO + 1, and LUMO + 2), in agreement with 

what was established by previous investigation on this class of complexes [39]. A significant 

contribution by the d orbitals of Pt(II) only occurs in the inner occupied MOs where the dz2 orbital 

describes the HOMO-2. The calculated MOs and Mulliken population densities of 2 and 3 show 

similar properties to 1. The calculated electronic absorption spectra of 1–3 using TD-DFT are in 

good agreement with experimental data. The energy transition in 1 is predicted to be a 

metal/ligand-to-ligand charge transfer (ML-LCT) from HOMO (Pt/fla-) to LUMO (bpy) with a 

maximum at 510 nm, corresponding to the experimentally observed absorption feature at 459 nm. 

The slightly higher-energy shoulder transition at 440 nm is calculated at 461 nm from HOMO 

(Pt/fla-) to LUMO + 1 (bpy) (Figs. S9–S11, Tables S2–S4). 

The charge distribution among fla-, bpy, and Pt(II), obtained as a sum of natural charges calculated 

through the natural bond order (NBO) analysis [40] displays that the electron density is polarized 

toward the flavonolate ligand (Table 3). Moreover, the formally divalent Pt compensates its lack 

of electron through its bonds with two ligands. In fact, Pt acts both as an electron donor toward the 

Rydberg orbitals of the two ligands and as an electron acceptor from the occupied orbitals of the 

O and O atoms through its 5d6s atomic orbitals [41]. 

 

Table 3. Comparison among the NBO partial charges over the fragments. 

https://www.sciencedirect.com/science/article/pii/S002016932031152X#f0025
https://www.sciencedirect.com/science/article/pii/S002016932031152X#t0010
https://www.sciencedirect.com/topics/chemistry/bipyridine
https://www.sciencedirect.com/topics/chemistry/lowest-unoccupied-molecular-orbital
https://www.sciencedirect.com/science/article/pii/S002016932031152X#b0195
https://www.sciencedirect.com/topics/chemistry/charge-distribution
https://www.sciencedirect.com/science/article/pii/S002016932031152X#b0200
https://www.sciencedirect.com/science/article/pii/S002016932031152X#t0015
https://www.sciencedirect.com/topics/chemistry/electron-donor
https://www.sciencedirect.com/topics/chemistry/electron-acceptor
https://www.sciencedirect.com/topics/chemistry/atomic-orbital
https://www.sciencedirect.com/science/article/pii/S002016932031152X#b0205


Complex NBO charge 

Pt(II) Bpy Fla 

1 0.754 0.580 −0.334 

2 0.756 0.585 −0.341 

3 0.758 0.588 −0.346 

 

3.4. Photo-induced oxygenation of complexes 1–3 with O2 

The photo-induced oxygenation reaction of complexes 1 was monitored through changes in the 

electronic absorbance at λmax in acetonitrile at room temperature as a function of irradiation time 

(Fig. 6). The irradiation of oxygen-purged sample of 1 results in a decrease in MLCT band at 

459 nm as a function of irradiation time with λirr ≥ 360 nm. During the photolysis of 1, the MLCT 

band disappear gradually, indicating the cleavage of ligand flavonolate. Similar results were 

observed for 2 and 3. It should also be noted that no changes to the electronic absorption spectra 

of 1–3 were observed in the absence of light for at least 48 h in acetonitrile and H2O (5% DMSO), 

consistent with the dark stability of the complexes. Using deoxygmyoglobin as a trap, we also 

confirm that oxygenation of 1 leads to CO release [27]. Fig. 7 displays the UV–Vis spectra of 

deoxymyoglobin and CO-myoglobin. The progress of the reaction was monitored by the shift in 

Soret absorbance from 434 to 423 nm, confirming formation of CO-FeIIMb. 

 

Fig. 6. UV–Vis absorption spectra change of the reaction of complex 1 with O2 upon irradiation. 
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Fig. 7. UV–Vis spectra of formation of CO-FeIIMb (red line) by trapping of CO by deoxy-

myoglobin (black line) released in the reaction of complex 1 with oxygen. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 

 

It is important to note that the bipyridyl flavonolate Pt(II) complexes 1–3 possess the HOMO with 

significant contribution from the flavonolate ligand, indicating that the fla- ligand is easily 

oxidized by O2 through the likely pathway of photoinduced electron transfer to O2. Similar 

mechanism was proposed in the analogous system of bis-bipyridyl flavonolate ruthenium (II) 

complexes with O2 upon light irradiation [27]. More information on the mechanism is a topic of 

future work. 

4. Conclusions 

In summary, three bipyridyl flavonolate PtII complexes were synthesized and characterized by 

UV–Vis, 1H NMR, FTIR, ESI-MS(+) and elemental analysis. The electronic structure and 

electronic absorption properties were investigated by DFT and TD-DFT calculations, the results 

of which indicate metal/ligand-to-ligand charge transfer (ML-LCT) in the excited state of bipyridyl 

flavonolate Pt(II) complexes. The photo-induced reaction of 1–3 with dioxygen was observed. 

These complexes are stable in the dark but undergo oxygenation reaction upon irradiation to cleave 

ligand flavonolate. Future work will focus on mechanism of photo-induced oxygenation. 

https://www.sciencedirect.com/topics/materials-science/electron-transfer
https://www.sciencedirect.com/topics/chemistry/ruthenium
https://www.sciencedirect.com/topics/chemistry/light-irradiation
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5. Associated content 

The supporting information is available on the Web site. Data include ESI-MS(+), NMR, UV–Vis 

and DFT, TD-DFT calculations. 
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