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Abstract: Quinone based compounds display activation in hypoxia, an environment 

prevalent in tumours. We have synthesized a bis(pyrazole) based 1,4-quinone compound 

suitable for metal chelation. The quinone (L2) converted to hydroquinone (H2L1) during the 

complex synthesis leading to [RuII(η6-p-cym)(H2L1)Cl](PF6) (1). We found from 1H NMR 

studies that in the methanolic solution L2 stoichiometrically converted to H2L1 while 

oxidizing the methanol to formaldehyde. L2 crystallized in monoclinic space group I2/a 

while complex 1 crystallizes in P21/c. Cyclic voltammetry of the redox non-innocent L2 

showed quasi-reversible (ΔEp = 67 mV) redox behaviour with E1/2 at 0.12 V w.r.t. NHE. 

Complex 1 is stable at pH 7.4 in presence of 4 mM chloride and does not hydrolyse even up 

to 24 h. L2 showed IC50 values of 155 and 123 µM against metastatic breast adenocarcinoma 

(MDA-MB-231) and pancreatic carcinoma (MIA PaCa-2) respectively. L2 gets activated by 

ca. 2.7-fold in hypoxia and prevents migration of MDA-MB-231 cells. The mechanistic 

studies showed ROS accumulation and oxidation of NADH to NAD+, which may be 

responsible for the cytotoxicity. The reactivity studies showed that conversion to 

hydroquinone by reaction with NADH or glutathione is irreversible. Complex 1 is not 

cytotoxic up to 100 µM in normoxia or hypoxia. Complex 1 displays irreversible redox 

behavior in cyclic voltammetry displaying two overlapping oxidation peaks at 1.00 and 1.57 

V w.r.t. NHE, which may be assigned to the conversion of hydroquinone to quinone and RuII 

 RuIII respectively.
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1. Introduction
Quinones are important redox active compounds in cell signalling processes, mainly 

in electron transport chain to produce energy in mitochondria.[1] It is known that quinone 

based ligands have rendered metal complexes with versatile activity in catalysis, [2, 3] 

molecular magnetism.[4-6] The quinones themselves [7] and their metal complexes have 

shown broad spectrum of activities and most importantly in therapeutics which includes anti-

bacterial, [8, 9] anti-inflammatory, [10, 11] antifungal, [8, 12] and anticancer activities [13-

15]. Anthracyclines (viz. doxorubicin, daunorubicin, idarubicin and mitoxantrone) also bear 

quinone-hydroquinone motifs and have been very successful in clinic for anticancer 

efficacy.[16] The quinone derivatives (viz. aminonaphthoquinones, [17, 18] sulfonamides, 

[19, 20] mono oximes [21]) are already known to provide potent anticancer activity. Very 

importantly,  and -Lapachones are in clinical trial phase I for the treatment of advanced 

solid tumours [22, 23] and have shown positive effects in controlling obesity.[24] Quinones 

have been found to inhibit topoisomerases.[25] Quinones may also follow other pathways of 

cytotoxicity in a cellular environment.  The quinones may get activated by cellular one 

electron reductases [26, 27] to form semiquinone which reacts with molecular oxygen to 

generate superoxide while converting itself back to quinone. Thus, ROS generation can 

happen catalytically. Quinones upon complexation with metal ions show change in redox 

activity.[28-32] Pt(II) and Ru(II) complexes of 1,2- or 1,4-quinones  have been found to 

exhibit redox potential within the range of ± 0.5 V [28, 33] which should help them to 

interfere with various physiological processes.[34] The studies show that the metal 

complexes of quinone based ligands may be reduced to semiquinones which are useful for 

generation of reactive oxygen species and rendering oxidative damage.[35] The literature 

show that most metal quinone complexes are rich in redox activity within the physiological 

range of ± 0.5 V.

Ru(II) has also been found to be an useful alternative to Pt(II) in design of anticancer 

chemotherapeutic agents.[36-40] Ru(II)-p-cymene complexes have provided a large pool of 

molecules which show diverse mechanism of action. This is achieved by variation in the 

bidentate coordinating ligand. The redox potential data of the quinone based Ru(II) 

complexes suggest that complexation may be very useful in generation of hypoxia activable 

metal complexes. The presence of quinones help in the disruption of cellular redox balance 

by oxidising cellular NADH to NAD+ and the metal ion may participate in DNA cross-

linking, thereby inducing cytotoxicity through multiple pathways. A quinone may also get 
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deactivated to hydroquinone through two electron reduction by NAD(P)H: 

quinoneoxidoreductase 1 (NQO1).[41] However, if the process is reversible then it may also 

generate ROS while converting back to quinone. Thus, the reduction potential, metal in 

complexation, stability of the reduced and oxidized species and availability of substrate or the 

enzyme would dictate the chemistry inside cellular environment. 

Hypoxia activation of quinone is an important factor in cancer since tumours become 

hypoxic due to high rate of proliferation leading to constriction of blood vessels, depriving 

them of nutrients and oxygen.[42, 43] It is desired that a compound is more active under 

hypoxia so that it displays more efficient anticancer activity in tumours.[44] The exploration 

for quinones and their metal complexes are useful for this purpose. Here in, we have 

synthesized hydroquinone and quinone based compounds, 2,3-bis(3,5-dimethyl-1H-pyrazol-

1-yl)benzene-1,4-diol (H2L1) and 2,3-bis(3,5-dimethyl-1H-pyrazol-1-yl)cyclohexa-2,5-diene-

1,4-dione (L2) and a metal complex [Ru(II)(p-cym)(H2L1)Cl](PF6) (1) (Scheme 1). We have 

studied the compounds and the metal complex for their stability, redox activity and 

cytotoxicity in normoxia and hypoxia.

PF6

HO OH

N N
NN

Ru

Cl

HO OH

N N
NN

O O

N N
NN

H2L1 L2

1

Scheme 1. Chemical structures of Ligands (H2L1 and L2) complex 1.

2. Experimental Section

2.1 Materials and Methods: Chemicals and solvents were purchased from various 

commercial sources (SigmaAldrich, Merck, Spectrochem or SRL). Unless mentioned 

specifically, the products were used as received. The solvents used for synthetic and 

analytical purposes were dried or distilled prior to use following standard procedures.[45] 

Ruthenium trichloride was purchased from Precious Metals Online, Australia and the 

precursor, [RuII
2(η6-p-cym)2Cl4] was synthesized as per procedure mentioned in 

literature.[46] The medium, Dulbecco`s Modified Eagle Media (DMEM) and Dulbecco`s 

Modified Eagle Media/ Ham's F-12 (DMEM/F12) used for cell culture was purchased from 

Invitrogen or Sigma Aldrich and Foetal bovine serum (FBS) was obtained from Gibco. UV-
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visible spectra were recorded in a Cary300 UV-visible spectrophotometer using spectroscopy 

grade solvents. FT-IR measurements were done with KBr pellets using a Perkin-Elmer 

SPECTRUM RX I spectrometer. 1H NMR and 13C NMR were recorded either in JEOL ECS 

400 MHz or in Bruker Avance III 500 MHz spectrometer at 25 °C. The chemical shift values 

are reported in ppm. All the NMR were performed in liquid state after dissolving in 

deuterated solvents of Cambridge Isotope Laboratories, Inc. The purity of the bulk samples 

was confirmed after elemental analysis in Perkin-Elmer 2400 series II CHNS/O analyser and 

through high resolution ESI-MS (Electrospray ionization mass spectra). The HRMS spectra 

were recorded using a maXis impact (Bruker) mass spectrometer by +ve mode electrospray 

ionization and plotted using Bruker Daltonics software provided by Bruker. Melting point or 

decomposition temperature of complex was measured by Secor India melting point apparatus, 

mean of three independent measurements are reported without any standard deviation. The 

synthesized compounds were dried under vacuum and stored in desiccator under dark until 

they were used for experiments.

2.2 Syntheses

2,3-bis(3,5-dimethyl-1H-pyrazol-1-yl)benzene-1,4-diol (H2L1): Hydroquinone 

compound H2L1 was synthesized using previously reported procedure.[2, 47] Yield (25%); 
1H NMR (500 MHz, CDCl3, 25 °C): δ 7.25 (s, 2H, OH), 7.04 (s, 2H, ArH), 5.89 (s, 2H, 

Pyrazole-H), 2.28 (s, 6H, 2CH3), 1.67 (s, 6H, 2CH3); 13C NMR (125 MHz, CDCl3, 25 °C): δ 

151.20, 145.74, 143.76, 120.46, 118.06, 107.02, 13.31, 10.72; ESI-HRMS (Methanol) m/z 

(calc.): 321.1358 (321.1322) [C16H18N4O2Na+]; FT-IR (KBr pellets, cm-1): 3414 (νO-H stret.), 

1501 (νarene C=C stret.), 1385 (νC-N stret.).

2,3-bis(3,5-dimethyl-1H-pyrazol-1-yl)cyclohexa-2,5-diene-1,4-dione (L2): Ligand L2 

was synthesized from hydroquinone compound H2L1 by 2,3-Dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) oxidation method. 1 mmol DDQ was added to the 15 mL 

dichloromethane solution of the 1 mmol of hydroquinone ligand (H2L1) and stirred for 4 h 

under dark. The completion of the reaction was confirmed by TLC and the product was 

purified by silica flash column chromatography using ethyl acetate as eluent. Yield: 85 %, 1H 

NMR (500 MHz, CDCl3, 25 C): δ 7.00 (s, 2H, Ar-H), 5.87 (s, 2H, Pyrazole-H), 2.13 (s, 6H, 

CH3), 2.00 (s, 6H, CH3) ppm (Fig. S1); 13C NMR: (125 MHz, CDCl3, 25 C): δ 182.2, 151.6, 

143.5, 137.4, 136.0, 107.6, 13.6, 11.4 ppm (Fig. S2); ESI-HRMS (Methanol) m/z (calc.): 
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319.1202 (319.1165) [C16H16N4O2Na+]; FT-IR (KBr pellets, cm-1): 1666 (νC=O stret.), 1563 

(νarene C=C stret.), 1394 (νC-N stret.).

[Ru(η6-p-cymene)(H2L1)Cl](PF6) (1): The methanolic solution of ligand L2 (0.3 mmol) 

was added to the 15 mL of methanolic solution of [RuII
2(η6-p-cym)2Cl4] (0.15 mmol) and 

refluxed for 3 h in dark, followed by addition of 0.3 mmol of NH4PF6 and stirred at room 

temperature for another 1 h. After evaporation of the reaction solution a deep red coloured 

mass was obtained. The deep red coloured mass was re-dissolved in dicholoromethane and 

filtered. The filtrate was evaporated. Finally, the product was purified by washing several 

times with diethyl ether. Yield: 48 %, Anal. Calc. for C26H30ClF6N4O2PRu: C, 43.86; H, 

4.25; N, 7.87; Found: C, 43.98; H, 4.24; N, 7.90 %; m.p.: 164 °C (decomp.); 1H NMR (500 

MHz, CDCl3, 25C): δ 7.37 (s, 2H, Ar-H), 6.27 (s, 2H, Pyrazole-H), 5.61 (d, 2H, J = 6.1 Hz, 

p-cym-H), 5.31 (d, 2H, J = 6.1 Hz, p-cym-H), 2.64 (m, 1H, iPr-CH), 2.60 (s, 6H, CH3), 2.20 

(s, 6H, CH3), 1.84 (s, 3H, p-cym-CH3), 1.11 (d, 6H, J = 7.0 Hz, iPr-CH3) ppm (Fig. S3); 13C 

NMR: (125 MHz, CDCl3, 25C): δ 181.0, 161.9, 150.2, 138.2, 137.3, 112.8, 105.4, 103.0, 

84.1, 81.8, 31.4, 22.5, 18.7, 18.2, 12.6 ppm (Fig. S4); ESI-HRMS (Methanol) m/z (calc.): 

569.1237 (569.1252) [C26H32ClN4O2Ru+]; UV-vis: [MeOH, λmax, nm (ε/dm3 mol−1 cm−1)]: 

313 (7116), 507 (2141); FT-IR (KBr pellets, cm-1): 3141 (νC-OH stret.), 1564 (νarene C=C stret.), 

1402 (νC-N stret.).

2.3 Stability studies and reactivity of L2 and its Ru Complex 

2.3.1 Studying complexation of L2 with [Ru2(p-cym)2Cl4]: 12 mM CD3OD solution of 

L2 was mixed with 0.6 mM CD3OD solution of [Ru2(p-cym)2Cl4] at 25 °C. The 20:1 

concentration ratio of L2 and Ru-dimer precursor was taken to check whether the 

transformation is catalytic. First 1H NMR spectrum was recorded within 5 mins of mixing. 

The NMR tube containing the solution was then incubated at 40°C in dark and spectra were 

recorded at different time point. After 24h a small portion of the reaction solution was diluted 

with methanol and the ESI mass spectrum was recorded. The individual 1H NMR spectra of 

L2, H2L1 and 1 in CD3OD were recorded at 25°C for comparison purpose. After 24h, an 

aliquot of the solution was diluted in methanol and ESI-MS studies were performed.

2.3.2 Stability studies of L2 and 1: The stability study of L2 or 1 in CD3OD was 

monitored by 1H NMR. L2 or 1 were dissolved in CD3OD at 25°C and within 5 min the 1H 
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NMR spectrum was recorded. The respective NMR tubes containing the solution of L2 and 1 

was then incubated at 40°C in dark and spectra were recorded at different time point. After 

24h an aliquot of the reaction solutions were respectively diluted with methanol and the ESI 

mass spectrum recorded within 5 min. The stability of L2 in CDCl3 was also studied by 1H 

NMR at 25°C.

2.3.3 Studying complexation of L2 with [Ru2(p-cym)2Cl4] by ESI-MS: The reaction 

between L2 and [Ru2(p-cym)2Cl4] precursor was also monitored by ESI-MS in methanol at 

different time point by mixing ca. 1:0.5 molar equivalent of L2 and [Ru2(p-cym)2Cl4]at 25°C. 

The ESI mass spectra were recorded immediately after addition and monitored over time.

2.3.4 Complexation of L2 with [Ru2(p-cym)2Cl4] in CDCl3: The complexation of L2 

with [Ru2(p-cym)2Cl4] was also monitored in CDCl3 to check the importance of methanol. In 

this case, 12 mM CDCl3 solution of L2 was mixed with 3 mM CDCl3 solution of [Ru2(p-

cym)2Cl4] at 25°C. After immediate mixing, the 1H NMR spectrum was recorded. The 

mixture was incubated at 25°C in dark and 1H NMR spectra were recorded at different time 

point. After 24h of reaction ESI mass spectrum was taken by dilution with acetonitrile to 

avoid any methanol involvement. The individual 1H NMR spectra of L2 and 1 in CDCl3 were 

recorded at 25 °C for comparison purpose.

2.3.5 Investigation of oxidation of methanol by L2: The reduction of L2 by methanol 

in CD3OD demanded investigation of formaldehyde formation. A solution of L2 was made in 

CH3OH-CD3OD (5:1 v/v) and incubated for 15 min at 40 °C. The 1H NMR was recorded for 

formation of formaldehyde.

2.4 X-ray Crystallography

The single crystals of ligand L2 was obtained from dichloromethane solution at 4 °C. 

Complex 1 gave crystals from dichloromethane solution layered with hexane and kept at 4 

°C. A block shaped single crystal of dimension 8.57 × 13.35 × 13.00 (L2) or 11.71 × 13.29 × 

18.57 (1) was mounted on a loop using fomblin oil on a SuperNova, Dual, Cu at zero, Eos 

diffractometer. The data was collected either at 100 K (L2) or at 293 K (1) using Mo X-ray 

source of wavelength 0.71073 Å. The diffraction data was integrated in CrysAlisPro 

171.37.33c and solved with ShelXS using direct methods.[48] Whereas the structure was 

refined with ShelXL using least squares minimisation.[48] Data was processed using Olex2 

software package.[49] Non-hydrogen atoms were refined anisotropically using full matrix 
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least-squares on F2. The ORTEP diagram of the ligand and complex are represented with 50 

% probability thermal ellipsoids. Some important crystallographic parameters are listed in 

Table S1. The CCDC numbers of ligand (L2) and Complex 1 are 1943935 and 1943936 

respectively.

2.5 Cyclic voltammetry 

Cyclic voltammetry studies were performed for L2 using CHI604D electrochemical 

work station. Glassy carbon was used as working, platinum wire as counter and a non-

aqueous Ag/Ag+ as reference electrode. 0.1 M TBAP was the supporting electrolyte and 

acetonitrile was used as solvent. A scan rate of 50 mV s-1 was used to collect data for intact 

complex and ligand. The cyclic voltammetry for the reaction of L2 with 1 equivalent of 

NADH was studied in 1:1 (v/v) MeCN : 20 mM Phosphate buffer (pH 7.4) solution at a scan 

rate of 100 mV s-1. The potential of Ag/Ag+ reference electrode is calculated to be 0.540 V 

with respect to NHE based on the E1/2 obtained for FeIII/FeII couple of ferrocene. All potential 

values reported are with respect to NHE.

2.6 NMR studies 

2.6.1 Hydrolysis: The aqueous stability was studied for complex 1 using 9 : 1 (v/v) 10 

mM phosphate - 4 mM saline buffer (pD = 7.4) and CD3OD mixture at 25 C. The stability 

was monitored by 1H NMR at different interval of time for a period of 24 h.

2.6.2 Reduction with NADH: The reduction of quinone ligand (L2) by NADH was 

monitored by 1H NMR. The study was performed in 10% CD3OD in 10 mM phosphate buffer 

(pD 7.4) having 4 mM NaCl. L2 were allowed to react separately with 2 equivalents of 

NADH.

2.6.3 L-Glutathione (GSH) and Cysteine binding: The binding was monitored by 1H 

NMR. The quinone ligand (L2) was allowed to react with 1 equivalent of thiol (GSH or 

cysteine) in a mixture of 10% MeOD - 10 mM phosphate buffer of pD 7.4 having 4 mM 

NaCl. The studies were performed at 25 °C. 

2.7 Cell lines and cell culture 

Cancer cell lines were obtained from National Centre for Cell Science (NCCS), Pune, 

India. Human metastatic breast adenocarcinoma (MDA-MB-231), Human pancreatic 

carcinoma (MIA PaCa-2) cells were maintained in DMEM/F12 and DMEM medium 
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containing 10 % FBS and 1 % antibiotic-antimitotic solution respectively. The hypoxic 

condition was achieved by maintaining 5% carbon dioxide and 1.5% oxygen level. 5% 

carbon dioxide and 17 % oxygen level were used for normoxia at 37 °C.

2.8 Cell viability assay

The toxicity of the complexes was determined by MTT assay. Briefly, 6 103 cells were 

seeded in each well of 96 well plate and incubated for 48 h at 37 °C (5% CO2 atmosphere). 

After 48 h the media was replenished, and complex solution was added. Complex solution 

was prepared in DMSO and diluted with the culture medium so that the DMSO concentration 

is each well less than 0.2 %. After 48 h of incubation with complex, media was removed. 

Fresh medium containing 0.02 mg MTT was added to each well and incubated for further 3 h. 

The media was then removed and 200 µL DMSO was added in each well. The cells lysed and 

the formazan crystals dissolved in DMSO. The absorbance was taken at 515 nm in 

SpectraMax M2e Microplate reader. The IC50 values were obtained by 4 parameters fitting. 

The graphs are plotted as % cell viability vs. logarithmic concentration of complex using 

GraphPad Prism 5. The IC50 value of L2 and 1 against MiaPaCa-2 and MDA-MB-231, under 

normoxic condition, was also determined by making stock solutions of the compounds in 

ethanol and diluting it with cell culture medium using the same procedure mentioned above. 

2.9 ROS generation

5 × 104 MDA-MB-231 cells were seeded in each well of a 6 well plate and incubated at 

37 C in DMEM/F12 medium. After 48 h media was replenished and cells were incubated 

with IC50 and IC25 concentrations of ligand (L2) for 6 h at 37 C in DMEM/F12 medium. 

Cells were harvested and washed twice with 1X PBS. The resultant cell pellet was re-

suspended in 1X PBS (pH 7.4) containing 10 µM DCFH-DA and incubated for 30 minutes 

under dark at 37 °C. The intracellular ROS generation was measured by BD Biosciences 

FACS Calibur flow cytometer.

The change in ROS accumulation was investigated in various ways: (1) by use of the 

antioxidant and cellular GSH inducer, N-acetylcysteine (NAC).[50, 51] Cells were pre-

incubated with 500 µM of NAC for 12 h and then treated with L2 (IC50 dose), (2) In another 

experiment, cells were co-incubated with 500 µM of GSH and IC50 conc. of L2 for 6 h at 37 
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C, (3) Lastly, cells were also independently co-incubated with 100 µM of NADH and IC50 

dose of L2 for 6 h at 37 C. 

The resultant cells were harvested and washed twice with 1X PBS and the cell pellet re-

suspended in 1X PBS (pH 7.4) containing 10 µM DCFH-DA and incubated for 30 minutes 

under dark at 37 °C. The intracellular ROS generation was measured by BD Biosciences 

FACS Calibur flow cytometer.

3. Results and discussion

3.1 Synthesis and characterisation

The synthesis of complex 1 was initiated with L2. However, during synthesis, L2 reduced to 

H2L1 and gave complex 1, [RuII(H2L1)(η6-p-cym)Cl](PF6) (Scheme 2). Since the oxidation 

state of RuII did not change so we performed the necessary NMR and ESI-MS based 

experimentation (discussed later in this section), which shows the involvement of methanol in 

the reduction process and formation of formaldehyde due to oxidation of methanol. The 

ligands and the Ru(II) complex were characterized by 1H and 13C NMR, (Fig. S1 to S4), 

HRMS, FT-IR, elemental analysis, UV-vis and single crystal x-ray diffraction. The HRMS 

data obtained from the methanolic solution of 1 corresponded with m/z, 569.1237 (calc. 

569.1252) of formulae [RuII(H2L1)( η6-p-cym)Cl]+. The UV-vis spectra showed a weak metal 

to ligand charge transfer band at 507 nm and a π π* transition at 313 nm. The IR spectra of 

1 displayed a band at 3141 cm-1 corresponding to the νO-H stretching, similar to H2L1 which 

was substituted by a νC=O at 1666 cm-1 in L2. The νC=O stretching was not found in 1 which 

supported the reduction of the quinone to hydroquinone during synthesis.

PF6

HO OH

N N
NN

Ru

Cl

HO OH

N N
NN

O O

N N
NN

H2L1 L2

1

OO

N

H
N

Reflux

1,4-Dioxane
+

i) [RuII
2(6-p-cym)2Cl4]

MeOH, Reflux

ii) NH4PF6, MeOH

DDQ

CH2Cl2

Scheme 2. A representation of the synthesis of complex 1.

Complex 1 showed stability in methanolic solution (Fig. S5). NMR studies were 

performed to confirm the reduction of quinone moiety of L2 to hydroquinone H2L1 in 
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methanol in the presence of [Ru2(p-cym)2Cl4], either by catalytic transformation or by 

stoichiometric transformation. To check this, we mixed L2 and [Ru2(p-cym)2Cl4] in CD3OD 

at 25 °C in 20:1 molar ratio respectively and immediately recorded 1H NMR to find the 

formation of [Ru(p-cym)(L2)Cl]+  (Fig. 1). Then the same solution was incubated at 40 °C 

(temperature used during synthesis) and the 1H NMR spectra started to exhibit formation of 

the hydroquinone complex [Ru(p-cym)(H2L1)Cl]+ (Fig. 1) with time and oxidised the solvent 

CD3OD to D2C=O (confirmation through a separate experiment using CH3OH which is 

described later in this section). The same solution was injected in ESI-MS after 24 h upon 

dilution with methanol and a m/z of 330.1705 (calc. 330.1671) corresponding to the 

formulation [H2DL1-OMe]+ apart from the [Ru(p-cym)(H2L1)Cl]+, m/z of 569.138  (calc. 

569.126) was observed. Apart from the above the presence of free quinone (L2) and 

hydroquinone (H2L1) ligand was also detected. 
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Fig. 1. Complexation of L2 with [Ru2(p-cym)2Cl4] in CD3OD monitored by 1H NMR. (A) ‘♦’ 

indicates formation of H2L1, ‘’ indicates the formation of complex 1 (B) A schematic 

representation of the reduction reaction. 

In the NMR tube no further conversion of L2 to free H2L1 occurred after complete 

consumption of the [Ru2(p-cym)2Cl4] (Fig. 1) within 3h. It seemed as if the Ru-dimer 

precursor is involved in the quinone reduction process. In order to understand the fate of the 

free ligand in absence of the [Ru2(p-cym)2Cl4], we have performed the stability study of L2 in 

CD3OD monitored by 1H NMR (Fig. 2).  Slow transformation of L2 to H2L1 was observed 

even at 25 °C. After 6h, almost full conversion and a deuterated methoxy adduct was detected 

(Fig. 2).  One of the ortho position to the 1,4-quinone in L2 reacted with the CD3OD, evident 

from the absence of the corresponding hydrogen, clearly visible in the 1H NMR (Fig 2C).  

The absence of proton signals of methoxy methyl in the 1H NMR, indirectly suggests the 

presence of the deuterated methoxy adduct. The same adduct of formulation [H3L1-OCD3]+ 

corresponding to m/z of 332.1797 (calc. 332.1796) was also confirmed by ESI-MS (Fig. S9 

and S10). Hence, the solvent methanol is readily assisting the reduction of the quinone ligand 

to hydroquinone which was inhibited in presence of the [Ru(p-cym)(L2)Cl]+ and [Ru(p-

cym)(H2L1)Cl]+. Thus, the Ru-quinone and hydroquinone complexes behave as catalytic 

poisons.
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Fig. 2. Stability study of L2 in CD3OD measured by 1H NMR. (A) time dependent plot of the 
reaction showing reduction to H2L1 as depicted by the highlighting band (B) A scheme of the 
monitored reduction reaction (C) A zoomed view of the integration of the two important 
protons for comparison

The involvement of methanol for this quinone-hydroquinone transformation process 

was further confirmed by the stability study and reaction kinetics between L2 and Ru-dimer 

precursor in the non-methanolic solvent, CDCl3. The ligand L2 in CDCl3 showed stability 

over 24h (Fig. S11). The complexation between L2 and Ru-dimer precursor in CDCl3 led to 

the slow formation of [Ru(p-cym)(L2)Cl]+ (Fig. S12). Interestingly, no further reduction of 

[Ru(p-cym)(L2)Cl]+ to [Ru(p-cym)(H2L1)Cl]+ was detected (Fig. S12) which is attributed to 

the absence of methanol. The ESI-MS study of the same solution (diluted in acetonitrile) 

indicate the formation of [Ru(p-cym)(H2L1)Cl]+ instead of [Ru(p-cym)(L2)Cl]+ (Fig. S13 to 

S15), although no such peaks corresponding to complex 1 were detected in 1H NMR (Fig. 

S12). This indicates the reduction of quinone species can also occur under ESI-MS 

conditions. 

The formation of the Ru-quinone complex and its conversion were monitored under 

ESI-MS conditions in methanol. The freshly prepared precursor solution of [Ru2(p-cym)2Cl4] 

in methanol and freshly prepared methanolic solution of L2 with ca. 0.5:1 molar ratio were 
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mixed and immediately ESI mass spectrum was recorded (Fig. S8). The ESI mass spectra of 

the mixture were recorded at different time points. The first spectrum was evident for the 

initial formation of Ru-quinone complex [Ru(p-cym)(L2)Cl]+ (m/z 567.1181) (Fig. S8 

indicated by red arrow). Then the peaks corresponding to [Ru(p-cym)(H2L1)Cl]+ (m/z 

569.1204) started to appear (Fig. S8 indicated by green arrow) suggesting that either the 

ligand was reduced and then complexed with the Ru(II) or the [Ru(p-cym)(L2)Cl]+ was 

reduced to [Ru(p-cym)(H2L1)Cl]+ similar to what was observed in 1H NMR (Fig S8).

The formation of formaldehyde from methanol, during reduction of quinone (L2) to 

hydroquinone (H2L1) was also confirmed by 1H NMR (Fig. S16) by dissolving L2 in a 5:1 

v/v CH3OH:CD3OD mixture and incubation for 15 min at 40 °C. A new peak appeared at 

9.16 ppm corresponding to formaldehyde. This peak was absent both in free hydroquinone 

ligand (H2L1) and L2 in CD3OD (Fig. S16).  Hence, the peak is corresponding to 

formaldehyde and not for the –OH of hydroquinone. Literature data also shows that the 1H 

NMR peak for formaldehyde appears in the same region.[52, 53] Importantly, the integration 

of the peak for the two protons of formaldehyde is 1.67 whereas for the two aromatic 

hydrogens it is 2, which is due to use of 17% CD3OD.

3.2 X-ray Crystallography

The quinone-bis(pyrazole) ligand L2 crystallized in monoclinic system with space 

group I2/a (Table S1) where the sp2 hybrized N-donors of pyrazole are present in an 

orientation not suitable for metal binding. Each unit cell of L2 contains 4 molecules. Each 

oxygen of quinone simultaneously forms two intermolecular H-bonding with pyrazole ring-H 

and one CH3 of pyrazole with average distances ca. 3.38 Å (Fig. S17). During complexation, 

sp2 hybrized N-donors re-orient themselves to form the N,N chelated complex 1, which 

crystallizes in a monoclinic system with space group P21/c (Table S1). The crystals of 1 were 

obtained by layering a dichloromethane solution with hexane. The structure of 1 shows a 

distorted tetrahedral geometry around the metal centre (Fig. 3) and a PF6
 anion in the lattice.  

Each unit cell contained four molecules of 1. In complex 1, interaction of an oxygen of the 

hydroquinone with -CH3 of p-cymene (distance 3.183 Å) is observed (Fig. S18). 
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Fig. 3. Molecular structure of (A) ligand (L2) and (B) complex 1 with 50% probability level 

thermal ellipsoids. All hydrogen atoms and counter anion are omitted for clarity.

Table 1

Selected bond lengths (Å) of ligand L2 and complex 1.

L2 1
O1 C2    1.222(2) O2 C8         1.223(4)
N1 N2    1.3786(19) Ru1 N1        2.158(3)
N1 C3    1.4035(19) Ru1 N3        2.156(3)
N1 C5    1.372(2) Ru1 Cl1       2.3919(8)
C3 C2    1.498(2) Ru1 C18      2.217(3)
C1 C2    1.457(2) Ru1 C19      2.207(3)
C6 C7    1.407(2) Ru1 C20      2.199(3)
C6-C5    1.361(2) Ru1 C21      2.230(3)
C7 C8    1.493(2) Ru1 C22      2.184(3)
C5 C4    1.490(2) Ru1 C23      2.185(3)

Table 2 

Selected bond angles (°) of ligand L2 and complex 1.

L2 1
N2 N1 C3   117.35(12) N3 Ru1 N1     86.22(10)
C5 N1 N2   112.41(13) N1 Ru1 Cl1    86.60(7)
C5 N1 C3   130.23(14) N3 Ru1 Cl1    85.19(7)
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C7 N2 N1   104.03(13) N1 Ru1 C18   149.70(11)
N1 C3 C2   115.75(13) N1 Ru1 C19   113.47(11)
O1 C2 C3   120.67(15) N1 Ru1 C20   91.74(11)
O1 C2 C1   120.95(15) N1 Ru1 C21   96.72(11)
C1 C2 C3   118.29(15) N1 Ru1 C22   125.85(12)
C5 C6 C7   106.82(15) N1 Ru1 C23   163.83(12)
N2 C7 C6   111.43(15) N3 Ru1 C18   89.04(12)
N2 C7 C8   119.73(16) N3 Ru1 C19   97.25(12)
C6 C7 C8   128.84(16) N3 Ru1 C20   127.46(12)
N1 C5 C4   123.18(14) N3 Ru1 C21   164.61(12)
C6 C5 N1   105.31(15) N3 Ru1 C22   146.66(11)
C6 C5 C4   131.49(15) N3 Ru1 C23   109.88(12)

Fig. 4. Cyclic voltammogram of (A) L2 in acetonitrile, (B) L2 and 1 equiv. NADH in 1:1 

(v/v) MeCN : 20mM Phosphate buffer pH 7.4 and (C) complex 1 in acetonitrile. Reference 

electrode used was Ag/Ag+ whose potential was 0.54 V w.r.t. NHE.

3.3 Electrochemistry

Cyclic voltammograms of a 1 mM acetonitrile solution of L2 showed E1/2 0.12 V and 

the process was quasi-reversible with ΔEp = 67 mV (Fig. 4). We investigated the influence of 

NADH on the reduction process and found that in presence of 1 equivalent of NADH the 

redox process became irreversible in nature (E1/2 = 0.03 V). The ΔEp increased from 67 mV 

to 158 mV. NADH oxidized itself in presence of L2 and reduced it irreversibly to the 

corresponding hydroquinone (H2L1). Complex 1 showed two overlapping oxidation process 

with peaks at 1.00 and 1.57 V, which may be assigned to the conversion of the hydroquinone 

to quinone and RuII  RuIII respectively. Along with that, two less prominent reduction peaks 

at 1.25 and 0.54 V was observed.  The higher ΔEp of the redox process and a large variation 
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in the peak currents, ipa and ipc, suggested that the electrochemical redox process may be 

coupled with chemical events and irreversible. 

3.4 Stability studies

The solution stability of complex 1 in aqueous medium was investigated using 

CD3OD : 10 mM phosphate, 4 mM saline buffer at pD 7.4 (1:9 v/v). The 1H NMR data 

showed that more than 97% of complex 1 is stable in its native form upto 24 h (Fig. 5). There 

may be only ca. 3% of hydrolysis in the 24 h period. The reduction potential of L2 (E1/2 = 120 

mV vs NHE) made it necessary to investigate its reduction in presence of NADH using 1H 

NMR. 2 equivalents of NADH was added to the methanolic solution of L2. The solution 

almost instantaneously changed colour from red to colourless with a white precipitate (some 

of the hydroquinone precipitated due to lower solubility) (Fig. S20) and peaks corresponding 

to the 

Fig. 5. 1H NMR spectrum of 1 in CD3OD : 10 mM phosphate, 4 mM saline buffer at pD 7.4 

(1:9 v/v) showing complex is stable and stays mostly intact as [RuII(H2L1)(p-cym)Cl]+. 
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Fig. 6. Stack plot of 1H NMR for reaction of ligand L2 with 2 equivalents of NADH in 10 % 

CD3OD in 10 mM phosphate, 4 mM saline buffer (pD 7.4). 

Fig. 7. GSH binding study of L2 with GSH in 10 % MeOD in 10 mM phosphate, 4 mM NaCl 

buffer (pD 7.4). Where Δ indicate GSH bound species.

hydroquinone H2L1 appeared in the NMR spectra. Thus, the ability of the quinone ligand 

(L2) to oxidize NADH to NAD+ was confirmed by NMR (Fig. 6 and Scheme 4). The 1H 

peaks corresponding to the remaining hydroquinone in solution was visible in the NMR 

spectrum (Fig. 6). The quinones are also reactive to thiols [54, 55] and we found L2 to be 

reactive to the thiols when 1 equivalent of GSH (Fig. 7) or 1 equivalent cysteine (Fig. S19) 
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was added to an aqueous solution (CD3OD : 10 mM phosphate, 4 mM saline buffer at pD 7.4 

) of L2 separately. The resultant thiol adduct was quite soluble in the aqueous phase and 

hence gave a clear solution (Fig. S20). The thiol binding and ring aromatisation of L2 took 

place by replacing a hydrogen ortho to the quinone motifs, as revealed through 1H NMR 

(Scheme 3). Although the thiol reactivity of L2 is observed for the first time but similar 

reactivities have been earlier reported with other quinone ligands in literature.[55, 56] 

Complex 1 is also not stable in presence of sulfur based nucleophiles (viz. DMSO, GSH) and 

degrades quickly.

O O

N N
NN

R
HS

O O

N N
NN

S R

H

HO OH

N N
NN

S R

R SH = GSH, Cysteine

H

Scheme 3. A scheme depicting the possible mode of reaction of thiols with L2 to form 

adducts.

Table 3 

Cytotoxicity of ligands and complex 1.

IC50 ± S.D.a (µM)
Normoxiab Hypoxiac

Complex

MIA PaCa-2 MDA-MB-231 MIA PaCa-2 MIA PaCa-2 + NACd

1 >100 >100 >100 >100
H2L1 >200 >200 >200 N.D.e

L2 155.2 ± 3.2 122.9 ± 1.8 58.5 ± 5.1 104.2 ± 0.7
CDDP 31.8 ± 5.0 37.2 ± 2.5 18.1 ± 2.9 29.7±4.1f

aS.D. means standard deviation, bIC50 was determined under normoxic conditions. cIC50 

was determined under hypoxic conditions (1.5 % O2), dcells were pre-incubated with 500 
µM N-acetyl cysteine. eN.D. means not determined. fcisplatin was co incubated with 20 
molar equivalents of GSH. Representative plots are provided in Fig. S21.

3.5 Cell viability assay

The ligands H2L1, L2 and complex 1 were studied for their cytotoxicity against the 

triple negative breast carcinoma (MDA-MB-231) and the pancreatic carcinoma (MIA 
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PaCa-2). L2 showed IC50 in the range of 123-155 µM. However, when L2 was 

investigated under hypoxia in MIA PaCa-2 cell line then there was ca. 2.7-fold increase 

in toxicity (IC50 ca. 59 µM) under hypoxic condition (Table 3). In hypoxic condition 

oxygen percentage is very limited restricting the amount of superoxide formation. In 

hypoxia, the conversion of quinone to semiquinone may help enhance the ROS 

population thus increasing toxicity.[57-60] L2 also readily reacted with NADH to form 

the corresponding hydroquinone while oxidizing the NADH to NAD+ which would 

affect both ATP production and cellular redox balance. This may be the reason of the 

toxicity of L2. The toxicity of L2 and 1 has been also evaluated after dissolving the 

respective compounds in ethanol (instead of DMSO) against MDA-MB-231 and MIA 

PaCa-2, under normoxic conditions due to poor stability of 1 in DMSO. The results 

showed that the IC50 (in µM) of 1, IC50 >100 µM and for L2 is same (155 ± 3 in MIA 

PaCa-2 and 121 ± 4 in MDA-MB-231) (Fig. S22 and S23). We could not investigate 1 

beyond 100 µM since it was precipitating out of solution. However, ca. 10-20% cell 

death was observed at 100 µM suggesting poor toxicity of 1 compared to L2 where at 

least ca. 25-30 % cell death was observed in MDA-MB-231 or MIA PaCa-2 at 100 µM.

One electron reductase enzyme
(NADPH-cytochrome P450 reductase

NADH-cytochrome b5 reductase)

O

O

O

O

O2ROS

NADHOH

OH

OH

OH

SG GSH

Deactivation

Cell Killing

NAD+

Cell Killing

Disrupt cellular
redox balance

Scheme 4. Activation and deactivation mechanism of quinone systems inside cell.[61, 62] 

The DCFH-DA assay to study increase in ROS population showed enhancement of ROS is 

presence of L2. Hence, ROS is one of the underlying mechanisms of cell killing (Scheme 4 

and Fig. 8). The ROS enhancement was investigated in MDA-MB-231 by flow cytometry 

after 6 h incubation with L2. The green fluorescence increased due to reaction of DCFHDA 

with ROS suggesting L2 is able to enhance ROS population in cells (Fig. 8A). The quenching 
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of ROS production was observed when L2 was co-incubated with NADH (Fig. 8B). Similar 

result was observed in presence of GSH as well as in GSH induced cells for ligand L2 (Fig. 

8C). These indicate the reason of deactivation in presence of cellular thiols. Complex 1 in 

spite of excellent stability in physiological buffer, did not exhibit any cytotoxicity.  The 

probable reasons are its poor redox behaviour and degradation in presence of sulfur based 

nucelophiles. The results suggest that the complexation with RuII hampered the redox activity 

of L2, which is responsible for its poor reactivity and cytotoxicity.

Fig. 8. ROS detection for (A) compound L2. (B) ROS quenching in presence of 100 µM 

NADH and L2 (IC50 dose) in comparison to NADH treated cells and untreated control. (C) 

ROS quenching by co-incubation of L2 (IC50 dose) with 500 µM GSH and cells are pre-

incubated with 500 µM NAC.

4. Conclusions
In summary, the quinone L2 reduced to form hydroquinone H2L1 in methanolic solution and 

oxidised methanol to formaldehyde. The results obtained from the stability and cytotoxicity 

profiles suggest that the complexation of the bis(pyrazole) based 1,4-quinone (L2) with RuII 

is not suitable for enhancing its anticancer therapeutic efficacy. L2 is redox active and 
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displays quasi-reversible redox behaviour in cyclic voltammetry with E1/2 at 0.12 V, which is 

within the physiological range. L2 converts NADH to NAD+ and induces oxidative stress 

through ROS accumulation which is responsible for its cytotoxicity. The metal complex 1 

showed stability at pH 7.4 but is not cytotoxic to cancer cells either in normoxia or hypoxia, 

whereas L2 is activated in hypoxia by ca. 3 times as per the results obtained in pancreatic 

carcinoma (MIA PaCa-2). Our studies show that complexation with Ru(II) has diminished 

activity but there is a scope of improvement in activity by change of metal and tuning the 

redox potential. In addition, the reactivity with methanol suggests that we may be able to 

modify the ligand by exploiting the reactivity with alcohols and design a superior ligand that 

would be less reactive to thiols. We understand that the irreversible reduction of the quinone 

to hydroquinone by cellular NADH, is a limiting factor in the cytotoxicity profile. 
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Graphical Abstract: 

A 1,4 quinone functionalized bis(3,5-dimethylpyazole) ligand complexed with RuII-p-cymene 

to form a stable complex. The quinone ligand is reduced during metal complexation in 

methanol to hydroquinone while oxidizing the methanol to formaldehyde. The quinone ligand 

displays quasi-reversible redox activity, activation under hypoxia and disrupts cellular redox 

balance by oxidizing NADH, whereas the complexation with RuII deactivated the redox 

capability and cytotoxicity due to reduction to hydroquinone.
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Highlights

 A 1,4-quinone based bis(pyrazole) compound showed ca. 3-fold activation in 
hypoxia.

 Complexation with RuII p-cym rendered stable metal complex but inactive.

 Methanol reduces the quinone to hydroquinone while oxidizing itself to formaldehyde

 The redox active quinone oxidises NADH to NAD+ and generates ROS. 

 Deactivation observed with cellular thiols
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