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Abstract 

Tris(pyrazolyl)methane (tpm), 2,2,2-tris(pyrazolyl)ethanol (tpmOH) and its esterification derivatives 

with ibuprofen and flurbiprofen (tpmIBU and tpmFLU) were used as ligands to obtain complexes of 

the type [Fe(tpmX)2]Cl2 (1-4). The tpmIBU and tpmFLU ligands and corresponding complexes 3 and 4 

were characterized by IR and multinuclear NMR spectroscopy, and the structure of tpmIBU was 

elucidated by single crystal X-ray diffraction. Complexes 1-4 were also assessed for their behaviour 

in aqueous media (solubility in D2O, octanol/water partition coefficient, stability in physiological-

like conditions). The antiproliferative activity of ligands and complexes was determined on A2780, 

A2780cis and A549 cancer cell lines and the non-cancerous HEK 293T and BJ cell lines. The ligands 

and complexes were investigated for their ability to inhibit COX-2 (cyclooxygenase) and HNE (4-

hydroxynonenal) enzymes. Complexes 3 and 4 exhibited cytotoxicity that may be attributed 

predominantly to their bioactive fragments, while DNA binding and enhancement of ROS production 

do not appear to play any significant role. 

 

Keywords: Anticancer metal complexes; bioinorganic chemistry; iron(II) complexes; tris(pyrazol-1-

yl)methane; cytotoxicity; NSAIDs. 

 

1. Introduction 

Transition metal complexes exhibit unique properties with important medicinal applications.1,2,3,4 A 

few platinum-based drugs are currently used worldwide for treating several types of cancers,5,6,7 but 

they have limitations, such as progressively acquired resistance during the treatment and collateral 

effects essentially associated with toxicity.8,9,10 To address these challenges, many transition metal 

complexes have been evaluated as possible alternatives.11,12,13,14 Among these, iron compounds have 

been intensively investigated, with organo-iron complexes emerging as promising candidates.15,16,17,18 

Ferrocene (FeCp2, Cp = 5-C5H5) represents the simplest member of this category, and while it is 

inactive as an anticancer agent, the introduction of suitable substituents on the cyclopentadienyl rings 
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can confer significant cytotoxicity to the resulting complexes.19,20 Generally, one of the modes of 

action for these complexes involves FeII to FeIII oxidation in tumour cells, disrupting cellular redox 

homeostasis by increasing the production of reactive oxygen species (ROS).21 However, certain 

ferrocene derivatives are highly hydrophobic, which potentially limits their possible pharmacological 

application due to insufficient water solubility, a pre-requisite for drug development.22 Furthermore, 

while a high Log Pow value may enhance the cytotoxic activity by facilitating passive diffusion 

through the cell membrane,23,24 it may otherwise trigger drug-induced adverse toxicity, a major cause 

of drug failure in clinical trials.25 Note that Log Pow values higher than 3 have been considered 

critical.26 

Tris(pyrazolyl)methane (tpm) is a neutral compound (Figure 1) belonging to the family of 

scorpionates, acting as a robust, six-electron donor ligand when bound to a metal centre in a tridentate 

(3) fashion. 27 , 28 , 29 , 30  The tpm core offers opportunities for functionalization, including the 

introduction of alkyl or aryl substituents on the pyrazolyl rings,31,32,33 or by exploiting the slightly 

acidic character of the apical methylidyne {CH} group, 34  which leads to the so called “third 

generation scorpionates".35,36,37 Specifically, deprotonation can be performed using a strong base, 

with the resulting carbanion being highly nucleophilic.38 

The "tpm analogue" of ferrocene, i.e. the sandwich compound [Fe(3-tpm)2]
2+, has been reported in 

combination with various counteranions, and has been investigated in homogenous catalysis.39,40 The 

[Fe(3-tpm)2]
2+ dication is water soluble, a favourable pre-requisite for drug development (see 

above),41 yet the biological applications of [Fe(3-tpm)2]
2+ and more generally iron-tpm species, 

remain unexplored. Recently we disclosed that a ruthenium(II)-tpm system exhibits a considerable 

stability in physiological-like solutions, and a series of related complexes display a promising 

anticancer properties.42,43 Additionally, the anticancer potential of a few other ruthenium(II)-tpm 

complexes was investigated previously.44 

In this work, we report a comprehensive synthetic and biological study to evaluate the potential of 

iron(II) tpm compounds as anticancer agents. In particular, we demonstrate that the tpm ligand can 
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be derivatized with bioactive fragments, tuning the lipophilicity and supplying bioactive functionality 

to the resulting complexes. It is noteworthy that conjugating transition metal structures with organic 

compounds with a documented biological activity is a widely explored strategy trying to optimize the 

anticancer performance.45,4647,48,49,50 Ideally, the two components should act in a complementary way, 

playing different roles and/or directing to different targets.51 Specifically, ibuprofen and flurbiprofen 

(Figure 1) belong to the family of nonsteroidal anti-inflammatory drugs (NSAIDs), that are able to 

inhibit cyclooxygenase enzymes (COX) and human neutrophil elastase (HNE).52,53 The skeletons of 

these two carboxylic acids have been tethered to a diversity of metal complexes, providing in some 

cases a notable synergistic effect, resulting in an enhancement of the anticancer activity.54,55,56,57 In 

particular, a high level of COX-2 expression is found in cancer cells, and several studies demonstrate 

that cyclooxygenase inhibitors could be of benefit against the development and growth of tumours. 

Notably, combinatorial treatments of either chemotherapy or radiotherapy with COX-2 inhibitors 

have shown promising results.58,59 

 

Figure 1. Structures of (from left to right): tris(pyrazolyl)methane (tpm), ibuprofen and flurbiprofen. 

 

2. Results and discussion 

2.1. Synthesis and structural characterization of ligands and complexes 

[Fe(3-tpm)2]
2+ was prepared as its dichloride salt, [Fe(3-tpm)2]Cl2 (1), in 60% yield using a 

modified synthesis with respect to the published procedure (see Experimental for details).60 Since 

characterization data of 1 is sparse in the literature, we report comprehensive IR (solid state) and 1H 

and 13C NMR (CD3OD solution) spectroscopic characterization. The X-ray structure of the cation of 

1 was previously determined in association with distinct anions, i.e. an iron(III) based anion,61 

NO3
 62  and BF4

. 63  Here, we provide the crystallographic characterization of the 
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hexafluorophosphate salt [Fe(3-tpm)2][PF6]2, 1' (see Figure S1 and Table S1 in the Supporting 

Information). 

We considered that previously reported 2,2,2-tris(pyrazolyl)ethanol (tpmOH) could represent a 

convenient entry into functionalization chemistry with bioactive carboxylic acids. Therefore, tpmOH 

was prepared using a literature procedure (see Scheme 1 and Experimental).35 In order to derivatize 

tpmOH with ibuprofen and flurbiprofen, these two carboxylic acids were initially converted into the 

corresponding acyl chlorides. Then, acyl chlorides were reacted with tpmOH in the presence of 

ethylenediamine as the base. The resulting products, tpmIBU and tpmFLU, were consequently purified 

by column chromatography over silica and isolated in 95% and 36% yield, respectively. Attempts to 

obtain tpmIBU and tpmFLU using the Steglich protocol (direct carboxylic acid esterification)64 was 

less efficient. 

The IR spectra of the bio-functionalized ligands display the diagnostic absorption related to the ester 

group at around 1750 cm-1. In the 1H NMR spectra, signals related to the pyrazolyl rings undergo a 

negligible shift ongoing from tpmOH to tpmIBU or tpmFLU. Salient 13C features concern the methylene 

bound to the apical carbon of the tpm backbone and the ester carbon, observed at ca. 67 and 172 ppm, 

respectively (CDCl3 solutions). The structure of tpmIBU was ascertained by a single crystal X-ray 

diffraction study (Figure 1). Bonding parameters substantially resemble those previously reported for 

tpmOH 65 and other ibuprofen-derived esters,43,50 respectively.  
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Figure 1. Molecular structure of tpmIBU. Displacement ellipsoids are at the 50% probability level. Selected 
bond lengths (Å) and angles (°): C(1)-N(1) 1.4551(18), C(1)-N(3) 1.4517(18), C(1)-N(5) 1.4528(18), N(1)-N(2) 
1.3584(18), N(3)-N(4) 1.3592(17), N(5)-N(6) 1.3564(17), C(1)-C(11) 1.527(2), C(11)-O(2) 1.4282(17), O(2)-
C(12) 1.3457(18), C(12)-O(1) 1.1967(19), C(12)-C(13) 1.509(2), C(1)-C(11)-O(2) 106.09(11), C(11)-O(2)-
C(12) 116.27(12), O(2)-C(12)-O(1) 122.55(14), O(2)-C(12)-C(13) 110.64(12), O(1)-C(12)-C(13) 126.81(14). 

 

Complexes 3 and 4 were obtained by reacting iron dichloride hydrate with tpmIBU or tpmFLU in 

methanol at room temperature (Scheme 1), and isolated as pink solids in 78% and 55% yield, 

respectively. The previously reported hydroxyl complex 2, lacking the biomolecular fragments, was 

also prepared for comparison.66 IR and NMR (1H, 13C and, in the case of 4, 19F) spectra of 3 and 4 do 

not show significant differences compared to 2 and tpmIBU and tpmFLU, respectively. 

 
 
Scheme 1. Synthesis of bio-functionalized tris-pyrazolylmethane derivatives and corresponding iron(II) 
sandwich complexes. 
 

 

2.2. Solubility, partition coefficients and stability in aqueous media 

With a view to biological studies, we assessed the behaviour of 1-4 in aqueous media using 

established spectroscopic methods42,67 (see Supporting Information for experimental details), and 

data are reported in Table 1. The solubility of 1 and 2 in D2O at room temperature was determined 

by 1H NMR spectroscopy employing dimethyl sulfone (Me2SO2) as an internal standard.68 Complex 
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1 displays a high water solubility of 211 g/L (380 mM); for comparison, the estimated solubility of 

the reference drug cisplatin is 2.5 g/L (8.4 mM).69 The solubility of 2 is also notable (28 mM), whereas 

the solubility values of 3 and 4 are below the threshold of the NMR method. 

The octanol-water partition coefficients70 of 2-4 were determined using UV-Vis spectroscopy,71,72 

outlining a substantial amphiphilicity (1 < Log Pow < 1), representing a compromise between 

lipophilicity and hydrophilicity (see Introduction). However, 3 and 4 are more lipophilic than 1 and 

2, as a consequence of the presence of an extensive hydrophobic fragment on each ligand, and in 

agreement with the solubility data. 

The stability of 1-4 was monitored in aqueous solution by 1H NMR spectroscopy at 37 °C over 48 

hours. While 1 and 2 were analysed in neat D2O and cell culture medium (DMEM), respectively, 

CD3OD was used as a co-solvent for 3 and 4, to reach an appreciable solubility. Complexes 1, 3 and 

4 exhibit good stability, and in particular 3 and 4 undergo negligible decomposition in the presence 

of the cell culture medium ( 5%). The 1H NMR spectrum of 1 in DMEM contains low intensity 

signals that may be attributed to uncoordinated tris-pyrazolylmethane. Similarly, release of tpmOH 

was detected for 2 in both solutions investigated, albeit to a higher extent, with only a moderate 

fraction of the starting material (27%) recovered in DMEM after 48 hours. Interestingly, when the 

solid residue obtained from the D2O solution of 2 was recovered and dissolved in CD3OD, the 

resulting 1H NMR spectrum contained only signals of 2, suggesting the reversibility of the tpmOH 

dissociation process. 

 

Table 1. Solubility in water (D2O), octanol/water partition coefficients (Log Pow) and residual iron complexes in 
aqueous solutions maintained at 37 °C for 48 h. a Calculated by 1H NMR (Me2SO2 internal standard). b CD3OD-
D2O (1:1 v/v) solution. c CD3OD-DMEM-d (1:1 v/v) solution. 
 

Complex 
Solubility / mol∙L-1 

(D2O, 21 °C) a 
Log Pow 

Residual 
complex % in 

D2O 
a 

Residual 
complex % in 

DMEM-d a 

1 3.810-1 < 2 99 84 

2 2.810-2 0.44 65 27 

3 < 1·104 0.55 88 b 95 c 

4 < 1·104 0.70 99 b 99 c 
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3. Biological studies 

3.1. Cytotoxicity 

The antiproliferative activity of ligands and complexes was evaluated on three human cancer cell 

lines, i.e. A2780 (ovarian) and its cisplatin-resistant derivative A2780cis, and A549 (lung). 

Additionally, the non-tumorigenic cell lines human HEK 293T (embryonic kidney) and BJ 

(fibroblast) were considered. The results are compiled in Table 2. Complexes 1 and 2 are inactive in 

all the investigated cell lines, while 3 and 4 are cytotoxic, although they show modest selectivity 

towards cancer cells. There is a reasonable correlation between 3 and 4 and their respective ligands, 

tpmIBU and tpmFLU, in terms of activity, with the iron fragment slightly increasing the overall 

cytotoxicity. 

 

Table 2. IC50 values (µM) determined for ligands, iron complexes and cisplatin on A2780, A2780cis and HEK 
293T cell lines after 72 h exposure. The values represent the mean calculated from three independent 
experiments ± standard deviation. 
 

 
 A2780 A2780cis A549 HEK 293T BJ 

tpm > 100 > 100 > 100 > 100 > 100 

tpmOH > 100 > 100 > 100 > 100 > 100 

tpmIBU 8 ± 2 > 100 20 ± 2 17 ± 5 66 ± 13 

tpmFLU 11 ± 4 58 ± 15 44 ± 10 25 ± 14 > 100 

1 > 100 > 100 > 100 > 100 > 100 

2 > 100 > 100 > 100 95 ± 26 > 100 

3 5 ± 1 23 ± 10 15 ± 1 9 ± 2 54 ± 1 

4 11 ± 2 36 ± 2 26 ± 3 14 ± 4 94 ± 1 

Cisplatin 36 ± 17 97 ± 3 65 ± 10 > 100 86 ± 7 

 

3.2. Enzyme inhibition 

The ability of the ligands and complexes to inhibit COX-2 and HNE enzymes was investigated, see 

Table 3. Complexes 3-4 display an inhibitory capacity towards COX-2 enzymes which is similar to 
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that of the corresponding tpm-derivatized bioactive ligands, i.e. tpmIBU and tpmFLU, and superior to 

that of ibuprofen and flurbiprofen. This feature supports the hypothesis that the antiproliferative 

activity of the complexes is largely due to the lipophilicity of the bioactive fragments.  

 

Table 3. IC50 values (μM) obtained for ligands and complexes in the inhibition of COX-2 and HNE. 

Compound IC50 ± SD (μM), COX-2  IC50 ± SD (μM), HNE 

Tpm > 500 > 1300 

tpmOH > 500 > 1300 

tpmIBU > 500 ---- 

tpmFLU 377 ± 9 ---- 

1 > 500 712 ± 175 

2 > 500 > 1300 

3 464 ± 63 397 ± 112 

4 371 ± 26 502 ± 90 

Ibuprofen  3000 43 ---- 

Flurbiprofen 719  135 56 ---- 

 

3.3. Nucleic acid interaction studies 

To further understand the mechanism of action of the complexes, we investigated their potential 

interaction with natural double-stranded DNA from calf thymus. Complex 4 was selected for testing 

as it contains the tpmFLU ligand, which contains an extended aromatic moiety that might facilitate 

intercalation between the DNA base pairs. Since direct spectrophotometric studies were unsuitable 

for 4 (as it only absorbs in the UV range, overlapping with the DNA signal), a fluorescent indicator 

displacement (FID) assay was used.73 In this assay, DNA was saturated with the ethidium intercalator 

(ethidium bromide, EB), and increasing amounts of 4 were added to the mixture. The results (Figure 

S28) indicate that complex 4 can compete with EB for binding to DNA. However, at a concentration 

of 4 more than three times higher than that of EB, only 35% of the fluorescent signal typically 

associated with the DNA-interacting EB probe was lost. This suggests that while complex 4 can bind 

DNA, its binding affinity is not very strong. For 3, the affinity is likely even weaker due to its less 
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favourable geometry. When 3 and 4 were incubated in H2O/MeOH (5:3 v/v, 0.70 µM solution) with 

the nucleotide guanosine 5′-monophosphate (disodium salt, Na2[GMP]), as a model for DNA binding, 

mass spectrometry analysis did not reveal the formation of any adducts after 24 h. This supports the 

hypothesis that 3 and 4 do not readily form covalent bonds with nucleic acids. 

 

3.4. ROS production 

As it has been demonstrated that the primary mode of action of iron(II) compounds is related to their 

capacity to interfere with intracellular redox homeostasis (see Introduction), we also evaluated the 

ability of representative compounds 2 and 4 to increase the cellular basal production of ROS in human 

ovarian A2780 cancer cells. As shown in Figure 2, complexes 2 and 4 elicit a similar response pattern 

and were both modestly effective in increasing the cellular basal hydrogen peroxide production. 

However, the cellular ROS levels detected after treatment with the two iron(II) tpm compounds were 

substantially lower compared to the effect induced by antimycin, a well-known inhibitor of 

mitochondrial Complex III in the respiratory chain.74 Combined, these results support the hypothesis 

that compound 4 exerts its cytotoxic effect mainly by inhibiting COX-2 and HNE activity. 
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Figure 2. Effect of 2 and 4 on hydrogen peroxide formation in A2780 cancer cells. Cells were pre-incubated 
in PBS/10 mM glucose medium for 20 min at 37 °C in presence of 10 μM CM–H2DCFDA and then treated with 
increasing concentrations of the tested compounds.  

 

4. Concluding remarks 

Iron complexes have been extensively investigated as potential novel anticancer drugs with both high 

efficacy and relevant safety profiles. Here, we present a synthetic strategy aimed at incorporating 

well-established bioactive groups attached to the trispyrazolylmethane (tpm) skeleton, a robust six-

electron donor ligand. These tpm-derivatized ligands were subsequently coordinated to Fe2+ in a 

ferrocene-like, robust sandwich arrangement. The ligands and complexes were assessed for their 

anticancer potential, and previously reported non-functionalized compounds were also included in 

this investigation. The obtained results indicate that the cytotoxic activity is observable in compounds 

with a sufficient degree of lipophilicity, which favours cellular uptake. The active complexes are 

slightly more cytotoxic than the ligands, suggesting that the observed activity is largely attributable 

to the bioactive fragment, possibly exerting a specific enzyme inhibitory effect. This observation 

aligns with the modest stimulation of reactive oxygen species provided by the iron(II) moiety and 

also lack of binding to nucleotides. Future studies could explore appropriate derivatization of the 

alcohol group of 2,2,2-tris(pyrazolyl)ethanol, in addition to varying the anion, to develop new iron 

compounds with an optimal balance of physicochemical and biological properties. 

 

Experimental 

1. Materials and methods.  

Reactants and solvents were purchased from Alfa Aesar, Merck, Strem or TCI Chemicals, and were 

of the highest purity available. Tris(1-pyrazolyl)methane (tpm) was prepared and purified according 

to the literature.75 ,76  Reactions were conducted under a N2 atmosphere using standard Schlenk 

techniques, and all products were stored in air once isolated. Toluene and diethyl ether were dried 

with a mBraun MB SPS5 solvent purification system, while methanol was distilled over calcium 

hydride and isopropanol over magnesium. Other solvents were used as received. UV-Vis spectra 
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(250-800 nm) were recorded on a Ultraspec 2100 Pro spectrophotometer using PMMA cuvettes (1 

cm path length). IR spectra of solids were recorded on Agilent Cary630 FTIR spectrometer. UV-Vis 

and IR spectra were processed with Spectragryph software.77 NMR spectra were recorded at 298 K 

on a Jeol JNM-ECZ500R instrument equipped with a Royal HFX Broadband probe. Chemical shifts 

(expressed in parts per million) are referenced to the residual solvent peaks (1H, 13C) 78 or to external 

standard (19F to CFCl3). 
1H and 13C1H NMR spectra  were assigned with the assistance of 1H-13C 

(gs-HSQC and gs-HMBC) correlation experiments.79 Elemental analyses were performed on a Vario 

MICRO cube instrument (Elementar). ESI-Q/ToF flow injection analysis (FIA) was conducted on 

solutions of the samples (1 in octanol, 3 and 4 in methanol) using a 1200 Infinity HPLC coupled to a 

Jet Stream ESI interface with a Quadrupole-Time of Flight tandem mass spectrometer 6530 Infinity 

Q-TOF (Agilent Technologies, USA); data was processed with Mass Hunter Qualitative Analysis 

software. 

 

2. Synthesis and characterization of ligands 

Tri(1H-pyrazol-1-yl)methanol, tpmOH (Chart 1) 

Chart 1. Structure of tpmOH (labelling refers to carbon atoms). 

 

The title compound was prepared using a slightly modified procedure with respect to the literature.35 

A mixture of tpm (1.0 g, 4.7 mmol), para-formaldehyde (0.36 g, 12 mmol) and potassium tert-

butoxide, KOtBu (12 mL of 1 M solution in THF, 12 mmol) in 50 mL of anhydrous THF was stirred 

at room temperature for 16 h. Water (65 mL) was added and the product was extracted with Et2O (3 

x 30 mL). The organic fractions were dried over Na2SO4, filtered, and then the solvent was evaporated 

under reduced pressure. White crystalline solid, yield 895 mg (78%). Anal. calcd. for C11H12N6O: C, 



 

 

13 

 

54.09; H, 4.95; N, 34.41. Found: C, 54.38; H, 5.06; N, 34.28. IR (solid state): ῦ/cm─1 = 3688w-br 

(ῦOH), 3206w-br, 1508m, 1425m, 1384m, 1338m, 1321m, 1283m, 1253m, 1239m, 1228m, 1206s, 

1110s, 1089m, 1036s, 949m, 915m, 874m, 790m, 758s, 746s. 1H NMR (CDCl3): δ/ppm = 7.71 (d-br, 

3H, CγH); 7.11 (d, 3H, 3JHH = 2.6 Hz, CαH); 6.37 (t, 3H, 3JHH = 2.2 Hz, CβH); 5.08 (d, 2H, 3JHH = 7.2 

Hz, C2H); 4.87 (t, 1H, 3JHH = 7.3 Hz, OH). 1H NMR (CD2Cl2): δ/ppm = 7.68 (d-br, 3H, CγH); 7.10 

(d, 3H, 3JHH = 2.6 Hz, CαH); 6.37 (t, 3H, 3JHH = 2.6 Hz, CβH); 5.02 (d, 2H, 3JHH = 7.3 Hz, C2H); 4.77 

(t, 1H, 3JHH = 7.4 Hz, OH). 1H NMR (CD3OD): δ/ppm = 7.68 (d, 3H, 3JHH = 1.8 Hz, CγH); 7.33 (d, 

3H, 3JHH = 2.6 Hz, CαH); 6.41 (t, 3H, 3JHH = 2.2 Hz, CβH); 5.05 (s, 2H, C2H). OH not observed. 1H 

NMR (acetone-d6): δ/ppm = 7.66 (d, 3H, 3JHH = 1.8 Hz, CγH); 7.30 (d, 3H, 3JHH = 2.7 Hz, CαH); 6.39 

(t, 3H, 3JHH = 2.6 Hz, CβH); 5.10-5.03 (m, 3H, C2H + OH).  

 

2,2,2-tri(1H-pyrazol-1-yl)ethyl 2-(4-isobutylphenyl)propanoate, tpmIBU (Chart 2) 

Chart 2. Structure of tpmIBU (labelling refers to carbon atoms). 

 

First, 2-(4-Isobutylphenyl)propanoyl chloride was prepared according to the literature, 80  from 

ibuprofen (racemic mixture, 98 mg, 0.48 mmol) and oxalyl chloride (49 L, 0.57 mmol). Then, a 

solution of tpmOH (100 mg, 0.82 mmol), freshly prepared 2-(4-isobutylphenyl)propanoyl chloride 

(105 mg, 0.43 mmol) and anhydrous ethylenediamine (85 L, 0.61 mmol), in 3 mL of 

dichloromethane, was stirred at room temperature for 16 h. Afterwards, the volatiles were evaporated 

under reduced pressure and the crude product was purified by silica chromatography using 

dichloromethane/diethyl ether mixtures as eluent, with a progressive increase of the relative volume 

of diethyl ether. Colourless powder, 168 mg (95%). Anal. calcd. for C24H28N6O2: C, 66.65; H, 6.53; 
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N, 19.43. Found: C, 66.37; H, 6.64; N, 19.28. IR (solid state): ῦ/cm─1 = 3141w, 2961w-br, 1745s 

(C=O), 1518m, 1421m, 1383m, 1338m, 1319m, 1256m, 1199m, 1152s, 1124m, 1108s, 1091s, 1039s, 

1025s, 948m, 916m, 907m, 851m, 790s, 773s, 754s, 736s. 1H NMR (CDCl3): δ/ppm = 7.60 (d, 3H, 

3JHH = 1.7 Hz, CγH); 7.05 (d, 3H, 3JHH = 2.6 Hz, CαH); 7.04-6.98 (m, 4H, C6H + C7H); 6.26 (dd, 2H, 

3JHH = 1.8 Hz, 3JHH = 2.6 Hz, CβH); 5.69 (AB system, 1H, 2JHH = 12.3 Hz, C1H); 5.61 (AB system, 

1H, 2JHH = 12.3 Hz, C1H); 3.59 (q, 1H, 3JHH = 7.2 Hz, C3H); 2.44 (d, 2H, 3JHH = 7.2 Hz, C9H); 1.85 

(sept, 1H, 3JHH = 6.7 Hz, C10H); 1.40 (d, 3H, 3JHH = 7.2 Hz, C4H); 0.90  (d, 6H, 3JHH = 6.8 Hz, C11H). 

13C{1H} NMR (CDCl3): δ/ppm = 172.7 (C2); 141.6 (CC5); 136.9 (C8); 130.3 (C); 129.4 

(C6); 127.4 (C7); 106.8 (CC; 66.8 (C1); 45.1 (C3); 45.1 (C9); 30.3 (C10); 22.5 (C11); 17.9 

(C4). Crystals of tpmIBU suitable for X-ray analysis were obtained by storing the crude reaction 

mixture at -30 °C. 

 

2,2,2-tri(1H-pyrazol-1-yl)ethyl 2-(2-fluoro-[1,1'-biphenyl]-4-yl)propanoate, tpmFLU (Chart 3) 

Chart 3. Structure of tpmFLU (labelling refers to carbon atoms). 

 

First, 2-(2-fluoro-[1,1'-biphenyl]-4-yl)propanoyl chloride was prepared according to the literature,81 

from flurbiprofen (racemic mixture, 156 mg, 0.64 mmol), oxalyl chloride (300 L, 3.50 mmol) and 

a catalytic amount of anhydrous dimethylformamide (3 L). Afterwards, A solution of tpmOH (150 

mg, 0.61 mmol), freshly prepared 2-(2-fluoro-[1,1'-biphenyl]-4-yl)propanoyl chloride (racemic 

mixture, 168 mg, 0.64 mmol) and anhydrous ethylenediamine (130 L, 0.91 mmol), in 4 mL of 

anhydrous dichloromethane, was stirred at room temperature for 16 h. The volatiles were evaporated 

under reduced pressure and the crude product purified by silica chromatography using 
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dichloromethane/diethyl ether 9:1 v/v mixture as eluent. The resulting colourless oil was kept for 

several days at -18 °C, and the dried under vacuum to obtain a colourless powder (yield 105 mg, 36 

%). Anal. calcd. for C26H23FN6O2: C, 66.37; H, 4.93; N, 17.86. Found: C, 66.12; H, 4.90; N, 17.72. 

IR (solid state): ῦ/cm─1 = 3129w-br, 1752s (C=O), 1516m, 1484m, 1419m, 1385m, 1336m, 1318m, 

1263m, 1172s, 1109m, 1097m, 1048m, 943m, 927m, 916m, 849m, 838m, 788s, 772, 752s, 730s, 

723s, 703s. 1H NMR (CDCl3): δ/ppm = 7.63 (dd, 3H, 3JHH = 1.7 Hz, 4JHH = 0.6 Hz, CγH); 7.54-7.43 

(m, 4H, C12H+C13H); 7.38 (m, 1H, C9H); 7.32 (t, 1H, 3JHH = 8.0 Hz, C14H); 7.08 (dd, 3H, 3JHH = 2.6 

Hz, 4JHH = 0.7 Hz, CαH); 6.98 (dd, 2H, 3JHH = 7.9 Hz, 4JHH = 1.8 Hz, C10H); 6.90 (dd, 1H, 3JHF = 11.5 

Hz, 4JHH = 1.8 Hz, C6H); 6.28 (dd, 3H, 3JHH = 2.6 Hz, 4JHH = 1.8 Hz, CβH); 5.76 (AB system, 1H, 

2JHH = 12.3 Hz, C1H); 5.64 (AB system, 1H, 2JHH = 12.3 Hz, C1H); 3.68 (q, 1H, 3JHH = 7.2 Hz, C3H); 

1.46 (d, 3H, 3JHH = 7.2 Hz, C4H). 13C{1H} NMR (CDCl3): δ/ppm = 172.0 (C2); 159.7 (d, 1JCF = 247.3 

Hz, C7); 141.8 (C�); 140.9 (d, 3JCF = 7.8 Hz, C5); 135.5 (C11); 130.8 (d, 3JCF = 3.4 Hz, C9); 130.2 (C�); 

129.0 (d, 4JCF = 2.9 Hz, C12); 128.7 (C13); 128.1 (d, 2JCF = 13.7 Hz, C8); 127.9 (C14); 123.8 (d, 4JCF = 

3.3 Hz, C10); 115.6 (d, 2JCF = 23.7 Hz, C6); 106.9 (C�); 89.2 (C�); 67.0 (C1); 45.0 (C3); 17.75 (C4). 19F 

NMR (CDCl3): δ ppm = 117.5 (t, 3JHF = 9.8 Hz). 

 

3. Synthesis and characterization of the iron complexes 

[Fe(3-tpm)2][Cl]2, 1 (Chart 4) 

Chart 4. Structure of 1 (labelling refers to carbon atoms). 
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The title compound was prepared using a slightly modified procedure with respect to the literature.60 

A solution of FeCl24H2O (100 mg, 0.50 mmol) and tpm (216 mg, 1.00 mmol) in 20 mL of ethanol 

was stirred at room temperature for 16 h. The product precipitated from the solution as a pink fine 

powder. The solvent was discarded after centrifugation, and the solid was washed twice with ethanol 

and then dried under vacuum to afford a pink solid, yield 165 mg (60%). Anal. calcd. for 

C20H20Cl2FeN12: C, 43.27; H, 3.63; N, 30.27. Found: C, 43.09; H, 3.55; N, 30.36. IR (solid state): 

ῦ/cm─1 = 3121w, 3112w, 3091w, 1515w, 1439m, 1407m, 1401m, 1284s, 1247m, 1221w, 1088m, 

1054m, 982w, 976w, 904w, 899w, 863m, 852m, 785s, 769s, 760s. 1H NMR (D2O): δ/ppm = 9.12 (s-

br, 1H, CδH); 8.48 (s-br, 3H, CHtpm); 7.78 (s-br, 3H, CHtpm); 7.05 (s-br, 3H, CHtpm). 13C{1H} NMR 

(D2O): δ/ppm = 158.0, 141.5, 113.3 (CHtpm); 73.5 (CδH). X-ray quality crystals of [Fe(3-pm)2][PF6]2, 

1', were obtained as follows: a sample of 1 was treated with a 4-fold excess of NH4PF6 in water; the 

obtained solid was washed with a small volume of water and redissolved in acetone; crystals finally 

formed upon slow evaporation of the solvent. HPLC-MS(+): m/z found 519.0998 [3  Cl]+, calcd. 

for C20H20ClFeN12 519.0972. The isotopic pattern fits well the calculated one. 

 

 

[Fe(3-tpmOH)2][Cl]2, 2 (Chart 2) 

Chart 2. Structure of 2 (labelling refers to carbon atoms). 
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The title compound was prepared using a slightly modified literature procedure.66 A solution of 

FeCl24H2O (45 mg, 0.23 mmol) and tpmOH (118 mg, 0.48 mmol), in 8 mL of anhydrous methanol, 

was stirred at room temperature for 16 h. The solution was concentrated under reduced pressure and 

the product was precipitated upon addition of diethyl ether (ca. 30 mL). The solid residue was filtered, 

washed with diethyl ether and then dried under vacuum to afford a red solid, yield 103 mg (73%). 

Anal. calcd. for C22H24Cl2FeN12O2: C, 42.95; H, 3.93; N, 27.32. Found: C, 43.06; H, 4.03; N, 27.16. 

IR (solid state): ῦ/cm─1 = 3377w (OH), 3118w, 1620w, 1515w, 1413m, 1395m, 1336m, 1319m, 

1225s, 1105m, 1086s, 1067m, 976w, 923w, 868s, 755s, 748s. 1H NMR (CD3OD): δ/ppm = 8.76 (s-

br, 3H, CHtpm); 7.32 (s-br, 3H, CHtpm); 6.62 (s-br, 3H, CHtpm); 5.86 (s-br, 2H, C1H). OH not observed. 

13C{1H} NMR (CD3OD): δ/ppm = 151.1, 137.6, 110.7 (CHtpm); 85.5 (Cδ); 61.2 (C1). 1H NMR 

(DMSO-d6): δ/ppm = 7.62 (s-br, 3H, CHtpm); 7.41 (s-br, 3H, CHtpm); 6.36 (s-br, 3H, CHtpm); 5.88 (s-

br, 1H, OH); 4.92 (s-br, 2H, C1H). 13C{1H} NMR (DMSO-d6): δ/ppm = 139.7, 129.9, 105.3 (CHtpm); 

88.8 (Cδ); 64.3 (C1). 

 

[Fe(3-tpmIBU)2][Cl]2, 3 (Chart 2) 

Chart 2. Structure of 3 (labelling refers to carbon atoms). 
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A solution of FeCl24H2O (17 mg, 0.086 mmol) and tpmIBU (80 mg, 0.18 mmol), in 3 mL of degassed 

methanol, was stirred for 16 h at room temperature. The final solution was concentrated under reduced 

pressure. The precipitation of the product was completed by addition of diethyl ether (20 mL) to the 

concentrated ethanol solution. The solid was filtered, washed with small volumes of diethyl ether and 

ethanol, and dried under vacuum to afford a pink solid, yield 65 mg (78%). Anal. calcd. for 

C48H56Cl2FeN12O4: C, 58.13; H, 5.69; N, 16.95. Found: C, 57.90; H, 5.52; N, 17.08. IR (solid state): 

ῦ/cm─1 = 3143w, 3115w, 2955w, 2915w, 2867w, 1754m (C=O), 1512w, 1419m, 1399w, 1336m, 

1324m, 1224m, 1193w, 1154m, 1140m, 1109m, 1073m, 975w, 930w, 909w, 844m, 836m, 797w, 

761m, 749s, 738s. 1H NMR (CD3OD): δ/ppm = 7.55 (s-br, 3H, CγH); 7.14 (s-br, 3H, CαH); 6.96 (AB 

system, 4H, 3JHH = 7.9 Hz, C6H + C7H); 6.28 (s-br, 3H, CβH); 5.53 (AB system, 2H, 2JHH = 12.2 Hz, 

C1H); 3.57 (q, 1H, 3JHH = 7.2 Hz, C3H); 2.39 (d, 2H, 3JHH = 6.8 Hz, C4H); 1.79 (m, 1H, C10H); 1.34 

(d, 3H, 3JHH = 6.7 Hz, C9H); 0.80 (d, 6H, 3JHH = 6.2 Hz, C11H). 13C{1H} NMR (CDCl3): δ/ppm = 

174.1 (C2); 142.6 (Cα); 141.7 (C5); 138.3 (C8); 131.8 (Cγ); 130.2 (C6); 128.4 (C7); 107.7 (Cβ); 90.3 

(Cδ); 54.9 (C1); 46.0 (C9); 45.9 (C3); 31.3 (C10); 22.6 (C11); 18.3 (C4). 1H NMR (CD3OD/D2O 1:1 

v/v): δ/ppm = 7.65 (s-br, 3H, CγH); 7.17 (s-br, 3H, CαH); 6.98 (AB system, 4H, 3JHH = 7.1 Hz, C6H 

+ C7H); 6.38 (s-br, 3H, CβH); 5.52 (AB system, 2H, 2JHH = 11.9 Hz, C1H); 3.67 (m, 1H, C3H); 2.41 

(d, 2H, 3JHH = 6.7 Hz, C4H); 1.78 (m, 1H, C10H); 1.34 (d, 3H, 3JHH = 6.7 Hz, C9H); 0.85 (d, 6H, 3JHH 

= 6.2 Hz, C11H). The peak of residual CD3OD was used as reference. HPLC-MS(+): m/z found 

955.3624 [3  Cl]+, calcd. for C48H56ClFeN12O4 955.3585. The isotopic pattern fits well the calculated 

one. 

 

[Fe(3-tpmFLU)2][Cl]2, 4 (Chart 4) 

Chart 2. Structure of 4 (labelling refers to carbon atoms). 
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A solution of FeCl24H2O (17 mg, 0.086 mmol) and tpmFLU (85 mg, 0.18 mmol), in 3 mL of 

methanol, was stirred for 16 h at room temperature. The final solution was concentrated under reduced 

pressure. The precipitation of the product was completed by addition of diethyl ether (20 mL) to the 

concentrated ethanol solution. The solid was filtered, washed with small volumes of diethyl ether and 

ethanol, and dried under vacuum to afford a pink solid, yield 50 mg (55%). Anal. calcd. for 

C52H46Cl2F2FeN12O4: C, 58.49; H, 4.34; N, 15.74. Found: C, 58.31; H, 4.45; N, 15.58. IR (solid state): 

ῦ/cm─1 = 3139w, 2975w, 1750s (C=O), 1623w, 1581w, 1559w, 1516w, 1483w, 1449w, 1417m, 

1396m, 1335m, 1323m, 1269w, 1225m, 1199w, 1166m, 1131m, 1107m, 1072m, 1011w, 976w, 

936w, 918w, 896w, 870w, 836m, 750s, 698s. 1H NMR (CD3OD): /ppm = 7.49 (s-br, 3H, CγH); 7.38 

(m, 2H, C12H); 7.31-7.21 (m, 4H, C13H + C9H + C14H); 7.08 (s-br, 3H, CαH); 6.89 (d, 1H, 3JHH = 7.7 

Hz, C10H,); 6.82 (d, 1H, 3J HF = 11.7 Hz, C6H); 6.23 (s, 3H, CβH); 5.56 (AB system, 1H, 2JHH = 11.8 

Hz, C1H); 5.64 (AB system, 1H, 2JHH = 11.8 Hz, C1H); 3.62 (m, 1H, C3H); 1.30 (d, 3H, C4H, 3J HH = 

6.9 Hz). 13C{1H} NMR (CD3OD): δ/ppm = 173.2 (C2); 160.5 (d, 1JCF = 247.3 Hz, C7); 142.5 (C�); 

142.4 (d, 3JCF = 7.7 Hz, C5H); 136.5 (C11); 131.6 (C�); 130.3 (C9); 129.9 (C13); 128.5 (C12); 128.8 (d, 

2JCF = 12.9 Hz, C8); 128.5 (C14); 124.8 (C10); 116.2 (d, 2JCF = 23.1 Hz, C6); 107.6 (C�); 88.9 (C�); 66.3 

(C1); 44.8 (C3); 16.7 (C4). 19F NMR (CDCl3): δ ppm = 121.2 (t, 3JHF = 9.9 Hz). 1H NMR (CD3OD/D2O 

1:1 v/v): δ/ppm = 7.65 (s-br, 3H, CγH); 7.49 (m, 2H, C12H); 7.49-7.32 (m, 4H, C13H + C6H + C14H); 
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7.21 (s-br, 3H, CαH); 6.99 (d, 1H, C10H, 3JHH = 8.1 Hz); 6.87 (d, 1H, C7H, 3J HH = 11.2 Hz); 6.39 (s, 

3H, CβH); 5.58 (AB system, 2H, 2JHH = 12.3 Hz, C1H); 3.81 (m, 1H, C3H); 1.42 (d, 3H, C4H, 3J HH = 

7.0 Hz). HPLC-MS(+): m/z found 1031.2852 [4  Cl]+, calcd. for C52H46ClF2FeN12O4 1031.2771. 

The isotopic pattern fits well the calculated one. 

 

3. Cell culture and cytotoxicity studies 

A2780 (RRID: CVCL_0134) and A2780cis (RRID: CVCL_1942) were obtained from the European 

Collection of Cell Cultures (ECACC, UK) and were cultured in RPMI 1640-Glutamax (Gibco, USA) 

supplemented with 10% foetal bovine serum (FBS; Sigma-Aldrich, Germany) and Penicillin-

Streptomycin (Pen/Strep; Gibco, USA). To sustain cisplatin resistance, the A2780cis cell line was 

routinely treated with cisplatin (TCI Europe N.V., Belgium) at a concentration of 1 μM. HEK293T 

(RRID: CVCL_0063) and BJ (RRID:CVCL_3653) were obtained from the American Type Culture 

Collection (ATCC, USA) and cultured in DMEM-Glutamax (Gibco, USA) supplemented with 10% 

FBS and Pen/Strep. A549 (RRID:CVCL_0023) was obtained from ATCC and cultured in DMEM-

F12 (Gibco, USA) supplemented with 10% FBS and Pen/Strep. All cell lines were maintained in a 

humidified incubator at 37°C and 5% CO2.  

The tested compounds were dissolved in DMSO at a stock concentration of 10 mM and the 

concentration course of the compounds was dispensed into 96-well plates (Greiner bio-one, 

Switzerland) using an Echo acoustic liquid handler (Labcyte Inc., San Jose, CA, USA). Each 

concentration was dispensed in triplicate, and 10 μM of Gambogic acid (Tocris Bioscience, UK) and 

an equal amount of DMSO and were dispensed into each plate as a positive and a negative control 

respectively. The plates were stored at -20°C until use. Before the experiment, the plates were warmed 

to room temperature and 100 L of cell suspension (cell concentration 6·104 / mL of A2780 and BJ, 

1.25·105 / mL of A2780cis and HEK293T, 3·104 / mL of A549 respectively) was added into each 

well. After 72 h of incubation the cell viability was evaluated using the MTT assay. MTT(3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; Invitrogen, USA) reagent was dissolved at 
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a concentration of 5 mg/mL in phosphate buffered saline (PBS), 10 μL of the solution was added into 

each well, and the plates were incubated for 3.5 h at 37°C. Then the culture media was carefully 

aspirated and the formazan crystals were dissolved in DMSO (100 μL per well). The absorbance was 

measured at 520 nm using Tecan Spark (Tecan, Switzerland) microplate reader and the data was 

analysed with GraphPad Prism software (version 10.1.0). The reported IC50 values are based on the 

means of three independent experiments.  

 

4. Enzyme activity assays  

The enzymatic activity of COX-2 (0.25 U) was fluorimetrically assayed at 576 nm/586 nm at 25 ºC, 

by measuring the rate of arachidonic acid (ARA) conjugation with COX-2 as a function of time 

(COX-2 assay kit from Cayman Chemical Company, Ann Arbor, MI, USA). The assay mixture 

contained 25 M ADHP, 5 M hemin, and 37.5 M ARA in 0.1 M of tris-HCl buffer (pH 8). The 

inhibitory efficacy was determined by recording the residual activity of COX-2 in the presence of 

variable concentrations of the analysed compounds (50 - 500 M). The enzymatic activity of HNE 

(0.02 UN) was spectrophotometrically assayed at 405 nm at 37 °C for 10 minutes, by measuring the 

rate of substrate N-succinyl-Ala-Ala-Ala p-nitroanilide (N-suc-ala-ala -ala-pNA) conjugation with 

HNE. The assay mixture contained 100 µM of N-suc-ala-ala-ala-pNA, 0.1 µM of DMSO, 0.2 M of 

acetate buffer pH 5.5 in 0.1 M of HEPES buffer pH 7.5. The inhibitory efficacy was determined by 

recording the residue of HNE activity in the presence of varying concentrations thereof (100 μM - 

1300 μM). The IC50 value for each compound was obtained using GraphPad Prism 7 software. All 

the inhibitor assays were performed at least in triplicate, for both analysed enzymes. 

 

5. DNA fluorescent indicator displacement (FID) assay 

The FID assay used in this experiment is based on the ethidium fluorophore (ethidium bromide, EB) 

emitting light when bound to DNA (with maximum excitation at 520 nm and maximum emission at 

595 nm), but quenched when free in solution. In the initial part of the experiment (not shown), DNA 



 

 

22 

 

was saturated with EB until maximum fluorescence was achieved; then, the tested compound was 

added to check for any displacement of the probe. CT-DNA (calf thymus DNA), supplied by Merck 

as a lyophilized sodium salt, was solubilized in ultrapure water. The stock solution underwent 

sonication procedures for polynucleotides of approximately 500 base pairs.82 The concentration of 

the stock solutions (2.33 mM in molarity of base pairs) was determined by UV-vis absorption (NaCac 

2.5 mM, pH = 7.0, λ = 260 nm, ε = 13200 M-1 cm-1).83 NaCac is sodium cacodylate (dimethylarsinic 

acid sodium salt) from Merck (BioXtra, ≥ 98%). Ethidium bromide solid (EB, purity >99%) was 

obtained from Merck, and the stock solutions were prepared by dissolving known amounts of solid 

in the buffer. The concentrations were verified spectrophotometrically (λ = 480 nm, ε = 5600 M-1 cm-

1).84 The stock solution of the complex 4 (2.06 mM) was obtained by dissolving a known quantity of 

the solid in DMF (ACS reagent, ≥99.8%, Merck). All aqueous solutions were prepared using 

ultrapure-grade water by the AriumPro system (Sartorius). Absorption spectra were recorded using a 

Shimadzu 2450 dual-beam UV-vis spectrophotometer, and the FID assay was performed on a Perkin-

Elmer LS55 spectrofluorometer. Both instruments operated at constant temperature using either a 

Peltier (± 0.1 °C) or a water thermostat (± 0.1 °C).  

 

6. ROS production 

The production of ROS was determined in A2780 cells (104 per well) grown for 24 h in a 96-well 

plate in RPMI medium without phenol red (Sigma Chemical Co.). Cells were then washed with PBS 

and loaded with 10 μM 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate acetyl 

ester (CM–H2DCFDA) (Molecular Probes-Invitrogen, Eugene, OR) for 25 min, in the dark. 

Afterwards, cells were washed with PBS and incubated with increasing concentrations of tested 

compounds. Fluorescence increase was estimated utilizing the wavelengths of 485 nm (excitation) 

and 527 nm (emission) in a VICTOR X3 (PerkinElmer, USA) plate reader. Antimycin (3 μM, Sigma 

Chemical Co), a potent inhibitor of Complex III in the electron transport chain, was used as positive 

control. 
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