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Abstract 12 

We report the synthesis and physicochemical properties of a new tripodal hexadentate 13 

chelator (catTHC) synthesized by reaction of a flexible tripodal backbone with three 14 

bidentate catechol units. To improve the efficiency of the amide coupling reaction, classical 15 

conditions using two pairs of coupling reactants were tested, and a significant reduction in 16 

reaction time was achieved by using microwave irradiation with the reactants DCC/HOBt. 17 

Subsequent removal of the benzyl protecting groups using BCl3 in dichloromethane 18 

provided the final chelator in good yield. The acid-base properties of catTHC in aqueous 19 

solution and the affinity of the ligand towards iron(III) were investigated at variable pH and 20 

in the presence of iron(III) using spectroscopic methods. The hexadentate ligand forms a 21 

1:1 complex with iron(III) whose stability constant was determined by competition with 22 

EDTA. The values obtained for the stability constant and pFe3+ are log β110 = 36.70 and 23 

pFe3+ = 26.7. 24 

 25 

 26 

Keywords: hexadentate chelators, iron(III) complexes, affinity constants, microwave-27 

assisted coupling reaction 28 

 29 

 30 
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Introduction 1 

The design of new biomimetic siderophores is a field of extensive and continuing 2 

research that aims to find ideal candidates for: (a) iron removal agents to be used in the 3 

treatment of iron overloaded patients [1,2,3]; (b) iron complexes as iron delivery agents in 4 

agriculture [4,5], and (c) iron removal in environmental applications [6,7]. Biomimetic 5 

siderophores are also applied in the study of iron metabolism and iron uptake in living 6 

systems [8] antibiotic drug-delivery strategies [9,10,11,12,13] and detection of iron(III) 7 

[14]. 8 

Siderophores are iron-specific chelators produced by microorganisms, fungi and 9 

plants which are used to scavenge iron from the environment and make this essential 10 

element available to the organisms. Siderophores can be divided in four broad groups based 11 

on the chemical nature of the chelating units: catechol, hydroxamate, hydroxypyridones and 12 

aminocarboxylic acids [15]. The characterization of catecholate siderophores was initiated 13 

in 1958 after the identification of a glycine conjugate of 2,3-dihydroxybenzoic acid when 14 

growing Bacillus subtilis under low-iron conditions [4]. Among natural siderophores 15 

containing catecholate ligands, enterobactin (Fig. 1) isolated from Salmonella typhimurium 16 

in 1970 is on the top of the affinity scale for iron(III), with log β110 (Fe3+)=49.0 and 17 

pFe3+=35.5 [16]. 18 

Our group has been investigating the potential anti-microbial activity of a set of iron 19 

tripodal 3-hydroxy-4-pyridinone hexadentate chelators and the results revealed that the 20 

fluorescent ligands, in particular a rhodamine derived chelator, (CP777=4=MRB7), are 21 

effective in inhibiting the intramacrophagic growth of Mycobacterium avium [17,18,19]. 22 

All chelators are based on the same chelating unit and compound CP256 (Fig. 1) was 23 

isolated to assess the chelating properties of the new compounds. The acidity and iron(III) 24 

stability constants were determined for CP256, which showed an affinity for iron (log β110 25 

(Fe3+)=34.4 and pFe3+=29.8) higher than those previously reported for mycobacterial 26 

siderophores (log β110(Fe3+)=31 and pFe3+=29.0) [18]. 27 

Since we aim to design antimicrobial agents based on the concept of their ability to 28 

restrict the iron sources in bacteria and taking into consideration the extremely high affinity 29 

of catecholate ligands for iron, we decided to synthesise a hexadentate catecholate ligand, 30 
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catTHC (Fig. 1), based on the same tripodal unit used for CP256 and three catecholate 1 

bidentate units. 2 

Since in CP256 the tripodal backbone has terminal carboxylate functions, then an 3 

amide bond can be formed by reaction with a catecholamine. This will lead to structural 4 

differences between CP256 and enterobactin; while in enterobactin the amide connector is 5 

directly linked to the catechol through -CONH- function, in catTHC the connector is 6 

inverted (-NHCO-) and there is an additional CH2 spacer between the amide function and 7 

the catechol unit. Therefore, the electronic density of the catecholate ring is more affected 8 

by amide bond in enterobactin than in catTHC. Considering this structural differences, also 9 

differences in binding modes to iron are expecting to be achieved. While for the ferric 10 

enterobactin two binding modes are possible with different conformation stabilities and 11 

previous studies showed that the protonated salicylate binding mode is energetically 12 

favoured over the protonated catecholate mode,[20] for catTHC, we are expecting a lower 13 

stability constant with iron(III) than the one reported for enterobactin [16], although the 14 

catechol chelating unit should provide higher stability constants compared with 3,4-HPO 15 

ligands. 16 

 17 

(Please insert Figure 1) 18 

 19 

Material and methods 20 

Reagents and solvents were purchased as reagent-grade and used without further 21 

purification unless otherwise stated. NMR spectra were recorded on a Bruker Avance III 22 

400 spectrometer, operating at 400.15 MHz for protons and 100.62 MHz for carbons, 23 

equipped with pulse gradient units, capable of producing magnetic field pulsed gradients in 24 

the z-direction of 50.0 G/cm. Two-dimensional 1H/1H correlation spectra (COSY), gradient 25 

selected 1H/13C heteronuclear single quantum coherence (HSQC) and 1H/13C heteronuclear 26 

multiple bond coherence (HMBC) spectra were acquired using the standard Bruker 27 

software. Mass spectra were obtained from Unidade de Espectrometria de Masas of 28 

Santiago de Compostela and microanalyses were obtained from Unidad de Análisis 29 

Elemental of Santiago de Compostela. Flash chromatography was carried out using silica 30 

gel purchased from Merck (230-400 mesh). Electronic absorption spectra were recorded on 31 
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a Shimadzu – UV 3600 UV-Vis-NIR equipped with a Shimadzu TCC-Controller. A Crison 1 

pH meter Basic 20+, equipped with a combined glass electrode (model 50 29), and 2 

standardized at 25 ºC, was used for the spectrophotometric titrations. 3 

 4 

Synthesis 5 

4-acetamido-4-(2-carboxyethyl)heptanedioic acid (1) 6 

Compound 1 [18] was synthesized through the reaction of nitromethane and tert-7 

butyl acrylate, followed by reduction of the nitro to amino group with Raney nickel using 8 

the methodology described by Newkome and co-workers [21]. Further acylation with acetyl 9 

chloride and removal of the protecting tert-butyl groups using formic acid afforded anchor 10 

1 [18].  11 

 12 

2,3-dibenzyloxybenzylamine (2) 13 

Compound 2 was prepared from benzylation of 2,3-dihydroxybenzaldehyde with 14 

benzyl bromide followed by condensation with tert-butylcarbamate in the presence of 15 

triethylsilane and subsequent hydrolysis in TFA using a reductive amination protocol [22]. 16 

 17 

Protected hexadentate ligand (3) 18 

Compound 3 was synthesised using two different strategies involving: (a) the use of 19 

1-[3-dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDAC)/N-20 

hydroxysuccinimide (NHS) at room temperature and (b) the use of N,N’-21 

dicyclohexylcarbodiimide (DCC)/N-hydroxybenzotriazole (HOBt) under microwave 22 

irradiation. 23 

a) Using EDAC/NHS at room temperature: to a solution of 4-acetamido-4-(2-carboxy-24 

ethyl)heptanedioic acid 1 (0.20 g, 0.70 mmol) in anhydrous DMF (4.0 mL) EDAC (0.48 g, 25 

2.56 mmol) and NHS (0.30 g, 2.56 mmol) were added, under argon atmosphere and the 26 

reaction mixture was protected from light. After stirring for 4.5 h, EDAC (0.080 g, 0.40 27 

mmol) was added and the reaction proceeded for two more hours, then 2,3-28 

dibenzyloxybenzylamine 2 (0.84 g, 2.56 mmol) was added. The stirring was maintained for 29 

64 h. Then the reaction mixture was purified by flash chromatography using a mixture of 30 

chloroform-methanol (9:1) as eluent giving compound 3 (0.70 g, 84 %);  31 
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5 

 

b) Using DCC/HOBt under microwave irradiation: a mixture of 4-acetamido-4-(2-1 

carboxyethyl) heptanedioic acid 1 (0.05 g, 0.18 mmol), DCC (0.13 g, 0.63 mmol) and 2 

HOBt (0.08 g, 0.59 mmol) in anhydrous DMF (0.6 mL) was placed in a 10 mL reaction 3 

vial, which was then closed under argon atmosphere and placed inside the cavity of a CEM 4 

microwave reactor. The reaction vial was irradiated at 55 ºC (1 min ramp to 55 ºC and 15 5 

min hold at 55 ºC, using 100W maximum power). Then, the vessel was open to add 2,3-6 

dibenzyloxybenzylamine 2 (0.20 g, 0.63 mmol) and anhydrous DMF (1.0 mL), re-closed 7 

under argon atmosphere and placed inside the cavity of a CEM microwave reactor. The 8 

reaction vial was irradiated at 55 ºC (1 min ramp to 55 ºC and 30 min hold at 55 ºC, using 9 

100W maximum power). The purification protocol followed was the same used in the 10 

standard conditions (0.12 g, 56 %). 11 

1H NMR (DMSO-d6, 400 MHz) δ: 1.77 (s, 3H, CH3), 1.80-1.84 and 2.03-2.07 (2m, 12 

12H, 6xCH2), 4.23 (d, 6H, J= 5.7 Hz, 3x HNCH2), 4.97 and 5.17 (2s, 12H, 6xCH2C6H5), 13 

6.82 (dd, 3H, J= 7.5 and J= 1.6 Hz, H-catechol), 7.02 (dd, 3H, J= 8.1 and J= 7.5 Hz, H-14 

catechol), 7.07 (dd, 3H, J= 8.1 and J= 1.6 Hz, H-catechol), 7.18 (s, 1H, NH), 7.30-7.42 and 15 

7.49-7.51 (2m, 30H, 6x CH2C6H5), 8.16 (t, 3H, J= 5.7 Hz, 3x HNCH2). 
13C NMR (DMSO-16 

d6, 100 MHz) δ: 23.5, 29.5, 30.0, 36.8, 56.5, 69.9, 73.9, 112.8, 120.3, 123.9, 127.6, 127.8, 17 

128.18, 128.22, 128.4, 133.3, 137.0, 137.5, 145.1, 151.3, 168.8, 172.1, 174.5. MS (FAB) 18 

m/z: 1193 [M+H]+. 19 

 20 

Deprotected hexadentate ligand (catTHC) 21 

To a solution of the protected hexadentate ligand 3 (0.35 g, 0.29 mmol) in anhydrous 22 

dichloromethane (5.0 mL), at 0 ºC, boron trichloride solution – 1M in CH2Cl2 (1.4 mL, 23 

1.58 mmol) was added drop-by-drop, under argon atmosphere. The reaction mixture was 24 

allowed to warm to room temperature and the stirring was maintained for 16 h. Methanol 25 

(5.0 mL) was added and the reaction mixture was stirred for 1 h. The solvent was 26 

evaporated and the product was washed in acetone, evaporated and dried in high vacuum, 27 

giving ligand catTHC (0.13 g, 67%). 28 

1H NMR (DMSO-d6, 400 MHz) δ: 1.77 (s, 3H, CH3), 1.80-1.84 and 2.06-2.09 (2m, 29 

12H, 6xCH2), 4.09-4.17 (m, 6H, 3xHNCH2), 6.50-6.60 (m, 6H, H-catechol), 6.66 (dd, 3H, 30 

J= 6.8 and J= 2.4 Hz, H-catechol), 7.15-7.25 (m, 7H, NH and 6xOH), 8.34-8.40 (m, 3H, 31 
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HNCH2). 
13C NMR (DMSO-d6, 100 MHz) δ: 23.4, 29.5, 30.6, 37.8, 55.9, 114.1, 118.6, 1 

125.9, 128.5, 142.9, 145.2, 168.8, 173.0. MS (FAB) m/z: 653 [M+H]+. Anal. Calcd. for 2 

C33H40N4O10.2H2O.2CH3COCH3: C, 56.92; H, 7.10; N, 6.81; Found: C, 56.94; H, 7.13; N, 3 

6.53. 4 

 5 

Spectrophotometric measurements 6 

All solutions were prepared with double de-ionized water (conductivity less than 0.1 7 

µS cm-1). For the spectroscopic data, pH values of the different solutions were measured 8 

and UV-Vis spectra were record, at each pH. Spectra were recorded at (25.0±0.1 ºC) in 1 9 

cm quartz cuvettes with a slit width of 2 nm in the range 225-800 nm. The global 10 

equilibrium constants were defined by Eqs. (1) and (2):  11 

 12 

��M� � 	��L� � 		�H� ⇌ �M�L�H	�			     (1) 

 

��� �
�������

�����

�����������
 

              (2) 

  

where [M] represents the metal ion, [L] the hexadentate catecholate ligand (catTHC), [H]+ 13 

the proton and p, q, r the stoichiometric coefficients of the metal ion, ligand and proton 14 

respectively. Distribution diagrams were plotted using the program Hyss 2006 [23] and the 15 

error associated to the log βpqr value was determined using the Albert & Sergeant theory 16 

[24]. 17 

 18 

Determination of acidity constants 19 

Spectrophotometric pH titrations were performed in stock solutions of both ligands 20 

~5×10-5 M and ~6×10-5 M for the bidentate (2,3-dihydroxybenzaldehyde) and the 21 

hexadentate ligand (catTHC), respectively, in water (I = 0.1 M NaCl, 25 ºC) and aliquots 22 

of strong acid or base were added to adjust pH to the desired value. The pKa values were 23 

calculated using the program pHab 2006 [25]. Calculations were performed with data from 24 

at least four independent measurements, considering the previous equations (1 and 2). 25 

 26 
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EDTA Competition Titrations 1 

Solutions containing ~2.0×10-4 M hexadentate catecholate ligand (catTHC), 2 

~2.0×10-4 M Fe(III) and ~1.2×10-3 M EDTA, in 0.1 M NaCl were used. Aliquots of strong 3 

acid or base solutions were added to 3 mL aliquots of the solution, containing catTHC, 4 

Fe(III) and EDTA, to adjust pH to the desired value (pH from 5 to 12) at 25 ºC. Solutions 5 

were allowed to achieve equilibrium for 24 h. The metal-complex stability constant was 6 

determined by competition studies with the hexadentate ligand EDTA by 7 

spectrophotometric methods and calculated using the program pHab 2006 [25]. The values 8 

of the stability constants are the average values of four independent experiments. The 9 

equilibrium constants of the hexadentate catecholate ligand, EDTA, Fe(III) formation 10 

constants for EDTA, the presence of the hydroxide species of iron and the autoprotolysis of 11 

water were taken into account [26]. 12 

 13 

Results and Discussion 14 

 15 

Synthesis of catTHC 16 

In order to prepare a ligand with the most appropriate geometry for iron(III) binding, 17 

it is essential that the backbone is connected to the chelating units through the ortho 18 

positions relative to the oxygen coordinating atoms [27,28]. Therefore a methylamine 19 

group was introduced in the ortho position to the hydroxyl groups of the catechol unit. The 20 

advantage of having a methylamine in this position is that, by reacting with carboxylate 21 

groups provide the formation of an amide functionality which can form intramolecular 22 

hydrogen bonds, responsible for stabilizing the iron complexes at neutral pH values.  23 

Therefore, the synthesis of the hexadentate chelator (catTHC) consisted on the amide 24 

linkage of three units of 2,3-dibenzyloxybenzylamine 2 to the selected tripodal anchor 1 25 

based on a tetrahedral carbon atom (Scheme 1). This hexadentate chelator was designed to 26 

be directly compared with the CP256 analogue having three 3-hydroxy-4-pyridinone units 27 

connected to the same backbone [18]. 28 

 29 

(Please insert Scheme 1) 30 

 31 
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The amide forming reaction from 2,3-dibenzyloxybenzylamine 2 and the selected 1 

tripodal anchor 1 was screened using two coupling reagent pairs: (i) N,N’-2 

dicyclohexylcarbodiimide (DCC)/N-hydroxybenzotriazole (HOBt) and (ii) 1-[3-(dimethyl-3 

amino)propyl]-3-ethylcarbodiimide hydrochloride (EDAC)/N-hydroxysuccinimide (NHS). 4 

The results obtained are presented in Table 1 and demonstrate that the pair EDAC/NHS 5 

gives higher yields (84%) using the room temperature protocol (entry 2), in opposite to the 6 

pair DCC/HOBt that only gives 44% of yield (entry 1). Microwave-assisted organic 7 

synthesis was employed as an attempt to improve the yield of DCC/HOBt coupling 8 

reaction. Thus, using microwave irradiation protocol at 55 ºC, during 15 and 30 min, the 9 

yields were 42 and 56%, respectively (entries 3 and 4). These results showed that the 10 

microwave irradiation allows to reduce significantly the reaction time from days (3 days) to 11 

minutes (15 or 30 min), keeping a similar reaction yield. We have also attempted to carry 12 

out the same microwave protocol (55 ºC, 30 min) with the pair EDAC/NHS but, in this case 13 

the yield was significantly lower (bellow 30%). According to the results obtained in the 14 

amide-forming reaction, the best coupling reagent pairs are EDAC/NHS at room 15 

temperature and DCC/HOBt under microwave irradiation. 16 

The subsequent removal of the benzyl protecting groups was carried out with BCl3 in 17 

dichloromethane, under argon atmosphere, affording the final hexadentate chelator 18 

(catTHC) in 67% of yield. 19 

 20 

(Please insert Table 1) 21 

 22 

The catTHC chelator was characterized by NMR, absorption spectroscopy, mass 23 

spectrometry and elemental analysis. The comparison between the 1H NMR spectra of 3 24 

and catTHC is presented in Fig. 2 and the most important proton delocalizations are 25 

indicated using the symbols ∗, †, ‡, #. The 1H NMR spectrum of the protected ligand 3 (Fig. 26 

2A) displayed a resonance signal at 8.16 ppm due to the HNCH2 protons of the amide 27 

linkage. Upon removal of the benzyl protecting groups, this characteristic signal shifted to 28 

8.34-8.40 ppm, which is indicative for intramolecular hydrogen bonding. On the other 29 

hand, the 1H NMR spectrum of catTHC (Fig. 2B) showed the disappearing of benzyl 30 

signals and the appearing of a multiplet at 7.15-7.25 ppm attributed to the resonance of the 31 
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OH protons. The chemical shift values found for the proton of the amide links are typical of 1 

this amide reversed function -NHCO- and are also similar to those obtained for the tripodal 2 

3-hydroxy-4-pyridinone (CP256), where the HNCH2 signal appears at 8.93 ppm [18]. 3 

 4 

(Please insert Figure 2) 5 

 6 

Ligand Acidity Constants and Speciation  7 

In this work, the values of the acidity constants were determined by a 8 

spectrophotometric method since the hexadentate ligand was not sufficiently soluble to 9 

allow a potentiometric determination [29,30] – the compound precipitation occurs for 10 

concentrations above 10-4 M. The pKa values for 2,3-dihydroxybenzaldehyde (commercial 11 

compound used as the starting material for 2,3-dibenzyloxybenzylamine 2) were also 12 

determined and the related spectra together with those of its interaction with Fe(III) with 13 

pH variation are presented in Supporting Information. 14 

The acidity constants of catTHC were determined using equations (1) and (2) 15 

(section 2.3) and six values were calculated using the program pHab 2006 [25]. The six pKa 16 

values are listed in Table 2 and two sets of values can be identified, one close to 8 and the 17 

second close to 11. These two sets of values are typical pKa values found for bidentate 18 

catechols. The values are in close agreement with those of other catecholate hexadentate 19 

chelators prepared with different molecular frameworks [31]. 20 

 
21 

(Please insert Table 2) 22 

 
23 

The first three acidity constants of catTHC (pKan; n = 1-3) are assigned to the more 24 

acidic ortho OH group on the catechol. The intrinsic acidity of the ortho hydroxyl groups 25 

are higher relative to the meta hydroxyl groups, and this is primarily due to the conjugation 26 

of the ortho hydroxyl with the amide group [32]. The average pKa of the first three acidity 27 

constants for catTHC is 7.57, which is in agreement with the pKa of the first acidity 28 

constant, 7.97, of the bidentate catechol 2,3-dihydroxybenzaldehyde. However, the average 29 

of the last three pKa constants for catTHC, 11.1, is smaller than the pKa of the second 30 

acidity constant of 2,3-dihydroxybenzaldehyde (12.22). This difference can be attributed to 31 
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the presence of the amide carbonyl function of the backbone, as the amide carbonyl groups 1 

are known to lower the protonation constants [23,33,34]. These results are similar to results 2 

obtained for enterobactin and MECAM, a synthetic enterobactin analogue [34]. The 3 

distribution diagram, obtained with the program Hyss 2006 [23], for compound catTHC 4 

presented in Fig. 3 reveals that the form [H6L] predominates at acidic pH, [H5L] is the 5 

major species, with ~65%, between pH 6.5-8, [H3L] is predominant between pH 8 and 11 6 

and [L] dominates for pH above 11.5. All the other species, namely [H4L], [H2L] and [HL] 7 

are present in smaller percentages of formation, ~40% at pH ~8 for [H4L], ~40% at pH 8 

~10.5 for [H2L] and ~40% at pH ~11.5 for [HL]. 9 

 10 

(Please insert Figure 3) 11 

 12 

Fe(III)-Ligand Complex Stability 13 

As we were interested in verifying the potential application of the catTHC 14 

hexadentate ligand as an iron(III) chelator we also determine its iron(III)-ligand complex 15 

stability and protonation constants using a model of competition with EDTA.  16 

Catechols produce strongly colored iron(III) complexes [35], which exhibit intense 17 

ligand-to-metal charge transfer (LMCT) bands. Typically, catechols form three different 18 

iron(III) complexes as a function of the pH: (i) at pH< 5 gives rise to the 19 

mono(catecholate)iron(III) complex [Fe(cat)]; (ii) at 6< pH< 7 the bis(catecholate)iron(III) 20 

complex [Fe(cat)2] is formed and (iii) at pH> 9.5 the tris(catecholate)iron(III) complex 21 

[Fe(cat)3] is obtained. In general, the stability of the iron(III) – catecholate complexes 22 

depends on the catecholate ligand, the extent of the co-ordination to Fe(III) and the pH 23 

[36]. High spin iron(III) has an optimum fit for a cation in an octahedral field generated by 24 

three catechol functions [6]. Spectrophotometric titration allows us to observe changes in 25 

the intense LMCT band of the metal complex as a function of pH, thereby providing a 26 

probe to monitor the successive protonation of Fe(III) and catTHC complexes [31]. 27 

The stability constant of the iron(III) complex with catTHC was determined by 28 

competition studies against the ligand EDTA using UV-Vis spectroscopy as previously 29 

described [37]. An equilibrium time period of 24 h was used since several reports state that 30 
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equilibrium between hexadentate ligands and iron(III) are relatively slow and the system 1 

needs time to achieve equilibrium [38,39]. 2 

The UV-Vis spectra of solutions of the ligand in the presence of iron(III) show a 3 

characteristic LMCT band (490 nm) of the iron(III) complex at pH values above 8 (Fig. 4). 4 

The red color of the resulting solution is attributed to the LMCT band of the [FeL]3- 5 

complex (λmax=490 nm, ε =26261 M-1cm-1, pH>9), which is consistent with iron(III) 6 

coordination through the six oxygen atoms of the catecholate ligands [35,36,40].  7 

 8 

(Please insert Figure 4) 9 

 10 

The model used to determine the stability constants was based in Eqs. 1 and 2 11 

(section 2.3.) considering the following equilibriums: 12 

 13 

�Fe���	�aq� �	�L� �		�aq� ⇌ 	 �FeL���	�aq�                                               (log β110)  14 

�Fe���	�aq� �	�L� �	�aq� �	�H�� ⇌	 �FeHL���	�aq�                                   (log β111)  15 

�Fe���	�aq� �	�L� �	�aq� �	2	�H�� ⇌	 �FeH�L�"�	�aq�             (log β112)  16 

�Fe���	�aq� �	�L� �	�aq� �	3	�H�� ⇌	 �FeH�L� 	�aq�             (log β113)  17 

�Fe���	�aq� �	�L� �	�aq� �	4	�H�� ⇌	 �FeH%L�"�	�aq�                   (log β114)  18 

�Fe���	�aq� �	�L� �	�aq� �	5	�H�� ⇌	 �FeH�L���	�aq�            (log β115)  19 

�Fe���	�aq� �	�L� �	�aq� �	6	�H�� ⇌	 �FeH L���	�aq�             (log β116)  20 

 21 

and also the equilibrium constants of [H6L], EDTA, Fe(III)/EDTA, iron hydroxide species 22 

and the autoprotolysis of water. 23 

The results obtained show the predominance of [FeL]3- formation and no additional 24 

species could be detected from the data. 25 

The log β110 and pFe3+ values (calculated as –log|Fe3+| at pH 7.40 with a total ligand 26 

and Fe(III) concentrations of 10-5 M and 10-6 M, respectively) obtained for catTHC were 27 

calculated and the values obtained were 36.70±0.03 and 26.7, respectively.  28 

The following distribution diagram considers the percentage of formation of the 29 

different species in solution relative to [L] (Fig. 6). The complex [FeL]3- is the major specie 30 

for pH above ~7 and [H6L] for lower pH values. 31 
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 1 

(Please insert Figure 5) 2 

 3 

Conclusions 4 

The values of log β110 and pFe3+ of catTHC are compared with several siderophores 5 

in Table 3.  6 

 7 

(Please insert Table 3) 8 

 9 

The value of the stability constant obtained for the hexadentate catecholate iron(III) 10 

complex whose structure is depicted in Fig. 6 is higher than that of the equivalent tripodal 11 

3,4-HPO derivative (CP256), as expected for catecholate units since they provide higher 12 

stability constants when compared to 3,4-HPO units. However the value found for pFe3+ is 13 

smaller (26.7 vs 29.84) a trend usually observed for ligands derived from catechol and 3,4-14 

HPO [43,45].  15 

In comparison with enterobactin the new ligand catTHC provides lower values of 16 

stability constant and pFe3+, a fact that can be explained due to the inexistence of the 17 

additional stabilization present in the ferric enterobactin complex associated to the 18 

protonated salicylate binding mode [20]. 19 

 20 

(Please insert Figure 6) 21 

 22 

Appendix A. Supplementary data 23 

 24 

Supplementary information containing NMR spectra of the protected hexadentate 25 

ligand 3 and catTHC and UV-Vis spectra of 2,3-dihydroxybenzaldehyde, with or without 26 

Fe(III) addition and pH variation are available online, as well as the distribution diagrams 27 

as a function of pH and iron(III), including the hydrolytic species. 28 
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Fig. 1. (A) Structures of enterobactin and CP256. (B) Structure of catTHC. 

 

Scheme 1. Synthesis of catTHC. 

 

Table 1. Yields for the amide-forming reaction of 1 and 2,3-dibenzyloxybenzylamine 2. 

 

Fig. 2. Partial 
1
H NMR spectra in DMSO-d

6
 of compounds: (A) 3 and (B) catTHC. The symbols , †, ‡,  

represent the delocalization of the correspondent protons (HNCH2, NH, H-catechol and HNCH2),  from 

compound 3 to catTHC in the NMR spectra. 

 

Table 2. pKa values for 2,3-dihydroxybenzaldehyde and hexadentate catecholate ligand (catTHC). 

 

Fig. 3. Distribution diagram as a function of pH of catTHC, ~6×10
-5

 M, I = 0.1 M NaCl, 25 ºC. 

 

Fig. 4. UV-Vis spectra of catTHC, Fe(III) and EDTA solutions, |catTHC| = |Fe
3+

| ~ 2×10
-4 

M, |EDTA| ~ 

1.2×10
-3 

M, I = 0.1 M NaCl, 25 ºC, pH~5.5 to pH~12, after 24 h. 

 

Fig. 5. Distribution diagram as a function of pH of catTHC/Fe
3+

, |catTHC| = |Fe
3+

| ~ 2.0×10
-4 

M, I = 0.1 M 

NaCl, 25 ºC, 24 h. 

 

Table 3. Values of log β110 and pFe
3+

 of siderophores and of hexadentate catecholate ligand (catTHC). 

 

Fig. 6. Chemical structure of FecatTHC obtained after minimization with ChemDraw 3D. 
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Entry Coupling reagent Temp Time Yield (%) 

1 DCC/HOBt r.t. 3 days 44 

2 EDAC/NHS r.t. 2 days 84 

3 DCC/HOBt MW, 55ºC 15 min 42 

4 DCC/HOBt MW, 55ºC 30 min 56 

 



  

pKan 2,3-dihydroxybenzaldehyde catTHC 

n=1 7.97±0.02 6.72±0.09 

n=2 12.21±0.06 7.9±0.1 

n=3  8.1±0.2 

n=4  10.8±0.2 

n=5  11.1±0.2 

n=6  11.4±0.1 

 



  

Siderophore Ligand architecture log  pFe
3+ 

Reference 

catTHC Tripodal, catechol 36.70 26.7 This work 

CP256 Tripodal, 3,4-HPO 34.40 29.84 [18] 

Enterobactin Tripodal, catechol 49 35.5 [16] 

Mycobactin Linear, bishydroxamate, N-(oxazoline) 
and OH (salycilic acid) 

31 29.0 [18] 

TREMCAM Tripodal, catechol 43.2 29.6 [41] 

CYCOENCAT Tripodal, catechol 34.61 24.76 [42] 

HOPObactin Tripodal, 3,4-HPO 26.7 27.4 [43] 

Deferoxamine Linear, trishydroxamate 31.00 26.60 [44] 

H6L
a 

Tripodal, monohydroxa-mate, bis-
catecholate 

31.4 18.3 [40] 

EDTA Tripodal 25.1 23.4 [4] 

a
 N,-N-Bis[2,3-dihydroxybenzoyl]-L-lysyl-(-N-methyl-N-hydroxyamido)-L-glutamic acid 
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A new tripodal hexadentate chelator (catTHC) was synthesized by reaction of a flexible 

tripodal backbone with three bidentate catechol units. The acid-base properties of the ligand 

in aqueous solution and the affinity of the ligand towards iron(III) were investigated at 

variable pH and in the presence of iron(III) using spectroscopic methods. The values 

obtained for the stability constant and pFe
3+

 are log β110 = 36.70 and pFe
3+

 = 26.7. 
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