Experimental and theoretical vibrational spectroscopy studies of acetohydroxamic acid and desferrioxamine B in aqueous solution: Effects of pH and iron complexation
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Abstract
The deprotonation and iron complexation of the hydroxamate siderophore, desferrioxamine B (desB), and a model hydroxamate ligand, acetohydroxamic acid (aHa), were studied using infrared, resonance Raman and UV-vis spectroscopy. The experimental spectra were interpreted by a comparison with DFT calculated spectra of aHa (partly hydrated) and desB (reactive groups of unhydrated molecule) at the B3LYP/6-31G* level of theory. The ab initio models include three water molecules surrounding the deprotonation site of aHa to account for partial hydration. Experiments and calculations were also conducted in D2O to verify spectral assignments. These studies of aHa suggest that the cis-keto-aHa is the dominant form, and its deprotonation occurs at the oxime oxygen atom in aqueous solutions. The stable form of iron-complexed aHa is identified as Fe(aHa)3 for a wide range of pH conditions. The spectral information of aHa and an ab initio model of desB were used to interpret the chemical state of different functional groups in desB. Vibrational spectra of desB indicate that the oxime and amide carbonyl groups can be identified unambiguously. Vibrational spectral analysis of the oxime carbonyl after deprotonation and iron complexation of desB indicates that the conformational changes between anion and the iron-complexed anion are small. Enhanced electron delocalization in the oxime group of Fe-desB when compared to that of Fe(aHa)3 may be responsible for higher stability constant of the former.
Introduction
The chemistry of biomacromolecules influences the dissolution of minerals, solubility and redox cycling of metals, and the acquisition of metals by organisms (Neilands 1981, Hersman et al 1995, Holmen et al 1997, Barbeau et al 2001). Of the different macromolecules, siderophores are important because of their common occurrence in terrestrial and marine systems, and their high metal complexation characteristics. Bacteria secrete siderophores to obtain iron for metabolic purposes in iron-limiting situations (Neilands 1981, Bossier et al 1988, Matzanke et al 1989). Because of their strong binding ability, siderophores can also affect the ligand-promoted dissolution of iron(III) hydr(oxides) and alter the geochemical cycling of iron in the environment (Stumm and Sulzberger 1992, Hersman et al 1995, Holmen et al 1997, Kraemer et al 1999, Kalinowski et al 2000). The high stability constants of siderophore-metal complexes also make them amenable for applications in the extraction, concentration and remediation of metal contaminated soils and sediments at waste repositories (Brainard et al., 1992), and in the treatment of siderosis (Bergeron and Brittenham, 1994). Information on the coordination environment and the chemical state of Fe-siderophore complex is central to the evaluation of the role of siderophores in the aforesaid processes. A detailed understanding of the molecular behavior of siderophores in aqueous solutions and at mineral-water interfaces is necessary to assess their role in different biogeochemical processes in the environment. Here we present an experimental and theoretical investigation of the functional group chemistry of a hydroxamate siderophore (desferrioxamine B, desB) and its iron complexation behavior in aqueous solutions.
Characterization of siderophores in conditions representative of natural systems has been difficult due to their low concentration and interference from other organic species. Recently, researchers began isolating siderophores from natural samples and characterizing their crystalline Fe complexes using X-ray crystallography (vanderHelm and Poling 1976, Hossain et al 1983, Hossain et al 1998, Dhungana et al 2001). In addition, researchers are using smaller molecules, which contain the same functional groups as siderophores, to understand the behavior of siderophores (Santos et al 1993, Farkas et al 1999). Several studies have also indicated that infrared spectroscopy is an ideal tool to examine the functional group chemistry of organic molecules and their metal complexes (Holmen et al 1997, Boily et al 2000, Loring et al 2000, Duckworth and Martin 2001, Strathmann and Myneni 2004). However, the structure of the metal complex is difficult to assess when the complexed ligand has multiple functional groups with overlapping infrared absorption transitions. To overcome this situation, we used resonance Raman spectroscopy, a technique sensitive to the coordination environment around the metal in a metal-siderophore complex.
Among the different siderophores in the environment, desB is particularly interesting because of its ubiquity (Fig. 1). The concentration of desB varies in natural environments, with concentrations as high as micromolar levels in the soil rhizosphere, and nanomolar concentrations in seawater (Powell et al 1980, Bergeron and Pegram 1988). In aqueous solution, desB has four proton dissociation constants (pKa) at 8.3, 9.0, 9.46, and 10.84 (measured in KCl solutions of ionic strength, 0.1 mol/dm3), which correspond to successive deprotonation of the 3-hydroxamate groups (NOH), and the amine group (NH3+) (Farkas et al., 1999), respectively. The interactions of desB with Fe(III) in solution and at particle interfaces are poorly understood in the environmental pH range of 3 to 9.
A small hydroxamate siderophore analog, acetohydroxamic acid (aHa), is also used to elucidate the molecular structure of desB in aqueous solutions. Acetohydroxamic acid is an oxime that exists in either an enol or keto form and has a pKa of 9.37 (Schwarzenbach and Schwarzenbach, 1963; Fig. 1). Theoretical studies indicate that the keto-form is dominant in aqueous solution with the cis conformation being more stable than the trans conformation (Hadzi and Prevorsek 1957, Bagno et al 1994). However, the deprotonation site of aHa in aqueous solutions is debated because of its two acidic protons (N-H, NO-H), and discrepancies that exist between the NMR predicted and theoretically derived structures (Fitzpatrick and Mageswaran 1989, Ventura et al 1993, Bagno et al 1994, Yazal and Pang 1999). An NMR study of aHa in aqueous solution revealed that NO-H is the primary site of deprotonation (Bagno et al., 1994), while calculations on anhydrous gas-phase aHa predicted N-deprotonation (Ventura et al 1993, Bagno et al 1994, Yazal and Pang 1999). However, calculations also indicated that the addition of solvated water molecules stabilized O-deprotonated species more than the N-deprotonated species (Ventura et al., 1993). Complexation of aHa with Fe(III) shows that the Fe(aHa)3 is the dominant species in the pH range of 4–10 (Holmen et al 1997, Farkas et al 1998), with aHa forming three five-membered rings around Fe (Monzyk and Crumbliss 1979, Brink and Crumbliss 1984, Crumbliss 1990).
The goal of this research is to evaluate: 1) the stable structures of aHa and desB in aqueous solution, 2) the nature of Fe(III) complexation with aHa and desB, and 3) the influence of Fe(III) complexation on the amine and amide groups of desB that are not involved in complex formation. By combining experimental (UV-vis, IR and resonance Raman) and ab initio (DFT) analysis, the functional group chemistry of aHa and desB and the structures of their Fe(III) complexes are evaluated. This work represents part of a larger effort to characterize molecular interactions between metal ions and organic molecules in aqueous solutions and at mineral-water interfaces, and their role in various biogeochemical reactions.
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Preparation of Solutions
Aqueous solutions of acetohydroxamic acid (Aldrich), desferrioxamine mesylate (Sigma), FeCl3 · 6H2O (Fisher Scientific), NaOH (Fisher Scientific), and HCl (Fisher Scientific) were prepared with high purity 18 MW cm−1 water (Milli-Q Plus, Millipore) or 99.99% D2O (Cambridge Isotope Lab). Aqueous solutions were prepared on a gravimetric basis, and a density of 1.00 gcm−3 was assumed for the solution when converting to a molar scale. The concentrations of aHa and desB were kept constant at 47 (± 2)
Theoretical Studies of aHa and desB
The hydrated species considered in this investigation were: neutral cis-aHa(H2O)3, O-deprotonated cis-aHa(H2O)3, O-deprotonated trans-aHa(H2O)3, and N-deprotonated cis-aHa(H2O)3 (Fig. 2). The calculated energies of these hydrated species indicate that O-deprotonated cis-aHa(H2O)3 is the most stable anion (Table 1). Although the calculations of Ventura et al. (1993) predict that O-deprotonated aHa is stabilized more by the addition of water molecules when compared to the N-deprotonated aHa,
Discussion
Ab initio calculations and electronic and vibrational spectroscopy results were useful in the identification of the most likely conformations of aHa, and variations in the functional group chemistry of aHa and desB as a function of pH. This spectral information was used in interpreting Fe(III) complexation by aHa and desB. Since the spectral variations are similar for aHa and desB, they are discussed together in the following section.
Summary and conclusions
The functional group chemistry of aHa and desB, and their Fe(III) complexes were characterized using vibrational (infrared and resonance Raman) and electron (UV-vis) spectroscopy methods. The proposed structures and the deprotonation sites in aHa, and metal bonding environments of aHa and desB were also corroborated with the ab initio calculations. The summary of our observations is as follows, 
· 1
The most stable form of aHa in aqueous solution is the cis-keto configuration, and deprotonation
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