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The chemistry of aluminum was explored in the presence of the
physiological ligand citric acid and in low-pH aqueous media. As
a result, the first dinuclear aluminum—citrate complex (NHg)4[Al-
(CeH407)(CeH507),]+4H,0 was isolated at low pH (~3.5), and was
characterized by FT-IR spectroscopy and X-ray crystallography.
The structural analysis reveals the presence of a dinuclear
assembly of two aluminum ions octahedrally coordinated to three
citrate ligands of differing protonation state. The NMR solution
behavior of this complex emphasizes its time-dependent transfor-
mation into a number of variable nature species, ultimately leading
to the thermodynamically stable trinuclear species. It also
establishes the participation of the dinuclear complex as a viable
component of the aqueous Al(ll)—citrate speciation. The chemical
and structural features of this novel low molecular mass species
provide considerable insight into citrate’s ability, as a natural ligand,
to influence the chemistry of aluminum in a pH-dependent fashion,
and potentially affect aluminum’s (bio)distribution, absorption,
accumulation, and biotoxicity at sensitive biological sites.

sociation of aluminum with the aforementioned clinical
conditions has raised questions concerning the processes by
which biochemical pathways are influenced by that metal
ion. Key to understanding the role of aluminum in such
events is the aqueous speciation of that element and the
requisite chemistry in biological fluids. Interactions, however,
of aluminum at the biological level can occur with both high
and low molecular mass biomolecules present in those fluids.
Without disregard for the essential contribution of large
molecular mass molecules, like transferrin, to the interactive
chemistry with aluminum, the corresponding chemistry with
low molecular mass molecules is equally important and
significant. Prevalent among such molecules is citric acid,
which is abundantly present in human plasma (0.1 riiM).

is capable of promoting metal-binding chemistry, solubilizing
metal ions, like aluminum, and consequently raising their
bioavailability and ultimate absorption by various tissues.
Therefore, Al(lll) speciation in the presence of the low
molecular mass ligand citrate emerges as an important feature
of that metal ion’s involvement in interactions with biological
loci. Unraveling the nature and properties of the various Al-

Aluminum biotoxicity has been the subject of considerable (Ill) species participating in such pH and concentration

research in recent years due to the involvement of that yehengent distributions may aid in further determining Al-
element in a number of health-related physiological aberra- 1y yinavailability and its link to disruption of biochemical

tions: Specifically, several diseases have been linked to the o cesses andlor toxicity. Being aware of these properties,
toxic influence of aluminum, including numerous dementias, we have investigated the aqueous chemistry of citrate with

neurodegenerative conditions, like Alzheimer's disease

encephalopathies, microcytic anemia, and othdrse as-

* Al(Il) at low pH. Herein, we report on the synthesis and

* Author to whom correspondence should be addressed.¥80-281-
0393-652. Fax:+30-281-0393-601. E-mail: salif@chemistry.uoc.gr.

T University of Crete.

*NCSR “Demokritos”.

§ University of Szeged.

I'University of Debrecen.

(1) (a) Nayak, PEnviron. Res.2002 89, 101-115 (b) Campbell, A,;
Yang, E. Y.; Tsai-Turton, M.; Bondy, S. @Brain Res.2002 933
60—-65. (c) Rondeau, VRev. Erwiron. Health 2002 17, 107-121.
(d) Meiri, H.; Banin, E.; Roll, M.; Rouesseau, Rrog. Neurobiol.
1993 40, 89-121. (e) Van der Voet, G. B.; Van Ginkel, M. F.; de
Wolff, F. A. Toxicol. Appl. Pharmacol1989 99, 90. (f) Kerr, D. N.
S.; Ward, M. K. InMetal lons in Biological SystemSigel, H., Sigel,
A., Eds.; Marcel Dekker: New York, 1988; Vol. 24, Chapter 6, pp
217-258.

252 Inorganic Chemistry, Vol. 42, No. 2, 2003

(2) (a) Malluche, H. HNephrol. Dial. Transplant2002 17 (Suppl. 2),
21-24. (b) Cannata-Andia, J. B.; Fernandez-Martin, JNiephrol.
Dial. Transplant.2002 17 (Suppl. 2), 9-12. (c) Pratico, D.; Uryu,

K.; Sung, S.; Tang, S.; Trojanowski, J. Q.; Lee, V.IMASEB J2002

16, 1138-1140. (d) Hull, M. J.; Abraham, J. lHum. Pathol.2002

33, 819-825. (e) Exley, CJ. Alzheimer’s Dis2001, 3, 551-552. (f)
Rondeau, V.; Commenges, D. lWuminium and Alzheimer’s Dis-
ease: The Science that Describes the LiBkley, C., Ed.; Elsevier
Science: New York, 2001. (g) Rondeau, V.; Commenges, D.; Jacgmin-
Gadda, H.; Dartigues, J.-Am. J. Epidemiol200Q 152 59-66. (h)
Fasman, G. D.; Moore, C. Proc. Natl. Acad. Sci. U.S.A994 91,
11232-11235.

(3) (@) Martin, R. B.J. Inorg. Biochem.1986 28, 181-187. (b)
Etcheverry, S. B.; Apella, M. C.; Baran, E.J.Inorg. Biochem1984
20, 269-274. (c) Glusker, J. FAcc. Chem. Red.98Q 13, 345-352.

10.1021/ic0258025 CCC: $25.00  © 2003 American Chemical Society
Published on Web 12/20/2002
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Scheme 1. Stoichiometric Reaction for the Synthesis of
(NHa)4[Al 2(CsH407)(CsH507)2] -4H-0 (1)
COOH

CH,
NH,
2AI() + 3 HO—cC— COOH + 1000H —

CH,

COOH
[AL(C;H,0)(CH0)J*  + 10 HO

characterization of the first dinuclear Al(Itcitrate complex
with potential implications in the biodistribution of that metal
ion in aqueous media.

Reaction of Al(Ill) with citric acid in water at pH-3.5 led
to the isolation of a colorless crystalline material, the analyt- :
ical data on which were consistent with the molecular formu- 022 (&) oz

lation (NH,)4[Al 5(CeH407)(CsHs04)4] -4H,0 (1) (Scheme 13. Figure 1. ORTEP structu of the anion Inalong with the atom-labeling

cray crystallography confimed the presence of the first Scheme, Therne, el sre sawn by ORTER ond epresent 0%
dinuclear Al(lll)—citrate complex. It is composed of two angle range: 77.8(1)106.7(1}.
octahedral Al(lll) centers, the coordination requirements of
which are satisfied by three citrates. Two of the citrates are A strong hydrogen-bonding interaction between one of the
triply deprotonated, whereas the third one is fully deproto- terminal protonated carboxylate groups and the terminal
nated. As such, the citrates bind Al(Ill) through their central deprotonated carboxylate of an adjacent molecule in the
carboxylate and alkoxide groups as well as one of the lattice is responsible for the formation of chains of dimers
terminal carboxylates. The remaining terminal carboxylate directed along the-axis [HO7%:-027 (x, —1+y, 2) = 1.654
does not bind Al(lll) and moves away from it in the A O7---027 = 2.544 A, O7H---:027 = 170.5]. There
protonated or deprotonated form (Figure 1). are no direct hydrogen bonds between the assembled chains,

The binding mode and structural attributes of the citrate which are linked together through an extensive network of
ligands are similar to those seen in other mononuclear, hydrogen-bonding interactions involving the carboxylate
(NH2)s[AI(C 6H401)5]-2H:0 (2),° (NH2)JAI(C 6H407) (CeHsOy)] - oxygens, the water molecules of crystallization, and the

3H,0 (3),” and trinuclear (NH)s[Al 3(CeH407)3(OH)(H.0)]- ammonium counterions. This extensive hydrogen-bonding
[NO3]-6H,0 (4) complexes. network may be responsible for the stability of the derived
lattice in 1.

(4) AI(NOg3)3 and citric acid were placed in aqueous solution with a molar ) .
ratio of 1:2. The resulting reaction mixture was stirred overnight with ~ FT-IR spectroscopy pointed out the presence of vibra-

mild heating. On the following day, the reaction mixture was taken tinnally active groups, contributing to the identification of
to dryness by means of a rotary evaporator. The residue was !

redissolved in the minimum amount of water, and the pH of the Ccomplex1. Specifically the antisymmetric vibrations for the

resulting solution was adjusted te3.5 with a solution of aqueous citrate carbonyls were observed in the range 17D800
ammonia (1:1). Stirring continued at room temperature for an e L . . .
additional 2 h. Subsequently, ethanol was added and the reaction flask €M ™ with the symmetric vibrations being observed in the

was placed in the refrigerator. Two weeks later, a colorless crystalline region 1506-1400 cnt®. The differenceA(va{COO")—

material was deposited at the bottom of the flask. The crystals were sadi~at
isolated by filtration and dried in vacuo (yield50%). Satisfactory VS(COO_)) was greater than 200 crh Indlcatmg the

elemental analysis was obtained fo(See Supporting Information). ~ presence of carboxylate groups free or bound to Al(lIl)

(5) (a) Crystal data: space grouR2,/c, a= 18.955(3) Ab = 9.470(2) centers in a monodentate fashfo@onfirmation of the above
A, ¢ =18.353(3) A, = 110.316(4), V = 3089.6(9) &, pcaica = . .
1.644 Mg/nf, Z = 4, T = 298 K, Dma= 115, Cu Ka radiation ¢ contention was afforded by the X-ray structural analysis on
= 1.5418 A), reflections collected/unique/used4386/4238 Ry = 1.
0.0611)/4238, parameters refined 568/d)max = 0.017, Ap)mad . 1 : -
(Ap)mn = 0.5461-0.309 e/, final R (2976 reflections > 20(1) Preliminary*H NMR spectra ofl in aqueous solutions at

indices wereR = 0.0551,R, = 0.1238. Diffraction measurements  the autogenous pH showed complicated patterns of signals,
were taken on a Nicolet R2our-circle diffractometer, upgraded by ; if ; ;

Crystal Logic. Unit cell dimensions fdrwere determined and refined which CC_)UId be CI_aSSIerd Ir_] q_'fferen,t groups. Due to the
by using the angular settings of 25 automatically centered reflections complexity of the signals, an initial assignment was attempted

in the range 22 < 20 < 54°. Intensity data were measured by using by following the time-dependent changes occurring in the
6—26 scans. Detailed crystallographic information has been deposited

as Supporting Information. (b) Sheldrick, G. BHELXS-86: Structure  SPectra ofl in water. Three types of groups of signals

(St;binr? T’droglzam University of Gdtingen: G'mtinger;, Germany, 1986.  emerged in the spectra &f One type of group of signals,
¢) Sheldrick, G. M.SHELXL-93: Structure Refinement Program ; ; ; ; ;

University of Gdtingen: Gatingen, Germany, 1993, appearing |mme_d|at(_aly upon d_|ssolut|on of decreased
(6) Matzapetakis, M.; Raptopoulou, C. P.; Terzis, A.; Lakatos, A.; Kiss, monotonically with time. Of this type, one subgroup of

T.; Salifoglou, A.Inorg. Chem.1999 38, 618-619. i i i
(7) Matzapetakis, M.; Kourgiantakis, M.; Danakali, M.; Raptopoulou, C. signals appears In.the region 2.2.3 ppm, and. another one
P.; Terzis, A, Lakatos, A.; Kiss, T.. Banyai, |.. lordanidis, L.; appears in the region 2:&.0 ppm, with the third subgroup

© Mavromousta(llzfog T.;Salifoglou,lAnorg- Chem2001, 40, 1734—C1g44- being present between 2.4 and 2.5 ppm. These groups of
Feng, T. L.; Gurian, P. L.; Healy, M. D.; Barron, A. Rorg. Chem : : : :

1990 29, 408-411. S|gnals. were .tent.atlvely assigned tp the dinuclear complex
(9) Deacon, G. B.; Philips, RL.. Coord. Chem. Re 198Q 33, 227—250. upon dissolution in water. Narrow signals of another type at
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2.82, 2.76, 2.70, and 2.64 ppm (360 MHz), the intensity of (octahedral Al(Ill), oxygen terminal ligands, etc.) and
which increased monotonically with time, were clearly solution (time-dependent behavior consistent with that of
assigned to free citrate. Finally, a third type of group of mononuclear complexes reported before) properties, which
signals, appearing at 3.1 ppm and around 2.91 ppm (this oneconform to its ultimate transformation # also observed
less clearly defined due to overlapping with other peaks), on a number of other Al(lIB-citrate complexes. This
exhibited a different behavior from the previous signals. association ofl with other species in solution, either
Their intensity initially increased, then gradually decreased proposed or observed in the past, provides clueg fuging
and ultimately disappeared. a viable component in the aqueous distribution of Al(IIl) in
HH-COSY NMR suggested that the signals of the first the presence of citrate. To further prove this point, pH-
type belong tol upon dissolution in water. Signals of the dependent interconversions between comfdleand other
third type were tentatively attributed to the presence of well-known Al(lll) —citrate complexes, such & and 3,
dinuclear Al:Cit species of 2:2 stoichiometry with different previously established as participants in the aqueous distribu-
protonation states. These species may reflect intermediatesions of Al(lll) in the presence of citrate are currently being
of the oligomerization of AICit toward the most stable investigated.

complex4.” In AlICit, formed in this slightly acidic pH range, Finally, the novel dinuclear compled reflects the
Cit contains a deprotonated alcoholate function and coordi- chemistry unfolding between Al(lll) and the physiological
nates in a tridentate fashion (COQD~, COO"), while one ligand citrate at low pH. This chemistry reveals the potential
of the terminal carboxylates is in the protonated fdrithe binding properties of citrate at low pH and is exemplified

presence of AICit species may also be inferred by some of through the binding modes and variable protonation state of
the signals in the region 242.8 ppm. The above assign- that ligand withinl. In this context, it sheds light into the
ments were supported by 2D-COSY and 2D-HSQC NMR nature of species that might exist under similar reaction
experiments. conditions and possibly exert influence on biological targets.
Collectively, the NMR data propose the existence of the Albeit removed from the physiological conditiors along
dinuclear complext upon dissolution, and its concomitant with mononuclear species, like AICit, purported to exist at
time-dependent transformation into an Al(lll) dimer (previ- low-pH values, may be good precursors from which other
ously suggested by usand a mononuclear Al(lll) species. pH-dependent components in the aqueous Altiirate
In a complex set of equilibria, similar to those presumably distribution(s) may be assembled at low or higher pH values.
occurring upon dissociation d and 3, the above basic  This mechanistic view of potential reaction schemes and
components constitute the scaffold onto which the thermo- emerging Al(lll) species appears to be the basis of compre-
dynamically stable trinuclear species arises at the equilibrium hending how this toxic metal ion reacts its way into the
state? Thus, complexl, as a potential participant in the physiological milieu, ultimately presenting itself as a bio-
aqueous speciation of the Al(IHcitrate system, is the sole  available entity to metal ion carriers like transferfirgnd/
representative of complexes isolated and structurally char-or eliciting interactions at the cellular level. The fact that
acterized in the low-pH regime of the entire pH spectrum. (a) citrate has been known to increase the uptake of key metal
Other complexes in the middle {%6.5) and high pH (#8) ions like Al(lll) and Fe(lll), ultimately carried to biological
regime have been synthesized, and structurally characterizedgites by transferrid? and (b) the aqueous coordination
in the pasf’ The aforementioned complexes have been chemistry of Fe(lll) has been shown to exhibit similarities
shown to interconvert in pH-dependent transformation reac- to that of Al(lll), may indicate a similar uptake and transfer
tions, indicating their linkage as participants in the aqueous pathway for solubilized and bioavailable Al(lll). With this

speciation of the Al(lll)-citrate systen. view in mind and taking into consideration the possibility
A plethora of speciation studies were reported in the past of participation of low molecular mass Al(IHjligand species
on aqueous Al(Ill) systems, including the alumintuitrate in non-transferrin-dependent pathways, leading to the transfer

systemt® These studies had proposed a number of AldIl)  and distribution of Al(lll) in biological sites, it appears that
citrate complexes as speciation components. Among suchthe work presented on compl&assumes great significance.
complexes were mononuclear species of varying protonationExperiments targeting the aforementioned issues as well as
states and trinuclear species, liéewith the latter having synthetic methodologies perusing the chemistry of Al(lIl)
been shown to be the thermodynamically stable species. Onspecies, with potential implications in that metal ion’s
the basis of this informatiori, appears to possess solid state toxicity, are currently under development in our labs.
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