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A Comparison of Some Aspects of the Aqueous 
Coordination Chemistry of Aluminum(lll) and Iron(ll1) 

ALVIN L. CRUMBLISS and J. MARK GARRISON 
Paul M .  Gross Chemical Laboratory, 

Department of Chemistry, 
Duke University, 

Durham, North Carolina 27706 

The aqueous coordination chemistry of AI3- and Fe3+ is compared. The differences 
in electronegativities ( x m ) ,  ionic radii (r,)  and electron configuration (d") for the 
two ions are shown to influence trends in aquo ion structure and reactivity, hy- 
drolysis, and metal complex stability. Similarities in coordination chemistry result 
in similarities in distribution and modes of transport for Al'* and Fe3+ in a bio- 
logical system. 

Key Words: aluminum, iron, kinetics, mechanism, slability , hydrolysis, bioinorganic 

INTRODUCTION 

In this brief essay we will compare and contrast certain aspects of 
the aqueous coordination chemistry of aluminum(II1) and iron(II1). 
Aluminum is the most abundant metal on the earth's crust and 
iron, along with calcium and sodium, is nearly as abundant. Their 
aqueous coordination chemistry is similar in many respects and is 
important in determining their reactivities and chemical speciation. 
The utility of an element to a biological system is related to its 
abundance and its accessibility (bioavailability) . Iron is an essential 
element whose key biological functions involve oxidationireduc- 
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tion and interactions with 0,. Aluminum plays no essential bio- 
logical role (except possibly in the case of a few plants) and in 
many instances has been found to be toxic. 

Although there are significant similarities between the aqueous 
coordination chemistry of aluminum and iron, there are also dif- 
ferences. Most notable are the facile redox reactions and spin state 
changes possible for aqueous iron(III), but not aluminum(II1). 
Consequently, our comparison will be limited to the spherically 
symmetrical aqueous metal ions: high spin d5 iron(II1) and do alu- 
minum(II1). 

An example of the practical application of the similarities in the 
aqueous coordination chemistry of aluminum(II1) and iron(II1) is 
in the use of deferriferrioxamine B as a therapeutic agent. Defer- 
riferrioxamine B is a microbially synthesized chelating agent whose 
biological function is to make iron bioavailable to certain micro- 
organism~.’-~ In order to perform this function, deferriferriox- 
amine B must exhibit a high and relatively specific affinity for 
environmental iron. Deferriferrioxamine B is currently the US- 
FDA approved drug (DesferaP, Ciba-Geigy) for use in the treat- 
ment of transfusion induced iron overload associated with P-thal- 
assemia (Cooley’s Anemia) .4 This same compound has also been 
used as an aluminum chelator for patients suffering from Alz- 
heimer’s disease.5 

The similarities and differences in the aqueous coordination 
chemistry of A13 + and Fe3 + will be linked to the difference in ionic 
radii and electronegativities of the two ions, and the resulting effect 
of these two parameters on aqueous ion structures, hydrolysis, 
ligand exchange kinetics, complex stability, and distribution in a 
biological system. 

THE AQUEOUS M3+ IONS 

Information concerning the structure of the primary and secondary 
coordination shells of Mf; in aqueous solution can be obtained 
from partial molar volumes. If one assumes that the effective vol- 
ume of a M(H,O),Z+ core may be represented by a sphere of radius 
ri + 238.5 pm and the solvent electrostriction beyond the primary 
solvation shell as 1.30522, then the absolute partial molar volume, 
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- 
may be calculated according to Eq. ( l) ,  

- 
V:bs 2.523 X low6 ( ~ i  + 238.5)3 - 18.07n - 1.3052' (1) 

where ri is the ionic radius of A13+ (53.5 pm) or Fe3+ (64.5 pm),6 
n is the primary solvation or coordination number, Z the charge 
on the ion (+ 3) and qbs the absolute partial molar volume in 
cm3/mole relative to - 5.4 cm3/mole for H+ at 298°K.758 Calculated 
values for qbs for Al:,+ and Fe3,,f assuming a coordination number 
(n)  of 6 for each ion are -57.4 cm3 mol-l and -50.0 cm3 mol-l, 
respectively. These values are in excellent agreement with exper- 
imental data* and confirm identical coordination numbers of 6 for 
A13 + and Fe3 + in aqueous medium. 

Both Al(H,O)i+ and Fe(H,O)i+ share a strong tendency to 
form a second hydration shell consisting of 12 water  molecule^^-^^ 
as illustrated in Fig. 1. The bound water molecules assume a tri- 
gonal orientation with short hydrogen bonds. The small differences 

FIGURE 1 Primary and secondary solvation shell structure for Al& and Fe;:,;,. 
For A1 x = 190 pm and y = 273 pm (Refs. 9 and 10). For Fe x = 204 pm and y 
= 270 pm (Ref. 11). When L = C1-, z = 383 pm for A1 and 384 pm for Fe as 
calculated from Eq. (7). 
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TABLE I 

Comparison of Al(H20)2+ and Fe(H,O)z+ hydrolysis constants 

Specics Formed 
From M(H,O):- 

PK;: 

M = AI(II1) M = Fe(II1) 

5.4 
9.98 

15.7 
23.6 
7.7 

13.7 

2.56 
6.19 

10 
21.9 

2.85 
6.1 

dpK, = -log(hydrolysis constant) for the redction xM(H20)2- + yH,O C 
M~;(oH):~~-\)+ + . yH-; dll data are for 298°K taken from Ref 12 

in ebs and size of the primary and secondary coordination shells 
are a direct consequence of the difference in ionic radii for the 
two ions. 

The hydrolytic properties of Al(H,O)i+ and Fe(H,O)i+ govern 
the polymerization and solubility of the two metal ions in aqueous 
media. A comparison of hydrolysis constants is given in Table I. 
The first hydrolysis constant for iron is about 1000 times larger 
than for aluminum. The hydrolysis constants of subsequent steps 
involving Fe2,f are also greater and iron is polymerized and 
precipitated from solution at a lower pH than aluminum. The 
structures of the hydrolytic ions also differ. The important hy- 
drolytic dimer for Fe:,f is (H,O),Fe-O-Fe(H,O)z+ .13 Rapid 
hydrolysis of AIi; by Na,CO, produces Al,(OH),(H,O)~+ and 
A10,A112 (OH),,(H2O):' .''.*' 

The greater acidity of Fe(H20)2+ relative to Al(H,O),';+ can be 
correlated with the greater electronegativity of Fe(II1) ( x ~ ~ ( ~ ~ , )  = 
1.96; x ~ ~ , ( ~ ~ ~ )  = 1.61l6). Figure 2 is a plot of pK, for reaction (2) 
as a function of the 

product of metal ion charge ( Z )  and electronegativity (x,,,) for a 
number of spherically symmetrical (do, d10 and high-spin d 5 )  aquo 
ions. The linear correlation shown in Fig. 2 suggests that the ease 
with which a proton dissociates from a metal bound water molecule 
is directly related to the polarization of the M-OH, bond (increase 
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FIGURE 2 Plot of pK, for reaction (2) as a function of metal ion clectronegativity 
(x.~) times charge (2) for do, d'O and high-spin d5 metal ions at 25°C. Electroncg- 
ativity data are from Ref. 16 and pK, data are from Refs. 12 and 17-20. Symbols: 
1, Ba2+; 2, W'; 3, Caz+; 4,  Mg2+; 5 ,  Mnz+; 6, La3+; 7, Zn2+; 8, Pb2+; 9, AIJ+; 
10, In3+; 11, Ga3+; 12, Fe3+; 13, Bi3+;  14, T P .  

in M - 0  covalent bond character due to an increase in metal ion 
electronegativity) , which results in a greater polarization of the 
MO - H bonds. 

REACTIVITY WITH RESPECT TO LlGAND 
SUBSTITUTION 

Solvent Exchange Reactions 

Consideration of the kinetics of solvent exchange is important for 
an understanding of the intrinsic reactivity pattern of a solvated 
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TABLE I1 

Comparison of the kinetic parameters for water exchange on M:: 

Parameter Al(H,O);+ a Fe(H,O):' Fe(H,O),(OH)*+ 

k$to(s ~ ') 1.29 1.67 x lo2 1.4 x 105 

ASf (JPK-mole) + 41.6 + 12.1 + 5.3 
AH* (kJimole) 84.7 64.0 42.4 

AVr (cm3/mole) +5.7 - 5.4 + 7.0 

"Reference 21. 
bReferences 22-24. 
'References 22 and 23. 

metal ion. Aquo exchange rate constants and activation parameters 
for Al(H20)i+ and Fe(H,O):+ are listed in Table 11. The 10, 
increase in water exchange rate constant for Fe3+ over A13+ is a 
result of the increased size of Fe3+ (Fig. 1). The influence of size 
on the water exchange rate constant is illustrated in Fig. 3, which 
is a plot of log kHzo for the water exchange reaction (3): 

M(H20)f+ + H20* ktl?o M(H,0)5(H20*)z+ + H,O 
(3)  

Z = 2,3 

as a function of the charge to ionic radius ratio (Zir,) for a series 
of spherically symmetrical metal ions. A similar plot of log k,,, 
as a function of X,,, . 2 shows no correlation. This plot illustrates 
that for metal ions where ligand field effects are not important 
water exchange rates are controlled by cation-water dipole elec- 
trostatic interactions as measured by 2 / r z .  The markedly enhanced 
rate of water exchange for Fe(H,0),0H2+ (750 times that for 
Fe(H,O)i+; Table 11) is consistent with this trend. The overall 
charge on the monohydroxy ion is reduced to + 2 ,  and in addition 
coordinated OH ~ is known to have a labilizing effect. The divalent 
aquated ferrous ion, Fe(H,O): + , has a lower charge and larger 
ionic radius (r,  = 78 pm6) than Fe(H,O)z+ and consequently a 
larger kHzO (4.4 x lo6 s - ~ ) ~ O  value. 

The symmetrical nature of the solvent exchange process helps 
in making mechanistic interpretations. First, the influence of ther- 
modynamic driving force is eliminated. Second, the principle of 
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' O c  

I 1 I I I 1 I 
3 4 5 

Z/ri 
FIGURE 3 Plot of log k,,, for reaction ( 3 )  at 25°C as a function of charge to ionic 
radius ratio (Zh,) for a series of do, d10 and high-spin ds aquo ions. Ionic radii are 
from Ref. 6 and kHZO data from Refs. 21, 22 and 25-29. Symbols: 1, La3+ zs; 2, 
Mn2+ 26. 3, ZnZ+ 27; 4, MgZ+ 26. 5, In3+ 2 R .  6 Fe3+ 22. 7 Ga3+ 29. 8 A13+ 21. 

3 ,  1 ,  1 ,  

microscopic reversibility requires that the forward and reverse re- 
action paths be symmetrical. Therefore, the transition states for 
reactions with discrete intermediates (A or D) will have identical 
free energies. For interchange processes ( I )  with no discrete in- 
termediates it is the transition state itself which must be sym- 
m e t r i ~ a l . ~ ~ - ~ ~  Consequently, in a dissociative interchange ( Id)  proc- 
ess both entering and leaving ligands will have the same weak 
interaction with the metal center, while in an associative inter- 
change (Za) process both entering and leaving ligands will exhibit 
the same degree of bonding interaction with the metal center. 

The volume of activation, AV$, is the difference in partial molar 
volume between the transition state and ground state. Partially 
because of this symmetrical feature of the solvent exchange re- 
action, AV* data are particularly useful for making mechanistic 
 interpretation^.^^ The volume of activation may be broken down 
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further into an intrinsic contribution, AVfnt, and a contribution due 
to the electrostriction of the solvent, AVf,,,; neither of these com- 
ponents are directly measurable. 

AVf = AVint + AV:,,, (4) 

The intrinsic contribution is a measure of the changes in inter- 
nuclear distances as the reactants come together to form the tran- 
sition state and is of importance in making mechanistic assign- 
ments. In a solvent exchange process solvent electrostriction may 
be assumed to be constant; therefore, AVl is directly related to 
AV:nt and is a measure of the compactness of the transition state 
relative to the reactants. Consequently, AVf < 0 may readily bc 
interpreted as an associative process and AVs > 0 as a dissociative 
one. Furthermore. consideration of the magnitude of [AV*l may 
suggest limiting values which are indicative of A or D processes.33 

Activation volumes for water exchange are listed in Table 11. 
Based on their signs and magnitudes. water exchange at 
Fe(H,O)i+ is presumed to be associative, while Al(H,O);+ and 
Fe(H,O),OW + exhibit dissociative behavior. Both AH' and A S  
(Table IT) are smaller €or Fe(H,O)ii than Al(H,O);' and so are 
consistent with this interpretation. Fe(H,0),0H2 + does not follow 
this pattern, but this may reflect some degree of H-bonding in the 
transition state. Since in all three cases lAV*l is considerably less 
than Swaddle's' estimate of the limiting value 13 cm3 mole-' for 
a D or A process, an interchange process is assigned to thcse 
reactions: I ,  for Fe(H2O)2+ and I ,  for Fe(H,O),OHL' and 
Al(H,O);+. This mechanistic assignment seems to hold for other 
solvent systems (DMSO, DMF, TMP), although a larger lAV(  
suggests a D mechanism for AI3+ .3J 

The difference in activation modes for water exchange may be 
a direct result of the larger ionic radius for Fe3+, which might be 
expected to more easily accommodate the increased bonding in 
the transition state associated with an associative process. How- 
ever, it is likely that the deciding factor here is electronic structure 
and not size. Of particular relevance is Ga(H,O)i+, whose ionic 
radius (ri = 62 pm6) is similar to Fe3+, but whose AV' ( + 5.0 cm3/ 
mole29) is similar to Al(H,O);+. Hence the do and d'" aquo ions 
Al(H,O):+ and Ga(H20)2+ undergo H,O exchange via an Id  proc- 
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ess while the d5 ion Fe(H,O):+ reacts via an Z, process. Apparently 
high-spin aquo ions with d' through d5 electron configurations 
undergo water exchange via an associative process, with a change- 
over at d6 to a dissociative p r o ~ e s s . ~ ~ , ~ ~  In the case of Fe(H20),0H2+ 
the lower charge density and labilizing influence of the OH- ligand 
favors bond cleavage and disfavors bond formation; this apparently 
causes the high spin d5 hydroxy/aquo ion to undergo water ex- 
change via an Id process. The divalent Fe(H,O);+ ( A V  = 1 3 . 8  
cm3/mole) also undergoes H20 exchange via an Id process.30 

Ligand Substitution Reactions 

Consideration of unsymmetrical ligand exchange reactions pro- 
vides insight into other subtleties of metal ion reactivity. This in- 
cludes ion-pairing effects, interactions within the encounter com- 
plex between the inner and outer coordination shell, and structural 
influence of the entering and leaving ligand. Swaddle' has pointed 
out that for these unsymmetrical reactions operational classifica- 
tion schemes are too rigid and may obscure such subtleties, and 
therefore one must consider less restrictive definitions. 

The tendency for hydrolysis of the M(H,O);+ ion to occur is 
sufficiently great that complex formation normally occurs via a 
parallel path mechanism, even in strongly acidic medium (Eq. ( 5 ) ) .  
Ligand substitution at either M(H,O);+ 

ki 
M(H,O);+ + LH k-1 M(H20)5L2+ + H30+ ( 5 4  

k2 

k - z  
M(H,0),0H2+ + LH e M(H20)5L2+ + H,O (5b) 

or M(H20),0H2+ has been described as a two-step process.3s 

M(H,O)%+ + LH 2 M(H,O)z+ ,LH 

-% M(H20)5Ln+ + H 3 0 +  
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Km.2 
M(HZO),OH2+ + LH M(H20),0H2+ ,LH 

The first step is the rapid diffusion controlled formation of an 
encounter complex, which is characterized by an equilibrium con- 
stant Kos. The second and rate limiting step is the collapse of the 
encounter complex whereby LH, the entering ligand, penetrates 
the inner coordination shell. This second step is characterized by 
the first order rate constant k*,  which is influenced by M and may 
or may not be influenced by LH. 

Within the encounter complex the closest approach of the en- 
tering ligand to the metal center is at one of the eight trigonal 
faces of the M(H20)2+ octahedron. A theoretical distance of clos- 
est approach (rML) may be calculated from the following equation,' 

rML = {(ri + 138)/@} + { ( rL  + 138)* - 2(r, + 138)z/3}"2 (7) 

where the approaching ligand L and metal M are treated as hard 
spheres of radius rL and r,, respectively, and water as a hard 
sphere of radius 138 pm. A sample calculation for the distancc 
of closest approach for A13+ or Fe3+ and C1- illustrates that al- 
though the two ions have different ionic radii and consequently 
different secondary solvation shell radii, the distance of closest 
approach for an entering ligand is essentially the same for the two 
metals (see Fig. 1). Assuming rC,- = 176 pm, rAICl may be cal- 
culated as 383 pm and rFeC, as 384 pm. This represents an insig- 
nificant difference and implies that for any given entering ligand, 
K,, values for AI(H20)2+ and Fe(H,O);+ (or Fe(H20),0H2+ and 
AI(H20)50HZ+) will be the same. 

At the conditions where KJL] << 1, the experimental second- 
order formation rate constant kf may be related to KO, and k* for 
either reaction (5a) or (5b) as follows: 

For some systems an experimental value for KO, may be obtained 
and in other cases KO, can be estimated using the Fuoss equation.36 
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Consequently, a value for k* may be calculated, which can be 
compared with the first-order rate constant, kIIzo, for water ex- 
change. This will enable us to say something of the chronology of 
H,O leaving group bond cleavage and entering group bond for- 
mation. 

For both A13+ and Fe3+, ligand substitution in acidic medium 
increases with increasing pH, suggesting that M(H20),0H2 + reacts 
significantly faster than M(H20)2+ and that water exchange en- 
ergetics are dominant. As a consequence of the larger hydrolysis 
constant for Fe(H,O):+, reactivity via the hydroxide complex (re- 
action (5b)) is relatively more important for iron. The tendency 
for M(H,O)Z+ to hydrolyze can also result in internal H-bonding 
in the outer sphere complex for reactions with basic incoming 
iigands. This can enhance substitution rates by increasing Kos. The 
rate constant for the actual ligand substitution process, k*,  may 
also be accelerated in the case of basic multidentate ligands since 
strong hydrogen bonding may effectively produce a coordinated 
-OH in the inner coordination sphere .37 Furthermore, dissociation 
of a conjugate base ligand can occur via an acid dependent and 
acid independent path, as shown in Eq. (5 ) .  The relative impor- 
tance of these dissociation paths for A13+ and Fe3+ for a given 
ligand can be influenced by the greater acidity of a H,O bound to 
Fe3+ over AP+ . Consequently, dissociation via an acid independ- 
ent path (Eq. (5b)) may be a relatively more important process 
for Fe3+ complexes due to the relative ease of internal hydrolysis 
as shown below in I.38339 

H' **. *** 
H 

I 
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Aquo ions whose water exchange mechanism is dissociative 
are observed to experience a greater rate acceleration upon hy- 
drolysis to M(H20)SOH2+ than aquo ions whose water exchange 
mechanism is ass~ciative.~ On this basis one might expect the hy- 
drolysis of A1(H20)2+ to produce a more enhanced H 2 0  exchange 
rate for ligand substitution than found for Fe(H,O):+; i.e., 
kfi:p0)50HlkA1p0)6 Hz > k ~ 2 ~ 0 ) 5 0 H / k F e p 0 ) 6 .  H 2  Unfortunately, good 
water exchange data for A1(H20),0H2+ are not available in the 
literature to test this hypothesis. However, complex formation rate 
constants ( k l ,  k,; Eq. ( 5 ) )  for a series of hydroxamic acid ligand 
substitution reactions at M(H,O)%+ and M(H,0)50H2 + provide 
a relevant data set for comparison. The ratio k21k1 for Fe3+ is 
103,40-44 consistent with the ratio of water exchange rate constants 
at Fe(H,0),0H2+ and Fe(H,O);+ (Table 11). The corresponding 
ratio for AP+ is a factor of 10 larger at 104.39,45 If water exchange 
dynamics are dominating in these ligation reactions then this larger 
ratio for A13+ is expected, since water exchange is an Id process 
for AI(H20)2+ 21 and an I ,  process for Fe(H,O):+ .22 

One criterion for assessing activation modes at the A13 + or Fe3 + 

center is to compare k* with the water exchange rate constant: k* 
> kHzO suggests entering ligand participation in the transition state 
and hence an I, mechanism, while k* < k,o suggests an I ,  mech- 
anism. However this exchange rate criterion often fails for 
Fe(H,O): + reactions with simple negative ligands. For example, 
formation rate constants for CI- and Br- are 4.8 and 1.6 M - ~ S - ' , ~ ~  
respectively, and consequently the calculated k* value is less than 
kHzO as expected for an Id  process. However, A F  values are - 5 
and - 19 cm3 mol-1,47 consistent with an 1, process. Most of the 
data in the literature which includes AS' and AV: values support 
a mechanistic picture whereby ligand substitution at Fe(H20)%+ 
occurs by an Z, process and at Fe(H20)50H2+ by an Id process. 
In some cases where activation parameters are available for re- 
action at Fe(H20),0H2+, A S  < 0 suggesting bond formation in 
the transition ~tate .~O-~,  However, in these cases H-bonding be- 
tween the entering group and coordinated -OH may occur. 

Sasaki and Sykes have suggested using the relative discriminating 
ability of an aquo ion towards NCS- and C1- as an indication of 
associative or dissociative character in ligand substitution reac- 
t i o n ~ . ~ ~  When kNcSIkc' - 1 (assuming N coordination by NCS-) 
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a dissociative mode of activation is suggested. Rate constant ratios 
deviating from this value by an order of magnitude or more suggest 
an associative mode. Rate constant ratios (kNCSIkC1) for 
Fe(H20)%+ and Fe(H20)50H2+ are 14 and 0.6, re~pect ively.~~ This 
suggests an Z, process for Fe(H,O):+ and Zd for Fe(H20)50H2+, 
consistent with water exchange activation assignments. There are 
other reports in the literature which show ample evidence of en- 
tering group selectivity for Fe(H,O):+ .49-53 

Much fewer kinetic data are available for A13+ reactions in aqueous 
medium. This is undoubtedly largely due to the fact that: (1) com- 
plex stability is relatively low in strongly acidic medium; (2) hy- 
drolysis of A1(H20)%+ becomes a problem at lower acidity; and 
(3) there is a lack of convenient specific absorbance bands in the 
UV-visible region of the spectrum with which to monitor reaction 
progress. However, it has been proposed that AI(H,O):+ and 
A1(H20),0H2+ react via an Z, mechanism, based on a lack of 

Due to the known water exchange rates, identical charge, and 
similar distance of closest approach, some details of the intimate 
mechanism for ligand substitution may be discernible by directly 
comparing formation rate constants for AP+ and Fe3+ complexes 
for the same entering ligand. By considering the ratio kFe/kA 
(where kf = K,,k* for Path 1 or 2 in Eq. (5 ) ) ,  uncertainties in 
assessing KO, by the Fuoss equation due to size and orientation 
effects will be eliminated and we will in effect be comparing ratios 
of k* values for A13+ and Fe3+. That is, for a given ligand reacting 
with both A13+ and Fe3+ K&' = G: and Eq. (9) applies. 

influence of entering ligand on k * ,  and k* < kHzO. 21 

! !  

If for a series of entering ligands kplkj" = R ( R  is a constant) is 
true, then parallel reactivity trends at AP+ and Fe3+ apply. If R 
# k&o/kgo a ligand influence is apparent: for R > k&,lk&, 
Fe3 + is exhibiting more electrophilicity towards .the entering ligand 
than AP+, and conversely, for R < k&/kGi0, AP+ is exhibiting 
the greater electrophilicity. If the ratio kplkf^' is not constant then 
different metal-ligand reactivity patterns are indicated for each 
entering ligand, and for Fe3 + and AP + . 
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The problem with such an analysis of kinetic data is the severe 
lack of data for common ligands reacting with both Fe3+ and AI3+ 
at similar experimental conditions so that a direct comparison can 
be made. Table I11 is a summary of data available in the literature. 
Any interpretation of these data must be made with caution, how- 
ever, due to the number of different techniques and experimental 
conditions involved. Footnotes to Table I11 indicate where results 
were recomputed to compensate for differing experimental con- 
ditions. Ionic strength corrections were made by adjusting KO, 
using the Fuoss equation36 and assuming k,/K,, = k* .  Key ob- 
servations to be made based on data in Table I11 are as follows: 

(1) k;Felk;A1 = 6 + 600 and k;Fe/k;A‘ = 0.2 + 5: The reactivity 
patterns of the hydroxy ions M(H,0),0H2+ are more similar 
than those of the aquo ions M(H,O)?+. 

(2) kiFe/kiA’ < k;Fe/k;A1 for each L: The ratio kiFe/kiA1, which hov- 
ers around 1, is smaller than expected based on the ratio 
k;Fclk;A1. This suggests that A1(H20,)0HZ+ is more reactivc 
towards L than expected since in most cases k y / k p  - lo3, as 
expected from water exchange data. 

(3) k;Felk;Ai - 10 for positive and uncharged ligands: This ratio 
is relatively constant and less than what would be expected 
based on water exchange rates (k&Jkfi:o = 130. Table 11). 
This suggests similar reactivity patterns for the two metals and 
a higher degree of electrophilicity exhibited by AI(H,O)z + . 

(4) k;Fe/k;A’ >> 10 and variable for negatively charged ligands: 
This suggests a variable reactivity pattern for the two metals 
with negatively charged entering groups. The high value (400) 
for F- is indicative of some H-bonding in the transition state 
for Fe(H,O)? ’ which would tend to give a transition state with 
more “Fe(H,0),0142+” character. Fluoride is a relatively basic 
anion and certainly FeiC, with its much larger hydrolysis con- 
stant, has a greater propensity for internal hydrolysis than 
A13 + , Similar reasoning may apply for SO:-, although in this 
case the k;Felk;A1 ratio is in the range expected for ligand 
substitution dominated by water exchange energetics. Al- 
though internal H-bonding is possible for Co(CN)t-, and 
therefore might explain the large ky/k;2l ratio, it is not clear 
why the reactivity ratio for Fe(CN)g is so different from that 
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TABLE 111 

Comparison of aqueous aluminum(II1) and iron(II1) encounter complex collapse 
rate constants 

Entering 
Ligand (L) 

(NH,),Co ( SalH)2 + 

CH,C( CO)N(OH)H 
C,H,C( O)N( 0 H ) H  
CH$( O)N(OH) (4-CH$( O)C,H,) 
CH,C(0)N(OH)C6H, 
CH,C(O)N(OH) (CCH3C6H4) 
HF 
F- 
C,H4(2-OH)COO 
s0:- 
Fe( CN):- 
Co(CN)Z- 

6 
7 

30 
5 

10 
10 
8 

400 

200 
60 

600 

- 

4 
1 
2 
0.2 
0.5 
0.4 
- 
- 

5 
4 
0.5 

d 
e 
e 
e 
e 
e 
f 
f 
g 
h 
i 
j 

54,55 
39,40 
39,40 
39,41 
39,40 
39,41 
56,57 
56,57 
58,59 
60,61 
62,63 
64,51 

ak* , - - kl/Kos,l  and k:  = k,/K,,, where k , ,  k,, KO,,, and KO,,, are as defined in 
Eqs. (5) and (6) .  For ligands in which the ionic strength for the reaction with A13+ 
and Fe3+ are the same, the ratios kiFe/k;*I and k?Fclk;Al are obtained directly from 
ratios of the experimental rate constants kp'lktl and kF/k$'. For reactions with two 
different ionic strengths kT and kz are computed from kl/Kos, ,  and k,/Ko,.2 using 
the Fuoss (Ref. 36) equation and assuming the entering group metal distance to 
be 500 pm for small ligands and 700 pm for large ligands. All data are at 298°K 
unless otherwise noted. Values are given to one significant figure. 
bReference numbers are for Al and Fe data, respectively. 
'SalH- is the mono anion of salicyclic acid. 
dAl data at I = 0.1 M (302°K) and Fe data at I = 1.0 M. 
'Al and Fe data at I = 1.0 M. 
'A1 data at I = 0.1 M. Fe(H,O):+ data calculated from activation parameters at 
I = 0.5 M; Fe(H,0),0H2+ data not available. 
gAI(H,O)%+ and Fe(H,0)3,+ data not available. Al data at I = 0.1 M and Fe data 
at I = 1.0 M. 
hAl data at I = 0.6 M and Fe data at I = 0.5 M. 
'A1 data at I - 0 and Fe data at I = 0.3, 0.5. 0.6 and 1.0 M. 
JAl(H,O),OHZ+ and Fe(H,O),OHZ+ data not available. A1 data at I - 0 and Fe 
data at I = 0.3 and 1.0 M. 

of Co(CN):-, but it is consistent with a variability of reactivity 
patterns for the two metals. 

Two key points regarding ligand exchange reactions should be 
made. First, additional data for ligand substitution at A13+ and 
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Fe3+ obtained at identical conditions in aqueous medium are needed 
for definitive conclusions regarding reactivity patterns to be made. 
Second, as emphasized by Swaddle,’ it may be a disservice to make 
general mechanistic assignments or attach I , ,  I ,  labels to reactions 
at metal centers other than solvent exchange, since each reaction 
is best considered on an individual basis. 

METAL COMPLEX STABILITY 

Stability constants for chelating anions correlate reasonably well 
with the X ,  * Z product for spherically symmetrical metal ions 
including AP+ and Fe3+ ,65 Representative data are given in Table 
IV for log pML values, where PML represents the overall binding 
constant for the deprotonated ligand with the metal (Eq. (10)). 

In each example the ligand binding constant is several orders of 
magnitude higher for the Fe3 + complex than for the A13 + complex, 
consistent with the higher electronegativity of iron. 

Ionic radii may in some cases also influence chelate complex 
stability. Size influences metal chelate stabilities by matching metal 
ion radius with chelate bite size. For example, it has been proposed 
that ferrichrome A (a cyclic trihydroxamic acid siderophore) se- 
lectivity for Fe3+ over A13 + is partially due to the smaller size of 
A13+, which results in more 0 . . . 0 donor repulsion in the inner 
coordination sphere, resulting in a less stable c~mplex . ’~  

Sole consideration of pML values when evaluating metal complex 
stability, however, ignores the influence of competing equilibria 
in aqueous solution. Most notable is competition for the ligand 
between Mz+ and H +  arising from the solution pH, and compe- 
tition for the metal ion between the ligand and OH- arising from 
metal ion hydrolysis. Ligand pK, values are indicative of compe- 
tition from H +  and metal ion hydrolysis constants are indicative 
of OH-  competition. Ligand pK,  has no influence on the relative 
stabilities of A13+ and Fe3+ complexes, but metal ion hydrolysis 
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TABLE IV 

Stability constants for selected aluminum(II1) and iron(II1) complexes 

1% P" Ref.b 

Ligand ~ 1 3  + Fe3 + 

EDTA4 - 
EGTA4 - 
citrate3 - 

catecholate2- 
mono 
bis 
tris 

16.5 25.0 17 
13.9 20.5 17 
8.0 11.2 66,67 

16.3' 20.0 17 
29.3' 34.7 17 
37.6' 43.8 17 

acetohydroxamate' ~ 

mono 8.0' 11.4' 17 
bis 15.3' 21.1' 17 
tris 21.5' 28.3' 17 

Tf: 12.9 22.7 68 
Tf$ 12.3 22.1 68 

'Overall stability constant as defined in Eq. (10). Data at 298°K and I = 0.1 M 
except where noted. 
bReference numbers are for A1 and Fe data, respectively. 
'293°K. 
dTfc, transferrin C-terminal binding site and Tf,, N-terminal binding site under 
blood plasma conditions at pH 7.4. Reference 68 also includes a recalculation of 
data from Ref. 69 for Fe3+. 

constants do. For AP + and Fe3 + aqueous equilibria this diminishes 
the difference in complex stability between the two metals, since 
metal ion hydrolysis is much more significant for Fe3+ than for 
A13 + (see above). Qualitatively, while metal-ligand interactions 
are more stable for Fe3+ than A13+, the same is true for metal- 
OH complex stability, possibly for the same reason(s). 

This concept can be quantified by using equilibrium constants 
for competing reactions to define an effective metal-ligand com- 
plex stability constant, Keff. In the absence of competing metal 
ions, K,, may be defined as follows65: 

Log K,, = log pML - nlog a,' - log cu,l (11) 
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where BML is the conventional metal-ligand binding constant de- 
fined above which is corrected for ligand proton basicity by a t ' :  

a;' = [l + [H'JP? + [H'I'P," + . . . + [H+]"p,H] 

and corrected for metal ion hydrolysis by cxvz l :  

The correction for ligand basicity is the same for both AI3+ and 
Fe3+ reacting with a particular ligand, and so need not concern us 
here. Neglecting precipitation and oligomerization reactions, the 
a;' term for A13+ and Fe3+ can be calculated from * P I ,  *P2, *P3, 
and *P4 values available in Table I. Plots in Fig. 4 show that this 
correction can be large and that for Fe3' the correction to metal- 
ligand complex stability constants is significant at pH values as low 
as 3. 

Due to the higher electronegativity of Fe3+, a;: > ail1 at all 
p H  values, which makes KZ& and K$k more similar than PEL and 
PgL. That is, as a result of metal ion hydrolysis the difference in 
stability between AI" and Fe3+ complexes is much less than ex- 
pected based on conventional PML values. Figure 4 also includes 
a plot of the difference between log cyg; and log aili (A log 
aG1) as a function of pH. This difference is at its maximum in the 
pH range from 6 to 8 where it reaches a maximum value of 5.63 
log units. Consequently, over the pH range 6-8 the difference in 
effective stability of Fe3+ and Al?' complexes (A&) is at a min- 
imum. The quantitative significance of the 5.63 log unit maximum 
in this plot is that if PFeL is less than 6 log units greater than PAIL 
for a particular ligand, then over the pH range 6-8 the relative 
stabilities of Fe3+ and A17+ complexes will be comparable or even 
inverted. Examples of such behavior may be seen in Table IV. A 
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PH 
FIGURE 4 (A) Plot of log a;’ (from Eq. (13)) as a function of pH for A]’- and 
Fe3+. (B) Plot of Alog a,’ (= log a~: - log a i ; )  as a function of pH. 

practical application of this phenomenon is in the influence of pH 
on metal ion separations. It is also of some significance that the 
pH region for the greatest similarity between Fe3 + and A13+ com- 
plex stability encompasses physiological pH. 

SPECIATION AND DISTRIBUTION OF A13+ and Fe3+ IN 
THE BODY 

The aqueous coordination chemistry of AP + in a biological system 
is dominated by the insolubility of the hydroxide and phosphate 
c ~ m p l e x e s . ~ ~ - ~ ~  At the physiological pH 7.4 the dominant soluble 
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hydroxy form is Al(0H):. At this pH the concentration of 
A1(H20)% + calculated from the solubility of amorphous Al(OH), 
is M. (Amorphous Al(OH), is somewhat more soluble than 
crystalline gibbsite Al(OH), and is the form likely to be found in 
a biological system.?l) Phosphate, present in high concentrations 
in a biological system, forms an insoluble complex with aluminum, 
A1(OH)2H2P04. At pH 7.4 and 2 mmol/L total phosphate con- 
centration the free A1(H20)2+ concentration is 10-12.9 M. 

These considerations suggest that most ingested AP+ should be 
eliminated from the body as insoluble hydroxide and phosphate 
complexes. However, citrate is present in blood plasma at about 
0.1 mmol/L and effectively competes for AP+,  thereby preventing 
precipitation/elimination by c ~ m p l e x a t i o n . ~ ~ , ~ ~  At the physiologi- 
cal pH of 7.4,  0.1 mmol/L citrate and 1 KmoVL AP+,  the free 
Al(H,O)%+ concentration is 10-14.0 M.66 Furthermore, citrate may 
be responsible for the assimilation of A13+ across membranes, since 
it forms an uncharged complex A1L. 

For both A13+ and Fe3+ in the plasma, the strongest low mo- 
lecular weight complex is with citrate, but the complex with the 
protein transferrin is even stronger.75 Given enough time (due to 
the slower ligand exchange rate), plasma A13+ should appear in 
transferrin. 

Transferrin, a glycoprotein of molecular weight 80,000, is the 
plasma transport protein for Fe3+ .76-79 In addition to human serum 
transferrin (Tf), two other transferrins are known: ovotransferrin 
(OW), and lactoferrin (LTF). The three transferrins exhibit con- 
siderable homology. The proteins consist of two lobes, and a large 
degree of homology exists between the two lobes as well. The 
transferrins all bind two Fe3+ ions, but only in the presence of the 
synergistic anion Cog- (or HCO,). Although there are certain 
thermodynamic and kinetic differences between the two sites, there 
is evidence that the ligating groups are identical. The iron binding 
sites have been investigated by chemical studies, spectroscopy, and 
in the case of human lactoferrin, by x-ray crystallographic analy- 
sk80 The protein acts as a tetradentate ligand with two tyrosyl and 
one aspartic acid oxygen donors, and a histidine nitrogen atom. 
Octahedral coordination is completed by COT (or HCO;) and 
probably a bound H20.76.80 A conformational change is associated 
with Fe3+ binding, with the metal bound structure being more 
compact.78 The exact function of the synergistic anion COT has 
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been the subject of much investigation and is still somewhat an 
open question. It is necessary for bcth Fe3+ and AP+ binding to 
transferrin. 

The two iron binding sites are designated as the N-terminal and 
the C-terminal site. The N-terminal site has a lower affinity for 
Fe3+ 77 and dissociates Fe3+ more rapidlys1 than the C-terminal 
site. The Fe3+ binding constants for physiological conditions are 
listed in Table IV, along with the data for A13+ binding. The 
stability of the A1-Tf complex is less than is expected based on 
the observed trends in ligand binding to Fe3+ relative to AP+. 
This may be due to the fact that the smaller AP + ion cannot achieve 
hexacoordination in the Tf binding site.68 

Since Fe3+ complexation by transferrin is nearly ten orders of 
magnitude greater than AP+ , there is no competition between the 
two metal ions for binding sites on the protein. However, under 
plasma conditions transferrin is only 30% saturated with Fe3+, 
leaving many sites to be filled by AP+ . This is based on calculations 
which show that when the concentration of total AP+ is 1 pmoY 
L, the free AP+ concentration permitted by transferrin is 10-14.6 
mol/L. This is less than that allowable by insoluble AI(OH), or 
Al(OH)2H,P04, or by complexing with  itr rate.^^ Transferrin thus 
emerges as the principal aluminum complexing agent in the blood, 
binding more strongly than  itr rate.^.^^ 

The major storage depot for iron in the body is ferritin, a protein 
shell of 24 subunits of MW 20,000 that encapsulates an iron core 
of up to 4500 Fe3+  atom^.^^.^^ The iron core has a density about 
2.5 times as great as apoferritin and is made up of a ferric-oxy- 
hydroxy-phosphate complex. The phosphate content varies widely 
from practically nil to above 1:2 (phosphate:iron) in some bacter- 
ioferritins. The core is undoubtedly attached to the inner protein 
surface. Although there is tight subunit-subunit interaction, there 
are channels to the iron core which are coincident with the 3-fold 
and 4-fold symmetry axes.83 The iron enters and exits the core 
through these channels. The exact means by which iron is removed 
from ferritin in vzvo is not known. In vitro iron may be removed 
as Fe3+ by the use of chelators and as Fez+ by using a reductant 
in combination with a chelator. Reductive mobilization of iron 
proceeds at a faster rate. 

The main function of ferritin is to detoxify, store and transport 
iron. Ferritin has also been found to bind aluminum, both in vivo 
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and in ~ , i t r o . ~ ~ - ~ ’  The fact that ferritin binds other metals such as 
aluminurn suggests that a secondary role of the protein is in the 
detoxification of metals. 

It is proposed that AI3+ enters the ferritin protein shell and 
binds to the phosphates, and that tight binding requires both the 
iron core and phosphate.85@ Soya ferritin binds more A13+ than 
do synthetic “iron cores” prepared by the method of Saltman.8s 
This is presumably because an iron core of greater surface area is 
produced in the presence of the protein coating, thus allowing for 
more A13+ to be bound. A consequence of A13+ binding to ferritin 
is the inhibition of Fez+ release from the ~ r o t e i n . * ~ - ~ ’ . ~ ~  

Scanning electron microprobe x-ray microanalysis has shown 
that silicon, aluminum, and iron are present in high concentration 
in senile plaque cores isolated from the cerebral cortex, hippo- 
campus, and amygdala of individuals afflicted with Alzheir,er’s 
disease. The distribution of these elements suggests that their dep- 
osition may play an essential role in the genesis of senile plaques 
associated with Alzheimer’s disease.y0 The fact that serum trans- 
ferrin transports both iron and aluminum suggests that their dep- 
osition may occur by a common mechanism. Furthermore, brain 
ferritin is found to have a high aluminum content in patients with 
Alzheimer’s disease.84,86,87.89 

Experiments with cultured cells suggest that transferrin-me- 
diated accumulation of aluminum may play a major role in the 
mechanism of the neurotoxic effects of alurninum.’l Transferrin 
receptors present on the lumen of brain capillaries may mediate 
aluminum uptake into the brain.92.y3 The level of transferrin and 
density of transferrin-binding sites has been found to be as high 
in the cerebral cortex of cases with Alzheimer’s disease as in cases 
of elderly patients which are mentally normal. This suggests that 
the transport of iron and aluminum in the brain is not impaired 
with patients suffering from Alzheimer’s disease93 and further sug- 
gests that aluminum may utilize the iron transport system in the 
development of plaques. 

SUMMARY AND CONCLUSIONS 

We have looked at the aqueous coordination chemistry of A13+ 
and Fe3+ and have found that xM, r , ,  and d“ influence various 
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aspects of the chemistry of each ion. In some cases these param- 
eters can be used to rationalize the similarities and differences 
between the two ions. While differences in ri result in different 
dimensions for the inner and outer coordination shell for the aquo 
ions and different water exchange rate constants, the distance of 
closest approach of the entering ligand in an encounter complex 
in a substitution reaction is the same for the two ions. Although 
both aqueous ions possess a spherical distribution of electron den- 
sity, it may be argued that as a result of the dS electron configu- 
ration water exchange proceeds by an Z, mechanism for Fe3+ and 
an Id mechanism for the do A13+ ion. Ligand substitution reactions 
are dominated by water exchange energetics. Parallel or contrast- 
ing reactivity patterns are observed for A13+ and Fe3+ depending 
on entering ligand charge, which supports an earlier statement by 
others that each reaction must be considered on an individual basis. 
Differences in xM relate to differences in metal ion hydrolysis and 
metal-ligand complex stability. The higher xFe leads to more stable 
Fe3+ complexes, but also to a greater tendency towards hydrolysis. 
Consequently, the higher affinity of Fe3 + over A13 + for a particular 
ligand is reduced through OH- competition, especially over the 
pH range 6-8. The similarities in the aqueous coordination chem- 
istry of A13+ and Fe3+ result in similarities in the location and 
mode of distribution of the two ions in the body, one of which is 
essential to life (in an appropriate concentration range) and the 
other of which is associated with certain diseases. 
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