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A1" Ton Complexes of Saccharic Acid and Mucic Acid:
A Solution and Solid-State Study

Andrea Lakatos,” Roberta Bertani,*"! Tamas Kiss,*™ ' Alfonso Venzo,!
Maurizio Casarin,'®! Franco Benetollo,'!! Paolo Ganis,'! and Donata Favretto!®

Abstract: The Al™-binding abilities of
two aldaric acids, p-saccharic acid and
mucic acid (the neutral form is denoted
as H,L), were studied in solution by
means of pH potentiometric, '"H and

plex K,[{Al(LH_,)(H,0)},]'H,O was
isolated and crystallographically char-
acterised. The two alcoholic hydroxy
groups o to the terminal COO™ groups
were found to take part in the coordi-

nation, but in different ways. One of
them coordinates in a bridging mode.
Detailed ESI-MS and NMR studies
proved that the complex retains its
structure in solution. However, de-

BC NMR, and ESI-MS techniques. The
most probable conformations and iso-
meric binding modes of the complexes
formed in solution were determined by
density functional theory (DFT) calcu-
lations. A solid Dp-saccharic acid com-

drates

Introduction

The coordination chemistry of AI" ions with naturally-oc-
curring ligands has broadened rapidly in recent years, be-
cause of its environmental and medical applications. Interest
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pending on the ligand and the pH, such
complexes may exist in two isomeric
forms. DFT calculations on the ion
[{AI(LH_,)(H,0)},]*~ revealed that
several orbitals participate in stabiliz-
ing the dimeric arrangement.

carbohy-

in the solution speciation of these systems is also increasing
as such information could provide a basis for a better under-
standing of the distribution, transport, and toxicity of AI'™
ions both in the environment and in humans.!! The involve-
ment of Al'""ions in Alzheimer’s disease is still a controver-
sial issue.”

Al'™, as a typical hard-metal ion, prefers the coordination
of oxygen donors, especially negatively-charged ones, such
as carboxylates, phenolates, alcoholates, and phosphates.®l
(Poly)hydroxy(poly)carboxylates, including citric acid,*”!
tartaric acid,®” gluconic acid® and sugar carboxylates,® "l
are strong Al"™ jon binders that are able to prevent the hy-
drolysis of the metal ion under physiological conditions. AI™
ions have a strong tendency to promote deprotonation of
weakly acidic alcoholic OH groups in hydroxycarboxylic
acids,””! even in the acidic pH range. Indeed, this is how AI'!
ions form stable complexes with this ligand group. Polyden-
tate coordination of such ligands results in the formation of
oligonuclear complexes in which alcoholate and carboxylate
oxygen atoms can behave as bridging donors. For example,
under thermodynamic equilibrium conditions citrate forms
trinuclear complexes over a wide pH range.l”! Tartaric acid
(ta), which is a C4 aldaric acid, has been found to form pre-
dominantly dinuclear complexes in various protonation
states ([Aly(taH,),] n=0 to —2) in the pH range 3.5-7.% In
the fully deprotonated complex [Al,(taH_,),]>", the metal
ions are bridged by two quadridentate (4—) ligands in a 4 x
(COO7,07) binding mode, but the O~ moieties undergo
gradual protonation. The binding mode of the dimeric spe-
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cies has been confirmed by multinuclear NMR studies.® In-
terestingly, the mononuclear tris complex [Al(taH_,);]*~ has
also been detected by NMR spectroscopy in the basic pH
range, but was not observed by pH potentiometry. The note-
worthy stability and symmetry of this complex has been as-
cribed to the formation of successive hydrogen bonds
through the remaining protonated hydroxy groups of each
ligand molecule.

The complexation of C6 aldaric acids with Al™ ions has
received relatively little attention. In an early potentiometric
work™ only the occurrence of mononuclear complexes was

llll
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Figure 1. Open chain forms of the ligands in which the carbon atoms are
numbered: a) p-saccharic acid and b) mucic acid.

considered for the Al"/glucaric (p-saccharic) acid (see Fig-
ure 1a) system. More recently, Venema et al.”’ detected sim-
ilar predominant dimeric complexes to those discussed
above in the mixed metal-ion system Al"™-glucarate-Ca". In
this complex the negatively charged carboxylate and alco-
holate O-donors participate in the binding, and some of the
alcoholates behave as bridging donors between the AI"™ and
Ca'" centres. To the best of our knowledge, metal complexa-
tion reactions of galactaric (mucic) acid (see Figure 1b), an-
other C6 aldaric acid isomer, have not been reported so far.

The aim of the present work was to clarify the solution
speciation and structure of complexes formed in the AI"Y
saccharic and Al™/mucic acid systems through the use of pH
potentiometry, multinuclear NMR spectroscopy and ESI-
MS spectrometry. Moreover, as it was isolated in the solid
state, the X-ray structure of K,[Al,(C¢H4Os),(H,0),]-H,O
was determined. Finally, further insight was obtained into
the charge distribution and metal-ligand interactions of
[AL(CH4O),(H,0),]*~ by running density functional quan-
tum mechanical calculations. The present detailed studies
may provide general information on the versatile binding
properties of the alcoholic OH/O™ group in sugar deriva-
tives through the formation of mononuclear and dinuclear
complexes that involve coordination isomers.

Results and Discussion

Potentiometric results: Potentiometric titrations of the li-
gands indicate the existence of overlapping stepwise depro-
tonations of two acidic protons from the two carboxylic
groups of each ligand. The protonation constants are listed
in Table 1. If the rather large differences in the experimental
conditions (the ionic strength and the type of electrolyte
used) are taken into account, these values are in fairly good
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Table 1. Stability constants for proton [logK] and AI"! ion complexes
[log 3] of saccharic acid and mucic acid at 25°C and /=0.2m (KCI).

log K/log 8

Species Saccharic acid Mucic acid
K([HL]") 3.93(2) 3.91(2)
K([H,L]) 3.07(2) 3.06(3)
[AILH]** 6.24(10) 6.01(10)
[AIL]* 3.45(5) 3.36(7)
[AILH_;]* —11.05(2) —11.20(2)
[ALL,H ;] 4.97(3) 3.14(12)
[ALL,H_ 3]~ 2.11(2) 0.02(8)
[ALLH_J* —1.94(2) —3.42(2)
fitting [Acm’]®! 0.0102 0.00670
no. of points 363 282

[a] The average difference between the experimental and the calculated
titration curves expressed in the volume of the titrant.

agreement with those reported in the literature: 3.96 and
3.18 at 25°C and 0.1m KNO;/" and 4.1 and 3.14 at 25°C
and 1.0m KNO,® for saccharic acid; and 3.63 and 3.08 at
25°C and 1.0M NaNO,!" for mucic acid.

The Al"-ligand titration data were evaluated on the basis
of literature results. As mentioned above, Motekaitis and
Martell® assumed a very simple complexation model for the
Al"/saccharic acid system. They proposed a mononuclear
1:1 species of [AILH_,] and [AI(LH_,)]”. When this assump-
tion was used in our calculations, a rather poor fit was ob-
tained between the experimental and the calculated titration
curves in both systems. In a potentiometric investigation of
the Al™-binding capabilities of tartaric acid (a ligand with
similar coordination possibilities to those of saccharic and
mucic acid), Marklund and Ohman!” demonstrated the for-
mation of dinuclear complexes. When their speciation
model was adopted to our systems, the fitting parameter im-
proved by one order of magnitude in comparison with the
mononuclear model. The sharp increase in the titration
curve at around pH 6 indicates that a species with stoichi-
ometry [AILH_,], is predominantly formed. Formation of
2:2 Al"™-ligand complexes has also been demonstrated in an
aqueous solution of AI"! ions, Ca" ions, and saccharic acid.
Here the dimeric Al"/saccharic acid complex binds one or
two Ca' ions.”’) These results and observations suggest that a
model that includes dinuclear complexes could give the cor-
rect speciation for these systems. The best fit between the
experimental and the calculated titration curves was ob-
tained when the species and stability constants listed in
Table 1 were used. The species distributions for the com-
plexes formed in the two systems as a function of pH are de-
picted in Figures 2 and 3. The most characteristic species in
both systems is the dimeric complex [ALL,H_,J*"; this is
formed in the slightly acidic and neutral pH range. In the
Al"/mucic acid system under more acidic conditions
(pH 3.8), in which AI’* is a dominant species, the protonat-
ed species [ALL,H_;]*~ also exists in a rather small amount.
On the other hand, there is a well defined equilibrium be-
tween the Al"™ jon and saccharic acid in the same pH range;
this results in the formation of [ALL,H_,]*", as evidenced by
NMR  spectroscopy. Decomposition of the dimer
[ALL,H_,]*~ occurs in basic solutions to furnish the mono-
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Figure 2. Species distribution curves as a function of pH in the Al"/sac-
charic acid system at a ratio of 1:1, ¢, =0.002 M.
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Figure 3. Species distribution curves as a function of pH in the AI'Y
mucic acid system at a ratio of 1:1, c,;=0.002 M.

nuclear complex [AILH_;]*"; this is most probably a mixed
hydroxo species. Accordingly, further investigations were
primarily focused on characterisation of the predominating
dimeric complex [ALL,H_,J*".

NMR spectroscopic studies

Al'"saccharic acid: The

"H NMR spectrum of saccharic  their complex [ALLH_,J".

siderable upfield shifts as pH increases. This is due to depro-
tonation of the carboxylic acid functions.

The 'H and ®C NMR spectra recorded between pH 5.5
and 7.5 of a sample that contains AI"™ jons and saccharic
acid (0.08 m) in a molar ratio of 1:1 indicates the presence of
a single species (denoted B); this is in close agreement with
the potentiometric data (cf. Figures2 and 4d). However,

) M

T T T T T T

46 45 44 43 42 44 40 39
S/ppm

Figure 4. '"H NMR spectra obtained for the Al"/saccharic acid system at
a ratio of 1:1 and at pH values of: a) 2.5, b) 3.0, ¢) 4.0, d) 5.5, ¢) 6.1 and
f)7.5. A and B represent the two isomers observed for species
[ALL,H_, ], while M represents species [AILH_;] (see text).

Table 2. Characteristic NMR parameters in aqueous solution at 25°C for free saccharic and mucic acid and

acid at pHS5.5 exhibits four

Sample 'H chemical shifts [ppm] Jany [Hz]
multiplets: two doublets for H2 H3 H4 H5 Jas) o Vas) Yas
H2 and HS, and two doublet of  saccharic acid pH 5.5
doublets for the H3 and H4 free ligand 4.159 4.081 3.948 4137 3.05 4.64 4.65 -

2

methine protons. The accurate [ALLH ] 4222 4112 3.977 4543 3.67 465 0.98 -
assignment of the signals is | cic acid pH 5.6
based on the results of Van  free ligand 4.265 3.957 3.957 4.265 0.11 0.66 0.11 -
Duin etal.,® who used [2- [ALLH_J* (A) 4.034 3.838 4171 4.438 4.14 2.53 1.09 0.73
ZH]saccharic acid. The chemi- [ALL,H_,J* (B) 4.039 3.893 4.248 4.419 4.15 2.45 0.98 0.76
cal shift values and coupling C chemical shifts [ppm]
constants measured at pH 5.5 c G2 G 4 cs co
are listed in Table 2. saccharic acid pH 5.5

The six carbon resonances free llgand% 182.99 78.08 76.04 78.09 77.92 182.85

. . [ALL,H_,] 186.53 77.34 71.71 79.53 74.63 185.35

for the ligand were assigned by
two- dimensional H—C correla-  mucic acid pH 5.6
tion measurements (see free ligand 183.84 75.72 76.00 76.00 75.72 183.84
Table 2). Both the 'H and [ALLH_]J* (A) 187.42 77.27 80.95 79.96 77.10 184.50
13C NMR signals display con- [ALL,H_J* (B) 188.41 77.36 80.69 79.22 77.17 184.80
Chem. Eur. J. 2004, 10,1281-1290  www.chemeurj.org  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 1283
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NMR spectroscopy does not provide direct evidence for the
nuclearity of the complex. Other techniques such as ESI-MS
and X-ray crystallography (vide infra) were used to unam-
biguously prove the formation of the dimeric species
[ALL,H_,]*" in this pH range.

In the '"H NMR spectrum only four signals are observed.
Clearly, this indicates that the two mononuclear moieties
are magnetically equivalent. The shapes of the signals differ
significantly from those observed for free saccharic acid at
the same pH. In particular, there are large differences in the
3J(H$H) coupling constants. On the basis of the Karplus equa-
tion,! the geometric arrangement of saccharic acid must be
modified substantially upon coordination with the AI" ion.
The very low */ 5 value between H4 and H5 (see Table 2)
indicates a dihedral angle close to 90°; this suggests that the
binding mode of the molecule is rather rigid. The same dihe-
dral angle can be seen between the protons attached to C4
and CS in the crystal structure of [ALL,H_,]*~ (vide infra).
Thus, the signal at 4.543 ppm was attributed to HS5 and
serves as the starting point for assignment of the signals
made by means of two-dimensional measurements. (The
'H-"C heterocorrelated spectrum recorded at pH 5.5 is de-
picted in Figure S1 in the Supporting Information.) The
NMR parameters for species B are listed in Table 2. The
considerable downfield shift of the H2 (Ad =0.063 ppm) and
H5 (A0=0.406 ppm) signals relative to those for the free
ligand (see Table 2) suggests that apart from the two carbox-

Table 3. Crystal data and experimental details for the X-ray diffraction
study for compound K,[{Al(CsHOz)(H,0)},]-H,O.

formula C,H,, 0K, Al
M, 602.45

crystal system orthorhombic
space group C222,

V4 4

a[A] 10.723(3)
b[A] 13.664(3)
c[A] 13.186(3)

V [A7] 1932.0(8)
Peatea [gem™] 2.071
wem™] 6.89

T [°C] 23

R 0.0591

R 0.1501!

[a] R=0||F,|—|F.||/o|F,|. [b]Refinement on F* wR,={o[(F>-F)?/
ofw(E ).

ylates (the *C resonances of which are also shifted down-
field considerably upon complexation), the 2- and 5-hydroxy
groups may also be involved in the coordination of the AI™
ion. A binding mode similar to that proposed by Venema
et al.”! for a 2:2 A" ion complex of tartaric acid can also be
expected in this system.

When the pH is lowered from 5.5 to 2.5, the intensities of
the resonances ascribed to the dimeric complex [ALL,H_,]*~
decrease and a new set of signals with a similar arrangement
and multiplicity appear at higher 0 values (see Figure 4).
The 'H-"C heterocorrelated NMR spectrum for the 1:1
Al"/saccharic acid system at pH 3 is given in Figure S2 in
the Supporting Information. Moreover, a considerable
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downfield shift of both sets of signals, A and B (see
Figure 4), is observed with decreasing pH. This means that
both A and B are the weighted average resonances of the
complexes, and that they experience a fast proton exchange.
Thus, taking into account the potentiometric results, the set
of signals for B, which exist in a wider pH range (pH 2-6),
may be attributed to the dimeric complex [ALL,H_,J*~ and
its protonated forms [Al,L,H_;]~ and [ALL,H_,]. These last
complexes have structures similar to that of [ALL,H_,]*",
but one or more of the coordinated hydroxy groups are pro-
tonated. Assignment of the signals for A is not so unambig-
uous. There are two possibilities: 1) there is a monomer—
dimer equilibrium and the new signals are those of the mo-
nomeric complexes or 2) a different coordination isomer of
the protonated dimers is formed, one which is not favoured
for some reason in the case of [ALL,H_,J*". As regards the
first explanation, neither potentiometry nor ESI-MS (vide
infra) support the formation of monomeric complexes at
such a metal-ion concentration. Thus, we suggest that in a
manner similar to that found in the Al"/tartaric acid
system, mainly dimeric species are formed and they exist as
two coordination isomers. The shapes of the multiplets of
the two isomers are similar; this suggests that the saccharic
moieties have a similar geometric arrangement.

At pH>7.5, when OH" starts to displace the complexed
ligand from the coordination sphere of the metal ion, not
only can the signals for [ALL,H_,]*~ and the free ligand be
observed, but new resonances (M) can also be detected in
the '"H NMR spectra (Figure 4f). Our potentiometric results
suggest that these signals may be due to the mononuclear
species [AILH_;]*", which is most likely a mixed hydroxo
complex with a (COO~,07,07,0H") binding mode. Bis or
tris complexes could not be detected either by potentiome-
try or by NMR spectroscopy, even at a ten-fold excess of
ligand.

Al"/mucic acid: The NMR spectra of mucic acid are simpler
than those of saccharic acid, because of the symmetric struc-
ture of the ligand. Only two second-order triplets are pres-
ent in the '"H NMR spectrum recorded at pH 5.6. The signal
at 4.265 ppm was attributed to H2 and HS, because hetero-
nuclear correlations to the adjacent carbonyl carbons could
be detected only for these nuclei in the HMBC measure-
ments. The complete assignment of the 'H and *C parame-
ters is listed in Table 2. On the basis of the Karplus equa-
tion,™ the very small 3J(H‘H) values observed suggest a mo-
lecular geometry in which the dihedral angles between the
hydrogens are close to 90°.

Upon addition of AI" ions to a 0.07m solution of the
ligand in a ratio of 1:1.1 at pH 5.6, two sets of four signals
are observed in both the 'H and “C NMR spectra. They
have similar shapes and an internal integration ratio of
65:35. A small quantity (ca. 6%) of free ligand is also ob-
served. The ratio of the two species does not change appre-
ciably in the pH range 4.5-7.5 (Figure 5). The shapes of the
signals are quite different from those observed for the free
ligand; this suggests that, as in the case of saccharic acid,
substantial conformational changes are induced upon metal-
ion coordination. As evidenced from the COSY, NOESY

www.chemeurj.org  Chem. Eur. J. 2004, 10, 12811290
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Figure 5. '"H NMR spectra obtained for the Al"/mucic acid system at a
ratio of 1:1 and at pH values of: a) 2.6, b) 3.5, ¢) 4.5, d) 5.6, e) 6.4 and
f)8.0. A and B represent the two isomers observed for species
[ALL,H_,], while M represents [AILH_;] (see text).

and heterocorrelated '"H-"*C measurements (see Figure S3
in the Supporting Information), the scalar and dipolar con-
nections allowed species A and B to be unambiguously dis-
tinguished. The absence of exchange peaks in phase with
the diagonal in the phase-sensitive NOESY spectrum indi-
cates that chemical exchange between these species, if any,
must be extremely slow.™™ A complete list of the 'H and
BC NMR resonances is reported in Table 2. The 'H NMR
signals for the most abundant species at 4.419 and
4.039 ppm were assigned to HS5 and H2 because they are
connected with the carbonyl carbons at 6 184.80 and
188.41 ppm, respectively. As the two ends of mucic acid are
magnetically equivalent, the NMR signals for the complexes
were numbered arbitrarily. To facilitate comparisons with
the spectra for the saccharic acid complexes, the doublet at
4.478 ppm with a coupling constant of *J ) =0.98 Hz was
denoted as HS. Such a low value for 3](H,H) again suggests a
dihedral angle close to 90° for these species. Similar features
are observed for the signals of the less abundant species.
These spectra are peculiar in that in the 'H-COSY spectrum
(Figure 6), a *J4p, coupling constant is observed between
H2 and H4 for both isomers. Therefore, in contrast with
what was found for the Al"™/saccharic acid system, mucic
acid seems to coordinate to the AI™ ion to afford two iso-
mers of the dimeric species [ALL,H_,J*". Since four reso-
nances of similar shape have been detected in the 'H NMR
spectrum for both isomers, we argue that the ligands are co-
ordinated to the metal ions in a similar manner. However,
the two ends of each ligand are bound differently, therefore

Chem. Eur. J. 2004, 10, 1281 -1290 www.chemeurj.org
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Figure 6. 'H-COSY spectrum recorded at pH 5.6 for a solution that con-
tains AlI"" jons and mucic acid in a 1:1.1 ratio. The spectrum shows the
*Jun coupling between H2 and H4.

the magnetic equivalence of the nuclei observed in free
mucic acid is destroyed.

At lower pH values, as in the case of saccharic acid, the
two signal groups are shifted downfield, because of fast
proton-exchange reactions between the differently protonat-
ed dimeric species. However, their relative intensities
remain practically unchanged. Below pH 3, apart from the
signals that arise from the free ligand and the dimeric com-
plexes, resonances attributable to mononuclear complexes
are also detected.

At pH>7.5, new resonances (M) that belong to species
such as [AILH_;]*~ are observed (see Figure 5f). Again, the
shapes of the signals in the NMR spectra indicate that the
two ends of each ligand are bound differently (one is proba-
bly bound, while the other one is not). The proposed bind-
ing mode is (COO~,07,07,0H").

ESI-MS results: ESI-MS measurements were carried out to
prove the presence of dimeric species. The spectrum
(Figure 7) recorded for a solution that contains 3x 10 *m
Al" jons and saccharic acid at pH 6.2 shows the presence of
five species. Four of them were assigned as follows:
[ALL,H_,]*~ at m/z 233 as well as its protonated and metal-
lated forms [ALL,H ;]~ at m/z 467, [NaALL,H ,]~ at m/z
489 and [KALL,H_,]” at m/z 505. The isotope pattern for
the species at m/z 233 presented in the inset zoom scan in
Figure 7 was characteristic of a doubly-charged ion, and thus
proved the dimeric character of the complex. MS/MS ex-
periments confirmed that the fifth signal at m/z 449 is the
result of the [ALL,H_;]” complex undergoing fragmentation
(loss of H,0) in the ESI source. The presence of a signal at
m/z 467 raises the question of whether the species
[ALLL,H_;]™ actually exists in the original solution or wheth-
er it is solely a product of the ESI process. Both potentiome-
try and NMR spectroscopy indicate the presence of a single
species at pH 6, namely [ALL,H_,J*~ (vide supra). More-
over, articles that deal with the description of inorganic

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 1285
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Figure 7. ESI-MS spectra for the Al""/p-saccharic acid 1:1 ratio system at pH 6.2 (c o= Cjigana=0.3 mM).

complex formation in aqueous solutions by the use of ESI-
MS show that protonation and/or metallation of negatively
charged complex ions can occur when they enter the gas
phase.' Thus, we suggest that [ALL,H ], as well as
[NaALL,H ,]- and [KALL,H ,*~ are formed during the
ESI measurements.(Figure 7)

In the spectrum recorded at pH 3.5, only the signals for
[ALL,H_;]~ at m/z 467 and [KALL,H_,]*~ at m/z 505 can be
observed. There is no evidence for the formation of mono-
meric complexes at lower m/z values. This means that the
NMR spectrum pattern at pH 3.5 discussed above can only
be explained by the existence of two different coordination
isomers.

It is noteworthy that the ESI-MS spectrum recorded for a
solution that contains 3x10~*mM Al1™ ions and mucic acid at
pH 6.0 also reveals the presence of only one ionic species. A
base peak at m/z 467 corresponds to the protonated dimeric
complex [ALL,H ;]".

From these experiments, ESI-MS unambiguously shows
that dimeric complexes are formed preferentially, even in
solutions ten times more dilute than the solutions used for
the potentiometric measurements.

The X-ray structure of K,[{Al(C{H O5)(H,0)},]-H,O (1):
Prismatic white crystals of 1, which crystallised in the acen-
tric space group C222,, were obtained from aqueous solu-
tion. The absolute configuration of the crystals was deter-
mined through refinement methods. The molecular structure
of the [{Al(C4H4O3)(H,0)),]* ion along with the atom num-
bering is shown in Figure 8. The most relevant geometrical
parameters are reported in Table S1 in the Supporting Infor-
mation.
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carboxylate groups are distinct-
ly differentiated (C1-O8
1.240(6), C1-O7 1.273(6),
C6—02 1.293(5) and C6—O1
1.293(5) A). All the other geometrical parameters seem to
have usual values. The torsion and bond angles are those
imposed by the closure requirements of the seven- and five-
membered rings present in the molecule.

Figure 8. Perspective view of the anion [Al(CsHsOg)(H,0)],>” in which
the atom labelling in Figure 1 is shown.

Dimerisation of the two complexed Al units is quite a
common feature for AI"™' aqua-hydroxo ions."” In this case
it is achieved through alcoholate oxygen bridges. Each Al
atom is coordinated to two alcoholate (06, O3) and one car-
boxylate (O7) group of the same molecular unit, to one al-
coholate (0O3') and one carboxylate (O1’) group of the di-
merised molecular unit, and to one water molecule (O9).
Figure 9 schematically outlines the coordination mode in
[{AI(CH,O9) (H,0)), ]
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Figure 9. Schematic  coordination mode of the complex anion
[AI(C;H(O5)(H,0)],

The dimerised molecule is expected to be quite structural-
ly stable. As usually occurs for aqua-hydroxides such as
[A1(H,0);OH]** and other similar ions, a high equilibrium
constant may be presumed for the dimerisation reaction
2 [AI(CH4O5)(H,0)] =[{AI(C;HO5)(H,0) ), More-
over, in spite of the short intramolecular repulsive contact

of these interactions certainly favour dimerisation. For the
hydrogen-bond lengths see Table S2 in the Supporting Infor-
mation.

A projection of the packing mode of this ionic structure,
as viewed down the b axis, is shown in Figure S4 in the Sup-
porting Information (see also Figure 10).

The dimeric unit is centred on a twofold z axis. Both K*
ions are located in special positions (K1 at x, '/, ; K2 at
Y5, v, 3/). The K1 cation lies at distances that range between
2.65-2.94 A from seven oxygen atoms, including the water

a’) b’)

Figure 10. The actual coordination sphere around the K* ions (K1 and
K2 in a and b, respectively) is reported and compared with the corre-
sponding regular geometry (in a’ and b’, respectively).
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molecule of crystallisation, while K2 is surrounded by six
oxygen atoms at distances in the range 2.78-2.92 A. This
roughly approximates a distorted capped trigonal prismatic
and distorted trigonal prismatic coordination geometry, re-
spectively?®! (see Table S2 and Figure S5 in the Supporting
Information).

The hydration water molecule is at the non-coordinative
distance of 3.36 A from K2. An intricately thick network of

are reported in Table S2) cooperate to provide further lat-
tice stability.

Theoretical calculations: For a better understanding of the
origin of the structural stability of the dimerised molecule,
DFT calculations were performed on the molecular ion
[Aly(CgHgOs),(H,0),]* . Figure 11 displays the partial densi-

DOS (arb. units)

0.10—J

0.08
0.06

0.04

COOP

0.02

-0.02 d\
I ! I ! I I 1

25 20 -15 -10 -5 0 5
ENERGY/eV

Figure 11. Top: PDOS of the p-O atoms which have contributions of a
and b symmetry (——=0,, ----- =(0,)*, -——=(0,)"). Bottom: COOP

between Al and p-O atomps in which bonding (antibonding) states are
represented by positive (negative) peaks. The vertical bar indicates the
energy of the highest occupied MO (HOMO). —=(Al-O,)', ----- =(Al-
0,)%, ———=(Al-0,)".

ty of states (PDOS) of the bridged O3(O,) atoms (contribu-
tions of symmetry a and b are also included), together with
the (Al-O,) crystal orbital population (COOP). Analysis of
the O, PDOS indicates that: 1) molecular orbitals (MOs)
that are mainly localised on the O, 2p atomic orbitals
(AOs) cover an energy range of about 9eV (from —9.5 to
—0.5eV); and 2) they all lie well below the energy of the
highest occupied MOs.”!! Moreover, despite several orbitals
participating in the Al-O, interaction (17a, 18a, 22b, 32b,
33a, and 36a MOs), the strongest contributions to the
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Al~-0O, interaction are provided by the 32b, 33a, and 36a
levels (see the corresponding COOP curves in Figure 11).
Interestingly, the 32b and 33a MOs account for an in-plane
o interaction that involves, in the former case, both the Al
3s and Al 3p AOs, while in the latter case it is limited to
the 3p AOs (see Figure S5 in the Supporting Information).
On the other hand, the 36a MO orbital accounts for an out-
of-plane = interaction which is delocalised over the four-
membered ring (Figure S6 in the Supporting Information).

Conclusions

The joint application of solution speciation, spectroscopic
and solid-state X-ray diffraction methods, as well as theoret-
ical calculations revealed that the terminal aldaric acid car-
boxylate groups behave as efficient anchors; they first bind
the hard AI" metal ion, and then promote deprotonation
and subsequent coordination of the weakly acidic alcoholic
OH groups of these sugar derivatives.

At the beginning of complex formation (pH<3), the li-
gands coordinate in a monodentate way to form lactate-like
(COO™,0H)-coordinated mononuclear complexes [AILH]**
, in which a protonated carboxylic group exists at the other
end of the molecule. The metal-ion-induced deprotonation
of the alcoholic OH functions at pH 3 may only occur in di-
nuclear complexes, as in the case of the structurally similar
tartaric acid complexes.*”*! Interestingly, even when the
conformations of the molecules are identical, the two ends
behave differently. This also applied in the case of mucic
acid. The crystallographic structure of complex 1 reveals
that the C5—O~ group behaves as a bridging donor that co-
ordinates to both AI"™ centres and forms a (54-7)-membered
joint chelate ring system. On the other hand, the C2—O~
donor binds to only one of the AI"™ centres in a lactate-like
(COO™,07) chelating mode. The octahedral AI™ centres
are arranged in a cis or parallel way, whereby the water mol-
ecules coordinate to the sixth coordination site on the same
side of the complexes (see Figure 8). The ESI-MS and NMR
studies confirm that complex 1 retains this dinuclear struc-
ture in solution. The rather rigid binding mode prevents co-
ordination of the alcoholic functions in the S position, but
this may occur in the mononuclear complexes of aldonic
acids."”! The presence of the cyclic ~Al-O—AI-O— core (see
Figure 8) seems to be a peculiarity of the complexes for
both saccharic acid and mucic acid. DFT calculations pro-
vide a rationale for the stability of this core in the former
case, and it appears reasonable that mucic acid has a more
flexible conformation. Apart from the binding mode in
which a cis or parallel arrangement of the two coordinated
water molecules (B form) occurs, mucic acid can also adopt
another isomeric binding mode in solution. Here the two
water molecules occupy antiparallel trans positions (A
form). Formation of this last isomer in the [ALL,H_,]*~
complex is not possible with saccharic acid for steric reasons.
As the pH decreases the complex is protonated (logK
values 2.85-4.05, see Table 1), and this protonation should
occur on one of the alcoholate functions. The topmost line
occupied MOs are mainly localised on O2 and O6; this
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strongly suggests that the protonation reaction involves
these two oxygens. The protonation of O2 should not affect
the structure of the molecular ion. However, formation of
an OH bond with O6 would certainly weaken the O6—Al
bond and make that end of the molecule more flexible for
both saccharic and mucic acid. As a result, they should be
able to adopt both conformations (A and B forms). This in-
ternal rearrangement of the isomers is slow on the 'H and
BC NMR timescales. Therefore, separate proton and carbon
signals may be observed for each of the isomers (see Fig-
ures 4 and 5, and Figure S3 in the Supporting Information).
It should be noted that the —Al-O—Al-O— core is retained
during these stepwise deprotonations and seems to only be
disrupted at pH < 3.

The OH™ competition for the AI™ ion increases at basic
pH, and destroys the stable cyclic arrangement. As a result,
a  mononuclear  complex [AILH ;- with a
(COO™,07,07,0H") coordination is initially formed (see
Figure 2 and 3), but ultimately the ligand molecule is com-
pletely displaced from the coordination sphere of the metal
ion by OH™ to give the very stable hydroxo species
[AI(OH),] .

This study has revealed that sugar derivatives which con-
tain negatively charged O-donor moieties in close proximity
to the alcoholic functions may be efficient and strong bind-
ers of metal ions in biological systems and may, therefore,
play important roles in the transport, metabolism, and even
biological functions of both carbohydrates and metal ions.
The different sugar carboxylate conformations may finely
tune their metal-binding abilities. In particular, the two alda-
ric acids investigated tended to form coordination isomers
rather differently because of the differences in the rigidity
of the stable —Al-O—AIl-O— core.

Experimental Section

Reagents: D-Saccharic acid potassium salt and mucic acid of the highest
analytical purity (Sigma products) were used without further purification.
Stock solutions of the ligands had a basic pH to avoid lactonisation, and
were prepared freshly every day. The exact concentrations of the ligand
solutions were determined by potentiometric titration by using the Gran
method.”? The AI'™ ion stock solution was prepared from recrystallised
AICly'6 H,0O, and its metal-ion concentration was determined gravimetri-
cally from its oxinate. The stock solution contained 0.1mM HCI to prevent
hydrolysis of the metal ion.

Potentiometric measurements: The stability constants for the proton and
A" jon ligand complexes were determined by pH potentiometric titra-
tions of 25 mL samples. The ligand concentration was 0.004M (with a
metal-ion/ligand ratio of 0:4, 1:4, 2:4, or 4:4), 0.002m (with a metal-ion/
ligand ratio of 0:2 or 1:2), and 0.001m (with a metal-ion/ligand ratio of
0:1, 1:1, or 0.5:1). The more dilute concentrations contained the mucic
acid system because of its lower solubility. The pH range studied was 2—
10. The titrations were performed with a 0.2m carbonate-free KOH solu-
tion of known concentration under a purified argon atmosphere. The
ionic strength of all solutions was adjusted to 0.2m KCI and the samples
were thermostatted at 25.0+0.1°C. Duplicate titrations were performed.
The reproducibility of the titrations was within 0.005 of a pH unit. Titra-
tion points obtained when a pH equilibrium was not attained within
5 min were omitted from the evaluation. The pH was measured with a
Radiometer PHM 84 instrument with a CMAWL Russel combined glass
electrode; this was calibrated for hydrogen-ion concentration according
to Irving et al™ The concentration stability constants f3,,,=[M,L,H,)/
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[MJP[L])’[H]” were calculated with the aid of the computer program PSE-
QUAD.™ The stability constants used for the hydroxo species of the
AI"" jon were taken from reference [25] and corrected to I=02m by
using the Davies equation (—5.49 for [AIH_,]>*, —13.54 for [ALH_,J’*,
—108.62 for [Al;;H_5,]’+ and —23.40 for [AIH_,]).

Preparation of K,[{AI(CiHO5)(H,0)},-H,O (1): A mixture of
AICL;:6H,0 (0.241 g, 1 mmol) and bp-saccharic acid potassium salt
(0.252 g, 1.02 mmol) was dissolved in distilled water (10 mL). The pH of
the solution was adjusted with KOH to about 6.2. Addition of absolute
ethanol (ca. 30 mL) yielded a microcrystalline powder. This was isolated
by filtration and dried under vacuum at 30°C for 12 h; yield: 0.16 g
(55.17%). Crystals suitable for X-ray diffraction studies were obtained
by dissolving the microcrystalline powder (0.107 g) in water (1.5 mL),
adding ethanol, and leaving this solution to stand at room temperature.
FTIR (KBr): ¥coo=1646 cm™'; elemental analysis calcd (%) for K,[Al-
(C¢H4Og)(H,0)],-H,O: C 24.08, H 3.01; found: C 22.86, H 2.79.

NMR spectroscopy: 'H NMR (400.13 MHz), *C NMR (100.61 MHz) and
two-dimensional spectra (100.61 MHz) were recorded at 25°C on a
Bruker Avance DRX-400 spectrometer equipped with a VSP-400 reverse
detector broad-band probe and a Bruker VST-100 temperature control-
ler. The pH dependent spectra were measured at 25°C on a Bruker AC-
200 instrument. Chemical shifts were referenced to the signal of DSS
(DSS =2,2-dimethyl-2-silapentane-5-sulfonate) as an internal standard.
The samples were prepared in D,O and the pH was adjusted with con-
centrated NaOD and DCI by using the relationship pH=pD+0.4. The
concentrations of the solutions were 0.004-0.08 M with respect to the Al'™
ion and the metal-ion/ligand ratio was 1:1 or 1:3.

Presaturation of the H,O signal was performed when necessary. Suitable
integral values for the proton spectra were obtained with a prescan delay
of 10 s. The proton resonances were assigned by means of standard chem-
ical shift correlations, as well as COSY, TOCSY, and NOESY experi-
ments. The *C NMR resonances were assigned through 2D-heterocorre-
lated COSY experiments (HMQC with the bird sequence® and quadra-
ture along F1 was achieved by using the TPPI (TPPI = time-proportional
phase incrementation) method® for the hydrogen-bonded carbon atoms
and HMBC®! for the quaternary ones). For atom labelling see Figure 1,
as well as Table 2.

ESI-MS measurements: The mass spectrometry measurements were re-
corded on an LCQ (ThermoFinnigan) mass spectrometer equipped with
an electrospray ion source. MS and multiple mass spectrometry (MS") ex-
periments were performed in the negative ion mode by direct infusion of
an aqueous solution of the analyte at a flow rate of 5 uLmin".?) Colli-
sional experiments on preselected ion species were performed by applica-
tion of a supplementary rf (rf=radio frequency) voltage in the range
0-5 V with helium as a target gas.

The samples were prepared in distilled water. The concentration of the
solutions was 3 x10~*m with respect to the Al'"' ion at a metal-ion/ligand
ratio of 1:1. The pH of the solutions was set at 3.5 or 6.2 with concentrat-
ed NaOH.

X-ray structure determination: A single prismatic (colourless) crystal
with dimensions 0.32x0.30x0.24 mm was lodged in a Lindemann glass
capillary and centered on a four-circle Philips PW1100 (Febo System) dif-
fractometer with graphite-monochromated Moy, radiation (A=
0.71073 A). The orientation matrix and cell dimensions were determined
by least-squares refinement of the angular positions of 30 reflections.
Data were collected at room temperature. Three standard reflections
were monitored for every 200 reflections. There were no significant fluc-
tuations of intensities other than those expected from Poisson statistics.
The intensity data were corrected for Lorentz polarisation effects and for
absorption as described by North et al.*")

The structure was solved by direct methods.’!) Refinement was carried
out by full-matrix least-squares. The function minimised was Sw(F>—F2)’
with the weighting scheme w=1/[c*(F2)+(0.1090 P)*+3.82 P] where P=
max(F2+2F%)/3. All non-hydrogen atoms were refined with anisotropic
thermal parameters. The H atoms, except those of the non-coordinated
water molecule, were located and refined isotropically. The conventional
R=0.059 was based on F values of 1304 reflections that had F>>20(F,)*
and S=1.14 (WR on F*=0.150). The absolute configuration determina-
tion was based on calculations by Flack.F? Structure refinement was car-
ried out with SHELXL-97% with the scattering factors enclosed therein.
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Drawings were produced using ORTEP ILP¥ Crystallographic data are
listed in Table 3.

CCDC-208181 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(4+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).

Computational details: The calculations reported herein were carried out
in accordance with DFT with the ADF package®®' developed by Baer-
ends et al.®! A triple- Slater-type basis set was used for the Al atoms,
while a double-£ basis was used for O, C, and H valence orbitals. The
inner-core shells [Al(1s2s2p), O(1s), and C(1s)] were treated according
to the frozen-core approximation. Non-local corrections to the LDA
(LDA =local density approximation) functional were self-consistently in-
cluded by adopting the Becke”’*! and Perdow”>! functionals for the ex-
change and correlation parts, respectively. The atomic positions in [Al,-
(CeHgOs),(H,0),]*~ were determined by referring to X-ray crystal data
included here and idealised to the C, symmetry (see Figure 8). Informa-
tion concerning the disposition and composition of energy levels over a
broad range of energies was obtained through total and partial density of
states (DOS and PDOS, respectively).*! The bonding character of select-
ed molecular orbitals was assessed by means of COOP curves™! and 2D
contour plots. Both PDOS and COOP curves were computed by weight-
ing one-electron energy levels with their basis orbital percentage and ap-
plying a Lorentzian broadening factor of 0.25 eV.
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