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Abstract: The four acidity constants of
threefold protonated xanthosine 5’-
monophosphate, H3ACHTUNGTRENNUNG(XMP)+ , reveal
that at the physiological pH of 7.5
(XMP�H)3� strongly dominates (and
not XMP2� as given in textbooks); this
is in contrast to the related inosine
(IMP2�) and guanosine 5’-monophos-
phate (GMP2�) and it means that XMP
should better be named as xanthosi-
nate 5’-monophosphate. In addition,
evidence is provided for a tautomeric
(XMP�H·N1)3�/ ACHTUNGTRENNUNG(XMP�H·N3)3� equi-
librium. The stability constants of the
M ACHTUNGTRENNUNG(H;XMP)+ species were estimated
and those of the MACHTUNGTRENNUNG(XMP) and
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)� complexes (M2+ =Mg2+ ,
Ca2+ , Sr2+ , Ba2+ , Mn2+ , Co2+ , Ni2+ ,
Cu2+ , Zn2+ , Cd2+) measured potentio-
metrically in aqueous solution. The pri-
mary M2+ binding site in M ACHTUNGTRENNUNG(XMP) is

(mostly) N7 of the monodeprotonated
xanthine residue, the proton being at
the phosphate group. The correspond-
ing macrochelates involving
P(O)2(OH)� (most likely outer-sphere)
are formed to �65% for nearly all
M2+ . In M ACHTUNGTRENNUNG(XMP�H)� the primary
M2+ binding site is (mostly) the phos-
phate group; here the formation
degree of the N7 macrochelates varies
widely from close to zero for the alka-
line earth ions, to �50% for Mn2+ ,
and �90% or more for Co2+ , Ni2+ ,
Cu2+ , Zn2+ , and Cd2+ . Because for
(XMP�H)3� the micro stability con-

stants quantifying the M2+ affinity of
the xanthosinate and PO2�

3 residues are
known, one may apply a recently de-
veloped quantification method for the
chelate effect to the corresponding
macrochelates; this chelate effect is
close to zero for the alkaline earth ions
and it amounts to about one log unit
for Co2+ , Ni2+ , Cu2+ . This method also
allows calculation of the formation de-
grees of the monodentatally coordinat-
ed isomers; this information is of rele-
vance for biological systems because it
demonstrates how metal ions can
switch from one site to another
through macrochelate formation. These
insights are meaningful for metal-ion-
dependent reactions of XMP in meta-
bolic pathways; previous mechanistic
proposals based on XMP2� need revi-
sion.

Keywords: alkaline earth metals ·
bioinorganic chemistry · chelates ·
isomers · nucleotides · transition
metals · xanthosinate

[a] Prof. Dr. H. Sigel, Dr. B. Song, Dr. R. Griesser, Dr. B. Knobloch,
Dipl. Ing. B. P. Operschall
Department of Chemistry, Inorganic Chemistry
University of Basel, Spitalstrasse 51, 4056 Basel (Switzerland)
Fax: (+41)61-267-1017
E-mail : helmut.sigel@unibas.ch

[b] Prof. Dr. S. S. Massoud
Department of Chemistry
University of Louisiana at Lafayette
P. O. Box 44370, Lafayette, LA 70504-4370 (USA)

[c] Dr. B. Song
AnorMed Inc., #200, 20353-64 Avenue
Langley, BC, V2Y 1N5 (Canada)

[d] Dr. B. Knobloch
Institute of Inorganic Chemistry
University of ZHrich, Winterthurerstrasse 190
8057 ZHrich (Switzerland)

[**] Abbreviations and definitions (see also Figure 1): ATP4�, adenosine
5’-triphosphate; Bz, benzimidazole-type ligand; Cyd, cytidine;
GMP2�, guanosine 5’-monophosphate (Figure 1); I, ionic strength;
IMP2�, inosine 5’-monophosphate (Figure 1); Ka, general acidity con-
stant; M2+ , general divalent metal ion; 9MeXan, 9-methylxanthine;
NMP2�, nucleoside 5’-monophosphate; R-PO2�

3 , simple phosphate
monoester or phosphonate ligand with R representing a noninteract-
ing residue; Xan, xanthine; Xao, xanthosine; XMP2�, xanthosine 5’-
monophosphate (see Figure 1 and Figure 4 and their legends). Species
written without a charge (e.g., XMP) either do not carry one or rep-
resent the species in general (i.e., independent of their protonation
degree); which of the two possibilities applies is always clear from
the context. In formulas such as M ACHTUNGTRENNUNG(H;XMP)+ , the H+ ion and
XMP2� are separated by a semicolon to facilitate reading, yet they
appear within the same parenthesis to indicate that the proton is at
the ligand without defining its location. A formula like (XMP�H)3�

means that the compound has lost a further proton and is to be read
as XMP2� minus H+ .
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1. Introduction

Xanthosine 5’-monophosphate (XMP) is an important inter-
mediate in the metabolism of nucleotides[1] and its produc-
tion in dependence on the cellular energetic status was re-
cently studied.[2] XMP is synthesized from inosine 5’-mono-
phosphate (IMP2�) and then it is converted with glutamine
and adenosine 5’-triphosphate (ATP4�) by GMP synthetase
to guanosine 5’-monophosphate (GMP2� ; see Figure 1)[3–7]

under release of glutamate and adenosine 5’-monophosphate
(AMP2�) and diphosphate.[1] This set of reactions certainly
involves metal ions, especially in the step(s) employing ATP,
which is virtually only a substrate in the form of its com-
plexes.[8,9]

On the other hand, the degradation of AMP, IMP, GMP,
and XMP to uric acid in humans also proceeds via xanthine,
the purine nucleobase of XMP.[1] For example, following the
cleavage of the N-glycosidic bond, guanine, the nucleobase
of GMP, is converted in one step to xanthine by the hetero-
lytic enzyme guanase.[10] Thereafter xanthine is transformed
to uric acid by the molybdenum-containing enzyme xanthine
oxidase,[1] a reaction which likely involves coordination of a
MoIV/VI unit to N7 of xanthine.[11]

Considering the central metabolic roles of XMP and the
involvement of metal ions in these processes, it is surprising
to find that the metal-ion-binding properties of this nucleo-
tide have not been studied in a comprehensive way.[12–14]

One of the reasons may be that the acid–base properties of
XMP are relatively complicated (see legend to Figure 1).[7]

However, the macro acidity constants of H3ACHTUNGTRENNUNG(XMP)+ have
recently been obtained and some insights in the intrinsic
acid–base properties of the (N1)H and (N3)H sites have
been gained.[7] It was pointed out that the xanthine residue
is deprotonated in the lower pH range, that is, below the
physiological pH. This needs to be emphasized, because it
means that a large part of the XMP structures shown in the
literature, including textbooks, are incorrect. In fact, at the
same time when our study[7] was published a review of
Shugar et al.[15] appeared and these authors reached, based
on various literature data, also the conclusion that at the
physiological pH the xanthine residue is present in xantho-
sine and its nucleotides in the monodeprotonated form (see
legend of Figure 1). Furthermore, they continue[15] “the fore-
going has, somewhat surprisingly, been widely overlooked in
studies on the properties of these compounds in various
enzyme systems and metabolic pathways”.[15]

In the course of our studies devoted to the coordination
chemistry of nucleotides[8,16–20] we have now endeavored to
resolve the indicated (N1)H versus (N3)H deprotonation
ambiguity somewhat further and to determine the stability
constants of several XMP–metal-ion complexes of varying
protonation degrees. The complexes studied are those
formed with the alkaline earth ions and with Mn2+ , Co2+ ,
Ni2+ , Cu2+ , Zn2+ or Cd2+ . It was the aim to quantify the
equilibria between various isomeric species and to define
the structures of these complexes in solution as far as possi-
ble. In addition, comparisons are made with the correspond-
ing complexes involving IMP and GMP.[21] These insights
ask for revision of previous mechanistic proposals.[22]

2. Results and Discussion

All experiments were carried out under conditions under
which the self-association of XMP is expected to be negligi-
ble, due to previous experience with related nucleotides.[23, 24]

The potentiometric pH titrations for the determination of
the stability constants of the complexes were made with sol-
utions that were 0.3 mm in XMP and under these conditions
with certainty[21] the monomeric forms are studied.

2.1 Definition and some comments on the acidity constants
of H3 ACHTUNGTRENNUNG(XMP)+ : From the structure shown for XMP in
Figure 1 it is evident that the phosphate group can accept
two protons and, as known[21] from nucleotides like IMP and
GMP, N7 can also be protonated. Furthermore, the (N1)H/
(N3)H sites[7] and possibly also the ribose residue[25] can be
deprotonated; hence, overall the following five deprotona-
tion reactions [Eqs. (1)–(5)] need to be considered:

Figure 1. Chemical structure of xanthosine 5’-monophosphate (XMP2�) in
comparison with those of its relatives inosine 5’-monophosphate (IMP2�)
and guanosine 5’-monophosphate (GMP2�). All these purine nucleotides
are shown in their dominating anti conformation.[3–6] It is important to
note that the structure shown above for twofold negatively charged XMP
is the one commonly found in the literature including textbooks. Un-
fortunately this structure represents a minority species and is thus mis-
leading regarding the distribution of the protons: The fact is[7] that the
(N3)H/(N1)H sites have lost one proton (see also Figure 4 below),
whereas the phosphate group still carries one. This means, one of the two
negative charges is located in the pyrimidine ring and the other one at
the phosphate group and it is this tautomer which occurs with the domi-
nating formation degree of about 88%;[7] it is symbolized as
(X�H·MP·H)2� and is discussed further in Section 2.2.
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H3ðXMPÞþ Ð H2ðXMPÞ� þHþ ð1aÞ

KH
H3ðXMPÞ ¼ ½H2ðXMPÞ�
½Hþ
=½H3ðXMPÞþ
 ð1bÞ

H2ðXMPÞ� Ð HðXMPÞ� þHþ ð2aÞ

KH
H2ðXMPÞ ¼ ½HðXMPÞ�
½Hþ
=½H2ðXMPÞ�
 ð2bÞ

HðXMPÞ� Ð XMP2� þHþ ð3aÞ

KH
HðXMPÞ ¼ ½XMP2�
½Hþ
=½HðXMPÞ�
 ð3bÞ

XMP2� Ð ðXMP�HÞ3� þHþ ð4aÞ

KH
XMP ¼ ½ðXMP�HÞ3�
½Hþ
=½XMP2�
 ð4bÞ

ðXMP�HÞ3� Ð ðXMP�2HÞ4� þHþ ð5aÞ

KH
ðXMP�HÞ ¼ ½ðXMP�2HÞ4�
½Hþ
=½ðXMP�HÞ3�
 ð5bÞ

The above equilibria define macro acidity constants, but
in the way the species are written no information is provid-
ed about the locations of the protons. This information has
recently been assembled[7] and is now shortly summarized:

In H3ACHTUNGTRENNUNG(XMP)+ two protons are at the phosphate group
and one is at N7;[7] in a rough approximation one may say
that the first proton [Eq. (1)] is released from the
P(O)(OH)2 group and the second one [Eq. (2)] from the
(N7)H+ site: The corresponding macro acidity constants are
pKH

H3ðXMPÞ=0.44�0.27 and pKH
H2ðXMPÞ=0.97�0.15, respec-

tively.[7] It is evident that the two equilibria involved are
overlapping and that H2ACHTUNGTRENNUNG(XMP) exists in two tautomeric
forms. It was estimated[7] that the zwitterionic species
(H·XMP·H)� , in which one proton is at the phosphate
group and one at N7, dominates with about 70%, while
(XMP·H2)

0 with both protons at the phosphate residue
forms to about 30%. However, because both mentioned
pKa values are either below or close to 1, they are not of
relevance for the present study which deals with the pH
range above 3.2. The only value needed from the earlier
evaluations[7] is the micro acidity constant of the zwitterionic
(H·XMP·H)� tautomer, pkXMP�H

H�XMP�H=1.11�0.08, which quan-
tifies the intrinsic acidity of the (N7)H+ unit in this species
and which allows to estimate the stability of M ACHTUNGTRENNUNG(H;XMP)+

complexes (see Section 2.6).[26]

In the HACHTUNGTRENNUNG(XMP)� species the xanthosine residue is un-
charged and the phosphate residue carries one proton. This
species easily loses two protons[7] with the acidity constants
pKH

HðXMPÞ=5.30�0.02 [Eq. (3)] and pKH
XMP=6.45�0.02

[Eq. (4)]; that is, one proton from the nucleobase residue
and one from the monoprotonated phosphate group, respec-
tively. Further deprotonation of (XMP�H)3� occurs only
with pKa>12.0 [Eq. (5)].[7] This means, that after monode-
protonation of either (N1)H or (N3)H, the remaining (N)H
can be deprotonated as well,[27] as can the ribose residue,[25]

and thus, it is not certain which deprotonation reaction in
Equilibrium (5) actually takes place; most likely first the

ribose ring loses a proton,[25] followed by that from the re-
maining (N)H site (pKaffi13).[28] In any case, under our ex-
perimental conditions with evaluations for complex forma-
tion at pH
8.2 a deprotonation according to Equilibri-
um (5) with pKa>12.0 is of no relevance and also not of
ACHTUNGTRENNUNGbiological interest.

2.2 Solution structures of the H ACHTUNGTRENNUNG(XMP)�, XMP2�, and
(XMP�H)3� species : From Section 2.1 it follows that for
this study, which encompasses the pH range 3.2–8.2, Equili-
bria (3) and (4) with the mentioned acidity constants
pKH

HðXMPÞ=5.30�0.02 [Eq. (3)] and pKH
XMP=6.45�0.02

[Eq. (4)] are of relevance as far as complex formation is
concerned. In a first approximation[7] pKH

HðXMPÞ quantifies the
release of the proton from the xanthine residue and pKH

XMP

the final deprotonation of P(O)2(OH)�. In other words, the
deprotonation of H ACHTUNGTRENNUNG(XMP)�, better written as (XMP·H)�

and quantified by pKH
HðXMPÞ [Eq. (3)], gives rise to the spe-

cies (X�H·MP·H)2� in which the xanthine moiety is depro-
tonated and the phosphate group still carries a proton.

The above consideration leads then to the question: Does
an XMP2� species as written in Equilibrium (3) with a neu-
tral xanthine residue and a twofold negatively charged phos-
phate group (see also Figure 1) exist at all? This question
was recently answered by application of the micro acidity
constant scheme shown in Figure 2. From the microconst-

ants given there it follows that the answer to the question is
“yes” and that the simple XMP2� species occurs with a for-
mation degree of about 12% in equilibrium with the domi-
nating (X�H·MP·H)2� tautomer possessing a deprotonated
xanthine residue and a monoprotonated phosphate group;
its formation degree is about 88%.[7]

However, more important for the structural evaluation of
the metal ion complexes to be considered below in Sec-
tions 2.7–2.10 is that the intrinsic acidity of the xanthine res-
idue in (XMP·H)� is quantified by the micro acidity con-

Figure 2. Equilibrium scheme for (XMP·H)� to (X�H·MP)3� defining the
micro acidity constants (k) together with the measured macro acidity
constants (K) and the interrelation between (X�H·MP·H)2� and XMP2�

and the other species present. In (X�H·MP·H)2� the xanthine residue is
deprotonated and the proton located at the phosphate group; in its
XMP2� tautomer the nucleobase is uncharged and the phosphate group
deprotonated. (XMP·H)� and (X�H·MP)3� are also often written as
ACHTUNGTRENNUNGH ACHTUNGTRENNUNG(XMP)� [Eqs. (2), (3)] and (XMP�H)3� [Eq. (4)], respectively. The
arrows indicate the direction for which the acidity constants are defined.
For details see reference [7].
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stant pkX�H�MP�H
XMP�H =5.35�0.02 and the one of XMP2� by

pkX�H�MP
XMP =5.52�0.04 (Figure 2). Similarly, the intrinsic acid-

ity of the P(O)2(OH)� group in (X�H·MP·H)2� is given by
pkX�H�MP

X�H�MP�H=6.40�0.04; this latter value may be compared
with the macroconstant pKH

XMP=6.45�0.02.[7]

The question that remains to be answered is: Which (N)H
site, (N1)H or (N3)H, is deprotonated in the species
(XMP·H)� and XMP2�? Despite severe discrepancies in the
literature there seems now to be kind of a general agree-
ment that the (N3)H site is the more acidic one in 9-methyl-
xanthine as well as in xanthosine and its nucleotides,[15,29, 30]

but indications have been summarized[7] that the (N1)H-de-
protonated tautomer also occurs in aqueous solution as a
minority species. The preference for (N3)H appears to be
largely based on a crystal structure analysis[31] of the sodium
salt of xanthine, which shows a deprotonated (N3)� site.

However, there is also an X-ray structure[32] of a titano-
cene–xanthine 3:1 complex, [{TiIII ACHTUNGTRENNUNG(h5-C5H5)2}3Cl ACHTUNGTRENNUNG(Xan�2H)],
in which xanthine is twofold deprotonated, that is, at its N1
and N9 sites, whereas the (N3)H site remains intact.

2.3 Evaluation of the (N1)H versus (N3)H deprotonation
ambiguity : Our above indication[7] that in aqueous solution
actually tautomeric equilibria between (N1)H/(N3)� and
(N1)�/(N3)H exist for (Xao�H)�, XMP2�, and (XMP�H)3�

can be further assessed. The review by Shugar et al.[15] al-
ready mentioned in Section 1 contains acidity constants for
xanthosine and also for 1-methylxanthosine. The values
were collected by these authors from the literature and
partly also reproduced and measured by spectrophotometry
in their own laboratory. The pKa for Xao given in this publi-
cation[15] differs somewhat from the one determined by us
by means of potentiometric pH titrations;[7] we attribute this
discrepancy to differences in ionic strength. To eliminate
systematic errors we use for the following evaluation only
data from Shugar et al.;[15] these three values are printed in
italics in the micro acidity constant scheme seen in Figure 3.

There are two macro acidity constants given on the hori-
zontal arrow in Figure 3; they refer to Xao. The pKa value
of 13 is not really meaningful for the reasons summarized in
the last paragraph of Section 2.1 and therefore, is used here
only to complete the scheme but it is not used for further
evaluations.

Because the four micro acidity constants can be inter-
linked with the two macroconstants only by the three equa-
tions given in the lower part of Figure 3, one of the micro-
constants needs to be estimated, thereafter the others can
be calculated. The value for the deprotonation of (N3)H of
Xao, pkXao�H�N3

Xao (Figure 3, upper part, left), can be simulated
by the pKa value of 1-methylxanthosine. In this compound
only (N3)H can be deprotonated and it is not expected that
the replacement of a hydrogen atom at N1 by a methyl
group alters the acid–base properties of the (N3)H site, be-
cause H and CH3 have very similar electronegativities; in
fact, it has been proven[33] for several nucleobase derivatives
that such a substitution does not affect the acid–base proper-
ties of sites close by. Hence, the pKa value of 1-methylxan-

thosine[15] is set equal to pkXao�H�N3
Xao and is given in italics ;

now, by application of Equations (a) through (c) given in
Figure 3, the upper and lower pathways in the scheme can
be completed.

The micro acidity constants of Figure 3 can now be ap-
plied to estimate for the tautomeric Equilibrium (6) the
ratio R [Eq. (7)] of the monodeprotonated and isocharged
species (Xao�H·N3)� and (Xao�H·N1)�:

ðXao�H �N1Þ� Ð ðXao�H �N3Þ� ð6Þ

RðXao�HÞ ¼
½ðXao�H �N3Þ�

½ðXao�H �N1Þ�
 ¼

kXao�H�N3
Xao

kXao�H�N1
Xao

ð7aÞ

¼ 10�5:85

10�6:23 ¼ 100:38 ð7bÞ

¼ 2:40
1

ð7cÞ

� 70
30

�
63
37

;
77
23

�
ð7dÞ

The ratio in Equation (7d) corresponds to the approxi-
mate percentages of the (Xao�H·N3)� and (Xao�H·N1)�

Figure 3. Equilibrium scheme for Xao to (Xao�2H)2� defining the micro
acidity constants (k) and showing their interrelation with the measured
macro acidity constants (K) and the connection between (Xao�H·N3)�

and (Xao�H·N1)� and the other species present. In (Xao�H·N3)� the
xanthine residue is deprotonated at the (N3)H site and in its
(Xao�H·N1)� tautomer the nucleobase is deprotonated at its (N1)H site.
The arrows indicate the direction for which the acidity constants are de-
fined. Use of the acidity constant measured[15] for the deprotonation of
the (N3)H site in 1-methylxanthosine for the microconstant pkXao�H�N3

Xao

(upper pathway at the left) permits calculation of the other microconst-
ants with Equations (a), (b), and (c). The three values printed in italics
are from reference [15]; the value of 13 for pKH

ðXao�HÞ contains some un-
certainty. However, this uncertainty has no effect on the calculations
given in Equation (7), which are based on the values given in the left
part of the scheme. For details see text in Section 2.3.
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species. The error limits given in parentheses of Equa-
tion (7d) are based on the information provided by Shugar
et al.[15] that for their pKa values �0.1 holds; hence, we at-
tributed to 100.38 in Equation (7b) an error of 0.14, that is,
10(0.38�0.14). Thus, from 100.24 follows the ratio 63/37 and 100.52

gives 77/23. Hence, we may conclude that the N3-deproto-
nated species, (Xao�H·N3)�, dominates with about 70%,
while the N1-deprotonated tautomer, (Xao�H·N1)�, forms
to about 30%. Certainly, this result is only an estimation
and therefore, it would be highly desirable that the various
methylated derivatives of Xao and XMP are synthesized
and their pKa values measured. However, the present result
still proves that both tautomeric forms of (Xao�H)� occur
simultaneously in appreciable amounts and this may safely
also be concluded for the XMP2�= (X�H·MP·H)2� and
(XMP�H)3�= (X�H·MP)3� species. Because the last men-
tioned compound is formed with pKH

XMP=6.45 (or more
exact pkX�H�MP

X�H�MP�H=6.40�0.04; Figure 2), the dominating spe-
cies at the physiological pH of about 7.5 is (X�H·MP)3�,
that is, xanthosinate 5’-monophosphate; it is this species
which is shown in Figure 4 and which should be depicted in

textbooks. In Figure 4 also the discussed (N1)�/(N3)H and
(N1)H/(N3)� tautomerism is indicated as is the partial de-
localization of the negative charge on (N)� towards the
(C)O groups.[34]

2.4 At which nitrogen site do metal ions coordinate to the
xanthine residue? In a study[30] evaluating the binding
modes in metal-ion complexes formed with xanthosine, de-
protonation at (N3)H is favored, yet application of
logKcomplexstability versus pKa straight-line plots for (N1)-type
nitrogen ligands like inosine yields reasonable results.
Indeed, with the conclusions of Section 2.3 in mind this is
not too much of a surprise. Furthermore it is concluded[30]

that in solution significant portions of the metal ions are
N7-coordinated in their xanthosinate complexes. Indeed, X-
ray diffraction analyses of [M(xanthosinate)2 ACHTUNGTRENNUNG(H2O)4]·2H2O,
in which M2+ =Ni2+ (cf. reference [35]) or Zn2+ (cf. refer-
ence [36]), reveal N7 binding of the metal ions in the solid
state, but they imply also that the (N3)H site is deprotonat-
ed, with (N3)� and (N1)H as well as the two (C)O groups
being involved in a complicated hydrogen-bonding network.

The above contrasts with the solid-state structure of the
already mentioned titanocene–xanthine 3:1 complex,[32] in

which the N1 and N9 sites are deprotonated. In this mole-
cule the TiIII of [Ti ACHTUNGTRENNUNG(h5-C5H5)2]

+ forms a five-membered che-
late with N7 and (C6)O as well as a four-membered chelate
with (N1)� and (C2)O; the third [Ti ACHTUNGTRENNUNG(h5-C5H5)2]

+ interacts in
a monodentate manner with (N9)� and a Cl� ion. Most re-
markable is that the (N3)H unit in this complex is still
intact. All this indicates that a shift from a (N3)H to a
(N1)H deprotonation is easily achieved in the xanthine resi-
due.

Interesting in this connection is that methylation at N7
favors (N1)H deprotonation; i.e., the (N1)H-deprotonated
tautomer reaches a higher formation degree in 7-methylxan-
thine compared with that in 9-methylxanthine.[7] Because
metal ions like to bind in aqueous solution to N7 of neutral
xanthosine[37] as well as in related hypoxanthine and guanine
derivatives,[21,38–40] one expects that this binding mode due to
the positive charge close to N7 favors (N1)H deprotona-
tion[41] also in xanthine derivatives. Of course, the negative
charge at (N1)� will partially be delocalized to the neighbor-
ing carbonyl groups (Figure 4). However, this delocalization
does not necessarily lead to chelate formation of the N7-co-
ordinated metal ion with the neighboring (C6)O group,
though it is possible,[32] and in the form of seven-membered
semi ACHTUNGTRENNUNGchelates involving a water molecule bound to the metal
ion and a hydrogen bond to (C6)O it is easily achieved, as is
evident from the solid-state examples mentioned above.[35,36]

Hence, we conclude that N7–metal-ion binding of a xan-
thosinate residue appears to be the rule, whereas the site of
deprotonation, (N1)H or (N3)H, in such complexes is more
ambiguous. Tentatively we favor (N1)H deprotonation for
aqueous solutions, because this should also facilitate outer-
sphere binding to (C6)O. Indeed this conclusion is in accord
with the results discussed in the sections to follow.

2.5 Stability constants of M2+ complexes formed with XMP :
Because in H3ACHTUNGTRENNUNG(XMP)+ the first proton is mainly released
from the P(O)(OH)2 group and the second one from the
(N7)H+ unit (see the second to the last paragraph in Section
2.1), N7 becomes available for metal-ion binding in the
ACHTUNGTRENNUNGHACHTUNGTRENNUNG(XMP)� species, which may also be written as (XMP·H)�,
because the proton is at the phosphate group. Consequently,
the first complex to be considered has the composition
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(H;XMP)+ . Naturally, the ligand species XMP2� (=
(X�H·MP·H)2� ; see Section 2.2) and (XMP�H)3� (=
(X�H·MP)3�) may also form complexes with the divalent
metal ions considered in this study and hence, the following
three complex equilibria [Eqs. (8)–(10)] need to be taken
into account:

M2þ þHðXMPÞ� Ð MðH;XMPÞþ ð8aÞ

KM
MðH;XMPÞ ¼ ½MðH;XMPÞþ
=ð½M2þ
½HðXMPÞ�
Þ ð8bÞ

M2þ þXMP2� Ð MðXMPÞ ð9aÞ

KM
MðXMPÞ ¼ ½MðXMPÞ
=ð½M2þ
½XMP2�
Þ ð9bÞ

Figure 4. Chemical formula of the structure of XMP at the physiological
pH of about 7.5, where both the xanthine residue and the phosphate
group are deprotonated (see also Figure 1 and reference [34]).
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M2þ þ ðXMP�HÞ3� Ð MðXMP�HÞ� ð10aÞ

KM
MðXMP�HÞ ¼ ½MðXMP�HÞ�
=ð½M2þ
½ðXMP�HÞ3�
Þ

ð10bÞ

Considering that pKH
H2ðXMPÞ=0.97�0.15 (Section 2.1), it is

immediately evident that the stability of the MACHTUNGTRENNUNG(H;XMP)+

complexes [Eq. (8)] cannot be measured via potentiometric
pH titrations, the evaluation of which rests on the observa-
tion of a buffer depression in the presence of metal ions
compared to the situation in their absence. Such a buffer de-
pression at pH<1 is too small to be reliably measured. Be-
cause metal ions bind to N7 in these complexes, it might be
possible to determine their stability constants by means of
UV spectrophotometric measurements, though the success
of such experiments is rather questionable as the change in
absorption upon metal ion coordination is expected to be
small[42,43] and the protonation equilibria are overlapping as
well as complicated (Section 2.1);[7] furthermore, the N7/H+

interactions will be reflected in the same wavelength
range.[42,43] Therefore, the stability of the M ACHTUNGTRENNUNG(H;XMP)+ com-
plexes will be estimated in Section 2.6.

Because complex formation with the ligand species
XMP2� and (XMP�H)3� [Eqs. (9) and (10)] occurs in a pH
range easily accessible for potentiometric pH titrations, this
method was employed and all experiments aimed to deter-
mine stability constants of metal-ion complexes were carried
out with an M2+ concentration in excess of the ligand (L)
concentration. This means that under the experimental con-
ditions (see Section 4.4) only 1:1 complexes form; indeed,
there was no indication for the formation of either ML2 or
M2L species.

In fact, the experimental data of the potentiometric pH ti-
trations can be completely described by considering Equili-
bria (3), (4), (9), and (10), provided the evaluation is not

carried into the pH range in which hyd ACHTUNGTRENNUNGroxo complexes
form. The occurrence of this last reaction was easily identi-
fied from titrations in the absence of ligand (Section 4.4).
The results obtained from the potentiometric experiments
regarding the stabilities of the M ACHTUNGTRENNUNG(XMP) [Eq. (9)] and
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)� [Eq. (10)] complexes are collected in columns
3 and 4, respectively, in Table 1.[44]

2.6 Estimation of the stability of the MACHTUNGTRENNUNG(H;XMP)+ com-
plexes : With the situation regarding the ACHTUNGTRENNUNGMACHTUNGTRENNUNG(H;XMP)+ com-
plexes as summarized in Section 2.5 in mind, we decided to
make sophisticated estimates of the stabilities of the
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(H;XMP)+ complexes [Eq. (8)] by applying the previously
determined[42] logKM

MðBzÞ versus pKH
HðBzÞ straight-line plots, in

which Bz represents benzimidazole-type ligands. It needs to
be recalled in this context that 1-methylbenzimidazole may
also be addressed as 9-methyl-1,3-dideazapurine, thus re-
flecting the close structural relationship between benzimida-
zoles and purines,[45] and therefore, the structural conditions
of N3 of a benzimidazole derivative reflect well those of N7
of a purine derivative. Furthermore, the steric influence of a
carbonyl oxygen atom neighboring N7 is known to be very
small (much smaller than of an amino group),[46] if it exists
at all.[47] For example, for the Co2+ and Ni2+ complexes of
cytidine (Cyd) it was recently proven that the carbonyl
group neighboring N3 in the pyrimidine ring has no measur-
able effect on the stability of these MACHTUNGTRENNUNG(Cyd)2+ complexes.[46]

Therefore, the mentioned straight-line plots[42] may be
used to calculate stability constants for complexes formed
between M2+ and the neutral xanthosine residue of the
phosphate-monoprotonated (XMP·H)� ligand, by using the
known[7] micro acidity constant, pkXMP�H

H�XMP�H=1.11�0.08 (Sec-
tion 2.1), which reflects the deprotonation reaction of the
(N7)H+ unit in (H·XMP·H)� . In other words, the stability
constants calculated in this way refer to “theoretical”
M(xanthosine)2+ complexes, that is, of a xanthosine ligand

with the mentioned pka value.
Hence, these constants need to
be further corrected[48] for the
charge effect which the
P(O)2(OH)� group in
(XMP·H)� (=H ACHTUNGTRENNUNG(XMP)�)
exerts on M2+ coordinated at
the N7 site; this charge effect
amounts to 0.40�0.15 log units,
as is known[49,50] from various
other cases in which the distan-
ces between the positive and
negative charges are of a com-
parable size.

The results of the above cal-
culations for the stabilities of
the various M ACHTUNGTRENNUNG(H;XMP)+ com-
plexes [Eq. (6)] are listed in
column 2 of Table 1, together
with the generously estimated
error limits of �0.3 log units. It

Table 1. Logarithms of the stability constants of M ACHTUNGTRENNUNG(H;XMP)+ [Eq. (8); estimates], M ACHTUNGTRENNUNG(XMP) [Eq. (9)] and
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)� [Eq. (10)] complexes as determined by potentiometric pH titrations in aqueous solution, togeth-
er with the negative logarithms of the acidity constants [Eqs. (13), (14)] of the M ACHTUNGTRENNUNG(H;XMP)+ [Eq. (11)] and
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP) [Eq. (12)] complexes (25 8C; I=0.1m, NaNO3).

[a,b]

M2+ logKM
MðH;XMPÞ

[c] logKM
MðXMPÞ logKM

MðXMP�HÞ pKH
MðH;XMPÞ pKH

MðXMPÞ

Ba2+ 0.2�0.3 1.00�0.09 1.66�0.08 4.5�0.3 5.79�0.12
Sr2+ 0.2�0.3 1.02�0.08 1.69�0.07 4.5�0.3 5.78�0.11
Ca2+ 0.25�0.3 1.14�0.03 1.87�0.05 4.4�0.3 5.72�0.06
Mg2+ 0.25�0.3 1.16�0.16 2.07�0.04 4.4�0.35 5.54�0.17
Mn2+ 0.3�0.3 1.82�0.07 2.89�0.09 3.8�0.3 5.38�0.12
Co2+ 1.1�0.3 2.38�0.04 3.62�0.07 4.0�0.3 5.21�0.08
Ni2+ 1.5�0.3 2.67�0.08 4.06�0.08 4.1�0.3 5.06�0.11
Cu2+ 1.8�0.3 3.31�0.04 4.69�0.06 3.8�0.3 5.07�0.07
Zn2+ 0.7�0.3 2.26�0.04 3.51�0.05 3.75�0.3 5.20�0.07
Cd2+ 1.1�0.3 2.62�0.04 3.95�0.08 3.8�0.3 5.12�0.09

[a] The acidity constants[7] for H2 ACHTUNGTRENNUNG(XMP)� are pKH
H2ðXMPÞ=0.97�0.15 [Eq. (2)], pKH

HðXMPÞ=5.30�0.02 [Eq. (3)],
and pKH

XMP=6.45�0.02 [Eq. (4)] (see Section 2.1); so-called practical, mixed, or Brønsted acidity constants are
given (see ref. [44]).[7] [b] The error limits given (except those in column 2) are three times the standard error
of the mean value (3s) or the sum of the probable systematic errors, whichever is larger. The error limits of
the derived data, in the present case for columns 5 and 6, were calculated according to the error propagation
after Gauss. [c] Estimated values; see Section 2.6.
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is comforting to note that the previously estimated stabili-
ties, based on experiments,[37] for the Co2+ , Ni2+ , Cu2+ , and
Cd2+ complexes of xanthosine, if corrected for the charge
effect and the different basicities of N7 by 0.7�0.2 log
units,[51] give the log stability constants 1.2�0.3, 1.4�0.3,
1.5�0.35, and 1.4�0.25, respectively, and that these values
are within the error limits identical with those listed in
column 2 of Table 1. Moreover, the stability constants of all
the corresponding M ACHTUNGTRENNUNG(H;IMP)+ complexes[52] are also identi-
cal within the error limits with the values listed in Table 1
for the ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(H;XMP)+ species; this last observation is easily
understandable because pKH

H2ðIMPÞ=1.30�0.10, which mainly
quantifies the release of the proton from (N7)H+ ,[21] is
rather close to pkXMP�H

H�XMP�H=1.11�0.08 (Section 2.1).[53]

2.7 Preliminary evaluation of the stability and structure of
the various XMP–metal-ion complexes : From a careful con-
sideration of the equilibria discussed so far it is evident that
the complex M ACHTUNGTRENNUNG(XMP) is not only formed according to Equi-
librium (9), but also according to the following deprotona-
tion reaction [Eq. (11)]:

MðH;XMPÞþ Ð MðXMPÞ þHþ ð11aÞ

KH
MðH;XMPÞ ¼ ½MðXMPÞ
½Hþ
=½MðH;XMPÞþ
 ð11bÞ

Similarly, the species M ACHTUNGTRENNUNG(XMP�H)� may not only origi-
nate from Equilibrium (10), but it may also form according
to Equilibrium (12):

MðXMPÞ Ð MðXMP�HÞ� þHþ ð12aÞ

KH
MðXMPÞ ¼ ½MðXMP�HÞ�
½Hþ
=½MðXMPÞ
 ð12bÞ

However, the acidity constants defined in Equations (11)
and (12) are connected with the other equilibrium constants
already mentioned in Sections 2.1 and 2.5 by the following
Equations (13) and (14):

pKH
MðH;XMPÞ ¼ pKH

HðXMPÞ þ logKM
MðH;XMPÞ�logKM

MðXMPÞ ð13Þ

pKH
MðXMPÞ ¼ pKH

XMP þ logKM
MðXMPÞ�logKM

MðXMP�HÞ ð14Þ

The acidity constants calculated in this way for Equili-
bria (11) and (12) are listed in columns 5 and 6, respectively,
of Table 1.

In Section 2.6 we have already seen that in the
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(H;XMP)+ complexes [Eq. (8) and Table 1, column 2] the
metal ion is coordinated at the N7 site of the xanthosine res-
idue, the proton being located at the phosphate group;
therefore these species are best written as (M·XMP·H)+ to
reflect their structure. Of course, one expects that this bind-
ing mode facilitates deprotonation of the xanthine residue,
probably largely at (N1)H (see Section 2.4), and indeed, the
acidification according to Equation (15) (Section 2.1 and
Table 1) varies for the different metal ions between about
0.8 to 1.5, being least pronounced for the alkaline earth ions

and most pronounced for Cu2+ , Zn2+ , and Cd2+ as expect-
ed.

DpKa=X ¼ pKH
HðXMPÞ�pKH

MðH;XMPÞ ð15Þ

The resulting complex species M ACHTUNGTRENNUNG(XMP) are best written
as (M·X�H·MP·H)� to reflect their structure, that is, the
metal ion is at the xanthosinate residue with an overall
charge of +1 and the proton is bound at the P(O)2(OH)�

group.
The stability constants of the metal-ion complexes formed

with xanthosinate, (Xao�H)�, are listed in the second
column[37] of Table 2.[54] A comparison of the stability con-

stants of these M ACHTUNGTRENNUNG(Xao�H)+ complexes with those of the
(M·X�H·MP·H)� species (Table 1, column 3) reveals that
the latter are more stable by about 0.6 to 1.0 log units. This
stability enhancement is higher than expected[48] based on a
simple charge effect of the P(O)2(OH)� group; in fact, it in-
dicates that to a certain extent macrochelates form between
the N7-coordinated metal ions and the P(O)2(OH)� residue
(Figure 1). Such an observation involving a P(O)2(OH)�

group has been made before;[55] the extent of this macroche-
late formation will be considered in Section 2.9.

Of course, macrochelate formation as indicated in the
preceding paragraph for the (M·X�H·MP·H)� species [=
M ACHTUNGTRENNUNG(XMP)] will facilitate deprotonation of the P(O)2(OH)�

group; this acidification as defined by Equation (16) (Sec-
tion 2.1 and Table 1) amounts to about 0.7 to 1.4 pK units
and it leads to the M ACHTUNGTRENNUNG(XMP�H)� complex species [Eq. (12);
Table 1, column 6].

DpKa=P ¼ pKH
XMP�pKH

MðXMPÞ ð16Þ

However, it is most revealing to consider in this context
the stabilities of the complexes formed between metal ions
and xanthosinate[37] on the one hand and ribose 5-mono-
phosphate (RibMP2�)[54] on the other. The corresponding

Table 2. Logarithms of the stability constants[a] of the 1:1 complexes
formed by M2+ with xanthosinate, (Xao�H)�,[b] or with d-ribose 5-mono-
phosphate, RibMP2�,[c] in aqueous solution at 25 8C and I=0.1m
(NaNO3).

M2+ logKM
MðXao�HÞ logKM

MðRibMPÞ

Ba2+ 0.2�0.2[d] 1.17�0.03
Sr2+ 0.2�0.2[d] 1.25�0.02
Ca2+ 0.2�0.2[d] 1.48�0.01
Mg2+ 0.2�0.2[d] 1.58�0.02
Mn2+ 0.84�0.05 2.20�0.02
Co2+ 1.65�0.05 2.00�0.01
Ni2+ 2.09�0.05 2.00�0.01
Cu2+ 2.58�0.03 2.96�0.02
Zn2+ 1.32�0.02 2.20�0.02
Cd2+ 1.96�0.05 2.49�0.02

[a] For the error limits see footnote [b] of Table 1. [b] From refer-
ence [37]; pKH

Xao=5.47�0.03. [c] From reference [54]; pKH
HðRibMPÞ=6.24.�

0.01. [d] These stability constants and their error limits are estimates.[37]
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log stability constants are listed in columns 2 and 3, respec-
tively, of Table 2.

Comparisons in Table 2 reveal 1) that the stability of
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(RibMP) complexes is in most instances higher than the
one of the M ACHTUNGTRENNUNG(Xao�H)+ species; this then means that the
metal ion in (M·X�H·MP·H)� switches upon deprotonation
of the P(O)2(OH)� group from the N7 site to the phosphate
groups in the M ACHTUNGTRENNUNG(XMP�H)� complexes. Furthermore, 2) the
log stability constants of the M ACHTUNGTRENNUNG(XMP�H)� complexes
(Table 1, column 4) are by about 0.4 to 2.1 log units larger
than those of the M ACHTUNGTRENNUNG(RibMP) complexes (Table 2, column
3); this in part, despite the charge effect, dramatic stability
enhancement can only mean that the phosphate-coordinated
metal ion interacts in addition with N7 (none of the other N
atoms is sterically accessible)[21] forming macrochelates. Of
course, there must be an intramolecular equilibrium be-
tween “open” and “closed” (macrochelated) M ACHTUNGTRENNUNG(XMP�H)�

species, and these are best designated as (X�H·MP·M)�op
and (X�H·MP·M)�cl ; the position of this indicated intramo-
lecular equilibrium will be evaluated in Sections 2.10 and
2.11.

2.8 Quantitative evaluation of the stability enhancement for
the M ACHTUNGTRENNUNG(XMP) complexes : In the preceding section we have
seen that the M ACHTUNGTRENNUNG(XMP) complexes [Eq. (9); Table 1, column
3] are best written as (M·X�H·MP·H)� to reflect the fact
that the metal ion is coordinated at N7 and that the proton
is part of the P(O)2(OH)� group. We have further seen that
these complexes show an enhanced stability that is to be at-
tributed to macrochelate formation of the N7-bound metal
ion with the P(O)2(OH)� residue. Hence, we now aim to
quantify this stability enhancement, because once known it
allows us to calculate the extent of chelate formation;[56] in
other words, to determine the position of Equilibrium (17)
between the open (op) and chelated or closed (cl) isomers:

ðM �X�H �MP �HÞ�op Ð ðM �X�H �MP �HÞ�cl ð17Þ

The stability enhancement is in the present case expressed
by the stability difference logDM/XMP , which is defined by
Equation (18), in which KM

MðXMPÞ refers to Equation (9)
(Table 1, column 3) and KM

MðXMPÞop defines the stability of the
open isomer [Eq. (19)]:

logDM=XMP ¼ logKM
MðXMPÞ�logKM

MðXMPÞop ð18Þ

KM
MðXMPÞop ¼ ½ðM �X�H �MP �HÞ�op
=ð½M2þ
½XMP2�
Þ ð19Þ

From Equation (18) it is evident that it has to be the aim
to obtain values for KM

MðXMPÞop. This goal is best achieved by
correcting the known[37] stability constants of the
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(Xao�H)+ complexes (Table 2, column 2) for the differ-
ence in the basicities of the xanthine residue in the
(Xao�H)� and (X�H·MP·H)2� species, as well as for the
charge effect that the P(O)2(OH)� group exercises on a
metal ion coordinated at N7.

The mentioned basicity difference is defined by Equa-
tion (20):

DpKa ¼ pkX�H�MP�H
XMP�H ðsee Section 2:2Þ�pKH

Xao ðref: ½37
Þ
ð20aÞ

¼ ð5:35� 0:02Þ�ð5:47� 0:03Þ ð20bÞ

¼ �0:12� 0:04 ð20cÞ

At first sight it may seem surprising that the acidity of the
species which carries the larger negative charge due to the
presence of the P(O)2(OH)� group is slightly higher
(DpKa=�0.12). The reason is most likely that a hydrogen
bond between the proton of the P(O)2(OH)� group and N7
exists, leading to an acidification of the Xao residue. In fact,
for several related examples the extent of such a hydrogen-
bond formation in aqueous solution has been quantified re-
cently.[57] The mentioned DpKa value is now used to calcu-
late, in conjunction with the slopes (m) of the logKM

MðBzÞ
versus pKH

HðBzÞ straight-line plots[42] of benzimidazole-type li-
gands (see also Section 2.6), the slightly reduced complex
stability, which results from the reduced basicity; it may be
mentioned that the slopes for other N-type systems[58,59] are
very similar. The results of these calculations are listed in
column 3 of Table 3 (logKM

MðXao�HÞcor). Comparison of the ba-

sicity-corrected values with those for the M ACHTUNGTRENNUNG(Xao�H)+ com-
plexes given in column 2 of Table 2 shows that the correc-
tions are of a very minor order; this is not surprising be-
cause DpKa=�0.12 and m<0.4 in all instances.

The charge effect of the P(O)2(OH)� residue on a metal
ion at N7 amounts to 0.4�0.15 log units as discussed in Sec-
tion 2.6. Addition of this value to those listed in column 3 of

Table 3. Stability-constant comparisons[a] for the M ACHTUNGTRENNUNG(XMP) complexes be-
tween the measured stability constants (KM

MðXMPÞ),
[b] which encompass all

isomers of Equilibrium (17), and the estimated ones for the open
(M·X�H·MP·H)�op isomers (KM

MðXMPÞop),
[c] which are based on the basicity-

corrected stabilities of the M(xanthosinate)+ complexes (column 3)[d] and
which are then further corrected for the charge effect of the P(O)2(OH)�

group[c] to give the values listed in column 4 (aqueous solution; 25 8C; I=
0.1m, NaNO3).

M2+ logKM
MðXMPÞ

[Eq. (9)][b]
logKM

MðXao�HÞcor
cf.[d]

logKM
MðXMPÞop

[Eq. (19)][c]
logDM/XMP

[Eq. (18)]

Ba2+ 1.00�0.09 0.2�0.2 0.6�0.25 0.40�0.27
Sr2+ 1.02�0.08 0.2�0.2 0.6�0.25 0.42�0.26
Ca2+ 1.14�0.03 0.2�0.2 0.6�0.25 0.54�0.25
Mg2+ 1.16�0.16 0.2�0.2 0.6�0.25 0.56�0.30
Mn2+ 1.82�0.07 0.82�0.05 1.22�0.16 0.60�0.17
Co2+ 2.38�0.04 1.63�0.05 2.03�0.16 0.35�0.16
Ni2+ 2.67�0.08 2.07�0.05 2.47�0.16 0.20�0.18
Cu2+ 3.31�0.04 2.53�0.03 2.93�0.15 0.38�0.16
Zn2+ 2.26�0.04 1.29�0.02 1.69�0.15 0.57�0.16
Cd2+ 2.62�0.04 1.92�0.05 2.32�0.16 0.30�0.16

[a] For the error limits see footnote [b] of Table 1. [b] These values are
from column 3 of Table 1. [c] See text in Section 2.8. [d] These values are
the constants of column 2 in Table 2 corrected for the different basicities
of the xanthine residue in the (Xao�H)� and (X�H·MP·H)2� species.

Chem. Eur. J. 2006, 12, 8106 – 8122 L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8113

FULL PAPERMetal-Ion-Complex Equilibria Involving XMP

www.chemeurj.org


Table 3 gives the log stability constants, logKM
MðXMPÞop, for the

open (M·X�H·MP·H)�op isomer in Equilibrium (17); these
constants appear in column 4 of Table 3.

Now we are in the position to calculate the logDM/XMP

values according to Equation (18); these results vary be-
tween about 0.2 and 0.6 log units and they are listed in
column 5 of Table 3. There are two interesting observations:
1) Despite the large error limits it is evident that the value
for the Ni2+system, logDNi/XMP=0.20, is very small compared
with the others listed in this column; this result confirms the
usual observation that Ni2+ has a notoriously low affinity
toward phosphate groups, especially if compared with that
of Mn2+ .[21,60, 61] 2) All the other logDM/XMP values are very
similar; in fact, they are within the error limits identical
with the average of the remaining nine values (i.e., ignoring
the one for Ni2+), which equals 0.46�0.11(3s) log units.
This similarity indicates[55] that the interaction of the N7-co-
ordinated metal ions with the P(O)2(OH)� group occurs
largely in an outer-sphere manner; and this of course leads
also to similar formation degrees of the macrochelated spe-
cies (see below).

2.9 Extent of macrochelate formation involving the
P(O)2(OH)� group in the (M·X�H·MP·H)� species : Fol-
lowing previous routes,[18, 56,61] the application of the
ACHTUNGTRENNUNGlogDM/XMP values [Eq. (18); Table 3, column 5] allows to
define the position of the intramolecular Equilibrium (17);
that is, to calculate values for the dimensionless equilibrium
constant, K*

I=H, according to Equation (21):

K*I=H ¼ ½ðM �X�H �MP �HÞ�cl

½ðM �X�H �MP �HÞ�op


ð21aÞ

¼
KM

MðXMPÞ

KM
MðXMPÞop

�1 ð21bÞ

¼ 10logDM=XMP�1 ð21cÞ

Once K*
I=H is known, the formation degree or the percent-

age of the macrochelated or closed species in Equilibri-
um (17) follows then from Equation (22):

% ðM �X�H �MP �HÞ�cl ¼ 100K*
I=H=ð1þK*

I=HÞ ð22Þ

These formation degrees are listed in column 4 of Table 4.
In accord with the above discussion in Section 2.8 regard-

ing the size of the logDM/XMP values it is no surprise that the
formation degrees of the closed species (Table 4, column 4)
vary only slightly and that all of them are, within the error
limits, identical with the average formation degree of 64�
9%(3s), neglecting again the Ni2+ system. However, it
needs to be emphasized that the high formation degree of
the macrochelates is a matter of the position of the concen-
tration-independent intramolecular Equilibrium (17) and
therefore it has little to do with the absolute stabilities of
these complexes, which vary in fact quite significantly as is

evident from the stability constants listed for the MACHTUNGTRENNUNG(XMP)
[= (M·X�H·MP·H)�] complexes in the second column of
Table 3.

However, the presented results regarding macrochelate
formation are in accord with the conclusions summarized in
Section 2.4 that the main binding site for metal ions at the
xanthosine residue is N7, because in the anti conformation
of XMP (Figure 1) only a metal ion coordinated to this N
site is able to interact simultaneously with the monoproton-
ACHTUNGTRENNUNGated phosphate residue. Maybe, here is a further reason for
the low formation degree of (Ni·X�H·MP·H)�cl, aside from
the comparably low affinity of Ni2+ for phosphate residues
(see Section 2.8), that is, that this metal ion coordinates
partly at the (N1)� [or (N3)�] site[30] and the P(O)2(OH)�

group is then not reachable.
It should be added that a 5’-phosphate group and N3 are

simultaneously not accessible for metal ions for steric rea-
sons, and for an N1/phosphate combination a transformation
of the purine nucleotide into the syn conformation would be
necessary, yet this anti/syn barrier[46] is with about 6–
7.5 kJmol�1 too large to be overcome by macrochelate for-
mation. Of course, as pointed out already in Section 2.4
metal ion binding at N7 is expected to facilitate especially
the deprotonation of the (N1)H site; it is therefore likely
that in the (M·X�H·MP·H)� species this proton was lost,
though a tautomeric complex with a deprotonated (N3)H
site occurring in equilibrium cannot be excluded.

2.10 Proof of an enhanced stability for several
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)� complexes : In Section 2.7 we have seen that
the metal ion in (M·X�H·MP·H)� switches upon deproto-
nation of the P(O)2(OH)� residue from the N7 site to the
twofold negatively charged phosphate group and that this
site becomes the stability determining site for the
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)� complexes, which we may also write as
(X�H·MP·M)�, thus indicating that the xanthosine residue
is deprotonated and the metal ion placed at the PO2�

3 group.
It is therefore justified to apply the previously determined
logKM

MðR-PO3Þ versus pKH
HðR-PO3Þ plots for simple phosphate

Table 4. Extent of chelate formation in M ACHTUNGTRENNUNG(XMP) complexes [Eq. (17)] as
calculated from the stability enhancement logDM/XMP [Eq. (18)] and quan-
tified by the dimensionless equilibrium constant K*

I=H [Eq. (21)] and the
percentage of the macrochelated isomers (M·X�H·MP·H)�cl [Eq. (22)] in
aqueous solution (25 8C; I=0.1m, NaNO3).

[a]

M2+ logDM/XMP K*
I=H %(M·X�H·MP·H)�cl

Ba2+ 0.40�0.27 1.51�1.56 60�25
Sr2+ 0.42�0.26 1.63�1.57 62�23
Ca2+ 0.54�0.25 2.47�2.00 71�17
Mg2+ 0.56�0.30 2.63�2.51 72�19
Mn2+ 0.60�0.17 2.98�1.56 75�10
Co2+ 0.35�0.16 1.24�0.82 55�16
Ni2+ 0.20�0.18 0.58�0.66 37�26
Cu2+ 0.38�0.16 1.40�0.88 58�15
Zn2+ 0.57�0.16 2.72�1.37 73�10
Cd2+ 0.30�0.16 1.00�0.74 50�18

[a] For the error limits see footnote [b] of Table 1. The values in the
second column are from the final column in Table 3.
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monoesters[54] and phosphonates;[50] these ligands are abbre-
viated as R-PO2�

3 , where R represents a noninteracting resi-
due. For families of related ligands such plots lead to
straight lines,[56] which are defined in Equation (23) for the
complexes of R-PO2�

3 species:[50]

logKM
MðR-PO3Þ ¼ m � pKH

HðR-PO3Þ þ b ð23Þ

The parameters of Equation (23), that is, the slopes m and
the intercepts b with the y axis have been determined[50] and
tabulated.[21,50,61]

Two such plots are shown in Figure 5 for the Ca2+ and
Cd2+ systems, as examples. Whereas the data point for the
Ca2+/ ACHTUNGTRENNUNG(XMP�H)3� system is only about 0.4 log units above

its reference line, a result possibly due only to a charge
effect (see below), the point for the Cd2+/ ACHTUNGTRENNUNG(XMP�H)3�

system is about 1.5 log units above its reference line and
therefore definite proof for an enhanced complex stability,
because this increase is far beyond any possible charge influ-
ence. In other words, this example proves that the following
intramolecular Equilibrium (24) must exist at least for some

M ACHTUNGTRENNUNG(XMP�H)� complexes [Eq. (10); Table 1, column 4].
The parameters of the mentioned straight-line plots for

M ACHTUNGTRENNUNG(R-PO3) complexes allow the calculation of the stability
of the open isomer in Equilibrium (24) for a M2+ complex
of an R-PO2�

3 ligand, in which the mono ACHTUNGTRENNUNGprotonated phos-
phate group has the intrinsic pka value discussed in Sec-
tion 2.2; that is, pkX�H�MP

X�H�MP�H=6.40�0.04 (Figure 2), and
which refers to the deprotonation of the (X�H·MP·H)2�

tautomer. With these calculated stabilities for “theoretical”
M ACHTUNGTRENNUNG(R-PO3) complexes one may define the following stability
difference:

logDM=R-PO3
¼ logKM

MðXMP�HÞ � logKM
MðR-PO3Þ ð25Þ

The stability constants which appear in Equation (25) are
listed in columns 2 and 3, respectively, of Table 5 and the
values for logDM/R-PO3

are given in column 4. Since the com-
plexes MACHTUNGTRENNUNG(XMP�H)� and MACHTUNGTRENNUNG(R-PO3), to which the listed

Figure 5. Evidence for an enhanced stability of the Ca2+ and Cd2+ (*)
1:1 complexes of (XMP�H)3� based on the relationship between
logKM

MðR-PO3Þ and pKH
HðR-PO3Þ for the 1:1 complexes of Ca2+ and Cd2+ with

some simple phosphate monoester and phosphonate ligands (R-PO2�
3 ; *):

4-nitrophenyl phosphate (NPhP2�), phenyl phosphate (PhP2�), uridine 5’-
monophosphate (UMP2�), d-ribose 5-monophosphate (RibMP2�), thymi-
dine (=2’-deoxyribosylthymine) 5’-monophosphate (dTMP2�), butyl
phosphate (BuP2�), methanephosphonate (MeP2�), and ethanephospho-
nate (EtP2�) (from left to right). The least-squares straight-reference
lines are drawn through the corresponding eight data sets, which are
taken for the phosphate monoesters from reference [54] and for the phos-
phonates from reference [50]; the parameters for these reference lines ac-
cording to Equation (23) are listed in Table 5 of reference [50].[21, 61] The
points due to the equilibrium constants for the M2+/ ACHTUNGTRENNUNG(XMP�H)3� systems
(*) are given in Table 1 and the micro acidity constant used, pkX�H�MP

X�H�MP�H=

6.40�0.04 is from Section 2.2 (Figure 2). All the plotted equilibrium con-
stants refer to aqueous solutions at 25 8C and I=0.1m (NaNO3). The ver-
tical broken lines emphasize the stability differences to the corresponding
reference lines; these differences equal logDM/R-PO3

as defined in Sec-
tion 2.10 by Equation (25) and the corresponding values are listed in
column 4 of Table 5.

Table 5. Stability-constant comparisons[a] for the M ACHTUNGTRENNUNG(XMP�H)� com-
plexes between the measured stability constants (KM

MðXMP�HÞ),
[b] which en-

compass all isomers given in Equilibrium (24), and the calculated stability
constants (KM

MðR-PO3Þ), which are based on the intrinsic basicity of the
phosphate group[c] of (XMP�H)3� and the reference-line equations
[Eq. (23)][c] and thus quantify the stabilities of the open, “theoretical”
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(R-PO3) isomers in Equilibrium (24). The resulting stability differences,
logDM/R-PO3

, need to be corrected for the charge effect of the uncoordinat-
ed xanthosinate residue giving then the stability enhancement,
logDM/(XMP�H), solely due to macrochelate formation according to Equili-
brium (24) (aqueous solution; 25 8C; I=0.1m, NaNO3).

[a]

M2+ logKM
MðXMP�HÞ

ACHTUNGTRENNUNG[Eq. (10)][b]
logKM

MðR-PO3Þ
[c] logDM/R-PO3

ACHTUNGTRENNUNG[Eq. (25)]
logDM/(XMP�H)

ACHTUNGTRENNUNG[Eq. (26)]

Ba2+ 1.66�0.08 1.18�0.04 0.48�0.09 0.08�0.17
Sr2+ 1.69�0.07 1.26�0.04 0.43�0.08 0.03�0.17
Ca2+ 1.87�0.05 1.47�0.05 0.40�0.07 0.00�0.17
Mg2+ 2.07�0.04 1.60�0.04 0.47�0.06 0.07�0.16
Mn2+ 2.89�0.09 2.21�0.05 0.68�0.10 0.28�0.18
Co2+ 3.62�0.07 1.98�0.06 1.64�0.09 1.24�0.17
Ni2+ 4.06�0.08 1.99�0.05 2.07�0.09 1.67�0.17
Cu2+ 4.69�0.06 2.96�0.06 1.73�0.08 1.33�0.17
Zn2+ 3.51�0.05 2.19�0.06 1.32�0.08 0.92�0.17
Cd2+ 3.95�0.08 2.50�0.05 1.45�0.09 1.05�0.17

[a] For the error limits see footnote [b] of Table 1. [b] These values are
from column 4 of Table 1. [c] Calculated with the micro acidity constant
pkX�H�MP

X�H�MP�H=6.40�0.04 (Section 2.2) and the straight-line parame-
ters[21,50, 61] of Equation (23); see text in Section 2.10.
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constants in columns 2 and 3, respectively, refer, differ by a
charge of �1, there is a charge effect that the deprotonated
xanthosine residue exerts on M2+ bound at the phosphate
residue without any direct interaction. We need to take this
effect into account and reduce the logDM/R-PO3

values corre-
spondingly. As discussed in Section 2.6, this �/2+ charge
effect amounts to 0.40�0.15 log units; hence, we obtain
from Equation (26) the logDM/(XMP�H) values that now solely
quantify the enhanced stability due to macrochelate forma-
tion. These stability differences are listed in column 5 of
Table 5.

logDM=ðXMP�HÞ ¼ logDM=R-PO3
�ð0:40� 0:15Þ ð26Þ

There are several observations that warrant recognition:
1) The stability enhancements for the complexes of the alka-
line earth ions are small, if they exist at all ; in other words,
the affinity of these ions for N7 is insignificant, which is in
agreement with experience.[59,62] 2) All 3d metal ions, as well
as Zn2+ and Cd2+ , show an enhanced stability and thus, an
affinity of the phosphate-bound metal ions towards N7; as
indicated before (Section 2.9), another N site of the xan-
thine residue is sterically not accessible by a phosphate-co-
ordinated metal ion in the anti conformation of XMP. 3)
The affinity of Ni2+ toward N7 is most pronounced and this
observation agrees with that made at other complexes of
purine–nucleoside 5’-monophosphates.[21] This result has
been explained[63] by considerations on the statistical effects
in the context of the preferred coordination number of
these metal ions, especially of Ni2+and Cu2+ , and these ef-
fects favor Ni2+ .

2.11 Extent of macrochelate formation in the MACHTUNGTRENNUNG(XMP�H)�

complexes : If the open isomers in Equilibrium (24) are de-
fined as (X�H·MP·M)�op and the macrochelated or closed
ones as (X�H·MP·M)�cl, the corresponding equilibrium con-
stant KI is defined by Equation (27) and values for KI may
be calculated[56] by Equation (28), which is defined in analo-
gy to Equation (21c):

KI ¼ ½ðX�H �MP �MÞ�cl
=½ðX�H �MP �MÞ�op
 ð27Þ

KI ¼ 10logDM=ðXMP�HÞ�1 ð28Þ

Now Equation (28) can be applied and the intramolecular
equilibrium constants KI [Eq. (27)] can be obtained and in
analogy to Equation (22) the formation degrees of the mac-
rochelates indicated in Equilibrium (24) can be calculated.
These results are summarized in Table 6.

Of course, due to the large error limits that are due to the
estimation of the charge effect, the extent of macrochelate
formation in the (X�H·MP·M)� species of the alkaline
earth ions is not well defined (Table 6, column 4); however,
it is still certain that it is smaller than in the case of the pro-
tonated (M·X�H·MP·H)� species (Table 4, column 4). A
possible reason could be that the alkaline earth ions bound
to N7 (possibly in an outer-sphere manner) in the phos-

phate-protonated species are very flexible and can therefore
easily reach the monoprotonated phosphate group. This is
most likely different in the (X�H·MP·M)� complexes, be-
cause alkaline earth ions tend to bind in a semichelate-type
fashion to a PO2�

3 group, that is, one oxygen atom of the
phosphate group is inner-sphere and another one outer-
sphere coordinated;[54] in this way much of the flexibility
would be lost and thus, the interaction, even in an outer-
sphere manner, with N7 reduced. In any case, for the
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(IMP) and MACHTUNGTRENNUNG(GMP) complexes a low degree of chelate
formation with the alkaline earth ions was observed,[21] and
therefore the present result is in line with these earlier ob-
servations.

For the (X�H·MP·M)� complexes of Co2+ , Ni2+ , Cu2+ ,
Zn2+ , and Cd2+ , macrochelate formation is high, that is,
close to 90% or even higher. This is expected because the
high affinity of these metal ions toward N sites is well
known,[62] and the result is again in line with that obtained
for the corresponding M ACHTUNGTRENNUNG(IMP) and M ACHTUNGTRENNUNG(GMP) complexes.[21]

As far as macrochelate formation is concerned, the proper-
ties of the corresponding Mn2+ complexes are between
those of the alkaline earth ions and those of Co2+ , Ni2+ ,
Cu2+ , Zn2+ , and Cd2+ ; again, a result in line with general
experience[62] in coordination chemistry.

2.12 A new view on the macrochelate effect and its quantifi-
cation for the M ACHTUNGTRENNUNG(XMP�H)� complexes : The so-called “che-
late effect” refers to the enhanced stability of a complex
formed by a ligand offering two or more donor atoms,[64]

thus giving rise to the formation of chelate rings. There have
been several attempts to quantify the chelate effect (for de-
tails see reference [55]). A recently described method,[55] in
which care was taken to make sure that numbers with the
same dimension were compared (which unfortunately in the
literature is very often not the case) was applied to six-mem-
bered chelates. The principal point for the application of
this method is that the metal-ion affinity of the sites partici-
pating in chelate formation can be quantified in an inde-

Table 6. Extent of chelate formation in M ACHTUNGTRENNUNG(XMP�H)� complexes
[Eq. (24)] as calculated from the stability enhancement logDM/(XMP�H)

[Eq. (26)] and quantified by the dimensionless equilibrium constant KI

[Eqs. (27,28)] and the percentage of the macrochelated isomers
(X�H·MP·M)�cl [analogous to Eq. (22)] in aqueous solution (25 8C; I=
0.1m, NaNO3).

[a]

M2+ logDM/(XMP�H) KI % ACHTUNGTRENNUNG(X�H·MP·M)�cl

Ba2+ 0.08�0.17 0.202�0.471 �0 (17�33)
Sr2+ 0.03�0.17 0.072�0.419 �0 (7�37)
Ca2+ 0.00�0.17 0.000�0.391 �0 (0�39)
Mg2+ 0.07�0.16 0.175�0.433 �0 (15�31)
Mn2+ 0.28�0.18 0.905�0.790 48�22
Co2+ 1.24�0.17 16.38�6.80 94�2
Ni2+ 1.67�0.17 45.77�18.31 98�1
Cu2+ 1.33�0.17 20.38�8.37 95�2
Zn2+ 0.92�0.17 7.32�3.26 88�5
Cd2+ 1.05�0.17 10.22�4.39 91�3

[a] For the error limits see footnote [b] of Table 1. The values in the
second column are from the final column in Table 5.
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pendent manner and then an “expected” stability can be cal-
culated. This method is now applied for the first time to the
formation of macrochelates.

For the ligand (XMP�H)3� (Figure 4), which is central to
this study, it has been shown in Section 2.11 that its
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)� (= (X�H·MP·M)�) complexes exist to a cer-
tain extent in the form of macrochelates [Eq. (24); Table 6].
Furthermore, for this ligand the rare opportunity exists to
quantify the metal-ion affinity of the xanthosinate site (Sec-
tion 2.8) and the PO2�

3 group (Section 2.10) individually. The
sum of these two intrinsic micro stability constants, which
has the dimension m

�1 like the experimentally measured
constant [Eq. (10)], provides the expected metal-ion affinity
of the two individual binding sites in (XMP�H)3�

[Eq. (29)]:

KM
MðXMP�HÞexpected ¼

½ðPO3 �M=XMP�HÞ�
 þ ½ðXao �M=XMP�HÞ�

½M2þ
½ðXMP�HÞ3�


ð29aÞ

¼ kM
ðPO3 �M=XMP�HÞ þ kM

ðXao�M=XMP�HÞ ð29bÞ

Values for the first micro stability constant of Equa-
tion (29b) can be calculated by applying the micro acidity
constant, pkX�H�MP

X�H�MP�H=6.40�0.04 (Section 2.2), to Equa-
tion (23); these values have already been calculated
(Table 5, column 3) and they are listed again in the second
column of Table 7. These stability constants need to be cor-
rected for the charge effect that the uncoordinated but neg-
atively charged xanthosinate residue exercises on a metal
ion bound to the PO2�

3 group. This effect amounts to 0.40�
0.15 log units (Section 2.6); hence, this value needs to be
added to the constants listed in column 2 to give the micro
stability constants for the (PO3·M/XMP�H)� species
formed at the phosphate site of (XMP�H)3� (Table 7,
column 3).

Values for the second micro stability constant in Equa-
tion (29b) are obtained by employing the known[37] stability
constants of the xanthosinate complexes, M ACHTUNGTRENNUNG(Xao�H)+ .

These values are provided in column 4 of Table 7 and they
need to be corrected for the difference in basicity of the
xanthine residue in xanthosinate and in (XMP�H)3�. This
difference is expressed in Equation (30):

pkX�H�MP
XMP �pKH

Xao¼ ð5:52� 0:04; Section 2:2Þ�ð5:47� 0:03; ref: ½37
Þ
¼ 0:05� 0:05

ð30Þ

Application of the slopes of the logKM
MðBzÞ versus pKH

HðBzÞ
straight-line plots (Sections 2.6 and 2.8) leads to the basici-
ty-corrected KM

MðXao�HÞB,cor values listed in column 5. It is evi-
dent from Table 7 that these corrections are very minor.
More important is the effect that the uncomplexed, twofold
negatively charged PO2�

3 group has on metal ion (M2+)
binding at the xanthosinate residue; this charge effect
amounts to 0.60�0.15 log units[65–68] and may be compared
with the 0.40�0.15 log units due to the singly charged
P(O)2(OH)� group (Sections 2.6 and 2.10). Addition of
0.60 log units to the values in column 5 gives the logarithms
of the micro stability constants logkM

ðXao�M=XMP�HÞ listed in
column 6; they quantify the metal-ion affinity of the xantho-
sinate residue in the (XMP�H)3� ligand.

Now the expected stability of M ACHTUNGTRENNUNG(XMP�H)+ complexes
can be calculated according to Equation (29b); these values
are listed in column 8 of Table 7. In other words, now the
expected stability constants, logKM

MðXMP�HÞexpected [Eq. (29a)],
for M ACHTUNGTRENNUNG(XMP�H)� complexes without chelate formation but
based on the M2+ affinity of the two binding sites are
known, and therefore we can define the chelate effect[55] ac-
cording to Equation (31) by comparing the expected stabili-
ty constant with the one actually measured [Eq. (10)]:[69]

logChelate ¼ logKM
MðXMP�HÞ�logKM

MðXMP�HÞexpected ð31Þ

The values for the three terms which appear in Equa-
tion (31) are listed in columns 9, 7, and 8, respectively, in
Table 7.

Table 7. Quantification of the chelate effect according to Equation (31) for several M ACHTUNGTRENNUNG(XMP�H)� complexes based on the intrinsic metal ion affinity of
the individual binding sites, that is, of the phosphate group (logkM

ðPO3 �M=XMP�HÞ) and the xanthosinate site (logkM
ðXao�M=XMP�HÞ) [Eq. (29)] of (XMP�H)3�. The

values for logChelate [column 9; Eq. (31)] are a measure for the chelate effect in the various (XMP�H)� species (aqueous solution; 25 8C; I=0.1m,
NaNO3).

[a]

M2+ logKM
MðR-PO3Þ

[b] logkM
ðPO3 �M=XMP�HÞ

[c] logKM
MðXao�HÞ

[d] logKM
MðXao�HÞB,cor

[c] logkM
ðXao�M=XMP�HÞ

[c] logKM
MðXMP�HÞ logChelate[g]

measured[e] expected[f]

Ba2+ 1.18�0.04 1.58�0.16 0.2�0.2 0.2�0.2 0.8�0.25 1.66�0.08 1.65�0.14 0.01�0.16
Sr2+ 1.26�0.04 1.66�0.16 0.2�0.2 0.2�0.2 0.8�0.25 1.69�0.07 1.72�0.14 �0.03�0.16
Ca2+ 1.47�0.05 1.87�0.16 0.2�0.2 0.2�0.2 0.8�0.25 1.87�0.05 1.91�0.15 �0.04�0.16
Mg2+ 1.60�0.04 2.00�0.16 0.2�0.2 0.2�0.2 0.8�0.25 2.07�0.04 2.03�0.15 0.04�0.16
Mn2+ 2.21�0.05 2.61�0.16 0.84�0.05 0.85�0.05 1.45�0.16 2.89�0.09 2.64�0.15 0.25�0.17
Co2+ 1.98�0.06 2.38�0.16 1.65�0.05 1.66�0.05 2.26�0.16 3.62�0.07 2.63�0.11 0.99�0.13
Ni2+ 1.99�0.05 2.39�0.16 2.09�0.05 2.10�0.05 2.70�0.16 4.06�0.08 2.87�0.12 1.19�0.14
Cu2+ 2.96�0.06 3.36�0.16 2.58�0.03 2.60�0.03 3.20�0.15 4.69�0.06 3.59�0.11 1.10�0.13
Zn2+ 2.19�0.06 2.59�0.16 1.32�0.02 1.33�0.02 1.93�0.15 3.51�0.05 2.68�0.13 0.83�0.14
Cd2+ 2.50�0.05 2.90�0.16 1.96�0.05 1.97�0.05 2.57�0.16 3.95�0.08 3.07�0.12 0.88�0.14

[a] For the error limits see footnote [b] of Table 1. [b] From column 3 in Table 5. [c] See text in Section 2.12. [d] From column 2 of Table 2. [e] From
column 4 of Table 1. [f] Calculated according to Equation (29b). [g] Calculated according to Equation (31).
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Comparison of the logChelate values in column 9 of
Table 7 reveals that the chelate effect differs dramatically
for the various M ACHTUNGTRENNUNG(XMP�H)� complexes. For the alkaline
earth ions the effect is zero within the error limits in accord
with the results seen in column 4 of Table 6, whereas for
ACHTUNGTRENNUNGNi ACHTUNGTRENNUNG(XMP�H)� it amounts to about 1.2 log units, indicating a
significant macrochelate effect. Of course, the observed che-
late effect parallels the formation degrees of the macroche-
lates as discussed in Section 2.11, the values of which are
listed in column 4 of Table 6.

Because the DH0 values, which reflect the binding
strength between M2+ and a ligating site, are not expected
to vary much for a given metal–ligand bond, be it in a
mono ACHTUNGTRENNUNGdentate or a chelated species, one may conclude in
accord with earlier suggestions that the chelate effect is
mainly an entropy effect,[70] though bond distortion in a che-
late may affect DH0 as well.[71] Clearly, for a detailed answer
calorimetric measurements would be needed for each
system to reveal the exact DH and DS contributions.

2.13 Formation degrees of the M ACHTUNGTRENNUNG(XMP�H)� isomers based
on the definition of the macrochelate effect : Because the
definition of the macrochelate effect as given in Equa-
tion (31) is based on the micro stability constants of the indi-
vidual metal-ion binding sites [Eq. (29)], knowledge of log
Chelate should allow not only the calculation of the forma-
tion degree of the macrochelate, but also of the species in
which M2+ is solely bound either to the phosphate group or
to the xanthosinate residue of (XMP�H)3�. Evidently, this
knowledge is of relevance for biological systems because it
demonstrates how metal ions can switch from one site to an-
other through macrochelate formation.

At this point it is helpful to investigate the implications of
Equation (31) a bit more in detail.[55] From this equation fol-
lows Equation (32):

10logChelate ¼ KM
MðXMP�HÞ=K

M
MðXMP�HÞexpected ð32aÞ

¼ KM
MðXMP�HÞ=ðkM

ðPO3 �M=XMP�HÞ þ kM
ðXao�M=XMP�HÞÞ ð32bÞ

¼ ½MðXMP�HÞ�

½M2þ
½ðXMP�HÞ3�
�

½M2þ
½ðXMP�HÞ3�

½ðPO3 �M=XMP�HÞ�
 þ ½ðXao �M=XMP�HÞ�


ð32cÞ

¼ ½MðXMP�HÞ�

½ðPO3 �M=XMP�HÞ�
 þ ½ðXao �M=XMP�HÞ�
 ð32dÞ

According to this definition [Eq. (32)] 10logChelate is the di-
mensionless equilibrium constant that quantifies the position
of Equilibrium (33):

ððPO3 �M=XMP�HÞ� þ ðXao �M=XMP�HÞ�Þ Ð MðXMP�HÞ�

ð33Þ

In this equilibrium the left side contains the sum of the

“open” species resulting from metal-ion binding to the indi-
vidual sites of (XMP�H)3�, whereas MACHTUNGTRENNUNG(XMP�H)� at the
right hand side represents the total amount of complexes
formed including the chelates. The meaning of this dimen-
sionless expression [Eq. (32d)] is further clarified below.

For logChelate=0 in Equation (31), the ratio given in
Equation (32d) equals one; this means, as it should be, that
no chelates exist and that all MACHTUNGTRENNUNG(XMP�H)� species are pres-
ent as monodentatally coordinated (PO3·M/XMP�H)� and
ACHTUNGTRENNUNG(Xao·M/XMP�H)� complexes.

For all situations in which logChelate>0, the ratio will be
larger than 1 and this then means that chelated
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)� species exist. For example, for logChelate=
0.3 a value of 2:1 follows for the ratio [Eq. (34)]:

½MðXMP�HÞ�

½ðPO3 �M=XMP�HÞ�
 þ ½ðXao �M=XMP�HÞ�
 ¼

2
1
¼ 1þ 1

1

ð34Þ

This means, 50% of all M ACHTUNGTRENNUNG(XMP�H)� complexes exist in the
form of chelates (it should be remembered here [see
Eq. (10)] that [M ACHTUNGTRENNUNG(XMP�H)�] encompasses all complex spe-
cies present). In the case that logChelate=1 the ratio equals
10:1 giving Equation (35) and showing thus that 90% of the
M ACHTUNGTRENNUNG(XMP�H)� species are present in the form of chelates.

½MðXMP�HÞ�

½ðPO3 �M=XMP�HÞ�
 þ ½ðXao �M=XMP�HÞ�
 ¼

10
1

¼ 9þ 1
1

ð35Þ

In other words, Equations (31) and (32) represent a
method to quantify the chelate effect by putting the forma-
tion degree of the chelated species in relation to that of
their monodentate complexes.

Of course, the two monodentatally bound species,
(PO3·M/XMP�H)� and (Xao·M/XMP�H)�, are also in
equilibrium with each other. The position of this equilibrium
is defined by the ratio of the two micro stability constants
given in Equation (29b), the values of which are listed in
columns 3 and 6 of Table 7. Application of this information
allows one to calculate the formation degrees of all the spe-
cies present in a M ACHTUNGTRENNUNG(XMP�H)� system, that is, the amount
of “closed” or macrochelated M ACHTUNGTRENNUNG(XMP�H)�cl species present
(the calculations not being based on the definition of a pri-
mary binding site as in Sections 2.10 and 2.11) and conse-
quently, also of the total amount of “open” species,
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)�op=tot ; application of the micro stability con-
stants to these percentages gives then those of the open
ACHTUNGTRENNUNG(PO3·M/XMP�H)� and (Xao·M/XMP�H)� complexes. The
corresponding results are listed in Table 8 and a tentative
structure of the M ACHTUNGTRENNUNG(XMP�H)� macrochelate is shown in
Figure 6.

There are several important conclusions possible from
these results: First of all, it is satisfying to see that the for-
mation degrees of the chelated species M ACHTUNGTRENNUNG(XMP�H)�cl in
Table 8 (column 3) are very similar and actually overlap
within the error limits with the results given in Table 6
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(column 4) for (X�H·MP·M)�cl ; these data from Table 6
have been calculated on the assumption that the PO2�

3 group
acts as the primary binding site in chelate formation. The
agreement confirms the internal reliability of all the con-
stants employed including the various assumptions that had
to be made. The only “significant” deviation between the re-
sults in Tables 6 and 8 occurs with Ni ACHTUNGTRENNUNG(XMP�H)� ; this is un-
derstandable because the assumption that the PO2�

3 group is
the primary binding site is in this case only poorly fulfilled.
The xanthosinate residue has a comparable or even slightly
larger affinity for Ni2+ (see Table 2), as is also confirmed by
the percentages for (PO3·Ni/XMP�H)� and (Xao·Ni/
XMP�H)� given in columns 5 and 6, respectively, of
Table 8. Yet, at the same time the results for Ni2+ are also

comforting because the forma-
tion degrees of 98�1%
(Table 6) and 93.5�2.1%
(Table 8) for the chelated spe-
cies are not far apart from each
other.

Finally, it should be empha-
sized that the evaluation proce-
dure taking the chelate effect
(logChelate) into account to-
gether with the micro stability
constants provides interesting
insights into the equilibria in-
volving the open species. These
are clearly also of biological in-
terest as, for example, the data
for the Mg ACHTUNGTRENNUNG(XMP�H)� system
demonstrate, in which the
ACHTUNGTRENNUNG(PO3·Mg/XMP�H)� complex
dominates with about 94% (see
Table 8). Similarly, about 85%
of the ACHTUNGTRENNUNGZnACHTUNGTRENNUNG(XMP�H)� system
occurs in the form of macroche-
lates and of the remaining 15%
of the open isomers, about
12% exist as phosphate-bound

species, (PO3·Zn/XMP�H)�, and 3% are present as xantho-
sinate-coordinated isomers, ACHTUNGTRENNUNG(Xao·Zn/XMP�H)�.

3. Conclusions

Xanthosinate 5’-monophosphate (Figures 1 and 4) is a fasci-
nating but also quite complicated ligand. The reason for this
is that the xanthine residue is deprotonated before the final
proton of the phosphate group is lost; that is, the
(X�H·MP·H)2� species transforms only with pKa=6.45 [or
more exact with the micro acidity constant pkX�H�MP

X�H�MP�H=6.40
(Figure 2)] into (X�H·MP)3�, commonly written as
(XMP�H)3� (Sections 2.1 and 2.2). In other words, in the
physiological pH range XMP is threefold negatively charged
and differs such from its related nucleotides IMP2� and
GMP2� (Figure 1) considerably. This has consequences,[7] as
also pointed out by Shugar et al. ,[15] for previous studies of
“various enzyme systems and metabolic pathways” in which
this fact was overlooked (like very recently also in refer-
ence [22]), “including, amongst others, xanthine oxidase,
purine phosphoribosyltransferases, IMP dehydrogenases,
purine nucleoside phosphorylases, nucleoside hydrolases, the
enzymes involved in the biosynthesis of caffeine, the devel-
opment of xanthine nucleotide-directed G proteins, the
pharmacological properties of alkylxanthines”.[15]

The indicated acid–base properties also have consequen-
ces for the metal-ion affinities of this nucleotide, because
they lead to the formation of (M·X�H·MP·H)� species,
which have the metal ion at the xanthosinate residue
(largely at N7) and the proton at the phosphate group.

Table 8. Summary of the formation degrees of the chelated species, M ACHTUNGTRENNUNG(XMP�H)�cl, of the total open species,
M ACHTUNGTRENNUNG(XMP�H)�op=tot, as well as of the open phosphate- and xanthosinate-coordinated complexes,
ACHTUNGTRENNUNG(PO3·M/XMP�H)� and (Xao·M/XMP�H)�, as calculated [Eq. (32)] based on the extent of the chelate effect
[Eq. (31)] and the micro stability constants for individual binding of the metal ions (Table 7) either to the
phosphate group or the xanthosinate residue [Eq. (29)] (aqueous solution; 25 8C; I=0.1m, NaNO3).

[a]

M2+ logChelate[b] %M ACHTUNGTRENNUNG(XMP�H)�cl
[c] %M ACHTUNGTRENNUNG(XMP�H)�op=tot

[c] %(PO3·M/
XMP�H)� [d]

%(Xao·M/
XMP�H)�[d]

Ba2+ 0.01�0.16 �0 �100[e] 86 14
Sr2+ �0.03�0.16 �0 �100[e] 88 12
Ca2+ �0.04�0.16 �0 �100[e] 92 8
Mg2+ 0.04�0.16 �0 �100[e] 94 6
Mn2+ 0.25�0.17 43.8�22.0 56.2�22.0 52.6 3.6
Co2+ 0.99�0.13 89.8�3.1 10.2�3.1 5.8 4.4
Ni2+ 1.19�0.14 93.5�2.1 6.5�2.1 2.1 4.4
Cu2+ 1.10�0.13 92.1�2.4 7.9�2.4 4.7 3.2
Zn2+ 0.83�0.14 85.2�4.8 14.8�4.8 12.1 2.7
Cd2+ 0.88�0.14 86.8�4.2 13.2�4.2 9.0 4.2

[a] For the error limits see footnote [b] of Table 1. [b] From column 9 in Table 7. [c] The percentage of
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)�op=tot follows from Equation (32d) because the total amount of M ACHTUNGTRENNUNG(XMP�H)� complex present
equals 100%; hence, it follows further that %M ACHTUNGTRENNUNG(XMP�H)�cl=100�%M ACHTUNGTRENNUNG(XMP�H)�op=tot. [d] Application of the
micro stability constants of the (PO3·M/XMP�H)� and (Xao·M/XMP�H)� species to the total amount of
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)�op=tot present, allows calculation of the percentages of the monodentatally bound isomers (see also
text in Section 2.13). The listed values are only estimations due to the large error limits of the micro stability
constants (see Table 7, columns 3 and 6), but these values prove that both open isomers exist in equilibrium.
[e] Because for the complexes of the alkaline earth ions logChelate is zero within the error limits we assumed
in the above calculations that only the open complexes occur but of course the M ACHTUNGTRENNUNG(XMP�H)�cl species may still
be formed in low amounts.

Figure 6. Tentative and simplified structure of M ACHTUNGTRENNUNG(XMP�H)� macroche-
lates. The extent of the hydrogen bond to the (C6)O group of a metal-
ion-coordinated water molecule will certainly vary significantly from
metal ion to metal ion as may be concluded from other related
cases;[19,21] this means that possibly also the charge distribution towards
(C2)O varies.

Chem. Eur. J. 2006, 12, 8106 – 8122 L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8119

FULL PAPERMetal-Ion-Complex Equilibria Involving XMP

www.chemeurj.org


Moreover, all these complex species exist to about 65% in
the form of macrochelates, with the exception of the Ni2+

complex, which reaches a formation degree of about 35%
only (Section 2.9, Table 4). This similarity in macrochelate
formation indicates outer-sphere binding to the P(O)2(OH)�

group.
Furthermore, upon deprotonation of the phosphate group

the metal ion switches in most instances from the deproto-
nated xanthine residue to the now twofold negatively charg-
ed phosphate group, because the latter binding site has in
most cases the larger affinity for the metal ions considered.
Of course, these (X�H·MP·M)� complexes may also form
macrochelates (Section 2.11, Table 6) by an interaction of
the phosphate-coordinated metal ion with N7 of the depro-
tonated xanthine residue. This deprotonation probably
occurs mostly at (N1)H, but possibly to some extent also at
(N3)H (see Sections 2.4 and 2.9). Surprisingly, in a first ap-
proximation it appears that the extent of macrochelate for-
mation in MACHTUNGTRENNUNG(XMP�H)� complexes (Table 6 and Table 8) is
comparable to that[21] in M ACHTUNGTRENNUNG(IMP) and MACHTUNGTRENNUNG(GMP) species.
However, a more careful comparison reveals that the in-
creased charge at the nucleobase residue leads indeed to a
more pronounced stability enhancement [Eq. (26)] for the
M ACHTUNGTRENNUNG(XMP�H)� complexes (Tables 5 and 6) relative to that[21]

for the M ACHTUNGTRENNUNG(IMP) and MACHTUNGTRENNUNG(GMP) species.
There is another point to be emphasized: The transfer

from the (M·X�H·MP·H)� to the (X�H·MP·M)� species
occurs in aqueous solution with an average pKa of about 5.5
(Table 1). However, it is known[72,73] that a decrease in the
dielectric constant (e ; permittivity) of the solvent increases
the pKa considerably for the release of a proton from a
phosphate group. For example, the change from water (e ca.
80) to water containing 50% (v/v) 1,4-dioxane (e ca. 35) in-
creases such a pKa value by more than 1 log unit;[73] that is,
under such conditions pKH

MðXMPÞ increases to about 6.5 or
more, close to the physiological pH range and at lower e

values this range will of course be reached. Since it is
known[74,75] that in active-site cavities intrinsic dielectric con-
stants of about 35 can easily be achieved,[75] the occurrence
of these monoprotonated complexes in biological systems is
quite likely and may thus affect the reactions[15] of XMP in
enzymes and metabolic pathways.

No doubt, the coordination chemistry of XMP is very rich
and varies from metal ion to metal ion. This is also fascinat-
ing with regard to the macrochelate effect, which could be
quantified in this case by a recently developed new
method[55] (Sections 2.12 and 2.13), because previously the
individual metal-ion-binding properties of xanthosinate[37]

and the phosphate group[21,61] had been characterized. These
earlier achievements enabled us to obtain the intrinsic micro
stability constants of the metal-ion complexes formed with
the (XMP�H)3� ligand and to calculate not only the extent
of macrochelate formation, but in addition the formation
degrees of the various monodentate bound isomers. It is evi-
dent that the same method may also be applied to other
macrochelates relevant in supramolecular chemistry or for
biological systems.

4. Experimental Section

4.1 Materials : The disodium salt of xanthosine 5’-monophosphate was the
same as used recently.[7] The disodium salt of 1,2-diaminoethane-
N,N,N’,N’-tetraacetic acid (Na2H2EDTA), potassium hydrogen phthalate,
HNO3, NaOH (Titrisol), and the nitrate salts of Na+ , Mg2+, Ca2+ , Sr2+ ,
Ba2+ , Mn2+ , Co2+ , Ni2+ , Cu2+ , Zn2+ , and Cd2+ (all pro analysi) were
from Merck KGaA, Darmstadt (Germany). All solutions were prepared
with deionized, ultrapure (MILLI-Q 185 PLUS, from Millipore S.A.,
67120 Molsheim, France), and CO2-free water.

The aqueous stock solution of XMP was freshly prepared daily, and its
exact concentration was newly determined each time by titrations with
NaOH (see below). The titer of the NaOH used for the titrations was es-
tablished with potassium hydrogen phthalate. The exact concentrations
of the stock solutions of the divalent metal ions were determined by po-
tentiometric pH titrations via their EDTA complexes by measuring the
equivalents of protons liberated from H ACHTUNGTRENNUNG(EDTA)3� upon complex forma-
tion.

4.2 Potentiometric pH titrations : The pH titrations were carried out with
the Metrohm potentiograph used earlier[7] and the instrument was cali-
brated with buffers as described.[7] The direct pH-meter readings were
used to calculate the acidity constants,[7] which are therefore so-called
practical, mixed, or Brønsted constants.[44] Their negative logarithms
(aqueous solution; 25 8C; I=0.1m ; NaNO3) may be converted into the
corresponding concentration constants[44] by subtracting 0.02 from the
listed pKa values (see also ref. [7]).

The ionic product of water (KW) and the mentioned conversion term do
not enter into our calculation procedures because we evaluate the differ-
ences in NaOH consumption between a pair of solutions; that is, a solu-
tion with and one without ligand are always titrated (see also below; for
further details refs. [44] and [49] may be consulted). The stability con-
stants for the metal-ion complexes are, as usual, concentration constants.

All equilibrium constants were calculated by curve-fitting procedures by
using a Newton–Gauss nonlinear least-squares program in the way and
with the computer equipment described recently.[33,76]

4.3 Determination of the acidity constants of H ACHTUNGTRENNUNG(XMP)�: The acidity con-
stants KH

HðXMPÞ [Eq. (3)] and KH
XMP [Eq. (4)] were determined by titrating

aqueous HNO3 (50 mL, 0.54 mm; 25 8C; I=0.1m ; NaNO3) in the presence
and absence of XMP (0.3 mm ; adjusted in its stock solutions to pH 5.9)
under N2 with NaOH (1.5 mL, 0.03m). The experimental data were col-
lected every 0.1 pH unit in the pH range 3.7–8.2 and used for the calcula-
tions; this range corresponds initially to about 2% neutralization for the
equilibrium H ACHTUNGTRENNUNG(XMP)�/XMP2� [Eq. (3)] and finally, to about 98% neu-
tralization for the equilibrium XMP2�/ ACHTUNGTRENNUNG(XMP�H)3� [Eq. (4)].[7]

The results were the averages of 25 independent pairs of titrations for
the acidity constants KH

HðXMPÞ [Eq. (3)] and KH
XMP [Eq. (4)] as described in

reference [7].

4.4 Determination of the stability constants of the M ACHTUNGTRENNUNG(XMP) and
ACHTUNGTRENNUNGM ACHTUNGTRENNUNG(XMP�H)� complexes: The stability constants KM

MðXMPÞ [Eq. (9)] and
KM

MðXMP�HÞ [Eq. (10)] were determined under the experimental conditions
described above for the determination of the acidity constants KH

HðXMPÞ
and KH

XMP. However, NaNO3 was partly or fully replaced by M ACHTUNGTRENNUNG(NO3)2
(25 8C; I=0.1m). The M2+/ligand ratios were 111:1 (Mg2+ , Ca2+, Sr2+ ,
Ba2+), 89:1 (Mg2+ , Ca2+), 56:1 (Mn2+ , Co2+ , Ni2+ , Zn2+ , Cd2+), 44:1
(Co2+ , Ni2+), 28:1 (Mn2+ , Zn2+ , Cd2+), 11:1 and 5.6:1 (Cu2+). The stabili-
ty constants KM

MðXMPÞ and KM
MðXMP�HÞ were calculated for each pair of titra-

tions by taking into account the species H+ , H ACHTUNGTRENNUNG(XMP)�, XMP2�,
(XMP�H)3�, M2+ , M ACHTUNGTRENNUNG(XMP), and M ACHTUNGTRENNUNG(XMP�H)�. The additional consid-
eration of the M ACHTUNGTRENNUNG(H;XMP)+ complex (see Section 2.5) in the calculations
had within the error limits no effect on the results. The experimental
data were collected every 0.1 pH unit from the lowest pH which could be
reached in an experiment (at the most pH 3.2) to about 90% of
deproton ACHTUNGTRENNUNGated XMP2�, that is, (XMP�H)3�, or to the beginning of the hy-
drolysis of M(aq)2+ ; the latter was evident from the titrations without
ligand.

For all systems it holds that the results showed no dependence on the
excess of M2+ used in the experiments. The final results given for the sta-
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bility constants of the complexes are the averages of five independent
pairs of titrations for each system.
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