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Abstract

The compound N-(4-amino-1-methyl-5-nitroso-6-oxo-1,6-dihydropyrimidin-2-yl)-(s)-glutamic acid (H3L) was synthesised and struc-
turally characterised by analytical methods and 1H, 13C and 15N NMR spectroscopy. This compound (H3L) shows the same topology as
other model receptors previously used to develop chemical functionalization at the surface of an active carbon when they adsorb on it.
Protonation of H3L and its coordination ability towards Cd2+, Zn2+, Cu2+ and Mn2+ ions in water solution was also studied by poten-
tiometric methods, UV–Vis and 1H, 13C NMR spectroscopies. The obtained results allow us to fit the operative conditions for the use of
the activated carbon–H3L adsorbent for the retaining of the above-mentioned metal ions in aqueous solutions. The molecular structure
of {[Cd(HL)H2O] 3H2O}n was solved by single-crystal X-ray diffraction methods.
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1. Introduction

Environmental contamination from a wide variety of
sources has become an increasingly serious problem in
recent years. Activated carbons have been extensively used
for the purification or recovery of pollutant metals in waste
waters [1–3]. In recent works [4,5], we have described a new
method to add chemical functionality to the surface of an
active carbon based on adsorbing the above-mentioned
model compounds on it. That adsorption, which takes
place when pyrimidine residues interact with carbon arene
centres, favours adsorbed compounds acting as metal–ion
receptors. This method provides specific chemical function-
* Corresponding author. Tel.: +34 953212186; fax: +34 953211876.
E-mail address: rlopez@ujaen.es (R. López-Garzón).
alization of the carbon surface provided by the substituent
existing at the C2 position of the pyrimidine.

Previous results point out that in the case of analogous
molecular compounds derived from single amino acids
L-alanine, L-valine, L-methionine, L-serine and L-glycylgly-
cine, the adsorption capacity of adsorbents AC-molecular
receptors to different metal ions was improved in relation
to AC. It was also proved that this fact is due to the
metal-binding capacity of the carboxyl function existing
at the C2 substituent [6].

The model compound N-2-(4-amino-1,6-dihydro-1-
methyl-5-nitroso-6-oxo-pyrimidin,2-yl) L-glutamic acid, H3L
(Scheme 1), shows the metal binding bicarboxylate
COO�–CHR–CH2–CH2–COO� at the C2 position of the
pyrimidine moiety. Thus, it is expected that the metal bind-
ing ability of the amino acid residue would improve the
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Scheme 2. Structure with charge delocalization

Table 1
Protonation constants (logK) of the ligand H3L (0.1 mol dm�3 KCl,
298.1 K)

Reaction logKa

H3L

L3� + H+ = [HL]2� 12.11 (2)
[HL]2� + H+ = [H2L]� 4.43 (3)
[H2L]� + H+ = [H3L] 3.00 (1)
[H3L] + H+ = [H4L]+ 1.90 (2)

a Values in parentheses are standard deviations in the last significant
number.
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Fig. 1. Distribution species diagram as a function of pH for the ligand
H3L (10�3 mol dm�3) in aqueous solution (0.1 mol dm�3 KCl) at 298.1 K.
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single monocarboxyl function existing at the single amin
acid derivatives previously studied. In this work, we pres
ent the synthetic procedure for the H3L compound an
its structural characterization by thermal analysis, NMR
and UV–Vis spectroscopy. The coordinating behaviour o
H3L to Zn(II), Cd(II), Cu(II) and Mn(II) metal ions ha
been recognized by studying the reactivity of the differen
H3L/metal systems. The aim of this recognition was estab
lishing the experimental conditions at which the bi-car
boxyl function of the adsorbed ligand on an activate
carbon is operative to metal ions, and also providing th
thermodynamic properties of such a function for th
above-mentioned metal ions. Reactivity studies were car
ried out using potentiometric, 13C NMR and UV–V
methods. The structure of the {[Cd(HL)H2O] � 3H2O}
complex, which was solved by X-ray single crystal method
[7], is also reported.

2. Results and discussion

2.1. Synthesis and characterization of the molecular recepto

H3L was prepared by a synthetic procedure [8] consis
ing of condensation of L-glutamic acid and 4-amino-1,6
dihydro-1-methyl-5-nitroso-6-oxo-pyrimidine [8,9]; th
reaction takes place by the nucleophilic attack of the a
NH2 amino group of L-glutamic acid on the C2 atom o
the pyrimidine [8,9]. The structure of H3L was determine
by 1H–1H, 1H–13C and 1H–15N bi-dimensional spectra (se
Section 4). Assignments are in accordance with the struc
tural data of the H3L unit, which were obtained by singl
X-ray diffraction methods [8].

The pyrimidine moiety shows alike structural and elec
tronic features to a series of analogous compounds obtaine
by condensation of the above-mentioned pyrimidine deriv
atives with a series of single amino acids [10]. These dat
show extensive p-electron delocalization at the cyclic moiet
which also involves the C2NH2, C6O, C5NO and C4NH
exocyclic substituents. The somewhat long bond length va
ues in the NH–C2–N3–C4–NH2 fragment and the shor
bond distances in the C5NO grouping point out the loca
tion of a positive charge at the former fragment, and a neg
ative charge at the latter; for example, the bipolar characte
of the aromatic moiety. These features have already bee
observed in the case of analogous amino acid derivative
[10] (Scheme 2).
2.2. Ligand protonation

The Brönsted acid–base behaviour of H3L in aqueou
solution was studied as a previous step on the study o
the reactivity of the H3L/metal ion systems in aqueou
solutions. The protonation pattern of the ligand was als
determined by following the dependence of the 13C NMR
signals of a H3L solution on pH.

The protonation equilibrium of the ligand in solutio
(0.1 mol dm�3KCl, 25 �C) within a 2.5–10.5 pH rang
was determined by a potentiometric method (see Sectio
4) and results are reported in Table 1.

Distribution plots of the protonated species of th
ligand were obtained from the data of Table 1 and ar
shown in Fig. 1. The tri-anion L3�, which exists at hig
pH values, binds four protons in the pH range investigate
(2.0–10.5).
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tion of [CuL]� and [CuLOH]2� complexes, which contain
the L3� ligand, coordinated through the conjugated N�

atom of the deprotonated amine group attached to C(2)pyr.
In the case of the ligand/Cd2+ system, the difference

spectra shows a negative band at ca. 338 nm in the 2.5–
6.0 pH range whereas zero absorbance is obtained in the
whole UV region in the 6–10 pH range (see Fig. 6c). The
shape of the plot of the absorbance difference values versus
pH at the above wavelength is consistent with the potenti-
ometric hypothesis. Thus, the appearance of a band at
338 nm in the UV difference spectra in the low pH range
indicates that in the main existing species [Cd2(H2L)]3+

and [Cd(H3L)]2+the ligand interacts with the metal ion
through the N atom of the C(5)NO group. On the con-
trary, zero absorbance values in the pH range correspond-
ing to values higher than 4 indicate that in [Cd(HL)] and
[Cd(H2L)]+ complexes the ligand is not coordinated to
Cd2+ through any of the conjugated basic atoms. Fig. 2
shows the plots of the chemical shift values of the carbon
signals of the three methylene and the carboxyl groups of
the amino acid moiety versus the pH values. These were
obtained by the NMR titration of an H3L/Cd2+ mixture
as described in the experimental section. Fig. 2 shows that
the onset of the formation of [Cd(HL)] and [Cd(H2L)]+

complexes taking place at a pH value of ca. 3 (see
Fig. 4c) is accompanied by the shielding of the methylene
carbon atoms and also the carboxyl ones. This indicates
the existence of a carboxylate–Cd2+ interaction in the above
complexes. The observed shielding, which is clearly stronger
for the carboxylate groups than for methylene, can be
explained by the stronger ionic character of the carboxyl-
ate–Cd2+ interaction than the carboxylate–proton one.

Very different behaviour is observed in the cases of the
H3L/Zn2+ and H3L/Mn2+ systems in aqueous solutions.
The difference spectra of both systems, in the 200–400 nm
UV region were obtained in the 2.3–10.5 pH range and
in the 2.7–10.1 pH range, respectively. The negligible differ-
ences in absorbance observed in all of the wavelength range
in the two systems prove that complexes having the ligand
coordinated through the basic conjugated atoms are not
formed in any of the two systems. This proves that com-
plexes detected in the potentiometric studies of these two
systems, contains the ligands coordinated through the car-
boxylate groups (see above).

2.4. Conclusions

The results obtained from the above reactivity studies
have provided the needed information (see above) to further
interpret the adsorption properties to metal ions of the
anchored ligand at the graphitic surface of activated carbon
[15]. The whole reactivity data point out that H3L behaves
as a bi-functional ligand. In the low pH range, the only
operative function is the C6O–C5NO grouping. This sup-
ports the formation of the five-member chelate complexes
detected in this pH range with all the studied metal ions,
excluding the Mn2+ and Zn2+ ions. In the last cases, the
potentiometric and UV spectroscopic data ruled out the for-
mation of a complex of this type. Nevertheless, the crystal
structure of a Mn2+ complex with a pyrimidine analogue
of H3L with the methionine residue at the C2 cyclic atom
[13], shows a supramolecular assembly in which COO�

coordinated Mn2+ ions of each unit interacts with the oxy-
gen atom of the C5NO group of the pyrimidine moiety. All
the previous data points out the possibility of the formation
of a Mn2+ complex in the low pH range (also in the H3L/
Mn2+ system), in which the metal ion would be weakly coor-
dinated to the pyrimidine moiety in a similar way. If so, the
lack of protic properties of the oxygen atom of the NO
group, would be the reason why this complex was not
detected with the potentiometric method used in this work.

The deprotonation of the carboxyl functions of the sub-
stituent at C2py of the pyrimidine taking place in the inter-
mediate pH range involves the availability of the
carboxylate groups as operative basic functions for the
binding to metal–ions. This leads to the formation of
mono- and binuclear metal complexes within this pH
range, in which one or two of the COO� functions are
coordinated to one or two metal ions respectively. Never-
theless, within this pH range, also binuclear complexes of
H2L� ligand, containing one of the metal ions coordinated
to the pyrimidine moiety and the second to a COO� func-
tion, are also formed in the case of the Cd2+/ligand system.
Finally, in the highest pH range of all studied systems, the
ligand uses one of the two carboxylate groups as a coordi-
nating basic site, although cooperative coordination of
both of them to the same metal–ion does not occur. In
the case of the Cu2+ ion, the ligand also uses the C2py-
N� group as a binding site, together with a COO� group
forming chelate complexes. It is noteworthy that the
N3py position displays no affinity to any of the studied
metal–ions. This fact, which is consistent with previous
observations done with other analogous pyrimidine deriva-
tives [5,19], agrees with the typical low electron density
existing at the –NH–(C2–N3–C4)py–NH2 moiety [8,10].

In the species distribution diagrams of all the studied
systems, it is seen that the deprotonation pH of the most
acidic carboxyl groups (those of formation of [M2H2L]3+

and/or [M2HL]2+ species) takes place at pH values mean-
ingfully lower than those corresponding to the free ligand
(see Fig. 1). These results bring up to date the pH values
at which the H3L ligand anchored on the graphite moiety
of an AC (the H3L–AC adsorbent) would be operative
for the adsorption of metal ions in aqueous solution,
although the expected optimum values would be those cor-
responding to the maximum of the plots for the metal-com-
plexes with the fully deprotonated carboxyl functions,
[M2HL]2+ and [MHL].

3. Crystal structure of {[Cd(HL)H2O] � 3H2O}n

The crystal structure of the complex {[Cd(HL)H2O] �
3H2O}n was solved by single X-ray diffraction methods.
A view of the asymmetric unit and the crystal packing is
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Table 3
Selected bond lengths (Å) and bond angles (�) for {[Cd(HL)H2O] � 3H2O}n

Bond lengths Bond angles

{[Cd(HL)H2O] � 3H2O}n

O(1)–C(1) 1.218(5) O(1W)–Cd(1)–O(4) 160.97(7)
O(2)–N(4) 1.277(4) O(1W)–Cd(1)–O(5) 86.36(9)
N(1)–C(4) 1.371(4) O(4)–Cd(1)–O(5) 97.02(9)
N(1)–C(1) 1.384(4) O(1W)–Cd(1)–N(4) 91.85(9)
N(1)–C(5) 1.461(4) O(4)–Cd(1)–N(4) 99.47(7)
N(2)–C(4) 1.310(5) O(5)–Cd(1)–N(4) 132.26(7)
N(2)–C(3) 1.333(7) O(1W)–Cd(1)–O(1) 86.02(11)
N(3)–C(3) 1.328(4) O(4)–Cd(1)–O(1) 83.94(11)
N(4)–C(2) 1.327(4) O(5)–Cd(1)–O(1) 157.94(10)
N(5)–C(4) 1.322(5) N(4)–Cd(1)–O(1) 68.69(11)
N(5)–C(6) 1.465(4) O(1W)–Cd(1)–O(3) 106.69(9)
C(1)–C(2) 1.462(5) O(4)–Cd(1)–O(3) 55.42(8)
C(2)–C(3) 1.433(6) O(5)–Cd(1)–O(3) 83.85(9)

N(4)–Cd(1)–O(3) 141.07(9)
Cd(1)–O(1W) 2.297(2) O(1)–Cd(1)–O(3) 78.58(10)
Cd(1)–O(4) 2.299(2) O(1W)–Cd(1)–O(6) 102.33(9)
Cd(1)–O(5) 2.345(3) O(4)–Cd(1)–O(6) 94.75(9)
Cd(1)–N(4) 2.383(3)
Cd(1)–O(1) 2.416(4)
Cd(1)–O(3) 2.438(2)
Cd(1)–O(6) 2.456(2)
Cd(1)–C(7) 2.696(3)
Cd(1)–C(10) 2.746(5)
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depicted in Fig. 7, and selected bond and angles are liste
in Table 3.

The compound consists of 2D molecules containin
equivalent hepta-coordinated Cd2+ centres, each of whic
is coordinated to one water molecule, to two carboxylat
groups of two individual HL2� molecules (acting as biden
tate chelating ligands with the two oxygen atoms in bindin
position), and to a third HL2�molecule (also acting as a che
lating ligand), using the N atom of the C5NO group and th
O atom of the C6O of the pyrimidine moiety as binding site
Thus, as shown in Fig. 7, HL2� anions act as bridging ligand
to three different Cd2+ ions using the pyrimidine moiety an
the two carboxylate groups as binding moieties, as it has bee
previously said. The resulting structure around the Cd2+ ion
can be described as a strongly distorted bipyramid. The dis
tances of the metal ion to the five atoms (the O1, N4, O6, O
and O3 atoms) in the equatorial plane are similar, and Cd
O3 bonds are widely deviated from the plane. On the othe
hand, the distances of atoms placed at the apical position
(O4 and O1W), which are also be very alike, are howeve
shorter than the equatorial distances.

The 2D molecules are extended parallel to the c axis an
are stacked parallel to one another along the a axis. Non
coordinated water molecules are placed in the inter-plana
space, contributing to the stabilization of the 3D frame
work through their involvement in hydrogen bondin
between neighbour molecular planes.

Concerning the organic ligand, it is noteworthy that th
N3 cyclic atom of the pyrimidine does not act as dono
s
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Fig. 7. (a) Drawing of the asymmetric unit, and (b) packing with the view
of along arranged planes for {[Cd(HL)H2O] � 3H2O}n.
atom, as observed in several structures of metal complexe
of analogous ligands [14,18,22–25]. This fact is in agree
ment with the dipolar character of the pyrimidine moiet
of the H3L ligand [8].

4. Experimental

4.1. Reagents

The anhydrous ligand, H3L (C10H13N5O6), wa
obtained by a synthetic method previously reported [8
Nanopure water was used as the solvent for potentiometri
and spectrophotometric measurements. Standardise
KOH, HCl, ZnCl2, CuCl2 and MnCl2 aqueous solution
(Merck) were also used. All the potentiometric measure
ments were carried out in 0.1 mol dm�3 KCl as the back
ground electrolyte.

4.2. Synthesis of {[Cd(HL)H2O] � 3H2O}n

CdCl2 � 2 � 1/2 � H2O (114.17 mg, 0.5 mmol) was adde
to a solution of H3L (149.5 mg, 0.5 mmol). This solutio
was left to evaporate over a few days in air until orang
crystals suitable for X-ray analysis were formed. Ana

Calc. for C10H13CdN5O7 3(H2O): C, 24.94; H, 3.97; N
14.54. Found: C, 25.20; H, 3.99; N, 14.97%.

4.3. X-ray structure analyses

Details for data collection and structure refinement ar
summarized in Table 4.



Table 4
Crystal data and structure refinement for {[Cd(HL)H2O] � 3H2O}n

Empirical formula C10H13N5O10Cd
Formula weight 481.70
T (K) 293(2)
Wavelength (Å) 0.71073
Space group P�1
a (Å) 6.4653(12)
b (Å) 8.2956(15)
c (Å) 8.7113(15)
a (�) 65.794(19)
b (�) 73.47(2)
c (�) 82.88(2)
V (Å3) 408.51(13)
Z 1
Dcalc (g cm�3) 1.958
l (cm�1) 0.71073
Total reflections 3179
Ra 0.0288
Rwb 0.0203

a R =
P

(|Fo| � |Fc|)
P

|Fo|.
b Rw = [|

P
w(|Fo| � |Fc|)

2|
P

w|Fo|2]1/2.
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4.4. X-ray structure of {[Cd(HL)H2O] � 3H2O}n

Suitable crystals of {[Cd(HL)H2O] � 3H2O}n were obtained
as orange block-like crystals by slow evaporation of an
aqueous solution. The intensity data were collected at
153 K on a Stoe Image Plate Diffraction System [26] using
Mo Ka graphite monochromated radiation. Image plate
distance 70 mm, / oscillation scans 0–200�, step D/ =

2.0�, 2h range 3.27–52.1�, dmin–dmax = 12.45–0.81 Å. The
structure was solved by direct methods using the program
SHELXS-97 [7]. The refinement and all further calculations
were carried out using SHELXL-97 [7]. The NH and NH2

H atoms were located from difference Fourier maps and
refined isotropically. The water molecule H atoms could
be located from difference Fourier maps but in the final
cycles of refinement they were constrained to be 0.86 Å
and their Uiso thermal parameters = 1.5Ueq(O atom). The
remainder of the H atoms were included in calculated posi-
tions and treated as riding atoms using SHELXL default
parameters; CH3 = 0.98 Å, CH2 = 0.99 Å, CH = 1.00 Å
and Uiso = 1.5(CH3) or 1.2Ueq(parent C atom). The non-
H atoms were refined anisotropically, using weighted full-
matrix least-squares on F2.

An empirical absorption correction was applied using
the DELrefABS subroutine in PLATON [27]; transmission
factors Tmin/Tmax = 0.426/0.808.

The molecular structure and crystallographic numbering
scheme are illustrated in the PLATON [27] drawing (see Fig. 6).

4.5. Potentiometric measurements

All potentiometric measurements (pH = �log [H+])
were carried out in degassed 0.1 mol dm�3 KCl solutions
at 298.1 ± 0.1 K, with a 713 Methrom pH-mV meter,
equipped with a combined glass electrode and connected
to a Methron 765 Dosimat autoburette (1 ± 0.001 mL).
The experimental procedure used was the same as
that described elsewhere [28]. Typically, (1–1.5) �
10�3 mol dm�3 ligand concentration and 1:1 ligand/metal
molar ratios were employed in the potentiometric measure-
ments. At least four titration experiments (150 data points
each) were carried out in the pH range between 2.5 and
10.5. The HYPERQUAD software [16], was used to calculate
the equilibrium constants from the emf data.

4.6. Spectrophotometric measurements

Adsorption spectra were recorded on a Perkin–Elmer
Lambda-19 spectrophotometer. H3L spectra were obtained
from 5 � 10�5 mol dm�3 aqueous solutions in the UV
range and from 10�3 mol dm�3 aqueous solutions in the
visible range (l = 0.1 mol dm�3 KCl).

UV difference spectra were obtained using metal ion/
H3L mixtures with 1:1 molar ratios in aqueous solutions
([H3L] = 5 � 10�5 mol dm�3; l = 0.1 mol dm�3 KCl) as
samples, and a 5 � 10�5 mol dm�3 (l = 0.1 mol dm�3

KCl) solution of the ligand as a reference.
HCl and KOH were used to adjust the pH values in all

cases, which were measured on a Crison 2002 micro-pH
meter.

4.7. NMR spectroscopy

1H (300.13 MHz) and 13C (75.48 MHz) spectra of H3L
and H3L/Cd2+ mixtures in 1:1 molar ratios ([H3L = 0.07
mmol dm�3]) in D2O solution, at several pH values were
recorded at 298 K on a Bruker DPX300 spectrometer.
1H–1H and 13C 2D correlation experiments were performed
to assign the signals. Small amounts of 0.001 mol dm�3

NaOD or DCl solutions were added to a solution of H3L
to adjust the pD. The pH was calculated from the mea-
sured pD values using the following relationship
pH = pD � 0.40 [29].
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Appendix A. Supplementary material

CCDC 652099 contains the supplementary crystallo-
graphic data for {[Cd(HL)H2O] � 3H2O}n. These data can
be obtained free of charge via http://www.ccdc.cam.
ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@
ccdc.cam.ac.uk.
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