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The compound N-(4-amino-1-methyl-5-nitroso-6-oxo-1,6-di-
hydropyrimidin-2-yl)-N’'-[bis(2-aminoethyl)]ethylenedi-
amine (HL) was synthesised and structurally characterised
by analytical methods and 'H, '*C and N NMR spec-
troscopy. The protonation of HL and its coordinating ability
towards Zn?* and Cd?* ions in water solution were also
studied by potentiometric methods and UV/Visible and 'H-
BC NMR spectroscopy. The molecular structures of
[H5L]?*[CdI4]*+2H,0 and [(ClzZn)(n-Cl){Zn(p,-HL)}],-2.5H,0
were solved by single-crystal X-ray diffraction methods. On

the basis of these data, the performance of HL anchored to
activated carbon (AC) was evaluated as a molecular receptor
for Zn?* and Cd?* metal ions in aqueous solution. This was
done by a comparative study of the adsorption capacity of
the adsorbents AC alone and HL anchored on the AC (AC-
HL) for these metal ions and by a structural study of the AC-
HL, AC-HL-Zn?* and AC-HL-Cd?* solid phases by XPS and
IR spectroscopy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Substitution reactions at the C(2) atom of the 4-amino-
1-methyl-5-nitroso-6-oxo-1,6-dihydropyrimidin-2-yl moiety
with an o-amino acid residue result in molecular com-
pounds containing a rigid, flat pyrimidine moiety and a
pendant amino-acidic residuel!! (Scheme 1).

Scheme 1.

These compounds have two Lewis base-type environ-
ments that control their coordinating behaviour: one is con-
stituted by the neighbouring C(5)-NO and C(6)=0 substit-
uents in the pyrimidine ring, and the other by the character-
istic basic functions existing at the amino acid residue
linked to the C(2) position of the pyrimidine nucleus. Steric
factors prevent co-operative binding of both pyrimidine
and amino acid functions, to a single metal centre, and this
favours the formation of 1D, 2D and 3D polynuclear solid
complexes. In fact, the structures of some of the crystalline
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polynuclear complexes of these ligands with alkali and al-
kaline-earth metal ions have been solved™ and show inter-
esting features similar to those of metal-organic com-
pounds with non-linear optical properties.!

The molecules depicted in Scheme 1 are characterised by
a strong electronic polarisation at the pyrimidine nucleus as
a result of the co-operative effect of the marked electron-
withdrawing character of the C(5) nitroso function and the
electron-donating character of the amino function at C(2).
This fact is consistent with the non-basic character of the
N(3) atom which, in our studies, has never been found to
be a metal-binding centre of these ligands.”) The strong
polarisation of the pyrimidine n-electron cloud!'®! suggests
the existence of low-energy LUMO orbitals that are able
to interact with high-energy HOMO orbitals provided by
electron-rich aromatic centres. Accordingly, in a recent
work™ we have explained the observed irreversible adsorp-
tion of two of these nitrosopyrimidine-amino acid conju-
gates onto an activated carbon (AC) as being due to m-—n
donor-acceptor interactions between the pyrimidine moiety
of the ligands (acting as acceptor) and the arene centres of
the AC! (acting as donor). These results suggest that, after
adsorption of these molecules on the AC, their pyrimidine
moieties remain attached to the carbon surface, coplanar
with the graphene sheets, thus losing their ability to bind to
metal ions. On the other hand, the amino acid residue
linked to C(2) of the pyrimidine ring is projected outside of
the carbon surface and becomes the only potential reactive
centre for metal ions in the ligand—AC adducts. Hence, al-
though the interactions between metal ions and free ligands
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are rather non-specific in aqueous solution, it is expected
that the carbon-anchored ligands would behave as mono-
functional ligands to metal ions by using only the basic
function linked to C(2) of the pyrimidine ring as binding
site.

Activated carbons have been extensively used to remove
metals from industrial and municipal wastewater as they
are cheap and accessible materials. Nevertheless, their effi-
ciencies are strongly limited due to the non-specific nature
of the basic functions which are usually added by the acti-
vation processes.[®! Moreover, the functionalisation by acti-
vation is limited to the edges of the graphene layers and
to the entrance of the pores. For these reasons, although
advantageous textural (e.g. adequate surface area and spe-
cific pore size distribution) and functional properties (both
easily achievable by adequate activation processes) are im-
portant, the development of specific chemical properties at
the carbon surfacel” to improve its metal-capturing proper-
ties, which is more difficult to attain, is also vital.

The adducts resulting from the irreversible adsorption of
a monolayer of the C(2)-functionalised nitrosopyrimidines
on the AC graphitic surface can be regarded as new selec-
tively functionalised activated carbons whose mechanical
and textural properties are provided by the carbon skeleton
while the chemical functionalisation is provided by the
functionality introduced as the C(2)-substituent at the ni-
trosopyrimidine derivative. Moreover, whenever the basic
functions existing at the C(2) substituent of the pyrimidine
moiety can be tailored, the adsorption of these compounds
becomes an easy and suitable method to develop the desired
functionality at the carbon surface. Of course, the efficacy
of the proposed method is conditioned to maintaining the
heteroaromatic moiety unaltered on changing the substitu-
ents at the C(2) position of the pyrimidine moiety.

As already commented, in a recent paper we studied
the adsorption of a new molecular receptor of this class, N-
(4-amino-1-methyl-5-nitroso-6-oxo-1,6-dihydropyrimidin-2-
yl)-N'-(bis-2-aminoethyl)ethylenediamine (HL), at several
pHs, on a basic AC. We found that HL is irreversibly an-
chored at the arene centres of the carbon surface through
the pyrimidine moiety, by strong m—r interactions, thus
providing functionalisation of the AC with a triamine
grouping. The aim of this work was to gain insight into the
performance of the proposed model by comparison of the
capacity of an activated carbon and the above ligand pre-
viously adsorbed on it (AC-HL) to capture metal ions. For
this, the adsorption data of ZnCl, and CdCl, in aqueous
solution on an AC and AC-HL adsorbent were analysed in
the light of the structural data of HL, which was character-
ised by X-ray diffraction methods, and also the coordina-
tion chemistry behaviour of Zn'/HL and Cd"/HL systems
in aqueous solution.

Results and Discussion

Characterisation of the Ligand

HL was prepared by a procedure consisting of the nucle-
ophilic attack of one of the amino primary groups of tris(2-

3094 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

aminoethyl)amine to the C(2) position of the pyrimidine
precursor  4-amino-2-methoxy-1-methyl-5-nitroso-6-oxo-
1,6-dihydropyrimidine (Scheme 2). For this, the pH of the
reaction mixture was adjusted such that one of the three
amino primary groups remained unprotonated.[®!
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Scheme 2.

N projections in the 'H-"N' HMBC spectrum of
HL-2HCI exhibit the same signals as the pyrimidine precur-
sor (see Experimental Section) along with another two sig-
nals attributable to the secondary and tertiary N atoms of
the polyamine residue, with the former at lower field than
the latter. The lack of signals for two of the primary amino
groups means that they have been protonated and thus con-
firms the monosubstitution of the polyamine. The carbon
atoms were assigned in the 'H-'3C HSQC spectrum after
the methylene protons of the polyamine moiety had been
assigned in the 'H-'>"’N HMBC spectrum.

The structure of compound [H;L]**[CdI,>~2H,O was
solved by single-crystal X-ray diffraction analysis. The mol-
ecular structure consists of protonated cations [H;L]**, tet-
raiodocadmiate(1r) anions and water solvent molecules (Fig-
ure 1). This allowed an analysis of the [H;L]** unit in
which, as expected, the two protons attached to HL are at
the primary amino groups of the polyamine.

Figure 1. ORTEP drawing of [H;L]**[CdI4]* -2H,O0.

The structure of [H5L]** exhibits a planar conformation
of the heterocyclic moiety [including the pyrimidine substit-
uents labelled in Scheme 2 as C(6)O, C(5)NO, C(4)NH, and
C(2)NH], whereas the C(2) substituent deviates from the
aromatic plane. This suggests n electronic delocalisation in
the pyrimidine and precludes the C(2)NH and C(4)NH,
exocyclic substituents from acting as metal ion acceptors.
The C(5)-nitroso group is oriented trans to C(6), which al-
lows the formation of an intramolecular N—H---O hydrogen
bond in an S(6) motif. An intramolecular hydrogen bond
also exists between the N(7’) atom of a primary amino
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group as donor and the N(4') atom as acceptor. This de-
scription resembles the structure of analogous a-amino acid
derivatives.['-)

The similarity between the C(5)-NO and N-O bond
lengths, (1.320 A and 1.302 A, respectively), which are in
the range of those observed in oximate anions [RR’'C-N-
O], suggests the existence of a delocalised double bond in
the C(5)NO grouping.'®!!1 All of the C-N bonds lengths in
the HN?>-C(2)-N(3)-C(4)-N*H, fragment are rather similar
[C(2-N2H = 1.33A; C(2)-N(3) = 1.30 A; N(3)-C(4) =
1.353 A and C(4)-N*H, = 1.314 A] and it is not possible to
distinguish between single and double bonds. All of these
parameters taken together suggest that the representation
of Scheme 2 is the most appropriate for HL.

Ligand Protonation

The protonation constants of HL obtained by potentio-
metric methods in aqueous medium are reported in Table 1.
The monoanion L, which exists at high pH values, binds
four protons in the pH range investigated (2.5-10.5). The
first three protonations are markedly grouped, and their
log K values indicate a strongly basic character of the corre-
sponding protonation positions, i.e. they take place at
strongly basic atoms. On the contrary, the fourth proton-
ation constant (log K = 2.12) indicates a far lower basicity
for this position.

Table 1. Protonation constants (log K) of HL (0.1 m KCl, 298.1 K).

Reaction log K
L +H"=HL 10.94
HL + H* = [H,L]* 9.70
[H,L]" + H* = [H3L]** 8.75
[HiL]** + H* = [H L+ 2.12

The UV/Visible adsorption spectra of HL at various pH
values is given in Figure 2. The spectrum at pH 5 is similar
to that of the pyrimidine chromophore®? and consists of
two UV bands due to m—7n* transitions at 4; = 328 nm (g,

1.5
A

1.0 A

0.5 1

300 35

= 223x10*cm 'mol'L) and /4, = 230nm (s =
8.85%10% cm'mol'L). The visible band with a maximum
at 3 = 524 nm (g5 = 76.50 cm 'mol'L), is assigned to a
forbidden n—m* transition of the non-bonding O electron
pair of the C(5)NO group.?!!

The spectra are unchanged in the pH range 4.1 to 10.0,
thus indicating that the second and third protonations do
not affect the pyrimidine chromophore, i.e. they take place
on the primary amino groups of the polyamine. On the con-
trary, the small red-shift of the 328 nm band as the pH in-
creases above about 10 indicates that the first protonation
step takes place either at the -N-C(2) or NH -C(4) anions.
To gain further insight into this protonation step we studied
the 'H and '*C NMR spectroscopic data obtained from HL
in D,O at different pH values; the results are summarised
in Figure 3. The significant upfield shifts of the methylene
protons at pH values up to 10 suggest that the process

4.5
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Figure 3. "H NMR chemical shifts of the HL signals as a function
of pH.
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Figure 2. pH-Dependence of the absorption spectra of HL in the UV ([HL] = 5x 10> ™, 0.1 m KCI), and visible (inset, [HL] = 103 m,

0.1 M KCI) regions, a) in acidic media and b) in basic media.
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studied occurs at —N-C(2). Moreover, the deshielding of
such protons in the pH range 10-7 indicates the proton-
ation of the two primary amino groups in this pH range.

In the pH range 1-4, where the fourth protonation step
occurs (see Figure 2), a blue-shift of the 328 nm band and
quenching of the absorption at 524 nm are observed with
decreasing pH values. The latter indicates that the ¢ non-
bonding pair on C(5)NO is used in binding this proton,
thus hindering the n—n transition (band at 524 nm, see
above). Protonation of the NO group instead of the
N(3)ing atom is consistent with the above-described polar
character of HL, according to which the electron density is
higher at NO than at N(3)ipn,.

In addition, in a 'H NMR titration experiment of HL
during this protonation (pH range 1-4) a deshielding of the
protons at the 2’, 3’, 5" and 6’ carbon atoms of the poly-
amine was observed (Figure 3). The non-chemical equiva-
lence of the H5" and H8' and H6' and H9’ signals in the
polyamine residue indicates a conformational change ac-
companying this process, which is probably induced by the
formation of an intramolecular hydrogen bond of the
H,N---HN-C(2) type (Scheme 3).

o
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)% \)
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R
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H* NH,

Scheme 3.

Complex Formation in Aqueous Solution

Complex formation in the HL/Zn'" and HL/Cd" systems
in an aqueous medium was studied by a potentiometric
method at [ligand]/[metal] = 1. The complex species formed,

together with their stability constants, are listed in Table 2,
and the species distribution plots are given in Figure 4.

Table 2. Stability constants of Zn" and Cd'! complexes (log K) with
HL (0.1 M KCI, 298.1 K).

log K

Reaction Zn" Ccdt
M?* + H;L?* = [MH;L]** 3.96 2.80
M2* + [MH5L]*" = [M,H,L]** + H* 6.33

M2* + H,L* = [MH,LJ* 485
M?* + HL = [MHLJ]** 9.56 7.45
M2* + 2HL = [M(HL),>* 17.33 13.88
M2* + [MHLJ]* = [M,HLJ** 3.84 2.94
M2* + L~ = [ML]* 9.82
[ML]* + L~ = ML, 7.59
M?** + L~ + OH = MLOH 3.00

M2* + OH~ = [MOH]J* -8.35
M?* + 20H = M(OH), -14.60

Zn" forms mono- and dinuclear complexes with HL in
aqueous solution. At low pH values only the complex
[Zn(H5L)]**, with the metal bonded through the pyrimidine
moiety, exists. The stability constant (log K = 3.96) is sim-
ilar to the five-membered metal chelates formed by Zn!!
with N,O donor ligands, such as the single amino acids gly-
cine (log K = 5.16), methionine (log K = 4.38), ornithine
(log K = 4.10) and valine (log K = 5.00) and the nucleoside
guanosine (log K = 4.6).81 This suggests that in the
[Zn(H;L)]** complex the coordination to the metal ion
takes place through the nitrogen atom of the C(5)NO group
and the oxygen of C(6)O. This coordinating behaviour of
the pyrimidine residue is the only one observed in the tetra-
nuclear complex [Zn,(HL),][ZnCly], (see below) and also in
the polynuclear complexes formed by Zn'!' with pyrimidine
analogues derived from L-valine and L-methionine.!'?!

Figure 4 (a) shows that mono-deprotonation of
[Zn(H;L)]** starts at a pH of around 3.5. The resulting
[Zn(H,L)]*>* species is able to bind a second Zn' through
the two unprotonated amino groups of the polyamine resi-
due to form the binuclear complex [Zn,(H,L)]’*. The log K
value calculated for the association of a Zn?" ion to the

1.0

1.0

a) b)
xL Zn(HaLI* . N
[Zn(HL)1%*
z 2+
05 - [Zn(HL)] os |
(OH)L [Ca(HaL [Cd(HL)2
[Hal]3*
HaLl2*
st [ZnoHLIXY
[ZnpHoL]3H
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1 3 5 7 pH 9 1 3 5 7 pH 9

Figure 4. Species distribution plot for a) the HL/Zn'' system and b) the HL/Cd" system in aqueous solution (1:1 molar ratio) as a
function of pH ([HL] = [Zn"] or [Cd"] = 103 M, 0.1 M KCI, 298.1 K).
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polyamine moiety, Zn>* + [ZnH;L]** = [Zn,H,L]>* + H*,
is 6.33. This suggests the coordination of Zn>** by two of the
nitrogen atoms of this moiety. The amount of [Zn,(H,L)]>*
decreases sharply at slightly alkaline pH due to the forma-
tion of Zn(OH), (not included in Figure4 (a) for sim-
plicity), but an additional increase of pH produces the com-
plete deprotonation of the polyamine, and this favours the
formation of [Zn(HL),]** rather than the hydroxide species.
The stability constant for [Zn(HL),]** (log K = 17.33) is
consistent with that found for the 1:1 complex [Zn-
(TrenH)]?* (log K = 7.95), where TrenH" is the N-tridentate
ligand analogous to HL.[®'3] Finally, at a pH of about 8
deprotonation of the C(2)NH group is promoted by Zn',
resulting in the formation of the complex [ZnL(OH)]. The
calculated stability constant for the addition of a hydroxy
plus an L anion to a Zn' metal ion is log K = 16.70. This
value is similar to the Zn'" complex with the analogous
N,N,N,N tetradentate ligand tris(2-aminoethyl)amine
(Tren)['3 and suggests a similar coordinating behaviour.

4
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With the aim of getting further information about the
structures of the complexes formed in solution, the 'H and
13C NMR spectra were recorded of a 1:1 HL/Zn" mixture
and HL in aqueous solution at various pH values. Figure 5
displays the differences between the chemical shift values
(AJ) of proton and carbon atoms vs. pH obtained from
these experiments.

In the pH range 1-5, the Ad values are significant for the
C(5) and C(6) atoms of the pyrimidine and negligible for
the remainder (see Figure 5, al). This indicates that in the
main species existing in this pH range, [Zn(H5L)]>*, the li-
gand is coordinated through the C(5)NO and C(6)O
groups. This is also supported by the negligible Ao values
found for all of the methylene protons, which indicates that
the polyamine unit is not involved in metal coordination.

In the pH range 4-6, non-zero Ad values for the 5, 6',
8’ and 9’ methylene protons indicate that the formation of
[Zny(H,L)P* by addition of a Zn" ion to [Zn(H;L)J**,
which occurs at this pH, takes place at the monoprotonated

Vv
\
HE \,_".9
......... HE \
-——= H® ;
—_— HY % A
2 3 pH 5 6 7

Figure 5. al: Chemical shift differences between HL/Zn" mixtures (1:1 molar ratio) and HL, at different pHs, for the ring-carbon signals.
a2: Chemical shift differences for the polyamine methylenic protons. bl and b2: Chemical shift differences for Cd".
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polyamine. Figure 5 (a2) also shows the non-equivalence of
the analogous methylene groups of each of the two terminal
arms of the polyamine residue. This clearly indicates the
involvement of only one of the two primary amine groups
in the coordination.

The formation of [ZnLOH] species above pH 8 is ac-
companied by an increasing deshielding of all of the meth-
ylene protons (see Figure 5a2) except that of 2’ (not in-
cluded in this figure for simplicity), which suffers a small
opposite effect. This accounts for the involvement of the
deprotonated C(2)-NH group of the polyamine in metal co-
ordination and confirms that L acts as a tetradentate
N,N,N,N ligand.

The complexation equilibria for HL/Cd! system are
given in Table 2, with the speciation plots in Figure 4 (b).
These highlight that the coordination chemistry of Cd™ is
similar to that of Zn'! as regards the stoichiometries of most
of the complex species formed. The structures of the Cd"
complexes are also similar to the analogous Zn'' complexes
described above. This was proved by an analysis of the data
obtained from a NMR pH titration experiment of a 1:1
[CA")/[HL] mixture (Figures 5, bl and b2), which shows
similar features to those discussed above for the Zn'YHL
system.

The stability constants of [CdH,L]** and [CdHL]** com-
plexes are similar to those of the analogous N,N bidentate
3-phenylpropane-1,2-diamine (log K = 4.1), pentane-1,2-di-
amine (log K = 5.5) and hexane-1,2-diamine (log K =
544 and N,N,N tridentate, 1,4,7-triazaheptanediene
(log K = 8.3)['3] ligands, respectively, thus indicating that
the polyamine moiety acts either as a bidentate or tridentate
chelating ligand, depending on the pH of the medium.

The main difference between the Zn'' and Cd" com-
plexes is that the Zn"" complexes are more stable than their
Cd™ analogues. Hence, the speciation diagrams (Figures 4a
and 4b) show that each of the Zn!! complexes is formed at

significantly lower pHs than the analogous Cd" ones. The
higher affinity of Zn! for nitrogen donors!!! than the softer
acid Cd" accounts for the lower stability constants of mo-
nonuclear complexes of Cd" with the polyamine moiety
compared to the analogous Zn'' complexes. This agrees
with the structural differences observed between [Zn,-
(HL),]** and [H5L]**[CdL,]*+2H,0 (see below), even when
both of them are obtained at the same pH of 6 (Figures 1
and 6): whereas Zn"' is bonded to the polyamine in the for-
mer, in the latter the Cd" is coordinated to the soft basic
iodide ions and the tri-amine remains doubly protonated.

Crystal Structures of [H3L]**|CdIJ*2H,O0 and |[(Cl3Zn)-
(n-CDH{Zn(n,-HL)}],-2.5H,0

The crystal structures of [H;LJP*[CdI,J>*2H,O and
[(Cl3Zn)(p-Cl){Zn(n,-HL)}1,-2.5H,0 were solved by single-
crystal X-ray diffraction methods. The crystal and structure
refinement data are summarised in Table 3. The molecular
structure of [H;L]PP*[CdL,]J*2H,O consists of [H;L]**
(whose structure was discussed above), tetraiodocad-
miate(11) anions and water molecules (Figure 1). It is inter-
esting to note that the Cd" ion is not coordinated either to
the pyrimidine or to the polyamine, but is bonded to four
iodide ions. The structure of the CdI,>  anion corresponds
to a deformed tetrahedron due to the involvement of two
of the iodide anions in hydrogen bonding as hydrogen ac-
ceptors, with two amine primary groups of adjacent
[H5L]** units acting as hydrogen donors.

The molecular structure of [(ClZn)(pn-Cl){Zn(p,-HL)} ],
2.5H,0 consists of a neutral [(ClzZn)(u-Cl){Zn(u,-HL)}]»
complex and 2.5 water molecules. Figure 6 shows an
ORTEP!'® drawing of the tetranuclear Zn'' complex, which
contains two HL molecules and eight chloride ions as li-
gands. Each of the two HL molecules binds to the same

Table 3. Crystal data and structure refinement for [H;L]>*[CdI,]>*2H>0 and [(Cl;Zn)(p-Cl){Zn(p,-HL)}]>:2.5H,0.

[H;L]*[CdL,]? -2H,O

[(ClZn)(u-Cl){Zn(p-HL)}]>2.5H,0

Empirical formula C;1H5CdI4NgO,

Formula mass 956.41

Temperature AK] 153(2)

Wavelength [A] 0.71073

Space group Pl

a[A] 8.1007(8)

b[A] 8.9842(9)

¢ [A] 17.6145(17)

a[°] 86.726(8)

B [°] 83.389(8)

7 [°] 83,432(8)

v [AY 1263.8(2)

zZ 2

Calcd. density [Mgm 3] 2.513

Absorption coeff. [mm™] 5.781

Crystal size [mm] 0.39%0.33%x0.05

Final R indices [I > 2c(/)]#] R, =0.0616
wR, = 0.1855

R indices (all data)l® R, =0.0635
wR, = 0.1876

C5,Hy9ClIsN 406 502104
1186.85

153(2)

0.71073

P21/C

16.2932(7)
20.6708(7)
13.8365(6)

90

111.885(3)

90

4324.2(3)

4

1.823

2.745
0.50x0.12%0.11
R; = 0.0321
wR, = 0.0800
R, =0.0413
wR, = 0.0842

[a] Ry = Z|IFo| — [F/ZIF]; wRy = [Ew(Fy* — FAEwF .
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Figure 6. ORTEP drawing of [(Cl3Zn)(u-Cl){Zn(p,-HL)}],-2.5H,0.

two Zn'! centres as a bridging ligand. The polyamine moi-
ety acts as an N,N,N tridentate chelating ligand binding to
a single Zn'" ion, whereas the pyrimidine acts as a didentate
chelating ligand to a second Zn"! centre through the nitro-
gen of the NO group and the oxygen of C(6)O. Each of
these Zn'" centres does is bound to a tetrachlorozincate(ir)
unit through a bridging chloride ligand. Therefore, the two
zinc centres linked to HL have similar hexacoordinate envi-
ronments consisting of the three nitrogen atoms of the poly-
amine from one HL molecule, the NO and C(6)O pyrimi-
dine substituents from another HL unit and a chloride
anion. The resulting coordination geometry can be de-
scribed as tetragonal bipyramidal due to the fact that the
bond lengths in the equatorial plane are notably shorter
than those between the metal centre and the atoms in the
apical positions.

The two remaining zinc atoms of the tetranuclear unit
are placed in similar tetrahedral environments, with the Zn—
p-chloride bond significantly longer than the three terminal
ones. It is noteworthy that none of the Ny atoms of the
HL units take part either in coordination to zinc or in hy-
drogen bonding, which points out the poor basicity charac-
ter of this atom.

The main structural features highlighted for the pyrimi-
dine moiety in [H;L]** [CdL,]*+2H,0 above are also exhib-
ited by the HL molecules of the Zn'' complex. With this in
mind, the opposed orientation of the pyrimidine planes of
the two HL molecules in the [(ClzZn)(u-Cl){Zn(u,-HL)}]»
unit (Figure 6) is probably induced by the attractive dipole—
dipole interactions between planes, which would stabilize
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the formed tetranuclear cyclic unit. This trend to the inverse
orientation of the pyrimidine planes in the stacking of anal-
ogous pyrimidine compounds has been widely observed.[!”]

Adsorption of Zn**and Cd**

As was mentioned above, a pH study of the adsorption/
desorption of water-solved HL on a granular activated car-
bon (AC) showed the existence of m—n donor—acceptor in-
teractions between the arene centres of the AC and the pyr-
imidine moiety of HL as the cause of the irreversible char-
acter of the adsorption process.! Further insight on this is
obtained by comparison of the N, signals of the XPS spec-
tra of the HL and AC-HL systems (Figure 7). This was
done by assuming that the low nitrogen content of the AC
(0.75%) implies negligible contribution (less than 1/10) to
these signals compared to the HL nitrogen. Each of the Ny
signals is composed of two overlapping peaks correspond-
ing to the five heterocyclic nitrogen atoms, i.e. the nuclear
heterocyclic nitrogen atoms plus those directly bonded to
the pyrimidine ring (at 400.02 eV for HL and 400.91 eV for
AC-HL), and the three sp>-type nitrogens of the tetraamine
residue (at 398.40 eV for HL and 399.60 eV for AC-HL).

Both of these peaks are significantly shifted in the AC-
HL spectrum relative to the HL spectrum. However, this
fact is not relevant in the case of the peaks of the nitrogen
atoms of the triamine due to the full involvement of these
in the supramolecular assembling of solid HL by hydrogen
bonds. On the contrary, the shifting of the peak of the het-
erocyclic nitrogens in AC-HL to higher energies relative to
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Figure 7. N3 XPS spectra of (a) HL, (b) AC-HL, (¢) AC-HL-Zn
and (d) AC-HL-Cd.

HL is consistent with electron donation from the arene
centres of the AC to the HL aromatic residue, which ac-
companies the adsorption process.

The anchorage of HL to the arene centres provides func-
tionalisation of the AC with a potential tridentate N,N,N
ligand that should enhance its capacity for the capture of
metal ions. The shapes of the adsorption isotherms of
ZnCl, and CdCl, on AC and AC-HL in aqueous solution,
obtained at pH 5, show a significant improvement of the
adsorption capacity relative to unfunctionalised AC, as
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Figure 8. Adsorption isotherms of (a) Zn" and (b) Cd'.
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shown in Figure 8. A pH of 5 was chosen as a compromise
value to avoid the precipitation of metal hydroxides whilst
ensuring the existence of a non-negligible amount of the
partially or totally unprotonated polyamine function, which
is available for metal ion—polyamine interaction, as deduced
from the solution studies (see Figure 4).

Each of the final solutions obtained in the study of the
adsorption of the metals on AC-HL was analysed by UV/
visible spectroscopy to prove that no HL was desorbed. The
XPS spectra of AC-HL-Zn'"" and AC-HL-Cd samples, in-
cluding the N, peaks, are similar to that of the non-metall-
ated adsorbent, except for a new peak in the former due to
the metals (Zn,3/, at 1022 eV and Cdsqgs/, at 406 eV). This
indicates that the improvement in the adsorptivity on AC-
HL relative to AC alone is due to the presence of HL on the
carbon surface. Moreover, further evidence of interactions
between the metal ions and HL was obtained by compari-
son of the IR spectra of the AC-HL adsorbent and AC-
HL-metal solid phases, which show the appearance of new
bands in the second cases at 488 cm ™! and 482 cm™! for Zn!!
and Cd", respectively, which are assignable to v(M—-N). In
these spectra relatively strong bands assignable to v(M-O)
(at around 420 cm™!' in both cases) due to metal atoms
bonded to the oxygen functional groups of the AC also ap-
pear.['8] These bands were assigned previously by compar-
ing the IR spectrum of an AC sample with those of the AC-
Zn and AC-Cd solid phases obtained from the adsorption
experiments carried out to obtain the corresponding iso-
therms.

Both isotherms in Figure 8 fit the Langmuir equation.
This allowed us to calculate the maximum adsorption ca-
pacity values of 0.042 and 0.097 mmolg™' for AC and AC-
HL adsorbents, respectively, in the case of Zn'l, and 0.040
and 0.143 mmolg ! for AC and AC-HL in the case of Cd'.
These values show that binding of HL to AC enhances the
adsorption capacity of AC by a factor of 2.5 in the case of
Zn" and 3.5 for Cd". Nevertheless, these results disagree
with the relative values found for the association constants
of HL with Zn™ and Cd" (see above), which suggest a
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higher affinity of the triamine function for Zn'' than for
Cd". This finding can be explained by assuming that the
metals can be adsorbed either as single metal ions, when
the triamine is unprotonated, or as MCl,>~ when the tri-
amine group is doubly protonated.

Considering these aspects, the two adsorption mecha-
nisms in the case of Cd" are plausible due to a non-negligi-
ble co-existence of CdCl,> and Cd>* species in the me-
dium, (log K = 6.63 for CdCl,>") at the Cl" concentrations
used in the adsorption experiments. On the contrary, in the
case of Zn>* only the adsorption of the single metal ion on
the unprotonated triamine is expected due to the lack of
the more labile ZnCl>~ species (log K = —0.18).1'%1 These
findings agree with the isolation of the tetraiodocadmiate
salt of the doubly protonated ligand from HL/Cd™ mixtures
at pH 6, and the binuclear Zn'" complex of neutral HL from
HL/Zn" mixtures at the same pH. These are in accordance
with the softer Lewis acid character of Cd" than Zn'!.

Some of the chemical pollutants existing in the environ-
ment, such as arsenate, phosphate, sulfate, pertechnate,
chromate, etc., are water-soluble tetrahedral anionic species.
Thus, the above results suggest a possible interest in
wastewater detoxification for this class of anions. In fact,
the assembling of tetrahedral anions with polyamine recep-
tors has been described in some recent monographs.>%
With this in mind, the observed affinity of the AC-HL ad-
sorbent containing a triamine as available functional group
to CdCl> anion is not surprising and suggests the useful-
ness of the model compound described in this work as a
host for tetrahedral anions. It has been suggested®!#l that
the specificity of a polyamine receptor to a tetrahedral
anion would be determined by the binding affinity, i.e. the
nature of the ion-pair interaction. In the case of some
macrocyclic polyamines, the strong binding of polyphos-
phates was found to be due to the existence of both electro-
static and hydrogen-bonding interactions.

The adsorption of a CrO4> solution at pH 7 by the AC-
HL receptor has been studied by us previously.[*l In that
study, the IR spectra of a [CrO,]> [H5L]** solid compound
isolated from aqueous solution prove the existence of strong
hydrogen-bonding interactions in the formation of the ion
pair. These hydrogen-bonding interactions are likely re-
sponsible for the high maximum adsorption capacity of the
adsorbent found (up to 0.14 mmol of CrO4* per gram of
carbon).

These results, together with other previous ones, high-
light the versatile behaviour of HL-type receptors anchored
on activated carbons, which makes them useful for the cap-
ture of both single metal ions and tetrahedral anions. They
also encourage further studies with other single and tetrahe-
dral ions for a better comprehension of the factors (topo-
logical, chemical, ....) that control the chemical affinity be-
tween the model receptor developed and the ions.

Conclusions
HL is characterised by a polarized aromatic moiety and

a polyamine function linked by a soft bis-methylene spacer.
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The compound behaves as bifunctional ligand for Zn>* and
Cd?* metal ions in aqueous solution. At low pH values it
forms mononuclear complexes with these ions, which are
coordinated through the C(5)NO-C(6)O grouping, and acts
as a bidentate chelating ligand. The availability of the poly-
amine function for complex formation with metal ions oc-
curs at slightly acidic pH values and depends on the polariz-
ing character of the metal ion. This is reflected in the fact
that the formation of bi- and mononuclear complexes with
a metal ion linked through the polyamine moiety takes
place at lower pH values with Zn?* than with Cd>* ion. In
these complexes, the N,N,N coordinated triamine gives rise
to stable metal-amine bonds.

HL is anchored on AC with the pyrimidine ring flat to
the arene centres. This process, which is irreversible in
water, seems to be due to m—7n donor-acceptor interactions
between the two aromatic moieties. Moreover, it is favoured
by the electron-withdrawing character of the C(5)NO sub-
stituent of the pyrimidine moiety of HL. HL adsorption
provides functionalisation of the arene centres with NH,—
(CH,),~NH—(CH,), functions and this explains the im-
provement of the capacity of the AC for the adsorption of
Zn?** and Cd?* metal ions. Moreover, in the case of Cd'l,
the amphoteric character of the polyamine function allows
it to adsorb Cd?* and [CdCl,]* ions. All these results sug-
gest the feasibility of the model proposed for specific func-
tionalisation of the AC based on the topological and elec-
tronic properties of HL-type ligands. All these results have
been discussed in the light of the coordination chemistry of
the polyamine groups existing at the AC modified surface,
which highlights the relevance of the solution and crystallo-
graphic data obtained in the coordination chemistry study
of the ligand.

Experimental Section

Synthesis of 4-Amino-2-methoxy-1-methyl-5-nitroso-6-oxo-1,6-dihy-
dropyrimidine (1): Compound 1, which is a precursor of the ligand
HL, was obtained by a previously reported method.?!!

N-(4-Amino-1-methyl-5-nitroso-6-oxo-1,6-dihydropyrimidin-2-yl)-
N'-|bis(2-aminoethyl)]ethylenediamine Dihydrochloride (HL-2HCI;
2): A solution of monohydrated 1 (5.5 g, 27.2 mmol) in CH;CN
(100 mL) was added slowly to a refluxing and stirred solution of
tris(2-aminoethyl)amine dihydrochloride (6.5 g, 29.7 mmol). After
the addition, the solution was refluxed for an additional 2 h, after
which time a pink powdery solid appeared. The suspension was
then filtered. The solid was washed with ethanol and diethyl ether
and used without further purification. Yield: 9.5g (90%)).
C11H»4C1,NgO5-1/2H,0 (380.01): caled. C 34.73, H 6.58, N 29.47;
found C 34.68, H 6.46, N 29.43. 'H-'>"N HMBC ([Dg]DMSO): 6 =
25, 68, 103, 137 ppm. 'HNMR ([Dg]DMSO): § = 2.67 (t, 2 H),
2.71 (t, 4 H), 2.91 (t, 4 H), 3.39 (s, 3 H), 3.53 (t, 2 H) ppm. '3C
NMR ([D¢]DMSO): ¢ = 27.8, 36.8, 40.2, 51.1, 52.5, 142.0, 149.8,
154.5, 161.6 ppm.

[ZnCly)|Zn,(HL),)-2.5H,0 (3): A water solution (10 mL) of ZnCl,
(90 mg, 0.66 mmol) was added, whilst stirring, to a solution of 2
(190 mg, 0.5 mmol) in water (10 mL). The pH of the resulting mix-
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ture was adjusted to 6 by adding 2 N KOH. Orange crystals of 3
suitable for X-ray analysis were obtained by slow evaporation of
this solution. C;;H,4 5CI4NgO5,5Zn, (593.08): caled. C 22.25, H
4.13, N 18.88; found C 21.76, H 4.67, N 18.42.

[H3;L][CdL,-2H,O (4): An aqueous solution (10mL) of
CdCl,-2.5H,0 (0.15 g, 0.66 mmol) was added to a solution of 2
(0.19 g, 0.5 mmol) and Nal (0.15 g, 1 mmol) in water (30 mL). The
pH was then adjusted at 6 by adding 2 N KOH. Orange crystals of
4 were obtained by slow evaporation of the solution.
C1H3CdI4NgO, (956.01): caled. C 13.81, H 2.93, N 11.72; found
C 14.60, H 2.99, N 12.35.

Potentiometric Measurements: The potentiometric titrations were
carried out at 298.1+0.1 K in 0.1 m KCI with a 713 Metrohm pH-
mV meter, equipped with a combined glass electrode and connected
to a Metrohm 765 Dosimat autoburette (1£0.001 mL). The experi-
mental procedure used was the same as that described elsewhere.[>?]
The system was calibrated as a hydrogen concentration probe by
titrating known amounts of HCI with CO,-free KOH solutions and
determining the equivalent point by Gran’s method,>3! which al-
lows the determination of the standard potential, E£°, and the ionic
product of water (pK,, = 13.76 in 0.1 m KCI at 298.1£0.1 K). Li-
gand concentrations of 1-1.5x 103 m and 1:1 ligand-to-metal mo-
lar ratios were employed in the potentiometric measurements. At
least four titration experiments (about 150 data points for each
one) were performed in the pH ranges 2.5-10. The computer pro-
gram HYPERQUADP4 was used to calculate equilibrium con-
stants from emf data.

Spectrophotometric Measurements: Absorption spectra of HL solu-
tions were recorded with a Perkin—Elmer Lambda 19 spectropho-
tometer. HCl and KOH were used to adjust the pH values, which
were measured with a Crison 2002 micropH meter.

X-ray Crystallography: Suitable crystals of 3 and 4 were obtained
as orange plates and orange rods, respectively. The intensity data
were collected at 153 K (120 °C) on a Stoe Mark II-Image Plate
Diffraction System!>! equipped with a two-circle goniometer and
using graphite-monochromated Mo-K,, radiation. The structures
were solved by direct methods using the programme SHELXS-
97.1261 The refinement and all further calculations were carried out
using SHELXL-97.27 In the case of compound 4 the H-atoms
were either located from Fourier difference maps and refined iso-
tropically or included in calculated positions and treated as riding
atoms using the SHELXL default parameters. For compound 3,
the majority of the H-atoms were located from Fourier difference
maps and refined isotropically. The water H-atoms were located
from difference maps but then either refined isotropically or con-
strained to be 0.83(1) A and Uy, = 1.5:Ugq(O-atom) A2. The non-
H atoms were refined anisotropically by weighted full-matrix least-
squares procedures on F2.

CCDC-259715 (for 3) and -259716 (for 4) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

NMR Spectroscopy: 'H (300.13 MHz), '3C (75.48 MHz) and two
dimensional spectra in [Dg]DMSO and in D>O solutions at dif-
ferent pH values were recorded at 300 K with a Bruker DPX300
spectrometer. The pD values of HL and HL-metal ion solutions
were adjusted by adding small amounts of NaOD and DCI solu-
tions. The pH was calculated from the measured pD values using
the relationship pH = pD — 0.40.18]

XPS and IR Data: XPS measurements were performed with an
Escalab 200R system (VG Scientific Co.) equipped with an Mg-K,,
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X-ray source (hv = 1253.6 ¢V) and hemispherical electron analyzer.
Prior to the analysis, the samples were pretreated in situ at 623 K
for 6 h in He, dry air, or wet air. The IR spectra of AC, AC-metal,
AC-HL and AC-HL-metal solid samples, were obtained from KBr
pellets of the samples in the 650400 cm ' range with a Bruker
Tensor 27 TGA-IR spectrometer

Adsorption of Zn?** and Cd?**: Adsorption experiments of Zn>* and
Cd?* ions on an activated carbon (Merck K24504014; AC) and
AC-HL as adsorbent materials, respectively, at pH 5, were carried
out. Typically, amounts of 0.0500 g of the adsorbent were added
to a 100-mL plastic flask containing 50 mL of the appropriate
aqueous solution of the adsorbate (ZnCl, or CdCl, salts). For the
adsorption experiments of the metals on AC-HL, the adsorbent
was obtained from a previous experiment consisting of the adsorp-
tion of an HL solution on the AC, at pH 5, by fixing conditions
at which the overall HL was irreversibly adsorbed (100 ppm of HL
in 100 mL of water and 0.500 g AC). The pH was adjusted in
each of the experiments with KOH or HCI. The suspensions were
shaken at 25%0.1 °C for two days until equilibrium was reached.
After the adsorption experiments, the adsorbents were carefully fil-
tered and the residual metal concentration in the solutions was
measured by ICP mass spectroscopy with an AGILENT 7500
Series (Shield Torch System).
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