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Abstract

6 69The new compound trimethylene-N ,N -bisadenine (L), in which two adenine molecules are linked together by a trimethylene bridge
6that connects the N atoms, has been prepared. Reaction of L with HgCl and ZnCl in concentrated HCl solution leads to crystalline2 2

solids. The X-ray characterisation of the Hg(II) complex (H L)[HgCl ]?3H O reveals that it is an outer-sphere complex in which the2 4 2

ligand is protonated at N(1) and N(19). In contrast, the structure of the complex [H L(ZnCl ) ]?2H O shows the ligand co-ordinated to2 3 2 2

two different Zn(II) ions through the N(7) of both adenine fragments, the protons being located on the N(1) atoms. The latter compound
constitutes the first crystallographic evidence of an inner sphere complex with bis-adenines and, for this reason, an equilibrium study was

1 1 21carried out on the Zn(II)-L-H system. Potentiometric studies indicate that L is protonated in aqueous solution to form HL and H L2
21with log K values of 4.42 and 3.35 (258C, 0.10 M KNO ). The data from potentiometric titrations in the presence of Zn can beH 3

21 31 41 51analysed considering the formation of the species LZn , HLZn , LZn and HLZn , whose stability constants exceed the value2 2

expected for a monodentate interaction of the metal ion with adenine and suggest the possibility of a polydentate behaviour of L in the pH
range 2.5–5.0. In contrast, spectrophotometric titrations carried out under conditions similar to those used in the synthetic work (1 M

41 61HCl) can be fitted with a model involving exclusively the H LZn and H LZn species with logK values reasonable for the2 2 2 M
61interaction of Zn(II) with the N(7) of the protonated adenine fragments. Despite the H LZn species has a low stability, the2 2

spectrophotometric results are in agreement with its formation under the conditions in which the solid complex was prepared.
   2002 Elsevier Science Inc. All rights reserved.
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1 . Introduction metals in biological systems, being an integral component
of more than 200 enzymes [5,6].

In previous papers [7,8] we described the synthesis andMetal complexes with nucleotides, nucleosides and
structural characterisation of Zn(II), Cd(II) and Hg(II)nitrogen bases have been a topic of great interest during
complexes of the model ligand trimethylene-9,99-the last years because of the important role of metal ions in
bisadenine. The three complexes yielded outer spherethe biochemistry of nucleic acids [1–3]. Since intrastrand
structures in which both atoms N(1) and N(19) from thecrosslinks at adjacent purine bases are one of the preferred
ligand are protonated. The Zn(II) and Hg(II) complexesinteractions between soft transition metal ions and DNA,

22good models of such interactions would involve dinucleo- show the same type of anion (MCl ) and identical pattern4

tide analogues in which the bases are connected by a of hydrogen bonds between the ligand and the anion
polymethylene chain [4]. Zinc is one of the most important [N(6)???Cl, N(69)???Cl and N(1)???Cl]. On the other hand,

4-the Cd(II) complex presents the dimeric [Cd Cl (H O) ]2 8 2 2

anion and no H-bonds were found between the protonated
trimethylene-bisadenine and the cadmium dimer.*Corresponding author. Fax:134-971-173-426.
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6 69ligand trimethylene-N ,N -bisadenine, (AdeNH) C (L), 0.37 g (0.004 mols) of 1,3-propanediamine and a few2 3

in which the trimethylene chain is connected to the drops of water during 3 h. The resulting solid was filtered
6exocyclic amino groups of two adenine bases (N and off and washed with water and acetone. A more purified

69 6N ). Metal complexes ofN -substituted adenines have product could be obtained by treatment with 2 M NaOH
been prepared and the biological activity of some of them and reprecipitated with acetic acid, yielding the final
has been also tested [9,10] but, to our knowledge, there is product (40–50%). Found: C, 41.2; H, 5.4; N, 36.5%.

6no previous report of metal complexes withN -substituted Calc. forC H N O corresponding to (AdeNH) C?13 22 10 4 2 3
21bis(adenines). Under conditions similar to those used with 4H O: C, 40.8; H, 5.6; N, 36.7%. IR (cm ): 666s, 680m,2

trimethylene-9,99-bisadenine, we have prepared the 731w, 771w, 797m, 864m, 904s, 947s, 1056w, 1098m,
[H L(ZnCl ) ] ?2H O complex, which is the first structur- 1143m, 1167m, 1268s, 1304vs, 1333s, 1364m, 1379m,2 3 2 2

1ally characterised bis-adenine inner sphere complex and 1406m, 1450m, 1471m, 1538w, 1608vs, 1623vs. H NMR
contains two Zn(II) ions bound to the N(7) and N(79) (DMSO-d ): d 12.98 bs [2H, H(9) /H(99)], 8.30 s [2H,6

atoms of the bis-adeninium ligand. A structurally char- H(2) /H(29)], 8.22 s [2H, H(8) /H(89)], 7.92 bs [2H,
acterised dimeric bis-hypoxanthine–Pt(II) compound in H(10) /H(109)], 3.66 bt [4H, C(11)-H /C(119)-H ], 2.00 t2 2

13which each Pt(II) cation is co-ordinated to two hypoxan- [4H, C(12)-H , J56.6 Hz]. C NMR (DMSO-d ): d2 6

thine bases via N(7), has been previously reported [11]. In 158.7 [C(6)], 156.6 [C(2)], 153.5 [C(4)], 143.0 [C(8)],
contrast, the reaction of L with HgCl in acidic solution 122.9 [C(5)], 41.4 [C(11)], 33.4 [C(12)]. Dissolution of12

leads to the outer sphere complex (H L)[HgCl ]?3H O. As in 1 M HCl yields the corresponding hydrochloride2.2 4 2

the Zn(II) complex shows a singular behaviour between all Found: C, 36.7; H, 4.7; N, 32.8%. Calc. for
the bis-adenine complexes that we have prepared to date,C H Cl N O corresponding to [(H-AdeNH) C ]Cl?13 21 2 10 2.5 2 3 2

21we decided to carry out an equilibrium study on the 2.5H O: C, 36.4; H, 4.9; N, 32.7%. IR (cm ): 486w,2

formation of the Zn(II)-L complexes and the results are 530m, 555w, 630s, 655m, 671vw, 726vw, 781s, 869m,
also presented in the paper. 888m, 943m, 987m, 1035w, 1047w, 1094vw, 1120vw,

1143m, 1168m, 1216s, 1290w, 1310vw, 1331w, 1380m,
11414s, 1440m, 1469vw, 1511m, 1602s, 1678vs. H NMR

2 . Experimental (DMSO-d ): d 9.92 bs [2H, N(9) /H(99)], 8.66 s [2H,6

H(2) /H(29)], 8.64 s [2H, H(8) /H(89)], 3.84 bt [4H, C(11)-
2 .1. Analysis and physical measurements H /C(119)-H ], 2.17 t [4H, C(12)-H ,J56.7 Hz].2 2 2

Elemental analyses were carried out using a Carlo-Erba
2 .3. Preparation of [(H-AdeNH) C ](HgCl )33H 0 (3)2 3 4 2model 1106 microanalyser. Infrared spectra (KBr pellets)

were recorded on a PE 683 spectrophotometer with a PE
To a stirred warm (508C) solution of 0.38 g (0.001

1600 infrared data station. Electronic spectra were ob-
mols) of1 in 25 ml of 1 M HCl, 0.002 mols of HgCl were2tained in aqueous solution on a PE 552 spectrophotometer.
added. The resulting solution was kept to 508C during 30

The potentiometric titrations were carried out with a
min and then was allowed to stay at room temperature. The

Crison 2002 pH-meter provided with an Ingold combined
precipitated complex was filtered off, washed with water1electrode and calibrated to read pH as –log [H ] by fitting
and acetone and air-dried (40–45%). After a week, in the

the data corresponding to titrations of the HNO solution3 filtered solution, crystals of3 suitable for X-ray diffraction
with KOH. The spectrophotometric titrations were moni-

were formed. Found: C, 21.9; H, 3.2; N, 19.6%. Calc. for
tored in the 250–800 nm wavelength range with an

C H Cl HgN O corresponding to [(H-1 13 13 22 4 10 3Avantes PC2000 spectrophotometer. H and C NMR
AdeNH) C ](HgCl )?3H O: C, 22.0; H, 3.1; N, 19.7%. IR2 3 4 2spectra were obtained with a Bruker AMX 300 spectrome- 21(cm ): 311m, 347vw, 476w, 499vw, 518w, 541s, 610s,

ter. Proton and carbon chemical shifts in dimethylsulfoxide
611w, 693vw, 725w, 748m, 776s, 886w, 899m, 926w,1(DMSO-d ) were referenced to DMSO-d [ H NMR,6 6 967vw, 1029vw, 1083w, 1121m, 1149m, 1201s, 1297m,13

d(DMSO)52.60; C NMR, d(DMSO)543.5 ppm]. All
1347s, 1397s, 1427s, 1462m, 1485w, 1515m, 1644vs,

organic (Sigma) and inorganic (Aldrich, Merck and Prob- 11662vs. H NMR (DMSO-d ): d 9.63 bs [2H, N(9) /6us) reagents were used without further purification.
H(99)], 8.66 s [2H, H(2) /H(29)], 8.62 s [2H, H(8) /H(89)],
3.81 bt [4H, C(11)-H /C(119)-H ], 2.17 t [4H, C(12)-H ,6 69 2 2 22 .2. Preparation of trimethylene-N ,N -bisadenine 21 2 21 23J56.3 Hz]. L (V cm mol ) of 10 M in DMSO,6 69 M(AdeNH) C (1) and trimethylene-N ,N -bisadeninium2 3 20 8C552.dichloride [(H-AdeNH) C ]Cl (2)2 3 2

The preparation of the ligand was performed following a 2 .4. Preparation of h[(H-AdeNH) C ](ZnCl ) j?2H O (4)2 3 3 2 2

method previously described in the literature [12]. A
suspension of 1 g (0.007 mol) of 6-chloropurine in 20 ml To a stirred warm (508C) solution of 0.38 g (0.001
of 1-butanol and 3 ml of triethylamine was refluxed with mols) of1 in 25 ml of 1 M HCl, 0.012 mols of ZnCl2
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dissolved in 25 ml of 1 M HCl were added. The resulting by least-squares method. Intensities were collected with
graphite monochromatized Mo Ka radiation, usingv /2usolution was kept to 508C during 30 min and then it was
scan-technique. Three reflections were measured every 2 hallowed to stay at room temperature. The crystalline
as orientation and intensity control, significant intensitycomplex was filtered off, washed with water and acetone
decay was not observed. Lorentz-polarization but notand air-dried (80%). After a week, crystals of4 suitable
absorption corrections were made. The structures werefor X-ray diffraction were formed from the filtrate. Found:
solved by Direct methods, using SHELXS [13] computerC, 22.6; H, 2.9; N, 20.1%. Calc. for C H Cl N O Zn13 20 6 10 2 2

program and refined by full-matrix least-squares methodcorresponding toh[(H-AdeNH) C ](ZnCl ) j?2H O: C,2 3 3 2 2
21 with SHELX-93 computer program [14]. Selected crystal-22.5; H, 2.9; N, 20.2%. IR (cm ): 314s, 357vw, 487m,

lographic data are presented in Table 1.541m, 551m, 587m, 639m, 664m, 762m, 781m, 838m,
2Compound3: The function minimised wasSviF u 2907m, 976s, 1079w, 1105vw, 1126m, 1135m, 1162vw, o

2 2 2 2 21uF u u , where v 5 [s (I)1 (0.0516P) ] , and P 51225s, 1298w, 1354s, 1370m, 1405m, 1420m, 1435w, c
2 21 (uF u 1 2uF u ) /3, f, f 9 and f 0 were taken from Interna-1468s, 1532w, 1605vs, 1621vs, 1673vs, 1682vs. H NMR o c

tional Tables of X-ray Crystallography [15]. Nineteen H(DMSO-d ): d 9.57 bs [2H, N(9) /H(99)], 8.66 s [2H,6

atoms were located from a difference synthesis and refinedH(2) /H(29)], 8.61 s [2H, H(8) /H(89)], 3.81 bt [4H, C(11)-
with an overall isotropic temperature factor and 15 HH /C(119)-H ], 2.17 t [4H, C(12)-H , J56.6 Hz].2 2 2

21 2 21 23 atoms were computed and refined with an overall isotropicL (V cm mol ) of 10 M in DMSO, 208C523.M
temperature factor using a riding model.

2Compound4: The function minimised wasSv iF u 2o
2 2 2 2 212 .5. Crystallographic studies uF u u , wherev 5 [s (I)1 (0.0591P) 1 2.5371P] , andc

2 2P 5 (uF u 12uF u ) /3, f, f 9 and f 0 were taken fromo c

Prismatic crystal (0.130.130.2 mm) were selected and International Tables of X-ray Crystallography [15]. The
mounted on an Enraf-Nonius CAD4 four-circle diffrac- extinction coefficient was 0.0048(3). All H atoms were
tometer. Unit-cell parameters were determined from auto- located from a difference synthesis and refined with an
matic centring of 25 reflections (12,u,218) and refined overall isotropic temperature factor.

Table 1
Selected crystallographic data for [(H-AdeNH) (CH ) ](HgCl )?3H O 3 and h[H-AdeNH) (CH ) ](ZnCl ) j?2H O 42 2 3 4 2 2 2 3 3 2 2

Crystal data 3 4

Empirical formula C H Cl HgN O C H Cl N O Zn13 22 4 10 3 13 20 6 10 2 2

Crystal size (mm) 0.130.130.2 0.130.130.2
Crystal system Triclinic Monoclinic
Space group P-1 C2/c

˚ ˚Unit cell dimensions a57.710(5) A a510.465(4) A
˚ ˚b512.388(3) A b512.522(4) A
˚ ˚c524.396(3) A c519.443(15) A

a585.49(2)8
b589.46(4)8 b596.07(5)8
g583.39(3)8

3˚Volume (A ) 2307.4(18) 2534(2)
Z 4 4
Formula weight 708.80 691.83

3Density (calc.) (mg/m ) 2.040 1.814
21Absorption coefficient (mm ) 7.171 2.559

F(000) 1368 1384
Data collection and refinement
u range (8) 2.26 to 29.97 2.11 to 30.04
Index ranges 210#h#10 214#h#14

217#k#17 0#k#17
0#l#34 0#l#27

Reflections collected 13413 3784
Independent reflections 13413 [R(int)50.0087] 3663 [R(int)50.0308]
Data/ restraints /parameters 13413/0/622 3663/0/192
Final R indices [I.2s(I)] R150.0319 R150.0352

wR250.0756 wR250.0932
R indices (all data) R150.0801 R150.0401

wR250.0960 wR250.0971
2Goodness-of-fit onF 0.954 1.106

23˚Largest difference peak (eA ) 0.833 0.856
23˚Largest difference hole (eA ) 20.939 20.869
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2 .6. Equilibrium measurements complexes, high concentrations of Zn(II) were required in
order to achieve a significant degree of complex formation

The stock solutions of KOH, Zn(NO )?6H O and and so, 35–50 spectra were recorded for each titration3 2 2

HNO required for the potentiometric determinations of covering a [Zn(II)] range of ca. 0–0.1 M (ZnCl solutions)3 2

equilibrium constants were prepared at concentrations or 0–0.4 M (ZnSO solutions). Although in the latter case4
1close to 0.10 M. The KOH solution was titrated with there are significant changes in [H ] during the titrations

potassium hydrogen phthalate (phenolphthalein indicator) that probably increase the error in the estimated values of
and was then used to titrate the HNO solution with the the equilibrium constants, the results were considered more3

same indicator. The Zn(II) solution was titrated with reliable than if only the first part of the titrations, in which
1EDTA (erioT indicator). Potentiometric titrations were [H ] can be considered to remain constant, were consid-

carried out at 25.060.18C under a N atmosphere in the ered.2
61presence of 0.10 M KNO as supporting electrolyte. As the H LZn species had been isolated as a solid3 2 2

Solutions of the ligand (40.0 ml) with an initial con- complex and the potentiometric results had shown that L
23 21centration close to 1.5310 M were prepared in water exists as H L in acidic solutions, the spectrophotometric2

containing the supporting electrolyte, and the required data were fitted with Eq. (1) [18] to an equilibrium model
41 61amounts of the HNO and Zn(II) solutions were then that assumes the formation of the H LZn and H LZn3 2 2 2

added before titration with KOH. species. In Eq. (1),DAbs represents the experimental
The protonation constants of the ligand were obtained absorbance change of Zn(II) containing solutions with

from two titrations of the ligand alone and the reported respect to analogous solutions without added Zn(II),
21equilibrium constants correspond to the mean value and [H L ] is the total concentration of protonated ligand,2 0

standard deviation of the values derived from both titra- K is the equilibrium constant for the formation of the 1:1M1
21tions. The data corresponding to titration of solutions (H L :Zn) complex andD´ is the change in the molar2 1

containing Zn(II) and L in 2:1 and 1:1 molar ratios were absorptivity of the 1:1 complex with respect to the ligand.
then analysed to obtain the equilibrium constants for the Analogously,K andD´ represent the stability constantM2 2

formation of Zn(II)-L complexes, the reported values and the change in the molar absorptivity of the 1:2
corresponding now to the mean value and standard devia- complex. Because of the large excess of Zn(II), the values
tion of the values derived from both titrations. In all cases of [Zn(II)] in Eq. (1) coincide with the total concentration
the titrations had to be interrupted at relatively low pH (ca. of Zn(II) added at each titration point. The reported values
4.8) because of precipitation. The number of points of the stability constants correspond to the mean value and
measured was different for every titration and ranges from standard deviation of the values derived from three titra-
38 to 60, covering a pH range from 2.7 to 4.8. The analysis tions. The data were also analysed assuming an equilib-
of the data was carried out with program BEST and the rium model that only considers the formation of the 1:1
species distribution curves were obtained with programs complex; in that case, the analysis was made using a
SPE and SPEPLOT [16]. During all refinements the value simplified form of Eq. (1) in which the terms containing
of log K was fixed at –13.78. For titrations containing K are ignored.w M2

Zn(II) and L, the formation constants corresponding to the
2K D´ Zn(II) 1K K D´ Zn(II)DAbs f g f gprotonated forms of the ligand were fixed at the values M1 1 M1 M2 2

]]] ]]]]]]]]]]]]521 2derived from titrations of the ligand alone. The Zn(II)- H L 11K Zn(II) 1K K Zn(II)f g f g f g2 0 M1 M1 M22OH complexes were also introduced in the model with
(1)formation constants fixed at their corresponding literature

values [17], although their effect is negligible because they
are not formed at significant extent at the pH achieved in
the presence of the ligand. 3 . Results

For the spectrophotometric titrations, solutions of L in
251.0 M HCl were prepared ([L]51.8–4.1310 M) and 3 .1. The crystal structure of [(H-AdeNH) C ](HgCl )?0 2 3 4

titrated with solutions of Zn(II) previously titrated with 3H O (3) and h[(H-AdeNH) C ](ZnCl ) j?2H O (4)2 2 3 3 2 2

EDTA. Two sets of titrations were carried out using
different sources and concentrations of Zn(II) ions; for the Information related to the protonation sites of the

6 69first set a 0.2 M solution of ZnCl was used, whereas a 1.0 trimethylene-N ,N -bisadenine ligand was obtained from2

M solution of ZnSO?7H O was used for the second one. the isolation of the outer sphere complex3. Chloride,4 2
21Although the use of HNO and/or Zn(NO ) would make nitrate and perchlorate salts of H L were obtained only3 3 2 2

the results more comparable with those derived from as microcrystalline samples. However, utilisation of
22potentiometric titrations, the presence of the nitrate ion [HgCl ] yielded crystals suitable for X-ray crystal-4

was avoided because its absorption band interferes with thelography. The Hg(II) complex contains two different units
spectral changes associated to the formation of Zn-L labelled Unit 1 and Unit 2 in Fig. 1. Each unit is
complexes. Because of the low stability of the Zn(II)-L constituted by a ligand molecule di-protonated in N(1) and
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Fig. 1. ORTEP plot of [(H-AdeNH) C ](HgCl )?3H O 3. Hydrogen atoms have been omitted for clarity.2 3 4 2

22N(19), and a distorted [HgCl ] anion. An intramolecular protonated at the N(1) atom, are related by a 2-fold axis.4

interaction between N(6) and N(79) [N(6)? ? ?N(79) ca. 3 Although co-ordination to metal ions through the N(7)
Å] determines an approach between the two adeninium atom is common for adenosine and other 9-substituted
rings. Moreover, the two tetrahalomercuriate ions are very adenines, the availability of the N(9) site for metal co-
different, the Hg–Cl distances being in the range of ordination is well established for adenine. Actually, metal

˚2.4149(17) and 2.5654(14) A for Unit 1, and in the range complexes are known in which the metal ion is co-
˚of 2.3678(14) and 2.7101(17) A for Unit 2 (Table 2). The ordinated to the N(9) site of neutral adenine and its

˚later shows a very large Hg–Cl length, of 2.7101(17) A, as protonated and deprotonated forms [22]. However, it is
compared with other distances of related complexes de- important to note that one of the few well documented

22scribed in the literature [19–21]; moreover, the [HgCl ] cases in which N(9) does not participate in metal binding4

anion of Unit 1 is very similar to that reported for the is (HL9)ZnCl (L95adenine), which contains Zn(II) co-3

trimethylene-9,99-bisadeninium mercury complex [8]. The ordinated at N(7) [23].
two chloromercuriate ions exhibit an additional hydrogen The structure of compound4 shows similar characteris-
bond with the ligand molecule [N(6)? ? ?Cl53.21 and 3.22 tics to Zn(II) complexes with 9-alkyladenines described in
Å in Units 1 and 2, respectively]. the literature [24–27] (there is a lack of structural in-

6The crystal structure of complex4 is shown in Fig. 2 formation regarding zinc complexes ofN -alkyladenines);
and selected bond distances and angles are given in Table thus (i) presents similar bond distances around the zinc
2. The complex shows an inner sphere structure where the atom, [Zn-N(7)52.0732(19), Zn-Cl(1)52.2544(16), Zn-

˚ligand is co-ordinated, via N(7) and N(79), to two different Cl(2)52.2376(11) and Zn-Cl(3)52.2369(9) A]; (ii) the
zinc atoms. Three chloride ions complete the co-ordination zinc atom presents an important deviation of the planarity
sphere around the metal, which presents tetrahedral hybrid- with respect to the imidazole ringt[Zn-N(7)-C(8)-N(9)5

6isation. The two [ZnCl (N -alkyl-adeninium)] moieties, 160.608]; (iii) one chlorine atom is involved in a hydrogen3
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Table 2
˚Selected bonds (A) and angles (8) for complexes3 and 4

Zn(II) inner sphere complex4 Hg(II) outer sphere complex3

Zn–N(7) 2.0732(19)
M–Cl(1) 2.2544(16) 2.5648(14) 2.7101(17)
M–Cl(2) 2.2376(11) 2.5190(19) 2.633(2)
M–Cl(3) 2.2396(9) 2.4149(17) 2.3678(14)
Hg–Cl(4) 2.4228(14) 2.3778(14)
N(1)–C(2) 1.366(2) 1.367(6) 1.367(6)
N(19)–C(29) 1.362(6) 1.339(6)
C(2)–N(3) 1.297(3) 1.285(6) 1.271(6)
C(29)–N(39) 1.308(6) 1.328(6)
N(3)–C(4) 1.354(2) 1.367(6) 1.375(5)
N(39)–C(49) 1.349(5) 1.357(6)
C(4)–C(5) 1.382(2) 1.384(5) 1.388(6)
C(49)–C(59) 1.387(6) 1.383(6)
C(5)–C(6) 1.407(2) 1.416(6) 1.385(6)
C(59)–C(69) 1.398(6) 1.400(6)
N(1)–C(6) 1.361(2) 1.359(5) 1.354(5)
N(19)–C(69) 1.370(5) 1.378(6)
C(6)–N(6) 1.316(2) 1.305(5) 1.333(5)
C(69)–N(69) 1.314(6) 1.313(6)
C(5)–N(7) 1.381(2) 1.361(5) 1.384(5)
C(59)–N(79) 1.399(5) 1.395(5)
N(7)–C(8) 1.325(2) 1.326(6) 1.327(6)
N(79)–C(89) 1.318(5) 1.290(6)
C(8)–N(9) 1.348(3) 1.342(6) 1.360(6)
C(89)–N(99) 1.345(6) 1.372(6)
C(4)–N(9) 1.362(2) 1.350(6) 1.341(5)
C(49)–N(99) 1.343(6) 1.360(6)
N(6)–C(10) 1.465(2) 1.477(5) 1.431(6)
N(69)–C(109) 1.442(6) 1.462(6)
C(10)–C(11) 1.520(2) 1.521(6) 1.520(6)
C(11)–C(109) 1.520(2)[1 1.512(7) 1.529(6)
N(7)–Zn–Cl(1) 100.31(7)
N(7)–Zn–Cl(2) 100.93(6)
N(7)–Zn–Cl(3) 109.70(5)
Cl(1)–M–Cl(2) 119.55(4) 100.11(6) 96.75(7)
Cl(1)–M–Cl(3) 109.94(3) 107.57(6) 97.99(5)
Cl(2)–M–Cl(3) 114.56(3) 108.32(6) 103.20(7)
Cl(1)–Hg–Cl(4) 107.20(5) 96.24(5)
Cl(2)–Hg–Cl(4) 111.29(5) 99.01(6)
Cl(3)–Hg–Cl(4) 120.36(7) 151.90(5)
C(8)–N(7)–Zn 104.73(15)
C(5)–N(7)–Zn 131.51(12)
N(1)–C(2)–N(3) 126.16(19) 125.6(4) 126.6(4)
N(19)–C(29)–N(39) 124.6(4) 125.5(5)
C(2)–N(3)–C(4) 112.66(16) 112.1(4) 111.9(4)
C(29)–N(39)–C(49) 111.8(4) 110.0(4)
N(3)–C(4)–C(5) 126.71(17) 127.3(4) 125.8(4)
N(39)–C(49)–C(59) 127.7(4) 129.3(4)
C(4)–C(5)–C(6) 118.38(17) 117.6(4) 118.8(4)
C(49)–C(59)–C(69) 118.5(4) 117.5(4)
C(5)–C(6)–N(1) 113.55(16) 113.5(4) 114.1(4)
C(59)–C(69)–N(19) 112.5(4) 112.9(4)
C(6)–N(1)–C(2) 123.48(17) 123.9(4) 122.7(4)
C(69)–N(19)–C(29) 124.7(4) 124.7(4)
N(6)–C(6)–N(1) 120.93(17) 121.3(4) 120.6(4)
N(69)–C(69)–N(19) 119.5(4) 119.9(4)
N(6)–C(6)–C(5) 125.52(17) 125.2(4) 125.3(4)
N(69)–C(69)–C(59) 128.0(4) 127.1(4)
C(5)–N(7)–C(8) 104.73(15) 103.1(4) 103.1(4)
C(59)–N(79)–C(89) 104.1(3) 104.0(4)
N(7)–C(8)–N(9) 112.43(17) 113.5(4) 113.3(4)
N(79)–C(89)–N(99) 112.4(4) 113.3(4)
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Table 2. Continued

Zn(II) inner sphere complex4 Hg(II) outer sphere complex3

C(8)–N(9)–C(4) 107.17(16) 107.0(4) 107.0(4)
C(89)–N(99)–C(49) 108.6(4) 107.1(4)
N(9)–C(4)–C(5) 106.09(16) 105.2(4) 106.1(4)
N(99)–C(49)–C(59) 105.4(4) 104.9(4)
C(4)–C(5)–N(7) 109.58(16) 111.3(4) 110.6(4)
C(49)–C(59)–N(79) 109.5(4) 110.7(4)
N(3)–C(4)–N(9) 127.19(17) 127.6(4) 128.2(4)
N(39)–C(49)–N(99) 126.8(4) 125.9(4)
C(6)–C(5)–N(7) 132.01(16) 131.1(4) 130.6(4)
C(69)–C(59)–N(79) 131.9(4) 131.8(4)
C(6)–N(6)–C(10) 122.94(16) 123.7(4) 125.1(4)
C(69)–N(69)–C(109) 125.2(4) 126.9(4)
N(6)–C(10)–C(11) 111.76(14) 107.9(4) 109.8(4)
N(69)–C(109)–C(11) 113.3(4) 110.2(4)
C(10)–C(11)–C(109) 116.2(2)[1 112.5(4) 110.9(4)

Symmetry transformations used to generate equivalent atoms.[1 for 1: 2x 1 2,y,2 z 1 1/2.

21˚bond with the N(6)-H group [N(6)? ? ?Cl53.350(3) A]; at 1420 cm in free ligand, related to the vibration
21and (iv) the distance and angle values of the adenine n[N(1)-C(6)-N(6)] (1423, 1405 cm for4) possibly due

moieties fit well in other N(1) protonated adenines. The to the implication of the N(1) atom in intramolecular
crystallographic structure is completed by means of a hydrogen bonds.
couple of hydrogen bonds N(9)? ? ?N(3)[1 and N(3)? ? ?

˚ 3 .3. Equilibrium determinationsN(9)[1 [N(9)? ? ?N(3)[152.926(3) A] between two adja-
cent units and completed with other Cl? ? ?OH interac-2

The data from titration of L in the presence of addedtions.
acid could be well fitted assuming a model with two

1 21protonation steps leading to the HL and H L species,2

3 .2. IR spectra whose formation constants are included in Table 4. The
values of logK are very close to those previouslyH

Tentative assignments [28–30] of the IR spectra of all reported for adenine [17,22,31–34], which indicates that
compounds are presented in Table 3. The most relevant alkyl substitution at the N(6) atom does not cause im-
features are: (i) shift to higher frequencies of the strong portant changes in the basicity of the adenine fragments.

21 21band at 1660 cm in1, assigned tod[NHR] (1678 cm The species distribution curves in Fig. 3 show that the
21 21for 2, 1682 cm for4); and (ii) modification of the band major species at low pH is H L , whereas the un-2

Fig. 2. ORTEP plot ofh[(H-AdeNH) C ](ZnCl ) j?2H O 4. Hydrogen atoms have been omitted for clarity.2 3 3 2 2
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Table 3
Tentative assignation for compounds1–4

(AdeNH) C 1 (H-AdeNH) C 2 Hg-(AdeNH) C 3 Zn-(H-AdeNH) C 42 3 2 3 2 3 2 3

d[NHR] 1623 1678 1662 1682
d[NHR]1n[C(5)–C(6)] 1608 1602 – 1603
n[C(4)–N(9)]1d[C(8)–H]1d[CH ] – 1511 1515 –2

n[C(4)–N(9)]1n[C(5)–C(6)] 1471 1469 1462 1468
d[C(2)–H]1n[C(8)–N(9)]1d[C(8)–H] 1450 1440 – 1435
n[N(1)–C(6)–N(10)] 1420 1414 1423,1405 1427
n(pyrimidine ring) – 1380 1370 –
n[C(5)–N(7)–C(8)] 1334 1331 – –
n[C(2)–N(3)]1n[C(8)–N(9)]1d[C–H] 1304 1301 1298 1297
d[C(9)–H]1ring mode 1268 – – –

protonated form becomes the major species only at pH
higher than 4.5.

The titrations of L in the presence of Zn(II) show
significant differences with respect to those of the ligand
alone, which indicates the formation of stable Zn(II)-L
complexes in acidic solutions. A satisfactory fit of the
potentiometric data was obtained with an equilibrium

21 31 41model that includes the species LZn , HLZn , LZn2
51and HLZn , whose stability constants are included in2

Table 4. No significant improvement in the quality of the
41fit was achieved by adding species as H LZn or2

61H LZn . The species distribution curves in Fig. 4 show2 2

that almost all the ligand is co-ordinated to Zn(II) between
pH 2 and 5 in solutions containing a 2:1 molar ratio of
Zn:L.

Although these results could explain the isolation of the
61H LZn complex at very low pH, where a second2 2

51protonation of HLZn is reasonably expected to occur,2
21we were surprised of the high stability of the LZn and

41LZn species. The equilibrium constants in Table 4 Fig. 3. Species distribution curves for solutions containing L at different2

pH values. The percentages are referred to the total concentration of theindicate that the stability constant for co-ordination of the
1 ligand.first metal ion to the L and HL species is higher than 4

(log units), whereas the values for co-ordination of the
second Zn(II) are reduced by ca. 1 log unit, as expected

Table 4
Equilibrium constants derived from the analysis of potentiometric data for
the protonation of L and for the formation of Zn(II)-L complexes in
aqueous solution (25.08C, 0.10 M KNO , N atmosphere)3 2

Species logb Equilibrium logK

Ligand protonation:
1 1 1HL 4.42(2) L1H /HL 4.42

21 1 1 21H L 7.77(3) HL 1H /H L 3.352 2

Formation of Zn(II) complexes:
21 21 21LZn 4.2(1) L1Zn /LZn 4.2
41 21 21 41LZn 7.4(2) LZn 1Zn /LZn 3.22 2

31 21 1 31HLZn 8.4(1) LZn 1H /HLZn 4.2
51 41 1 51HLZn 11.7(2) LZn 1H /HLZn 4.32 2 2 Fig. 4. Species distribution curves for solutions containing L and Zn(II)1 21 31HL 1Zn /HLZn 4.0

in 1:2 molar ratio. The percentages are referred to the total concentration31 21 51HLZn 1Zn /HLZn 3.32 of the ligand.
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Fig. 5. Equilibrium model for the protonation of L and the formation of Zn(II) complexes in acidic solutions.

from electrostatic and statistical considerations. The adenine (or its protonated and deprotonated forms), adeno-
6log K values previously reported for the formation of the sine orN -substituted adenines act as a bridge betweenM

21Zn(adenine) complex are usually below 2.5 [17,32], metal ions [9,10,32,37–40]. In any case, the equilibrium
although a value as high as 8.28 has been also reported data do not provide unequivocal evidence on the existence
[33]. A value of logK smaller than 2 is also estimated for of this kind of interaction and further work is clearlyM

the interaction of Zn(II) with the N(7) of adenine from required to determine the coordination behaviour of L
consideration of the well-established correlation of the under the experimental conditions in which the poten-
log K versus logK data [35,36], which makes the value tiometric titrations are carried out.M H

of log b for the L-Zn(II) complexes about two log units Additional information about the stability of the Zn(II)-
higher than expected for the monodentate interaction of the L complexes was obtained by carrying out spectrophoto-
Zn(II) ions with the N(7) atoms of both adenine fragments. metric titrations under conditions similar to those used in
The data in Table 4 also indicate that the co-ordination of the synthetic work. From the protonation constants of the

21one or two Zn(II) ions only causes a small decrease of the ligand, the major species in 1.0 M HCl solutions is H L2

first protonation constant of the ligand, which suggests that and titration with Zn(II) under these conditions should lead
the N(1) sites are not involved in metal co-ordination. to the sequential co-ordination of two metal ions according

1The high stability of the L-Zn(II) and HL -Zn(II) to the equilibrium scheme depicted in Fig. 5. Other
species cannot be explained by an increased basicity of the possible equilibria leading to species different from those
ligand because the logK values of L and adenine are very included in the figure are not shown because their con-H

6close. The participation of theN atoms in the interaction centrations must be negligible under these strongly acidic
with the metal ion through hydrogen bonding to co- conditions. The possibility of higher protonated forms of
ordinated water (or chloride, as observed for4) could the ligand can be excluded because complex3 was isolated
explain a certain stabilisation but the difference is too high under similar experimental conditions and shows a single
to be explained in terms of this interaction. Because the protonation at each adenine fragment. This conclusion is
titrations were carried out in 0.10 M KNO and complex4 also supported by the lack of changes in the absorption3

was isolated from concentrated HCl solution, there is the spectra of L during titration with HCl in the concentration
22possibility of changes in the co-ordination mode of L range from 10 to 1.0 M.

caused by a different degree of protonation, which could The titrations in the presence of metal ion showed that
favour co-ordination through a different donor atom as addition of Zn(II) causes changes in the absorption band of
N(9) or N(3) at higher pH. On the other hand, the the ligand, the largest changes occurring at 260–270 nm.

2presence-absence of high Cl concentrations in the syn- Fig. 6 shows a plot of these changes and the solid line
thetic procedure favours the existence of co-ordinated represents the least-squares fit of the data by Eq. (1),
chlorides. However, these possible changes can hardly which corresponds to an equilibrium model that assumes

21explain the large stability constant derived for the L-Zn(II) the formation of 1:1 and 1:2 complexes between H L2
41species. The possibility of a bidentate co-ordination of and Zn(II). The logK values so derived for the H LZnM 2

61each adenine fragment to each Zn(II) ion cannot be and H LZn species in 1.0 M HCl are 1.660.1 and2 2

excluded but this kind of interaction is not usual in adenine 1.260.1, respectively, when ZnCl is used as the source of2

and substituted adenines. A possible explanation is to Zn(II) ions. Slightly different values of logK (0.960.1M

consider the interaction of each Zn(II) ion with the N(7) of and 0.160.3) are obtained when the titrations are carried
one adenine and a different donor atom in the adjacent out using solutions of ZnSO . In the latter case, the4

adenine within the same L molecule, which would lead to logK value is not well defined by the experimental dataM2
61a bidentate interaction of L with both metal ions. This and a satisfactory fit is also obtained when the H LZn2 2

possibility is supported by previous reports showing the species is ignored, the value derived for logK beingM1

formation of dimeric or oligomeric species in which 0.760.1 in that case.
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Another interesting aspect to consider in the interpreta-
tion of the equilibrium data is that L is symmetrical and
contains two equivalent adenine fragments. For the inter-

1 21action with both H and Zn there are always two
equivalent sites that may behave independently or show
some kind of co-operative behaviour. For statistical
reasons, the quotient between successive equilibrium con-
stants must be 4 if the adenines behave independently,
whereas a co-operative behaviour would lead to a sig-
nificantly smaller value of the quotient. In contrast, if there
is some destabilisation associated to the electrostatic

1 21repulsion caused by the existence of two H (or two Zn )
ions close to each other, the value of the second equilib-
rium constant will decrease and the quotientK /K will be1 2

significantly higher than 4. The experimental data indicate
that the quotientK /K is 11.7, whereasK /K isH 1 H 2 M 1 M 2

10.0 for co-ordination of the Zn(II) ions to L, 5.0 for
1co-ordination to HL and 2.5 (ZnCl solutions) or 6.32

21(ZnSO solutions) for the interaction with the H L4 2

species; all these values are not very far from the statistical
prediction and indicate that the adenine sub-units in LFig. 6. Plot of the absorbance changes at 260 nm during titration of L
behave almost independently, at least in acidic solutions.with a solution of Zn(II) prepared from ZnSO . The solid line corre-4

sponds to the fit of experimental data by Eq. (1) in the text.

The differences between the values derived from both 4 . Conclusion
sets of titrations are surely caused by some interaction of
the sulphate anions with the metal ions at the high The spectrophotometric equilibrium studies indicate that

61concentrations of salt achieved during the titrations; actual- the H LZn species, isolated as [H L(ZnCl ) ]?2H O2 2 2 3 2 2
2ly the stability of the 1:1 complex of Zn(II) with HSO (4), is formed in strongly acidic solutions according to the4

2(log K50.89) is higher than that with Cl (logK50.0) model shown in Fig. 5. The crystal structure of the outer-
[17] and it is expected that the presence of large con- sphere (H L)[HgCl ]?3H O complex (3) shows that N(1)2 4 2

centrations of sulphate decrease the stability of the Zn(II)- and N(19) are the protonation sites of the ligand. More-
L complexes. In any case, both sets of values are smaller over, the crystal structure of4 also indicates that the
than those previously reported for the interaction of Zn(II) adeninium moieties are formed by means of protonation at
with N(7) of adenine (ca. 2.0) and they appear reasonable the N(1) sites and metal co-ordination at both N(7) atoms.
when the de-stabilising effect of the positive charges are The N(9) sites of the adeninium fragments are free of any
considered. Actually, a decrease of ca. 1 log unit is interaction with the metal ions.
observed in the stability of the protonated adenosine As the spectrophotometric data indicate that the stability
complexes with respect to the analogous complexes with of species with a single interaction between Zn(II) and the
neutral adenosine [22]. Thus, the results from the spectro- N(7) of the adenine fragments in L is similar to that of the

21photometric titrations indicate that although the stability Zn(II)-adenine complexes, the formation of a LZn
61constant of H LZn is not very large and its formation species with that kind of interaction should lead to a logb2 2

requires a large excess of Zn(II) ions, significant amounts value smaller than ca. 2, which is far from the value (4.2)
of this species must be formed under the synthetic con- derived from the analysis of the potentiometric data. These
ditions and its expected lower solubility with respect to findings strongly suggest that a change in the pH of the

21 41H L and H LZn can be the responsible of its isola- solution causes important changes in the co-ordination2 2

tion. behaviour of L, probably in the sense of favouring
When taken together with the potentiometric results, the polydentate interactions with the metal ion at higher pH.

spectrophotometric data indicate that protonation of L to Further work is required to gain insight into this behaviour
21the H L form causes a change in the co-ordination mode and to obtain a better understanding of the reasons that2

of the ligand in such a way that there is now a single lead to the rich solution chemistry shown by L in contrast
monodentate interaction of the Zn(II) ions with the N(7) to our previous results using bis(adenines) linked through
atoms. In contrast, the less protonated ligand species L and the N(9) atoms, for which only outer sphere complexes

1HL interact more strongly with the metal ions, which without any specific interaction of the adenines with the
suggests again the use of additional donor sites. metal ion were found.
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