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ABSTRACT

The study of the metal binding pattern of N-methyladenines (1-, 3-, 7- or 9-Meade) towards Cu"-iminodiacetate-like chelates is addressed on the basis of XRD crystal
structures of sixteen novel ternary compounds. Except for three compounds, all others feature an square-based Cu(Il) coordination, type 4 + 1, and the efficient
cooperation of a Cu—N7 bond with an intra-molecular N6-H:--O(coord. carboxylate) interligand interaction as the major metal-binding pattern. The three referred
exceptions to this behavior are: (1) the compound [Cu(MIDA)(7Meade)(H,0)]-4H,0, which evidence the Cu—N3 binding pattern; the (2) [Cu(IDA)(1Meade)
(H,0),1-4H,0, which molecular recognition consist in the Cu—N9 bond and a (distal aqua)------ N3(1Meade) intra-molecular interaction, within an octahedral Cu(II)
center; and (3) [Cu(IDA)(9Meade)(H,0),]-3H,0, also with a 4 + 1 + 1 Cu(I) coordination, where the Cu—N7 bond exists along with an extremely weak N6-H:--O
(coord. carboxylate) interaction (3.33 A, 140.2°). This former interaction is determined by packing forces that promote the participation of the N6—H group in a
‘trifurcated’” H-bond. In conclusion, the cooperation between the Cu—N7 bond (not possible for 7Meade) and the intra-molecular N6-H:--O interaction is clearly
favored (a) by the H-accepting role of the O-coordinated carboxylate atoms from the iminodiacetate ligands in mer-NO, conformation and (b) in compounds where

the Cu(Il) atom exhibits an elongated square-base pyramidal coordination, type 4 + 1.

1. Introduction

The formation of model mixed-ligand metal complexes having nu-
cleobases, nucleosides or nucleotides as co-ligands is an essential tool
that can help us to better understand the interaction between metal ions
and nucleic acids and their constituents, and thereby their significance
[1,2]. Furthermore, during the last decades, this kind of compounds has
also been studied due to their broad interest as molecular models in
other areas within the inorganic biochemistry field, such as the study of
novel metallo-drugs, metallo-enzymes or the design of metal-organic
frameworks (BioMOFs) as delivering systems and the synthesis of novel
bio-materials [3-6]. In this context, special attention has been paid to
the role of intra- and/or inter-molecular interligand interactions, i.e.
both classic and non-conventional H-bonds, m,7-stacking, anion/s or C-
H/m interactions, in molecular recognition processes.

Among the natural nucleobases, the extreme coordination versati-
lity of the N-rich ligand adenine (Hade) should be remarked. This
versatility is closely related to the borderline Pearson character of all its
N-donors but also with the tautomeric possibilities of its neutral and
protonated forms [7]. In N-substituted adenines tautomerism is dras-
tically reduced since the tautomeric H-atom (placed on N9 in the most

stable Hade tautomer) is missing, hence metal binding patterns of N-
substituted adenines are expected to be quite different from Hade. A
comprehensive structural search has been carried out in the CSD da-
tabase for methyladenines (Meade). In this context, a large variety of
NO-substituted adenine-like ligands have been reported and studied as
simple adenosine models, showing a more restricted coordination
chemistry.

The structure of 9Meade has been reported several times, e.g. [8,9],
as well as different salts and compounds with the H(N1)9Meade™ ca-
tion [10,11] and the dibromide salt of Ho(N1,N7)9Meade® " have been
reported [12]. These findings reveal that proton affinity of 9Meade is
N1 > N7 > N3, according to the basicity order assumed for Hade
(N9 > N1 > N7 > N3). Likewise, crystal structures of different base-
pairs with N-methyladenines and 1-methyl-pyrididines are also avail-
able [13,14]. The known metal binding patterns (MBP) for 9Meade can
be summarized as follows: (1) monodentate metal-N7 (Co", Cu", Zn",
Ru™, Ag, cd", os", Pt", Hg", '), e.g. refs. [15-19], (2) monodentate
metal-N1 (HgH, Pt [20,211, (3) by monodentate metal-N6 Pt using
the rare tautomer H(N1),H(N6)-9Meade) [22], (4) chelating-N6,N7
mode [23] and (5) bridging p>-N1,N7 mode (Cu", Zn", Agl, pt', and
bimetallic compounds with Pd"(N1)/Pt"(N7) or Ag'(N1)/Pt"(N7), e.g.
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refs. [18, 19, 24, 25].

In clear contrast, the available structural information about 7Meade
is extremely limited. The structure of the neutral 7Meade ligand seems
not to be determined. It should be highlighted though the dibromide
salt of the H,(N3,N9)7Meade?™* cation [26] and the complex salt H(N3)
7Meade[Zn(7Meade)Cl;] [27] where the complex anion exhibits the
bond Zn-N9(7Meade) while the counter-cation is protonated on
N3(7Meade). So far, the structure of this latter compound represents
the only example of a 7Meade metal derivative! It is striking the general
lack of structural information related to N7-subsituted adenines, where
only a few ligands have been already described such as 7-benzyl-ade-
nine [28].

The structure of 3Meade remains unknown but not that of close
analogues such as 3-ethyladenine [29] or 3-benzyl-adenine [28]. In
crystals of the hydrochloride [30] and indole-3-acetate [31] salts, the
cation H(N7)3Meade ™ is protonated on N7. Hence, the proton affinity
in 3Meade could be assumed as N7 > N9 > N1. This is supported by
the crystal structure of four mixed-ligand metal complexes which ex-
hibit the monodentate M-N7 metal binding pattern for 3Meade
[32-36]. Interestingly, a bridging p,-N7,N9 role has also been reported
for a CH3Hg(I) derivative [33]. A unique polymeric complex of Cd(II)
exhibits the divalent cation of the peculiar ligand 1-(9H-adenin-1-ium-
9-yl)-4-(7H-adenini-3-ium-3-yl)N-butane(2 +), [H(N1)9Meade-(CHs),-
H(N7)3Meade]?* [37]. This result is in agreement to the proton affi-
nities previously described for 9Meade and 3Meade, with both ligands
being protonated at their corresponding most basic nitrogen donors: N1
for 9Meade and N7 for 3Meade.

The crystal structure of 1Meade is not reported but it is known that
of 1-(2-isopentenyl)adenine [38]. The crystal structures of two chloride
salts of 1Meade evidence the presence of the H(N9)1Meade™ and
H,(N7,N9)1Meade?™ cations [39], thus suggesting the N9 > N7 >
N3 proton affinity order for 1Meade. Moreover, Sheldrick et al. proved
that in the compound [MeHg(1Meade)(NO3)] metallation occurs on N9,
as well as the ability of 1Meade to play the p3-N3,N7,N9 role with
MeHg™* ions [39].

Over the past decades, our research group has been devoted to
studying mixed-ligand copper(II) complexes involving purine-like li-
gands. In this context, the current work aims to unravel how the pre-
sence of non-coordinating N-R arms, both in the chelator and the N-
ligand, influences the molecular recognition pattern between different
Cu(Ill) chelates and N(heterocyclic)-methyladenine derivatives
(1Meade, 3Meade, 7Meade or 9Meade). To this purpose the iminodia-
cetate chelator as well as several iminodiacetate derivatives have been
studied (Scheme 1). Special attention will be also paid to weak intra-
and intermolecular interactions that might drive the metal binding
pattern.

2. Experimental
2.1. Reagents

Bluish Cu,CO3(OH), was purchased from Probus. Iminodiacetic
acid (IDA), N-methyliminodiacetic acid (H,MIDA), 1-methyladenine, 3-
methyladenine, 7-methyladenine and 9-methyladenine were supplied
by Sigma-Aldrich. All reagents were used as received. N-ethyl-, N-
benzyl-, N-(p-methylbenzyl)-, N-(p-chlorobenzyl)-, N-furfuryl- and N-
(1-naphtyl-methyl)iminodiacetic acids (H,EIDA, H,NBzIDA,
H,oMEBIDA and H,CBIDA, H,FurlDA and H,NamlIDA, respectively)
were synthesised in their acid form as reported in Refs. [40-42].

2.2. Syntheses of novel metal complexes

A similar synthetic procedure was used for all the reported com-
pounds, therefore a general procedure will be first described and then
information about each of the compounds will be detailed.
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2.3. Synthesis

2.3.1. General synthetic procedure

In a Kitasato flask, Cu,CO3(OH), (0.25 mmol) was reacted with
0.5 mmol of the corresponding iminodiacetic-like acids H,IDA (1,4,11),
H,MIDA (5,10,12), H,EIDA (13), H,FurIDA (8), H,NBzIDA (6,14),
H,MEBIDA (15), H,CBIDA (2,9,16) and H,NamIDA (3,7) in 60 mL of
distilled water with heating (50 °C), stirring and moderate vacuum.
Once a clear blue solution of the binary chelate was obtained, the
corresponding Meade ligand (0.5 mmol) was added: 1Meade (1-3),
3Meade (4-9), 7Meade (10), 9Meade (11-16). The solution was left
reacting for one hour. Afterwards, it was filtered in a crystallization
device (to remove possible un-reacted materials) and stood at r.t. cov-
ered with a plastic film to control the evaporation of the solvents.

2.3.1.1. [Cu(IDA)(1Meade)(H>0),]-4H20 (1). In one week, very thing
needle-like blue crystals started to appear. Crystals were allowed to
grow during one moth and then collected for X-ray diffraction (XRD)
purposes. Yield ca. 55%. Elemental analysis (%): Calc. for
C10H26CuNgO;; (1) C 25.56, H 5.58, N 17.89; Found: C 25.53H
5.48N 17.84. FT-IR [KBr, cm ']: v,(H,0) 3444, vy(H,0) 3257,
0,5(NH,) overshadowed, vs(NH,) 3225, v,5(CH3) 2967, vq(CH3) 2851,
S8(NH,) 1646, §(H,0) and v,5(COO) overlapped 1615, vs(COO) 1383,
7t(C—H),, (1MeAde) 783. The thermo-gravimetric curve is divided in
four steps. The UV-Vis spectrum shows an asymmetric d-d band with
Amax at 709 nmM (Vmax 14,104 cm ™). Under air-dry flow, the compound
losses almost all the non-coordinated water. The amount of remaining
water after this point varies depending on the sample grinding, leading
to slightly different TG starting points. In all cases, during the first step
(from 20 to 70 °C), the remaining water is lost with good agreement
between calculated and experimental values (e.g. n = 0.07, Calc.
0.347%; Found 0.320%). During the pyrolysis of the organic ligands
H,0, CO,, CO, N-oxide gases (N»,O, NO and NO,), as well as, traces
amounts of ammonia, are evolved, yielding a final CuO-Cu(OH),
residue (460 °C, Calc. 48.78; Found 47.22%).

2.3.1.2. [Cu(CBIDA)(1Meade)(H;0)]-3H,0 (2). In four months,
suitable needle-like blue crystals were collected for XRD purposes.
Yield ca. 75%. Elemental analysis (%) Calc. for C;,H55CICuN¢Og (1) C
37.78, H 4.66, N 15.55; Found: C 37.85H 4.52N 15.57. FT-IR [KBr,
em ™ 0.5(H,0) 3387, v.(NH,) and vi(H,0) 3292, v(NH,) 3123,
0,5(CH3) 2970, v4(CH3) 2851, v,5(CH,) 2924, vs(CH5) 2828, §(NH,) and
8(H,0) overlapped 1624, 10,5(COO) 1563, v,(COO) 1384, mt(C—H),;
(1MeAde) 786, t(C—H),, (CBIDA) 643. The UV-Vis spectrum shows an
asymmetric d-d band with Ap.x at 702nm (vyax 14,245 ecm™1). The
thermo-gravimetric curve is divided in five steps. Under air-dry flow,
the compound losses almost all the non-coordinated water. Hence, the
TG experiment starts with an average formula [Cu(CBIDA)(1MeAde)
(H,0)]-0.5H,0. In the first step (from 20 to 120°C), 0.5 solvent
molecule plus the apical aqua ligand are lost (n = 1.5, Calc. 5.455%;
Found 6.937%). During the pyrolysis of the organic ligands H,O, CO,,
CO, N-oxide gases (N»O, NO and NO,), as well as, peculiarly, isocyanid
acid, are evolved. This yields a final CuO residue (640 °C, Calc. 16.057;
Found 18.216%).

2.3.1.3. [Cu(NamIDA)(1MeadeH)Cl]-5H,0 (3). The presence of
chloride ions in this compound are attributed to an error during the
synthesis, most probably related to the use of the water pump, which
allowed chloride ions to get in the solution. No suitable crystals for XRD
were directly isolated from this synthesis, thus the obtained crystals
were again dissolved in water and grown under ether diffusion. After
one month, suitable blue crystals were collected for XRD purposes.
Yield ca. 45%. Elemental analysis (%) Calc. for C;H3;CICuNgOg (1) C
41.31, H 5.12, N 13.77; Found: C 41.28H 5.12N 13.73. FT-IR [KBr,
cm ™ v,(H20) 3397, v,s(NH,) and vy(H,0) overshadowed, vs(NH,)
3194, v,(CH3) 2981, v4(CH3) 2851, v,5(CHy) 2926, vs(CH,) 2856,
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Scheme 1. Top, iminodiacetate-like(2-) chelators used in this work. Bottom, N-methyladenines used in this work: 1-methyladenine (1Meade), 3-methyladenine
(3Meade), 7-methyladenine (7Meade) and 9-methyladenine (9Meade). Conventional purine notation number has been specified on 1Meade ligand.

8(NH,) and 8(H,0) overlapped 1618, v,,(COO) 1596, v(COO) 1384,
7t(C—H),, (1MeAde) 790. The UV-Vis spectrum shows an asymmetric d-
d band with Apax at 653nm (Umax 15,315cm™!). The thermo-
gravimetric curve is divided in five steps. Under air-dry flow, the
compound losses part of the solvent water, therefore the TG experiment
starts with an average formula [Cu(NamIDA)(1MeAdeH)Cl]-2.4 H,0. In
the first step (from 20 to 145 °C), the remaining water molecules are
lost (n = 2.4, Calc. 7.670%; Found 7.627%). During the pyrolysis of the
organic ligands H,O, CO,, CO, NH;3 and N-oxide gases (N,O, NO and
NO,) are evolved. This yields a final CuO residue (640 °C, Calc. 14.112;
Found 16.096%).

2.3.1.4. [Cu(IDA)(3Meade)(H-0),]-3H,0 4). In four  weeks,
parallelepiped greenish crystals were isolated from the mother
solution and studied by XRD. In addition, crystals of the binary
chelate [Cu(IDA)(H50),] and free 3Meade were collected. The nature
of these latter crystals was confirmed by FT-IR. Yield ca. 63%.
Elemental analysis (%): Calc. for C;oH22CuNgOg (2) C 27.68, H 5.11,
N 19.37; Found: C 27.76, H 5.23, N 19.30. FT-IR [KBr, cm ™ 1: v,5(H>0)
3414, v,5(NH,) 3302, vs(H,0) and vg(NH,) overlapped 3245, o(N—H)
3144, v,,(CHs) 2949, v4(CH3) overshadowed, v,(CH,) 2943, vs(CH,)
2848, 8(NH,) 1660, 8(H,0) and v,5(COO) overlapped 1615, 8(N—H)
1522, v4(CO0) 1384, (C—H),, (3MeAde) 813. The UV-Vis spectrum
shows an asymmetric d-d band with Aj.x at 732nm  (Vpax
13,661 cm ™ '). The thermo-gravimetric curve is divided in five steps.
Under air-dry flow, the compound losses part of the solvent molecules.
Hence, the TG experiment starts with an average formula [Cu(IDA)
(8MeAde)(H,0),] ‘0.9H,0. In the first step (from 30 to 180 °C), 0.9
water molecules plus the two apical aqua ligands in the 4 + 1 + 1 Cu
(ID) surrounding are lost (n = 2.9, Calc. 13.192%; Found 13.860%).
During the pyrolysis of the organic ligands, H,O, CO,, CO,
trimethylamine (TMA), NH3, N,O, NO and NO, gases were evolved,
yielding to a CuO residue (530 °C, Calc. 20.086%; Found 21.837%).

2.3.1.5. [Cu(MIDA)(3Meade)(H,0)]-6H,0 (5). After six weeks,
suitable parallelepiped blue crystals were collected for XRD purposes.
Yield ca. 85%. Elemental analysis (%): Calc. for C;1H2gCuNgO17 (3) C
27.30, H 5.83, N 17.37; Found: C 27.42, H 5.79, N 17.30. FT-IR [KBr,
cm ™ 1: v,(Hy0) 3433, v,4(NH,) 3332, v(H,0) 3240, v (NH,) 3118,

two types of v,5(CH3) 3112 and 2968, vy(CH3) overshadowed, v,s(CH>)
2937, vs(CH,) 2855, 8§(NH,) 1668, 8(H,0) and v,;(COO) overlapped
1618, v5(CO0) 1384, n(C—H),, (3MeAde) 809. The UV-Vis spectrum
shows an asymmetric d-d band with Aj.x at 714nm  (Vpax
14,006 cm ™). The thermal behaviour of this compound is divided in
five steps. Under air-dry flow, the sample loses four solvent molecules,
thus the TG experiment starts with an average formula [Cu(MIDA)
(3Meade)(H,0)]'H,0. In the two first steps, from 30 to 175 °C, the
compound only loses water according to the recorded evolved gases.
Thus, the first step corresponds to the loss of the non-coordinated water
molecule (n = 1, Calc. 4.794%; Found 4.887%) and the second step
corresponds to the loss of the apical aqua ligand (n = 1, Calc. 4.355%;
Found 4.243%). The consecutive pyrolytic steps (from 175 to 490 °C)
yield to a CuO residue (Calc. 21.165%, Found 22.311%). The evolved
gases during the pyrolysis are H,O, CO5, CO, TMA, NH;3; and N-oxide
gases (N0, NO and NO ). TMA is typically observed from the pyrolysis
of MIDA chelating ligand.

2.3.1.6. [Cu(NBzIDA)(3Meade)(H20)]-2H,0 (6). After six weeks,
parallelepiped blue crystals appeared, suitable for XRD. Yield of this
synthesis is approx. 85%. Elemental analysis (%): Calc. for
C17H24CuNgO, (4) C 41.84, H 4.96, N 17.22; Found: C 41.80, H 5.00,
N 17.29. FT-IR [KBr, cm ™ ]: v,5(H50) 3425, v,4(NH,) overshadowed,
v5(H20) 3291, vs(NH5) 3166, v,5(CH3) 2980, vq(CH3) 2889, v,5(CHs)
2928, vs(CH,) 2871, §(NH,) and §(H,0) overlapped 1612, v,,(COO)
1595, v(CO0) 1384, 1(C—H),, (3Meade) 805, w(C- H),, (NBzIDA) 712.
The UV-Vis spectrum shows an asymmetric d-d band with Ay, at
737 nm (Vmax 13,569 cm ™ 1). The thermal behaviour is divided in six
steps. Under air-dry flow, the sample loses the non-coordinated water.
Afterwards, the sample [Cu(NBzIDA)(3Meade)(H,0)g] experiments
the loss of weight of the apical aqua ligand (30-125 °C; Calc. 3.215%j;
Found: 3.550%). Five additional pyrolytic steps produce as evolved
gases H,O, CO,, CO (t) N-oxide gases (N,O, NO, NO,) to yield an
impure CuO residue at 545 °C (Calc. 17.743%; Found 19.148%).

2.3.1.7. [Cu(NamIDA)(3Meade)(H>0)]-2H,0 (7). The obtained
solution precipitates after the addition of 3Meade, then the solution
was filtered and the precipitate re-dissolved in a 1:1 water:methanol
mixture. After three weeks, fine turquoise crystals appeared, suitable
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for XRD. Yield of this synthesis is approx. 80%. Elemental analysis (%):
Calc. for C;,H,,CuNgO, (4) C 46.88, H 4.87, N 15.62; Found: C 46.80,
H 5.00, N 15.59. FT-IR [KBr, cm ™ 1]: v,(H20) 3420, v,s(NH,) 3345,
vs(H>0) 3238, vs(NH2) 3207, v,5(CH3) 2961, vq(CH3) 2930, 8(NH,) and
8(H,0) overlapped 1627, v,(CO0O) 1595, vs(COO) 1361, 7(C—H),,
(83Meade) 810. The UV-Vis spectrum shows an asymmetric d-d band
with Apmax at 684nm (Vmay 14,620 cm™1). The thermal behaviour is
divided in four steps. Under air-dry flow, the sample loses almost all the
non-coordinated water molecules, leading to the following starting TG
formula [Cu(NamIDA)(3Meade)(H,0)]-0.2H50. In the first step, the
loss of weight of the apical aqua ligand plus the remaining solvent
water was observed (30-170 °C; Calc. 6.279%; Found: 6.290%). Three
additional pyrolytic steps produce as evolved gases H,O, CO,, CO, NH3
and N-oxide gases (N,O, NO, NO,) to yield an impure CuO residue at
545 °C (Calc. 15.404%; Found 16.643%).

2.3.1.8. [Cu(FurlDA)(3Meade)(H>0)]-4H,0O (8). After five weeks,
parallelepiped blue crystals appeared, suitable for XRD. Yield of this
synthesis is approx. 80%. Elemental analysis (%): Calc. for
C15H26CuNgO;9 (4) C 35.05, H 5.10, N 16.35; Found: C 35.12, H
5.00, N 16.38. FT-IR [KBr, cm™']: 0as(H,0) 3446, v,(NH,) 3351,
vs(H20) 3237, vs(NH,) 3125, 0,5(CHs) 2955, v4(CHs) 2930, v,6(CHs)
overshadowed, vs(CH,) 2855, 8(NH,) and 8(H,O) overlapped 1620,
0,5(CO0) overshadowed, v(COO) 1385, m(C—H), (3Meade) 808,
7(C—H), (3H-FurIDA) 781. The thermal behaviour is divided in five
steps. Under air-dry flow, the sample loses almost all the non-
coordinated water molecules, leading to the following starting TG
formula [Cu(FurIDA)(3Meade)(H,0)]-0.64H,0. The loss of weight of
the remaining water molecules is observed along the two first steps
(30-260 °C; Calc. 6.785%; Found: 6.650%). Three additional pyrolytic
steps produce as evolved gases H,O, CO,, CO, CH4, NH; and N-oxide
gases (N,O, NO, NO,) to yield a CuO residue at 550 °C (Calc. 18.268%);
Found 18.705%).

2.3.1.9. {[Cu(CBIDA)(3Meade)]-H;0}, (9). After four weeks, bad
shaped blue crystals appeared, not suitable for XRD. Further re-
crystallizations in 1:1 water:isopropanol mixtures finally yield to
parallelepiped crystals appropriate for XRD purposes. Yield ca. 15%.
Elemental analysis (%): Calc. for C;,H,3CICuNgO- (5) C 39.09, H 4.44,
N 16.09; Found: C 38.97, H 4.35, N 16.15. FT-IR [KBr, cm ™ '1: v,5(H>0)
3436, v,(NH,) 3336, v(Ho0) 3232, v(NH,) 3167, v.:(CHs) 2960,
v4(CH3) 2881, v,5(CHy) 2936, vs(CH,) 2851, 8(NH,) 1635, §(H,0)
1611, 1,,(CO0) 1604, v (COO) 1384, m(C—H),, (3Meade) 805,
7(C—H),, (CBIDA) 645. Further UV-Vis and thermo-gravimetric
analyses were not performed since it was not possible to have enough
pure samples.

2.3.1.10. [Cu(MIDA)(7Meade)(H>0)-4H,0 (10). In two months, small
parallelepiped blue crystals appeared. After several re-crystallizations,
the size of the crystals slightly improves and XDR analyses were
performed. Yield of this synthesis is approx. 15%. Elemental analysis
(%): Calc. for C;1H24CuNgOo (5) C 29.50, H 5.40, N 18.79; Found: C
29.64, H 5.32, N 18.60. FT-IR [KBr, cm ™ ]: 0a(H20) 3402, v,(NH,)
3340, v(H>0) and vs(NH,) overlapped 3232, v,(CH3) 2973, vq(CH3)
2857, v,(CHy) 2927, v(CH,) 2825, S(NH,), 8(H,0) and 0,:(COO)
overlapped 1640, v5(COO) 1374, n(C—H),, (7Meade) 789. UV-Vis and
thermogravimetric analyses were not performed since it was not
possible to have enough pure crystalline sample.

2.3.1.11. [Cu(IDA)(9Meade)(H;0)2]-3H,0 (11). In two weeks, needle-
like blue crystals were collected for XRD purposes. Yield is ca. 80-85%.
Elemental analysis (%): Calc. for C;oH22CuNgOq (6) C 27.68, H5.11, N
19.37; Found: C 27.73, H 4.99, N 19.35. FT-IR [KBr, cm ™ ']: 0,5(H20)
3419, v,5(NH,) 3337, vs(H,0) and vs(NH>) overlapped 3238, v (N—H)
overshadowed, v,5(CHs) 2965, v4(CH3) overshadowed, v,,(CHy) 2934,
vs(CH,) 2858, 8(NH,) 1653, 8(H,0) 1620, 8(N—H) overshadowed,
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0,5(CO0) 1599, v(COO0) 1385, t(C—H),, (9MeAde) 791. The UV-Vis
spectrum shows an asymmetric d-d band with Apax at 713 nm (Vpax
14,025 cm ™). The thermo-gravimetric curve is divided in five steps.
Under air-dry flow, the sample losses nearly all the non-coordinated
water molecules. Hence, the starting sample for the TG experiment
agree to the formula [Cu(IDA)(9Meade)(H>0),]:0.4H50. The 0.4 water
molecules as well as the two apical aqua ligands, in the 4 + 1 + 1 Cu
(II) surrounding, are lost during the first step (n = 2.4, Calc. 11.172%;
Found 11.661%). Consecutive steps are assigned to the pyrolysis of the
organic ligands. FT-IR spectra of the evolved gasses show H,0, CO,,
CO, NH3, TMA(t), as well as N-oxide gases (N,O, NO and NO,). Finally,
it yields to a CuO residue at 530 °C (Calc. 20.553%; Found 21.543%).

2.3.1.12. {[Cu(MIDA)(9Meade)(H;0)]-2H,0},, (12). After six weeks,
well-shaped parallelepiped blue crystals appeared, suitable for XRD
purposes. Typical yield of this synthesis is ca. 80-85%. Elemental
analysis (%): Calc. for C1;Hy0CuNgO, (7) C 32.08, H 4.89, N 20.41;
Found: C 32.12, H 4.96, N 20.36. FT-IR [KBr, cm ™ ']: v,5(H.0) 3452,
0s(NH,) 3380, 05(H,0) 3182, vy(NH,) 3136, 0,5(CHz) 2977, vg(CHs)
2861, v,5(CH,) 2932, vy(CH,) 2859, 8(NH,) and 8(H,O) overlapped
1635, v,5(CO0) 1601, two types of vs(COO) 1396 and 1384, nt(C—H),,
(9MeAde) 793. The UV-Vis spectrum shows an asymmetric d-d band
With Amax at 697 nM (Vmax 14,347 cm ™ 1). The thermal behaviour of this
compound is divided in four steps. Under air-dry flow, the sample loses
all the solvent molecules and part of the apical aqua ligand, thus the TG
experiment starts with an average formula [Cu(MIDA)(9Meade)
(H50)pg]l. In the first step, the compound loses the rest of the
remaining aqua (n = 0.8; Calc. 3.872%, Found 3.520%). Then,
consecutive pyrolytic steps (from 170 to 490°C) yield to a CuO
residue (Calc. 21.370%, Found 22.253%). The evolved gases during
the pyrolysis are H,O, CO,, CO, CHy, TMA, NH; and N-oxide gases
(N,0, NO and NO ,). TMA is found in the second step and is typically
observed from pyrolysis of MIDA chelating ligand.

2.3.1.13. {[Cu(EIDA)(9Meade)]-4H;0},, (13). In four months, suitable
needle-like blue crystals were collected for XRD purposes. Yield of the
synthesis ca. 70-75%. Elemental analysis (%): Calc. for C;5,H24CuNgOg
(8) C 32.47, H 5.45, N 18.93; Found: C 32.50, H 5.13, N 18.88. FT-IR
[KBr, cm™']: 0a(H,0) 3441, v,(NH,) 3356, 0s(H,0) and vs(NH,)
overlapped 3185, v,5(CH3) 2981, v4(CH3) 2877, v,5(CH,) 2940, vs(CHs)
overshadowed, 8(NH,) and 8(H,0) 1624 overlapped, v,,(COO) 1606,
two types of vy(COO) 1385 and 1394, n(C—H),, (9Meade) 793. The
UV-Vis spectrum shows an asymmetric d-d band with A, at 671 nm
(Vanax 14,903 cm ™). The sample losses nearly 40% of the water content
under air-dry flow, thus the starting sample for the thermo-gravimetric
experiment agree to the formula {[Cu(EIDA) (9Meade)]-1.5H,0},. The
remaining non-coordinated water is lost during the first step
(30-160 °C; Calc. 6.775%; Found 6.393%). The following pyrolytic
steps lead to the decomposition of the sample producing H,0, CO,, CO,
CH4, NH3 and N-oxide gases (N>O, NO, NO,) to yield, at 540 °C, a final
CuO residue (Calc. 19.942%; Found 20.723%).

2.3.1.14. [Cu(NBzIDA)(9MeAde)(H,0)]-4H,0 (14). In two weeks,
parallelepiped greenish crystals appeared, suitable for XRD purposes.
Typical yield of this synthesis is ca. 90%. Elemental analysis (%): Calc.
for C;7H,5CuNgOg (9) C 38.97, H 5.39, N 16.04; Found C 38.56, H 5.00,
N 16.34. FT-IR [KBr, cm ™ ']: v,5(H,0) 3389, v,,(NH,) overshadowed,
v5(H20) and vg(NH,) overlapped 3197, v,s(CH3) 2962, vq(CHs3) 2847,
0,s(CH,) overshadowed, vs(CH,) overshadowed, 8(NH,) and 8(H,0)
overlapped 1621, v,5(CO0) 1597, v,(COO) 1384, wt(C—H),, (9Meade)
795, m(C—H),, (NBzIDA) 716. The UV-Vis spectrum shows an
asymmetric d-d band with Ay at 748 nm(vpax 13,369 em™1). The
thermo-gravimetric curve is divided in four steps. Under air-dry flow,
the sample losses part of the solvent molecules, thus the TG experiment
starts with an average formula [Cu(NBzIDA)(9Meade) (H»0)]-0.9H,0.
The 0.9 water molecules as well as the apical aqua ligand, in the 4 + 1
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Cu(Il) surrounding, are lost during the first step (n = 1.9, Calc. 7.099%);
Found 7.245%). This is in accordance with the recorded evolved gases
during such step where only H,O was identified. In the following
pyrolytic steps (from 110 to 545°C), the sample is decomposed
producing H,0, CO,, CO and N-oxide gases (N>O, NO, NO,) to yield
a final CuO residue within the experimental error (Calc. 16.497%;
Found 17.888%).

2.3.1.15. [Cu(MEBIDA)(9MeAde)(H>0)]-3H,0O (15). In three weeks,
parallelepiped greenish crystals appeared, suitable for XRD purposes.
Yield ca. 90%. Elemental Analysis (%): Calc. for C;gH,gCuNgOg (10), C
41.58, H 5.43, N 16.16; Found C 41.64, H 5.40, N 16.05. FT-IR [KBr,
em ™ va(H20) 3369, v,(NHo) overshadowed, vy(H,0) and v(NH,)
3184 overlapped, two types of v,5(CH3) 2981 and 2967, v4(CH3) 2860,
0,5(CH3) 2922, vy(CH,) overshadowed, 8§(NH,) and 8(H,0) overlapped
1620, v,(CO0) 1597, vy(COO) 1384, m(C—H),. (9MeAde) 795,
7t(C—H),, (MEBIDA) 807. The UV-Vis spectrum shows an asymmetric
d-d band with Apa at 738nm (Vpmax 13,550cm™!). The thermal
behaviour of 2 is divided in five steps. Under air-dry flow, the sample
losses almost all the non-coordinated water. Hence the TG experiment
starts with an average formula [Cu(MEBIDA)(9Meade)(H,0)]-0.7H,0.
In the first step, the sample experiments the loss of 1.7 water molecules
(Calc. 6.593%; Found 6.390%). Then, consecutive steps are assigned to
the pyrolysis of the organic ligands. FT-IR spectra of the evolved gasses
show H,0, CO,, CO, CH,4 plus N-oxide gases such as N,O, NO and NO,.
Finally, it yields to a CuO residue (550 °C; Calc. 16.497%; Found
17.888%).

2.3.1.16. [Cu(CBIDA)(9Meade)(H20)]-H,0O (16). In one month, very
thing needle-like crystals appeared, not suitable for XRD purposes. Such
solution was filtered several times in an attempt to improve the size of
the crystals. After two months, some parallelepiped blue crystals
appeared although it was impossible to isolate good quality ones.
Therefore, a new strategy of synthesis was followed: to a new 50 mL
solution the aforementioned binary chelate [Cu,CO3(OH), (0.25 mmol,
0.055 g) + H,CBIDA acid (0.5 mmol, 0.129 g)], a 40 mL solution of the
base pair 9Meade:Thymine (0.5 mmol, 0.074g: 0.063 g) was added.
The reacting mixture was stirred for 12h at room temperature. After
one month, good shape parallelepiped crystals were collected for XRD
purposes with a yield of 30-35%. One month later, crystals of free
thymine, free 9Meade and the above-mentioned needle-like blue
crystals appeared. The former free ligands were identified by FT-IR
spectroscopy. The two kind of blue crystals (parallelepiped and needle-
like) were characterized by elemental analysis, thermo-gravimetry and
FT-IR spectroscopy. Moreover, UV-Vis and XRD was only carried out
for the parallelepiped blue crystals. (i) Parallelepiped crystals: Elem.
Anal. (%) for C;7H5;CICuNgOg (11) Calc. C 40.48, H 4.20, N 16.66;
Found C 38.15, H 5.35, N 16.20. FT-IR (KBr) cm ™% v,(H,0) 3435,
0,5(NHy) 3369, vs(H,0) 3250 (sh), vs(NH,) 3192, v,5(CH3) 2977,
Dd(CHg) 2853, UaS(CHz) 2927, DS(CHz) 2846, 8(NH2) and S(Hzo)
overlapped 1623, v,,(CO0O) 1596, v,(COO) 1385, t(C—H),, (9Meade)
795, m(C—H),, (CBIDA) 641. The UV-Vis spectrum shows an
asymmetric d-d band with vy, at 14306cm™'. The thermo-
gravimetric curve shows four steps. Under dry-air flow, the sample
remains stable so that is in the first step when the two water molecules
are lost (n = 2, Calc. 7.143%; Found 6.9715), according to the evolved
gasses. The three following steps (from 170 °c to 760 °C) concern the
pyrolysis of the dehydrated compound [Cu(CBIDA)(9MeAde)]. Herein,
the H,O, CO,, CO, CH, and N-oxide gases (N,O, NO, NO,) were
identified. A residue of CuO was found at 760°C within the
experimental error (Calc. 15.770%; Found 14.882%). (ii) Needle-like
crystals: Elem. Anal. (%): Calc. for CygH,,CloCusN,Og (12) Calc. C
34.75, H 4.90, N 10.13; Found C 34.78, H 5.02, N 10.03. These data is
in accordance to a formula type [Cuy(CBIDA);(u>-9Meade)
(H,0)2]-8H,0. Considering that the same chromophores would be
present in both samples, no relevant differences are found between
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FT-IR of parallelepiped and needle-like crystals. However, it should be
noted that those bands related with water are significantly broaden in
the latter compound, what is in agreement with our proposed formula.
Likewise, the thermo-gravimetric analysis of the needle-like crystals is
in line with higher water content. In this case, the compound would lose
the major part of the water content under dry-air flow, starting the TG
experiment with a formula [Cu,(CBIDA),(i2-9Meade)(H50),]-0.5H,50.
Thus, the first step of the thermo-gravimetric curve agrees to the loss of
2.5 water molecules (from 20 to 160 °C; n = 2.5 Calc. 5.409%; Found
5.060%). A slightly different decomposition for this compound is
evidenced by the gases evolved during the pyrolysis: H,O, CO,, CO,
CHO and N-oxide gases (N,O, NO, NO,). The pyrolysis of the ligand
yields to an impure residue of CuO. Further attempts to crystallize the
expected compound [Cu,(CBIDA),(12-9Meade)(H;0),]-8H,0 have not
been successful.

2.4. Crystallographic methods

Measured crystals were prepared under inert conditions immersed
in perfluoropolyether as protecting oil for manipulation. Suitable
crystals were mounted on MiTeGen Micromounts™ and these samples
were used for data collection. Data were collected with Bruker SMART
APEX (1-3,8,13-16, 293 K), Bruker X8 KappaAPEXII (4-7,8-11, 100 K)
diffractometers. The data were processed with APEX2 program [43]
and corrected for absorption using SADABS [44]. The structures were
solved by direct methods [45], which revealed the position of all
non-hydrogen atoms. These atoms were refined on F> by a full-matrix
least-squares procedure using anisotropic displacement parameters
[45]. All hydrogen atoms were located in difference Fourier maps and
included as fixed contributions riding on attached atoms with isotropic
thermal displacement parameters 1.2 times those of the respective
atom. Geometric calculations were carried out with PLATON [46] and
drawings were produced with PLATON [46] and MERCURY [47].
Crystallographic data for the structural analysis have been deposited in
the Cambridge Crystallographic Data Centre with numbers
1,919,112-1,919,127, with 1,919,112 corresponding to compound 1
and 1,919,127 to compound 16, respectively. Copies of this information
could be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: 44 1223 336 033; e-mail: deposit@
ccde.cam.ac.uk or http://www.ccdc.cam.ac.uk).

2.5. Physical measurements

Analytical data were obtained in a Fisons-Carlo Erba EA 1108 ele-
mental micro-analyser. Infrared spectra were recorded by using KBr
pellets on a Jasco FT-IR 6300 spectrometer. TG analysis (pyrolysis) of
the studied compounds (295-800°C) were carried out in air flow
(100 mL/min) by a Shimadzu Thermobalance TGA-DTG-50H instru-
ment, and a series of FT-IR spectra (20-30 per sample) of evolved gasses
were recorded for the studied compounds using a coupled FT-IR Nicolet
Magma 550 spectrometer. Electronic (diffuse reflectance) spectra were
obtained in a Varian Cary-5E spectrophotometer.

3. Results and discussion
3.1. Compounds with 1-methyladenine

The introduction of an electron donating group at N1 in adenine is
not expected to significantly change the basicity order of the N-het-
erocyclic donors. For instance, N9 > N7 > N3 is the proton affinity
suggested for 1Meade. Compound 3 exhibits the H(N9)Meade™* ion. As
expected, the proton is located at N9, the most basic donor, in line with
previously reported 1Meade salts [39]. Since N9 is no longer available,
1MeadeH binds the copper(Il) ion via N7 and this metal binding pattern
is assisted by an intramolecular H-bond involving the exocyclic amino
group N6-H---O(carbox., 2.730(2) A, 169.5°). This molecular
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Fig. 1. Two different molecular recognition patterns for 1-methyladenine shown in the complex molecules of compounds (2) [Cu(CBIDA)(1Meade)(H>0)]-3H20 (A)
and (1) [Cu(IDA)(1Meade)(H20)2]-4H20 (B), non-coordinated water molecules have been omitted for clarity. Intra-molecular H-bonds are depicted as cyan dotted
lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

recognition pattern is related to that of 1-methyladenosine, where N9 is
also blocked (in such case by the pentose sugar), thus leading to me-
talation on the Hoogsteen face (N7), along with the referred intra-
molecular H-bond [48]. Even if N9 is the most basic among donor
atoms of 1Meade, the presence of the exocyclic amino group in position
6 could drive specific metal binding through N7 due to the possibility of
reinforcing the metal-N7 coordination bond with an interligand H-
bonding interaction. In fact, the same molecular recognition as com-
pound 3 is observed for the neutral 1Meade ligand in compound 2
(Fig. 1A). Herein, 1Meade coordinates to the Cu(II) centre by N7, with
the Cu—N7 bond being reinforced by an intra-molecular interligand H-
bonding interaction type N6-H---O(carbox., 2.848(2) /o\, 153.2°). In the
former and the latter case, the metal centre exhibits a vaguely distorted
4 + 1 coordination polyhedron where the IDA-like chelating ligand
exhibits a mer-NO, conformation, providing three donor atoms (N,0,0)
to the metal surrounding while apical ligands are the chloride ion (3) or
an aqua ligand (2), respectively. Another peculiarity that both struc-
tures share is the twist of 1Meade with regard to mean basal plane,
which is related to the role of the N6(1Meade) exocyclic amino group in
the crystal packing, which takes part of both intra- and inter-molecular
H-bonds (Tables S2.3 and S3.3). In contrast, compound 1 (Fig. 1B),
exhibits a distorted octahedral polyhedron (type 4 + 1 + 1, Table S1.2)
and the binding pattern is via N9, the most basic donor. In this com-
pound, IDA chelating ligand also exhibits a mer-NO, conformation
while two aqua ligands are occupying the apical/distal sites. Interest-
ingly, the 1Meade moiety is almost perpendicular to the mean Cu(Il)
basal plane in order to favour the formation of an intra-molecular H-
bond that cooperates with that M-N9 bond, with one of the apical aqua
ligands acting as H-donor (O—H---N3(1Meade), 2.762(3) 1°\, 146.3°).
The characterization of the M-N9 + O—H---N3 and the M-N7 + N6-
H---O evidence that metal binding is not only determined by the basi-
city of the N-donor but also by the possibility of reinforcing the M-N
(purine) bond by weak interactions such as H-bonds.

Regarding crystal engineering, in compound 1, the exocyclic amino
group of 1Meade is only involved in intermolecular H-bonds, con-
necting adjacent complex molecules along the a axis. Moreover, weak
massive head-to-tail m,m-stacking interactions between adjacent com-
plex molecules, involving both rings of 1Meade ligands, contribute to
the stabilization of the crystal (dcentroid-centroid = 3-6066(2) 10\,
a = 1.52(2)°, p = 20.9° and y = 21.6°). Self-assembly of 1Meade moi-
eties is also observed in the crystal packing of compound 3, but this
time by the presence of symmetrical non-canonical H-bonds C2-H:--N3
(3.156 10\, 121.63°). To the best of our knowledge, this kind of interac-
tion have not been reported yet in DNA or RNA, although could be an
alternative self-assembling motif to be considered for future non-ca-
nonical structures. For instance, this self-assembling arrangement has

been recently claimed in a structural report of bis(adeninium) bis(hy-
drogensulfate) sulfate [49]. It should be noted that, when carefully
analysed other crystal structures in the CSD database containing purine
derivatives, this pattern has also been observed, not considered though
[50-53]. Moreover, m,n-stacking interactions that involve the 6-mem-
bered ring of the 1Meade ligand and the N-naphthyl-moiety of the IDA-
like chelating ligand (deentroid-centroid = 3-5035(2) A, a = 3.88(14)",
B =20.2° and y = 17.6°) contribute to the stabilization of the 3D
structure within the crystal (Fig. S3.4).

3.2. Compounds with 3-methyladenine

A total of six ternary compounds (4-9) have been isolated with
different IDA-like chelators and 3Meade. Regardless of the substituents
on the IDA skeleton, all compounds follow the same molecular re-
cognition pattern that consists in a Cu—N7 coordination bond assisted
by an intra-molecular interligand H-bonding interaction involving the
exocyclic amino group [N6-H---O(carbox.)] (Fig. 2, see S4-S9). Com-
pounds 5-8 have molecular nature and exhibit the general formula [Cu
(IDA-like) (3Meade) (H,0)]'nH,0 just differing in the amount of solvent
molecules. In these cases, the Cu(Il) centers show a 4 + 1 coordination
polyhedron where the four closest donor atoms correspond to the tri-
dentate IDA-like chelator in mer-conformation and the N7 atom from
3Meade, while the apical position is occupied by an aqua ligand. A
similar Cu(Il) environment is observed for compound 9 except for the
apical position, which is occupied by an O-carboxylate atom. Indeed, it
is the syn-anti carboxylate bridging role of CBIDA ligand which de-
termines the polymeric nature of compound 9 (Fig. 3).

In line with compound 1, compound 4 (Fig. 2), also exhibits an
octahedral coordination polyhedron, type 4 + 1 + 1. However, in 4,

o

Fig. 2. Asymmetric unit of the crystal [Cu(IDA)(3Meade)(H20).]-3H,0 (4).
Non-coordinated water molecules have been omitted for clarity. Intra-mole-
cular H-bond is depicted as cyan dotted lines. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. 2D zig-zag layers in the crystal packing of {/Cu(CBIDA)(3Meade)]-H20},
(9). Detail of two adjacent polymeric chains linked by reciprocal 3Meade [N6-
H---N1] H-bonds is given. H-bonds are depicted as dashed cyan lines. Other
hydrophobic interactions in the crystal network are depicted as dotted lines.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

molecular recognition pattern does not change and remains faithful to
the aforementioned 3Meade compounds. Again, IDA chelator adopts a
mer-NO, conformation and metal binding consists in a Cu—N7 bond
plus the intramolecular H-bond N6-H---O(carbox., 2.720(6) 10\, 161.9°).
The observed molecular recognition pattern is in line with previous
results [32,34-36]. Besides the difference in basicity, why N9 or N1 of
3Meade are not involved in coordination in any of the reported com-
plexes can be understood considering the significant steric hindrance
that the methyl group in N3 imposes over N9 and the N6-exocylic
amino group exerts on N1.

Regarding the crystal architecture, it should be remarked that all
compounds (4-9) involve the exocyclic amino group both in intra- and
in intermolecular H-bonding interactions which leads to mild torsion of
the 3Meade moiety regarding the Cu(Il) mean basal plane (dihedral
angles between 10 and 35°). Compounds 4-8 connect adjacent complex
molecules using two H-bonds through the Watson-Crick edge of the
nucleobase moiety, with N6—H acting as H-donor [N6-H-:--O(carbox-
ylate or aqua)] and N1(3Meade) acting as H-acceptor [O-H(aqua)
---N1(3Meade)]. In contrast, compound 9 exhibits reciprocal canonical
Watson-Crick H-bonds between two adjacent 3Meade ligands N6-
H---N1(3Meade) H-bonds yielding 2D layers of the polymer that con-
nect to each other via hydrophobic interactions benzyl-chloride (Fig. 3).

3.3. Compounds with 7-methyladenine

Only one compound, namely compound 10, was successfully iso-
lated after the reaction of different [Cu(IDA-like)] chelates and 7Meade.
In compound 10, Cu(Il) coordination environment is very close to a
regular square pyramidal coordination. The chelating ligand MIDA
displays its three donor atoms adopting a mer-NO, conformation. The
Cu(Il) basal plane is then satisfied by the N3 donor of 7Meade, while
the apical site is occupied by one aqua ligand (Fig. 4). Methylation on
N7 was expected to drive metal coordination through N9, according to
the basicity order. Indeed, only one Zn(II) metal complex of neutral
7Meade has been reported in the literature [27] where the Zn—N9 bond
is observed. However, in compound 10, coordination involves the less
basic of the N-heterocyclic donor atoms in the purine moiety instead. If
we look only to the asymmetric unit of this crystal, molecular re-
cognition via N3 seems surprising. This pattern does not allow any
cooperation between the coordination bond and an intramolecular in-
terligand interaction because (i) there is no tautomerizable proton in
neutral 7Meade and (ii) the chelating ligand methyl-iminodiacetate
only offers H-acceptors (O-carboxylate atoms) as terminal groups. In
fact, monodentate Cu—N3 coordination is striking even for neutral
adenine, where only 7 crystal structures have been reported with this
metal binding pattern [40,42,54,55]. More common is to observe N3
involved in bridging roles in polynuclear complexes [56-60], as well as
in N9-tethered adenine ligands, where a multidentate ligand conjuga-
tion strategy is followed [61,62].

Interestingly, in compound 10, 7Meade moiety is nearly perpendi-
cular to the mean basal coordination plane, with the dihedral angle
being almost 80°. This fact is certainly influenced by the presence of
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further weak interactions in the crystal. For instance, the two H-atoms
of the exocyclic amino group are involved in intermolecular H-bonds,
acting as H-donors, and building 1D chains that extend along the a axis,
which are further stabilized by weak but massive mw,m-stacking inter-
actions among adjacent antiparallel 7Meade moieties (dcentroid-cen-
wroid = 3.657(3) A, a = 0(2)°, p=25.1° and y = 25.1° and (deentroid-
centroid = 3.539(2) A, a = 0.85(2)°, p = 20.6° and y = 21.2°) (Fig. 4).
Non-canonical C8-H~N1 hydrogen bonds (3.404(6) 10\, 176.4°) play a
key role in the molecular recognition, joining adjacent chains and
building infinite 2D motifs, Additional intermolecular H-bonds invol-
ving non-coordinated water molecules (Table S$10.3), such as 02-
H---N9(3Meade), complete the 3D framework (Fig. S10.4).

3.4. Compounds with 9-methyladenine

The largest structural information on N-substituted adenines is de-
voted to N9-substitutions due to its proximity with natural nucleosides.
In this context, mononuclear metal binding to N7 is the most frequently
observed pattern, even in adenosine ligands, and thereby the one to be
expected [17,18,63,64]. A total of 6 compounds (11-16) were char-
acterized with IDA-like chelators and 9Meade. Compound 11, has a
molecular nature and, as previously described for compounds 1 and 4
(also with the IDA chelator), exhibits a 4 + 1 + 1 coordination poly-
hedron. In this case, one of the aqua-distal bonds is rather long
(2.881(4) 10\), therefore one might consider it just a contact, since the
sum of the Van der Waals radii is 2.90 A (Cu 1.40A + 0 1.50 A).
Compounds 14-16, which involve N-benzyl-IDA-like chelators, are also
molecular but Cu(Il) environment is defined as a distorted square-base
pyramidal coordination instead. In contrast, compounds 12-13, with N-
alkyl-IDA chelators, have a polymeric nature. These latter complexes
essentially differ in the Cu(Il) environment, compound 12 exhibits a
4 + 1 + 1 coordination while compound 13 shows a 4 + 1 coordina-
tion, and in the bridging role of the IDA carboxylate ligands, with MIDA
building the coordination polymer by an anti-anti role while EIDA ex-
hibits a syn-anti role. In all reported complexes, regardless of the N-IDA
substituent or the molecular or polymeric nature of the above referred
complexes, the metal-N7 molecular recognition pattern is always ob-
served along with the corresponding intra-molecular interligand H-
bonding interaction involving the exocyclic amino group N6-H---O
(carboxylate IDA) (Fig. 5B). The sole exception can be attributed to
compound 11, where the intra-molecular H-bond N(36)-H(36A)
---021(coord. Carboxylate, 3.330(5) A, 140.2°) might not be considered
as an effective intra-molecular interaction due to its length but the N
(36)-H(36A)---0O1(aqua apical, 3.076(5) A, 113.4°) interaction might be
considered instead (Fig. 5A, Table S11.3).

A comprehensive view on the structure of compound 11 highlights
the peculiar behavior of this compound. First, it should be reminded
that this compound could be considered at the interface between a
distorted octahedron (4 + 1 + 1), as occurs for the IDA compounds 1
and 4, and a squared-based pyramidal coordination, since one of the
Cu-O(aqua) distal sites is almost the sum of the Van der Waals radii.
This latter 4 + 1 coordination seems to promote the cooperation be-
tween the Cu—N7 bond and the intra-molecular interligand N6-H---O
interaction in compounds 2, 3, 5-9 and 12-16 but in compound 11
only a residual contact is observed. This fact is also influenced by the
involvement of the exocyclic amino group N6—H in two additional H-
bonding interactions: the aforementioned intra-molecular H-bond, in-
volving one apical aqua ligand, and one inter-molecular interaction [N
(36)-H(36A)---0(22)#6, 3.146(5) 10\, 139.3°, symmetry code #6-x + 2,-
y + 1,-z + 1] (see table S11.3.). Besides the “trifurcated” role of the
N6—H group, which certainly elongates the H-bonding distances within
this group, the other N-heterocyclic atoms within the six member ring
of the purine moiety (N1, N3) are also involved in intermolecular in-
terligand H-bonds, contributing to the high value of the dihedral angle
between the mean basal coordination plane and the 9Meade plane,
close to 60°. Furthermore, intense infinite m,n-stacking interactions
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Fig. 4. 1D chains in the crystal of [Cu(MIDA)(7Meade)
(H,0)]-4H30 (10). Metal binding pattern is via N3(7Meade).
H-bonding network, involving the N6—H group and the
apical aqua ligand, is depicted as dashed cyan lines. m,7t-
stacking interactions between 3Meade ligands are shown as
dashed purple lines. Non-coordinated water molecules
omitted for clarity. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. A) Asymmetric unit in the com-
pound [Cu(IDA)(9Meade)(H-0),]-3H,0
(11). In the crystal, the N6—H exocyclic
amino group is involved in a ‘trifurcated’
H-bond, with the intra-molecular N(36)-
H(36A)---0(1) [3.076(5) ;\, 113.4°] and
N(36)-H(36A)--0(21)  [3.330(5) A,
140.2°] H-bonds being depicted in cyan
dashed lines. The intermolecular H-bond
involving the N(36)-H(36A) donor and
solvent molecules have been omitted for
clarity. B) Pairs of complex molecules in
the crystal of compound (16) [Cu
(CBIDA)(9Meade) (H20)]-H-0.

Symmetrically related intra- and inter-molecular H-bonding interactions [N6-H---O (2.782(3)10\, 167.6°) and N6-H---N1 (3.036(3)10\, 173.2°), respectively] are depicted in cyan.
Non coordinated water molecules are omitted for clarity in this figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

between the six membered rings of adjacent 9Meade ligands along the a
axis (deentroid-centroid = 3-239(3) A, a = 0°, B = 8.6° and y = 8.6°) con-
tribute to define the 3D architecture of the crystal.

The Cu-N7 + N6-H.--O metal binding pattern was certainly ex-
pected, as previously discussed for the N7-coordination in 3Meade.
Although in 9Meade the proton affinity is assumed to be
N1 > N7 > N3, the N1 and the N3 donors are affected by the steric
hindrance from the orto-N6-exocyclic amino group and the substituted-
N9 moiety, respectively, so their metal binding is limited. The effect of
the referred steric hindrance seems to be reduced provided the size of
the metal ion increases. For instance, a structural search on N9-sub-
stituted adenine-like ligands only shows monodentate N1-coordination
when bigger metal ions such as platinum(II) or silver(I) are present
[65,66]. On the other hand, it should also be considered the fact that
the M-N7 coordination allows the N6-amino group to be involved not
only in intra-molecular H-bonding interactions, which cooperate with
the M-N7 bond, but also to further stabilize the structure via inter-
molecular H-bonds, for instance involving the Watson-Crick edge of the
purine moiety (Fig. 5B).

4. Concluding remarks
The use of N1, N3 and N9-methyladenine in ternary complexes with

different copper(I)-iminodiacetate-like chelates, remarks the relevance
of the Cu-N7 + N6-H---O metal binding pattern. The preference for this

molecular recognition pattern is certainly influenced by (i) the rela-
tively high basicity of this N-donor, (ii) the lower steric hindrance of N7
compared to N1, N3 or N9 in the studied N-methyladenine ligands and
(iii) the possibility of assisting the Cu—N bond with the corresponding
intra-molecular H-bond. In this context, the cooperation of the H-bond
seems to be promoted by the H-accepting role of the O-coordinated
carboxylate atoms from the iminodiacetate-like ligands, in mer-NO,
conformation, as well as the common elongated square-base pyramidal
coordination, type 4 + 1, of all the reported compounds that exhibit the
referred molecular recognition pattern. The only way to prevent the
formation of the Cu—N7 bond in the studied compounds was either
blocking it (using the 7Meade ligand) or favouring the formation of
alternative intra-molecular H-bonds that could additionally assist the
M-N(Meade) bond, without neglecting further inter-molecular interac-
tions that provide stability to the crystal packing. Interestingly, in the
ternary complex [Cu(IDA-like)(7Meade)], 7Meade binds the metal ion
via the minor groove binder N3. This metal binding pattern for 7Meade
is reported herein for the first time. The reasons why this particular
complex prefers to coordinate the purine moiety by N3 instead of N9
still remains unclear, although packing forces, including stacking and
hydrophobic interactions, might partially explain this behaviour.
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