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Three new Cu' compounds, [Cu,(p-ade),(H,0),]-(bpa)-8H,O
(1), [Cuz(u-Hade)s(H20),](NOs)4-2[Cu(pic),(H,0)]-6H,O  (2)
and [Cu,(p-6Clpur),(H,0),]-~6H,0 (3) [in which ade = aden-
inate anion, Hade = 7H-adenine, 6Clpur = 6-chloropurinate
anion, bpa = 1,2-bis(4-pyridyl)ethane, pic = 2-pyridinecar-
boxylate anion], are reported. Their crystal structures consist
of dinuclear copper(lI) units, in which four ligands arranged
in a windmill-like fashion bridge the metal ions through a
nonlinear NCN group. Supramolecular crystal building of
compound 1 is essentially maintained by an extensive net-
work of hydrogen-bonding interactions that involves direct
contacts between the nucleobases. In contrast, in compound
2 there is no evidence for direct interactions between the nu-
cleobases, but the hydrogen bonds among the nucleobases
and nitrate counteranions are especially relevant. Compound
3 is mainly built up from T-shaped noncovalent Cl--:N inter-

actions and hydrogen-bonding interactions involving the
crystallization solvent molecules. Magnetic susceptibility
measurements indicate the presence of strong intradimeric
antiferromagnetic interactions with large singlet-triplet split-
tings of —222 (for 1), 288 (for 2) and -255 (for 3) cm™!. DFT
calculations were carried out to evaluate the dependence of
the magnetic coupling value as a function of some key struc-
tural parameters: the Cu-N basal plane distance, the axial
Cu-Ow distance and the Cu---Cu distance. DFT calculations
also revealed that the nature of the bridging ligand is a cru-
cial factor. In this way, the strength to transmit the magnetic
interaction of the different bridging ligands is explained on
the basis of the number of electron lone pairs.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The chemistry of dinuclear copper(I) compounds has
been extensively studied over many decades in order to
understand the spin-exchange interaction that allows us to
establish magnetostructural relationships.!! In fact, the phe-
nomenon of magnetic exchange was first reported for the
dinuclear [Cu,(u-CH;COO0)4(H,0),] complex.”l In later
years, X-ray and magnetic investigations were extended to
other related [Cu,(L)4] systems (L = purine derivatives)*7!
containing biologically relevant entities. These kinds of enti-
ties, characterized by their striking windmill arrangement,
are of high interest because of their structural and magnetic
properties. The choice of the purine ligands as bridging li-
gand is due to their great ability to build dinuclear com-
plexes by means of the p-xN3:x/N9 predominant bridging
mode.

In contrast, dinuclear complexes made up of square-
planar transition-metal ions (M) with four heterocyclic li-
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gands (L) carrying additional functionalities are potential
building blocks for supramolecular architectures involving
hydrogen-bond formation, cation binding or anion bind-
ing.®! In particular, hydrogen-bonding interactions have
been established as a reliable force for organic crystal engi-
neering,™ but these interactions have only been introduced
lately as a tool for the supramolecular assembly of coordi-
nation complexes by Mingos and co-workers.['% Early ex-
amples of supramolecular assemblies have been provided
for “host-guest” compounds in which a larger “host” mole-
cule includes a smaller “guest” molecule within a cavity in
its structure.'!! Adenine is known to establish various mo-
lecular recognition patterns with molecules that are com-
patible with its hydrogen-bonding scheme.['”] In this way,
the inclusion of additional species within the structure of
adenine-containing dinuclear entities provides a better un-
derstanding of the preponderance of these hydrogen-bond-
ing patterns.

Compounds with the [Cu,(L)4] core have the same type
of molecular structure, in which the presence of nonlinear
bridging NCN group provides an efficient pathway for mag-
netic coupling.'3! The interaction between the spins of both
metal atoms through the ligand leads to splitting in two
electronic states, giving rise to a singlet (S = 0) and a triplet
(S = 1). The energetic difference between these states (J)
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can be experimentally measured by variable-temperature
magnetic susceptibility measurements. The experimental J
values reported for this type of dimeric entity present a
great dispersion with values ranging from —211cm™! for
[Cu,(p-Hypox)4(Cl),]Cl,-6H,O!4 to =316 cm™! for {[Cu,(p-
ade),(H,0),][Cu(ox)(H,0)],} /"> (Hypox = 7H-hypoxanth-
ine, ox = oxalate anion). Some previous studies, specifically
those performed by Sonnenfroh and Kreilick,!'8! pointed
out the influence of the metal coordination environment on
the magnetic properties. Unfortunately, these studies did
not take advantage of the quantum chemistry computa-
tional resources available today to provide an exhaustive
analysis of the structural parameters and chemical factors
that play a crucial role in determining the magnitude of the
intradimeric magnetic coupling.

In the present work, we studied three new Cu!' com-
plexes by using different purine bases as bridging ligands
whilst maintaining the same pyramidal CuN4O chromo-
phore with an axial water molecule in order to carry out
some magnetostructural/chemical correlations. In addition,
DFT quantum calculations were performed to evaluate the
variation in the coupling constant as a function of struc-
tural parameters and on the basis of the nature of the bridg-
ing ligand.

Results and Discussion

Compounds 1-3 contain centrosymmetric [Cu,(p-pur),-
(H>O),] [pur = adeninato (1), 7H-adenine (2) and 6-chloro-
purinato (3)] dimeric entities showing a windmill-shaped ar-
rangement, where two copper(Il) atoms are bridged by four
purine bases through their N3 and N9 nitrogen atoms es-
tablishing a Cul-+Cula distance of 2.948-3.001 A. The
copper atoms exhibit a distorted square-pyramidal N4O,,
environment, in which the apical position is occupied by a
water molecule. A perspective view of the dimeric entity of
compound 2 is given in Figure 1. The labelling scheme used
here for the nucleobase is that conventionally accepted for
chemical and biological purposes. The structural param-
eters listed in Table 1 are similar to those reported for di-
meric compounds containing p-k/N3:kN9 bridging purine
ligands.[!”]

The purine ligands in compounds 1 and 3 are structurally
disordered between two coplanar orientations with inverted
coordination  modes  (UW-KN3:KN9/pu-k N9:xN3,  see
Scheme 1). This structural disorder could be attributed to
several factors: (a) there is just one unique isomer but with
different orientations along the crystal structure, (b) the co-
existence of more than one isomer or (c) the combination
of both.

Similar structural disorder has been found in previous
compounds in which the dinuclear entity is built up from
the coordination of bridging bicyclic ligands.*!'8 Taking
compound 3 as an example, there are four possible isomers
compatible with the presence of disorder in all the bridging
ligands. The nomenclature used to denominate them is
based on the assignment of different terms U (up) or D
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Figure 1. ORTEP view and labelling scheme for the dimeric entity
of compound 2 (ellipsoids at 50% probability level).

Table 1. Selected bond lengths [A] for the coordination polyhedron
of compounds 1-3.141

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Compound 1

Cul-N19 1.991(5) Cul-N23a 2.008(6)
Cul-N29 2.025(5) Cul-Olw 2.207(4)
Cul-N13a 2.020(5) Cul--Cula 2.948(2)
Compound 2

Cul-N13 1.994(3) Cul-N23a 2.000(4)
Cul-N29 1.970(4) Cul-Olw 2.169(2)
Cul-N19a 2.015(3) Cul---Cula 3.001(1)
Compound 3

Cul-N19 1.997(4) Cul-N29a 2.026(4)
Cul-N23 2.024(4) Cul-Olw 2.124(4)
Cul-N13a 2.016(4) Cul---Cula 2.966(2)

[a] Symmetry codes for 1: a = —x + 3/2, -y + 1/2, —z + 1; for 2: a
=x+1,-yz+2;for3ra=-x+1/2,—y+1/2,—=z+1.
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Scheme 1. Coplanar orientations of the disordered purine ligands
with different coordination modes.
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(down) depending on the coordination of each pyrimidinic
N3 atom to the upper or lower metal centre. In this way,
the four possible isomers are UUUU, UUUD, UUDD and
UDUD (Figure 2). The structure of every isomer was opti-
mized through DFT-based computational calculations to
get an estimation of the energy difference among them. The
obtained results, for the dimeric entities found in com-
2345
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pounds 1 and 3, show that the energetic difference is lower
than 2 kcalmol™, a value within the range observed for hy-
drogen-bonding interactions.['”) These results point out that
the supramolecular environment is an important key factor
necessary to stabilize a specific isomer of the dimeric entity,

7

¢ uuuu
1.79 kcal mol™

‘%
S uUuuD
1.26 keal mol™

Disordered
dimeric entity

5 5

uubDD
1.28 kcal mol™

ubuUD

0 kcal mol™
Figure 2. Possible isomers of the disordered dimer in compound
3 and the labelling scheme employed for the crystallographically
independent bridging ligands. Relative energy values calculated
with the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) model chemistry.
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and in addition, these results do not preclude the possible
presence of a mixture of various isomers in the crystal
structures of these compounds.

Crystal Packing of [Cu,(p-ade)4(H,0),]:(bpa)-8H,O (1)

Crystal building of 1 shows an open framework that is
essentially maintained by hydrogen-bonding interactions
between neutral [Cu,(p-ade)4(H-O),] entities and in which
bpa molecules and water crystallization molecules are in-
serted (see Supporting Information).

The complex units are linked by two types of hydrogen-
bonding interactions, which give rise to an open framework
with channels running along the [100] and [001] directions
(Figure 3). On the one hand, adeninato ligands belonging
to adjacent dimers establish 1D arrays by means of two
symmetrical N26-H--N21 hydrogen-bonding interactions.
This interaction can involve Watson—Crick or Hoogsteen
side, leading to the formation of RZy(8) (Watson—Crick/
Watson—Crick), R?,(10) (Hoogsteen/Hoogsteen) or R?,(9)
(Watson—Crick/Hoogsteen) hydrogen-bonding rings owing
to the mentioned disorder of two adeninato ligands (see
Supporting Information). On the other hand, these chains
establish additional Olw—HI2w--N11 hydrogen-bonding
interactions when intercrossed. 1,2-Bis(4-pyridyl)ethane
and solvent molecules are placed within the channels. Or-
ganic molecules are enclosed by four dimers in such a way
that they are inserted in a parallel disposition with respect
to the nucleobase rings with an interplanar distance of
3.49 A, which is indicative of some kind of aromatic stack-
ing (Figure 3a).

Water molecules are disposed along two sorts of channels
parallel to the ¢ axis (Figure 3b). The smallest channel com-
prises 115 A3 per unit cell and is occupied by the O5w water

Figure 3. Crystal packing of compound 1: (a) Insertion of the organic molecules among the dimeric entities; (b) channels where crystalli-

zation water molecules are placed.
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molecule, which establishes hydrogen bonds with the aden-
inato ligands. Calculations using PLATONPY showed that
the effective volume for inclusion in the major channel is
equal to 971 A3 per unit cell (21.6% of the total volume).
There, the O3w and O4w water molecules are hydrogen
bonded to form [T4(0)A0] 1D tapes.*!! These molecular ag-
gregates are anchored to O2w water molecules, also placed
within this channel, to inclusion bpa molecules and to coor-
dinated Olw water molecules.

Supramolecular Architecture of [Cu,(p-Hade)4(H,0),]-
(NO3)4-2[Cu(pic)2(H,0)]-6H,O (2)

Crystal building of compound 2 contains two different
complex units: [Cu,(p-Hade),(H,0),]** dimeric cations and
[Cu(pic),(H,0)] neutral monomers, together with crystalli-
zation water molecules and nitrate anions, which neutralize
the positive charges of the dimeric entities. The copper(I1)
atom belonging to the monomeric complex shows a square-
pyramidal CuO,N,O,, environment, in which the basal
plane is formed by two chelating picolinato-x>N,O ligands
with a bite angle of 83.5°, and the copper atom is slightly

011}“
0136 %512

Figure 4. View of the 2D network of compound 2 in which the
approximated dimensions of the rectangular channels are specified.
Bottom: monomer water chains running along these channels are
shown.
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displaced from the basal plane [0.138 A] towards the apical
position filled by a water molecule (see Supporting Infor-
mation).

The crystal cohesion is maintained both by electrostatic
interactions and by an extensive hydrogen-bonding network
(Figure 4). The interaction between the Hoogsteen sides of
adjacent nucleobases, as it was observed in compound 1, is
precluded because of the protonation in the N7 position of
adenine. Therefore the 7H-adenine ligands act as hydrogen-
bonding donors with nitrate anions as acceptors leading to
a R?,(9) ring. This interaction is reinforced by the forma-
tion of a R%(12) ring connecting both dimeric entities and
nitrates giving rise to chains that run along the [110] direc-
tion. These chains are further connected by additional hy-
drogen bonds involving the O4w crystallization water mole-
cule, the nitrate anion, the Watson—Crick face of an adenine
ligand and the coordinated Olw water molecule. These in-
teractions lead to a 2D supramolecular network with large
holes. The O3w water molecules are placed between these
layers to generate a R',(7) hydrogen-bonding pattern with
the Hoogsteen face of the adenine ligands, which hold the
layers together (see Supporting Information). The large
channels of the 3D open framework are occupied by mono-
meric [Cu(pic),(H,O)] entities and OS5w crystallization
water molecules. The copper(Il) monomers are symmetri-
cally O2w—H22w+--O372 hydrogen bonded, which leads to
dimeric aggregates that are also anchored to the dimeric
complex entities through additional hydrogen bonds. The
supramolecular arrangement is reinforced by additional
weak m—7 contacts between nucleobase rings and the pyrid-
inic ring of the picolinato ligand.

Crystal Packing of [Cu,(p-6Clpur)4(H,0),]-~6H,O (3)

Its structure is made up of neutral [Cu,(pu-6Clpur),-
(H>0O),] dimers and crystallization water molecules that
take part in an extensive network of hydrogen bonds. The
6-chloropurinato ligand shows the same coordination mode
observed for the adenine complexes. As far as we are aware,
there is only one other example in the CSD databasel??! of
a 7H-6-chloropurine molecule coordinated to a metal, the
[Co(6-chloropurine)(dimethylglyoximato),(methyl)]  com-
plex.[>3l In contrast to what happens in compound 3, the
ligand remains neutral and it is coordinated to the metal
centre through the pyrimidinic N3 position.

As a consequence of the lack of heteroatomic hydrogen
atoms in the bridging ligand, the hydrogen-bonding interac-
tions among the dimeric entities take place through
crystallization water molecules, as it has been mentioned for
compound 2. It is worth to note that the distance between
the exocyclic CI2 atoms from two adjacent complex units is
only 3.3 A (Figure 5). Some research groups have studied
these interactions as a result of the controversy that exists
about them, concluding that in chlorine atoms the
van der Waals radii describe an elliptic distribution and not
a spherical one. This fact produces lower repulsion, and
thus, closer Cl---Cl contacts in certain directions could be
2347
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observed.?¥ The observed Cl-++Cl distance is comparable to
those found in previously reported compounds in which a
chlorine atom is bonded to the C6 atom of the purine
base.[>! In contrast, the Cl1 atoms are perpendicularly ori-
ented towards the purine ring of an adjacent dimer,
pointing out the nitrogen N21 atom with a distance of
3.2 A. Previous theoretical work performed on a series of
azaaromatic chloride compounds established that this type
of Cl--*N contact is weakly attractive. In order to analyze
this interaction in more detail, the electrostatic potential
surface of the dimeric entity was calculated (Figure 6). It
can be observed that the chlorine atom presents a positive
potential area at its top, so in its perpendicular orientation
towards the purine ring, the chlorine atom is attracted by
the N21 atom, which has a potential with the opposite sign.

(a) (b)

Figure 5. (a) Interdimeric Cl--Cl contact and (b) T-shaped nonco-
valent Cl-N interaction.

Side view of bridging ligand

op view of bridging ligand

-0.01 [N . 0.01

Figure 6. Electrostatic potential performed upon an electronic iso-
density surface of 0.001 a.u. for the dimeric [Cu,(u-6Clpur)4(H>O)-]
entity.
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In addition to these unusual interactions involving the
chlorine atoms of the purine ligand, additional hydrogen-
bonding interactions are also present. The 3D arrangement
of the complex entities generates channels parallel to the
b axis that are occupied by water crystallization molecules
(Figure 7).

Figure 7. View of the packing of compound 3 along the ac plane
showing the channels occupied by the crystallization water mole-
cules.

Magnetic Properties

The thermal evolution of the molar magnetic suscep-
tibility (yn) and the 7T product for compounds 1 and 3
are quite similar, and they are indicative of strong intradim-
eric antiferromagnetic interactions (see Supporting Infor-
mation). The yy curve suffers an initial rise upon cooling
from room temperature to gain the maximum value at 180
and 220 K, respectively. Afterwards, it decreases and
reaches a minimum value in the vicinity of 50 K and in-
creases again at lower temperatures as a result of the pres-
ence of paramagnetic impurities. In compound 2 the ex-
pected maximum in the susceptibility curve is not observed
due to the coexistence within the crystal structure of the
paramagnetic monomers. In all cases, the room-temperature
xmT values are lower than that expected for an uncoupled
paramagnetic S = 1/2 centre (0.375 cm®mol 'K, g = 2.0).
Continuous drop is observed to reach a plateau below 50 K
for compounds 1 and 3, attributed to the presence of a
small amount of paramagnetic impurities. In compound 2
this plateau is reached at 65K and takes a value of
0.216 cm?*mol ' K. This value is retained up to 10 K, after
which a very slight lowering is observed in good agreement
with the presence of an almost uncoupled monomeric cop-
per atom per each dimeric copper atom.

The experimental magnetic data were fitted by using the
Bleaney—Bowers equation (H = —JS1.S;) for a dinuclear cop-
per(Il) complex?®! modified to take into account the pres-
ence of the paramagnetic impurities for compounds 1 and
3. In compound 2, an additional term accounting for the

Eur. J. Inorg. Chem. 2009, 2344-2353
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presence of uncoupled monomeric Cu'! entities was in-
cluded. The best-fit values are reported in Table 2. The ob-
tained J values fall within the range previously reported for
compounds with [Cu,(p-pur)4(X)-]"* (n =0, 2, 4; X = H,O0,
Cl, Br) entities,>7-16-18271 which range from -211 to
—316 cm™! (Table 3). The dispersion of the J values, ca.
105cm™!, indicates that structural/chemical parameters
strongly influence the magnitude of the magnetic coupling.

Table 2. Experimental values for the magnetic fit of compounds 1—
3.

Compound M T{a] Tmax[b] chp[c] P[d] g

1 0.312 180 —222 7.9 2.13
2 0.326 — 288 50.0 2.15
3 0.233 220 -250 1.1 2.15

[a] Room-temperature value [cm3*mol ' K]. [b] Temperature of the
maximum value [K]. [c] Experimental value of the magnetic coup-
ling constant [cm ']. [d] Paramagnetic impurity percentage.

In order to analyze the magnetic behaviour of these com-
pounds, DFTUB3LYP calculations were carried out. The
correlation between the J value and some structural param-
eters was evaluated upon models based on the crystallo-
graphic data of the [Cu,(p-ade),(H,O),] entity of com-
pound 1. In compounds with short Cu™-Cu'" distances
(less than 3.10 A), the magnetic interaction may result from
direct interaction of the d orbitals of the metal atom (ex-
change pathway) or may involve molecular orbitals of the
bridging ligands (superexchange pathway). The calculated
J value (+17 cm™!) for a model in which the adeninato li-
gands have been replaced by terminal ammonia groups
seems to point to the superexchange pathway being respon-
sible for the antiferromagnetic behaviour of these com-
pounds. Thus, magnetic orbitals must be built from the in-
teraction between d.» . atomic orbitals of metal centres
and those of purine ligands that have an appropriate sym-
metry to interact with them. Figure 8 shows the SOMO or-
bitals of the [Cu,(p-ade),(H,0),] entity in the triplet state.
The presence or absence of a nodal plane on the C4 atom
is responsible for the energy difference between the two
SOMO orbitals and, as a consequence, of the magnitude of
the antiferromagnetic behaviour of the compounds.

Eur|IC
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Figure 8. Representation of SOMO orbitals for the triplet state (S
= 1) upon the [Cu,(p-ade)4(H,0),] entity of compound 1.

With the aim of evaluating the influence of the variations
in the structural features upon the magnetic behaviour,
three main structural parameters were considered: copper—
nitrogen, copper—water molecule and copper---copper dis-
tances (Figure 9). The decrease in the Cu—N distances fav-
ours the interaction between the magnetic orbitals of the
metal and the ligands and reinforces the antiferromagnet-
ism. On the contrary, a shorter Cu—Ow distance brings a
decrease in the antiferromagnetism as a result of the in-
crease in the d.. character of the magnetic orbitals (decreas-
ing the d,» » character), as previously reported by Son-
nenfroh and Kreilick.'® In contrast, longer metal--metal
distances cause an increase in the antiferromagnetic interac-
tions.

To explain this latter behaviour, it is necessary to pay
attention to the orbitals of the bridging ligand, whose lobes
positioned on the N3 and N9 atoms become hybridized as
the copper---copper distance increases. As a result, a greater
overlapping of the lobes is generated in the vicinity of the
C4 atom, increasing the energy difference between the re-
sulting magnetic orbitals (Scheme 2).

As the effect of these structural parameters on the mag-
netic coupling is of the same order of magnitude, any at-
tempt to obtain experimental magnetostructural corre-

Table 3. Structural parameters and J values of some representative compounds together with those observed for compounds 1-3.

Compound formula Cu-N[ Cu-X[! Cu---Cul Trmax Jexp Ref.
[Cu,(p-ade)4s(NHj3),]-6H,O - - - 222 - [16]
[Cu,(p-ade)4(H50),]+(bpa)-8H,O 2.01 2.21 2.95 180 222 this work
[Cu,(p-ade)4(Pip),]-6H,O - - - 210 246 (6]
[Cu,(p-ade)4(H,0),]-5H,O 2.02 2.20 2.95 - -257 B3]
{[Cu,(p-ade)4(H,0),][Cu(oda)(H,0)]4} 2.01 2.18 2.94 - 274 (271
{[Cu,(p-ade)4(H,0),][Cu(ox)(H,0)]5}, 2.01 2.17 2.94 - =316 [13]
[Cu,(p-Hade),Br,]Br,2H,O - - - - 284 4]
[Cu,(pu-Hade),(H,0),](NO3)4-2[Cu(pic),(H,0)]-6H,O 2.00 2.17 3.00 - -288 this work
[Cu,(p-Hade),Cl,]Cl,-6H,O 2.03 2.43 3.07 251 285 o]
[Cu,(pu-Hade),(H,0),](SO,4)-6H,O - — - 253 -305 (6]
[Cu,(pu-Hade),(H,0),](C10,4)-2H,O 2.03 2.17 2.95 243 -312 [5.10]
[Cu,(p-hypox)4Cl,]Cl,-6H,O 2.00 2.43 3.02 212 211 [14.16]
[Cu,(p-hypox),Br,]Br,-2H,0 - - - - 284 14
[Cu,(p-6Clpur)4(H,0),]-~6H,O 2.02 2.12 2.97 220 -250 this work
[a] Equatorial cooper—nitrogen distance. [b] Axial copper-ligand distance. [c] Distance between intradimeric copper atoms.

Eur. J. Inorg. Chem. 2009, 2344-2353 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2349



FULL PAPER

O. Castillo, A. Luque et al.

-194

-206

-196

-198 I

-200

-208

-210 4

=212 A

-202 -214 o

Jem™

-204 216 -|

-206 =218 4

-185

-180

-185 o

=200 4

-205

-210 A

-215 4

&, Cu-Cu

-208 T T -220

T
189 2.01 23
Distance [A]

(a)

T
24

Distance [A]

T T T T T T T
a7 28 2.9 3
Distance [A]

T T
25 26 a1

(b) (c)

Figure 9. Variation in the magnetic coupling constant value as a function of (a) the Cu-N bond equatorial distances, (b) the Cu-Ow

bond axial distance and (c) the Cu-+Cu distance.

Cu

Scheme 2. Increase in the magnetic coupling constant as a result of
a greater overlap around the middle carbon atom.

lations on the basis of just one parameter is precluded. With
the aim of verifying if the simultaneous effect of all these
structural factors can reproduce the wide range of experi-
mentally reported J values, the structural parameters of the
adenine-bridged dimeric entity were modified to obtain a
maximum and a minimum value of the antiferromagnetic
coupling constant. The calculated J values, —289 and
~181 cm!, give a difference of 108 cm™!, which is similar to
the experimentally observed range.

It is interesting to note that the charge of the bridging
ligand and its substituents may also play an important role
in the magnitude of the antiferromagnetic interaction. The
J value for different models maintaining the same structural
parameters but modifying the bridging ligand by adding
different substituents in the C6-position was calculated. The
calculated J values show the relative order: 7H-adenine
(<267 cm™') > 7H-hypoxanthine (243 cm™!) > 6-chloro-
7H-purine (242 cm ') > adeninato (-199 cm™!) > hypo-
xanthinato (-181 cm™!) > 6-chloropurinato (174 cm™)
(Scheme 3).

This order can be related to the increase in the number
of electron lone pairs in the bridging ligand (by means of
the deprotonation or by substitution of the exocyclic amine
group by a chlorine atom). This fact increases the extension
of the molecular orbitals of the bridging ligands and the
N3 and N9 atoms contribute to a lesser extent, so they
overlap less efficiently with the metal-centred magnetic or-
bitals and a weaker antiferromagnetic interaction is ob-
served.
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Scheme 3. Calculated order of the bridging ligands according to
their ability to transmit magnetic interactions by the superexchange
pathway.

Conclusions

It has been proved that [Cu,(p-purine derivative),-
(H,0),]"* entities are robust enough to allow chemical
modifications, such as deprotonation or substituent modifi-
cations, without remarkable changes in its windmill dimeric
structure. In addition, its great versatility as supramolecular
synthon permits the inclusion of organic molecules and
even of complex entities. In contrast, the magnitude of the
antiferromagnetic coupling in these compounds is governed
by both structural and chemical parameters. The shortening
of the copper—nitrogen distance and the elongation of the
copper—Ow and Cu--+Cu distances strengthen the antiferro-
magnetic coupling. Modifications of the bridging ligands
that involve an increase in the number of electron lone pairs
lead to a weakening of the antiferromagnetic interactions.

Experimental Section

Reagents: All chemicals were of reagent grade and used as commer-
cially obtained.
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Physical Measurements: Elemental analyses (C, H, N) were per-
formed with a Perkin—Elmer Analyst 100 microanalytical analyser.
Metal content was determined by absorption spectrometry. The IR
spectra (KBr pellets) were recorded with an FTIR 8400S Shimadzu
spectrometer in the 4000400 cm ' spectral region. Magnetic mea-
surements were performed on polycrystalline samples of the com-
plexes taken from the same uniform batches used for the structural
determinations with a Quantum Design SQUID susceptometer
covering the temperature range 5.0-300 K at a magnetic field of
1000 G. The susceptibility data were corrected for the diamagne-
tism estimated from Pascal’s Tables,*®! the temperature-indepen-
dent paramagnetism and the magnetization of the sample holder.
Thermal analyses (TG/DTA) were performed with a TA Instru-
ments SDT 2960 thermal analyser in a synthetic air atmosphere
(79% N»/21% O,) with a heating rate of 5°Cmin .

X-ray Structural Studies: Diffraction data were collected at
293(2) K with Oxford Diffraction Xcalibur (for 1 and 2) and at
150(2) K with STOE IPDS (for 3) diffractometers with graphite-
monochromated Mo-K,, radiation (4 = 0.71073 A). The data re-
duction was done with the CrysAlis REDP?! and X-REDBY pro-
grams. Structures were solved by direct methods by using the
SIR92 programB!l and refined by full-matrix least-squares on /2
including all reflections (SHELXL97).1*?I All calculations were per-
formed by using the WINGX crystallographic software package.[*’
In compound 3, the O5w crystallization water molecule was refined
with a partial occupation factor in agreement with the performed
thermogravimetric measurements. Crystal parameters and details
of the final refinements of compounds 1-3 are summarized in
Table 4. CCDC-796960 (for 1), -796961 (for 2) and -796962 (for 3)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Computational Details: Energy quantum mechanical calculations

Eur|IC
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ried out by using two different model chemistries, B3LYP/
6-311+G(d,p)//B3LYP/6-31G(d) and B3PW91/6-311+G(d,p)//
B3LYP/6-31G(d), in order to ensure the validity of the results (see
the Supporting Information).? A detailed description of the com-
putational strategy adopted in this work to compute the magnetic
coupling constant (J.ueq) values was described elsewhere.*”! Den-
sity functional theory, B3LYP/6-31G(d), was used to carry out two
separate calculations to evaluate the coupling constant of each
compound. One calculation was used to determine the high-spin
state and the other one to determine the low-spin broken symmetry
state. The correctness of the latter state was ensured by its spin
density distribution. The Gaussian 03 programB¢ was employed
throughout this work.

[Cuy(p-ade)4(H,0),]:(bpa):8H,O (1): An aqueous methanol solu-
tion (1:1, 8 mL) of the bpa ligand (0.0186g, 0.1 mmol) was added to
another aqueous methanol solution (25 mL) containing Cu(NOs),
3H,0 (0.0488 g, 0.2 mmol) and adenine (0.0546 g, 0.4 mmol) with
continuous stirring at 50 °C. The resulting solution was neutralized
with the addition of KOH to pH 9.0. Deep-blue-coloured single
crystals were obtained after 1d. Yield: 80% (based on metal).
CsH,4CuN; ;05 (514.00): caled. C 37.35, H 4.67, N 29.96, Cu
12.36; found C 37.39, H 4.72, N 29.97, Cu 12.36. IR (KBr pellet):
¥ = 3435 [s, v(O-H)]; 3195 [s, v(NH,)]; 3105 [sh., v(C-H)]; 1605
(s), 1560 [m, v(C=C) + §(NH,)]; 1460 [m, 5(C-H) + v(C=C +
C=N)]; 1380 (m, d,ine); 1340 [w, 8(C2-H2) + §(C4-C5)]; 1300 [w,
S(C2-H2) + Vyingl: 1271 [w, 8(C-H) + v(N7-C8)]; 1150 [m, v(C8-
NO9)J; 1025 (W, 8ying); 1005 [m, 7(NH,)]; 940 [w, 3(C8)]; 735 (w), 655
(m, 8ying); 535 [m, (Cu-N3)] cm L.

[Cuy(n-Hade)4(H,0),1(NO;3)4-2[ Cu(pic),(H,0)]-6H,O (2): An aque-
ous methanol solution (1:1, 35 mL) containing adenine (0.1365 g,
1 mmol) and 2-pyridinecarboxaldehyde (95.1 pL, 1 mmol) was kept
under reflux for 2h, and this mixture was then treated with
Cu(NO3)»3H,O (0.2440 g, 1 mmol) dissolved in methanol
(10 mL). Five weeks later, a few dark-blue single crystals of 2 ap-

for all the isomers of dimeric entities of compounds 1-3 were car- peared in the solution. Yield: 15% (based on metal).
Table 4. Single-crystal data and structure refinement details for compounds 1-3.

1 2 3
Formula C|6H24CUN| |05 szHngUzN 140] 5 C|0H6C12CUN80'~3H20
Weight [gmol ] 514.00 855.04 442.70
Crystal system monoclinic triclinic monoclinic
Space group C2le P1 C2le
a[A] 16.534(1) 9.746(1) 16.060(2)
b [A] 19.646(1) 12.971(2) 13.502(1)
c[A] 14.181(1) 13.699(2) 15.955(2)
a [°] 90 92.28(1) 90
S 1] 102.092(7) 107.97(1) 112.49(1)
y [1 90 90.60(1) 90
VA% 4504.2(5) 1645.6(4) 3196.7(6)
Z 8 2 8
Pealed. [gCm ] 1.516 1.727 1.840
Pobsd. [gem ] 1.52(2) 1.73(3) 1.84(1)
u [mm] 1.023 1.385 1.738
Temperature [K] 293(2) 293(2) 150(2)
Reflections collected 12239 12146 9816
Unique data/parameters 3976/284 7988/478 3138/241
Ry 0.0684 0.0503 0.0608
Reflections with 7=2c([) 1137 2487 1337
Goodness of fit (S) 0.973 0.982 0.971
R \PVwR [I=206(1)] 0.0539/0.1304 0.0468/0.0884 0.0356/0.0550
R/WR, [all data] 0.0912/0.1486 0.1046/0.0974 0.0980/0.0628

[a] S= [ZW(FO2 - Fcz)z/(Nobsd. - Nparam.)]”2~ [b] Rl = 2”Fo|7|Fc||/2|F0|- [C] WRZ = [EW(FOZ - Fc2)2/2w|F0|2]”2; w= 1/[02(1;'02) + (aP)z], where
P = [max(F,2,0) + 2F.?)/3 with a = 0.0756 (for 1), 0.0436 (for 2) and 0.0225 (for 3).
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C5,H»gCusN 14,015 (855.64): caled. C 30.88, H 3.29, N 22.92, Cu
14.85; found C 30.90, H 3.27, N 22.91, Cu 14.88. IR (KBr pellet):
¥ = 3390 [s, v(O-H)]; 3208 (s, v(NH,)]; 3125 [sh., v(C-H)]; 1670 [s,
Vas(0O—C-0)]; 1603 (s), 1572 [sh., v(C=C) + 6(NH,)]; 1475 [m, 6(C—
H) + v(C=C + C=N)]; 1383 [s, v(NO3)]; 1405 (sh., d,in,); 1356 [sh.,
8(C2-H2) + 3(C4-C5)]; 1315 [m, §(C2-H2) + vyipngl; 1260 [w, 6(C—
H) + v(N7-C8)]; 1148 [w, v(C8-N9)]; 1028 (sh.; ring deformation);
938 [w, 3(CB)]; 738 (W), 656 (W, Oring); 551 (W), 456 [w, (Cu-N3)]
cm .

[Cu,(n-6Clpur),(H,0),]-~6H,0 (3): Purple crystals of compound 3
were prepared by slow diffusion of an aqueous methanol solution
(1:1) of 6-chloropurine (0.0624 g, 0.2 mmol) into an aqueous solu-
tion of Cu(NO3),°3H,0 (0.0247 g, 0.1 mmol). Crystal growth was
observed 3 weeks later. Yield: 40% (based on metal).
C1oHCl,CuNgO-~3H,0 (442.7): caled. C 27.13, H 2.73, N 25.31,
Cu 14.35; found C 27.12, H 2.69, N 25.28, Cu 14.37. IR (KBr
pellet): v = 3410 [s, v(O-H)]; 3115 [sh., W(C-H)]; 1620 [sh.,
v(C5=C6 + C2=N3)]; 1598 (s), 1589 [sh., v(C=C) + 3(NH,)]; 1465
[w, 8(C-H) + v(C=C + C=N)]; 1400 (w, ring deformation); 1328
[m, 8(C2-H2) + §(C4-C5)]; 1259 [w, 8(C-H) + v(N7-C8)]; 1184
[m, v(C8-NI)]; 1026 (W, Bying); 953 [W, 8(C8)]; 637 (W, Sying); 545 [W,
(Cu-N3)] cm™.

Supporting Information (see footnote on the first page of this arti-
cle): Structural parameters of hydrogen-bonding interactions of
compounds 1-3; computationally obtained energy values for iso-
mers of the dimeric entities of compounds 1-3; TGA/DTA curve
and analysis of 2; magnetic data for compounds 1-3; ORTEP views
of the dimeric entities of compounds 1-3; additional figures for
compounds 1 and 2.
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