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Abstract

A novel binuclear metallacyclic complex, [Cu(hfac)2(bpmu)]2, was isolated by reacting copper(II) hexafluoroacetylacetonate with

the bpmu ligand. The crystal structure reveals the presence of dimetal units with the Cu(II) centers in a six-coordinate environment

and bridged by the bpmu spacers. The crystal consists of a racemate with the two copper(II) ions of one dimer molecule carrying

either a DD or KK configuration. The pyridyl-urea-based spacers are connected intramolecularly by the expected strong urea-based

hydrogen bonds O@C(N–H)2� � �O@C. The same type of H-bonds allows the molecular units of the same chirality to assemble form-

ing supramolecular columns. This conformationally defined array and hydrogen-bonding network, together with the bulky proper-

ties of the fragment {Cu(hfac)2}, were used as a pre-programmed supramolecular information for controlling the formation of

discrete species.
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assembly
Among the rational strategies for supramolecular syn-

thesis, the host–guest approach has been considered a

very powerful tactic for controlling, for example, the
self-assembly of structures involving pyridyl-substituted

ureas such as N,N 0-bis(3-pyridylmethyl)urea (bpmu;

Scheme 1) [1,2]. Essentially, this approach takes into ac-

count the self-assembly capacity of the bipyridine com-

pound by using its predictable O@C(N–H)2� � �O@C

synthons [3] to generate networks with a typical repeat
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distance of ca. 4.60 Å (Scheme 2). Then, this preformed

net can be imposed to guest molecules, such as dicarbox-

ylic acids, which act as H-bond donors towards the N-
pyridyl atoms of the derivatized-urea host [1,2]. In this

context, the rationally designed pyridyl-urea bpmu was

then envisioned as a ‘‘ligand host’’, which could control

the spacing of metal atoms according to the size of the

hydrogen-bonding synthons. The hypothesized result

was validated through the reaction of bpmuwith the silver

salt AgBF4, which gave the 1:2 metal-to-ligand coordina-

tion polymer [Ag(bpmu)2]BF4 [1]. The X-ray structure
consisted of infinite 2D layers joined by the anticipated

O@C(N–H)2� � �O@C synthons with spacings of 4.625 Å.
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On each layer the pyridyl nitrogen atoms of the bifunc-

tional ligands appear coordinated to flattened tetrahedral

silver(I) centers to give a net of tetranuclear cycles. A sim-

ilar interaction has been observed recently in the 1:2 coor-

dination polymer [Cu(bpmu)2(NO3)2] Æ 2H2O Æ 2EtOH,

where the bifurcated O@C(N–H)2� � �O@C hydrogen

bonds appear as intralayer connectors (4.626 Å) [4].

The formation of discrete metallomacrocycles or
coordination polymers in transition metal complexes de-

pends primarily on the coordination preferences of the

metal centers, the metal to ligand ratio, the characteris-

tics of the organic ligand (e.g., length, flexibility and

shape), the donor properties of the counter-ions (coordi-

nated or uncoordinated) and the reaction conditions [5].

Then, a careful handling of these aspects can conduce to

an important degree of predictability and control over
the structural motifs of the products. Considering these

facts and that only 1:2 metal-to-ligand complexes with

the bpmu ligand are known [1,4], we have decided to

investigate about the architecture that would have a 1:1

metal–bpmu complex prepared under the condition that

the organic tecton participates with its normal direc-

tional forces (hydrogen-bonding synthons and coordina-

tion bonds), i.e., playing the role of a ‘‘ligand host’’. The
accomplishment of these objectives implies to choose a

coordination metal system that allows to form specifi-

cally complexes with bis(pyridyl) bridging ligands (L)

in a 1:1 molar ratio, including escort counter-ions that

do not interfere with the design of the H-bonding

network controlled by the bpmu ligand. An appropriate
type of compounds are the metal(II) complexes

[M(hfac)2] (M = Mn, Co, Cu, Zn; hfac = hexafluoroace-

tylacetonate), which show a high affinity towards rigid or

flexible N,N 0-bidentate spacers, producing either coordi-

nation polymers or discrete molecular species with a 1:1

metal-to-ligand ratio [6–22]. In this reaction, the
[M(hfac)2] complexes serve as the source of the coordin-

atively unsaturated fragments {M(hfac)2}. More specifi-

cally, the coordination polymers are formulated as the

cis- or trans-[M(hfac)2(L)] species in which the cations

are octahedrally coordinated by four oxygen atoms of

the chelating hfac units, and two nitrogen atoms from

two different linkers [6–22]. On the other hand, the

known discrete molecular compounds are only the sol-
vated binuclear metallacycles cis-[Mn(hfac)2(bpyp)]2 Æ nS
(bpyp = 1,3-bis(4-pyridyl)propane; n = 1,2; S = organic

solvent) [21,22]. The assembly of the bpyp-based dimeric

species is dependent on the reaction conditions and con-

cretely of the solvents used in the crystallization process.

The specific solvent that cocrystallizes with a macrocyclic

metal complex acts as a template in the creation of the

(2,2) cyclic system. On contrary, in absence of the
template solvent the product is the helical coordination

polymer cis-[Mn(hfac)2(bpyp)] [21]. Indeed, without

some special condition, like template solvents, the forma-

tion of discrete species involving divergent ligands such

as 4,4 0-bipyridine is not expected; the structure of a resul-

tant product with 1:1 M–L ratio should consist only of

polymeric chains [5]. In this report, we inform about

the effect of the conformationally predesigned H-bond-
ing of the bpmu ligand in the formation of the new

dimeric metallacyclic complex cis-[Cu(hfac)2(bpmu)]2.

Discrete structures can be reasonably anticipated as a

possibility of admitting an ideal behavior as ‘‘ligand

host’’ of the bpmu ligand when interacting with the cis

orientated {Cu(hfac)2} fragments. A trans orientation

implies the formation of a 1D coordination polymer with

the bulky {Cu(hfac)2} fragments coordinating to N-
pyridyl atoms, but this precludes the bpmu ligands to

be close enough as to form the expected H bonds of

the O@C(N–H)2� � �O@C synthons (Scheme 3).

Contrarily, the cis configuration allows the guest frag-

ments to connect two contiguous ligands belonging to

the same or different stacked networks to produce some

type of cyclic system (Scheme 3).

The [Cu(hfac)2(bpmu)]2 complex was isolated from a
methanol solution by treatment of Cu(hfac)2 Æ H2O with

the bpmu ligand [23]. Single X-ray crystal analysis [24]

reveals that the structure consists of dimeric units for-

mulated as [Cu(hfac)2(bpmu)]2 (Fig. 1) and constitutes

the first non-polymeric bpmu complex reported. The

single bpmu moiety per monomer is actually achieved

by the presence of two independent hemi-molecules (la-

beled C and D) each one bisected by a twofold axis
through the urea C@O bonds. The resulting pair of

complete bpmu units displays very similar cores; a L.S.
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Scheme 3. Schematic representation of the bulky effect of the {Cu(hfac)2} fragment when interacting with the ‘‘ligand host’’ bpmu ligand. Two

possible structures are shown with the metal center in trans configuration (a) and cis configuration (b).

Fig. 1. View of the dimeric units of the [Cu(hfac)2(bpmu)]2 complex (only independent part represented in bold lining). In heavy broken lines, intra-

dimeric N–H� � �O bonds; in double broken, inter-dimeric ones. Displacement ellipsoid drawn at a 40% probability level. Terminal fluorine atoms

attached to C1A, C5A, C1B, C5B and hydrogens attached to carbon, not represented for the sake of clarity. Selected bond lengths (Å) and angles (�):
Cu(1)–O(1B) 1.965(3), Cu(1)–N(1D) 2.006(3), Cu(1)–O(2B) 2.137(3), Cu(1)–N(1C) 2.143(3), Cu(1)–O(1A) 2.149(3), Cu(1)–O(2A) 2.171(3), C(1A)–

C(2A) 1.513(6), C(2A)–C(3A) 1.389(6), C(3A)–C(4A) 1.384(6), C(4A)–C(5A) 1.510(7), O(1B)–C(2B) 1.241(4), O(2B)–C(4B) 1.246(4); C(1B)–C(2B)

1.546(6), C(2B)–C(3B) 1.381(6), C(3B)–C(4B) 1.389(5), C(4B)–C(5B) 1.547(6), N(1C)–C(1C) 1.325(5), N(1C)–C(5C) 1.336(5), N(2C)–C(7C) 1.332(5),

N(2C)–C(6C) 1.444(7), O(1C)–C(7C) 1.232(7), C(1C)–C(2C) 1.371(7), C(2C)–C(3C) 1.368(7), C(3C)–C(4C) 1.373(6), C(4C)–C(5C) 1.384(6), C(4C)–

C(6C) 1.496(7), C(7C)–N(2C)# 1.332(5), N(1D)–C(1D) 1.318(5), N(1D)–C(5D) 1.331(4), N(2D)–C(7D) 1.329(4), N(2D)–C(6D) 1.435(5), O(1D)–

C(7D) 1.227(6), C(1D)–C(2D) 1.356(6), C(2D)–C(3D) 1.368(6), C(3D)–C(4D) 1.371(6), C(4D)–C(5D) 1.364(5), C(4D)–C(6D) 1.512(5), C(7D)–

N(2D)# 1.329(4) and O(1B)–Cu(1)–N(1D) 176.92(12), O(1B)–Cu(1)–O(2B) 88.88(11), N(1D)–Cu(1)–O(2B) 91.03(11), O(1B)–Cu(1)–N(1C)

88.91(12), N(1D)–Cu(1)–N(1C) 94.15(12), O(2B)–Cu(1)–N(1C) 96.81(13), O(1B)–Cu(1)–O(1A) 89.77(12), N(1D)–Cu(1)–O(1A) 89.82(12), O(2B)–

Cu(1)–O(1A) 170.46(11), N(1C)–Cu(1)–O(1A) 92.60(12), O(1B)–Cu(1)–O(2A) 85.08(12), N(1D)–Cu(1)–O(2A) 91.84(12), O(2B)–Cu(1)–O(2A)

87.57(11), N(1C)–Cu(1)–O(2A) 172.51(12), O(1A)–Cu(1)–O(2A) 82.91(11) (Symmetry transformations used to generate equivalent atoms: #

�x,y,�z + 1/2).
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fit performed with XP in SHELXTL/PC gave a mean

atomic deviation of 0.10 Å for atoms O1,C7,N2,C6,C4

and their symmetry related ones. The main difference be-

tween the molecules resides in the rotation of the pyridyl

rings around the methyl bond (ca. 50�). The extended

bpmu ligands act as bridges between the symmetry re-
lated metallic centers, providing two bonds to each coor-

dination octahedron. The remaining four come from

two chelating hfac anions (units A and B) at each side.

Three of the four CF3 groups show a clear rotational

disorder and have been refined with a split model. Both

hfac anions coordinate in a different way, unit A with

the molecular and coordination planes being almost par-

allel (slanting angle < 8.2(1)�); unit B, instead, in an ob-
lique fashion, with a slanting angle of ca. 29.1(1)�.
Besides completing the coordination scheme in a closed

fashion and thus inhibiting the polymerization of the

dinuclear species, the anions provide the necessary

charge balance avoiding in this way the need of any

external counterion, in contrast to the polymeric bpmu

complexes reported in the literature [1,2,4]. In spite of

the strain usually imposed by chelation, the flexibility
of the intervening ligands allows a rather regular chro-

mophore for copper, with expected 180� angles in the

range 170.46(12)–176.92(12)� and expected 90� ones
Fig. 2. Packing view of the structure of the metallacycle [Cu(hfac)2(bpmu)

different chirality, represented in heavy and light lining, respectively. Fluo

x,�y,�1/2 + z (or x, 1�y,�1/2 + z, superposed in the figure)).
spanning 82.9(1)–96.8(1)�. An analysis of bond distances

allows to singularize the O(1B)–Cu1–N(1D) line as the

apical one, with the peculiarity of being shorter than ba-

sal ones (mean values, 1.985(30) and 2.150(15) Å,

respectively). This oblate shape of the copper polyhe-

dron due to a Jahn Teller contraction is rather unusual
and only found in less than 5% of all Cu(O/N)6 octahe-

dra in the literature (CSD, 2004).

The fact that the binuclear unit is generated through a

twofold rotation ensures that both metallic centers bear

the same chirality, that is, the two copper(II) ions of

one dimer molecule have either a DD or KK configura-

tion. These dimers, in turn, stack one on top of the other

to form columns parallel to b, in a translational operation
which also keeps the chirality unchanged. The resulting

broad columns (or strips) are therefore characterized by

one specific handness and are opposite to those related

to them by the symmetry center. In both types of col-

umns, the bpmu ligands bind having their urea C@O axis

colinear and coincident with the twofold axis, and the di-

mers stack in the same way preserving this leading direc-

tion. Thus, two double very strong N–H� � �O� � �H–N
bonds arise (Fig. 1), one of them intradimeric across

the cyclic dimer (Fig. 1, heavy broken lines: N(2D)–

H(2DA)� � �O(1C) [30]), the other one linking dimers
]2 down the b-axis, showing the disposition of the strips in planes of

rine atoms not represented for clarity (symmetry codes: �x,y, 1/2�z;
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together into an infinite 1D array along b (Fig. 1, double

broken lines: N(2C)–H(2CA)� � �O(1D)#2 [30]). These are

the main non-bonding interactions in the structure deter-

mining the columnar units for packing. Due to the C cell

centering, the two types of columns organize segregating

themselves into ‘‘opposite handed’’ planes parallel to
(0 0 1) (Fig. 2) and individually stabilized through weak

C–H� � �F contacts involving the disordered terminal

fluorines, viz., C(3A)–H(3AA)� � �F(1A5)#3 (intracolumn

[31]), C(6C)–H(6CA)� � �F(1A2)#2 and C(3D)–

H(3DA)� � �F(1B6)#4 (intercolumn [31]). There are also

some weaker contacts of the same type linking opposite

planes (C(2D)–H(2DB)� � �F(5A4)#5 [31]), providing for

structure stabilization.
A final peculiarity of the packing is that the inter-

dimeric Cu. . .Cu distance is not the shortest one in the

structure: the very long bridges subtended by the bpmu

ligands set the cations so far apart in the dimer

(Cu1. . .Cu1 0 in Fig. 2, at 11.195(1) Å), this distance re-

sults far larger than, for example, the intercolumnar

Cu. . .Cu [�x,�y,�z] or Cu. . .Cu [�x, 1 � y,�z] separa-

tions (Cu1 0. . .Cu100 in Fig. 2, 7.263(1), 8.196(1) Å apart)
or the intracolumnar one between adjacent dimers,

Cu. . .Cu [x,y + 1,z] (the distance between any copper

atom in Fig. 2 and its symmetry related one by an up-

wards/downwards unit cell translation is 9.042(1) Å).

The above results reveal the permanence of the prear-

ranged hydrogen bonded pattern provided for the bpmu

tecton through the O@C(N–H)2� � �O@C moieties. The

intramolecular and intermolecular repeat distances
(4.506(1) and 4.535(1) Å, respectively, Scheme 2) are in

the expected range for urea-based derivatives [32]. Conse-

quently, this indicates the prevalence of the H-bonds

strength over the steric effect of the bulky {Cu(hfac)2}

fragments, hampering the polymerization but allowing

the formation of the discrete compound [Cu(hfac)2
(bpmu)]2. Thus, by properly tuning the metal–ligand sys-

tem this approachcould serve for controlling the formation
of either discrete or infinite supramolecular structures.
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[d(F–H) = 0.93, d(H� � �F) = 2.52, d(C� � �F) = 3.11(3), \(CHF) =

122.1]. Symmetry transformations used to generate equivalent

atoms: #2 x,y � 1,z #3�x + 1/2,y + 1/2,�z + 1/2 and #4 x � 1/2,

y + 1/2,z #5 �x,�y + 1,�z. Values involving calculated hydro-

gens quoted without esd�s.
[32] X. Zhao, Y.-L. Chang, F.W. Fowler, J.W. Lauher, J. Amer.

Chem. Soc. 112 (1990) 6627.
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