Association of two-coor dinate copper (1) complexes. switching on and off
Cu---Cu, ligand--ligand and Cu-ligand interactions
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A combined theoretical ab initio and structural database
study is presented of the different interactions that allow
two-coordinate copper(r) molecules to associate, from weak
interactions to chemical bonds, giving rise to different
structures.

Copper(r) complexest-2 with stoichiometry CuXL appear as
bimolecular aggregateswith Cu---Cu (1, with the two monomers
in an eclipsed or arotated conformation) or Cu---X (2) contacts,
or forming dimers with a cyclic CuxX, core as in 3, or
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intermediate geometries. Also binuclear complexes with bi-
dentate ligands bridging two copper atoms present molecular
structures topologically equivalent to 1. The Cu---Cu distances
in these compounds span a large range (from 2.6 to 3.5 A),
suggesting the existence of weakly bonding interactions
between the d° ions, similar to those extensively studied for the
related silver(r) compounds.3-6

The first semiempirical studies of bimolecular copper(1)
aggregates,” based on extended Hiickel calculations, proposed
that mixing of the occupied dz with the empty p, atomic orbitals
would convert the repulsion between the closed d shellsinto a
weak bonding interaction. Ab initio studies have been reported
for copper(r) complexes with monoatomic bridges,8° and for
the association between rigid monomers in [Cu(PH3)Cl], or in
the interpenetrated networks of Cu,0.1011 However, the rich
structural chemistry of the [CuLX] groups outlined above has
not been analyzed in detail and an explanation for the factors
that determine the choice between structures 1-3 is still needed.
For this reason, we present here the results of a theoretical ab
initio MP2 (triple-C + polarisation basis set) study of the
intermolecular interactions between two-coordinate copper (i)
complexes in the model compounds [Cu(NH3z)Cl]s,,
[Cu(N2)CI], and [Cu(PH3)Cl],, combined with a structural
database analysis.t The structural parameters that describe the
geometry of abimolecular aggregate 4 are the bond angle S, the
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intermolecular angles Cu—Cu—Cl (1) and Cu—Cu-E (o, E =
N, P), and the torsion angle C|-Cu—Cu-Cl (7).

The most remarkable features of the optimized structure of
[Cu(NH3)Cl], 5 are its eclipsed conformation, arelatively long
Cu---Cu distance and the existence of short intermolecular

N-H--Cl contacts. A dimer of type 3 with bridging chloro
ligands was explored for [ Cu(NH3)Cl]», but no minimum was
found for such a structure or for the alternative 2, and the
hydrogen-bonded structure 5 was aways obtained in the
optimization procedure. Nevertheless, a strong bonding inter-
action exists between the two bent monomers in a rhombic
structure 3 of [Cu(NH3)Cl], [—40 kca mol—1] athough the
energy required to bend the monomers (17 kcal mol—1 per
monomer) makes the bonding energy relatively small (—7 kcal
mol—1). Hence, the intermolecular aggregate of type 5 with two
hydrogen bonds is more stable (bonding energy —22 kcal
mol—1) than the rhombic form at the present level of
computation. The choice of a ligand with weaker or no
hydrogen bonding capabilities, such as PHz or N, in [Cu,LoCl5]
(L = PH3 or Ny), makes a structure of type 1 less favorable,
with only aweak Cu:--Cu interaction |eft. Therefore, structure 3
becomes the most stable one in these cases, with dissociation
energies of 17 and 18 kcal mol—1 for L = PH3 and N,
respectively (optimized structural parameters for the latter
shown in 6). Notice that the halophosphine complexes of
stoichiometry Cu(PR3)X crystallize with structure 3 (13
structures) predicted to be more stable by our calculations,
except for those with the bulkiest phosphines which give
isolated monomers (four structures).

We analyzed in some detail the potential energy surface of
[Cu(NH3)CI] inits staggered conformation (7 = 90°), in which
both ligand--ligand and ligand---metal interactions are mini-
mized. The interaction between two linear [Cu(NH3)CI]
monomers (with oy = o = 90°) is found to be attractive by
1-3 kcal mol—1 for all the range of distances between 2.5 and
5.0 A. The bonding eneriy presents a maximum (—3.2 kcal
mol—1) at Cu--Cu 3.004 A, similar to the values reported by
Pyykko et al. for [Cu(PH3)Cl]» with a similar geometry,1° and
to that found for the interaction between rigid networks in
Cu,0.11 They probably indicate the existence of a weakly
bonding Cu---Cu interaction in the staggered form, which should
coexist with the stronger ligand---ligand hydrogen bonding in
the most stable eclipsed structure 5. Bending the monomers
does not improve the intermolecular interaction, athough
aggregatesin which S isas small as 165° are till stable toward
dissociation into linear monomers. Interestingly, the Cu---Cu
distance is predicted to shorten for smaller bond angles (Fig. 1,
triangles), abehavior that can be also found for the experimental
data (Fig. 1, squares and circles for inter- and intra-molecular
contacts, respectively).The aggregate in the eclipsed conforma-
tion is stabilized by dlipping the two monomers (i.e. iy = 87°,
o = 93° and B = 177°), while the Cu---Cu distance (2.694 A)
is significantly shortened.

Further support for the bonding nature of the Cu::-Cu contact
in both its eclipsed and staggered forms has been obtained from
a topological analysis'? of the calculated electron density of
[Cu(NH3)Cl]». A bond critical point was found between the two
Cu atomsin [Cu(NH3)Cl],, with electron densities of 0.017 and
0.028 for the eclipsed and staggered structures, respectively,
consistent with a weak bonding interaction. The values found
for all characteristic parameters of the critical pointsare similar
to those for closed shell interactions such as the O-H--O
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Fig. 1 Optimized Cu:--Cu distance as a function of the bond angle j for the
dimer [Cu(NH3)Cl] (triangles). Structural datafor intermolecul ar (squares)
and intramolecular (circles) contacts with flexible bridging ligands in an
eclipsed conformation also plotted for comparison.

hydrogen bonds (see ref. 12, p. 292). In addition, bond critical
points between the hydrogen and chlorine atoms in the eclipsed
conformer confirm the existence of inter-ligand hydrogen
bonds. A previous study of the electron density in a bridged
silver(r) binuclear complex aso showed the bonding nature of
the Ag--Ag interaction.:3 |t is interesting to stress that in
[Cu(NH3)Cl], thereis Cu:--Cu bonding even if the copper atoms
are 3.174 A apart. In contrast, a similar analysis of the electron
density of the rhombic structure of [Cu(N,)Cl],, with a shorter
Cu--Cu distance (2.839 A), shows no bond critical point
between the copper atoms. These results clearly show that it is
the molecular topology, not the distance, that determines the
existence of a Cu---Cu bonding interaction. Such results are
consistent with the importance of the d2—p, hybridization*7 for
the Cu--Cu interaction (possibly a part of the important
correlation effects in post Hartree—Fock calculations’): in the
intermolecular aggregate [ Cu(NH3)Cl], the empty p, orbital of
Cu can participate in the Cu---Cu interaction, and abond critical
point is found between the copper atoms. In contrast, in the
optimized structure of [Cu(N5)Cl],, the p, orbital isinvolved in
metal-ligand bonding (corresponding to a formal sp2? hybrid-
ization at Cu), the d~, donor—acceptor interaction should be
guenched, and no Cu:--Cu bond critical point is found.

The variety of structures found for the bimolecular ag-
gregates of the[CuL X] compounds can be explained taking into
account the reluctance of the monomers to bend, together with
the variety of intermolecular interactions available to them: (i)
weak Cu:---Cu bonding interaction, (ii) intermolecular hydrogen
bonds between ligands, (iii) hew Cu—X bonds (when the X
ligands have unshared electron pairs), and (iv) steric hindrance
imposed by highly bulky ligands L that may prevent two
monomers from approaching close enough to allow bonding
interactions. For instance, a Cu--Cu contact at 2.810 A isfound
in a staggered conformation with no supporting metal-igand or
hydrogen-bonding interactions in [Cu(pyFc)-][CuCl,] [pyFc =
1,1’-bis(2-pyridyl)octamethylferrocene].14 On the other hand,
the hydrogen-bonded structure 5 found for our model com-
pound has an experimental counterpart in [Cu(Meypip)Br]1s
(Megpip = 2,2,6,6-tetramethylpiperidine), which presents a
N-H--Br distance of 2.653A and a Cu--Cu distance of
3.362 A.

Theattractive Cu---X interaction predicted in our calculations
for [Cu(L,)Cl]2 (L = PHas, Ny) that may result in the formation
of arhombic dimer of type 3isin keeping with the coordinative
unsaturation of Cu' in two-coordinate complexes, manifested in
their well known tendency to form three- or four-coordinate
compounds.t2 In fact, one can view the different structures
experimentally found as snapshots along the pathway that takes
one from bimolecular aggregates of type 1 to dimers of type 3,
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Fig. 2 Longest Cu--X distance as a function of the bond angle 8 for
bimolecular aggregates [CuLX], of types 1 and 2, and for dimers 3, where
X = CI (triangles, 13 structures), Br (sguares, 14 structures), | (circles, 21
structures) or N (diamonds, 5 structures)

along which the Cu--X distance and the bond angle 8 are
expected to decrease in a concerted way. Thisis precisely what
isfound (Fig. 2) for the structurally characterized dimers of type
3 and those weakly bound aggregates of type 1 or 2 (with X =
Cl, Br, I or N). Alternatively, the [CuL X] monomers associate
through Cu---X contacts forming chains of trigonaly co-
ordinated Cu atoms, that have been structurally characterized
for X = L = Br.15 When the two ligands have an unshared
electron pair asin the [CuX;]— monomers, two Cu---X contacts
per molecule can be formed, thus giving chains of tetrahedrally
coordinated Cu atoms, as frequently found in the salts of the
[CuX,]— anions (X = CI, Br, or I).
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