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The recent advance of the aromaticity concept into all-metal
molecules containing At~, XAl3~, Ga~, Ing2~, Hgsf~, Alz~, and
Ga~ aromatic units prompted us to explore the possibility for
hydrometal analogues of the aromatic hydrocarbons. In effect, what
we address here is a new class of cyclic copper(l) hydrides
(hydrocoppers) formulated as Hy (n = 3—6) as the cyclic
hydrocarbon analogues in the diverse tapestry of inorganic chem-

iy = 00
istry. Our choise of the copper(l) hydrides was based on the well- 1592 F/_/*_;H
known tendency of copper(l) centers to cluster together in a variety 2556 M
of organocopper(l) compourtlivolving even the alkyl groups 256 Qg
as bridging ligands, a representative example being the cyclik,Cu 1w /9/
tetramer In CwR4 (R = CH,SiMe;) the four Cu(l) atoms form a o gylos |

square planar four-membered ring with short-@Iu distances of
2.42 A, while the four alkyl groups form four bridges just outside
the square. Obviously, one may think that the hydride analogues
could also be stable species for the hydride ligand exerts electronic
effects similar to those of the alkyl ligands (both are isolobal pure
o donor ligands). Why the cyclic GH, species are expected to be
stable molecules and why they exhibit a perfect planar configuration
are questions that we attempt to answer herein by means of quantum
chemical calculations at the BSL_YP level O_f thebrysing the Figure 1. Selected geometric parameters for the cyclic planar and cubic
6-311+G(d,p) and LANL2DZ basis sets as implemented in the cuH, molecules computed at the B3LYP/6-34G(d,p) level of theory.
Gaussian98 series of prografmiloteworthy is the nonsensitivity
of the structural and energetic parameters of thgHgpecies to

Table 1. Binding Energies AE; and AE; (in kcal mol~1),
GIAO-SCF NICS (ppm) and Elecrophilicity (eV) of the Cyclic

the basis set quality. CuyH, Clusters (n = 3—6) Computed at the B3LYP/6-311+G(d,p)
Selected geometric parameters for the cycligfzun = 3—6) Level

molecules computed at the B3LYP/6-314G(d,p) level of theory cluster AE;? AE, NICS o

are showq in Fig.ure 1. Notice that in aII_ clu_sters the hydride ligands CuaHa, 1 815 260.9 84 1595

bridge neighboring Cu(l) atoms, forming isosceles triangles. The  cyH,, 2 137.0 376.1 —42 1.743

Cu—H bond length found in the range of 162:171.3 pm is CusHs, 3 180.1 479.0 -1.4 2.040

decreasing from the three- to six-membered all-metal rings.  CteHes 4 2175 576.2 —0.2 2.230

Noteworthy is the shortest CGtH bond length of 148.8 pm

S aAE; = E(CuH), — nE(CuH); AE; = E(CuH), — n[E(Cu)Xt+ E(H)].
computed for the CuH monomer which is in excellent agreement 1= E(CuH)y — nE(Cuk): AR, = E(Cub), — n[E(Cu)+ EH)]

with the experimental valdeof 146.5 pm. To check the reliability of the B3LYP results we computed the
A range of Cu-Cu distances is _found in th_e computed structures, c,—H pond dissociation energy of the CuH monomer and found
the shortest of 240.4 pm found in the cyclic £y hydrocopper,  the value of 59.8 kcal mot which is in excellent agreement with

and the longest of 255.6 pm, in the six-membered all-metal ring. the experimental valdeof 61(4) kcal mot! and the previously
Interestingly all metallacycles adopt perfect planar configuration reported theoretical values of 52.8, 60.9, 60.6 kcalthebmputed
of high symmetry and can be considered as the all-metal analoguesat the SDCI, CPF, and MCPF levels of theory, respectifely.
of the corresponding cyclic hydrocarbons. Noteworthy is the  Considering that solid CuH adopts a wurtzite structure, we have
equivalence of the CtCu and Cu-H bonds in the metallacycles  also searched the PES of (4 species for stable nonplanar
which is indicative of the aromatic character of the cyclic structures. In effect, we found on the PES of,84 CuHs, and
hydrocoppers(l). With respect to the hydride ligands, copper adopts, CusHg molecules local minima corresponding to 3D structures with
except for CygHs, the preferred almost linear coordination. the Cu, (n =4, 5, and 6) cores exhibiting tetrahedr&})(5, trigonal

All species are predicted to be bound with respect to their disso- bipyramidal C,,) 6, and octahedral ;) 7, stereochemistry,
ciation either to CuH monomer or to free Cu and H atoms in their respectively (Figure 1). In th&y structure the hydride ligands are
ground states. The computed binding energies along with the triply bonded to copper(l) atoms located over the center of each
NICS(0) and electrophilicity index» values are collected in face of the tetrahedron. In tl®&, andD,, structures only one- and
Table 1. two-hydride ligands are triply bonded to Cu atoms, respectively,
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Figure 2. Selected highly delocalized molecular orbitals along with the
molecular electrostatic potential (MEP) of the planar cycligfzumolecules
contributing to aromaticity.

the rest being doubly bonded to adjacent copper(l) atoms. The 3D

CuH, (n = 3—6) molecules is also mirrored on the computed
electrophilicity indexw = u?2n, whereu andn are the chemical
potential and hardness, respectively, given approximately by the
expressiongt = (eLumo + €nomoy2 andny = (eLumo — €rHomo)-
Notice that the NICS of Gyi3 is comparable to that of¢Ele (—9.7
ppm), while thew of CusHs is almost identical to that of ¢Els
(2.165 eV) computed at the same level of theory. The high stability
of the three-, four-, and five-membered all-copper(l) rings is
reflected on several structurally characterized complexes thus far
involving the respective rings.

Supporting Information Available: Cartesian coordinates for
relevant structures optimized at various levels of theory, Tables S1,
S2, and S3 showing natural orbital and Mulliken population analysis
data, the NMR shielding tensor elements (ppm), and the harmonic
vibrational frequencies (cm) of Cu,H, and CuXz (X = CHa, NH,

OH, and PH) molecules, respectively, Figure S1 showing the equi-
librium structures of the GiX3 (X = CHs;, NH;, OH, and PH)
molecules, and Figures S35 providing an expanded list of MOs of
the planar aromatic GH, (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

structures were found to be less stable than the planar ones by 46.4References

27.5 and 29.8 kcal mot for the CuH4, CuHs, and CyHsg
molecules, respectively.

To understand the planarity and structural integrity of the cyclic
Cu.H, molecules the most relevant valence molecular orbitals
depicted schematically in Figure 2 have been analyzed.

Perusal of Figure 2 reveals that all metallacycle rings exhibit a
composite bonding mode involving both 7z, andd components.
Noteworthy is the presence of highly delocalized and J-type
MOs, resulting from the bonding interaction of the 3d AOs of the
ring Cu(l) atoms similar to ther-type MOs psr—pst overlap) of
the corresponding aromatic hydrocarbons, which support a ring
current (HOMO-8 and -13, HOMO-11 and -17, HOMO-6 and -17
and HOMO-7 and -20 for the three-, four-, five-, and six-membered
rings, respectively). Moreover, there are also highly delocalized
o-type MOs resulting from the bonding interaction of the 3d AOs
(do—do overlap) of the ring Cu(l) atomsHOMO-14, HOMO-

19, HOMO-22 andHOMO-24 for the three-, four-, five-, and
six-membered rings, respectively). The delocalizeohdr electron
density in the rings could probably account for the observed
equivalence of the CuCu bonds. Planarity, high stability, and bond
length equalization are conventionally good indicators of aroma-
ticity, but this is restrictive in many examples. Moreover, the
molecular electrostatic potential (MEP) being positive over the all-
metal rings and negative on the hydride ligands strongly supports
electrophilic substitution reactions, which are characteristic of the
aromatic systems. To quantify the aromaticity/antiaromaticity of
the cyclic hydrocoppers we applied the magnetic criterion, viz.
nucleus-independent chemical shift (NICS) proposed by Schleyer
et al? NICS values, which are the negative of the absolute magnetic
shielding tensors calculated at the ring or cage celtare shown

in Figure 1. It can be seen that all cyclic hydrocoppers exhibit

negative NICS values, the absolute values decreasing along the

series of the three- to six-membered all-metal rings. The lowering
of the NICS values follows the reverse trend of the ring radius

(Figure 1). It seems that NICS is dependent on the ring size; thereby,

the low values for the five- and six-membered rings cannot exclude
aromaticity for these systems. This is substantiated by the NICS
values of —7.6, —4.6, —3.4, and 0.3 ppm of the substituted
[Cus(CHa)3], [Cus(NHy)3], [Cuz(OH)s], and [Cw(PH,)s] derivatives
with ring radii of 138.0, 150.8, 156.3, and 190.2 pm, respectively
at the B3LYP/LANL2DZ level. The extent of aromaticity of the
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