Angew. Chem. 2004, 116, 56015604

Angewandte

Aromaticity
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Complexes of the Tetraazacyclobutadiene
Aromatic Ring
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Since the fortuitous discovery!! of ferrocene, [(CsHs),Fe], the
cyclopentadienyl anion has emerged as the most versatile
aromatic ring for the synthesis of sandwich-like complexes.
Indeed, it has been estimated that more than 80% of all
known organometallic complexes of transition metals contain
a substituted or unsubstituted cyclopentadienyl ligand.”
Nevertheless, new aromatic compounds have recently been
identified whose incorporation into sandwich complexes
opens new routes for chemical creativity. In particular, we
have predicted® that the all-metal [Al,]*~ aromatic ring” can
complex Ti to form [Al, TiAlL]*.

The tetraazacyclobutadiene dianion, N>, also fulfills the
aromaticity requirements.’! It has a square-planar structure
with six delocalized m electrons, four of which occupy the
nonbonding =& highest occupied molecular orbitals
(HOMOs); the other two m electrons participate effectively
in the aromatic stabilization, in agreement with the (4n+2)
rule. The nucleus-independent chemical shift (NTICS)c at
1.0 A above the molecular plane is —4.09 ppm,” confirming
further the m-aromatic character of the ring. Consequently,
N, can, in principle, be incorporated into sandwich-like
complexes although, as far as we know, no such structures
have been reported to date.

We have therefore theoretically characterized stable
sandwich-type complexes of the N, aromatic ring with
early (Ti, V, and Cr) and late (Fe, Co, and Ni) transition-metal
centers, with charges 2— (Ti, Fe), 1—(V, Co), and 0 (Cr, Ni).
The optimized structure of the Ti sandwich-like complex has
D,, symmetry; the V and Cr analogues have C,, symmetry,
although they can also be viewed as bent D,, structures
(Figure 1). The optimum geometries of the late-transition-
metal complexes have D,, symmetry. Consequently, for the
complexes of the early-transition metals the nitrogen atoms
are eclipsed whereas they are staggered for those of the late
transition metals.

The calculations were carried out with the B3LYP func-
tional, as implemented in Gaussian 98,® with the standard 6-
311G basis set.
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Table 1: Properties of the molecules (calculated at the B3LYP/6-311G level of theory) described in the

Figure 1. The eclipsed D,;, and G, structures of the early transition
metals (right) and the staggered D,, structure of the late transition
metals (left; blue N, orange metal center).

The geometrical properties, charges at the metal, and the
NICS of the N, squares of both the early- and late-transition-
metal complexes are collected in Table 1. The increase in the
N—N bond length is appreciably larger upon complexation of
N>~ with the early transition metals than with the late ones.
Concomitantly the square-metal distances (Sq—TM in Table 1)
are longer for the early-transition-metal complexes, which is
indicative of the subtle N,>~ ring-metal interactions in these
complexes.

indicator probably gives an incomplete picture. However,
analysis of the NICS values of the tetraazacyclobutadiene
moiety nicely shows how early- and late-transition-metal
centers behave differently towards complexation with N>,

Thus, the NICS value of N,>~ at the center of the
molecular plane, NICS(0), is 9.2 ppm and the value at 1.0 A
above the molecular plane, NICS(1), is —4.19 ppm; that is,
N,> is ¢ antiaromatic and & aromatic. Complexation with the
early-transition-metal centers enhances the o antiaromaticity
of the N,2~ ring and destroys its & aromaticity, as revealed by
the very positive values of both NICS(0) and NICS(1). It
should be noted, however, that the geometry of the tetraa-
zacyclobutadiene moiety in the early-transition-metal com-
plexes is still a square, despite the antiaromaticity predicted
by the NICS values. On the other hand, for the later-
transition-metal centers, and in particular for Fe and Co, the
remarkable enhancement of both the o and the m aromaticity
renders the N, ring doubly aromatic, a concept first intro-
duced by Schleyer and co-workers['®land then experimentally
confirmed by Berndt and co-workers.'*!”!
Nickel does not alter the o antiaromatic
and maromatic character of the N,*~ ring

text.! .
— I upon complexation.
, Transition meta , . In Figure 2 we show the HOMO-2 a,
Ti \% Cr Fe Co Ni N, . 0 .
orbital of the [N,FeN,]*~ complex, which has
Symm. Dy Gy Gy D D D Dy o delocalization of the N, rings. This orbital
Charge -2 -l 0 —2 -1 0 —2 might be responsible for the remarkable
Sq-T™M 1.850 1.780 1.740 1.694 1.678 1.692 - enhancement of the o aromaticity of the
N—N 1.492 1.49 1.49 1.476 1.458 1.456 1.445 | K y .
S¢TM-Sq  180.0 152.6 140.4 180.0 180.0 180.0 iron complex relative to the analogous Ti
CHELP 1.350 1.485 0.999 0.566 0.524 0.466 complex. The orbital that correlates with the
NICS(0) 39.0 64.9 73.6 —5.78 —5.45 4.00 9.2 a; orbital of the iron complex is the aj
NICS(1) 10.9 17.3 19.3 —16.80 —11.14 —3.00 —4.19  orbital in the Ti complex, which is unoccu-
b] . . . .
EDE, —2.66 3.74 - —249 6.586 —8.74" pied, as shown in Figure 2. Accordingly,
EDE,g¢ antiaromaticity has to be expected for the N,
HOMO -3.97 5.04 10.47 - 4.992 11.09 . fthe i 1 . th ied
bs. 0.86 0.90 0.91 B 0.90 0.87 rings of the iron complex, since the occupie
HOMO-1 _ 505 _ 4.992 11.09 e, doubly degenerate HOMO orbitals are of
p.s. - 0.90 - 0.90 0.87 m-antibonding character with respect to the
HOMO-2 - 5.72 —-0.39 5.788 N, rings, as shown in Figure 2.
p.s. - 0.91 0.90 0.91 The NICS(1) values, however, tell
HOMO-3 - 5.46 5.788 another story. While all the early-transi-
p.s. - 0.92 0.91

tion-metal complexes are m antiaromatic,

[a] Charges refer to the net charge of the complex. The bond lengths (Where Sq-TM stands for the
distance between the center of the square and the metal) are given in A. Atomic charges in e™ are
calculated using the CHELP® method. EDE,4 are in eV and EDE, also in eV with their associated pole
strengths (p.s.) and the orbital from which the electron is detached. NICS are given in ppm. [b] The
resulting cation corresponds to the rearranged Ni(N,); complex, rather than to a sandwich-like complex.
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The main difference between the early- and late-transi-
tion-metal complexes, however, is found in the aromaticity of
the N, ring upon complexation. Despite its widespread use,
aromaticity is more of a theoretical concept than a directly
measurable quantity. Consequently, measurements of aroma-
ticity are based on many different criteria.'”’ Among them,
the NICS, which is based on the “absolute magnetic shield-
ing” at the center of a ring compound, is widely used and has
proven to be accurate for ordinary cyclic carbon compounds.
This method has also recently been successfully applied to
inorganic cyclic aromatic compounds.'"?) Nevertheless, it is
worth mentioning that relying on a single aromaticity
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the late ones are m aromatic. This is pre-
sumably because the occupation of the two
degenerate e, orbitals triggers the m-aroma-
ticity contribution of the internal orbitals of

b,

=" HOMO)
Y *
a4
(HOMO-2)
[N,TINGIE [NgFeN ]2
i €
MO Scheme e !

Figure 2. The MO scheme shows the correspondence between the
[N,TiN,* (D4,) and [N,FeN,J*~ (D,,) valence orbitals. The orbitals
shown are the a, (left) and the doubly degenerate e, (right) orbitals of
the [N,FeN,]*~ (D,z) complex.
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the complex (see the Supporting Information). Schleyer and
co-workers have demonstrated recently that the aromaticity is
determined by the contribution of all the w/o-orbitals of the
system."'!  CMO-NICS calculations!'® (CMO = canonical
molecular orbitals) will help to confirm this point further.

We have also focused our attention on the stability of the
mono- and dianionic complexes, as they can lose an electron
due to the intramolecular coulombic repulsion, and disso-
ciate. The dianionic complexes (Ti and Fe), indeed, have
negative electron-detachment energies (EDE), thus indicat-
ing that the monoanions are more stable than the dianions.
However, the complexes with charge —1 (V and Co) have
positive EDEs, which confirms their stability towards electron
detachment. We therefore calculated both the adiabatic!!”
electron-detachment energies, EDE,,;, and the unrestricted
outer valence Green’s functions electron-detachment ener-
gies, EDE,,.[""! All give qualitatively the same picture, as
shown in Table 1.

EDE:s are one key property for the experimental charac-
terization of these complexes, as shown recently by Li et al.l¥
in their photoelectron spectroscopy investigation of [AlL]*
stabilized against Coulomb explosion by an alkali-metal
cation. We have followed their approach for the dianionic
sandwich-like complexes of Ti and Fe, and have characterized
their structures in the presence of one Lit and two Li* ions.
We found that the cation(s) can interact with the complex at
various positions although, for the sake of brevity, the
properties of only the most stable structures (see Figure 3)
are given in Table 2.

Figure 3. Most stable structures of [LiN,XN,]~ (left) and
[Li,N,XN,] (right, X = Ti,Fe; blue N, orange X, gray Li).

Once the cation(s) interact(s) with the complex, the EDE
become positive and the resulting complex becomes stable
towards electron detachment. This stability increases signifi-
cantly upon interaction with the second lithium atom.
Consequently, these complexes might be suitable for exper-
imental manipulation. The aromatic properties of the N, rings
remain similar upon interaction with the cation(s). Thus, the
N, rings of the Ti complex remain o and & antiaromatic, while
the rings of the iron complex retain their o and x aromaticity;
the enormous enhancement of the o aromaticity of the N,
rings of [LiN,FeN,]~ should be noted.

As has been mentioned above the dianionic complexes of
Ti and Fe are unstable with respect to electron loss due to
Coulomb repulsion and, therefore, probably have very short
lifetimes. The stabilization of dianions for their experimental
manipulation is normally carried out by forming their lithium
salts, like those of the [Al,]*~ inorganic aromatic dianion and

Angew. Chem. 2004, 116, 56015604

www.angewandte.de

Angewandte

Chemie
Table 2: Properties of the [N,XN,]*>"-Li,* complexes (n=1,2; X=Ti,Fe).
(see the description in Table 1).
Ti Fe
Li 2Li Li 2Li

Symmetry G, C, G, G,
Charge -1 0 -1 0
N-N 1.49/146  1.45/1.49 1.48/1.45  1.43/1.47
Sq-T™M 1.856 1.87/1.83 1.697 1.712
TM-Li 2.711 2.89/2.63 2.273 2.407
N—Li 1.903 1.94/2.01 1.983 2.029
sq-TM-sq 146.9 137.8 172.4 167.70
Li-TM-Li - 79.91 - 101.6
TM (CHELP) 1.19 1.31 0.99 0.30
Li (CHELP) 0.70 0.54/0.58 0.52 0.80
BE 257.67 395.61 247.5 391.77
NICS(0) 27.64 26.26 —-116.9 —223
NICS(1) 8.70 8.92 -31.9 —6.89
EDE,4 1.78 6.11 1.13 7.43
EDEovgf
HOMO 0.45 5.03 4.70 8.78

p.s. 0.868 0.871 0.908 0.915

HOMO-1 4.12 9.03 4.50 9.391

p.s. 0.892 0.896 0.916 0.906

HOMO-2 4.70 9.11 5.43 10.589

p.s. 0.892 0.886 0.915 0.907

C,H,*~ organic aromatic dianion."! The interaction of the

[N,XN,]*>" dianions with Li* ions yields a remarkable
energetic stabilization. The lithium stripping energies
[Eq. (D]

[Li,N,XN,]"? — [N,XN,> + nLi*; n=1; X =Ti, Fe 1)
are 257.8 and 247.5 kcalmol ™! for the Ti and Fe monolithium
complexes, respectively, and 395.6 and 391.8 kcalmol ™" for
the respective dilithium complexes, which suggests that these
species might be stable enough to be handled experimentally.
Additional evidence for the stability of the dianions comes
from an inspection of the energy of the following reaction

[Eq. )]
[Li,N,XN,]"? = 2N2~ +2Li* + X*'; X =Ti )

which is 1223.7 kcalmol™ for X = Ti and 1302.0 kcalmol
for X = Fe. The corresponding reaction energy for ferrocene

[Eq. B)I:
[(CsH;),Fe] — 2(CsH;) ™' + Fe?* (3)

is 656.0 kcalmol™,?*?!l and the energy of the reaction in
Equation (4):

[Li,N,] — 2Li* + N~ 4)

is 455.1 kcalmol .

Multidecker structures or even polymers of transition
metal-aromatic ring complexes are common.””! However,
early and late transition metals induce different structural
patterns. Thus, Kaya and Nakajima have shown recently that
Sc, Ti, and V form multidecker structures,” while Fe, Co, and
Ni form “rice-ball” structures where all the metal atoms are
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clustered at the center and surrounded by the aromatic
molecules.

Our calculations demonstrate that both early and late
transition metals can form highly linear, multidecker com-
plexes of formula [TM,(N,),.,]*". Titanium, in particular,
forms linear, multidecker complexes where the first two N,
units of both ends are eclipsed with the remaining units being
staggered. Conversely, for iron the disposition of all adjacent
N, units is staggered.

Figure 4 shows the optimum structures of [Ti,(N,)s]*~ and
[Fe,(N,)s]*~, which are molecular complexes of about 2.4 nm
in length. The vibrational harmonic frequencies of all the so-
far characterized oligomers can be found in the Supporting
Information, as they might be useful for their experimental
detection.

Figure 4. Optimum structures of [Ti,(N,)s]*~ (top) and
[Fe;(N,)g]>~ (bottom) multidecker structures (blue N, orange metal
center).

The HOMO-LUMO energy gaps of these multidecker
complexes of Ti and Fe are collected in Table 3.

Table 3: The HOMO-LUMO energy gap (eV) for multidecker
[TM,.(N,) 1]~ complexes (TM = Ti, Fe).

n Ti Fe

3 1.245 2.846
4 1.150 2.275
5 0.932 1.798
6 0.754 1.472
7 0.600 1.343

The trend shown in Table 3 is that the HOMO-LUMO
gap decreases with an increase in the number of monomer
units in the structure. Consequently, since the band gap is
controlled by the size of the oligomeric structure, these
materials could be useful as semiconductors in nanostructure
devices. It should also be possible to synthesize one-dimen-
sional polymeric wires of these materials. Such wires would
have a very narrow band gap and would hence behave as
conducting one-dimensional polymers.

In summary, we have reported on the possibility of
incorporating the aromatic N>~ dianion into transition-metal
sandwich-like complexes. Interestingly, these sandwich-like
complexes may also form multidecker structures and even-
tually condense into one-dimensional polymers. The struc-
tures predicted here await experimental verification.
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