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Homoaromaticity in Tris(ethylene)nickel(0)
and Tris(ethyne)nickel(0)
Rainer Herges* and Andrea Papafilippopoulos

Since Wilke et al. synthesized tris(ethylene)nickel(0) (1) in
1973,[1] the structure of this first binary metal ethylene
complex[2] and other nickel(0) alkene and alkyne complexes[3]

have been thoroughly investigated. A major motivation of
interest in these structures is the fact that Ni0 complexes
catalyze the synthetically and industrially important cyclo-
oligomerization of alkenes and alkynes.[4, 5] A number of
comprehensive studies notwithstanding,[6] we are still far from
understanding all mechanistic details of these reactions.
There are two conceivable trigonally coordinated, highly

symmetrical structures of tris(ethylene)nickel(0), one with the
Ni atom and all carbon atoms in a plane (1a) and the other
with the double bonds perpendicular to the coordination
plane (1b ; see Figure 1). These have been termed ™planar∫
(1a) and ™upright∫ (1b) by Hoffmann and Rˆsch.[7] Even
though Wilke et al. suggested the correct structure 1a
immediately after synthesis, it is by no means trivial to
explain the preference of the ™planar∫ structure. Pitzer and
Schaefer III predicted by ab initio calculations that the planar
structure is 24 kcalmol�1 more stable than the the upright
conformer.[8] According to Hoffmann and Rˆsch the stabili-
zation of 1a is due to a more efficient interaction of the �*
MOs of the ethylene units with the 3d orbitals of Ni.[7] Pitzer
and Schaefer III basically agree with this interpretation.[8] The
corresponding parent tris(ethyne)nickel(0) complex (2) is not
known but planar derivatives were synthesized by Youngs
et al.[9] The parent compound 2 is expected not to be
completely flat, because of the steric interaction of the
acetylene hydrogen atoms.[10]

We have now found a surprisingly strong cyclic homocon-
jugation between the ethylene units in the planar structure 1a
and between the ethyne ligands in the D3 structure of
tris(ethyne)nickel(0) (2a). The C ¥¥¥ C distance between the
ligands of 2.681 ä in 1a and 2.703 ä in 2a[11] is in each case far
below the sum of the van der Waals radii of the neighboring
sp2 and sp carbon atoms. Thus, 1a and 2a can be designated to
be aromatic or ™on the way∫ to trimerizing to cyclohexane and
benzene, respectively. This does not only explain the prefer-
ence of the planar arrangement of the fragments in 1 but also
sheds light upon the role of nickel(0) as a catalyst in C�C bond
formation processes.
Our results among other methods are based on a recently

published method for the investigation of delocalization and
conjugation effects in molecules.[12] This ACID (anisotropy of
the induced current density) method provides a powerful and
general way to visualize the density of delocalized electrons
and to quantify conjugation effects. We have shown that the
ACID scalar field can be interpreted as the density of

delocalized electrons. Even subtle effects such as the homo-
conjugation in cycloheptatriene and the anomeric effect are
clearly visible in the corresponding ACID plots.[12]

Figure 1 presents the ACID plots[12] of planar 1a, and
upright-tris(ethylene)nickel(0) (1b) and D3-tris(ethyne)nick-
el(0) (2a).[13] There is a strong interaction between the central
nickel atom and the three ethylene units in the planar
structure 1a. Coordination is much weaker (only visible at
lower isosurface values) in upright 1b. Most interesting, and
surprising, however, is the strong cyclic homoconjugation
between the three ethylene ligands. We defined the critical
isosurface value (CIV) (the lowest ACID value in space
between two interacting units) as a measure of the strength of
a conjugation.[12] With a CIV of 0.0639 between the ethylene
ligands in the planar complex 1a, this value is in the range of
the aromatic transition state of the parent Diels ±Alder
reaction[14] (0.0686) and only 0.01 lower than the CIV
describing the � conjugation in benzene (0.0739). The
interaction of the three ethylene units without Ni but fixed
in the same geometry as in the planar complex is considerably
smaller (CIV� 0.0263), indicating a very weak homoconju-
gation in the absence of nickel (Figure 1). The ACID value at
a naked nickel atom without ligands is exactly zero. Hence,
the homoaromaticity arises from the interaction of the three
ethylene units with the central nickel atom.
Remaining doubts on an homoaromatic interaction of the

three ethylene units in 1a and 2a can be eliminated by
plotting the current density vectors onto the ACID isosurface
(Figure 2). The current density vectors indicate a strong
diamagnetic ring current[15] in the periphery which is typical
for an aromatic system.[16]

Other magnetic parameters as well point to a considerable
degree of aromaticity[17] in 1a and 2a (see Table 1). The
magnetic susceptibility � and more importantly the anisotropy
of the magnetic susceptibility �� have been used as a measure
for aromaticity.[18] Both � and �� are more negative in
aromatic compounds than in nonaromatic reference struc-
tures. For example � for benzene and fulvene is �46.1 and
�34.1 ppm (cgs), respectively; the corresponding values for
�� are �69.7 and �34.2.[13] A similar trend is found in 1a and
1b and in 2a and 2b. The planar structures exhibit consid-
erably more negative values for � and�� (Table 1). The size of
the effect is typical for aromatic compounds.[18] According to
the �� values the aromaticity is somewhat less pronounced in
2a than in 1a. This might be due to the nonplanar
conformation and the resulting less efficient interaction of
the acetylene ligands. The large positive value of �� in 2b
arises from the anisotropy of the acetylene ligands.
If there is a ring current in 1a and 2a, the nickel atoms

should exhibit a large upfield NMR shift compared to the
nonaromatic counterparts 1b and 2b because the nickel
atoms are exactly placed in the center of the ring where the
shielding induced by the ring current is largest. This is indeed
the case. The calculated upfield shift in 1a versus 1b is
extraordinarily large and amounts to 1847.7 ppm and to
1826.9 ppm in 2a versus 2b.[13, 19] Again the aromaticity in 2a
obviously is somewhat lower than that in 1a (Table 1).
What is the origin of this remarkable homoaromaticity in

1a and 2a? A simple and straightforward answer is provided
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Table 1. Calculated energies, imaginary frequencies (B3LYP/6-31�G*)
and magnetic properties (CSGT) of planar and upright-tris(ethylene)nick-
el(0) (1a and 1b, respectively) and D3- and upright-tris(ethyne)nickel(0)
(2a and 2b, respectively).

1a (D3h) 1b (D3h) 2a (D3) 2b (D3h)

Eabs
[a] � 1743.867904 � 1743.822389 � 1740.170096 � 1740.104356

Erel
[b] 0.0 28.4 0.0 41.3

Nimag
[c] 0 4 0 9

�[d] � 82.5 � 26.9 � 65.1 � 2.11
��[e] � 56.5 � 29.1 � 47.5 � 85.7
CIV[f] 0.0639 0.0263 0.0565 ±[g]

�(61Ni)[h] � 1460.7 � 387.0 � 62.7 � 1764.2

[a] In a.u. [b] Relative to the planar structures 1a and 2a in kcalmol�1.
[c] Number of imaginary frequencies, according to a harmonic frequency
calculation. [d] Magnetic susceptibility calculated using the CSGT meth-
od[20] in ppm (cgs). [e] anisotropy of the magnetic susceptibility calculated
from the magnetic susceptibility tensor according to ��� �zz� �xx, �zz is
the susceptibility component perpendicular to the ring plane, �xx and �yy are
identical since 1a,b and 2a,b are symmetric tops (molecules with Cn , n� 2),
the ring plane (xy) is defined by the midpoints of the C�C bonds and
the Ni atom. [f] Critical isosurface value between the ligands (see text).
[g] Topology of the ACID isosurface representing direct ligand ± ligand
interaction does not exist. [h] Ni NMR chemical shift relative to that of
[Ni(CO)4], which is the generally accepted standard in 61Ni NMR
spectroscopy.

Figure 1. Delocalized electrons in planar and upright-tris(ethylene)nickel(0) (1a and 1b, respectively) and D3-symmetrical tris(ethyne)nickel(0) (2a) (first
row).[11] Delocalization in the nickel complexes is compared to conjugation in the free ligands without nickel (second row). The ligands are fixed in the
geometry of the complexes. The isosurfaces are plotted using the ACID method[12] at an isosurface value of 0.05. Nickel atoms without ligands exhibit zero
ACID (see text).

Figure 2. Current density vectors plotted onto the ACID surface of 1a.
The vector of the magnetic field is perpendicular to the coordination plane
and pointing upwards.
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by qualitative MO theory. Hoffmann and Rˆsch already
pointed out that there is an interaction of the �* orbitals of the
ethylene ligands with the 3d orbitals of nickel which is more
efficient in the planar structure 1a than in the upright
conformer 1b.[7] More specifically: in 1a both, the � and �*
degenerate set of ethylene orbitals (e�) interact with 3dxy and
3dx2�y2 (e�) of nickel (Figure 3). Mixing ethylene �* character

Figure 3. MO diagram for 1a (top). Only the e� orbital interaction is
shown. The detail from the MO diagram (bottom) illustrates the mixing of
� and �* orbitals of ethylene into the bonding orbitals of the complex. The
coefficients of the D3h-symmetry-adapted MOs of the ethylene � and �*
orbitals correspond to the ethylene units being at an infinite distance. The
coefficients of the nickel complex are drawn using the Kohn ± Sham orbitals
of the density functional theory (DFT) calculation (see text). � signs
denote bonding and � signs antibonding character between the ethylene
units.

into the bonding orbitals of the complex lowers the bond
order of the ethylene double bonds and increases bonding
between the ethylene units leading to homoconjugation. Note
that the e� orbital of theD3h-symmetry-adapted orbitals of the
�* ethylene units (LUMO, Figure 3, left) has an overall
ethylene ± ethylene bonding character (two bonding, one
antibonding interaction in the left orbital, one bonding
interaction in the right orbital of the degenerate set), whereas
the � ethylene orbitals (HOMO, Figure 3, left) are ethylene ±
ethylene antibonding (two antibonding and one bonding
interaction in the left e� orbital and one antibonding
interaction in the right e� orbital). The same is true for the
tris(ethyne)nickel complex (2).
Thus the central nickel atom not only holds the three �

ligands ethylene and ethyne in a favorable position for a
trimerization (a �

1 orbital interaction, see Figure 3) but also
favors the reaction by lowering the � bond order within the

ligands and by increasing the bond order between the ligands.
For completion of the hypothetical trimerization of ethylene
to cyclohexane and the known reaction of ethyne to benzene,
the nickel atom has to leave the center of the complex. A
concerted cycloaddition process, the strong homoaromaticity
not withstanding, thus is unlikely and was not found by an
extensive search on the reaction
hypersurface. The mechanism in
detail, probably is more compli-
cated[5c, 6b±f,21] and will be subject
of further theoretical studies.
To depict the strong homo-

conjugation, the structural formula of 1a and 2a should be
written with dashed lines connecting the ligands.
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On the Stability of Electrochemically
Generated Nanoclusters–A Computer
Simulation**
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Wolfgang Schmickler*

The scanning tunneling microscope (STM), operated in an
electrochemical environment, offers a precise and cheap way
to produce small metal clusters on a foreign substrate.
Pioneering work in this area has been performed by Kolb,
Ullmann, and Will,[1] who developed the following procedure
for the deposition of nanosized copper clusters on single-
crystal gold electrodes: The gold electrode is held at a
potential a little positive of the deposition potential for
copper, while the tip potential is set below this value, so that
copper atoms are deposited on the tip surface. The tip is then
pressed against the electrode and withdrawn again. As the tip
separates from the electrode a metal cluster remains, which
typically comprises 20 ± 100 atoms, and is a few monolayers
high. This method also works for the generation of palladium
clusters on Au(111), but not for copper on Ag(111).[1, 2]

The generation of such metal clusters is of great interest,
since they are expected to play a major role in future
nanotechnologies. The deposition of copper clusters on the
Au(111) surface has been investigated most extensively, and is
considered as a prototype for the electrochemical fabrication
of nanoclusters. Recently, this process has attracted further
attention because the copper clusters are stable at a potential
at which bulk copper dissolves. This is surprising because
generally clusters tend to be less stable than the correspond-
ing bulk material. Kolb, Engelmann, and Ziegler[3] have
speculated that this increased stability is caused by quantum
confinement: They propose that the electrons in the cluster
are separated from the bulk of the electrode by a potential
energy barrier, so that the energy levels in the cluster are
discrete and not continuous as in bulk metals. The dissolution

2.703, H-C-C 155.85, the acetylene units are twisted by 15� out of the
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