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Abstract: Structures and stability of an extended series of bipyramidal, sandwich and sandwich-bipyramidal mixed com-
plexes formed by conjugated cyclic hydrocarbons (CH), with s- (Li, Na, K, Be, Mg, Ca) and d- (Cr, Mn, Fe) metals have
been studied using DFT B3LYP/6-311+G(df,p) calculations. Stable structures of the compounds satisfy a general (6n +
6d + 12c¢) electron-count rule, where n stands for total number of the basal hydrocarbon rings, d is total number of d-metal
centers (or separate sandwich moieties) and c¢ is total number of apical metal-carbonyl groups. It is shown that stabiliza-
tion of the studied polyhedral organometallic structures (induced aromaticity) is caused by filling 6x-electronic shells of
basal (4-6)-membered cycles provided by donation of additional electrons from metal centers thereby acquiring closed 18-

electron shells.
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INTRODUCTION

Aromaticity is among the most important fundamental
concepts of organic and organometallic chemistry [1]. The
key characteristic feature of the so-called aromatic character
of a compound is enhanced thermodynamic stability, the
property ensured by belonging it to a certain structural type
and specific valence electron shell. Classification and quanti-
fication of various structural types of aromaticity have re-
ceived much attention and were amply reviewed [1, 2]. We
have previously introduced the notion of induced aromaticity
[3] as a special type of stabilization of a conjugated cyclic
system (initially non-aromatic or even non-existent in a free
state) through interaction it with a suitable mono- or polya-
tomic fragment resulting in the completion of closed elec-
tronic shell of the composed system. A well-known example
of this phenomenon (referred to as metalloaromaticity [4]) is
a stable m-complex (n*~C4H,)Fe(CO)s; in which stabilization
of the antiaromatic cyclobutadiene ring occurs via complexa-
tion with a Fe(CO); group giving rise to planarization of the
four-membered ring and equalization of its C-C bonds [4-6].
In a similar way, donation of electrons from the metal atoms
into m-systems of the basal cycles in complexes 1 — 3 pro-
vides for the formation of three-dimensional aromatic struc-
tures attended by flattening of the cyclobutadiene [7] and
cyclooctatetraene [8] rings and equalization of the CC bonds.
In accordance with the principle of isolobal analogy [9] an
apical irontricabonyl group in 4 can be replaced without loss
of aromatic stability in the formed isostructural compound
by other isolobal groups with two skeletal electrons to form,
for example, stable pyramidal (n*-C,H;)Be m-complex 5
[10]. Analogously, stabilization of the three-dimensional
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aromatic cyclopentadiene-based pyramidal complex 6 is
achieved via capping the five-membered ring with a tricar-
bonylmanganese group [6, 11] with one skeletal electron and
in the complex 7 with the univalent alkali-metal atoms [10,
12, 13]. At the same time, the replacement of the basal CH,
rings in sandwich and pyramidal systems with isolobal B,H,,
borane fragments results in metalloboranes [6, 14, 15],
which are isostructural and isoelectronic to the hydrocarbon
analogues. Thus, metal-containing groups stabilize not only
the aromatic forms of hydrocarbons C,H,, but also the aro-
matic nido-form of isoelectronic boranes B,H,,, which does
not exist in the free state [6, 14].

In general, stability of various types of polyhedral or-
ganic and organometallic structures is controlled by specific
electron-count rules accounting for compliance of the num-
bers of valence electrons and bonding MOs [16]. A classical
example of such the rules is given by the 18-electron rule for
transition metal coordination complexes. The electron count
rules serve as convenient tools for predicting new types of
chemical structures and outlining the range of potentially
stable compounds. Application of these rules supported by
the ideas of isolobality and induced aromaticity makes it
possible to extend the search for new structural types to both
organic and organometallic compounds and broadly diver-
sify their possible thermodynamically and/or kinetically sta-
ble forms.

In the present work we report on a comparative quantum
chemical computational study of electronic and spatial struc-
tures of a series of bipyramidal 8, sandwich 9, polysandwich
10 and mixed sandwich-bipyramidal complexes 11 of cy-
clopolyenes with s- and d- metal centers (M — metal atom or
a metal-carbonyl group). The goal of this work is to get in-
sight into the influence of nature of metals and length of the -
M-ring-M- chain on the effects of aromatic stabilization in
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the complexes 8 — 11 and the electron-count rules deter-
mined their stability.

COMPUTATIONAL METHOD

DFT calculations were carried out using Gaussian 03
[17] with the Becke-3 parameter exchange and the Lee-
Yang-Parr correlation functional (B3LYP) paired with the 6-
311+G(df,p) basis set [18]. Stationary points on the potential
energy surface (PES) were identified by calculating the ma-
trix of the second derivatives (force constants), which was
being carried out analytically. The aromaticity of the com-
pounds being investigated was evaluated by calculating the
NICS indices [19] at the center of the cyclic fragments. Mo-
lecular structure and molecular orbital images were gener-
ated with Chemcraft [20] program.

RESULTS AND DISCUSSION
1. Bipyramidal Complexes
Cyclobutadiene Derivatives

In the bipyramidal complexes, two additional electrons
required for the completion of the aromatic 6m-electron shell
of the four-membered ring of cyclobutadiene can be gained
from two univalent alkali metal atoms placed into the apical
positions. In accordance with the previous results [7] our
calculations showed that the six-skeletal-electron bipyrami-
dal complex 12 of Dgy,-symmetry (Fig. 1) corresponds to an
energy minimum (A=0; where A is the number of negative
eigenvalues of the Hessian matrix for a given stationary
point) on the PES. The complex 12 is characterized by a pla-
nar conformation of the basal cycle with the equalized CC
bonds, the lengths of which (1.470 A) are intermediate be-
tween those typical for the standard single and double bonds.
The apical metal atoms are distant from the center of basal
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cycle for 1.735 A. The calculated NICS index (-20.7 ppm)
points to the aromatic nature of the hydrocarbon ring. In the
case of sodium and potassium analogues of 12, Dgy-
symmetry forms do not correspond to local minima on the
PESs and the bipyramidal-like structures of these com-
pounds are distorted.

The 30-electron (sum of the numbers of m-electrons of
the basal cycle and valence electrons of apical groups) d-
analogues of lithium complex 12 are represented by stable
bipyramidal complexes C4H4Mn,(CO)g of Cy-symmetry 13
and C4H;V,(CO)g of Dyy-symmetry 14 (Fig. 1). Stability of
30-electron complexes 13 and 14 can be explained in terms
of the six interstitial electron rule [10] since each of the met-
allocarbonyl fragments Mn(CO); and V(CO), donate one
electron into m-system of the basal ring providing thus for
the formation of the three-dimensional aromatic 6m-electron
system.

In complexes 13 and 14, metallocarbonyl groups acquire
staggered orientation with respect to the flat basal four-
membered rings the CC bonds of which (1.478 — 1.480 A in
13 and 1.476 A in 14) are noticeably elongated in compari-
son with those in lithium complex 12. The less perfect sym-
metry of 13 leads to a small difference in the computed
lengths of the CC bonds: those "crossed" by the CO bond of
the metal tricarbonyl fragment are insignificantly (~0.02 A)
elongated in comparison with another pair. This structural
feature was reported earlier for various metalcarbonyl com-
plexes [6, 21] and was explained by the effects of orbital
interactions. Distances between centers of the basal cycle
and apical metal atoms are found to be 1.861 and 1.954 A for
13 and 14, respectively, which witnesses weakening orbital
interaction between the basal and apical moieties in the tetra-
carbonyl complex compared to the tricarbonyl one.
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Fig. (1). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (o are in cm™) of stable (A=0) com-
plexes 12 — 19 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.

The calculated NICS values in complexes 13 (-35.3 ppm)
and 14 (-33.7 ppm) are considerably greater than that of lith-
ium complex 12. This finding proves enhancement of the
effect of aromatic stabilization in d-metal-containing struc-
tures. Whereas the shapes of three filled w-orbitals of the
lithium and metalcarbonyl complexes are virtually identical
(see Fig. 2), the substitution of lithium atoms by metal-
carbonyl groups leads to significant lowering the energy lev-
els of m-orbitals, and, consequently, to more expressed aro-
matic stabilization in thus formed compounds.

The range of stable bipyramidal metal-carbonyl com-
plexes of cyclobutadiene can be extended to the mixed type
systems, which include nonequivalent apical groups, one of
which contains two skeletal electrons and another one con-
tains no such electrons. According to the calculations per-
formed 30-electron complexes C4H4CrFe(CO)s 15 and
C4H4TiCr(CO)g 16, in which Fe(CO); and Cr(CO), groups
contribute each two electrons into w-systems of the basal
cycles while Cr(CO); and Ti(CO),4 possess no such electrons,
correspond to energy minima on the PESs (Fig. 1). As a re-
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Fig. (2). Shapes and energies of the filled m-orbitals of complexes 12 (a) and 14 (b) calculated at the B3LYP/6-311+G(df,p) level of theory.

sult, centers of the donating apical groups in 15 and 16 are
located closer to the basal ring than those of groups contrib-
uting no valence electrons into the m-system. The calculated
distances in 15 are 1.787 (Fe) and 2.046 (Cr) A. The dis-
tances between the basal cycle and metal atoms in complex
16 are 1.841 (Cr) and 2.254 (Ti) A. Similar to complexes 13
and 14, compounds 15 and 16 are characterized by the stag-
gered orientation of apical fragments with respect to the ba-
sal cycle. The calculated NICS values for complexes 15 and
16 (-25.3 and -35.0 ppm respectively) witness the aromatic
character of their basal rings.

Cyclopentadiene Derivatives

Only one additional skeletal electron is needed in order to
form an aromatic 6m-electron five-membered cyclopentadi-
enide fragment involved into a bipyramidal structure. There-
fore, those bipyramidal metal-carbonyl complexes are ex-
pected to be stable, in which one of the apical groups donate
a skeletal electron, while the second one contains no
such electrons. The 30-electron metal-carbonyl clusters
CsHsCrMn(CO)g 17 and CsHsTiV(CO)g 18 corresponding to
energy minima on the PESs are pictured in Fig. (1). Com-
plexes 17 and 18 are characterized by planar five-membered
basal cycles, in which the calculated CC bond lengths are
1.437 — 1.447 A (17) and 1.429 — 1.434 A (18). As for com-
plexes 13, 15, the nonequivalence of the CC bonds in the
cyclopentadiene derivatives is caused by the symmetry fea-
tures of complexes and effects of orbital interactions of car-
bonyl groups with the basal cycle. As in 15 and 16, the
n—donating metal-carbonyl groups lie closer to the basal
cycle than the groups which do not contribute additional
electrons into the m-system. In 17, the calculated distances
between centers of the basal cycles and metal atom are 1.841
A (Mn) and 1.918 A (Cr). In 18, same type distances are
1.966 A (V) and 2.179 A (Ti). The NICS values (-38.2 and -
34.0 ppm) calculated at the centers of the cyclopentadienyl

rings in 17 and 18, respectively, are consistent with their
significant aromatic character.

Benzene Derivatives

As in the case of cyclopentadiene derivatives, the forma-
tion of stable neutral complexes containing two apical s-
metal atoms above a six-membered hydrocarbon basal cycle
is impossible for the electron-count reasons. The aromatic
benzene rings do not need additional electrons and, there-
fore, bipyramidal structures can be formed with the apical
groups having no skeletal electrons, as exemplified by a 30-
electron bipyramidal complex CgHgCr,(CO)e 19 (Fig. 1). The
complex 19 contains a planar basal cycle with the equalized
CC bonds (1.424 A). The distances between center of the
basal cycle and chromium atoms (1.805 A) are the shortest
for all the carbonyl clusters examined herein and the NICS
index (-39.6 ppm) has the most negative value.

It may be concluded that the wide variability of electron
structure of metal-carbonyl fragments provides for manifold
conditions for the formation of stable three-dimensional
aromatic bipyramidal complexes of annulenes.

2. Sandwich Complexes
Cyclobutadiene Derivatives

The formation of aromatic structure of the cyclobutadi-
ene sandwich complexes requires addition of two electrons
to each of the basal cycles, and, correspondingly, the fulfill-
ment of the 12-electron rule. Therefore, the formation of
stable neutral sandwich-type structures with central s-metals
is improbable. At the same time it is possible to comply with
the requirements of the 12-electron rule by constructing
sandwich-bipyramidal mixed complexes with a central alka-
line earth metal atom and additional alkali metal apical at-
oms. According to the calculations, the 12-electron calcium
complexes 20 — 22 (Fig. 3) correspond to energy minima on
the PESs. The analogous D4y symmetrical sandwich com-
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Fig. (3). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (o are in cm™) of stable (A=0) com-
plexes 20 — 26 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.

plexes of beryllium are unstable (A=2). For magnesium as
the central atom, the only stable form found by calculations
is complex 23 with apical lithium atoms.

Cyclobutadiene fragments in complexes 20 — 23 have the
equalized CC bonds, whose lengths are 1.469, 1.469 and
1.465 A for calcium complexes 20, 21 and 22, respectively,
and 1.475 A for magnesium complex 23. The strength of the
binding of central atom with the basal cycle in the complexes
of calcium decreases from lithium to sodium and further to
potassium.

Calculations indicate the aromatic nature of the basal
cycles of complexes 20 — 23: the NICS values are -20.2, -
13.9, -16.6 and -16.0 ppm, respectively. Thus, as in the case
of the simplest bipyramidal structure 12, the most effective
aromatic stabilization is achieved in the complex with apical
lithium atoms.

Complexes 20 — 23 with the central atom of alkaline
earth metal have isostructural d-analogs. The replacement of
the central bivalent atom of calcium (magnesium) with an
iron atom provides for the formation of a new group of sta-

ble compounds 24 — 26 (Fig. 3). The calculated CC bond
lengths in the hydrocarbon cycles of the iron complexes 24 —
26 (1.484, 1.482 and 1.478 A for Li, Na, and K, respectively)
are noticeably elongated compared to the complexes of cal-
cium and magnesium. Replacement of an alkaline earth
metal atom by a transition metal atom enhances the interac-
tion of the central atom with the basal cycles, which is ac-
companied by substantial increase in the aromaticity of the
latter: the calculated NICS values in the center of the basal
cycles of complexes 24 — 26 are -44.3, -40.3, -40.9 ppm,
respectively.

Replacement of the apical alkali metal atoms by suitable
metal-carbonyl groups, which contain one skeletal electron,
leads to stabilization of complexes 27 — 29 (Fig. 4) including
the central alkaline earth metal atom and one-electron apical
groups Mn(CO)s. Substitution of tricarbonyl Mn(CO);
groups by tetracarbonyl V(CO), groups gives rise to stable
complexes 30 — 32. As in the simplest bipyramidal struc-
tures, metal-carbonyl groups provide for more effective aro-
matic stabilization in comparison with isolobal alkali metals
atoms.
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Fig. (4). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (o are in cm™) of stable (A=0) com-
plexes 27 — 32 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.

Cyclopentadiene Derivatives

The structures of the sandwich complexes of alkaline
earth metals with cyclopentadiene cycles 33 — 35 (Fig. 5)
comply with the requirements of the 12e-rule. According to
the calculations performed and in agreement with previous
computational studies [12, 22], high-symmetry sandwich

structures of complexes of magnesium 34 and calcium 35
correspond to energy minima on the PESs.

At the same time, the stable structure of beryllocene 33
contains the central metal atom displaced from the axis con-
necting centers of the five-membered rings. The magnesium
and calcium complexes are characterized by the equalized
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33, C
o, =16
Fig. (5). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (o are in cm™) of stable (A=0) com-
plexes 33 — 36 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings. The experimental gas phase
electron diffraction data [23] for ferrocene 36 are given in italics.

CC bonds with the lengths 1.419 and 1.416 A for 34 and 35,
respectively, intermediate between the values typical of
standard single and double CC bonds. The calculated NICS
values in the center of the basal cycles of systems 33, 34 and
35 are -12.1, -10.7 and -14.9 ppm, respectively, thus indicat-
ing the moderate aromatic stabilization in these complexes.
The calculated geometric characteristics of ferrocene 36
(Fig. 5), the iron d-analogue of complexes 33 — 35, well
agree with the electron diffraction data [23].

The shapes of filled ©-MO characteristic of 12-electron
n-system of complexes 35 and 36 are featured by Fig. (6). It
may be seen that alkaline earth and iron sandwich complexes

Gribanova et al.
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possess almost identical t—electron systems. Replacement of
s-metal atom by d-metal atom in 35 lowers the energy levels
of m-orbitals and provides for the pronounced aromatic stabi-
lization of the sandwich system accompanied by significant
shortening C-Metal bonds and increase in the NICS value (-
14.9 and -46.7 ppm for 35 and 36, respectively).

From the results presented it follows that in the sandwich
clusters 20 — 22 and 24 - 26, as well as 35 and 36 the central
alkaline earth metals and iron atom are structurally inter-
changeable. The correspondence between the 12-electron
alkaline earth metal complexes and the 18-electronic iron
complexes stemming from the analysis of their electron

(S

1 ®

b) J

Fig. (6). Shapes and energies of filled mw-orbitals of complexes 35 (a) and 36 (b) calculated at the B3LYP/6-311+G(df,p) level of theory.
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Fig. (7). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (o are in cm™) of stable (A=0) com-
plexes 37 — 40 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.

structures is explained by that in both cases only two valence The mixed sandwich-bipyramidal complexes can be
electrons take part in the formation of the composite n- formed on the basis of metallocenes 35 and 36 via capping
systems. them with apical metal-carbonyl groups containing no skele-

tal electrons, such as Cr(CO); umu Ti(CO),. The structures of
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calcium complexes 37, 38 and isostructural iron complexes
39, 40 which exemplify such type compounds are shown in
Fig. (7). According to the calculated values of NICS indices
the apical metal-carbonyl groups considerably increase the
aromatic character of 37 — 40 as compared with their precur-
sors.

Substitution of central and apical atoms in complexes 37
— 40 by isoelectronic atoms or groups disturbs their struc-
tural type, as is the case of stable sandwich-bipyramidal lith-

43, C,
o, =13

Gribanova et al.

ium derivatives 41, 42 with tri- and tetracarbonyl apical
groups and their isostructural manganese analogues 43, 44
(Fig. 8). These complexes possess same type structural fea-
tures, which inherent in the simplest bipyramidal complexes
17 and 18 with the nonequivalent apical groups. Apical
groups Mn(CO); u V(CO), donating electrons to the w-
system, are closer to the basal cycle than groups Cr(CO); or
Ti(CO),4 without skeletal electrons. The aromatic character of
compounds 41, 42 is augmented by substitution of alkali
metal atoms by transition metal atoms.

44, C,

Fig. (8). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (o are in cm™) of stable (A=0) com-
plexes 41 — 44 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.
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Fig. (9). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (o are in cm™) of stable (A=0) com-
plexes 45 and 46 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings. The experimental gas
phase electron diffraction data [24] for chromocene 45 are given in italics.

Benzene Derivatives

The benzene basal cycles are inherently aromatic and can
form stable neutral sandwich complexes with d-metals and
organometallic groups containing no skeletal electrons like
in chromocene 45 (Fig. 9). The calculated geometry well
reproduces the electron diffraction data [24].

In the same way, mixed sandwich structures bear addi-
tional apical centers without skeletal electrons. Example
shown in Fig. (9) is represented by the 42-electron complex
46. The appended metal-containing groups in this compound
considerably increase the aromatic character as compared
with the initial sandwich complex 45.

3. Triple-Decker Sandwich Complexes
Cyclobutadiene Derivatives

Stable electrically neutral triple-decker sandwich com-
plexes containing three aromatic 6m-electron cycles must
obey to the requirements of the 18-electron rule and cannot,
therefore, be formed by s-metals. At the same time the 18-
electron rule holds true for the mixed sandwich-bipyramidal
complexes with suitable apical atoms.

Shown in Fig. (10) are the triple-decker complexes 47 —
49 with two calcium central atoms and apical alkali metals,
the structures of which correspond to energy minima on the
PESs. The compounds 47 — 49 are characterized by the
equalized CC bonds in the basal cycles. The calculated NICS
values point to aromaticity of the cyclobutadiene fragments.

The 30-electron iron complexes 50 — 52 are d-analogues
of the 18-electron triple-decker calcium derivatives 47 — 49.

As is the case of double-decker structures, the aromatic char-
acter of d-complexes is stronger compared to the correspond-
ing calcium complexes. As seen from Figs. (3) and (10), an
increase in the chain length upon passing from double-
decker calcium complexes 20 — 22 to triple-decker ones 47 —
49 does not practically affect the NICS values. In contrast to
the calcium complexes, for iron complexes an increase in the
chain length is accompanied by significant growth of aro-
maticity of the basal cycles. This finding leads to the conclu-
sion on the formation of the integrated electronic shell en-
compassing the whole metalloaromatic structure.

The apical alkali metal atoms in complexes 47 — 49 can
be substituted by one skeletal electron metal-carbonyl
groups, such as Mn(CO); or V(CO),, to form stable com-
plexes 53, 54 (Fig. 11). As in the simpler systems, aromatic-
ity of terminal basal cycles in these complexes is considera-
bly higher in comparison with the alkali metal derivatives 47
—-49.

Cyclopentadiene Derivatives

As exemplified by calcium complexes 55 — 57 (Fig. 12),
the formation of the 18-electron w-system with three cy-
clopentadiene cycles takes place in the mixed complexes of
alkaline and alkaline earth metals. The d-analogues of com-
plexes 55 — 57 are obtained via substitution of alkaline earth
metal atoms by iron and alkali metal atoms by manganese.
The structure of thus designed 30-electron heteronuclear
thriple-decker cluster 58 corresponds to an energy minimum
on the PES. The closed electron shell of the 18-electron n-
system of complexes 55 and 58 is portrayed in Fig. (13). It
can be seen that the shapes of MOs of these complexes are
identical. As in all previously considered molecular systems,
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50, D,, 51,D,, 52,D,,
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Fig. (10). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (o, are in cm™) of stable (A=0) com-
plexes 47 — 52 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.



Induced Aromaticity and Electron-Count Rules The Open Organic Chemistry Journal, 2011, Volume 5 73
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Fig. (11). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (w; are in cm™) of stable (A=0) com-
plexes 53, 54 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.

replacement of s-metal atoms by d-metals results in strength- Stretching the ring-metal-ring chain when passing from
ening of binding of the basal cycles to metal atoms and sub- complexes 35 to 55 — 57 does not practically affect aromatic
stantial increase in the aromatic character of the d-metal properties of s-metal derivatives, whereas aromaticity of d-
complexes, as testified by lengthening CC bonds of the basal metal derivatives noticeably grows with elongation of this

rings, shortening the interatomic distances between metals chain in 36 and 58.
and basal cycle and increasing NICS indices.

55, C, 56, C,
o, =13 o, =

Fig. (12). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (w; are in cm™) of stable (A=0) com-
plexes 55 — 58 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.
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Fig. (13). Shapes and energies of filled w-orbitals of complexes 55 (a) and 58 (b) calculated at the B3LYP/6-311+G(df,p) level of theory.

Benzene Derivatives

In accordance with [25] the 30-electron triple-decker
analogue of chromocene is expected to have a stable struc-
ture 59 (Fig. 14) even more aromatic than the predecessing
system 45. The 54-electronic complex 60 demonstrates the
further increase in the NICS indices conditioned by capping
59 with Cr(CO); groups containing no skeletal electrons.

4. Multi-Decker Sandwich Complexes

Some of the multi-decker complexes based on the triple-
decker sandwich compounds and mixed type sandwich sys-
tems are represented by the structures shown in Fig. (15).
According to the calculations performed the structures of the

trinuclear four-decker sandwich clusters 61 — 63 correspond
to energy minima on the PESs.

As a whole, for the multi-decker complexes, the same
tendencies related to increase in aromatic properties when
passing from s- to d-metal isostructural analogues and to
elongation in the latter of the ring-metal-ring chains remain
valid.

5. Electron-Count Rules for Bipyramidal and Sandwich
Complexes of s- and d-Metals

For all above considered stable bipyramidal, sandwich
structures formed by only s-metals atoms the sum (X)of
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Fig. (14). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (w; are in cm™) of stable (A=0) com-
plexes 59 calculated by the DFT B3LYP/6-311+G(df,p) method and 60 calculated by the DFT B3LYP/6-311G(df,p) method. NICS indices
are shown in the oval rings.

62, C,, 63, D,
o, = 17 o, = 24

Fig. (15). Geometric characteristics (bond lengths are in angstroms) and lowest harmonic frequencies (w; are in cm™) of stable (A=0) com-
plexes 61 — 63 calculated by the DFT B3LYP/6-311+G(df,p) method. NICS indices are shown in the oval rings.
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valence electrons of metal atoms and m-electrons of basal
cycles must be equal to 6n.

X =6n(1)
(n —total number of the basal cycles)

For example, for the 6 valence electron complex 12 n =
1, for 12 valence electron complexes 20 and 35 n = 2 and for
18 valence electron complexes 47 and 55 n = 3.

Stable structures of bipyramidal [26] and polysandwich
[27, 28] complexes (including their mixed derivatives [26])
composed by only d-metal atoms must satisfy to the rule (2),
according to which the sum of valence electrons of metal
atoms and m-electrons of basal cycles is 12m + 6.

¥=12m +6 (2)
(m — total number of transition metals atoms)

Thus, m = 1, 2 and 3 for the 18 valence electron complex
36, 30 electron complexes 13, 58 and 42 electron complexes
39 and 62, respectively.

The electron-count rules (1) and (2) cannot be applied to
the mixed type complexes containing both s- and d-metal
centers. For such type systems including s- and d-metals and
mixed derivatives the generalized electron-count rule (3) will
be valid, according to which for a stable complex the sum of
all valence electrons of metal atoms, apical groups and r-
electrons of basal cycles is equal to 6n + 6d + 12c.

X =6n+6d+12c (3)
(n —total number of hydrocarbon cycles;

d - total number of d-metal atoms (or separate sandwich
moieties);

¢ — total number of metal-carbonyl groups)

Thus, there are 18 valence electrons for complex 26 (n =
2,d=1,c=0), 30 valence electrons for52 (n=3,d =2,c =
0) and 36 valence electrons for29 (n=2,d =0, c = 2).

Obviously, the rule (1) is a particular case of the general-
ized rule (3) under conditions d = 0, ¢ = 0 and the rule (2) is
derived from (3) for d-metal sandwiches withc=0,n=d +
1 and for bipyramidal structureswithn=d+ 1, m=d +c.

The generalized electron-count rule (3) holds true also
for the nonsymmetric systems including only one apical
group. Thus, stable complexes 64 (n =2,d =1, ¢ =0), 65 (n
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=2,d=0,c=1)and 66 (n=3,d =0, c =1) contains 18, 24
and 30 valence electrons, respectively.

It seems clear that the rules (1) — (3) represent an exten-
sion of well-known principles of aromaticity of organic and
metal coordination compounds to the particular structural
type systems. The rule (1) is, in fact, a consequence of the
principal condition for an aromatic (4-6)-membered system
to form the closed 6m-electron shell, whereas the rule (2)
reflects requirements of the 18-electron rule for transition
metal complexes with several d-metal centers. It should be
stressed that while the rules (1) — (3) satisfactorily regulate
stability of the organometal structures with (4—6)-membered
basal cycles, these must be modified if applied to the sys-
tems with the larger size conjugated cycles. For stable struc-
tures of sandwich and bipyramidal s-metal complexes with
(7-9)-membered basal cycles the rule £ = 10n is applicable,
since 10 is the next (after 6) term of the (4n+2) Hueckel rule.
Examples of stable structures of such type are complexes 67
(20 valence electrons), 68 (30 valence electrons), 69 and 70
(40 valence electrons). According to the calculations per-
formed in this work using B3LYP/6-311+G(df,p) method,
these complexes correspond to energy minima on the PES.

At the same time, in contrast to the complexes with (4-
6)-membered basal cycles, which retain their stable forms
under interchanges of “sandwich” (Ca and Fe; Li and Mn)
and apical (Ca and Fe(CO)s; Li and Mn(CO)3) centers of s-
and d-metals, for systems with (7-9)-membered basal cycles
this replacement leads to overflow of the d-metal electronic
shells and deformations of the sandwich and bipyramidal
structures.

CONCLUSION

The structures of multi-decker sandwich, bipyramidal
and mixed complexes of s- and d-metals containing (4-6)-
membered conjugated basal cycles are stabilized by donation
of additional electrons from metal centers (induced aromatic-
ity) with the formation of the closed electron shells satisfy-
ing the electron-count rule X = 6n + 6d + 12c, (where n —
total number of hydrocarbon cycles, d is total number of d-
metal centers (or separate sandwich moieties) and ¢ — total
number of metal-carbonyl groups). The aromatic character of
the isostructural compounds formed by d-metals is substan-
tially stronger than that for the s-metal derivatives. For the
multi-decker d-metal compounds, lengthening the -M-ring-
M-ring- chains is accompanied by increase in the aromatic

Mn(CO),
1.812
1.42
Li V(CO), 2271 —» i
— 1.958— 1.788
1.717 1,450 1.426 . 218
1.643 ——= 2.367 ——>» i (2.218
1742 n 1.761 I 1.828
= 1.424 = 1416
1.415
64, Cy, 65, C, 66, C,
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1.415

1.439 2.076\£a‘\

2.069
C;\ 2135 @Dl.AlA

Ca
D
Ca
Li
67, D, 68, Dy,

stabilization, but does not practically affect the aromatic
properties of the hydrocarbon cycles of the analogous s-
metal compounds.
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