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The structures and stabilities of a number of neutral and charged sandwich�type boron,
carbon, and nitrogen compounds designed based on the cyclophane cage and obeying the
"electron octet" rule were studied by the B3LYP/6�311+G** density functional method. The
possibility of targeted modification of the electronic structures of such compounds by varying
the basal or bridging atomic groups was investigated.
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Search for and studies of compounds containing
hypercoordinate main�group element atoms belong to the
most intensively developing avenues of theoretical and
experimental research.1—3 An important problem in this
field consists in elucidation of methods for targeted de�
sign of novel structural types of molecular systems that
allow formation and stabilization of hypercoordinate cen�
ters.1 In this connection, sandwich systems seem to be
very attractive because their architectures allow the na�
ture and coordination number of the hypercoordinate cen�
ters to be varied over a rather wide range. The electronic
factors responsible for stability of the sandwich compounds
of main�group elements have been studied in detail; they
are summarized in the form of the "electron octet" rule4,5

substantiated by the discovery of various sandwich com�
pounds of alkali6 and alkali�earth7,8 metals and some of
the third� to sixth�row elements (Si, Ge, Sn, Pb, P, As,
Bi, etc.).8,9 At the same time there are only a few ex�
amples of stable sandwich derivatives of second�row ele�
ments available at the moment.

For the simplest carbocenes 1 (X = C) the "electron
octet" rule implies the formation of systems bearing rather
large positive charges (m = 2 for 1, n = 3 and m = 4 for 1,
n = 4); stabilization of such spe�
cies is precluded by electrostatic
factors.10 Additional stability can
be achieved by replacing the car�
bon centers X by electropositive
groups that favor stabilization of
nonclassical configurations of
the carbon atom.3,4 For instance,
B3LYP/6�311++G** calcula�

tions predicted that silicon�containing analog of carbo�
cene 1 (X = Si, n = 3, m = 2) should be a stable com�
pound.11 At the same time this method of solving the
stabilization problem of sandwich carbon�containing de�
rivatives is still of limited use, being confirmed by a single
successful example as yet. A much more efficient is the
approach based on the replacement of the carbon centers
in carbocenes by boron atoms (X = B) and additional
stabilization of anionic systems thus formed by lithium
counterions or bridging hydrogen atoms.10,12

According to MP2 and DFT calculations with the
6�311+G* basis set, the initially unstable anionic system
2 can be stabilized on going to neutral systems 3 or 4 that
contain counterions.10,12 This approach is fruitful,12 be�
ing at present a unique efficient strategy of targeted design
of sandwich derivatives of the second�row elements.

In this work we propose a novel method for design of
hydrocarbon and hetero�substituted sandwich systems,

�Dedicated to Academician O. M. Nefedov on the occasion of
his 75th birthday.



Gribanova et al.1894 Russ.Chem.Bull., Int.Ed., Vol. 55, No. 11, November, 2006

which is based on incorporation of a hypercoordinate
atom of the second�row element into the "cyclophane"
cage in which the basal rings are linked by some bridging
atomic groups. In the case of hydrocarbon derivatives the
"electron octet" rule is met by the systems 5 and 6.

According to calculations, the bridging groups do not
only stabilize the sandwich configurations, but also pro�
vide the possibility of varying their electronic structures.

Calculation Procedure

Density functional (DFT) quantum chemical calculations
were carried out with the B3LYP three�parameter functional
and the split�valence basis set 6�311+G(d,p)13 using the
Gaussian�98 program package.14 The stationary points were
identified by analytically calculating the force constant matrix.
The topological analysis of the total electron density distribution
according to Bader (AIM analysis15) was performed using an
original AIMPAC program package.16 The orbital interaction
diagram was plotted using the results of EHT calculations.17

Graphic images of the molecular structures shown below were
plotted using the PD program (PLUTO node) incorporated into
the PC MODEL program package;18 the Cartesian atomic co�
ordinates obtained after geometry optimization were used as the
input parameters.

Results and Discussion

Sandwich derivatives based on hydrocarbon cage. Ac�
cording to calculations, systems 5b,c with D3h symmetry
correspond to energy minima (λ=0)�� on the potential
energy surface (PES). The geometric parameters of sys�
tems 5b,c are presented in Fig. 1 and their energy charac�
teristics are listed in Table 1.

The AIM analysis of systems 5b,c showed that the
central atoms form six bonding paths involving carbon
atoms in the basal fragments, thus being hexacoordinate.
The formation of sandwich structure is ensured by the
interaction of non�hybridized p�orbitals of the basal
C atoms (they are directed toward the center of the cage)

with the p�orbitals of the central atom. Bridging methyl�
ene units provide structural rigidity of the molecular cage
and, as a consequence, additional stabilization of the sand�
wich systems.

The C—C bond lengths in system 5b (1.479 Å) are
much shorter than conventional single bond lengths
(1.54 Å).19 An increase in the electronegativity of the
central atom on going to the nitrogen�containing deriva�
tive 5c is accompanied by a decrease in the energy levels
of its p�orbitals and an increase in the energy gap between
the interacting fragment orbitals, which leads to weaken�
ing of the orbital interaction between the basal rings and
the central atom. At the same time the calculated inter�
atomic distances C—N (1.479 Å) are only slightly longer
than conventional lengths of corresponding single bonds
(1.47 Å).19 A structural manifestation of the stronger
(compared to the nitrogen�containing derivatives) inter�
action of the central atom with ligands in system 5b is an
appreciable compression of the outer cage (shortenuing
of the bridging C—C bonds and the bonds within the
basal fragments).

The central hexacoordinate carbon atom in compound
5b bears a rather large positive Mulliken charge (3.5 e),
which provides a decrease in the effective size of the cen�
tral atom and reduces steric strain caused by incorpora�
tion of this atom into the molecular cage. The nitrogen�
containing derivative is characterized by a much smaller
charge on the central atom (1.3 e). For both systems 5b,c
our calculations predicted rather high first harmonic vi�
brational frequencies (see Table 1), which indicates ki�
netic stability of these compounds.

Unlike the carbon� and nitrogen�containing deriva�
tives, the boron�containing system 5a with D3h symmetry
corresponds to a second�order stationary point on the
PES because here the central atom is too large to be
encapsulated within the molecular cavity; this causes de�
stabilization of the sandwich structure. At the same time,
enlargement of the cage on going to systems 6 containing
four�membered basal rings allows the boron derivative to
be stabilized. Namely, calculations showed that all sys�
tems 6a—c with D4h symmetry correspond to energy
minima on the PES. The geometric parameters of systems
6 are shown in Fig. 2 and their energy characteristics are
listed in Table 1.

The AIM analysis showed that the central atom in
systems 6 forms eight bonding paths involving the basal

�� λ is the index of a given stationary point equal to the number
of negative eigenvalues of the Hesse matrix at this point.
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Table 1. Energy characteristics of sandwich systems 5, 6, and
8—10 obtained from B3LYP/6�311+G(d,p) calculations

Struct� X Sym� –Etot ZPE ϖ1
ure metry

5b C2+ D3h 383.361679 0.111443 201.4
5c N3+ D3h 399.253436 0.107353 221.1
6a B3+ D4h 485.180666 0.156855 289.6
6b C4+ D4h 497.488069 0.152135 291.6
6c N5+ D4h 512.992911 0.143663 284.7
8c N3– D4h 410.395645 0.133305 205.5
9 C4+ D2d 446.963527 0.153421 253.5
10 C4+ D2h 446.942363 0.152353 240.8

Note. Etot/a.u. is the total energy (1 a.u. = 627.5095 kcal mol–1);
ZPE/a.u. is the zero�point vibrational energy; and ϖ1/cm–1 is
the lowest harmonic vibrational frequency.

Fig. 1. Geometric characteristics of structures 5.
Note. Here and in Figs 2—7 we present the geometric characteristics of the structures corresponding to energy minima (λ = 0) on the
PES obtained from B3LYP/6�311+G** calculations. The bond lengths are given in Ångstrøms. The Bader molecular gaphs of the
corresponding structures are shown in the right side of Figs 2—7 (BP is the Bader bonding path, CP (3; –1) is the bonding�path
stationary point; and CP (3, +1) is the ring stationary point).
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carbon centers, thus being octacoordinate (see Fig. 2).
Enlargement of the inner cavity in systems 6 leads to
elongation of the bonds between the central atom and the
basal fragments compared to systems 5. The C—C bond
lengths in system 6b (1.561 Å) only slightly exceed those
of single C—C bonds. In the nitrogen�containing deriva�
tive the bonds between the central atom and ligands
(1.597 Å) are considerably longer than covalent
bonds N—C. The most efficient interaction between the
hypercoordinate center and the basal rings occurs in the

boron�containing derivative 6a with the most diffuse
p�orbitals of the central atom. The NBO analysis20 of the
electronic structure of systems 6 also revealed the smallest
separation between the orbital energy levels of the inter�
acting fragments for the boron�containing compound.
This system is characterized by the most pronounced com�
pression of the molecular cage (calculated interatomic
distances B—C are 1.561 Å, being slightly shorter than
typical single bond lengths, e.g., 1.58 Å in BMe3).21

Nonclassical compounds 5 and 6 containing hyper�
coordinate central atoms obey the "electron octet" rule,
which is the necessary condition for stabilization of sand�
wich systems.4 The correlation MO diagram (Fig. 3) shows
that stabilization of systems 6 is due to the interaction
between the s� and p�valence orbitals of the central atom
and the π� and π*�MOs of the four�membered basal frag�
ments, which leads to the formation of four bonding MOs
(electron octet).

The bonding MOs in systems 5 are formed analo�
gously.

Sandwich structures containing hetero�substituted basal
rings. The stabilities of the sandwich derivatives 5 and 6
that obey the "electron octet" rule suggest the possibility
of replacing basal�ring carbon atoms by heteroatoms in
such a fashion that newly formed species remain isoelec�
tronic to the initial system. When considering hypervalent
sites, the most appropriate substituents are electron�
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Fig. 2. Geometric parameters of structures 6 (for notations, see Fig. 1).
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withdrawing boron ligands that were used to design
a variety of nonclassical systems.1,3 In this case the fulfil�
ment of the "electron octet" rule implies transition to
anionic systems 7 and 8.

However, calculations of compounds 7 and 8 revealed
only one stable system 8c (D4h symmetry, Fig. 4, Table 1)
corresponding to energy minimum (λ = 0) on the PES.
No stationary points corresponding to all other sandwich

derivatives 7 and 8 were located because of the lack of
convergence.

Systems 7 and 8 contain boron atoms in the basal
rings. Here one can expect a considerable increase in
steric strain compared to the carbon�containing analogs 5
and 6. This is due to incorporation of bulky boron centers
into the three�membered and four�membered basal rings
immobilized in quite rigid cages. System 8c (unique stable
species among compounds 7 and 8) contains the smallest
central atom and the largest volume of the outer cage and
thus should experience a minimum steric strain.

Replacement of carbon atoms in the basal rings by
bulkier boron atoms causes a significant extension of the
basal rings (see Fig. 4) (calculated B—B distances are
1.790 Å, being slightly longer than conventional covalent
bond lengths (1.75 Å)).19 The B—N interatomic distances
in system 8c (1.692 Å) are much longer than the N—B
single bond lengths; however, this is consistent with
the donor�acceptor bond lengths (e.g., 1.658 Å for
H3B—NH3).22 Weakening of the bonds between the cen�



Sandwich compounds of second�row elements Russ.Chem.Bull., Int.Ed., Vol. 55, No. 11, November, 2006 1897

Fig. 3. Schematic correlation diagram illustrating the formation of the bonding MOs of system 6b from fragment orbitals. The
MO energy levels were obtained from EHT calculations.17
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tral atom and ligands compared to system 6c can be ex�
plained by both enlargement of the cage and less efficient
fragment orbital interactions due to an increase in the
energy gap between the orbitals owing to a decrease in
the electronegativity of the basal atoms and an in�
crease in their π�AO energy levels. The formation of an
octacoordinate center in system 8c was confirmed by the
AIM analysis, which, however, indicates a somewhat dif�
ferent type of the bonding between the central atom and
ligands (compared to systems 5 and 6). The molecular
graph 8´c of structure 8c (see Fig. 4) shows that the cen�
tral nitrogen atom forms two banana�type bonding paths
with each boron atom. A similar model for hypervalent
bonding was reported in a study23 of nonclassical sys�
tems CB6

2– and C3B4 containing hexacoordinate carbon
centers.

One can expect that experimental detection of sys�
tems 5—8 will be favored by framing them with counter�
ions, because numerical theoretical studies1,10,12,24 pre�
dict that counterions do not violate the stabilities and

structures of nonclassical compounds; rather, they can
additionally stabilize these species. At the same time it is
important to elucidate the possibility of targeted modifi�
cation of highly charged systems 5—8 that can lead to
neutral or low�charged compounds. As an example of
such a modification, we studied partial replacement of
the basal ring atoms in such a manner that the newly
formed system remains isoelectronic to the initial one.
For instance, in the case of cationic system 6b the positive
charge can be compensated by replacing four carbon atoms
by boron atoms (systems 9 and 10).
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Fig. 4. Geometric parameters of structures 8—10 (see Note to Fig. 1).
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According to calculations, both neutral systems 9
and 10 (see Fig. 4, Table 1) correspond to energy minima
(λ = 0) on the PES. However, this conclusion was not
confirmed by the topological analysis of the electron den�
sity distribution despite rather short distances between the
central carbon atom and the basal atoms and formal
octacoordination of carbon in these compounds. Accord�
ing to the results of the AIM analysis, the central carbon
atom in compounds 9 and 10 is tetracoordinate (see Fig. 4)
and forms chemical bonds only with the basal carbon
atoms having half�filled non�hybridized p�orbitals. The
boron basal atoms having unfilled diagonally oriented
p�orbitals form no chemical bonds with the central atom.

System 9 is 13.3 kcal mol–1 energetically more preferable
and has a classical tetrahedral configuration of the bond�
ing between the central atom and ligands; in system 10
the central carbon atom has a nonclassical planar bond
configuration (see Fig. 4). Thus, this type of partial re�
placement of the basal atoms provides no conservation of
the coordination number of the central atom, being at the
same time promising in the design of novel types of sys�
tems containing planar tetracoordinate centers in the car�
bon environment of the carbon atoms.

The nature of bridging atoms and the structure and
stability of sandwich systems. We also considered the pos�
sibility of modifying the systems 5—8 by varying the bridg�
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ing fragments. In systems 5 and 6, the positive charge can
be compensated by replacing the bridging carbon centers
by electron�deficient boron�containing groups (systems
11 and 12, respectively).

The MO analysis showed that the formation of the
fourth covalent bond by the boron centers in systems 11

Fig. 5. Geometric parameters of structures 11 and 12 (see Note to Fig. 1).
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and 12 is ensured by accepting an extra electron from the
π�system of the sandwich cage by each boron atoms.
Therefore, these systems also obey the "electron octet"
rule. According to calculations, system 11c with D3h sym�
metry and systems 12a—c with D4h symmetry correspond
to energy minima on the PES. The geometric parameters
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of these systems are shown in Fig. 5 and their energy
characteristics are listed in Table 2.

As to the carbon� and boron�containing derivatives
11a,b, their structures with D3h symmetry correspond to
the second�order stationary points on the PES. The ni�
trogen�containing system 11c, although corresponding to
an energy minimum on the PES, is characterized by a low
first harmonic vibrational frequency (56 cm–1), which
indicates a low kinetic stability of the species. At the same
time the AIM analysis of this system revealed the forma�
tion of a hexacoordinate nitrogen center (see Fig. 5). The
calculated interatomic distances N—C (1.507 Å) are
slightly longer than corresponding covalent bonds. Weak�
ening of the bonds between the central atom and ligands
compared to system 5c is due to the incorporation of
bulkier bridging boron atoms, resulting in an increase in
the distances between the basal rings.

The AIM analysis of systems 12a—c showed that all of
them have octacoordinate central atoms (see Fig. 5). The
calculated lengths of the bonds between the basal carbon
centers and the bridging boron atoms are 1.71—1.72 Å,
being in the range of single C—B bond lengths in
carboranes.25 In all systems 12 the basal rings are slightly
compressed compared to systems 6. In the carbon� and
boron�containing systems the bonds of the central atom
with the basal centers are somewhat longer than in the
cationic analogs 6, whereas in the nitrogen�containing
system the central bonds are shortened. At the same time

Table 2. Energy characteristics* of sandwich systems 11—15
obtained from B3LYP/6�311+G(d,p) calculations

Struct� X Sym� –Etot ZPE ϖ1
ure metry

11 N D3h 361.002965 0.092795 55.8
12a B– D4h 433.650207 0.133237 196.2
12b C D4h 446.656146 0.133154 250.6
12c N+ D4h 462.866148 0.128712 147.1
13b С– D3h 354.899847 0.107794 122.0
13c N D3h 371.565855 0.110965 211.6
14a B– D4h 447.513666 0.151406 223.2
14b C D4h 460.747919 0.154791 244.7
14c N+ D4h 477.208843 0.154841 257.5
15 C4+ D2h 453.777172 0.144369 171.0

* See Note to Table 1.

Fig. 6. Geometric parameters of structures 13 (see Note to Fig. 1).
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Fig. 7. Geometric parameters of structures 14 and 15 (see Note to Fig. 1).
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the calculated interatomic distances N—C noticeably in�
crease on going from system 11c containing three�mem�
bered basal rings to system 12c containing four�mem�
bered basal rings, i.e., the trends revealed for compounds
5 and 6 remain valid. Thus, replacement of the bridging
atoms allows the electronic structure of the sandwich sys�
tems to be varied with conservation of the structural sta�
bility and trends of changes in the geometric character�
istics.

The negative charges of systems 7 and 8 can be com�
pensated analogously by replacing the bridging carbon
atoms by electron�donating nitrogen�containing groups
(systems 13 and 14, respectively).

According to calculations, all systems 13 and 14, ex�
cept 13a, have Dnh symmetry and correspond to energy
minima (λ = 0) on the PES. System 13a with D3h symme�
try corresponds to a second�order stationary point (λ = 2)
on the PES. Thus, incorporation of boron atoms into the
molecular cages of all the systems containing three�mem�
bered basal rings (see above) is sterically unfavorable,
whereas the less strained systems containing four�mem�
bered basal rings and the central boron atom are stable.
The geometric parameters of the stable systems 13 and 14
are shown in Figs 6 and 7 and their energy characteristics
are listed in Table 2.

According to the AIM analysis, systems 13 have
hexacoordinate while systems 14 have octacoordinate cen�
tral sites (see Figs 6 and 7, respectively). Compounds
13b,c are characterized by rather long B—B distances
within the basal rings, which, although lying in the range
of single bond lengths in boranes and carboranes, do not
correspond to chemical bonds. Thus, the boron basal
atoms in these systems are dicoordinate (see Fig. 6) and
only interact with the central and bridging atoms. The
bonds between the basal fragments and the central atoms
are only slightly longer than conventional single bonds.

The model for hypervalent bonding in systems 14b,c is
analogous to the model for compound 8c. Here, two bent
bonding paths connecting the central atom to each basal�
ring atom are formed. In the boron�containing system
14a each ligand forms a unique bonding path involving
the central atom. The bonds formed by the boron basal
atoms with the bridging nitrogen centers in systems 13

and 14 are much longer than covalent bonds, being at the
same time consistent with the donor�acceptor B—N bond
lengths.

Interestingly, hypercoordination in system 10 con�
taining a tetracoordinate central atom can be induced by
varying the bridging groups. According to calculations, a
neutral system 15 (see Fig. 7, Table 2) derived from sys�
tem 10 corresponds to a
stable compound (λ = 0)
on the PES and has an
octacoordinate central
carbon atom.

The presence of elec�
tron�donating bridging
NH2 groups in compound
15 causes acceptance of
the electron density by the
boron basal atoms and formation of bonds with the cen�
tral atom. The occurrence of an additional (compared to
system 10) interaction between the central carbon atom
and the boron basal atoms is accompanied by noticeable
shortening of the C—B distances in compound 15, whereas
the C—C bonds become somewhat longer.

Thus, the sandwich systems based on the "cyclophane"
cage, which were analyzed in this work, belong to a novel
type of stable nonclassical compounds containing hyper�
coordinate atoms of second�row elements. A key feature
of these systems is the possibility of design of various
structural modifications that make it possible to vary the
electronic characteristics and geometric parameters with�
out stability violation.
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