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ABSTRACT

A series of cyclic hydrocarbons containing a planar tetracoordinate carbon atom is proposed. To rationalize the electronic factors contributing
to the stability of these molecules, an analysis of the molecular orbitals and the induced magnetic field is presented.

Since the seminal paper entitled “Tetracoordinate Carbon
Atom” of Hoffmann, Alder, and Wilcox,1 several molecules
with a planar tetracoordinate carbon (ptC) atom have been
proposed in silico and characterized experimentally.2 Two
main approaches were pursued to stabilize such systems. The
first mechanism arises from the delocalization of the electrons
in the p orbital, which is located at the central carbon and
perpendicular to the molecular plane. This can be ac-
complished by attaching electron acceptors to carbon (for
example, metals). However, in most cases the ptC is linked
to at least one atom different from carbon.3a-e (Beautiful
examples of pentaatomic molecules have been predicted and

detected by Boldyrev and Wang).3f-j In 1999, Rasmussen
and Radom reported the first ptC surrounded only by carbons
[ptC(C)4], using another strategy: a mechanical approach.4

Even, through substitution of carbon by boron atoms, Wang
and Schleyer designed a set of spiroalkanes with a ptC(C)4

stabilized mechanically and electronically.5

The simplest molecule with a ptC surrounded by four
carbon atoms is C52-.6 This cluster and its metallic salts were
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the first examples of molecules containing a ptC stabilized
exclusively by electronic factors.7 Priyakumar et al. and
Esteves have used this moiety to design small hydrocarbons.8

In a recent paper, the possibility of an extended 3D network
based on the C52- framework was also explored.9 We now
report a series of cyclic hydrocarbons containing a ptC. The
stability and bonding scheme are analyzed through the study
of the molecular orbitals (MOs) and the induced magnetic
field, Bind.10

Geometry optimizations were carried out with Gaussian
0311 using the B3LYP functional12a,band a 6-311++G(2d,2p)
basis set.12c,d In each case, the nature of the stationary point
was determined by calculating and diagonalizing the Hessian
matrix.13 In addition,Bind was calculated using PW91/IGLO-
III. 14 The shielding tensors, NICS15a (nucleus-independent
chemical shifts), and NICSπ15b (contributions of theπ-orbitals
to NICS), were computed using the IGLO16 method. deMon17

and deMon-NMR18 programs were employed to calculate
the MOs and the shielding tensors, respectively.19 Graphics
were created employing VU and Molekel.20

Candidates were designed by combining C5
2- with an

unsaturated hydrocarbon fragment. The removal of two
hydrides from ethene and 1,3-dibutadiene provides the

corresponding dications, which interact with C5
2-, yielding

the five- and seven-membered ring systems (C7H2, 1, and
C9H4, 3), respectively. The same strategy is employed to
build the six- and eight-membered anionic rings (C9H3

-, 2,
and C10H5

-, 4) from allyl and pentadienyl anions. The
harmonic analysis shows that all of them are local minima
on their respective potential energy surfaces with appreciable
positive lowest vibrational frequencies (>100 cm-1, see
Table 1).

Clearly, the seven-membered ring molecule shows the
largest geometrical distortion of the C5

2- framework (Figure
1).21 While the C1-C2 bond lengths decrease by 8.7 pm with

respect to the free dianion, the C1-C3 bonds increase by
5.7 pm. In contrast, molecules1 and 4 are less distorted.
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Table 1. Smallest Frequencies (in cm-1), Relative Energies for
Structures along the Ring-Opening Process (in kJ mol-1), and
NICS and NICSπ (in ppm)

1 2 3 4

freq 246.3 169.0 102.0 150.1
isomer B -42.4 -28.9 -52.1 -110.7
TS 38.0 23.1 30.7 10.7

Main Ring
NICS 0.9 24.0 20.9 -8.7
NICSπ -19.7 14.0 8.4 -15.9

3-MRsa

NICS -36.1 -24.4 -28.9 -42.7
NICSπ -26.4 -7.9 -16.3 -28.5

a Refers to the C1-C2-C3 rings.

Figure 1. Optimized structures of cyclic hydrocarbons containing
a ptC. Bond lengths are given in picometers.
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Note that in all cases the distance C2-C3 (a double bond) is
almost constant.

Even though these structures are local minima, its experi-
mental detection strongly depends on the magnitudes of the
energy barriers that prevent them from distortion or frag-
mentation. To be experimentally detected in a given tech-
nique, the time needed to go from one minimum to another
must be larger than the detection time. Certainly, the lifetimes
of these species depends not only on the magnitudes of the
energy barriers, but also on the detailed topography of the
potential energy surface that drives the dynamics of the
system. To analyze the energetic features, two isomers were
considered for each molecule. Of the C7H2 isomers (Figure
2A), the first alternative (1A) converges to1, while 1B is

lower in energy than1 by 42.4 kJ mol-1 (including the scaled
ZPE correction).22 The other hydrocarbons have an analogous
trend (See Table 1).

The starting points of the transitions state search involved
in the ring opening were provided by the nudged elastic band
method.23 While the transition structures corresponding to1
and 4 are planar (Cs symmetry), those for2 and 3 are
considerably distorted (geometries of the transition states and
isomers are given in Figures 1-SI and 2-SI in Supporting
Information). As expected, ring opening is accompanied by

small activation barriers, lying in the range of 10-40 kJ
mol-1 (Table 1). To obtain an estimate of the mean lifetimes
of these molecules, a set of Born-Oppenheimer molecular
dynamic (BO-MD) trajectories were done. For molecule4
(the molecule with the lowest activation barrier), the planar
structure preserves its geometry for about 6.0 ps at 300 K
(Figure 2B).24 Interestingly, an isomer of1 has been detected
in the interstellar medium.25 Hence, organic molecules
containing a ptC might be involved in different rearrange-
ment reactions that occur in interstellar medium.

To gain a better understanding of the electronic structure,
the MOs were analyzed. Figure 3 shows the HOMO and

π-MOs of molecules1-4. Clearly, the lowest-lyingπ-orbit-
als (b1 symmetry) have an important contribution from the
centralπ-type lone pair. It is essentially distributed over the
C(C)4 skeleton. The HOMO of the neutral species1 and3
belong to a lone pair of the carbon atoms labeled as C3. In
contrast, in the anions2 and4 the HOMOs areπ orbitals.
The number ofπ electrons in each molecule is six in1, eight
in 2 and3, and 10 in4. It should be noted that cyclic hydro-
carbons containing (4n+ 2) π electrons (1and4) preserve
the C5

2- fragment almost intact. Interestingly, the global
hardness (η) in 1and4 is higher than in2 and3 (Figure 3).

Electron delocalization and magnetic response of C5
2-

have been evaluated previously by graphical representation
of the induced magnetic field,Bind.7 It is important to
emphasize that for a long time sketches ofBind have been
used to understand the modification of the local electronic
environment induced by and applied external magnetic field
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Figure 2. (A) Possible isomers of1. (B) BO-MD simulation for
molecule4. Relative potential energy (∆Epot) (given in au) versus
time (given in ps).

Figure 3. π-MOs (|æ| ) 0.05 au) and hardness (η) of 1-4.
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in cyclic aromatic systems (The reader interested in further
details is directed to refs 10 and 26). Figure 4 showsBind of
1-4. All molecules have strong diatropic contributions (in
blue) inside of the three-membered rings. The five- and eight-
membered ring in1 and4 shows an aromatic response for
the (4n+ 2) π electron species, while an antiaromatic re-

sponse for the 8π-electron cycles2 and3 is observed. Note
that1 shows a weak paratropic contribution inside the ring.

Isosurfaces of thez-component ofBind (Bind
z) are given in

Figure 4B. For1 and4, the shielding isosurfaces (given in
blue) are around the molecule, while deshielding regions are
further outside (given in red). The opposite situation is
observed in 8πmolecules. We need to remark that the
σ-framework is always surrounded by a diatropic region,
independent of whether the system is classified as aromatic
or antiaromatic. Contour lines for thez-component of the
induced magnetic field allow the quantification of the
magnetic response. The aromatic molecules have a strong
shielding region close to the carbons inside the ring, which
is similar to the form of the carbonπ orbitals. The
antiaromatic molecule shows a deshielding coneoutsidethe
ring, with the carbon atoms just inside the deshielding region
(This detail cannot be observed by just looking at the
isosurface plots).

As we showed previously, NICS and NICSzz
27 are con-

nected toBind. The NICS and NICSπ indexes were also
calculated and are summarized in Table 1. All NICS values
inside the three-membered rings are strongly diatropic.
However, at the center of the main ring the NICS value is
negligible for1, paratropic for2 and3, and diatropic (with
a value in the range of aromatic [n]-annulenes) for4. This
fact is in complete agreement with the conclusions drawn
from the analysis ofBind. The NICSπ index gives also a clear
picture of the role of theπ system in these systems. Clearly,
it distinguishes theπ-aromatic systems (1 and4) from the
π-antiaromatic ones (2and3).

In conclusion, a series of cyclic hydrocarbons containing
a ptC is proposed. From these examples it is seen that the
balance between electron delocalization of the p-orbital and
ring strain determines the metastability of these molecules.
Preliminary calculations show that the combination of C5

2-

with two unsaturated fragments further increases the stability
of the ptC structure. A detailed analysis will be published
elsewhere.
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Figure 4. (A) Induced magnetic fields of an external field in
z-direction to molecules located in thexy plane. Diatropic and
paratropic contributions are given in blue and red, respectively. (B)
Isosurfaces of thez-component of the induced magnetic field,Bind

z.
|Bind

z| ) 9.0 µT andBext ) 1.0 T perpendicular to the molecular
plane. Blue and red indicate shielding and deshielding areas,
respectively. Contour lines ofBind

z in the molecular plane and
perpendicular to the molecular planes through the origin.
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