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-classical carbon derivatives represented by systems with 
tandard stereochemistry and hypercoordination, have attracted 
iderable attention not only because of their unusual structure, 
lso because of a wide range of potentially useful properties 
pplications in mechanical, optical, electronic and spintronic 
ces.1–5 Theoretical and experimental studies in this area, 
ed out over the past few decades, have led to the discovery 
any different types of non-classical forms of carbon, which 
 significantly transformed the concept of the valence and 
dination capabilities of carbon.1–8

he well-studied principles of stabilization of systems with a 
rcoordinated carbon can be summarized as follows: (1) binding 
ypercoordinated center to s-donor and p-acceptor substituents, 
s incorporation into a structurally rigid framework, (3) strong 
ligand bonding, (4) aromaticity of the system and (5) corres
ence between the sizes of the ligand framework and the 
rcoordinated atom.
he boron environment provides exceptionally suitable 
itions for the stabilization of hypercoordinated forms due to 
-donor and p-acceptor properties of boron, as well as its wide 
dination capabilities, which make it possible to control the 
c and electronic parameters of the framework, such as steric 
n and aromaticity, in a targeted manner.7,8

he simplest boron-containing derivatives of hypercoordinated 
on are cyclic systems 1,9 2,10 39,11 and 4,9,12 the modification 
hich makes it possible to design a wide range of many new 
classical carbon structures. For example, based on the actively 
ied cluster CB6

2– 2, extended chain systems 5,8 sandwich 
atives of transition metals 613 and multidecker metallocene 

plexes 714 can be formed.
he next step in the study of non-classical systems is the 
truction of 2D and 3D crystal derivatives, which also exhibit 
ual physicochemical parameters.2 For example, 2D derivatives 
anar pentacoordinated carbon are characterized by a negative 

Poisson’s ratio,15 and a Be2C monolayer with planar hexacoordinated 
carbon centers shows great potential as an anode material for 
high-performance lithium-ion batteries.16

In this paper, we consider a new aspect of the chemistry of 
non-classical hypercoordinated carbon compounds, namely, their 
ability to implement several non-classical states at once in one 
compound. An example of a system of this type is the new 
organoboron system 8, which is formed from two CB6 basal cycles 
bonded equatorially by an annulene linker. This structure makes 
it possible to realize two different non-classical states of the apical 
carbon atoms: planar hexacoordination 8a and inverted-umbrella 
heptacoordination 8b (Figure 1).

Density functional theory (DFT) calculations were performed 
with the B3LYP17 and wb97XD18 functionals and the 
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6-311+G(df,2p)19 split-valence basis set using the Gaussian 16 
program package.20 Stationary points on potential energy surfaces 
(PESs) were located with full geometry optimization, identified 
by calculating the matrix of second derivatives (force constants) 
and checked for stability of the Hartree–Fock solution. The wave 
functions of all considered systems are stable. Natural bond 
orbital (NBO) analysis21 was performed with the help of the 
NBO 6.0 program.22 AIM (Atoms in Molecules) analysis23 was 
carried out using the AIMAll Professional program.24 The drawings 
were made using the ChemCraft program suite25 with the calculated 
atomic coordinates as input parameters.

According to the calculations at both levels, system 8 can 
exist in two isomeric forms, 8a and 8b, which are characterized 
by D6h symmetry and correspond to energy minima (l  =  0, 
hereinafter l denotes the number of negative eigenvalues of the 
matrix of second derivatives) on the PES. The ground state of 
both isomers of system 8 is a closed-shell singlet. The triplet state 
is destabilized with respect to the singlet state by 33 (B3LYP) or 
54  kcal  mol–1 (wb97XD) in the case of isomer 8a and by 19 
(B3LYP) or 30 kcal mol–1 (wb97XD) in the case of isomer 8b. 
Structural parameters of isomers 8a and 8b are shown in Figure 2, 
and their energy parameters are collected in Table S1 (see Online 
Supplementary Materials).

Isomers 8a and 8b differ in the degree of near nesting of CB6 
rings and in the configuration of carbon atom bonds. Form 8a is 
characterized by markedly separated CB6 fragments with a distance 
between the central carbon atoms of 2.484 (B3LYP) or 2.494 Å 
(wb97XD), while in form 8b the CB6 fragments are substantially 
drawn together, and the distances between carbon atoms are 
diminished to 1.387 (B3LYP) or 1.384 Å (wb97XD). Form 8b is 
slightly more stable than form 8a: the energy difference is 1.26 
(B3LYP) or 3.04  kcal  mol–1 (wb97XD). Both isomers are 
characterized by high values of the first harmonic vibrational 
frequencies (from ~170 to 180  cm–1), which indicates26 their 
significant kinetic stability.

The central carbon atoms of the CB6 units in form 8a have almost 
planar bond configuration: pyramidalization is within ~5°, and the 

calculated CB bond lengths are 1.649 (B3LYP) or 1.648  Å 
(wb97XD). The CB bonds in isomer 8b are noticeably longer 
than in isomer 8a and are 1.746 (B3LYP) or 1.738 Å (wb97XD). 
The central carbon atoms in form 8b are pyramidalized to a much 
greater extent than in form 8a: according to both methods, the 
pyramidalization angle is ~29°.

Thus, form 8a includes two quasi-planar hexacoordinated carbon 
atoms, while the carbon atoms in form 8b are heptacoordinated 
and have an inverted-umbrella bond configuration. In addition to 
six bonds with surrounding boron atoms, carbon atoms in isomer 
8b form a central CC bond, the length of which is 1.387 (B3LYP) 
or 1.384 Å (wb97XD). The length of this bond is greatly reduced 
compared to the single carbon–carbon bond (1.54  Å)27 and is 
close to the length of the double bond (1.34 Å).27 The calculated 
Laplacian bond order (LBO)28 for the central CC bond is 1.4 (B3LYP) 
or 1.5 (wb97XD), which also indicates a significant contribution 
of double bonding. For comparison, peripheral –CH=CH– bridges 
have similar parameters: their length is 1.360 (B3LYP) or 1.353 Å 
(wb97XD), and LBO is 1.7 (B3LYP) or 1.8 (wb97XD).

According to the AIM analysis (see molecular graphs in 
Figure 2), each carbon atom in system 8a is linked by six bond 
paths to the boron environment, which indicates its hexacoordination. 
In system 8b, carbon atoms form an additional, seventh, bond path 
corresponding to CC bonding, and thus are heptacoordinated. 
Each of the bond paths connecting carbon atoms with the boron 
environment in system 8 corresponds to the interaction of the 
carbon center with the BB bond, and not directly with single 
boron atoms.

Table  S2 lists the calculated AIM parameters for the bond 
critical point (BCP) corresponding to CB interactions in system 8. 
As can be seen from the table, the BCPs are characterized by 
negative values of the electronic Laplacian ∇2r(r) attributed to 
covalent-type interactions. Additionally, the values of the charge 
density r(r) at the BCP are large enough (0.15) and close to 
those for covalent single bonds (from ~0.25 to 0.30). At the same 
time, the negative sign of the total energy density H(r) indicates 
the covalent nature of these interactions. When passing from 
form 8a to form 8b, the values of the charge density at the critical 
points of the CB bonds slightly decrease. This trend correlates 
with the lengthening of the CB bonds in form 8b and indicates a 
weakening of the interaction. Another criterion to assess the 
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Figure  1  Two non-classical states of the apical carbon atoms in system 8: 
planar hexacoordination  8a and inverted-umbrella heptacoordination  8b. 
Red and blue circles represent planar hexacoordinated carbon and inverted-
umbrella heptacoordinated carbon, respectively.
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nature of bonding is the ratio between the kinetic and potential 
energy densities −G(r)/V(r).29,30 For forms 8a and 8b, this value is 
less than 0.5, which points to a predominantly covalent interaction.

According to the results of molecular orbital and NBO analyzes, 
the formation of hypercoordinated carbon centers in systems 8a 
and 8b is provided by donating electron density from the bonding 
orbitals of BB bonds formed by the interaction of sp2-hybridized 
boron orbitals (with a high contribution of the s-component) to 
the antibonding combination of p orbitals of two carbon atoms 
[Figure 3(a)]. In addition, back-donation occurs from unhybridized 
filled pz orbitals of carbon atoms to vacant pz orbitals of the boron 
environment [Figure 3(b)]. In system 8b, the pz orbitals of carbon 
atoms are involved in the formation of the central CC bond, 
which leads to a decrease in the electron density donation from 
carbon atoms to the boron environment, weakening of the CB 
interaction and elongation of the corresponding bonds. The 
central p-bonding in system 8b is provided by carbon p orbitals 
located in the basal planes, which simultaneously participate in 
the interaction with boron atoms [Figure 3(c)].

For the central CC bond in isomer 8b, the calculated AIM 
parameters (negative electron density Laplacian and significant 
charge density at the critical point) also indicate the covalent nature 
of the bond. In this case, the value of the electron density at the 
BCP is 0.336, which exceeds the values typical of covalent single 
bonds. The –G(r)/V(r) ratio for the BCP corresponding to the CC 
bond is 0.227, which points to an increase in the covalent 
component compared to the CB bonds.

The calculated BB distances along the perimeter of the CB6 
fragments are 1.644 (B3LYP) or 1.639 Å (wb97XD) for structure 
8a and 1.689 (B3LYP) or 1.688 Å (wb97XD) for structure 8b and 
are significantly shortened compared to those for single covalent 
BB bonds (1.75 Å).27 The strong BB bonding along the perimeter of 
the CB6 fragments, as well as the rigidity of the framework, are 
additional factors for the stabilization of non-classical carbon centers.

As can be seen from Figure 2, the molecular graphs of isomers 
8a and 8b are characterized by ring critical points (RCPs) and 
cage critical points (CCPs) indicating the aromaticity of these 
systems. The calculated NICS indices31 corresponding to the 
CCPs (NICSCCP) located in the center of the molecules have high 
negative values [–58.9 (B3LYP) or –60.0  ppm (wb97XD) for 
isomer 8a and –39.1 (B3LYP) or –41.0  ppm (wb97XD) for 
isomer 8b], which are characteristic of diatropic ring currents in 
these regions and the three-dimensional aromaticity of system 8. 
In the peripheral sectors of the hydrocarbon linker, the calculated 
values of the NICSCCP indices corresponding to the CCPs and 
located at the central points of the C···C axes are also negative 
[–7.6 (B3LYP) or –7.2 ppm (wb97XD) for isomer 8a and –5.7 
(B3LYP) or –5.8 ppm (wb97XD) for isomer 8b], which points to 
the local 3D aromaticity of the peripheral environment. According 
to molecular orbital analysis, the 3D aromaticity of systems 8 is 
provided by spatial overlapping of the upper and lower p-systems of 

the CB6 units [Figure 3(b),(c)], as well as p-systems of hydrocarbon 
linker fragments [Figure 3(d )]. The stacking interaction between 
the basal p-systems in isomer 8b is accompanied by the formation 
of a covalent bond, similarly to how it occurs in systems with pancake 
bonding.32 However, in contrast to pancake-bonded systems, the 
covalent bond in isomer 8b has a high degree of double bond 
character.

Isomers 8a and 8b are separated by an energy barrier high 
enough to isolate individual non-classical forms. According to 
calculations, the barrier for the isomerization of form 8a to form 
8b is 29.4 (B3LYP) or 25.3 kcal mol–1 (wb97XD). The structure 
of transition state 9 is characterized by C6v symmetry and includes 
two non-classical hexacoordinated carbon centers, one of which 
is planar (as in isomer 8a) and the other is pyramidal. The distance 
between the two centers is 1.869 (B3LYP) or 1.948 Å (wb97XD). 
In the transition state, three-dimensional aromaticity is lost due 
to symmetry breaking about the plane perpendicular to the main 
axis, which leads to an increase in the isomerization barrier.

An important feature of systems 8 is the possibility of forming 
on their basis complex condensed derivatives with a regular structure 
10 as surfaces, extended ribbons or hole-type systems, including 
many non-classical hypercoordinated carbon atoms in various 
forms. Similarly composed three-layer structures contain non-
classical units in the basal layers with a hydrocarbon interlayer 
between them. Calculations carried out for the simplest trimeric 
derivatives 11 showed that these condensed systems correspond 
to energy minima (l = 0) on the PES. Like the initial monomers 8, 
system 11 has isomeric forms with planar hexacoordinated and 
inverted-umbrella heptacoordinated carbon atoms (Figure 4).

Isomers 11a and 11b are constructed from three blocks 8a 
and 8b, respectively, and thus contain six planar hexacoordinated 
(isomer  11a) and six inverted-umbrella heptacoordinated 
(isomer 11b) carbon centers. Forms 11c and 11d are built from 
two types of structural blocks and simultaneously include non-

(a) (b)

(c) (d )

Figure  3  Shapes of multicenter bonding molecular orbitals providing the 
formation of (a),(b) hypercoordinated nodes, (c) central CC double bond 
and (d) peripheral three-dimensional aromaticity in systems 8.
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classical carbon centers in two hypercoordination states. Isomer 
11c includes two blocks 8a and one block 8b and contains four 
planar hexacoordinated and two inverted-umbrella heptacoordinated 
carbon centers. Isomer 11d, constructed from one block 8a and 
two blocks 8b, contains two planar hexacoordinated and four 
inverted-umbrella heptacoordinated carbon centers.

As in the case of the simplest derivatives 8, isomer 11b, 
containing only inverted-umbrella heptacoordinated centers, is 
the most energetically preferable. The thermodynamic stability of 
the isomeric forms decreases in the series 11b > 11c > 11d >11a 
with an increase in the number of the planar hexacoordinated carbon 
centers. Isomer 11a, which includes only planar hexacoordinated 
carbon centers, is the least energetically favorable. The energy 
preference of form 11b with only heptacoordinated carbon relative 
to form 11a with only hexacoordinated carbon increases compared 
to derivatives 8 and is 15.50 (B3LYP) or 13.23 kcal mol–1 (wb97XD). 
The formation of complicated systems has practically no effect 
on the geometric characteristics of the structural blocks in the 
monomeric unit. The structural and energy parameters of isomers 
11a and 11b are presented in Figure S5 and Table S1.

In summary, the performed calculations predict the stability 
of organoboron species 8, which are a new type of non-classical 
structures with carbon atoms in two states of hypercoordination: 
planar hexacoordination and inverted-umbrella heptacoordination. 
Systems 8 are stabilized by both steric and electronic effects (rigid 
framework, boron substituents effect and 3D aromaticity) and can 
serve as structural blocks for the formation of stable condensed 
associates containing a sequence of many non-classical carbon 
centers of different types.

This work was supported by the Ministry of Science and 
Higher Education of the Russian Federation within the framework 
of the State Assignment in the field of scientific activity to the 
Southern Federal University (project no. 0852-2020-0019).
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Figure  4  Isomeric forms of system 11 containing planar hexacoordinated 
(red circles) and inverted-umbrella heptacoordinated (blue circles) carbon atoms.


