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Systems containing hypercoordinated carbon and other atoms 
attract much attention due to their unique electronic, optical and 
magnetic properties, which opens up opportunities for wide use 
of these systems in various fields of science and technology.1,2 
An effective strategy for stabilizing planar hypercoordinated 
centers is to include them in an appropriate boron environment.1–10 
The productivity of this approach, based on combined electronic 
and steric factors, has been confirmed by the discovery of 
numerous systems with hypercoordinated carbon, boron, 
nitrogen and other centers.1,2,11–17

The simplest binary system with a planar hexacoordinated 
carbon atom in a boron environment is the dianion CB6

2– 1.7 The 
unusual geometry of this system in the form of a wheel with a 
central hexacoordinated carbon atom determines specific 
magnetic and bonding characteristics, and makes it and its 
derivatives attractive candidates for synthetic searches.6 The 
dianion CB6

2– has an aromatic benzene-like 6p-electron system,7 
which ensures the stability of its non-classical structure. 
Stabilization of the CB6 unit in the neutral form is achieved  
in various polycyclic compounds2,6,18 and organometallic 
complexes,19–22 where CB6 plays the role of a ligand. Thus, 
according to theoretical studies, pyramidal 2,19 as well as 
sandwich 3 and multidecker sandwich 4 derivatives of both 
transition20,22 and non-transition19,21 metals can be formed on 
the basis of CB6 and NB6 structural units. The study of the 
possibilities of implementing non-classical systems as ligands in 
metal coordination compounds is expected to become a new area 
of research combining coordination chemistry and the chemistry 
of non-classical compounds.

A promising direction here is the study of metal carbonyl 
complexes of non-classical systems. As our previous studies 
have shown,23,24 metal carbonyl substituents allow stabilizing 
various non-standard configurations and provide wide 
possibilities for varying their structure and properties. Within the 
framework of the described approach, in this work we used DFT 
methods to investigate the structures and stability of pyramidal 

metal carbonyl complexes based on CB6 and NB6 species of 
three structural types 5–7 (X = C, N; M = V, Cr, Mn, Fe, Co, Ni). 
By analogy with classical organometallic compounds, it can be 
expected that the rule of 18-electron stability will also be fulfilled 
in systems with non-classical fragments. Therefore, 14-electron 
ligands were chosen for CB6 derivatives, and 13-electron ligands 
for NB6 derivatives. The calculation procedure is described in 
Online Supplementary Materials.

In the case of dicarbonyl complexes 5 with carbon and 
nitrogen derivatives, the 18-electron rule is fulfilled in the 
CB6Ni(CO)2 and NB6Co(CO)2 systems, respectively. As shown 
by calculations at B3LYP and PBE0 levels, structures 5a (C2v 
symmetry) with a staggered conformation of the metal carbonyl 
fragment relative to the basal ring XB6 correspond to energy 
minima (l = 0), while systems 5b (C2v symmetry) with an 
eclipsed conformation correspond to first-order points (l = 1) on 
the potential energy surfaces (PESs). The structural and energy 
parameters of the systems are presented in Figure 1 and Table S1 
(see Online Supplementary Materials).

Metal carbonyl derivatives of CB6 and NB6 species:  
molecular rotors with hypercoordinated units

Tatyana N. Gribanova,* Ruslan M. Minyaev and Vladimir I. Minkin

Institute of Physical and Organic Chemistry, Southern Federal University, 344090 Rostov-on-Don,  
Russian Federation. E-mail: tngribanova@ipoc.sfedu.ru

DOI: 10.71267/mencom.7856

XB6M(CO)n

X = C, N; M = V, Cr, Mn, Fe, Co, Ni; n = 2–4

DFT calculations predict stability of 18-electron metal 
carbonyl derivatives of the CB6 and CN6 species, which 
represent a new structural type of metal coordination 
compounds with non-classical ligands containing a 
hypercoordinated central atom. These systems exist as 
mixtures of isoenergetic conformers associated with the 
rotation of metal carbonyl groups, thus being a kind of 
‘free rotors’.
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The basal XB6 rings in the CB6Ni(CO)2 and NB6Co(CO)2 
complexes are quasi-planar with slight pyramidalization of the 
hypercoordinated center X. The bond lengths of the central 
carbon atom with the boron environment in complex 5a (X = C, 
M = Ni) are 1.603 (B3LYP)/1.609 (PBE0) Å, which is slightly 
longer than the lengths of the single C–B bonds (1.6 Å25). In 
complex 5a (X = N, M = Co), the calculated N–B bond lengths 
are 1.613 (B3LYP)/1.619 (PBE0) Å. The calculated B···B 
distances along the perimeter of the XB6 fragments in the 
complexes are in the range of 1.58–1.62 Å and are considerably 
shortened compared with the parameters of the single covalent 
B–B bonds (1.7 Å25).

The interatomic distances X···M are 1.998 (B3LYP)/1.961 
(PBE0) Å in 5a (X = C, M = Ni) and 1.917 (B3LYP)/1.885 
(PBE0) Å in 5a (X = N, M = Co), which slightly exceeds the 
sum of the covalent radii (1.92 Å for the C–Ni pair and 1.86 Å 
for the N–Co pair). At the same time, the calculated bond lengths 
of the central atom with the metal atom are in the range of 
experimental values for organometallic compounds: for example, 
the Ni–C distances in nickel complexes with alkenes are 
1.921–2.064 Å,26 and the Co–N bond lengths in various pyridine 
organocobalt complexes are in the range of 1.873–2.194 Å.27

Eclipsed conformations 5b for the CB6Ni(CO)2 and 
NB6Co(CO)2 complexes correspond to transition states of 
rotation of the metal carbonyl fragments relative to the basal 
ring. The calculated rotation barriers are very low and amount to 
0.25 (B3LYP)/0.28 (PBE0) kcal mol−1 for the carbon derivative 
and 0.08 (B3LYP)/0.14 (PBE0) kcal mol−1 for the nitrogen 
derivative.

For tricarbonyl derivatives 6, the 18-electron rule is satisfied 
by the CB6Fe(CO)3 and NB6Mn(CO)3 complexes (see Figure 1 
and Table S1). As in the case of dicarbonyl systems, the staggered 
conformations 6a (C3v symmetry) correspond to energy minima 
on the PES, while the eclipsed conformations 6b (C3v symmetry) 
correspond to first-order (l = 1) stationary points on the PES.

The basal cycle of the CB6Fe(CO)3 and NB6Mn(CO)3 
complexes retains a quasi-planar structure with a slight 
pyramidalization of the bonds with the central atom, which are 
somewhat elongated compared to the dicarbonyl species. The 
interatomic distances X···M are 2.021 (B3LYP)/1.984 (PBE0) Å 
in 6a (X = C, M = Fe) and 1.968 (B3LYP)/1.931 (PBE0) Å in 6a 
(X = N, M = Mn), which slightly exceeds the sum of the covalent 
radii (1.93 Å for the C–Fe pair and 1.87 Å for the N–Mn pair). 
At the same time, the calculated bond lengths of the central atom 
with the metal atom are in the range of experimental values for 
organometallic compounds: for example, the Fe–C distances in 
alkyl iron complexes can be around 2.015–2.063 Å,28 and in 
manganese complexes with amines, the Mn–N distances are 
around 2.286–2.470 Å.29

As in the previous case, the eclipsed conformations 6b 
correspond to transition states of the rotation process of the 
metal carbonyl fragments relative to the basal ring, which is 
characterized by a low energy barrier. The calculated rotation 
barriers are 0.27 (B3LYP)/0.38 (PBE0) kcal mol−1 for the carbon 
derivative and 0.36 (B3LYP)/0.42 (PBE0) kcal mol−1 for the 
nitrogen derivative.

In the case of tetracarbonyl complexes 7, the 18-electron rule 
is fulfilled in the CB6Cr(CO)4 and NB6V(CO)4 systems. The 
symmetry features of the basal cycle and the tetracarbonyl 
fragment do not allow to form ideally staggered or ideally 
eclipsed conformations in this case, which leads to the formation 

of mixed forms. As calculations show, two types of structures 7a 
and 7b with C2v symmetry correspond to energy minima and are 
energetically equivalent to the structure of the transition state 
with C2 symmetry (see Figure 1 and Table S1). Thus, the rotation 
of apical groups relative to the basal cycle in tetracarbonyl 
complexes occurs freely (energy barrier = 0).

The interatomic distances X···M are 2.082 (B3LYP)/2.042 
(PBE0) Å in 7a (X = C, M = Cr) and 2.050 (B3LYP)/2.023 
(PBE0) Å in 7a (X = N, M = V), which is slightly larger than the 
sum of the covalent radii (1.95 Å for the C–Cr pair and 1.92 Å 
for the N–V pair). The calculated X–M bond lengths are in the 
range of experimental values for organometallic compounds: for 
example, in bis-alkynyl chromium complexes, the Cr–C bond 
lengths are around 2.059–2.078 Å,30 and in vanadium complexes 
with triamidoamine ligands, the V–N bond lengths to amido 
nitrogens range in 1.896–1.928 Å, and the V–N bond to amine 
nitrogen is around 2.173–2.185 Å.31

According to the AIM32 analysis (Figure S1 and Table S2), 
the central atom X in all the considered complexes forms six 
bond paths with the boron environment and a seventh additional 
bond path with the metal atom, thus being heptacoordinated. 
Each of the bond paths connecting the central atoms with the 
boron environment corresponds to the interaction with the B–B 
bond, rather than directly with individual boron atoms. As can be 
seen from Table S2, the critical points corresponding to C···B 
interactions are characterized by negative values of the electron 
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Figure  1  Bond lengths (Å) of systems 5a, 6a and 7a calculated using the 
B3LYP (values in roman) and PBE0 (values in italics) methods with the 
6-311+G(df) basis set.
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Laplacian Ñ2r(r), fairly high values of the charge density r(r), a 
negative sign of the total energy density H(r) and a ratio of the 
kinetic and potential energy densities −G(r)/V(r) below 0.5, 
which together indicate a predominantly covalent nature of the 
C–B bonds. For critical points of the bond paths corresponding 
to N···B interactions, the Laplacian values of the electron density 
are positive, and the ratio −G(r)/V(r) exceeds 0.5, which indicates 
an increase in the ionic contribution to the bonding of the central 
atom with the boron environment in the NB6 derivatives 
compared to the CB6 derivatives.

For X···M interactions, the calculated AIM parameters 
[positive value of the Laplacian, low electron density at the 
critical point and the −G(r)/V(r) ratio in the range of 0.8–0.9] 
indicate an ionic nature of the bonding, which, according to 
molecular orbital analysis data, is provided by the interaction of 
the dz

2 orbital of the metal atom and the pz orbital of the central 
atom (Figure 2). As in the case of metal carbonyl compounds 
with hydrocarbon rings,23,33,34 an important factor in the 
stabilization of complexes 5–7 is metalloaromaticity.35–37 Metal 
carbonyl fragments, being donors of one (for NB6 complexes) or 
two (for CB6 complexes) electrons,23 ensure the formation of the 
aromatic basal cycles XB6, similar to the dianion CB6

2–.7

Thus, our calculations show that non-classical CB6 and CN6 
species are capable of forming metal carbonyl complexes of 
various compositions, the stabilization condition of which is the 
fulfillment of the 18-electron rule. The complexes, which 
represent a new structural type of coordination compounds, are 
stabilized by an additional, seventh, bond of the central atom and 
exist as a mixture of isoenergetic conformers associated with the 
rotation of metal carbonyl groups and separated by insignificant 
barriers, being a kind of ‘free rotors’.
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Figure  2  Shapes of molecular orbitals involved in the formation of C–M 
bonds in CB6 complexes (a) 5, (b) 6 and (c) 7.
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