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Abstract
The geometrical parameters, the electronic structures and the nature of the chemical bonding for complexes of the type 
(NqMes)M[Cl(CO)2] (NqMes = naphtoquinone-annulated NHC ligand and M = V, Mn, Re, Co, Rh, Cu) which possess even 
electron counts have been investigated at the BP86 and B3LYP levels of theory using orbital molecular and energy decom-
position analyses. The coordination of the six-membered ring is strongly disfavoured (structures A), while the structures B1 
and B2 which differ by the orientation of the M[Cl(CO)2] unit are in competition with regard to the metal’s nature and the 
spin state. The carbene–metal bonds are governed chiefly by electrostatic attractions contributing 65–75% of the bonding 
attractive interactions. The carbene–metal bonds are strong in electron-moderately rich Re element and weak in electron-rich 
Cu metal. In the most cases, orbital interactions are more important in symmetrical species than in the unsymmetrical ones, 
which are mainly described by σ-bonding with the π-backbonding part less than 20%.

Keywords Molecular bonding · Energy decomposition · Oxidation state · Isomers’ stabilities

1 Introduction

The N-heterocyclic carbenes (NHCs) [1, 2] ligands have 
always played a central role in the development of organo-
metallic chemistry and have found remarkable usefulness 
for modulating the activities of transition metals [3–5]. The 
first reports on the isolation of the complexes containing 
N-heterocyclic carbenes (NHCs) are known since more 
than four decades [6–9]. This breakthrough has opened an 
outstanding route facilitating its development due to their 
significant activity in homogeneous catalysis, where a new 
class of catalysts has lately been developed with N-hetero-
cyclic carbenes rather than organophosphine ligands [3]. A 
wide variety of NHC–metal complexes with early and late 
transition metals exist, and many methods to generate them 

are known [10–12]. The understanding of the nature gov-
erning the interaction between metals and NHCs has been 
intensively investigated. It is well known that N-heterocyclic 
carbenes (NHCs) are strong σ-donor ligands that coordi-
nate to transition metals; however, the π-backdonation in 
NHC-transition metal complexes was revealed to be negli-
gible as elucidated in previous experimental and theoretical 
works [13, 14]. Recently, many efforts have been devoted 
in both theoretical and experimental aspects to clarify the 
importance of the steric and electronic contributions to the 
NHC–metal bonding, where several calculations pointed out 
the existence of both σ- and π-type interactions between the 
carbene and the metal ions [15–21].

The DFT study has been achieved on a series of neutral 
complexes of the type (NqMes)M[Cl(CO)2] (NqMes = naph-
toquinone-annulated NHC “Fig. 1” and M = V, Mn, Re, Co, 
Rh, Cu) to establish a stability order between different con-
formations for same transition metal in function of the spin 
state and to provide an in-depth look into the nature of the 
interactions governing the NHC–Metal bonding depending 
on the nature of the metal ion and the orientation of the 
MCl(CO)2 fragment. The BP86 and B3LYP functionals have 
shown their utility in determining the electronic, structural 
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and interaction types within the monometallic complexes of 
various molecular structures [22–32].

2  Computational details

All calculations were carried out using the 2016.01 ver-
sion of the Amsterdam Density Functional (ADF) program 
[33] developed by Baerends and co-workers by means of 
the density functional theory (DFT) [34–38]. Electron cor-
relation was treated within the local density approximation 
(LDA) in the Vosko–Wilk–Nusair parametrization [39]. 
The generalized gradient approximation BP86 [40–43] and 
the hybrid-type B3LYP functionals [44, 45] have been used 
for calculations. The atom electronic configurations were 
described by a triple-�Slater-type orbital (STO) basis set for 
H 1s, C 2s and 2p, N 2S and 2p, O 2s and 2p augmented 
with a 3d single-� polarization for C, N and O atoms and 
with a 2p single-� polarization for H atoms. A triple-�Slater-
type orbital basis set for Cl 3s and 3p augmented with a 3d 
single-� polarization for P and Cl atoms. A triple-� STO 
basis set was used for the first-row transition metals 3d and 
4s augmented with a single-� 4p polarization function, for 
the Rh 4d and 5s augmented with a single-� 5p polarization 
function for Rh, and a triple-� STO basis set was used for 
the for Re 5d and 6s augmented with a single-� 6p polariza-
tion function for Re. The scalar relativistic zero-order regu-
lar approximation (ZORA) was used for the heavy Rh and 
Re atoms, with the associated optimized valence basis set 
[46–48]. The BP86 calculations were performed assuming 
the frozen–core approximation up to 1s for C, 2p for Cl, 3p 
for the first-row metals, 4p for Rh and 4f for Re [34–38]. Full 
geometry optimizations were carried out using the analytical 
gradient method implemented by Versluis and Ziegler [49]. 
Vibrational frequency calculations were performed on all 
the optimized geometries to verify that these structures are 
true minima on the potential energy surface [50, 51]. All the 
energy values reported in the supplementary information 
include zero-point energy correction. Representations of the 
orbitals and of the molecular structures were done by using 
the ADF-GUI [33] programs. The natural population-based 

(NPAI) [52] were obtained by the NBO 6.0 program [53, 
54].

3  Results and discussion

In order to understand the bonding type, the electronic struc-
tures and the electronic transfers into the series of (NHC)
M[Cl(CO)2] complexes, full geometry optimizations and the 
energy decomposition analysis have been achieved. Indeed, 
two different sites of coordination of the ligand have been 
envisaged to establish the stability order between isomers 
depending on the metal nature and the spin state. The first 
site of coordination is relative to the external six-membered 
ring (configuration A), while the second one (configuration 
B) to two conformations: one symmetrical B1 (Cs sym-
metry) and other unsymmetrical B2 (C1 symmetry) which 
are obtained from each other by rotation as illustrated in 
Scheme 1.

4  Vanadium complexes

Several previous works giving rise to vanadium cation with 
different oxidation states have been reported [10]. In the 
frame of this work, optimized structures of the V(I) com-
plexes showed that the V[Cl(CO)2] fragment prefers to be 
bound to the carbene site rather than the six-membered ring 
as gathered in Table 1 and illustrated in Fig. 2. The unsym-
metrical V–B2(T) isomer in its triplet state corresponds to 
the global minimum obtained by both BP86 and B3LYP 
adopting a pseudo-tetrahedral geometry with short V–C(1) 
and V–Cl bond distances of 2.094 and 2.258 Å, respectively, 
putting emphasis on strong interactions between the metal 
and the carbon of the NHC ligand. However, the V–B2(S) 
isomer of singlet state lies 8.7 (BP86) or 7.6  kcal/mol 
(B3LYP) above its homolog V–B2(T) as global minimum, 
adopts a trigonal pyramidal geometry around the metal ion 
with slightly short V–C and V–Cl bond distances (Table 1) 
and exhibits a small HOMO–LUMO gap of 0.20 eV (BP86).

Both symmetrical V–B1(S) and V–B1(T) complexes 
adopt a trigonal pyramidal geometry around the vanadium 

Fig. 1  Atom numbering (left) 
and BP86-optimized bond 
distances in Å (right) of the 
NHC ligand (NqMes = naphto-
quinone-annulated NHC) of C2v 
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cation V(I) showing resemblances with open OC–V–CO 
angles of about 180° and lying above their homologous of 
the unsymmetrical structures. The V–B1(S) structure dis-
plays a small HOMO–LUMO gap of 0.15 (BP86) or 0.68 eV 
(B3LYP). For both V–B1(T) and V–B2(T), the two unpaired 
electrons are mainly localized on the vanadium ion as evi-
denced by the spin density values of 2.02 and 1.91 as given 
in Table 1.

The electronic configuration of the metal in all vana-
dium cases shows significant donation (depopulation of 

the 3d AO) and backdonation into the 4s AO (population 
of the 4s AO) as given in Table 1.

The elongation of N–C bond lengths from 1.378 in 
free ligand to 1.383 Å in V–B2(S) is consistent with the 
π-backbonding from the filled orbitals of the metallic frag-
ment into the vacant π * C–N ones of the carbene fragment.

It is important to note that the energy barriers of the 
rotation of the V[Cl(CO)2] fragment for this kind of 
compounds are in the range of 17–33 kcal/mol; thus, the 
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Scheme 1  Possible conformations arising from the coordination between the NHC ligand and the M[Cl(CO)2] fragment

Table 1  Selected parameters for 
(NHC)V[Cl(CO)2] complexes

HOMO–LUMO gaps are given in eV (ΔEHL1 (BP86) and ΔEHL2 (B3LYP), relative energies between iso-
mers are given in kcal/mol (ΔE1 (BP86) and ΔE2 (B3LYP), and bond distances are in Å. Values in paren-
theses are of B3LYP

Isomer spin state V–B1(S) S = 0 V–B1(T) S = 1 V–B2(S) S = 0 V–B2(T) S = 1

ΔEHL1 0.02 – 0.20 –
ΔEHL2 0.68 – 1.44 –
ΔE1 22.48 19.53 8.72 0.0
ΔE2 33.20 16.58 7.63 0.0
V–C(1) 2.113 2.111 2.047 2.094
V–Cl 2.264 2.256 2.224 2.258
C(1)–V–Cl 105.7 112.5 122.4 106.8
C(1)–V–C′(1) 90.2 93.3 82.2 92.3
C(1)–V–C′(2) 90.2 93.3 108.8 94.5
Spin density – 2.023 – 1.913
<S2> – 2.241 – 2.146

Natural population of vanadium atom
V 0.24 (0.31) 0.31 (0.42) 0.24 (0.36) 0.35 (0.41)

Natural electronic configuration
BP86 4s0.323d4.434p0 4s0.363d4.304p0 4s0.373d4.374p0.02 4s0.373d4.264p0.02

B3LYP 4s0.313d4.374p0 4s0.353d4.194p0 4s0.403d4.224p0.01 4s0.373d4.194p0.01
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rotational movement changes the stability order between 
the isomers favouring the unsymmetrical structures.

Despite its full η6-coordination mode, the V–A(S) and 
V–A(T) species are found high in energy by both BP86 and 
B3LYP used methods exhibiting a small HOMO–LUMO 
gap of 0.26 (BP86), but large one of 1.74 eV (B3LYP) is 
obtained very high in energy than the global minimum 
V–B2(T) of triplet spin state.

5  Manganese and rhenium complexes

The optimized structures of the NHC ligand coordinated 
to the M[Cl(CO)2] (M = Mn and Re) of A, B1 and B2 ones 
showed discrepancies with regard to the stability order 
between isomers in each case (Table 2, Fig. 3). The Mn and 
Re metals of group VII have not the same ground state as 
illustrated in table and figure, where numerous works have 
been reported with Mn and Re in low oxidation state +I [11]. 

ΔE1 = 25.2
ΔE2 = 30.6

ΔE1 = 22.5
ΔE2 = 33.2

ΔE1 = 8.7
ΔE2 = 7.6

V-A(S) V-B1(S) V-B2(S)

V-A(T) V-B1(T) V-B2(T)

ΔE1 = 29.6
ΔE2 = 27.9

ΔE1 = 19.5
ΔE2 = 16.6

ΔE1 = 0.0
ΔE2 = 0.0

Fig. 2  BP86-optimized structures for (NHC)V[Cl(CO)2] complexes. S and T designated the singlet and triplet spin states, respectively. Relative 
energies between isomers ΔE1 (BP86) and ΔE2 (B3LYP) are given in kcal/mol

Table 2  Selected parameters for (NHC)M[Cl(CO)2] (M = Mn, Re) complexes

HOMO–LUMO gaps are given in eV (ΔEHL1 (BP86) and ΔEHL2 (B3LYP), relative energies between isomers are given in kcal/mol (ΔE1 (BP86) 
and ΔE2 (B3LYP), and bond distances are in Å. Values in parentheses are of B3LYP

Isomer spin 
state

Mn–B1(S) 
S = 0

Mn–B1(T) 
S = 1

Mn–B2(S) 
S = 0

Mn–B2(T) 
S = 1

Re–B1(S) 
S = 0

Re–B1(T) 
S = 1

Re–B2(S) 
S = 0

Re–B2(T) S = 1

ΔEHL1 0.35 – 0.22 – 1.00 – 0.45 –
ΔEHL2 1.80 – 2.42 – 2.27 – 1.74 –
ΔE1 20.7 5.9 17.5 0.0 0.0 34.2 25.8 33.6
ΔE2 28.66 6.5 17.9 0.0 0.0 38.0 32.3 32.6
M–C(1) 1.898 2.054 2.050 2.64 2.008 2.006 2.212 2.198
M–Cl 2.236 2.293 2.255 2.320 2.298 2.275 2.404 2.449
C(1)–M–Cl 109.6 177.2 90.7 87.3 118.3 118.1 85.6 84.9
C(1)–M–C′(1) 92.9 92.2 173.3 176.1 89.5 126.5 177.3 177.1
C(1)–M–C′(2) 92.9 92.2 93.6 97.7 89.5 126.5 92.6 98.2
Spin density – 2.352 – 2.321 – 0.352 – 1.960
<S2> – 2.174 – 2.078 – 2.005 – 2.011
Natural population of the metal
Metal charge 0.01 (0.12) 0.24 (0.28) 0.07 (0.34) 0.31 (0.40) 0.23 (0.26) 0.33 (0.39) 0.25 (0.29) 0.37 (0.41)
Natural electronic configuration of the metal
BP86 4s0.373d6.60 4s0.403d6.34 4s0.373d6.56 4s0.393d6.27 6s0.525d6.27 6s0.505d6.18 6s0.455d6.32 6s0.565d6.05

B3LYP 4s0.363d6.50 4s0.383d6.32 4s0.323d6.32 4s0.373d6.19 6s0.505d6.25 6s0.485d6.14 6s0.445d6.29 6s0.545d6.04
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For the manganese element, the ground state corresponds to 
a triplet state whatever the coordinated site obtained by both 
BP86 and B3LYP methods. Indeed, the Mn–B2(T) triplet 
structure obtained without symmetry constraints is found as 
the global minimum calculated more stable than its homolog 
of singlet state by 17.5 (BP86) and 17.9 kcal/mol (B3LYP). 
Both Mn–B2(S) and Mn–B2(T) exhibit comparable square 
planar geometry around the Mn(I) metal cation correspond-
ing to a deficient 14-MVE configuration. Furthermore, the 
symmetrical isomers of conformation B1, merely Mn–B1(S) 
and Mn–B1(T) are found less stable than the global mini-
mum by 20.7 and 5.9 (BP86) or 28.7 and 6.5 kcal/mol 
(B3LYP), respectively. Unlike, for the rhenium structures, 
the ground state is the symmetrical Re–B1(S) of singlet spin 
state exhibiting large HOMO–LUMO gap of 1.00 (BP86) or 
2.27 eV (B3LYP), in accordance with the ∆ES/T energy split-
ting of 34.2 (BP86) or 38.0 kcal/mol (B3LYP). The struc-
tures B2 are obtained from those of B1 ones by rotation 
giving rise to structures less stable regardless the spin state. 
Indeed, the Re–B1(S) and Re–B2(S) species of the same 

conformation adopt a pseudo-tetrahedral geometry around 
the Re(I) ion.

The energy barriers of the rotation of the Re[Cl(CO)2] 
fragment between the isomers of singlet state are 25.0 kcal/
mol; the rotational movement changes the stability order 
between the isomers favouring the symmetrical structure. 
Thereby, the stability order is shifted in favour of the sym-
metrical Re–B1(S) singlet state, which adopts a pseudo-
tetrahedral geometry around the Re(I) metal cation, with an 
open C(1)–Re–Cl angle of 119 and 118° and C(1)–Re–CO 
angle of 90 and 126°, respectively.

The elongation of N–C bond lengths from 1.378 Å in 
free ligand to 1.392 Å in Mn–B1(S) is consistent with the 
π-backdonation from the filled orbitals of the Mn[Cl(CO)2] 
metallic fragment into the vacant π * C–N ones of the car-
bene fragment. Similarly, the lengthening of the N–C bond 
distances from 1.376 Å in Re–B2(S) to 1.389 Å in Re–B1(S) 
highlights clearly the π-backdonation from the occupied 
orbitals of the Mn[Cl(CO)2] metallic fragment into the 
vacant π * C–N ones of the carbene fragment.

ΔE1 = 17.5
ΔE2 = 17.9

Re-A(T) Re-B1(T) Re-B2(T)

ΔE1 = 0.0
ΔE2 = 0.0 ΔE1 = 25.8
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ΔE2 = 37.8 ΔE1 = 20.7
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ΔE2 = 22.2 ΔE1 = 5.9

ΔE2 =  6.5
ΔE1 = 0.0
ΔE2 = 0.0
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ΔE2 = 38.0 ΔE1 = 33.6
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Fig. 3  BP86-optimized structures for (NHC)M[Cl(CO)2] (M = Mn, Re) complexes. S and T designate the singlet and triplet spin states, respec-
tively. Relative energies between isomers ΔE1 (BP86) and ΔE2 (B3LYP) are given in kcal/mol
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The full η6-coordination of the Mn[Cl(CO)2] fragment to 
the external C6 ring in Mn–A(S) is found high in energy than 
the global minimum structure by 20.4 (BP86) or 37.8 kcal/
mol (B3LYP) displaying Mn–C bond distances in the range 
2.163–2.278 Å giving rise to a 18-MVE configuration of 
the Mn(I) cation.

6  Cobalt and rhodium complexes

For both BP86 and B3LYP methods, the structures B2 
are obtained more stable than those of structures A and 
B1 regardless the spin state (Table 3, Fig. 4). The BP86 
method gave the Co–B2(S) singlet state as global minimum 
despite its small HOMO–LUMO gap of 0.36 eV. However, 
the Co–B2(T) triplet state is obtained as global minimum by 
B3LYP. For both BP86 and B3LYP methods, the ΔELS/HS 
energy splitting of about 6 kcal/mol suggests their inter-
conversion in solution. It is interesting to note the differ-
ences between the structures arising from the rotation of the 
Co[Cl(CO)2] fragment in each case. As can be seen from 
the structures displayed in Fig. 4, in the Co–B2(S) complex, 
the Co[Cl(CO)2] moiety adopts a square planar geometry 
evidenced by C(1)–Co–C′(1) and C–Co–Cl angles of 90° 
and 176° (linear angle), respectively, while in the Co–B2(T) 
structure, the Co[Cl(CO)2] moiety is in a distorted tetrahe-
dral geometry. Likewise for Co–B1(S) and Co–B1(T), the 
Co[Cl(CO)2] moietyis in different environment, which is a 
distorted square planar in the former placing two of donors 

ligands above and two others below the plane containing 
the cobalt anion witnessed by the C(1)–Co–C′(1) of 94° and 
the C–Co–Cl angles of about 176° and distorted tetrahedral 
in the latter affording to the ligands to minimize the inter-
ligands repulsions. The lengthening of the N–C bond dis-
tances from 1.378 Å in free ligand to 1.381 Å in Co–B1(S) 
points out the π-backbonding from the occupied orbitals of 
the CoCl(CO)2 metallic fragment into the vacant π * C–N 
ones of the NHC ligand.

For the Rh species, the most stable structure corresponds 
to the unsymmetrical Rh–B2(S) one with planar struc-
ture due to the square planar geometry around the Rh ion 
(Cl–Rh–CO angle of 175°). This Rh–B2(S) global minimum 
displays significant HOMO–LUMO gap of 0.96 (BP86) and 
2.48 eV (B3LYP) reproducing the experimental geometrical 
parameters [55], while all other isomers of conformations A, 
B1 and B2 are found high in energy as gathered in Table 3 
and illustrated in Fig. 4. Both Co(I) and Rh(I) cations attain 
the 16-MVE configuration.

7  Copper complexes

Both BP86 and B3LYP methods gave the singlet spin state 
Cu–B2(S) structure as the global minimum as clearly shown 
in Table 4 and Fig. 5. The Cu–B2(S) structure obtained 
without symmetry constraints is found as the global mini-
mum exhibiting a considerable HOMO–LUMO gap of 1.17 
(BP86) or 2.67 eV (B3LYP) giving rise to Cu(I) centre of 

Table 3  Selected parameters for (NHC)M[Cl(CO)2] (M = Co, Rh) complexes

HOMO–LUMO gaps are given in eV (ΔEHL1 (BP86) and ΔEHL2 (B3LYP), relative energies between isomers are given in kcal/mol (ΔE1 (BP86) 
and ΔE2 (B3LYP) and bond distances are in Å. Values in parentheses are of B3LYP

Isomer spin 
state

Co–B1(S) 
S = 0

Co–B1(T) 
S = 1

Co–B2(S) 
S = 0

Co–B2(T) 
S = 1

Rh–B1(S) 
S = 0

Rh–B1(T) 
S = 1

Rh–B2(S) 
S = 0

Rh–B2(T) S = 1

ΔEHL 0.61 – 0.36 – 0.69 – 0.93 –
ΔEHL2 2.00 – 2.26 – 2.09 – 2.48 –
ΔE1 9.6 23.5 0.0 6.9 13.2 48.8 0.0 36.6
ΔE2 17.3 18.1 6.6 0.0 13.9 53.2 0.0 35.3
M–C(1) 1.880 1.982 1.958 1.998 2.014 2.032 2.095 2.126
M–Cl 2.231 2.282 2.262 2.227 2.417 2.392 2.432 2.468
C(1)–M–Cl 166.2 104.3 90.0 98.8 177.5 176.0 86.9 88.5
C(1)–M–C′(1) 94.5 103.1 175.9 101.2 95.0 94.0 175.0 98.3
C(1)–M–C′(2) 94.5 103.1 90.6 101.0 95.0 94.0 91.0 99.7
Spin density – 1.588 – 1.653 – 0.315 – 1.182
<S2> – 2.022 – 2.022 – 2.005 – 2.004

Natural population of the metal
Metal charge 0.17 (0.18) 0.95 (1.17) 0.09 (0.12) 0.56 (0.68) 0.06 (0.04) 0.25 (0.34) 0.06 (0.07) 0.46 (0.50)
Natural electronic configuration
BP86 4s0.443d8.38 4s0.213d3.33 4s0.423d7.98 4s0.423d7.98 5s0.534d8.41 5s0.274d3.97 5s0.534d8.39 5s0.394d8.13

B3LYP 4s0.433d8.39 4s0.203d3.12 4s0.443d8.41 4s0.413d7.87 5s0.524d8.43 5s0.264d3.89 5s0.524d8.40 5s0.384d8.10
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18-EVM configuration in a pseudo-tetrahedral environment. 
The natural population was evaluated to be + 0.79 (BP86) or 
+ 0.78 (B3LYP), in agreement with the depopulation of 4s 
and 3d orbitals and very weak population of 4p one as illus-
trated in Table 4. The relatively long Cu–Cl bond distance 
of 2.389 Å (BP86) is in accordance with the atomic radii of 
Cu and Cl elements.

The passage from the global minimum Cu–B2(S) of 
singlet state to the Cu–B2(T) triplet structure leads to a 
structural modifications that consist of shortening of V–Cl 
bond distances from 2.389 to 2.307 Å and corresponding 
to the opening of C(1)–Cu–C′(1) and Cl–Cu–C′(1) angles 
giving rise to a square planar geometry around the Cu(I) 
metal cation. Indeed, this isomer is modelled less stable 
than the global minimum by 49.7 (BP86) or 55.3 kcal/mol 
(B3LYP). The rotation of the Cu[Cl(CO)2] moiety leading 
to the symmetrical Cu–B1(S) isomer is accompanied by a 
loss of the total bonding energy (Table 4). The symmetrical 
Cu–B1(S) structure is found less stable by 6.9 (BP86) or 
6.6 kcal/mol (B3LYP), showing the influence of the rota-
tion of the Cu[Cl(CO)2], and both isomers are not on a flat 

potential energy. A comparison of the N–C bond distances 
within the NHC ligand gives rise to a weak π-backbonding 
in the Cu–B1(S) (1.370 Å) than in Cu–B2(S) (1.363 Å).

Surprisingly, there is no coordination between the 
CoCl(CO)2 moiety and the external C6 ring, while a η2-
coordination would provide the copper cation the 18-MVE 
configuration.

8  Energy decomposition analysis 
and bonding

In order to elucidate the bonding between the NHC ligand 
and the M[Cl(CO)2] (M = V, Mn, Re, Co, Rh and Cu) metal-
lic fragment, the Morokuma–Ziegler [56–58] energy decom-
position analysis (EDA) was applied for all complexes of 
singlet spin state. (The EDA method is well detailed in the 
literature.) The total bonding energy between fragments is 
formulated as the sum of three components: the Pauli repul-
sion (ΔEPauli), the electrostatic interaction energy (ΔEelstat) 
and the orbital interaction energy (ΔEorb) for BP86 and 

Co-A(S)             Co-B1(S)       Co-B2(S)

Co-A(T)             Co-B1(T)                                    Co-B2(T)

Rh-A(S)             Rh-B1(S)                                    Rh-B2(S)

Rh-A(T)                   Rh-B1(T)                 Rh-B2(T)

ΔE1 = 55.2
ΔE2 = 67.8

ΔE1 = 9.6
ΔE2 = 17.3

ΔE1 = 0.0
ΔE2 =6.6

ΔE1 = 41.7
ΔE2 = 32.7 ΔE1 = 23.5

ΔE2 = 18.1
ΔE1 = 6.9
ΔE2 = 0.0

ΔE1 = 52.2
ΔE2 = 57.8

ΔE1 = 13.2
ΔE2 = 13.9 ΔE1 = 0.0

ΔE2 = 0.0

ΔE1 = 70.0
ΔE2 = 70.9 ΔE1 = 48.8

ΔE2 = 53.2
ΔE1 = 36.6
ΔE2 = 35.3

Fig. 4  BP86-optimized structures for (NHC)M[Cl(CO)2] (M = Co, Rh) complexes. S and T designate the singlet and triplet spin states, respec-
tively. Relative energies between isomers ΔE1 (BP86) and ΔE2 (B3LYP) are given in kcal/mol
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B3LYP methods (the results are given in Table 5): ΔEint = 
ΔEpauli + ΔEelstat + ΔEorb.

The ΔEint bonding energies between the interacting frag-
ments are negative synonymous of stabilizing effects for the 
studied complexes. For the complexes of the first-row tran-
sition metals (V, Mn, Co and Cu), the bonding interaction 
reaches its maximum for the symmetrical Mn–B1(S) com-
plex against its minimum for the Cu–B1(S) one. The evolu-
tion of the ΔEint bonding energy in function of the metal 
valence electrons is represented in Fig. 6a, b, illustrating 
its diminishing from vanadium to manganese; thereafter, 
it slightly increases for cobalt, attaining its highest value 

for copper. As can be seen from Table 5, the positivePauli 
repulsive interaction is overbalanced by the attractive inter-
action regrouping the electrostatic and orbital components. 
The attractive contribution is governed by the electrostatic 
one, which ranges from 66% (two-third) to 75% (three quar-
ter) of the stabilizing total attractive energy (ΔEelstat + ΔEorb) 
comparable to the results obtained for organometallic com-
plexes [59, 60]. However, the findings of Table 5 show 
strong interactions between fragments of rhenium element 
in Re–B1(S) complex attaining − 3.96 eV, compared to that 
encountered in Mn–B1(S) of − 2.88 eV for the Mn element 
belonging to the same group VI (Fig. 6a). The ΔEint for 

Table 4  Selected parameters for 
(NHC)Cu[Cl(CO)2] complexes

HOMO–LUMO gaps are given in eV (ΔEHL1 (BP86) and ΔEHL2 (B3LYP), relative energies between iso-
mers are given in kcal/mol (ΔE1 (BP86) and ΔE2 (B3LYP), and bond distances are in Å. Values in paren-
theses are of B3LYP

Isomer spin state Cu–B1(S) S = 0 Cu–B1(T) S = 1 Cu–B2(S) S = 0 Cu–B2(T) S = 1

ΔEHL1 (eV) 0.52 – 1.17 –
ΔEHL2 (eV) 2.08 – 2.67 –
ΔE1 6.9 28.9 0.0 49.7
ΔE2 6.6 56.0 0.0 55.3
Cu–C(1) 2.033 2.002 2.037 2.004
Cu–Cl 2.319 2.258 2.389 2.307
C(1)–Cu–Cl 104.5 105.6 94.6 90.8
C(1)–Cu–C′(1) 118.3 111.9 117.7 170.0
C(1)–Cu–C′(2) 118.3 111.9 120.3 95.2
Spin density – 0.104 – 0.42
<S2> – 2.005 – 2.003

Natural population of copper atom
Cu 0.80 (0.78) 0.87 (0.92) 0.79 (0.78) 0.91 (1.01)

Electronic configuration of copper
BP86 4S0.473d9.674p0.05 4S0.483d9.604p0.05 4S0.483d9.674p0.05 4S0.493d9.534p0.07

B3LYP 4S0.443d9.734p0.04 4S0.453d9.594p0.04 4S0.453d9.734p0.04 4S0.453d9.464p0.08

4S0.453d9.464
p0.08

Cu-A(S)                 Cu-B1(S)        Cu-B2(S)

Cu-A(T)                 Cu-B1(T)        Cu-B2(T)

ΔE1 = 27.8
ΔE2 = 22.0

ΔE1 = 6.9
ΔE2 = 6.6 ΔE1 = 0.0

ΔE2 = 0.0

ΔE1 = 65.9
ΔE2 = 66.0

ΔE1 = 28.9
ΔE2 = 56.0

ΔE1 = 49.7
ΔE2 = 55.3

Fig. 5  BP86-optimized structures for (NHC)Cu[Cl(CO)2] complexes. S and T designate the singlet and triplet spin states, respectively. Relative 
energies between isomers ΔE1 (BP86) and ΔE2 (B3LYP) are given in kcal/mol
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Re–B1(S) is composed of 9.23, − 8.87 and − 4.79 eV (BP86) 
as Pauli repulsion, electrostatic and orbital contributions, 
respectively, which are comparable to those obtained by 
B3LYP method. Indeed, the ΔEelstat amount of − 8.87 eV 
accounts 65% of the total attractive energy (ΔEelstat + ΔEorb) 
against a value of − 4.79 eV as ΔEorb corresponding to 35% 
of (ΔEelstat + ΔEorb) contribution. Furthermore, the ΔEint 
increases to − 2.6 eV for the unsymmetrical Re–B2(S) com-
plex displaying its weakness with regard to that of Re–B1(S). 
For all complexes, the bonding energy strength responds 
to the following sequence: Cu < V < Rh ≈ Co < Mn < Re 
(PB86). Table 5 shows that the values of ΔEelstat are more 
important than those of ΔEorb giving rise to a pronounced 
ionic character than covalent one for all the complexes. It 
appears that the Cu[Cl(CO)2] of ΔEorb = − 1.52 eV (25%) is 
the less covalently bonded to the NHC ligand due probably 
to the large electronegativity’s difference between copper 
and the carbon compared to those between the other metals 
and the carbon atom of the carbene, while for the vanadium, 
manganese and rhenium complexes, the ΔEorb corresponds 
to the more covalently ones.

9  Molecular orbital analysis

The analysis of the molecular orbital populations could 
provide a deeper understanding into the bonding between 
the interacting fragments. For both M–B1(S) and M–B2(S) 
complexes (M = V, Mn, Re, Co, Rh and Cu), the natural 
populations of the NHC frontier orbitals (Table 5) indicate 
that only one σ-type orbital (HOMO of the NHC fragment) 
is involved in the electron donation and thus significant 
participation of this orbital in the bonding regardless the 
nature of the metal, while the π-backdonation is relatively 

more marked for the symmetrical M–B1(S) against 
weak values for the unsymmetrical M–B2(S) except for 
the V–B2(S) complex displaying an occupation of 0.12 
electrons of the orbital having a π * C–N character. The 
understanding of what is happening necessitates a com-
parison of the molecular orbitals diagrams. In fact, we 
have considered the symmetrical and the unsymmetrical 
rhenium complexes as examples, where the molecular 
orbital diagrams are displayed in Figs. 7 and 8, each con-
structed from NHC fragment Re[Cl(CO)2] of the (NHC)
Re[Cl(CO)2] complexes of Cs and C1 symmetries. The 
lowest occupation of this orbital is 1.39 (21a′), which is 
donating 0.61 (BP86) electrons to the metallic fragment 
obtained for the symmetrical Re–B1(S) complex followed 
by that encountered in Co–B1(S) and Mn–B1(S) of 0.60 
and 0.59, respectively, However, these interactions are 
relatively less strong in the symmetrical analogous spe-
cies, where their corresponding V, Rh and Cu are weakly 
interacting with electron donation of 0.47, 0.35 and 0.41. 
In opposition, one of the lowest vacant orbitals [23a′ of 
π * (C–N) nature] receives 0.18 (BP86) or 0.16 (B3LYP) 
electrons from the Re[Cl(CO)2] metallic fragment, in 
agreement with the elongation of the N–C bond length 
as discussed above due to the π-backbonding occurred 
between the occupied d metallic orbital and the orbital of 
π *  character of the NHC fragment. The NHC ligand in 
Co–B1(S) behaves similarly with regard to the electron 
donation, but with different capabilities of π-backdonation 
as given in Table 5. However, the weak π-backdonation 
values into the vacant orbital of NHC ligand for unsym-
metrical complexes M–B2(S) in the range 0.02–0.12 are 
due to the orientation of the orbital 21a of the Re[Cl(CO)2] 
fragment, which is almost perpendicular to the orbital 40a 
of the NHC fragment that does not allow interactions.

Fig. 6  Variation of interaction energies ΔEint (eV) in function of the metal valence electrons for M-B1(S) (a) and M-B2(S) (b) complexes
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The electron π-backdonation follows the sequence 
V < Cu < Mn ≈ Co ≈ Rh < Re. Consequently, the orbitals’ 
populations show that the electron π-backdonation is less 
important than the electron donation for all studied com-
plexes as gathered in Table 5.

It is worth noting that for the symmetrical M–B1(S) 
species, the interactions are dominated by those of σ-type 
(≈ 85%) comparable to those calculated in previous works 
[14], while those of π ones are less important (10–15%) 
whose are negligible in the unsymmetrical ones (less than 
7%) except for the vanadium complex.

10  Conclusion

The metal cation coordinated to the carbene centre of 
the five-membered ring of the NHC ligand is in pseudo-
tetrahedral, trigonal pyramidal or square planar geometry 
depending on the nature of the metal, the spin state and 
the orientation of the M[Cl(CO)2] fragment. The obtained 
results by BP86 and B3LYP functionals show compara-
ble tendencies relative to the geometrical parameters, 
the stability of the isomers, energy interactions between 

NHC (NHC)Re[Cl(CO)2] Re[Cl(CO)2]

Fig. 7  Molecular orbital interaction diagram for Re[Cl(CO2)] of Cs symmetry. The populations of the interacting orbitals are in parentheses, and 
their contribution percentages are given
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fragments and the populations of molecular orbitals. The 
molecular orbital analysis emphasizes strong σ-type inter-
actions both in symmetrical and unsymmetrical species, 
but variable π interactions between the metal ions and the 
carbene π *  orbitals. Energy decomposition analysis of the 
model complexes allowed us to conclude that the interac-
tions are more electrostatic than covalent, where the elec-
trostatic contribution features 65–75% (almost two-third) 
to the total attractive contribution.

The investigation of π-backbonding from the metallic 
fragment to the π * orbitals of NHC ligands is helpful to 
compare structural parameters in the carbenic C3N2 ring 
in a series of isostructural NHC complexes containing 

electron-poor metal (V), electron-moderately rich metals 
(Mn, Re, Co and Rh) and electron-rich metal (Cu).

The average C–N bond lengths increase from 1.378 Å in 
free ligand to 1.385–1396 Å in symmetrical M–B1(S) com-
plexes. These structural changes corroborate the existence of 
metal–NHC π-backbonding, while structural modifications 
are negligible for Cu complexes.

It was found that the π-backbonding interactions in these 
species contribute to approximate 15–20% amongst orbital 
interaction energies for the symmetrical species, in agree-
ment with the π-backdonation.

Thus, this π-backbonding from metal to the NHC ligand 
exists, and it would result in an increase in the C–N bond 

NHC (NHC)Re[Cl(CO)2] Re[Cl(CO)2]

Fig. 8  Molecular orbital interaction diagram for Re[Cl(CO2)] of C1 symmetry. The populations of the interacting orbitals are in parentheses, and 
their contribution percentages are given
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lengths for the electron-moderately rich metal cations, 
where the strongest bonding energies are calculated.

It is important to note that there is no π-donation from 
occupied π N–C orbitals to vacant d ones of the metallic 
fragment.
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