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Abstract The present article reports density functional

studies on the Group 15 analogues of N-heterocyclic

carbene (NHC) on their structure, reactivity, stability and

ligating properties. Long-range corrected density func-

tionals have been used due to its recent success in pre-

dicting orbital energies. These ligands are found to have

greater p-accepting ability than NHC. Electron-donating

substituents have a dramatic effect on their stability as

well as ligating properties. Furthermore, natural resonance

theory (NRT) calculations have been performed to

determine the percentage weighting of resonance con-

tributing structures. In addition, density-based global

reactivity descriptors such as chemical potential, hardness,

electrophilicity index and softness are calculated using

four different density functional methods, and compared

with CCSD(T) results. Moreover, the density-based local

reactivity descriptors are employed to study the reactivity

of Group 15 analogues. From the plot of dual descriptors,

it is found that the ‘‘ene’’ centre of the Group 15 ana-

logues of NHC is pseudodual.

Keywords Group 15 NHC � DFT � Stability � Ligating

property � Reactivity descriptors � NBO

Introduction

Recently, the chemistry of stable metal-free singlet N-

heterocylic carbene (NHC) 1 (Scheme 1) has been of great

interest [1–3]. The synthesis of numerous N-heterocylic

carbene has increased the opportunities for designing

rational organometallic catalysts [2, 3]. Its flexibility has

triggered many researchers to explore its ligation property

and isolation. For instance, isolation of various main group

derivatives of 1 has been achieved recently [4–17]. In

principle, substitution of the carbenic carbon in 1 by Group

15 cation may resemble a similar bonding situation.

Moreover, the presence of an extra positive charge at the

‘‘ene’’ centre in these Group 15 cations may influence their

electronic properties to a great extent. As a result, their

ligation properties (mainly r donation/p acceptance) may

be expected to be influenced greatly.

In one of the recent studies, Caputo et al. [14] reported

the structural and reactivity studies of N-heterocyclic

phosphenium (NHP) by energy decomposition analysis

(EDA) of the M–P bond. Earlier, experimental and theo-

retical studies showed that stable nitrenium ions, like their

carbene analogues, can exist [18]. Moreover, experimental

and theoretical studies of neutral N-heterocyclic P-halo-

phosphines revealed that the P–X bond can be considered

as ionic bond [19–23]. Furthermore, studies on P-phosp-

holyl-substituted N-heterocyclic phosphines indicated that

this class of compound can be considered as a hybrid

between phosphenium–phospholide donor–acceptor com-

plexes and genuine covalent molecules [24]. On the other

hand, on the basis of computational studies, it has been

found that increasing formal replacement of CH units in the

phosphole ring by phosphorus atoms causes a decrease in

covalent bond order [25]. Very recently, DFT studies have

shown that phosphines with N-heterocyclic boranyl
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substituents lack a significant electrophilic character at

boron, but may act as potential r-donor/p-acceptor ligands

through the phosphorus atom [26]. Another recent study on

NHP revealed that binding of the first metal centre deac-

tivates the opposite binding site and thus, strongly inhibits

the formation of dinuclear complexes [27]. The extra sta-

bility attained by the transition metal complexes of NHC

ligands over the phosphines is due to the superior r-

donation ability of the former, and for the Group 15

complexes, the stability is due to superior p-acceptor

capability [28]. Quantum chemical calculation has also

been performed to study the electronic structure of main

group carbene analogues [29].

Recently, transition metal complexes of 2 and 3 have been

structurally characterized where the ligands bind to the

transition metals in a tridentate fashion [9–12]. Both exper-

imental and theoretical studies reveal that these ligands have

weaker r-donation abilities but stronger p-accepting abili-

ties [9–12]. Moreover, Choudhury has highlighted the

chemistry of these Group 15 analogues of carbene [30]. The

higher p acidity of these ligands may have wide implications

in catalysis. Notably, Fürstner et al. have shown that the p-

acceptor properties of NHCs may influence the outcome of

gold-catalyzed reactions [31], thus, highlighting the impor-

tance of these p-acceptor ligands in catalysis. Furthermore, it

has been found that N-heterocyclic phosphenium cations are

isolobal analogues of nitrosyls [9], which implies that these

Group 15 analogues of NHC may be suitable for promoting

redox reaction at transition metal complexes. Additionally,

non-innocent behaviour of N-heterocyclic phosphenium

cation may be useful for its utilization in transition metal-

based catalysis [10, 11]. Moreover, it has been observed that

substituents attached to the N atoms of NHC have a dramatic

effect on the structure, stability and reactivity of NHCs [32].

This has prompted us to undertake systematic quantum

chemical calculations on the effect of substituents on the

structure, reactivity, stability and ligating properties of 2 and

3 (Scheme 1). Although some theoretical studies on these

Group 15 cations are there in the literature [9–12, 14–17, 29],

to the best of our knowledge, no such studies were devoted

towards understanding the effect of substituents on these

Group 15 cations. In addition, wherever possible, compari-

son is made between these Group 15 cations with typical

NHC (1). The rest of our paper is presented as follows: In

‘‘Theoretical and computational details’’ section, we present

the theoretical and computational details employed in this

paper. Structural, electronic, stability and reactivity of Group

15 analogues of NHCs are discussed in the results and dis-

cussion section. Lastly, in ‘‘Conclusions’’ section, we pres-

ent our conclusions.

Theoretical and computational details

According to the first Hohenberg–Kohn theorem [33], the

ground state energy of a system is a functional of electron

density q and explicitly depends on external potential m.

Derivative(s) of energy with respect to the number of

electrons N defines the global reactivity descriptor (GRD)

[34] such as chemical potential (l) [35], hardness (g) [36]

and softness (S) [37]. Operational definition of l and g,

using the finite difference approximation and Koopmans’

theorem, [38, 39] are

l ¼ �ðIPþ EAÞ
2

; g ¼ ðIP� EAÞ
2

and l ¼ eLUMOþeHOMO

2
; and g ¼ eLUMO�eHOMO

2
respectively.

On the other hand, local reactivity descriptors (LRD) are

used in describing the local reactivity and selectivity of

atoms in a molecule. Some important LRDs are local soft-

ness [37], condensed Fukui function (CFF) [40, 41] and dual

descriptor (Df ðrÞ) [42]. Dual descriptors are found to be

useful for studying ambiphilic molecule [43]. Moreover,

electrophilicity of a ligand is measured by electrophilicity

index (x) [44] and its local part known as local philicity [45].

All the molecules are fully optimized without any sym-

metry constraint at B3LYP [46–48] level of theory with

6-311??G(d,p) [49, 50] basis set. The nature of stationary

points has been characterized by frequency calculation at the

same level of theory. All the structures have been found to be

local minimum with real frequencies. Single-point energy

calculations on the B3LYP-optimized geometries have been

carried out for cation, anion and neutral Group 15 analogues

of NHC with B3LYP, LC-BOP [51] (l = 0.47), CAM-

B3LYP [52] and xB97X-D [53] using 6-311??G(d,p) basis

set. We calculated chemical potential, hardness, and elec-

trophilicity index using both DSCF and orbital energies.

However, CFF and dual descriptor were calculated using the

Löwdin-based population for neutral and charged species.

The hydrogenation energies are calculated by the energy

difference between the cationic hydrogenated product and

Scheme 1 Schematic representation of NHC (1) and its group 15

(2–3) analogues
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the sum of energies of the cationic ligands and molecular

hydrogen, and the carbene stabilization energy has been

calculated using an isodesmic reaction (vide infra). All

optimization and single-point energy calculations have been

performed using GAMESS software [54]. Moreover,

CCSD(T)/6-311??G(d,p) calculations on B3LYP-opti-

mized geometries have been carried out for cation, anion and

neutral molecules using ORCA suite of programme [55].

Dual descriptors are plotted using density difference method.

Average local ionization energy has been calculated with

contour value of 0.001 au. Natural bond orbital analysis is

performed using NBO 6.0 [56] suite of programme.

Results and discussion

Molecular geometries

The optimized geometries of the parent molecules 2 and 3

(R=H) are shown in Fig. 1 and the others are shown in

Supporting Information. The five-membered rings in all the

molecules are perfectly planar. The geometrical parameters

are compared with average experimental value for different

substitution at N,N position with respect to ‘‘ene’’ centre and

have been taken from reference [29] and collected in

Table 1. We have obtained a reasonable agreement between

the calculated and experimental [29] geometrical parame-

ters. The angle at the central nitrogen atom (\NNN) of 2 is

found to be obtuse whilst it is acute in case of 3. This has also

been observed by Tuononen et al. [29]. This might be due to

the larger atomic radius of the central phosphorous atom in 3

compared to nitrogen atom in 2. From Table 1, it can also be

observed that\ENC and\NCC bond angle of 3 is slightly

greater than that of 2. The computed bond lengths in all the

molecules are shorter than the respective single bonds, which

suggest the delocalization of p electrons within the five-

membered ring. This is in tune with previous study of Tuo-

nonen et al. [29] where these Group 15 analogues were

predicted to gain aromatic stabilization like NHCs.

The central E–N (E=N?, P?) bond length of 2 follows the

order H \ Me=Cl \ CN=OH=NH2=OMe whilst for 3, the

E–N bond length follows the order H \ NH2 \ Cl \Me \
CN=OH=OMe. Thus, all the substituents cause elongation of

the E–N bond compared to the unsubstituted one, i.e. with

hydrogen as the substituent. Furthermore, the C–N bond

length of 2 follows the order OH \ H=Me=NH2=OMe \
Cl \ CN whereas for 3, the C–N bond length follows the

order OH=OMe \ Me=Cl \ H \ NH2 \ CN. On the other

hand, the C–C bond length with CN substituent is found to be

lowest. It should be noted that no clear-cut trend of the var-

iation of bond lengths in 2-3 as a function of substituents

could be established.

Stability

The stability of these Group 15 analogues is of prime

importance. Hence, we calculated their stabilities using the

Fig. 1 Optimized geometries of the parent molecule, a 2H and b 3H
at B3LYP/6-311??G(d,p). Bond lengths are in Å and angles are in

degrees

Table 1 B3LYP/6-

311??G(d,p) optimized and

experimental geometrical

parameters [29] for 2 and 3

Bond lengths are in Å and bond

angles are in degrees

Expt H Me Cl CN OH NH2 OMe

2

r(EN) 1.318 1.310 1.315 1.315 1.320 1.320 1.320 1.320

r(NC) 1.345 1.360 1.360 1.363 1.380 1.350 1.360 1.360

r(CC) 1.355 1.371 1.370 1.370 1.360 1.380 1.370 1.380

\NEN 103.8 103.4 105.1 102.9 103.1 102.3 103.7 102.7

\ENC 112.6 113.7 112.1 113.9 113.6 114.5 113.1 114.2

\NCC 105.6 104.5 105.2 104.6 104.9 104.4 105.0 104.5

3

r(EN) 1.651 1.685 1.707 1.706 1.710 1.710 1.690 1.710

r(NC) 1.368 1.368 1.366 1.366 1.390 1.360 1.370 1.360

r(CC) 1.343 1.367 1.369 1.369 1.360 1.370 1.370 1.370

\NEN 90.1 87.2 86.0 86.0 86.6 85.2 87.2 85.6

\ENC 113.6 115.9 116.4 116.4 115.7 117.3 115.7 116.9

\NCC 111.3 110.5 110.5 110.5 111.0 110.1 110.7 110.3
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hydrogenation energy employing Eq. (1) in Table 2. The

use of hydrogenation energy has been proposed as a

measure of stability of carbenes [57]. In addition to the

stability of these derivatives, the hydrogenation energies

provide a clue to the hydrogen storage capacity [58] of

carbenes. It should be noted that comparison of the

hydrogenation energies for the neutral carbenes with these

Group 15 cationic analogues will be erroneous as the val-

ues may be affected by different charge delocalization.

However, comparison amongst a particular species (either

carbenes or Group 15 cations) with varying substituents

may be somewhat wiser.

The calculated hydrogenation energies are all positive

(or the reaction (1) is endothermic) implying that the

hydrogenated product is less stable than the separated

reactants. Although the hydrogenated products have the

ability to delocalize the charge over more number of atoms,

it does not lead to higher stability of the products as

revealed in Table 2. Rather, the cationic Group 15 NHC

analogues are found to be more stable.

Barring few exceptions, hydrogenation energies for the

electron-donating Me substituents are calculated to be the

highest, whilst for electron-withdrawing substituents like

Cl, CN etc., the calculated hydrogenation energies are

lower. The higher endothermicity of the hydrogenation

with electron-donating substituents may be due to the fact

that electron-donating substituents may stabilize the posi-

tive charge at the ‘‘ene’’ centre, thereby rendering stability

to the parent molecule. Somewhat higher endothermicity

with substituents like OH, NH2 and OMe may be due to the

Table 2 Calculated hydrogenation energies (HE, kcal/mol) and carbene stabilization energy (CSE, kcal/mol)

Molecule HE CSE

2H 34.09 214.22

2Cl 15.52 195.65

2Me 42.35 222.48

2CN 16.93 197.07

2OH 25.17 205.30

2NH2 24.27 204.41

2OMe 16.72 196.85

3H 24.07 98.75

3Cl 25.72 100.40

3Me 33.57 108.25

3CN 15.06 89.74

3OH 25.94 100.62

3NH2 23.08 97.76

3OMe 28.29 102.96

N

E+

N

+

N

E

N
H

H

E = N (2), P (3)

+

Eqn (1)H2

N

E+

N

+ EH4
+

N

E

N H

H

E = N (2), P (3)

+

+ EH2
+ Eqn (2)
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positive resonance (?R) effect which may stabilize the

positive charge at the ‘‘ene’’ centre of these cationic Group

15 NHC analogues.

We have also calculated the carbene stabilization energy

(CSE) using an isodesmic reaction (Eq. 2 in Table 2). The

stabilization energy so obtained has been found to vary

linearly with the dimerization energy of carbenes [59]. The

higher the endothermicity of the reaction, higher will be the

stability of the parent system.

Both the hydrogenation energies as well as the stabil-

ization energies obtained by Eq. (1) in Table 2 follow a

similar order. Thus, both hydrogenation energies and sta-

bilization energies reveal that electron-donating ?I groups

such as Me as well as ?R groups such as OH, NH2, OMe

increases the stability of these parent Group 15 NHC

analogues.

Ligation property

To address the ligation property of these ligands, we have

calculated the energy of the r-donating, p-donating and p-

accepting molecular orbitals centred on the central atom

(‘‘ene’’ centre) of 2 and 3. Since the five-membered rings of

all the molecules under consideration have mirror plane,

the shape of the frontier orbitals clearly reveals typical r-

and p-type characters. It has been known that the orbital

energies cannot be accurately predicted from the conven-

tional density functionals i.e. they depend on the form of

the functional. However, recent studies suggest that the

long-range-corrected (LC) density functionals could over-

come this problem and could reproduce correct orbital

energies [60]. Thus, in this article, we have employed LC

functionals (LC-BOP, CAM-B3LYP and xB97X-D) to

compute the orbital energies and the LC-BOP values are

presented in Table 3.

Table 3 LC-BOP/6-311??G(d,p) calculated energies (in eV) of the

r-donating (Er), p-donating (Ep) and p-accepting (Ep*) molecular

orbitals

Molecule Er Ep Ep*

1H -9.42 -9.55 2.61

2H -19.29 -16.89 -4.43

2Cl -19.56 -17.06 -4.71

2Me -18.39 -16.11 -3.60

2CN -20.73 -18.12 -6.67

2OH -19.73 -17.01 -4.54

2NH2 -19.02 -16.44 -4.24

2OMe -19.29 -16.39 -3.95

3H -18.29 -14.93 -5.16

3Cl -18.75 -15.06 -5.58

3Me -17.52 -14.29 -4.58

3CN -19.95 -16.14 -7.07

3OH -17.96 -14.99 -5.39

3NH2 -17.93 -14.59 -4.84

3OMe -18.18 -14.53 -4.93

1H 

HOMO-1 (Eπ =-9.55eV)    HOMO (Eσ=-9.42eV)    LUMO (Eπ*=2.61)

2H
HOMO-2 (Eσ=-19.29eV)   HOMO (Eπ=-16.89eV)  LUMO (Eπ*=-4.43eV)

3H
HOMO-2 (Eσ=-18.29eV)    HOMO (Eπ=-14.93eV)   LUMO (Eπ*=-5.16eV) 

Fig. 2 Isosurface of Frontier

MOs responsible for r
donation, p donation and p
acceptance of 1H, 2H and 3H
computed at LC-BOP/6-

311??G(d,p) with a contour

value of 0.1
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Group 15 analogues of NHCs have been predicted to

have weaker r-donation abilities and stronger p-accepting

abilities compared to NHC [9–12, 28, 30], thus, we feel

reasonable to compare the energies of the r-donating and

p-accepting orbitals of these Group cationic 15 analogues

with parent NHC. This provides a quick comparison of the

ligating properties of this class of compounds across a

period as well as the effect of the extra positive charge at

the ene centre of these Group 15 analogues. The frontier

molecular orbitals of 1H, 2H and 3H are shown in Fig. 2.

Rest is available in the supporting information. It is evident

from Fig. 2 and Table 3 that the r-donation and p-dona-

tion abilities of these Group 15 analogues (2 and 3) are

poor compared to NHC (1). For instance, the r-donation

(and p-donation) abilities of 1H, 2H and 3H are -9.42

(-9.55), -19.29 (-16.89) and -18.29 (-14.93) eV,

respectively. However, their p acceptance ability is strik-

ingly better than 1. This is evident from their orbital

energies i.e. 1H, 2H and 3H has p*energies of 2.61, -4.43,

-5.16 eV, respectively (Table 3; Fig. 2). On the other

Fig. 3 Comparison of the r- and p-donating and p-accepting ability of a 2 and b 3 as a function of different substituents

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

+ + + + + + +

A B C D E F G

% 
Weightage 

of A

% 
Weightage 

of B

% 
Weightage 

of C

% 
Weightage 

of D

% 
Weightage 

of E

% 
Weightage 

of F

% 
Weightage 

of G

2H 21.50 21.49 13.43 12.03 12.03 - -

2Cl 19.31 19.31 12.02 11.11 11.11 - -

2Me 19.85 19.77 13.06 11.81 11.81 - -

2CN 19.84 19.84 8.70 9.77 9.77 - -

2OH 17.30 17.23 13.23 11.41 11.37 3.79 3.79

2NH2 18.76 18.75 12.97 11.30 11.27 3.72 3.72

2OMe 16.37 16.04 12.21 11.09 10.95 3.55 3.55

3H 23.97 23.97 9.57 12.88 12.87 - -

3Cl 21.60 21.60 9.25 12.44 12.43 - -

3Me 21.69 21.68 9.84 12.67 12.66 - -

3CN 47.81 - - - - - -

3OH 20.84 20.74 9.77 12.22 12.12 - -

3NH2 19.52 19.51 9.56 11.89 11.87 - -

Fig. 4 NRT summary of 2 and

3 calculated at LC-BOP/6-

311??G(d,p) level of theory
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hand, the p-donation ability is found to be greater than r
donation ability for 2 and 3 (Table 3). It has also been

observed that in case of NHC (1), the energy difference

between r and p donating orbitals is very small, whereas

the difference is large in case of Group 15 analogues of

NHC (2, 3). These observations may reveal that in case of

1, both r and p orbitals contribute more or less equally

towards bonding with metal fragment whereas in case of 2

and 3, p orbitals contributes more towards bonding than r
orbital. It should be mentioned that both r and p orbitals

are more stabilized with LC functionals than that of

B3LYP, whereas the reverse is found to be true in case of

p*orbitals. Moreover, we observed that the HOMO in 1H

is of r type whereas it is of p symmetric in 2H and 3H.

Table 3 reveals that the p-accepting ability of 3 is more

than that of 2. Table 3 and Fig. 3 also reveal electron-

donating substituents like Me increases the r- and p-

donating ability of these ligands whilst electron-with-

drawing substituents like CN decreases the same. However,

the p-accepting ability of 2 and 3 dramatically increases

with CN substituent. This observation has been pictorially

represented in Fig. 3. The effect of substituents is found to

be similar for both 2 and 3.

Natural resonance theory (NRT) and natural bonding

orbital (NBO) analyses

To investigate the nature of bonding, we performed natural

resonance theory (NRT) analysis. NRT provides the

description of total electron density in terms of a series of

idealized resonance forms [61–63]. Each resonance form is

given a weighting, which reflects the relative contribution

of the resonance form to the total electron density. Figure 4

represents the contributing resonance forms of 2 and 3

(except 3OMe).

The resonance forms A and B have the major contri-

bution, whilst the resonance form C has significant con-

tribution (Fig. 4). It should also be noted that the resonance

forms D and E have a comparable weight to resonance

form C. In all these molecules, no single Lewis structure is

adequate to describe the total electron density (except

3CN). Moreover, in the cases of 2OH, 2NH2 and 2OMe,

NRT calculation predicted seven primary resonance

structures (resonance structure A, B, C, D, E, F and G). The

resonance forms C, F and G arise due to the donation of

lone pairs from the adjacent N atoms to the ‘‘ene’’ centre,

thereby rendering two lone pairs at the central E atom. It

can be observed that, in case of 2, resonance form C

contributes more to the total electron density than that of

resonance forms D and E (Fig. 4). On the other hand, for 3,

resonance forms D and E contribute more to the total

electron density than that of C. It is worthy to note that the

reactivity of the germylene and stannylene analogues is in

accordance with a contribution of resonance structure C

[64]. This resonance form may be identical to that of

recently developed chemistry of element (0) [65–70].

Recently, Bharatam et al. have highlighted the chemistry of

divalent N(I) compounds which possess two lone pairs

[70]. The resonance form C is also identical to that of

N(I) compound with two lone pairs. Moreover, the con-

tribution of this resonance form is significant which implies

that these compounds may also act as double Lewis bases

owing to the presence of two lone pairs. Thus, the NRT

results indicate that these Group 15 cationic analogues of

carbenes may resemble similar reactivities as that of the

heavier analogues of carbene as well as that of element(0)

compounds [64–70].

The natural bond orbital (NBO) analysis provides a

valence-bond-type description of a molecule by providing

a single best Lewis-like depiction of the total electron

density. Thus, we have performed the NBO analysis of

these ligands to better understand the bonding situation.

We present the hybridization of the lone pair (LP), electron

occupancy, natural charge (qE) and occupancy of the out-

of-plane p orbital (pp) at the ‘‘ene’’ centre (Table 4). The

hybridization of the ‘‘ene’’ centre is almost sp for 2, whilst

the s character increases when the central E atom is

changed from N to P (as in 3). The occupancy of the lone

pair is close to 2.00 e which implies that the lone pair is

almost localized at the ‘‘ene’’ centre. The natural charges at

the ‘‘ene’’ are more positive for 3 compared to 2. This

indicates that 3 is more electrophilic than 2. This is in

accordance with the calculated energies of the p-accepting

orbitals (Ep*) which are found to be lower for 3 than 2.

Table 4 NBO analysis of 2 and 3 at B3LYP/6-311??G(d,p) level of

theory

Molecule Hybridization of the LP Occupancy qE pp

2H sp1.03 1.95 0.05 1.13

2Cl sp1.00 1.95 0.04 1.48

2Me sp1.07 1.95 0.02 1.43

2CN sp0.93 1.96 0.10 1.13

2OH sp0.95 1.95 -0.02 1.22

2NH2 sp0.99 1.95 0.00 1.17

2OMe sp0.98 1.94 -0.02 1.41

3H sp0.30 1.98 1.13 0.89

3Cl sp0.26 1.98 1.16 0.93

3Me sp0.31 1.98 1.09 0.94

3CN sp0.25 1.99 1.24 0.86

3OH sp0.26 1.98 1.10 0.95

3NH2 sp0.28 1.98 1.18 0.87

3OMe sp0.27 1.98 1.08 0.92
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Reactivity descriptors

The DFT-based global and local reactivity descriptors such

as chemical potential, hardness, softness, electrophilicity

index, Fukui function, dual descriptor, local softness and

local philicity are computed using both DSCF and Koop-

mans’ theorem with four different functions. The reliability

of these descriptors in understanding several chemical and

biological systems has been tested extensively [71–73].

These reactivity descriptors have been used to describe the

hard–soft acid–base interactions of silylenes and germyl-

enes [74] and the effect of substituents on the properties of

silylenes [75, 76] and carbenes [77].

In Table 5, we present the values of chemical potential,

hardness, softness and electrophilicity index calculated using

orbital energies and compare with CCSD(T) values (calcu-

lated from energies of neutral and charged species). It can be

observed from the mean absolute error that LC functionals

predict global reactivity descriptors more accurately than

B3LYP (Fig. 5). In general, the better performance of LC

functional is due to the fact that the LC functionals satisfy

Koopmans’ theorem [78], and hence, orbital energies com-

puted with LC functional would be a good choice to calculate

GRD. It should be noted that similar trends are observed with

LC-BOP, CAM-B3LYP and xB97x-D functional, and the

LC-BOP results are discussed below.

Almost a constant chemical potential value is observed

for all substitution of 2 and 3, except 2CN and 3CN

Table 5 DFT-based global reactivity descriptors using orbital energies

2H 2Cl 2Me 2CN 2OH 2NH2 2OMe 3H 3Cl 3Me 3CN 3OH 3NH2 3OMe

l

CCSD(T) -0.38 -0.38 -0.35 -0.44 -0.38 -0.37 -0.36 -0.36 -0.36 -0.33 -0.41 -0.36 -0.34 -0.34

B3LYP -0.39 -0.39 -0.35 -0.43 -0.38 -0.36 -0.35 -0.36 -0.37 -0.34 -0.41 -0.36 -0.35 -0.35

LC-BOP -0.39 -0.39 -0.36 -0.45 -0.40 -0.38 -0.37 -0.37 -0.38 -0.35 -0.43 -0.37 -0.36 -0.36

CAM-B3LYP -0.39 -0.39 -0.36 -0.44 -0.39 -0.38 -0.36 -0.37 -0.38 -0.34 -0.42 -0.37 -0.35 -0.35

xB97X-D -0.39 -0.39 -0.36 -0.44 -0.39 -0.37 -0.36 -0.37 -0.37 -0.34 -0.42 -0.37 -0.35 -0.35

g

CCSD(T) 0.22 0.20 0.21 0.20 0.22 0.21 0.21 0.18 0.16 0.17 0.16 0.17 0.17 0.17

B3LYP 0.12 0.11 0.13 0.10 0.12 0.11 0.11 0.09 0.08 0.09 0.08 0.09 0.09 0.09

LC-BOP 0.23 0.22 0.23 0.20 0.23 0.22 0.22 0.18 0.17 0.18 0.17 0.18 0.18 0.18

CAM-B3LYP 0.18 0.17 0.18 0.15 0.18 0.17 0.17 0.14 0.13 0.13 0.12 0.13 0.14 0.13

xB97X-D 0.20 0.19 0.20 0.17 0.20 0.19 0.19 0.16 0.15 0.16 0.15 0.16 0.16 0.16

S

CCSD(T) 2.24 2.44 2.33 2.53 2.29 2.37 2.37 2.82 3.05 2.95 3.17 2.94 2.93 3.01

B3LYP 4.06 4.57 3.99 5.02 4.11 4.42 4.41 5.71 5.98 5.71 6.53 5.85 5.71 5.82

LC-BOP 2.18 2.26 2.18 2.46 2.18 2.23 2.27 2.78 2.87 2.80 3.00 2.84 2.79 2.83

CAM-B3LYP 2.82 2.99 2.79 3.29 2.83 2.92 2.98 3.69 3.82 3.71 4.06 3.77 3.70 3.76

xB97X-D 2.51 2.67 2.49 2.90 2.52 2.60 2.64 3.16 3.26 3.18 3.44 3.22 3.17 3.21

x

CCSD(T) 0.32 0.35 0.29 0.48 0.33 0.32 0.30 0.36 0.40 0.33 0.53 0.38 0.35 0.35

B3LYP 0.60 0.68 0.50 0.94 0.60 0.59 0.54 0.75 0.81 0.65 1.12 0.78 0.69 0.70

LC-BOP 0.34 0.35 0.29 0.50 0.34 0.32 0.30 0.38 0.41 0.34 0.55 0.40 0.36 0.36

CAM-B3LYP 0.43 0.45 0.36 0.64 0.43 0.41 0.39 0.50 0.54 0.44 0.72 0.52 0.47 0.47

xB97X-D 0.38 0.40 0.32 0.56 0.38 0.36 0.33 0.42 0.46 0.37 0.61 0.44 0.40 0.40

CCSD(T) values are calculated using finite difference approximation. Values are in a.u

Fig. 5 Plot of mean absolute error (MAE) values (eV) for different

functionals. Blue colour (B3LYP), red colour (LC-BOP), green colour

(CAM-B3LYP) and violet colour (xB97x-D) (Color figure online)
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(Table 5). Since CN has both -I and -R effect, so the

escaping tendency of electron from 2CN and 3CN is lower

than the other substitution. An inspection of hardness and

softness values indicate that 2 is slightly harder than 3. For

instance, the chemical hardness value of 2H and 3H are

0.23 a.u. and 0.18 a.u., respectively (whereas softness

values are 2.18 a.u.-1 and 2.87 a.u.-1, respectively).

Moreover, in case of 2, hardness of 2CN is found to be

lowest (0.20 a.u) (whereas softness of 2CN is found to be

highest (2.46 a.u.-1)). On the other hand, in case of 3,

chemical hardness is almost constant, (whereas softness of

3CN is highest (3.00 a.u.-1)). It is evident from the

inspection of electrophilicity index (Table 5) that 3 is

slightly more electrophilic in nature. For instance, elec-

trophilicity index of 2H and 3H are 0.34 and 0.38 a.u.,

respectively. Moreover, in case of 2, electrophilicity index

follows the order 2CN [ 2Cl & 2H & 2OH [ 2NH2 [
2OMe [ 2Me and in case of 3, the order is 3CN [
3Cl & 3OH [ 3H [ 3NH2 & 3OMe [ 3Me.

In order to understand the reactivity of the ‘‘ene’’ centre,

we employ the concepts of LRD, such as CFF and local

softness. It can be observed from Table 6 that the fþE value

Table 6 DFT-based local reactivity descriptors

2H 2Cl 2Me 2CN 2OH 2NH2 2OMe 3H 3Cl 3Me 3CN 3OH 3NH2 3OMe

fþE

B3LYP 0.24 0.26 0.19 0.17 0.19 0.19 0.18 0.38 0.32 0.33 0.30 0.35 0.35 0.33

LC-BOP 0.24 0.20 0.20 0.19 0.20 0.20 0.19 0.38 0.33 0.33 0.32 0.35 0.36 0.33

CAM-B3LYP 0.24 0.20 0.20 0.18 0.20 0.20 0.19 0.38 0.32 0.33 0.31 0.35 0.35 0.33

xB97X-D 0.24 0.20 0.20 0.18 0.20 0.10 0.19 0.38 0.32 0.33 0.31 0.35 0.35 0.33

f�E

B3LYP 0.30 -0.07 0.21 0.03 0.05 0.07 0.03 0.34 0.30 0.32 0.27 0.33 0.31 0.30

LC-BOP 0.30 0.03 0.21 0.20 0.23 0.04 0.03 0.31 0.30 0.31 0.29 0.34 0.30 0.31

CAM-B3LYP 0.30 0.03 0.21 0.03 0.05 0.14 0.03 0.32 0.30 0.31 0.28 0.33 0.31 0.31

xB97X-D 0.31 0.03 0.21 0.03 0.05 0.05 0.03 0.32 0.30 0.32 0.29 0.33 0.31 0.31

sþE

B3LYP 0.96 1.17 0.76 0.87 0.80 0.85 0.81 2.19 1.92 1.87 1.98 2.02 1.98 1.90

LC-BOP 0.53 0.45 0.44 0.46 0.44 0.45 0.44 1.07 0.93 0.93 0.97 0.98 1.00 0.94

CAM-B3LYP 0.67 0.58 0.55 0.59 0.56 0.57 0.56 1.41 1.23 1.22 1.26 1.30 1.30 1.23

xB97X-D 0.60 0.53 0.50 0.52 0.51 0.26 0.50 1.21 1.05 1.05 1.07 1.12 1.11 1.05

s�E

B3LYP 1.23 -0.30 0.83 0.17 0.22 0.31 0.14 1.94 1.80 1.81 1.79 1.94 1.79 1.76

LC-BOP 0.67 0.06 0.46 0.50 0.50 0.08 0.06 0.87 0.85 0.86 0.88 0.97 0.85 0.87

CAM-B3LYP 0.86 0.10 0.58 0.09 0.14 0.40 0.09 1.18 1.15 1.16 1.16 1.23 1.14 1.16

xB97X-D 0.77 0.09 0.52 0.08 0.13 0.14 0.08 1.03 0.99 1.01 0.98 1.06 0.99 1.00

xþE
B3LYP 0.14 0.17 0.10 0.16 0.12 0.11 0.10 0.29 0.26 0.21 0.34 0.27 0.24 0.23

LC-BOP 0.08 0.07 0.06 0.09 0.07 0.07 0.06 0.15 0.13 0.11 0.18 0.14 0.13 0.12

CAM-B3LYP 0.10 0.09 0.07 0.11 0.09 0.08 0.07 0.19 0.17 0.14 0.22 0.18 0.16 0.15

xB97X-D 0.09 0.08 0.06 0.10 0.08 0.04 0.06 0.16 0.15 0.12 0.19 0.15 0.14 0.13

x�E
B3LYP 0.18 -0.04 0.10 0.03 0.03 0.04 0.02 0.25 0.24 0.21 0.31 0.26 0.22 0.21

LC-BOP 0.10 0.01 0.06 0.10 0.08 0.01 0.01 0.12 0.12 0.10 0.16 0.14 0.11 0.11

CAM-B3LYP 0.13 0.01 0.08 0.02 0.02 0.06 0.01 0.16 0.16 0.14 0.21 0.17 0.14 0.15

xB97X-D 0.12 0.01 0.07 0.01 0.02 0.02 0.01 0.14 0.14 0.12 0.17 0.14 0.12 0.12

DfE

B3LYP -0.07 0.32 -0.02 0.14 0.14 0.12 0.15 0.04 0.02 0.01 0.03 0.01 0.03 0.02

LC-BOP -0.06 0.17 -0.01 -0.02 -0.03 0.17 0.17 0.07 0.03 0.03 0.03 0.00 0.05 0.02

CAM-B3LYP -0.07 0.16 -0.01 0.15 0.15 0.06 0.16 0.06 0.02 0.02 0.03 0.02 0.04 0.02

xB97X-D -0.07 0.17 -0.01 0.15 0.15 0.05 0.16 0.06 0.02 0.01 0.02 0.02 0.04 0.02

Values are in a.u
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(a) 2H

(c) 2Me (d) 2CN

(e) 2OH (f) 2NH2

(g) 2OMe

(i) 3Cl

(k) 3CN

(m) 3NH2

(h) 3H

(j) 3Me

(l) 3OH

(n) 3OMe

(b) 2Cl

Fig. 6 Dual descriptor of a 2H,

b 2Cl, c 2Me, d 2CN, e 2OH, f
2NH2, g 2OMe, h 3H, i 3Cl,
j 3Me, k 3CN, l 3OH, m 3NH2

and n 3OMe computed at

B3LYP/6-311??G(d,p). Blue-

coloured region indicates

Df = 0.01 au and red-coloured

surface indicates Df = -0.01

a.u (Color figure online)

868 Struct Chem (2015) 26:859–871

123



for 3 is higher than 2, which indicates that nucleophilic

attack on the ‘‘ene’’ centre of 3 is more favourable.

Moreover, fþE decreases with substitutions. On the other

hand, the variation of f�E value with substitution is different

for 2 and 3. For instance, f�E values of 2H, 2Cl, 2Me, 2CN,

2OH, 2NH2 and 2OMe are 0.30, 0.03, 0.21, 0.20, 0.23,

0.04 and 0.03, respectively, whereas the corresponding

values for 3 are 0.31, 0.30, 0.31, 0.29, 0.34, 0.30 and 0.31,

respectively. These data clearly suggest that electrophilic

attack on the ‘‘ene’’ centre of 2Cl, 2NH2 and 2OMe are

less favourable. The same trend is observed for sþE and s�E
also. An inspection of the xþE indicates that the ‘‘ene’’

centre of 3 is more electrophilic than that of 2 (Table 6).

Moreover, the philicity of ‘‘ene’’ centre is highest for CN

substitution in both 2 and 3. On the other hand, the

nucleophilicity of the ‘‘ene’’ centre of 3 (x�E for 3H is 0.12

a.u.) is slightly higher than 2 (x�E for 2H is 0.10 a.u.).

However, x�E for 2Cl, 2NH2 and 2OMe is almost equal to

zero i.e. 0.01 a.u. which indicates the absence of nucleo-

philic character at the ‘‘ene’’ centre. Interestingly, negative

values of dual descriptor (DfE) are obtained for 2H, 2Me,

2CN and 2OH (Table 6) whilst slightly positive values are

obtained for all NHPs, 3. This small negative and positive

value of dual descriptor infers the presence of ambiphilic

nature at the ‘‘ene’’ centre. On the other hand, DfE value for

2Cl, 2NH2 and 2OMe is 0.17 (Table 6) which indicates

that the ‘‘ene’’ centre for these three molecules are

favourable for nucleophilic attack. In order to get a better

idea on the ambiphilic nature of the ‘‘ene’’ centre, we have

plotted dual descriptor for these compounds. Dual

descriptor plots of 2 and 3 are given in Fig. 6. In case of 2H

and 2Me, positive lobe is observed at ‘‘ene’’ centre and

negative lobe is present in the backbone of the ring. Thus, it

may be concluded, on the basis of pseudodual behaviour of

the ‘‘ene’’ centre, that it may donate electron from the

heterocyclic ring through the ‘‘ene’’ centre. On the other

hand, in case of 2CN, 2OH and 2OMe, both positive and

negative lobes are observed at the ‘‘ene’’ centre which

indicates that in these molecules the ‘‘ene’’ centre shows

genuine dual reactivity.

Average local ionization potential

The average local ionization energy Ī(r) [79, 80] is the

energy necessary to remove an electron from the point r in

the space of a system. Its lowest values reveal the locations

of the least tightly held electrons, and thus the favoured

sites for reaction with electrophiles or radicals. Moreover,

average local ionization energy is usually computed on the

surface of the molecule and it is denoted by Īs(r). The

points on the surface of the molecule with lowest

Īs(r) value (Īs,min) is of particular interest and is widely

used for prediction of sites for electrophilic or radical

attack [81, 82]. Location and magnitude of Īs,min are pre-

sented in Table 7. In case of 2H, 2Me, 2OH, 2OMe and

3Me, Īs,min is found to be located near C=C bond which

indicates that the C=C bond of these molecule is suscep-

tible for electrophilic attack (Table 7). On the other hand,

in case of 3H, 3Cl, 3CN, 3OH and 3OMe, Īs,min is found

to be located near the ‘‘ene’’ centre. Amongst all the sub-

stituents, 2Cl (in case of 2) and 3CN (in case of 3) have the

highest Īs,min value which indicates that they have the

lowest reactivity towards electrophilic attack.

Conclusions

In conclusion, we have calculated the stability, ligating

property and reactivity of the Group 15 analogues of NHC

using the density functional theory. The calculated hydro-

genation and stabilization energies of these ligands are both

endothermic which indicates their stability. Electron-

donating ?I substituents like Me and ?R substituents like

OH, NH2, OMe increases the stability of these ligands by

stabilizing the positive charge at the ‘‘ene’’ centre. These

ligands possess superior p acidity than that of NHCs

however, their r basicity is lower. The presence of an extra

positive charge in these Group 15 cationic analogues dra-

matically increases the p acidity of these ligands. Substit-

uents have a dramatic effect on the ligating properties of

these ligands. The higher p acidity of these ligands may

help in stabilizing electron-rich metal centres, thereby

rendering the metal centre more electrophilic character

which may help during catalysis. In addition, NRT calcu-

lation was performed to study the resonance contributing

Table 7 Magnitude and location Īs,min at B3LYP/6-311??G(d,p)

basis set

Molecule Īs,min Location

2H 15.44 C=C bond

2Cl 16.11 near Cl atom

2Me 14.59 C=C bond

2CN 15.92 near N atom of CN

2OH 15.57 C=C bond

2NH2 13.64 near N atom of NH2

2OMe 14.96 C=C bond

3H 14.13 near P atom

3Cl 14.03 near P atom

3Me 14.59 C=C bond

3CN 15.30 near P atom

3OH 13.98 near P atom

3NH2 13.03 near N atom of NH2

3OMe 13.48 near P atom

Values are in eV
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structures. It was found that these Group 15 analogues may

resemble similar reactivities as that of the heavier ana-

logues of carbene as well as that of element(0) compound.

Furthermore, density-based global reactivity descriptors

have been calculated using LC functionals and comparison

with CCSD(T) values conclude that GRD may be accu-

rately calculated with orbital energies. Moreover, on the

basis of DFT-based local reactivity descriptor study, it can

be concluded that the ‘‘ene’’ centre of Group 15 analogue

of N-heterocyclic carbene is ambiphilic in nature and plot

of dual descriptor indicated the pseuodual behaviour of

‘‘ene’’ centre.
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