
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


PCCP  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx Phys. Chem. Chem. Phys., 2015, 00, 1-8 | 1 

Please do not adjust margins 

Please do not adjust margins 

a.
 Department of Chemistry and Centre for Theoretical Studies,                             
Indian Institute of Technology Kharagpur, Kharagpur 721302, India.                                                
Email: pkc@chem.iitkgp.ernet.in. 

b.
 Department of Chemistry,                                                                                                   
Indian Institute of Technology Kharagpur, Kharagpur 721302, India.                
Email: anoop@chem.iitkgp.ernet.in. 

† Electronic Supplementary Information (ESI) available: Theoretical 
characterization and explorations, relevant computational data and optimized 
coordinates with energy and frequency. See DOI: 10.1039/x0xx00000x 

Revised ms no. 
CP-ART-11-2015-
007236 
 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Viability of Aromatic All-Pnictogen Anions 

Subhajit Mandal,
a,b

 Surajit Nandi,
b
 Anakuthil Anoop*

b
 and Pratim Kumar Chattaraj*

a 

Aromaticity in novel cyclic all-pnictogen heterocyclic anions, P2N3
−, P3N2

− and their heavier analogues is studied using 

quantum mechanical computations. All geometrical parameters from optimized geometry, bonding, electron density 

analysis from Quantum theory of Atoms in Molecules, Nucleus-Independent Chemical Shift, and Ring Current Density 

plots, support their aromaticity. The aromatic nature of these molecules closely resembles the prototypical aromatic 

anion, C5H5
−. These singlet C2v symmetric molecules are comprised of five distinct cannonical structures and are stable upto 

atleast 1000 fs without any significant distortion. Mechantic study reveals a plausible synthetic pathway for P3N2
− – a click 

reaction between N2 and P3
−, through a C2v symmetrtic transition state. Beside this, the possibility of P3N2

− as a η5-ligand in 

metallocenes is studied and the nature of bonding in the metallocenes are discussed through the energy decomposition 

analysis. 

Introduction 

Aromaticity is a special feature of planar, cyclic structures with 

delocalized (4n+2)−π electrons, that gives rise to extra stability 

compared to their acyclic analogues. After recognition of 

benzene (C6H6) as the classical example of aromatic molecule 

by Kekulé,
1
 several studies have been carried out to 

characterize and quantify the aromaticity in hydrocarbons, 

mostly through in silico experiments.
2
 Even now, detection of 

aromaticity in non-carbocyclic compounds containing all-

metals
3
 or all-main-group elements sparks enormous interest 

among chemists. Among the main group aromatics, pnictogen 

heterocycles are important due to their resemblance with 

aromatic carbocycles and utility as high energy density 

material (HEDM).
4
 

Attempts for the experimental realization and theoretical 

characterization and prediction of all-pnictogen aromatic 

compounds are in progress for the last four decades. The 

lightest homocyclic all-pnictogen aromatic compound, 

pentaazolate ion (N5
−
), is characterized theoretically

5
 as a 

planar, 6π electron system. Although, it resembles 

cyclopentadienide ion (C5H5
−
), N5

−
 has been observed only in 

tandem mass spectroscopy as a gas-phase ion where N5
−
 gets 

dissociated to N3
−
 and N2.

5a
 The cation, N5

+
 is acyclic because 

cyclic geometry is antiaromatic (having 4π electrons).
6
 Cyclic 

hexazine (N6), the benzene analogue, was thought to be 

prepared experimentally,
7a

 however, its existence is debated
7b-

d
 mainly because of high endothermic formation energy. All-

phosphorous homocycle, pentaphosphacyclopentadienide ion 

(P5
−
), was isolated as NaP5 solution which remains stable for 

7−10 days in room temperature under anaerobic condition.
8a

 

Theoretical study
8b-c

 suggests P5
−
 as a planar, 6π–electron 

aromatic. Moreover, it can substitute C5Me5 in ferrocene-like 

complexes.
8d

 The all-phosphorus benzene-analogue, P6,
9
 is 

characterized theoretically, yet to be synthesized. 

 

Fig. 1 Optimized singlet state C2v symmetric geometries of X2Y3
− and X3Y2

− 
molecules. Distances are in Ǻ units. 

Among the molecules made of N and P, the smallest one, PN, is 

a high energy molecule found in outer space.
10a-b

 The N2P
−
, NP2

−
 and 

P3N3, are also studied theoretically.
10c-d

 The latest one is the cyclic 

P2N3
−
, synthesized by treating azide (N3

−
) with P2(C14H10)2 in 

tetrahydrofuran solution,
11

 characterized theoretically as a cyclic 

planar system, containing 6π electrons, and shows aromaticity 

resembling C5H5
−
. 

Prompted by this report on the synthesis of P2N3
–
, we became 

interested in a closely related system, P3N2
–
. We have validated its 
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aromaticity using geometrical parameters, bonding, and the 

popular aromaticity indices and propose a potential synthetic route 

using computational chemistry methods. In addition, we have 

investigated other five-membered cyclic anions of heavier elements 

from the same group. We chose two kinds of anions for the 

computational study:  X2Y3
−
 and X3Y2

−
 (Fig. 1) where X is a group 15 

element, viz. P, As, Sb and Bi, and Y is the immediate lighter 

element in the same group (N, P, As, and Sb). These cyclic 

structures are of the type cyclo–XXYYY or cyclo–XXXYY. These 

molecules were chosen for this study as they are expected to be 

more aromatic and stable, among the numerous molecules that are 

possible from the combination of all pnictogen atoms. In this 

report, we discuss the structure, stability, aromaticity, potential 

synthetic route, and their use as ligands. 

Computational Details 

All the optimizations of singlet and triplet state geometries are 

performed in gas phase with Gaussian 09 program package.
12

 The 

Minnesota functional, M06-2X
13

 is used for all the optimizations 

along with def2-TZVPPD
14

 basis set. For the heavier atoms, 

antimony (Sb) and bismuth (Bi), the corresponding 

pseudopotentials (def2-ecp)
15

 are taken into account. The nature of 

the stationary points is characterized by vibrational frequency 

calculation – the number of imaginary frequency is zero for 

substrates, products and intermediates, and is one for transition 

states. Thermochemical values are calculated at 298 K. Computed 

electronic energies (E) are corrected for zero-point energy (ZPE). 

Intrinsic reaction coordinate (IRC) calculations are performed in 

order to verify that the transition state is connected with both the 

reactant and product side. 

Quantum Theory of Atoms In Molecules (QTAIM)
16a

 analysis is 

performed with Multiwfn software (version 3.3.1)
17

 using the wave 

functions (.wfn) generated at M06-2X/WTBS
18a-b

 level of theory 

with the optimized geometries at M06-2X/def2-TZVPPD level of 

theory in Gaussian 09. The WTBS is an all electron basis set and 

therefore the AIM analysis is free from ECP data.
18c

 Natural Bond 

Orbital (NBO)
19

 analysis is performed with NBO 5.9 software 

package.
20

 The natural charges on atoms and Wiberg Bond Indices 

(WBI)
21

 are calculated with Natural Population Analysis (NPA). 

Number of resonance structures and their contributions are 

calculated with Natural Resonance Theory (NRT)
19b

 as implemented 

in NBO 5.9. 

Ring Current Density plots are generated with AIMAll software 

package (version 15.05.18).
22

 Single point computations are done at 

M06-2X/def2-SVP
23

 level of theory on the previously optimized 

geometries (at M06-2X/def2-TZVPPD level). The .wfx and .fchk files 

are generated from NMR calculations by the Gaussian 09 using the 

GIAO
24

 method. 

Ab initio molecular dynamics simulation is carried out using the 

Atom-centered Density Matrix Propagation (ADMP)
25 

technique as 

implemented in Gaussian 09 at the M06-2X/def2-TZVPP
23b,26

 level. 

Boltzmann distribution was used for generating the initial nuclear 

kinetic energies of the systems. The temperature was maintained 

through a velocity scaling thermostat throughout the simulation. 

For each of the systems, a simulation was carried out separately at 

298 K and at 400 K. A default random number generator seed was 

used, as implemented in Gaussian 09, to initiate the initial mass 

weighted Cartesian velocity. For each case, the trajectories were 

generated for up to 1000 fs. 

The optimizations of metallocenes are performed at M06-

L
27

/def2-TZVP
26

 level in Gaussian 09. For the metal atoms (Fe, Ru, 

Os) corresponding pseudopotentials
28

 are taken into account. 

Energy decomposition analysis (EDA)
29

 is performed with ADF
30

 

software package at PBE(D3)/TZ2P//M06-L/def2-TZVP level of 

theory. 

Results and discussion 

A rough idea about the relative stabilities of these closely 

related molecules can be gained from the energy difference 

between triplet and singlet states (ΔET–S). The larger ΔET–S indicates 

more relative stability of the molecules in the corresponding singlet 

state.
31a

 Recently synthesized P2N3
–
 has higher ΔET–S (65.89 

kcal/mol) than the P3N2
–
 (52.18 kcal/mol), and in general all X2Y3

–
 

species has higher ΔET–S compared to the corresponding X3Y2
–
 

species (Table 1). Towards the heavier analogues, the ΔET–S 

decreases. Optimized geometries of all the X2Y3
−
 and X3Y2

−
 species 

in their singlet state are planar (C2v symmetry) (Fig. 1) – a primary 

criterion for aromaticity. The triplet state (
3
A) geometries are non-

planar. 

Table 1 Zero point energy (ZPE) corrected relative electronic energy (ΔET–S) in kcal/mol 

for the X2Y3
– and X3Y2

– molecules in their singlet and triplet electronic states, the energy 

gap between LUMO and HOMO (EL–H) in eV, the reactivity descriptors – hardness (η), 

electronegativity (χ) and electrophilicity (ω) in eV for X2Y3
– and X3Y2

– molecules in 

singlet electronic state.  

Molecule ΔET-S (kcal/mol) EL–H (eV) η (eV) χ (eV) ω (eV) 

P2N3
– 65.89 7.208 7.208 1.604 0.178 

As2P3
– 43.94 5.652 5.652 1.583 0.222 

Sb2As3
– 24.76 4.795 4.795 1.453 0.220 

Bi2Sb3
– 7.06 4.352 4.352 1.282 0.189 

P3N2
– 52.18 6.570 6.570 1.519 0.175 

As3P2
– 41.85 5.490 5.490 1.554 0.220 

Sb3As2
– 22.91 4.628 4.628 1.427 0.220 

Bi3Sb2
– 2.08 4.303 4.303 1.233 0.177 

 

A closely related qualitative indicator for stability is the 

energy difference between the lowest unoccupied molecular orbital 

(LUMO) and the highest occupied molecular orbital (HOMO).
31b-c

 

The gap between LUMO and HOMO energies (ΔEL–H) decreases on 

moving from lighter to heavier analogues (Table 1 and see ESI†, 

Table S2). The ΔEL–H of X2Y3
–
 is higher than that of the corresponding 

X3Y2
–
 species. The trend from ΔEL–H is similar to ΔET–S, the X2Y3

–
 is 

more stable than X3Y2
–
 and stability decreases at heavier analogues. 

For example, ΔEL–H of P2N3
–
 is 7.208 eV, whereas that of P3N2

–
 is 

6.570 eV. This trend can be justified with the reduction in the 

hardness (η), vis-à-vis the maximum hardness principle
32

 (Table 1). 

The molecular orbitals are similar to those of the five–

membered aromatic molecule, C5H5
−
 – three occupied π–molecular 

orbitals (MO), including an MO where all the p–orbitals are 

delocalized over all the atoms to form a nodeless π−cloud, a 

characteristic of aromatic compounds. All the occupied π–MOs of 

Page 2 of 8Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



PCCP ARTICLE 

This journal is © The Royal Society of Chemistry 20xx Phys. Chem. Chem. Phys., 2015, 00, 1-8 | 3 

Please do not adjust margins 

Please do not adjust margins 

P2N3
–
 and P3N2

–
 are similar to those of C5H5

−
 (Fig. 2). Each atom of 

X2Y3
−
 and X3Y2

−
 has a lone pair of electrons in the plane of the ring in 

addition to the σ and π–electrons, as per Natural bond orbital 

(NBO)
19a

 analysis. The plots of Electron Localization Function (ELF) 

(Fig. 3) show these lone pair of electrons in the ring-plane. These 

plots show that the electron localization is higher on lighter atoms 

than on the heavier atoms. Further, the localization of electron 

between the bond decreases down the group, indicating less 

covalency in the X-X, Y-Y and X-Y bonds. 

 
Fig. 2 Three occupied π−molecular orbitals of P2N3

−
, P3N2

−
 and C5H5

−
. Orbital 

symmetries are given in the parenthesis. 

The canonical bonding situation comprises of five σ−bonds and 
two conjugated π–bonds. The σ–bonds are made by the overlap of 
hybrid orbitals – e.g., the N–N σ–bonds in P3N2

−
 and P2N3

−
 are made 

up of sp
2
 orbitals. The p–character increases in heavier atoms. The 

lone pair occupies one of these in-plane hybrid orbitals. The two π–
bonds are formed by the overlap of two p–orbitals of the adjacent 
atoms. The remaining atom has one p–orbital perpendicular to the 
ring plane which hosts a lone pair of electrons that takes part in 
resonance. Five canonical structures, with contribution ranging 
from ca. 10−18% (Fig. 4 and see ESI†, Fig. S5), are shown by 
calculations using Natural Resonance Theory (NRT)

19b
 The negative 

charge (lone pair in the p−orbital) is delocalized by these resonating 
structures. Resonance structures are characteristic of aromaticity. 

 
 

Fig. 3 Colour filled map of Electron Localization Function (ELF) of X2Y3
–
 and X3Y2

–
 

molecules in the molecular plane. 

The nature of bonding is analyzed using Quantum Theory of 

Atoms In Molecules (QTAIM). The Laplacian of the electron density 

[
2
ρ(rc)] at the (3, -1) bond critical points (BCPs) between X−X, X−Y 

and Y−Y bonds are negative, i. e. accumulation of electron density, 

except for N−P, Sb−Bi and Bi−Bi bonds (see ESI†, Table S3a and 

S3b). Although some of the [
2
ρ(rc)] values are positive, all these 

bonds show negative H(rc) which indicates covalent character.
16b

 In 

addition we have calculated −G(rc)/V(rc) because 
2
ρ(rc) alone is not 

an adequate descriptor for covalent bonding for bonds involving 

heavier atoms.
16c-d

 The bonds with positive 
2
ρ(rc), show 

*−G(rc)/V(rc)] value between 0.5 and 1, thus validating covalent 

bonding in all molecules. All these topological parameters indicate 

the covalency, which is necessary for aromaticity. 

 

 
Fig. 4 Contour plot of the Laplacian of the electron density of P3N2

−. NPA charges 
on atoms are shown in parenthesis. The resonance structures are shown with 
their weightage. 

The electron density [ρ(rc)] is not fully delocalized due to the 

electronegativity differences between the heavier (X) and lighter (Y) 

atoms. The ρ(rc) value estimated at the BCPs, is higher in between 

the lighter atom than in between heavier atoms, as seen in the 

contour maps of 
2
ρ(rc) (Fig. 4 and see ESI†, Fig. S3a and S3b). The 

highest value of ρ(rc) at BCP among the Y-Y bonds is between N−N 

bond (0.337 a.u.), which decreases successively on going towards 

heavier elements and reaches lowest value for Bi−Bi bond (0.051 

a.u.). This variation in electron density results in the variation in 

partial charges on the atoms. Natural charges calculated from 

Natural Population Analysis (NPA)
19c

 (see ESI†,Table S4a) show that 

in both X2Y3
−
 and X3Y2

−
 molecules, lighter atoms (Y) carry more 

partial negative charges, because electron density is higher in the 

bonds between lighter atoms. 

Table 2 NICS(0) and NICS(1) values in ppm for the X2Y3
– and X3Y2

– molecules. 

System NICStotal(0) NICSzz(0) NICStotal (1) NICSzz(1) 

P2N3
– -17.44 -14.17 -16.56 -15.24 

As2P3
– -17.19 -11.58 -16.55 -14.48 

Sb2As3
– -15.33 -7.81 -15.06 -11.80 

Bi2Sb3
– -12.96 -4.05 -12.75 -8.52 

P3N2
– -16.85 -14.12 -16.51 -15.29 

As3P2
– -17.06 -10.93 -16.47 -14.11 

Sb3As2
– -14.69 -6.89 -14.49 -11.01 

Bi3Sb2
– -12.71 -3.64 -12.43 -8.09 

 

Bond lengths that are in between the single-bond length and 

double-bond length, and bond orders that are in between 1 and 2 

are characteristics of aromaticity. The N-N bond lengths in P2N3
– 

and P3N2
–
 are in between typical N−N distance (1.42 Å)

33a
 and N=N  

distance (1.25 Å)
33b

 (Fig. 1). Similarly, all X−X, X−Y and Y−Y. bond 

lengths in the optimized geometries are less than the sum of their 

covalent radii.
33

 Bond orders from WBI for P−P and N−N bonds are 

close to 1.5 in P3N2
–
. Similarly, WBI for all the bonds fit into the 

aforementioned range (see ESI†, Table S4b). The lowest WBI’s are 

found for the P−N bond (1.192 in P2N3
−
 and 1.223 for P3N2

−
). 
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The geometrical and bonding features discussed above are in 

favor of aromaticity in the planar X2Y3
−
 and X3Y2

− 
molecules. 

Additional characterization and quantification can be done using 

popular aromaticity indices such as, Nucleus-Independent Chemical 

Shift (NICS)
2b

. We have studied a variety of NICS indices to verify the 

aromaticity of the proposed molecules and also compared the same 

with the prototypical molecule, C5H5
− 

(Fig. 5)
. 
Large negative values 

of the total chemical shifts (NICStotal) and the chemical shifts 

perpendicular to the ring plane (NICSzz)
34a

 validated the aromatic 

nature of these molecules (Table 2). The NICS-scan procedure is 

indicative of both the diamagnetic and paramagnetic ring currents. 

Therefore, the separation between the in-plane and out-of-plane 

components of the isotropic NICS is necessary for assigning the 

diamagnetic and paramagnetic properties for a system. In the NICS-

scan approach the nonchemical probe (Bq) atom is placed in the 

center of the ring and the distance of the probe from the center is 

increased. The aromaticity decreases on moving down the group 

due to the increase in the σ−bond length which reduces the overlap 

between the p−orbitals. The complete NICStotal−scan (Fig. 5a) and 

NICSzz−scan profiles (Fig. 5b and see ESI†, Fig. S6a) show a minimum 

at ~ 1 Ǻ above the ring plane, indicating π−aromaticity. 

 
 

Fig. 5 NICS plots of C5H5
−
, P2N3

−
 and P3N2

−
.  (a) NICStotal-scan, (b) NICSzz-scan, (c) 

FiPC-NICS-scan, (d) NICS-rate versus r. 

The diamagnetic and paramagnetic properties were analyzed 

individually using Free of in-Plane Component NICS (FiPC−NICS)
34b

 

scan. Negative NICSout-of-plane with convex slope of the NICSin-plane 

versus NICSout-of-plane curve ensured aromaticity in X2Y3
−
 and X3Y2

−
 

molecules (Fig. 5c and see ESI†, Fig. S6b). The σ− and π−electrons 

can contribute to the magnetic shielding in aromatic molecules. At 

the ring centre, the contribution for σ−electrons is significant while 

π−electrons have more relevance at some distance away from the 

ring centre. In these molecules, NICS−rate
34c

 plots (Fig. 5d and see 

ESI†, Fig. S6c) along the perpendicular direction of the ring-plane 

show initial decrease due to the contribution from σ−electrons, 

followed by an increase owing to π−electrons. In smaller rings, the 

contribution from π−electrons quickly overcomes the contribution 

σ−electrons. As the size of the atoms (down the group) increases, 

contribution of the π−electrons towards the aromaticity reduces, 

which can be seen from the late crossing of the NICS−rate plots for 

the heavier analogues. 

 

Fig. 6 Ring Current density maps of P2N3
−, P3N2

− and C5H5
−. 

When an external magnetic field is applied perpendicular to the 

plane of the molecular ring, it can induce a current density in and 

parallel to the molecular plane and this current density induces a 

magnetic field (B
ind

).
35

 Aromatic species are characterized by 

sustaining diatropic ring current while antiaromatic compounds 

sustain paratropic ring currents.
2a,d-h

 It may be noted that, as the 

induced magnetic fields and current densities are complementary 

to each other, they will show similar response while characterizing 

the aromatic nature in a molecule.
34a

 In the same way, NICSzz and 

the perpendicular to the ring component of the induced magnetic 

field, (B
ind

z) will exhibit similar characteristics.
2e

 The current density 

maps (Fig. 6) in the plane of the ring show circulation of diatropic 

ring current over the ring frame, and paratropic ring current near 

the ring centre, which is a feature of aromatic molecules.
36

 The 

circulation of ring currents over the molecular framework 

(diatropic) as well as in the ring centre (paratropic) for all the X2Y3
−
 

and X3Y2
−
 molecules (see ESI†, Fig. S7a and S7b) are similar to that 

of the prototype aromatic molecule, C5H5
−
. 

Stability is an important feature of aromatic compounds. We 

performed an ab initio molecular dynamics (Atom−centered Density 

Matrix Propagation (ADMP)
25

 simulation) at 298 K and at 400 K 

temperatures for 1000 fs timescale on X2Y3
−
 and X3Y2

−
 molecules. All 

the structures remain intact during the simulation at both the 

temperatures, indicating their kinetic stability. The energy value 

fluctuates regularly with the increase in the thermal kinetic energy 

(see ESI†, Fig. S8). The fluctuations are greater for 400 K than for 

298 K because of the increased nuclear kinetic energy. 

 
 

Fig. 7 Four different minima of P3
−
 with N2. Symmetry of P3

−
 is shown in the 

parenthesis. Distances are in Ǻ units. Relative free energies (in kcal/mol) are 
shown in braces. 

To examine the feasibility of synthetic realization of the proposed 

molecules, we propose a potential synthetic route for the formation 

of P3N2
−
 – a click reaction between P3

−
 and N2. P3

–
 is experimentally 

known
37a

 and theoretically characterized as well.
37b

 P3
−
 is proposed 

to have a number of nearly isoenergy minima, such as linear (
1
D∞h), 

bent (
1,3

C2v) and equilateraral triangle (
3
D3h symmetry) (see ESI†, 
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Table S9). A dispersion complex between P3
–
 and N2 is optimized 

first, in which the symmetry in P3
–
 unit is retained (Fig. 7). The 

singlet and triplet surfaces are generated by interpolating between 

the geometries of the reactant and the product of similar spin state, 

and evaluation single point energy.  Although 
3
D3h species is the 

least energy structure of P3
−
, we have considered only the singlet 

state species as the plausible reactants, because the triplet state of 

the product (P3N2
−
) is high in energy (ΔG298 = 50.77 kcal/mol) 

compared to the product in singlet state (see Fig. 8). 

 
 

Fig. 8 The singlet and triplet surfaces for the plausible production of P3N2
−; green 

and black surfaces are for singlet states and red and blue surfaces are for triplet 
states. 

Both the singlet state minima of P3
−
 (viz. 

1
D∞h and 

1
C2v) are 

considered for the plausible click reaction with N2.  We found that 

only the singlet linear (
1
D∞h) P3

−
 is reacting with N2 through a single 

step concerted mechanism. The transition state (TS) corresponds to 

a synchronous addition of terminal P−N bonds with P−N distances 

of 2.361 Å and have C2v symmetry. The free energy of activation 

(Δ
ǂ
G298) for the formation of P3N2

–
 (from P3

−
 and N2) is 30.35 

kcal/mol. This barrier is higher than the barrier for P2N3
–
 formation  

from P2 and N3
–
 (4.6 kcal/mol at the M06-2X/def2-TZVPPD level of 

theory).
11

 The transition state is verified with the intrinsic reaction 

coordinate (IRC) calculations (see ESI†, Fig. S9). One of the reactants 

in the former reaction, N2, is a highly stable molecule compared to 

the reactants in the latter reaction, azide ion (N3
–
) and P2. This 

contributes to the higher activation energy for the formation of 

P3N2
–
. The reaction is exothermic (ΔrH298 = −9.22 kcal/mol) and 

exergonic (ΔrG298 = −2.61 kcal/mol). Reverse process, retro-click 

reaction, has high barrier (Δ
ǂ
G298 = 39.57 kcal/mol) which indicates 

that P3N2
−
 is stable towards a potential dissociation pathway. 

 
Fig. 9 Optimized geometries of metallocenes. 

We explored the possibility of using P3N2
−
 as a η

5
-ligand in 

metallocenes. Scherer et al. have shown that P5
−
 can substitute a 

C5Me5
−
 group from decamethylmetallocenes, M(η

5
-C5Me5)2, (M=Fe, 

Ru).
8d

 We have studied the metallocenes (M=Fe, Ru, Os) with P3N2
−
 

as one of the η
5
-ligands. The complex formation from the fragments 

is favorable with large negative enthalpy of formation (ΔHf) and free 

energy of formation (ΔGf) and large positive dissociation energies 

(Table 3). We have also included the solvation effect for calculating 

the dissociation energy. Polarizable Continuum Model (PCM) with 

benzene as a solvent (ε = 2.27) was used because the preparation of 

ferrocene is done in anhydrous benzene. Large negative values of 

formation energy (ΔEf
sol

) even after the inclusion of solvation effect 

ensure the viability of P3N2
−
 substituted metallocenes. 

Table 3 Zero point energy corrected dissociation energy (Do
ZPE) for the dissociation of 

metal complex to its fragments (e.g., Fe(η5−C5H5)2 → Fe+2 + 2 C5H5
−), the enthalpy of 

formation (ΔHf), the free energy of formation (ΔGf) and the formation energy with 

solvation effect (ΔEf
sol, solvent: benzene; ε = 2.27) for the formation of metal complex 

from fragments (e.g., Fe+2 + 2 C5H5
− → Fe(η5−C5H5)2) at the M06-L/def2-TZVP level of 

theory. All energies are shown in kcal/mol. 

System D0
ZPE ΔHf ΔGf ΔEf

sol 

Fe(η5−C5H5)2 748.43 -750.40 -729.20 -459.43 

Fe(η5−C5H5)(η
5−P3N2) 712.84 -714.31 -692.54 -426.94 

Fe(η5−C5Me5)(η
5−P3N2) 729.21 -730.11 -706.14 -451.44 

Fe(η5−P3N2)2 661.66 -662.52 -640.27 -376.83 

Ru(η5−C5H5)2 770.54 -772.22 -751.55 -481.44 

Ru(η5−C5H5)( η
5−P3N2) 738.94 -740.13 -718.65 -453.15 

Ru(η5−C5Me5)(η
5−P3N2) 754.46 -754.73 -732.54 -476.25 

Ru(η5−P3N2)2 692.49 -693.12 -671.13 -407.65 

Os(η5−C5H5)2 850.55 -852.45 -830.96 -572.53 

Os(η5−C5H5)(η
5−P3N2) 817.48 -818.84 -796.53 -542.64 

Os(η5−C5Me5)(η
5−P3N2) 832.85 -833.36 -809.61 -565.55 

Os(η5−P3N2)2 768.93 -769.65 -747.02 -494.87 

 

The P3N2
−
 ring in M[(η

5
-C5H5)(η

5
-P3N2)], [M=Fe, Ru, Os], is 

tilted (Fig. 9), with shorter Fe-N distances than Fe-P distances 

due to different atomic sizes of P and N atoms. As per NBO 

analysis, bonding between the Fe atom and the atoms of P3N2 

moiety is covalent. HOMO of the Fe[(η
5
-C5Me5)(η

5
-P3N2)] have 

the interaction of dz
2
 orbital of the Fe atom and the delocalized 

π-orbital of P3N2 unit. Interaction energies from energy 

decomposition analysis (EDA)
29

 are negative (stabilizing 

interactions), with 99% of attractive contribution from 

electrostatic (ΔEelstat) and orbital (ΔEorb) terms (Table 4). In all 

the cases the ΔEelstat is slightly larger than the ΔEorb term, while 

the ΔEorb is very small compared to the previous two terms. 

Therefore the interaction is mostly electrostatic type, which is 

expected as the two anionic aromatic rings are electrostatically 

attached to the M
2+

. In M(η
5
-C5H5)2 the ΔEelstat term is quite 

large (ca. 57-58%) than the ΔEorb term (ca. 41-42%); while the 

ΔEelstat term is significantly reduced on introducing P3N2 units. 

In case of M(η
5
-C5H5)2 the ΔEelstat term (ca. 51-53%) and ΔEorb 

term (ca. 46-48%) becomes of nearly equal weightage. The 

increase in the ΔEorb term in P3N2 complex (ca. 5-6%) indicates 

better bonding than that in C5H5
−
 complex. 
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Table 4 Energy decomposition analysis results of the metallocenes. All the energy values are in kcal/mol. The total interaction energy (ΔEint) is calculated as a sum of Pauli repulsion 

energy (ΔEPauli), electrostatic attraction energy (ΔEelstat), energy due to orbital contribution (ΔEorb) and the dispersion energy (ΔEdisp) terms. The percentage contribution towards the 

total attractive interaction (ΔEelstat + ΔEorb + ΔEdisp) is shown in parenthesis. 

Molecules Fragments ΔEint ΔEPauli ΔEelstat ΔEorb ΔEdisp 

Fe(η5−C5H5)2 [Fe(η5−C5H5)]
+ + C5H5

− -245.13 206.72 -257.67 (57.03%) -190.18 (42.09%) -4.00 (0.88%) 

Fe(η5−C5H5)(η
5−P3N2) [Fe(η5−C5H5)]

+ + P3N2
− -208.96 200.43 -208.97 (51.04%) -197.06 (48.14%) -3.36 (0.82%) 

Fe(η5−C5Me5)(η
5−P3N2) [Fe(η5−C5Me5)]

+ + P3N2
− -195.95 215.43 -213.76 (51.96%) -191.67 (46.59%) -5.95 (1.45%) 

Fe(η5−P3N2)2 [Fe(η5−P3N2)]
+ + P3N2

− -205.79 240.25 -227.92 (51.10%) -214.68 (48.13%) -3.44 (0.77%) 

Ru(η5−C5H5)2 [Ru(η5−C5H5)]
+ + C5H5

− -232.75 232.70 -270.99 (58.22%) -191.82 (41.21%) -2.64 (0.57%) 

Ru(η5−C5H5)(η
5−P3N2) [Ru(η5−C5H5)]

+ + P3N2
− -201.29 243.57 -234.63 (52.74%) -207.21 (46.58%) -3.02 (0.68%) 

Ru(η5−C5Me5)(η
5−P3N2) [Ru(η5−C5Me5)]

+ + P3N2
− -183.15 247.07 -232.86 (54.13%) -192.44 (44.73%) -4.92 (1.14%) 

Ru(η5−P3N2)2 [Ru(η5−P3N2)]
+ + P3N2

− -206.19 244.27 -235.18 (52.21%) -212.03 (47.07%) -3.25 (0.72%) 

Os(η5−C5H5)2 [Os(η5−C5H5)]
+ + C5H5

− -252.21 319.43 -333.13 (58.28%) -235.04 (41.12%) -3.47 (0.60%) 

Os(η5−C5H5)(η
5−P3N2) [Os(η5−C5H5)]

+ + P3N2
− -221.24 332.26 -291.66 (52.69%) -258.80 (46.76%) -3.04 (0.55%) 

Os(η5−C5Me5)(η
5−P3N2) [Os(η5−C5Me5)]

+ + P3N2
− -204.23 343.58 -294.04 (53.68%) -248.74 (45.41%) -5.03 (0.91%) 

Os(η5−P3N2)2 [Os(η5−P3N2)]
+ + P3N2

− -219.43 345.77 -298.59 (52.83%) -263.23 (46.57%) -3.38 (0.60%) 

 

Conclusions 

The electronic properties of a novel cyclic all-pnictogen five 

membered ring, P3N2
−
, bearing 6π electrons, was analyzed 

using quantum chemical methods. The optimized singlet 

ground state has a planar C2v symmetric geometry. All the 

bonds are covalent with bond orders in between 1 and 2. The 

negative charge is delocalized over the framework. The 

aromaticity of this molecule was characterized with various 

NICS based approaches. The existence of a circulating diatropic 

ring current over the molecular frame further supports the 

aromatic nature. Reaction profile for a plausible synthetic 

route to P3N2
−
 was calculated – a cycloaddition between linear 

P3
−
 ion and N2 through a concerted C2v symmetric transition 

state. Free energy of reaction implies the formation to be 

spontaneous. The heavier analogues of this molecule (X3Y2
−
) as 

well as the closely related molecules (X2Y3
−
) are also found to 

be aromatic in terms of all the criteria we have employed here. 

All these structures are kinetically stable as shown by ab initio 

molecular dynamics study. Thus P3N2
−
, and heavier all-

pnictogen pentacyclic anions are potential candidates for 

synthetic realization. 
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