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Abstract

The usage of inorganic aromatic N-donor based ligands, whose electronic properties can be easily and extensively tuned, are
still underdeveloped. One such system is cyclic compounds of sulfur-nitrogen, which is known to form η1 and η2-complexes with

mono- and bi-metallic transition metal fragments. We have undertaken an extensive theoretical investigation of the bonding

nature between S2N2 ligand and 14 valence electron (VE) metal fragments in the mono and bi-metallic S2N2[Mo(NO)Cl4]¯
and S2N2[Mo2(NO)2(Cl)8]2¯. Our results indicate that S2N2 ligand in S2N2[Mo(NO)Cl4]¯ is a σ-donor and π-acceptor. The

EDA-NOCV analysis indicates that the interaction between S2N2 and metal fragments has a higher electrostatic character than

a covalent character. The nature of S2N2 as a ligand is similar in the bi-metallic complex S2N2[Mo2(NO)2(Cl)8]2¯ as well.

On the contrary, the σ-lone pair on N-atom in S2N2 is donated to the electron-deficient 12 valence electron [Mo(NO)Cl4]+

fragment in S2N2[Mo(NO)Cl4]+ and the electrons from the S2N2 π-MO are donated to the vacant d-orbitals of the metal

fragment. Similar bonding nature is also observed in the bi-metallic S2N2[Mo2(NO)2(Cl)8]2+ complex. Besides, all these

complexes show donation of lone pair on Cl attached to transition metal fragment to the S-N σ*-MO, which is majorly located

on the S-atom. Here, the S-atom in S2N2 can be considered as a σ-hole, which is involved in the chalcogen bond formation by

accepting an electron pair from Cl-atom. Hence, our theoretical calculations suggest that the S2N2 is a versatile ligand which

can be tuned as σ-donor, σ- acceptor, π-donor and π-acceptor.

Introduction

N-donor aromatic hydrocarbons, such as pyridine and its structural analogs represent a class of extremely
valued ligands and ubiquitously have played important roles in the development of coordination chemistry.[1-6]

Interestingly, the heteroatom substitution in the aromatic hydrocarbons introduces Lewis basicity due to σ-
lone pair of nitrogen and Lewis acidity due to C-N π*-orbitals.[6-9] Moreover, the interactions of these classes
of compounds with the transition metal fragments could be widely varied from the formation of σ-type or π-
type complexes. Accordingly, a wide variety of N-based aromatic hydrocarbon ligands has been designed and
synthesized in order to generate organometallic compounds with diverse structures, shapes, nuclearity and
dimensionality.[3,6,10,11] The diversity in the chemistry of such ligands have been heavily utilized for different
applications in the field of biomedical applications, thermal reaction batteries, semiconducting materials and
catalysis.[12-16]
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Scheme 1: Schematic representation of (a) MoCl5.S4N4 and TiCl4.S4N4 complexes and (b) transition metal
complexes of S-atom coordinated S4N4H4.

On the contrary, inorganic aromatic N-donor based ligand systems, whose electronic properties can be easily
and extensively tuned by substitution of one of the elements, are still underdeveloped.[17–19] In this connec-
tion, an underexplored class of N-donor based ligands is cyclic sulfur-nitrogen compounds. Very recently,
the electronic structures of cyclic S3N3 have been explored by us.[18] Interestingly, there are more than one
possible coordination sites viz. lone pair electrons on N as well as on S-atoms. Besides, these compounds
are usually π-electron rich. Hence, these ligands can adapt versatile bonding to stabilize the metal center
in different ways, which can act a promising strategy for exploring numerous reactivity. The first transition
metal complexes of cyclic SN compounds, MoCl5.S4N4and TiCl4.S4N4 were synthesized and described more
than 100 years ago by Davis and Wolbling (Scheme 1a).[20,21] Later, the significant research to utilize cyclic
S2N2compounds as ligands to transition metal complexes have been largely developed by Dehnicke, Muller
and others (Scheme 2).[22-24] A majority of the cyclic sulfur-nitrogen complexes structurally studied to date
shows that the nitrogen atoms act as donors to the transition metal fragments.[22-24] In the majority of the
S2N2 complexes, S2N2 ring acts as a η2-bridging ligand between two metal fragments. Nevertheless, sulfur
coordinated transition metal complexes are also known, such as Ag(S4N4H4)2and (S4N4H4)M(CO)5(M =
Cr and W) (Scheme 1b).[25,26] However, despite being π-electron rich, sandwich complexes of sulfur-nitrogen,
where cyclic π-ring is coordinated to metal, are not isolated yet. Thus, understanding the electronic structure
of inorganic aromatic cyclic sulfur-nitrogen compounds as ligands and their development remains an area of
great interest.

2



P
os

te
d

on
A

u
th

or
ea

22
A

u
g

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

80
94

72
.2

10
90

49
7

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Scheme 2: Schematic representation of (a) mono- and (b-e) bi-metallic transition metal complexes of S2N2.

In light of our continuing research interest on the π-electron rich inorganic aromatic compounds, we now
extend our study to the ligand property of cyclic S2N2 with mono- and bi-metallic transition metal fragments
using detailed quantum mechanical calculations. Also note that, to the best of our knowledge, all the
experimentally reported S2N2 transition metal complexes that are known so far contains one or more halogen
ligands in the S2N2 σ- plane (Scheme 2).[22-24] Therefore, herein we aim to provide insight into the σ- and
π-reactivity of S2N2 as a ligand and the role of halogens in the S2N2 transition metal complexes. Our
results might help in expanding the ligand knowledge-base for the use of inorganic aromatic compounds in
coordination chemistry.

Computational Details

All the geometries were optimized at non-local DFT level of theory using Becke’s exchange functional[27] in
conjugation with Perdew’s correlation functional[28] (BP86). Basis function of triple zeta quality with two
sets of polarization functions were used. This level of theory is denoted as BP86/TZ2P. Scalar relativistic
effects were considered using Zeroth Order Regular Approximation (ZORA)[29-34] and the core electrons were
treated by the frozen-core approximations. The geometry optimizations were performed using ADF 2018
program package.[35,36] The atomic charge and populations analysis were carried out by Natural population
analysis implemented in Natural Bonding Orbital (NBO version 3.1),[37]while aromatic nature of the ring
system was evaluated by Nuclear Independent Chemical Shift (NICS)[38] analysis. NBO and NICS analysis
were carried out at the M06/def2-TZVPP level of theory using the Gaussian 09 program package.[39]The
electrostatic potential (ESP) of S2N2 molecule at molecular isosurface were created using Multiwfn version
3.6[40] and VMD version 1.9.3[41] softwares. Topological analysis of electron density using Bader’s quantum
theory of atoms in molecules (QTAIM)[42-44] were also performed by Multiwfn 3.6[40] program packages.
Using the Gaussian 09 program package, [39] the wavefunction file for the ESP plot and for the QTAIM
analysis were generated at the M06/def2-TZVPP level of theory. QTAIM analysis is applied to describe
the electronic properties of the molecules by calculating bond paths, bond critical points (BCP) and ring
critical points (RCP).[45-47] The atomic interactions are revealed by the various descriptors at the critical
points such as electron density ρ(ρ) , laplacian of electron density[?]2(r) , potential energy density V(r)
, kinetic energy density G(r) , total energy density H(r) and ellipticity (ε ). These were done by single
point calculations at the meta-GGA exchange-correlation functional M06[48] with def2-TZVPP[49]basis set
on geometries optimized at the BP86/TZ2P level of theory. The EDA-NOCV calculations were carried out
using BP86/TZ2P geometries with the ADF 2018 program package.[50,51]

The bonding nature between molecular fragments in a molecule have been investigated by means of an energy
decomposition analysis (EDA, also termed extended transition state method -ETS) developed independently
by Morokuma[52] and by Ziegler and Rauk.[53] The EDA focuses on the analysis of the instantaneous inter-
action energy Eint, which gives a quantitative picture of the chemical bond formation between fragments in

3
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the frozen geometry of the molecule. The interaction energy (Eint) can be partitioned into three physically
meaningful parameters, viz. electrostatic interaction (Eelstat), Pauli repulsion (EPauli) and orbital (covalent)
interaction (Eorb).

ΔEint = ΔEelstat + ΔEPauli + ΔEorb (1)

Eelstat gives the quasiclassical electrostatic interaction between the fragments, EPauli is the repulsive exchange
interaction between electrons of the fragments having same spin and Eorb is the orbital (covalent) interaction
which comes from the orbital relaxation and the orbital mixing between the fragments. The Eorb term can
be partitioned into contributions from orbital having different symmetries. The EDA-NOCV scheme breaks
down the Eorb term into pairwise contributions of interacting orbitals of the two fragments. NOCV (Natural
Orbital for Chemical Valence) is defined as the eigen vectors of the valence operator, V̂ , given by the equation:

V̂ i = ?ipsi (2)

The total orbital interaction E orb may moreover be derived from pairwise orbital interaction energies ΔEorb
k

that are associated with the deformation densities Δρk , which is the difference between the densities of the
fragments before and after bond formation.

Eorb =
∑N/2

k=1E
orb
k =

∑N/2
k=1 υk

[
−FTS

−k,−k + FTS
k,k

]
(3)

The terms −FTS
−k,−k and FTS

k,k are diagonal transition-state (TS) Kohn–Sham matrix elements corresponding

to NOCVs with the eigenvalues –υk and υk , respectively. The ΔEorb
k term of a specific kind of bond are

allocated by visual assessment of the shape of the deformation density, Δρ k. The EDA-NOCV scheme in
this manner, gives quantitative (ΔEorb) data about the strength of orbital interactions in chemical bonds.

Results and Discussion

In order to explore the ligand property ofS2N2 , we have studied the complex formation of S2N2 with
one and two square pyramidal 14 valence electron [Mo(NO)Cl4]¯metal fragment(s). First, we describe the
electronic structure and reactivity of S2N2 ligand, followed by the bonding nature in mono-metallic and
bi-metallic transition metal complexes. The optimized geometries of S2N2 , S2N2[Mo(NO)Cl4]¯(1Mo ) and
S2N2[Mo(NO)Cl4]2

2¯ (2Mo ) complexes at the BP86/TZ2P level of theory using scalar relativistic ZORA
are given in figure 1. All structures are minima on the potential energy surface. The geometrical parameters
of the optimized structure of S2N2 and2Mo are close to the experimentally reported geometrical parameters
in the crystal structure.[54,55] The geometrical parameters of the gas-phase structure of S2N2 is also close to
our calculated values (Table S4).[56]

Figure 1 : Optimized geometries and important geometrical parameters of S2N2 ,
[S2N2(Mo(NO)Cl4)]¯(1Mo ) and S2N2[Mo(NO)Cl4)2]2

2¯(2Mo ) at the BP86/TZ2P/ZORA level of
theory using ADF program package. Distances are given in angstroms (Å) and angles are given in degrees
(°). The number of imaginary frequencies (Nimg) and the point group symmetry are also given. Experimental
parameters from crystal structure are given in italics (red colour).

S2N2

4
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The singlet S2N2 is more stable than the triplet state by 58.8 kcal/mol (Figure S1). Hence, we have limited
our discussion on singletS2N2 .S2N2 is a near-perfect square with an equal S-N bond length of 1.665 A
and near right-angular bond angles of ?SNS = 88.8deg and ?NSN = 91.2deg. Therefore,S2N2 shows the
characteristic geometric criteria for traditionally aromatic molecules.[57] The natural population analysis
ofS2N2 is given in table 1. The partial atomic charge on more electronegative N-atoms (χN = 3.04)[58]

and less electronegative S-atoms (χS = 2.58)[58] inS2N2 are -0.85 e and 0.85 e. In spite of the difference in
the electronegativity of N- and S-atoms, the population in the perpendicular pz -orbital on N-atoms (1.45
e) and S-atoms (1.50 e) are comparable. This indicates a nearly uniform π-electron distribution in electron
rich 6πS2N2 , similar to cyclic S3N3systems.[18,59] The HOMO-2 (σ7) and HOMO (π3) of S2N2are σ- and
π-molecular orbitals (MO) having major coefficient on N-atoms (Figure 2). The LUMO (σ8) and LUMO+1
(π4) are σ- and π-MOs having major coefficient on S-atoms. Thus, in principle, N-atom can act as σ- and
π-donor while S-atom can act as σ- and π-acceptor. A S-N bond order of 1.22 inS2N2 indicates a reduction
in the S-N double bond character and corroborates well with the description of electron rich π-systems (Table
1).[18,59]

The Nucleus-Independent Chemical Shift (NICS) value at the ring center, NICS(0), and 1Å above, NICS(1),
and the axial components of the shielding tensor NICS(0)zz and NICS(1)zzindicates weakly aromatic cha-
racter (Table 2). However, the low negative values of NICS(1)zz indicate a relatively poor delocalization
of π-electrons as compared to standard 6π aromatic systems like benzene and its analogues.[38] Our NICS
values show a parallel with the reported NICS values ofS2N2 at a higher level of theory.[60]Note that, Head-
Gordon, Schleyer, and co-workers assigned S2N2 as essentially a weakly aromatic 2π electrons system based
on structural, energetic and magnetic criteria.[61]

Table 1 : Atomic partial charge distribution, atomic orbital population and bond order given by the
natural population analysis forS2N2 , S2N2[Mo(NO)Cl4]¯(1Mo ) and S2N2[Mo(NO)Cl4]2

2¯(2Mo ) at the
M06/def2-TZVPP level of theory by Gaussian G09 program package.

Natural
Chargea

Natural
Chargea

Population

in pz
b

Population

in pz
b Bond Orderc

q(S) q(N) (S) (N) P(S-N)
S2N2 0.85 -0.85 1.50 1.45 1.22
1Mo S1 = 0.96 S2 =

0.94
N1 = -0.93 N2 =
-0.87

S1 = 1.47 S2 =
1.46

N1 = 1.57 N2 =
1.42

N1-S1 = N1-S2
= 1.10 N2-S2 =
1.25 N2-S1 =
1.19

2Mo S1 = S2 = 1.05 N1 = N2 = -0.93 S1 = S2 = 1.43 N1 = N2 = 1.54 N1-S1 = N2-S2
= 1.10 N1-S2 =
N2-S1 = 1.13

aq represents charge on the individual atoms.b population on each pzatomic orbital in the compound. c bond
order calculated by natural population analysis.

Table 2: Nucleus-Independent Chemical Shift (NICS) analysis ofS2N2 and S2N2 ring in ,
S2N2[Mo(NO)Cl4]¯(1Mo ) and S2N2[Mo(NO)Cl4]2

2¯(2Mo ) at the M06/def2-TZVPP level of theory.

NICS(0)a NICS(0)zz
b NICS(1)a NICS(1)zz

b

S2N2 2.85 66.99 -1.62 -1.49
1Mo 8.28 47.04 -24.38 2.24
2Mo -8.47 -40.03 -6.64 -6.95
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a NICS(0) and NICS(1) represent NICS values at the center of and 1 Å above the four-membered rings.b

NICS(0)zz and NICS(1)zz represent the out-of-plane component of shielding tensor at the center of and 1 Å
above the four-membered rings.

We have further analyzed the strength of the π bonding ofS2N2 ring using the EDA–NOCV analysis. Frenk-
ing and co-workers have used the energy decomposition analysis (EDA) as a powerful tool for investigating
the conjugation and aromaticity in carbocyclic and heterocyclic systems.[62,63] The EDA–NOCV analysis
ofS2N2 is carried out using the fragmentation pattern shown the scheme S1, where the S–N bond was
fragmented homolytically in two quartet SN fragments in the frozen geometry of the molecule S2N2for
this purpose (Scheme S1). Since S–N single-bond has σsymmetry, the π contributions to the total orbital
interactions (ΔEπ) can be considered as a measure for theπ-electron delocalization as compared to the re-
spective fragments.[18] The negative interaction energies ΔEint indicates stabilizing interaction between the
fragments for the formation ofS2N2 (Table 3). The major contribution to the total interaction, ΔEint,
comes from the orbital term ΔEorb (62.8%), indicating a strong covalent bonding. The breakdown of ΔEorb

into pairwise orbital interactions shows that the bonding interaction between the fragments comes mainly
from the σ-interaction (ΔEσ, 87.5%) between the respective quartet fragments. However, the contribution
for the π-interaction is significant (-73.2 kcal/mol) and contributes 10.6% to the total ΔEorb. The EDA
results indicate the nature of π-interaction in π electron-rich cyclic sulfur-nitrogen systems S2N2 and S3N3

are similar.[18]

Figure 2: Important molecular orbitals of theS2N2 at the BP86/TZ2P/ZORA level of theory, generated
using ADF program package. Energies eigen values are given in eV.

Table 3: EDA results for the estimation of the π-interaction inS2N2 and S2N2 ring in 1Mo and2Mo at the
BP86/TZ2P/ZORA level of theory according to the fragmentation pattern described in Scheme S1. Energies
are in kcal/mol.

ΔΕιντ ΔΕΠαυλι ΔΕελστατ
α

ΔΕορβ
α

ΔΕσ
β

ΔΕπ
β

ΔΕρεστ

S2N2 -219.2 871.1 -397.8
(36.5%)

-692.5
(63.5%)

-606.1
(87.5%)

-73.2
(10.6%)

-13.2 (1.9%)

1Mo -255.1 864.8 -404.6
(36.1%)

-715.3
(63.9%)

-613.5
(85.8%)

-79.5
(11.1%)

-22.3 (3.1%)

2Mo -244.9 903.7 -375.3
(32.7%)

-773.3
(67.3%)

-667.8
(86.4%)

-81.0
(10.5%)

-24.5 (3.1%)

a The percentage values in parentheses give the contribution to the total attractive interactions ΔEelstat +

6
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ΔEorb.b The percentage values in parentheses give the contribution to the total orbital interactions ΔEorb.

S2N2 shows four bond critical points (BCPs) for each of the four S-N bonds and a ring critical point (RCP)
at the center (Figure 3a). The BCPs are relatively close to S-atoms, indicating bond polarization. The
electron densityρ (r) and the Laplacian of the electron density∇2(r) at the BCPs indicate the accumulation
of electrons and thus a covalent nature of the bonds (Table 4). The negative total energy densityH(r) at the
BCP also supports covalent nature.[64] A high ε value for S-N bonds also indicates multiple bond character
due to the presence of π-delocalization. Likewise, a substantial value of ρ(ρ) and∇2(r) at the RCP indicates
possible delocalization of electrons,[65] which can be correlated with the negative NICS(1)zz values (Table 2).
Contour line diagram of the Laplacian distribution of the electron density∇2(r) of the S2N2is also shown
in figure 3a. Solid lines represent the areas of electronic charge concentration, while dashed lines show areas
of charge depletion. The shape of the Laplacian distribution clearly shows that N atoms of the S2N2 ring
have an area of charge concentration and S atoms of theS2N2 ring have an area of charge depletion along
the extension of the S-N covalent bonds.

Figure 3: (a) Contour maps of the Laplacian distribution of electron density in the plane ofS2N2 molecule.
Dashed lines indicate regions of electronic charge concentration (∇2(r)< 0), and solid lines denote regions of
electronic charge depletion (∇2(r) > 0). Small blue spheres represent bond critical points (BCPs) and small
orange sphere represent ring critical point (RCP). Bond paths and interatomic surface paths are indicated
by brown and blue lines. (b) Molecular electrostatic potential mapped on the molecular surface ofS2N2 .
Blue indicates N-atom and yellow indicates S-atom. Red color represents accumulation of positive charge
and blue color indicates accumulation of negative charge. Surface local minima (Vmin) and maxima (Vmax)
of ESP in kcal/mol are represented as cyan and orange spheres, respectively.

In order to further understand the reactivity ofS2N2 molecule we have calculated the electrostatic potential
(ESP) map on the molecular van der Waals surface (Figure 3b). The ESP plot shows that both electrophilic
and nucleophilic regions are present onS2N2 molecular surface. The region of negative ESP is present in
the direction of the lone pair of the nitrogen atoms. The region of positive ESP is observed in the plane of
S2N2 around S-atom along the extension of the covalent S-N bonds. In addition, a positive region at the
center of the ring in the direction perpendicular to the σ-plane of S2N2 is observed. This shows excellent
correspondence with the QTAIM analysis in figure 3a. Thus, one can expect S2N2 might act as σ-donor
through N-atom and S-atom have both σ- and π-hole,[66]which rationalizes the versatility of S2N2 as a ligand.
Thus, S2N2 could be exploited in transition metal chemistry as a ligand. Also, the existence of halogen-S
interaction in the transition metal complex of S2N2 is known.[23]Interactions between π-hole of S2N2 and
the Lewis bases such as NH3, PH3 and AsH3 is theoretically reported.[67] However note that any attempt
to optimize sandwich complexes of S2N2, where the cyclic π-ring is coordinated with different transition
metal fragments were not successful (Table S1). This corroborates well the non-existence of such complexes
experimentally.
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Table 4: Topological parameters of the electron density at the bond critical points (BCPs) and ring crit-
ical points (RCPs) of [S2N2(Mo(NO)Cl4)]¯(1Mo ) and [S2N2(Mo(NO)Cl4)2]2¯(2Mo ) calculated at the
M06/def2-TZVPP level of theory. Electron density ρ(ρ) , Laplacian of electron density∇2(r), Potential en-
ergy density V(r) , Kinetic energy density G(r) and Total energy density H(r) in a. u.

BCP/RCP ρ(ρ) ∇2(r) V(r) G(r) H(r)
-
G(r)/V(r) ε

S2N2 S-N 0.2241 -0.3568 -0.4133 0.1621 -0.2513 0.3922 0.4712
S2N2

a 0.0906 0.3044 -0.1190 0.0976 -0.0215 0.8202 -1.4832
1Mo Mo-N1 0.1058 0.1683 -0.1315 0.0868 -0.0447 0.6601 0.0275

S1-N1 0.2202 -0.3377 -0.4086 0.1621 -0.2465 0.3967 0.5130
S1-N2 0.2156 -0.3453 -0.3767 0.1452 -0.2315 0.3855 0.4582
N1-S2 0.2222 -0.3258 -0.4204 0.1695 -0.2509 0.4032 0.4873
N2-S2 0.2263 -0.3284 -0.4334 0.1757 -0.2578 0.4054 0.4623
S1-Cl3 0.0222 0.0603 -0.0138 0.0144 0.0007 1.0435 0.0624
S2N2

a 0.0863 0.3182 -0.1158 0.0977 -0.0182 0.8437 -1.5122
MoNSCla 0.0185 0.0726 -0.0143 0.0162 0.0019 1.1329 -2.8828

2Mo Mo1-N1/
Mo2-N2

0.0985 0.1314 -0.1177 0.0753 -0.0424 0.6398 0.0318

S1-N1/
S2-N2

0.2217 -0.3121 -0.4236 0.1727 -0.2508 0.4077 0.5003

N1-S2/
N2-S1

0.2163 -0.3180 -0.3978 0.1591 -0.2386 0.3999 0.4829

S1-Cl3/
S2-Cl5

0.0175 0.0517 -0.0106 0.0118 0.0012 1.1132 0.1597

S2N2
a 0.0848 0.3264 -0.1149 0.0983 -0.1667 0.8555 -1.5612

MoNSCla 0.0156 0.0603 -0.0115 0.0133 0.0017 1.1565 -2.5578

a represents four-membered rings, having a ring critical point.

S2N2[Mo(NO)Cl4]¯

(1Mo)

The bonding interaction of S2N2 with the metal fragment can be better understood from the fragment orbital
analysis of [Mo(NO)Cl4]¯. The fragment [Mo(NO)Cl4]¯ is square pyramidal in structure and a valence
electron count ascertains that it has 14 valence electrons. The metal centric fragment orbitals available for
bonding in the 14 VE transition metal square pyramidal ML5 fragment are shown in scheme 3. The eight
d metal electrons can occupy b2 , e andb1 set of orbitals, leaving thea1 orbitals that can accept lone pair
from N in S2N2 to form Mo-N σ-bond. Thus, HOMO-2 of S2N2 majorly concentrated on N has the right
symmetry to donate to a1 fragment d-orbital and the perpendicular π-type e fragment d-orbital is likely to
donate back to the LUMO+1 (S-N π*-MO) of the S2N2 to form 1Mo (Figure 2). Thus, the bonding in
1Mo can be qualitatively regarded as similar to Dewar-Chatt-Duncanson model of σ-donation from ligand
to metal and π-back donation from metal to ligand.[68,69] However, a detailed bonding analysis will be helpful
in examining the relative strength and effect of these interactions in a more quantitative way.

Scheme 3: Schematic representation of the d-orbitals in a square pyramidal ML5 fragment.

The optimized geometry ofS2N2[Mo(NO)Cl4]¯(1Mo ) is shown in figure 1. The four membered S2N2 ring
is planar in 1Mo , having unequal S-N bond lengths. The S1-N1 and S1-N2 bonds are longer, while S2-N1
and S2-N2 bond length is comparable to S-N bond length inS2N2 molecule. The S1-N1 (1.670 A) and S1-N2
(1.685 A) bond elongation can be correlated with the back-donation of electrons from the metal fragment

8
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toS2N2 π*-MO. The bond angle at N-atoms increases from 88.7° inS2N2 to 91.9° in 1Moto facilitate metal
coordination. Furthermore, the S1···Cl3 distance (2.937 Å) is within the sum of the van der Waals radius of
Cl and S-atoms (3.55 Å),[70] indicating a non-covalent type intramolecular interaction between Cl3 and S1.
This rather short S-Cl distance is already noted by Dehnicke and coworkers in many bi-metallic complexes
of N2S2.[23]Hence, the σ-hole at the chalcogen atom receives the electron pair from Cl and thus plays a
crucial role in the chalcogen bond formation between Cl and S.[71,72] The molecular orbital analysis identifies
HOMO-12, HOMO and HOMO-1 as N-Mo σ-donation, Mo-N π-back donation, and S1···Cl3 interaction,
respectively (Figure 4).

Figure 4: Important molecular orbitals of theS2N2[Mo(NO)Cl4]¯(1Mo) . Energy eigen values are in
eV. The isosurface values for molecular orbitals are 0.01 e/bohr3.

Group charge analysis in 1Mo (Table 1) by the natural population indicates a slight positive group charge
of S2N2 (0.10 e), suggesting net electron transfer from S2N2 ligand to the metal fragment. The Wiberg bond
indices reveal significant reduction for S1-N1 and S1-N2 bond order (1.10) as compared to that of S-N bond
order in S2N2 molecule (1.22), while the S2-N1 and S2-N2 bond order remains almost the same as that in
S2N2. This supports the variable S-N bond distances in 1Mo (Figure 1). The atomic orbital population in
the pz -orbital of N1 is slightly higher (1.57) as compared to the population in the pz -orbitals of N2, S1 and
S2. This increase in the population could be correlated to the back donation from metal fragment to S-N π*-
MO. Thus, the bond order and population analysis suggest metal fragment to S-N π*-back donation, which
in turn gives rise to polarization in the S2N2 π-electron density. In addition, the second-order perturbation
analysis by NBO on 1Mo complex shows donation of chloride (Cl3) lone pair to S1-N2 σ*-MO (5.2 kcal/mol),
which is well complemented with the shorter Cl3···S1 distance. Here, the S-atom acts as acceptor in the Cl-S
chalcogen bond.[71,72] The uneven distribution of π-electrons in the pz-orbitals of N- and S-atoms is further
supported by positive NICS(1)zz value (Table 2), which indicates non-aromatic character of S2N2 ligand
in1Mo . The ESP plot on the molecular van der Waals surface of1Mo shows negative potential at the
metal fragment and relatively slight positive potential on S2N2, supporting the positive group charge of
S2N2 (Figure 5b).

In order to understand the π-bonding strength of S2N2 ring in the1Mo EDA-NOCV analysis were carried
out using quartet SN and SN[Mo(NO)(Cl)4]¯fragments (Scheme S1). The bonding interaction between the
SN[Mo(NO)(Cl)4]¯ and SN fragments has 36.1% electrostatic and 63.9% covalent character. The Eorb has
contributions from 85.8% σ-type interactions and 11.1% π-type interactions. The value of ΔEπ suggests that
π bonding strength of S2N2 ring in 1Mo is higher than the S2N2 molecule. The inspection of the deformation
density plot (Δρ2 in Figure S7) indicates that the increase in ΔEπ in 1Mo as compared toS2N2 might arise
due to the donation of π-electron density from metal fragment to the S-N π*-MO, which has more coefficient
on N1. Thus the donation of electron from the metal fragment to the S-N π*-MO would not lead to uniform
π-electron distribution in the S2N2 ring and can not be taken as an increase in the aromaticity of 1Mo .
This is also supported by higher population of the pz-orbital on N1 (Table 1) and lower aromaticity (Table
2) of 1Mo .
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Figure 5 : (a) Contour maps of the Laplacian distribution of electron density in the plane of S2N2 in 1Mo
molecule. Dashed lines indicate regions of electronic charge concentration (∇2(r) < 0), and solid lines denote
regions of electronic charge depletion (∇2(r) > 0). Small blue spheres represent bond critical points (BCPs)
and small orange sphere represent ring critical point (RCP). Bond paths and interatomic surface paths are
indicated by brown and blue lines. (b)Molecular electrostatic potential mapped on the molecular surface
of1Mo . Blue indicates N-atom and yellow indicates S-atom. Red color represents accumulation of positive
charge and blue color indicates accumulation of negative charge. Surface local minima (Vmin) and maxima
(Vmax) of ESP in kcal/mol are represented as cyan and orange spheres, respectively.

Four BCPs and one RCP are observed in the coordinated S2N2 ring in 1Mo . Theρ(ρ) and ∇2(ρ) at the BCP
between S and N atoms and at the RCP in S2N2 ring remains close to that observed in S2N2 (Table 3). The
electron density at the BCP (ρ(ρ) ) between Mo and N1 is significantly higher (0.1058 a. u.) and the Laplacian
of electron density (∇2(ρ)) is positive (0.1683 a. u.), which indicates a strong electrostatic interaction between
Mo and N1. However, negative H(r) and –G(r)/V(r) values indicate important contribution from covalent
interaction as well. The inspection of the contour plot indicates depletion of charge density from N-atom as
well as from Mo along the Mo-N1 bond, thus indicating donation and back donation interaction. QTAIM
analysis also shows the existence of a BCP between Cl3 and S1 in 1Mo complex (ρ(ρ)and ∇2(ρ) are 0.0222
a. u. and 0.0603 a. u. respectively), where the bond path passes through the possible σ-hole near the S-atom
along the extension of S-N bond. In addition, an RCP at the center of Mo-N1-S1-Cl3 is also observed. Small
positive H(r)and higher –G(r)/V(r) at the Cl3···S1 BCP identifies Cl-S interaction as majorly non-covalent.
The role of σ-hole in stabilizing such interaction are also reported.

Scheme 4: Schematic representation of the different possible bonding interactions between metal fragment
group orbitals and S2N2 ligand group orbitals in1Mo chosen for EDA-NOCV analysis. Up and down arrows
indicate electrons with opposite spin and the single headed arrow (→) indicates donor acceptor interactions
between fragments.

EDA-NOCV analysis using ADF 2018 program package has been carried out to understand the quantita-
tive nature of bonding between the transition metal fragment and S2N2 (Table 5). The bonding possibil-
ity in scheme 4 represents the interaction between neutral S2N2 ligand and 14 electron metal fragment,
[Mo(NO)Cl4]¯ in1Mo complex. The bonding possibility in scheme 4 represents two donor-acceptor inter-
actions viz. from N lone pair to transition metal fragment (σ1) and from metal fragment to the π*-MO of
S2N2 (π1).

Table 5: EDA results of the possible bonding representation for the Mo-N bond in S2N2[Mo(NO)Cl4]¯(1Mo
) and S2N2[Mo(NO)Cl4]2

2¯(2Mo ) at the BP86/TZ2P/ZORA level of theory according to the fragmentation
described in scheme 3 and 4. Energies are in kcal/mol.
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ΔΕιντ ΔΕΠαυλι ΔΕελστατ
α
ΔΕορβ

α
ΔΕσ

β
ΔΕπ

β
ΔΕρεστ ΔΕπρεπ -De

1Mo -23.0 95.8 -76.1
(64.1%)

-42.7
(35.9%)

-33.9
(79.4%)

-5.0
(11.7%)

-3.8
(8.9%)

29.0 6.1

2Mo -46.6 160.9 -135.0
(65.1%)

-72.5
(34.9%)

-56.8
(78.3%)

-7.6
(10.5%)

-8.1
(11.2%)

98.8 52.3

a The percentage values in parentheses give the contribution to the total attractive interactions ΔEelstat +
ΔEorb.b The percentage values in parentheses give the contribution to the total orbital interactions ΔEorb.

The bonding interaction between the metal fragment and S2N2 ligand has 64.1% electrostatic and 35.9%
covalent character, which is in good agreement with the QTAIM and NBO analysis (Tables 1 and 3). The
Eorb has contributions from three major donor-acceptor interactions, that is, twoσ-type interactions and
one π-type interaction (Figure 6). The two σ interactions contribute 69.3% of the total orbital interaction
energy. The deformation density plot, ρ1 and ρ2 mainly correspond to the donation from σ-MO of S2N2mainly
localized on N-atom (lone pair) to the a 1fragment orbital of the metal fragment (Figure 6). A careful visual
inspection of ρ1 as well as ρ2 suggests accumulation of electron density on S1 and depletion of electron density
from Cl3, which represents a donation from lone pair of electrons from Cl3 (HOMO–1 of [Mo(NO)Cl4]-, Figure
S2) to the S2N2 σ*-MO (LUMO in Figure 2). This can be corroborated with σ-hole interaction between
an electrophilic region of a S atom with a Lewis base like Cl-atom in the same molecular entity.[71] Thus,
the longer S1-N2 bond length and the less positive charge on S1 can be recognized from this interaction.
On the other hand, the deformation density plot ρ3corresponds to the π-back-donation from the transition
metal fragment to the S2N2 π*-molecular orbital. This interaction contributes only 8.2% of the total orbital
interaction energy. Hence, S2N2 in1Mo can act as a strong σ-donor and weak π-acceptor ligand, which
is similar to N-heterocyclic aromatics like pyridines.[6,9] Furthermore, it can also act as σ-acceptor at the
S-atom by the charge transfer of N lone pair to S2N2 σ*-MO. In order to investigate the π-donation property
of S2N2, we have carried out the EDA-NOCV analysis on the theoretically modeled electron-deficient 12
valence electron fragment [Mo(NO)Cl4]+ with the S2N2 ligand (Table S2, Figure S4).[73] The EDA analysis
indicates a substantial contribution (25%) of the π-donation from S2N2 π-MO (HOMO in Figure 2) to the
e-type metal fragment orbital. The σ-donation from S2N2 σ-MO (HOMO-1 in Figure 2) to thea1 -type
metal fragment orbital contributes 45.9% to the orbital interaction. Thus, in the presence of suitable metal
fragment S2N2 can also act as π-donor ligand (Table S2).[73]
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Figure 6 . Plots of NOCV pair of orbitals Ψ-n/Ψn of π and σ bonding possibility
inS2N2[Mo(NO)Cl4]¯with their eigen values in the parenthesis, the associated deformation densities Δρn
and the orbital stabilization energies ΔE (in kcal/mol) at the BP86/TZ2P/ZORA level of theory. The di-
rection of the charge flow in the deformation density plot Δρn is from red-blue. The isosurface values for
NOCV orbitals and deformation densities are 0.03 and 0.0003 respectively.

S2N2[Mo2Cl8(NO)2]2¯(2Mo)

In S2N2[Mo(NO)Cl4]2
2¯ (2Mo ), S2N2 molecule act as a η2-bridging ligand between two Mo(NO)Cl4

¯

fragments. The crystal structure of this compound is reported by Dehnicke and co-workers in the year
1987.[74] It is expected that the bonding andanti -bonding combination of twoa1 -orbitals (Scheme 3) from
two metal fragments can accept the lone pairs from two N-atoms and bonding combination of the two π-type
perpendicular e -orbitals would be engaged in a multi-centre π-back donation to the S-N π*-MO (LUMO
+1, π4 in Figure 2). Figure 1 shows the optimized geometry of S2N2[Mo(NO)Cl4]2

2¯ . The geometrical
parameters of the optimized structure of 2Moare close to the experimentally reported geometrical parameters
(Table S4).[74] Here, S2N2 ring is planar with a rectangular shape, where N1-S2 and N2-S1 bonds are slightly
longer (1.676 A) than N1-S1 and N2-S2 bonds (1.663 A), which is close to S-N bond length in S2N2.
Analogous to 1Mo , an increase in bond angles at N-atom is observed in 2Mo (93.9deg) to facilitate
metal coordination at N-atoms. The S1***Cl3 and S2***Cl5 distance are relatively shorter (3.050 A) than
S1***Cl7 and S2***Cl1 distance (3.475 A) indicating possible non-covalent interactions between chloride and
sulphur atoms in the complex, as noted by Dehnicke and coworkers.[23] This interaction can be correlated
to the σ-hole present at S-atom. The HOMO-26 shows N-Mo σ-donation and HOMO-1 shows Mo-N back
donation (Figure 7). In addition, the S···Cl interaction can be observed in HOMO-3.
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Figure 7 : Important molecular orbitals of theS2N2[Mo(NO)Cl4]2
2¯(2Mo) . Energy eigenvalues are in

eV. The isosurface values for molecular orbitals are 0.01 e/bohr3.

NBO charge and population analysis (Table 1) were performed to gain a more detailed insight into the
electronic structure of 2Mo as well as on the nature of S2N2 as a bridging ligand. The positive group charge
on S2N2 ring (0.24 e) indicates a higher extent of the net donation from S2N2bridging ligand to the two
metal fragments as compared to 1Mo . The Wiberg bond indices of all the S-N bonds reduced significantly
as compared to S2N2, which manifests donation from filled d-orbitals of metal fragments to the anti-bonding
π*-molecular orbitals of S2N2 ligand. It is interesting to note that, the overall atomic population in the
perpendicular pz -orbitals on S and N is similar to that observed in S2N2. However the atomic population in
the perpendicular pz -orbitals on N atoms (1.54 e) has increased and that in the perpendicular pz -orbitals
on the S-atoms has decreased (1.43 e). This clearly denotes a significantπ-back donation from the metal
fragments to the π*-MO of S2N2 ring (LUMO, π4 in Figure 2). Thus, even though the total population in
the π-orbitals of S2N2 in 2Mo remains similar to free S2N2, we can observe a reversal of the direction of
polarization of the π-electron density in 2Mo . The second order perturbation theory analysis by NBO on
2Moshows a significant donation from lone pair of chloride ligands (Cl3/Cl7) to S1-N2/S2-N1 σ*-orbitals
(3.7 kcal/mol), which is well complemented with the Cl3···S1/Cl5···S2 distances in the geometrical analysis.
This interaction is similar to the chalcogen bonding described by Cremer and co-workers.[71]

The higher negative NICS(1)zz value observed for the S2N2 ring in 2Mo corroborates with the increase in
the π-electron density due to back donation from themetal fragment (Table 2). The more negative ESP
on the metal fragments as compared to the S2N2 ring, however, indicates a net transfer of electrons to the
metal fragments validating the positive charge on S2N2(Figure 8b). In order to understand the π bonding
strength of S2N2 in 2Mo , the elongated S–N bonds (S1–N2 and S2–N1) are cleaved leading to two quartet
SN[Mo(NO)(Cl)4]¯fragments (Scheme S1). The major contributions to the total orbital interaction energy
(ΔEorb), between the fragments is higher than for the S2N2molecule implying greater covalent character
(Table 3). Also, the π-contribution to the orbital interactions are –81.0 kcal/mol in2Mo and -73.2 kcal/mol
inS2N2 molecule. Thus, the π bonding strength of S2N2 in the2Mo in more than the π bonding strength
of S2N2 molecule. The inspection of the deformation density plot (Δρ2 in Figure S8) exhibits depletion of
electron density from the two metal fragments to the S2N2 ring. Thus, the double donation makes an uniform
increase of the π-electron density in the S2N2 ring in 2Mo as compared to S2N2 ring in 1Mo . Therefore,
an uniform increase in the population of pz-orbitals (Table 1) and higher aromatic character (Table 2) of
2Mo is validated.
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Figure 8: (a) Contour maps of the Laplacian distribution of electron density in the plane of 2Mo molecule.
Dashed lines indicate regions of electronic charge concentration (∇2(r)< 0), and solid lines denote regions of
electronic charge depletion (∇2(r) > 0). Small blue spheres represent bond critical points (BCPs) and small
orange sphere represent ring critical point (RCP). Bond paths and interatomic surface paths are indicated
by brown and blue lines. (b) Molecular electrostatic potential mapped on the molecular surface of 2Mo.
Blue indicates N-atom and yellow indicates S-atom. Red color represents accumulation of positive charge
and blue color indicates accumulation of negative charge. Surface local minima (Vmin) and maxima (Vmax)
of ESP in kcal/mol are represented as cyan and orange spheres, respectively.

QTAIM analysis of 2Mo reveals the existence of four BCPs in between four S-N bonds and a ring critical
point at the center of the S2N2 ring (Figure 8a). The ρ(ρ)and ∇2(r) values for the BCPs and RCP of S2N2

ring in 2Mo are very similar to that in S2N2 ring in1Mo (Table 3). Two BCPs are observed between Mo1-N1
and Mo2-N2 bonds, which have similar electronic characteristics as observed for the Mo-N1 bond in 1Mo
(Table 3). Similar to 1Mo , charge depletion from N-atom to Mo as well as from Mo to N is also observed
in the contour plot of Laplacian distribution of the electron density of2Mo indicating N-Mo donation and
Mo-N back donation. Moreover, two BCPs are observed between S1···Cl3 and S2···Cl5, where the bond path
passes through the σ-hole of S-atom. This interaction is similar to the chalcogen bonding between sulfur and
chlorine atom in various other systems facilitated by σ-hole on S-atom.[71] In addition, two RCPs were also
observed at the center of two Mo-N-S-Cl rings. Note that, the AIM descriptors at these BCPs are similar to
the BCPs of 1Mo . This indicates similarity in the chemical bonding of S2N2 with one and two transition
metal fragments.

Scheme 5: Schematic representation of the possible bonding interaction between metal fragment group
orbitals and S2N2 ligand group orbitals in2Mo chosen for EDA-NOCV analysis. Up and down arrows
indicate electrons with opposite spin and the single headed arrow (→) indicates donor acceptor interactions
between fragments.

In order to understand the quantitative bonding interaction between two [Mo(NO)Cl4]¯ fragments and
bridging S2N2 in the frozen geometry of 2Mo , EDA-NOCV analysis implemented in ADF 2018 program
package were carried out (Table 5). The fragmentation scheme is given in scheme 5, which indicates two
donor-acceptor N-Moσ-interactions and one donor-acceptor Mo-N π-back donation. Table 5 shows the
calculated EDA results for the interaction between [Mo2(NO)2Cl8]2- fragment and neutral η2-S2N2 bridging
ligand. The major contribution to the total interaction energy, Eint comes from the electrostatic interaction,
Eelstat (65.1%) rather than covalent interaction ΔEorb (34.9%). The breakdown of ΔEorbinto pairwise
orbital interactions shows that the bonding interaction between the fragments comes mainly from the σ-
interaction (ΔEσ, 72.5%) between the respective singlet fragments. The deformation density plots correspond
to threeσ-interactions viz. ρ1 ,ρ2 and ρ3 (Figure 9). Theρ1 and ρ3 correspond to the donation from anti
-bonding and bonding combination of lone pair orbitals on N atoms in S2N2 ligand to the anti -bonding
and bonding combination of the fragment orbitals of [Mo2(NO)2Cl8]2¯ . The ρ2 corresponds to donation
from in-plane Cl ligand attached to the metal center to the S2N2 σ *-MO. This can be correlated with
the Cl to S σ -hole interaction.[71] The deformation density plotρ4 corresponds to the π-back-donation from
the transition metal fragment to the S2N2 π*-molecular orbital. This interaction contributes 7.8% of the
total orbital interaction energy. Thus, S2N2 acts mainly as a strong σ-donor and weak π-acceptor both as
a mono- and bi-dentate ligand. Note that, the percentage contribution of the σ- and π-interaction to the
total Eorb is similar in mono- and bi-metallic complexes (Table 5). However, the absolute value of these
interactions in 2Mo is roughly double than that in 1Mo . The major difference in the η2- coordination vs
η
1-coordination is observed in the higher dissociation energy of 2Mo (52.3 kcal/mol) as compared to 1Mo

(6.1 kcal/mol), corroborating with the experimental isolation of a higher number of bi-metallic complexes
(Scheme 2).[22-24]This nature of ligand is quite similar to heterocycles such as pyrazine in organometallic
chemistry.[75] However interestingly, S2N2 can also acts as a σ-acceptor due to the presence of electro-positive
S-atom, which can lead to additional stability to the transition metal complexes of S2N2 with appropriate
donor ligands at the metal center. We have also studied the π-donation of S2N2 ligand to two 12 valence
electron metal fragments [Mo(NO)Cl4]+ . The percentage of the π-interaction to the total orbital interaction

14
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energy in[S2N2(Mo(NO)Cl4)2]2+complex is found to be higher (10.1%) than that observed in2Mo (Table
S2, Figure S5).[73] Thus, if exploited wisely, the versatile ligand property of the π-electron rich SN inorganic
aromatic compounds might lead to hitherto unprecedented reactivities of transition metal complexes.

Figure 9 : Plots of NOCV pair of orbitals Ψ-n/Ψn of pi and sigma bonding possibility
in[S2N2(Mo(NO)Cl4)2]2¯with their eigen values in the parenthesis, the associated deformation densi-
ties Δρn and the orbital stabilization energies ΔE (kcal/mol) at the BP86/TZ2P/ZORA level of theory. The
direction of the charge flow in the deformation density plot Δρn is from red-blue. The isosurface values for
NOCV orbitals and deformation densities are 0.03 and 0.0003 respectively.

Conclusion

Electronic structure and ligand property of S2N2 compound towards the 14 valence electron metal fragments
have been studied using quantum mechanical calculations. Our detailed theoretical calculation on S2N2

shows an area of charge concentration close to the direction of lone pair of N atoms of theS2N2 and an area
of charge depletion in the extended direction of the S-N bonds of theS2N2 ring. In order to explore the ligand
property of S2N2 , we have studied the complex formation of S2N2 with one and two square pyramidal 14
valence electron [Mo(NO)Cl4]¯metal fragment(s). The molecular orbital and QTAIM analysis suggest that
N-Mo σ-donation, Mo-N π-back donation, and Cl···S interaction through σ-hole at S-atom are present in both
1Mo and 2Mo . EDA-NOCV analysis has been carried out to understand the quantitative nature of bonding
between [Mo(NO)Cl4]¯ metal fragments and S2N2 ligand. Our results indicate that the interaction between
S2N2 and metal fragments has a higher electrostatic character than a covalent character. The nature of S2N2

as a ligand is similar in the bi-metallic complex S2N2[Mo2(NO)2(Cl)8]2¯ as well. On the contrary, the σ-lone
pair on N-atom in S2N2 is donated to the electron-deficient 12 valence electron [Mo(NO)Cl4]+ fragment in
S2N2[Mo(NO)Cl4]+and the electrons from the S2N2 π-MO are donated to the vacant d-orbitals of the metal

15
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fragment. Similar bonding nature is also observed in the bi-metallic S2N2[Mo2(NO)2(Cl)8]2+ complex. In
addition, all these complexes show donation of lone pair on Cl attached to transition metal fragment to the
S-N σ*-MO, which is majorly located on the S-atom. Here, the S-atom in S2N2 can be considered as a
σ-hole, which is involved in the chalcogen bond with Cl-atom. Hence, our theoretical results suggest that
the S2N2 is a versatile ligand which can be tuned as σ-donor, σ- acceptor, π-donor and π-acceptor. Thus, if
exploited wisely, the versatile ligand property of the π-electron rich SN inorganic aromatic compounds might
lead to hitherto unprecedented reactivities of transition metal complexes. We also analyzed the strength of
the π bonding and aromaticity of S2N2 ring has been investigated using the EDA–NOCV analysis. EDA
results indicate that S2N2 ligand in S2N2[Mo2(NO)2(Cl)8]2¯ is more aromatic than S2N2 molecule.
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