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Recently, dinitrogen (N,) binding and its activation have been achieved by non-metal compounds like
intermediate cAAC-borylene as (cAAC),(B-Dur)>(N,) [cAAC = cyclic alkyl(amino) carbene; Dur = aryl
group, 2,3,5,6-tetramethylphenyl; B-Dur = borylene]. It has attracted a lot of scientific attention from
different research areas because of its future prospects as a potent species towards the metal free
reduction of N, into ammonia (NHsz) under mild conditions. Two (cAAC)(B-Dur) units, each of which
possesses six valence electrons around the B-centre, are shown to accept o-donations from the N,
ligand (B < Nj). Two B-Dur further provide m-backdonations (B — N,) to a central N, ligand to
strengthen the B—N,—B bond, providing maximum stability to the compound (cAAC),(B-Dur),(N>) since
the summation of each pair wise interaction accounted for the total stabilization energy of the molecule.
(cAAC)(B-Dur) unit is isolobal to cAAC-E (E = Si, Ge) fragment. Herein, we report on the stability and
bonding of cAAC—-E bonded N;-complex (CAAC—-E),(N,) (1-2; Si, Ge) by NBO, QTAIM and EDA-NOCV
analyses (EDA-NOCV = energy decomposition analysis coupled with natural orbital for chemical

R 4 19th Octoper 2021 valence; QTAIM = quantum theory of atoms in molecule). Our calculation suggested that syntheses of
eceive th October . e . . . . . e
Accepted 20th December 2021 elusive (CAAC-E),(N,) (1-2; Si, Ge) species may be possible with cAAC ligands having bulky substitutions

adjacent to the Ccaac atom by preventing the homo-dimerization of two (cAAC)(E) units which can lead
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Introduction

The activation of small molecules' from natural resources has
been an endless effort from scientists around the globe since
the products could be utilised in certain ways for the survival of
the human race” on earth and could even help to colonise the
exo-planets in the future.* Small molecules like H,, O,, N,, CO,,
CH,, and others have initially been activated by different
chemical species in the laboratory, and later on, some of the
processes have been extended to the industrial scale.* Among
the above-mentioned species, activations of N, and CH, have
been considered to be the toughest due to their non-polar
nature and Kkinetic inertness.’ The N-N o- and 7-bonds of N,,
and C-H o-bond of CH, are extremely stable and possess very
high bond dissociation energies.® In addition, the electron pairs
(bonding/anti-bonding electrons) which are available for o-
donation from these species (N, and CH,) are quite low in
energy and hence thermodynamically less favourable for the

Department of Chemistry, Indian Institute of Technology Madras, Chennai 600036,
India. E-mail: csdkartik@iitm.ac.in

t Electronic supplementary information (ESI) available: Tables, Figures, QTAIM,
and optimized coordinates. See DOI: 10.1039/d1ra07714g

© 2022 The Author(s). Published by the Royal Society of Chemistry

to the formation of (cCAAC—-E),. The formation of E=E bond is thermodynamically more favourable (E =
Si, Ge) over binding energy of N, inbetween two cAAC-E units.

formation of new bonds with the acceptors. Various research
groups have isolated N,-bonded complexes of early and late
transition metals over the last two decades.* The N-N triple
bond in these complexes is stated to be activated and hence
elongated due to the flow of electron densities from the metal's
d-orbital to the w* of the N, ligand (Fig. 1). These metal
complexes are engrossing since N=N bond of a bonded N,
complex is further elongated by stepwise additions of electrons
and finally protons, leading to the formation of hydrazine
(N,H,) or ammonia (NH3).>** The former is utilised as a rocket
fuel and the latter has a huge application in the fertiliser
industry. Nitrogen containing fertilisers and bio-molecules are
the most desired products for plants and micro-organisms or
animals.® Azotobacter, which forms colonies in the roots of the
plants, has the special and captivating ability to directly utilise
aerial N, and reduce it to NH; catalysed by the inorganic cluster
MoFe,S,C'~ (FeMoco) nitrogenase enzyme.”* This process is
linked to another cofactor, 4Fe-4S (P-cluster) residing within
the same enzyme. The P-cluster provides the required number
of electrons for the reduction of N, into NH;. The overall
process costs 16 Mg-ATP at ambient conditions.”® This process
has a huge impact on the survival of life on the planet,
supplying billions of tonnes of nitrogen products by direct

RSC Adv, 2022, 12, 4081-4093 | 4081


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra07714g&domain=pdf&date_stamp=2022-01-31
http://orcid.org/0000-0001-7315-6354
http://orcid.org/0000-0002-5830-3608
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07714g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012007

Open Access Article. Published on 01 February 2022. Downloaded on 3/10/2026 4:30:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

fixation of aerial N,. A century ago, the Haber-Bosch process is
the only industrial process by which 174 million tonnes of NH;
are annually produced at present.” However, this process is
energy-inefficient since it needs extreme conditions like high
temperature and pressure (leading to the global warming via
carbon emission). Several research groups have synthesised N,-
bonded main group elements complexes'® and N,-bonded
metal complexes of different metal ions."*** Most of them can
catalytically reduce N, into NH; under mild conditions with low
yield in the laboratory.

The compounds of main group elements have been unable
to bind with N, for decades until recently an intermediate cAAC-
borylene species of the general formula (cAAC)(B-Dur)* has
been shown to bind with N, to produce (cAAC),(B-Dur),(N,)
[cAAC = cyclic alkyl(amino)carbene;*” Dur = aryl group, 2,3,5,6-
tetramethylphenyl; B-Dur = borylene].** This remarkable
species can be further treated with electron and proton sources
to produce NH;. However, this process is not cyclic possibly due
to the stronger covalent bonding interaction between B- and N-
atoms. There is a constant search for compounds of other or
heavier main group elements that can mimic the N, reduction
into NH; under milder conditions.

The E-N bond of heavier main group elements like Si and Ge
are expected to be comparatively more dative in nature (E = Si,
Ge) than the boron-analogue. In the past, carbene ligands (cAAC
and/or NHC; NHC = N-hetero cyclic carbene) have been shown to
form adducts [(L) — ECl,_,; E Si, Ge; n = 0, 1, 2] with ECI,/ECl,.
These adducts have been shown to be important synthons for the
syntheses of Si, and Ge, units when the precursors have been
reacted with suitable reducing agents. The cAAC has been
established as a redox non-innocent and a stronger, T-accepting
donor base ligand. It is not impossible to generate intermediate
species cAAC — E (E = Si, Ge) which can possibly undergo
dimerization and trimerization to produce cAAC — E = E «
CAAC and (cAAC):E; (E = Si).*®* The cAAC-E intermediate is
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the EDA-NOCV method* to predict the stability of dinitrogen
bonded dimeric species (cAAC-E),(N,) (1-2; E = Si, Ge; Fig. 2;
right) (EDA-NOCV = energy decomposition analysis coupled with
natural orbital for chemical valence). EDA-NOCV is a very
powerful tool that can predict the quantum mechanical stability
of chemical bonds** and hence can often predict the synthetic
viability of a chemical species, although it cannot suggest
a chemical route for the synthesis. There are several new classes
of reactive species like carbone,* silylone and germylone whose
stability has been predicted before their synthetic success. They
were later synthesised and isolated in the laboratory;
(NHC),C(0).** Similarly, Frenking et al.*** predicted the stabilisa-
tion of a borylene-containing bulky ligand (B-R) via coordination
with two CO ligands, and Braunschweig et al.*** have isolated it.

Computational methods

The optimizations of equilibrium geometries of 1 and 2 in
singlet electronic states have been carried out at the BP86-
D3(BJ])/Def2TZVPP level.* The absence of imaginary frequen-
cies assures the minima on the potential energy surface. All the
calculations have been performed using Gaussian 16 program
package.*® NBO* calculations have been performed using NBO
6.0 (ref. 48) program to evaluate partial charges, Wiberg bond
indices (WBI) and natural bond orbitals (NBO). The nature of
Si-N, and Ge-N, bonds of 1-2 have been analysed by energy
decomposition analysis (EDA)* coupled with natural orbital for
chemical valence (NOCV)*® using ADF 2018.105 program
package.® EDA-NOCYV calculations were carried out at the BP86-
D3(BJ)/TZ2P* level using the geometries optimized at BP86-
D3(BJ)/TZ2PP level. EDA-NOCV method involves the decompo-
sition of the intrinsic interaction energy (AE;,) between two
fragments into four energy components as follows:

isolobal with (cAAC)(B-Dur) (Fig. 2, left) and thus can be tested by AEiny = AEcgiac + AEpaui + AEo, + AEgi, (1)
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Fig. 1 The o- and m-orbital interactions between orbitals of B and N, (left; non-metal-N5); and, M and N, (right; metal-N,). L = cAAC.
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Fig.2 The isoelectronic analogies of B-Dur, and (L)(B-Dur) with E, and (L)E [E = Si, Ge] (left), previously reported (cAAC),(B-Dur),(N

and elusive species (CAAC—E)>(N,) (1-2; E = Si, Ge) (right, bottom).

where the electrostatic AE.g e term is originated from the
quasi-classical electrostatic interaction between the unper-
turbed charge distributions of the prepared fragments, the
Pauli repulsion AEp,,j; is the energy change associated with the
transformation from the superposition of the unperturbed
electron densities of the isolated fragments to the wavefunction,
which properly obeys the Pauli principle through explicit anti-
symmetrisation and renormalization of the production of the
wavefunction. Dispersion interaction, AEg;,, is also obtained as
we used D3(B]). The orbital term AE,;, comes from the mixing
of orbitals, charge transfer and polarization between the iso-
lated fragments. This can be further divided into contributions

2) (top, right),

from each irreducible representation of the point group of the
interacting system as follows

AEqp = ZAEr (2)

The combined EDA-NOCV method is able to partition the
total orbital interactions into pairwise contributions of the
orbital interactions which is important in providing a complete
picture of the bonding. The charge deformation Ap(r), which
comes from the mixing of the orbital pairs y(r) and y_() of the
interacting fragments, gives the magnitude and the shape of the
charge flow due to the orbital interactions (eqn (3)), and the
associated orbital energy AE,,, presents the amount of orbital
energy coming from such interaction (eqn (4)).

Fig. 3 Optimized equilibrium geometries of (CAAC-Si)»(N

© 2022 The Author(s). Published by the Royal Society of Chemistry

2) (1) and (CAAC-Ge),(N>) (2) in singlet states at the BP86-D3(BJ)/TZ2P level of theory.
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Table 1 Calculated bond lengths and angles at BP86-D3(BJ)/
Def2TZVPP level of theory (A)

(cAAC-Si),(N,) (cAAC-Ge),(Ny)

Bond distance (1); (2);

(A E=Si E = Ge
C-N 1.347/1.348 1.345/1.349
C-E 1.867/1.866 1.966/1.968
E-N 1.750/1.751 1.921/1.958
N-N 1.194 1.173

Bond angles (cAAC-Si),(N,) (cAAC-Ge),(Ny)

©) (1); E = Si (2); E = Ge
C-C-N 108.17 108.25
C-C-E 117.61 116.49
N-C-Si 134.22 135.11
C-E-N 97.42 93.61
E-N-N 154.18 163.58

N/2

Bpory(r) = D Bpk(r) =D [ v 20 + 430 ()
k

k=1

AEorb - ZAE‘orb/c = Z”k - [ _FL?,fK + FI?SK} (4)
k k

Readers are further referred to the recent reviews articles to
know more about the EDA-NOCV method and its application.*!

Structure description

Geometry optimizations of (cAAC-Si),(N,) (1) and (cAAC-
Ge),(N,) (2) at the BP86-D3(BJ)/Def2TZVPP level of theory
revealed that both species have a singlet spin ground state
(Fig. 3). The triplet states of both the species (1-2) are higher in
energy by 12.2 (2) to 15 (1) keal mol . A notable observation is
the disconnection of one Ge-N bond of (cAAC-Ge),(N,) (2) in its
triplet state (Fig. S17).

A u-N, ligand has been coordinated by two cAACM®-E units
in end-on fashion (E = Si, Ge). Si-N/Ge-N bond distances of 1/2
(1.75/1.96) are in between a covalent single bond and a double

View Article Online

Paper

bond. The lengths of the N-N bonds in 1-2 (1.194/1.173) are
significantly longer than those of the free N, ligand (1.102). The
Ceaac—Si/Ge-N angles are in the range of 90° to 100° [97.4 (Si),
93.6(Ge)] which are significantly smaller than silylone/
germylone (~117°; (cAAC),E; E = Si, Ge).**” The Si/Ge-N-N
bond angles are 154.18° (Si) and 163.58° (Ge) suggesting that E-
N,-E unit is not perfectly linear. The E-N-N-E torsion angles
are 109.68° (Si; 1) and 140.19° (Ge; 2). The Ceapc—Si-*-Si-Ceanc
and Ceaac—Ge'--Ge-Ceaac torsion angles are 107.81° (ref. 39a)
and 67.19°, respectively, suggesting pseudo-cis orientations of
cAACM® ligands with respect to the central E,N, unit. The Ceaac—
N distances of the cAACM® ligands in 1-2 are nearly 1.35 A
suggesting the presence of -backdonation®*?° from E to Ccaac-
atom (Table 1).** The Me groups of two cAAC™* ligands are trans
to each other with respect to the central E-N,-E unit (Fig. 3).
The calculation of dissociation energy of E-N bond suggests
that ((cAAC-E),N, — 2 cAAC-E + N,; E = Si, Ge) Si-N bond
(53.7 keal mol ™) in 1 is thermodynamically more stable than
two Ge-N (35.7 kcal mol™") bonds in 2 by 18 kcal mol™". The
Gibbs energy values of 28.3 kcal mol * (1) and 7.9 keal mol * (2)
indicates the endergonic nature of N, dissociation. A marginal
increase in one of the C-H distances of N substituted methyl
1.100 (1) and 1.103 (2) is observed, indicating N-HC interaction.

The NBO calculations reveal that the Wiberg bond indexes
(WBI) of Si/Ge-N bonds of 1-2 fall in the range of 0.71-0.91,
while the same of N-N bonds of 1 and 2 are 1.82 and 2.04
respectively (Table 2). The reduced bond order of N-N bond is in
accordance with the calculated bond lengths, suggesting the
significant 7w-backdonation from the filled orbital of E (Si, Ge) to
the vacant w*-orbital of the bridging N, unit. NBO analysis
shows an electron occupancy of 1.97 e for the both Si-N bonds
of 1, which is polarised towards the nitrogen atom (84%). The
results reveal an occupancy in the range of 1.98-1.99 e for the
N-N bond in both species, with equal participation of both
nitrogen atoms in the bond. The occupancy for the Ge-N bond
of complex 2 was not provided by the NBO calculation, which
could be due to low occupancy orbitals not exceeding the
occupancy threshold value. The Ge-N bond might be a coordi-
nate polar bond rather than a covalent coordinate donor-
acceptor o/m-bond (T Ge — Ny,; 6 Ge < Ny,). Further calcu-
lations show the concentration of charge on the N, unit in 1

Table 2 NBO results of (CAAC—E)>(N,) [E = Si (1) E = Ge (2)], (singlet state) at BP86/Def2TZVPP level of theory. Occupation number = ON,
polarisation and hybridization of bonds and partial charge g. gy = charges on each N-atom and gg, = charges on E; unit, gcaac, = charges on

cAAC; unit
Complex Bond ON Polarisation and hybridisation (%) WBI qn g, Jeanc,
(cAAC-Si),(N,) 1 Si'-N 1.97 Si’: 16 s(12), p(87), d(1) N: 84 5(58.6), p(41.4) 0.91 —0.423 1.055 0.624
Si'-N 1.97 Si’: 16 s(12), p(87), d(1) N: 84 5(58.6), p(41.4) 0.91
N-N @ 1.99 N: 50 s(41), p(59) N: 50 s(41), p(59) 1.82
N-N 7t 1.98 N: 49.6 5(1.2), p(98.8) N: 50.4 5(1.3), p(98.7)
N-N7c 1.98 N: 50.3 s(1), p(99) N: 49.7 s(1), p(99)
(cAAC-Ge),(N,) 2 Ge'-N — — — 0.76 —0.318 0.905 —0.539
Ge'-N — — — 0.71
N-N o 1.99 N: 49.9 s(41), p(59) N: 50.1 s(41), p(59) 2.04
N-N 7t 1.98 N: 49.2 5(0.2), p(99.8) N: 50.1 5(0.2), p(99.8)
N-N 7t 1.98 N: 52.5 5(0.2), p(99.8) N: 47.5 5(0.5), p(99.5)
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Fig. 4 NBOs of (a) (cAAC),SizN> (1) and (b) (cAAC),GesN, (2) at BP86/Def2TZVPP level of theory.

(—0.846) and 2 (—0.636), signifying the flow of electrons from
the E (Si, Ge) to N,. Further, the positive partial charge on Si/Ge
atoms agrees with the m-backdonation of electrons to the
bonded N,. However, cAAC ligands of compound 1 show overall
positive charge, whereas the cAAC ligands of 2 show negative
charge denoting a probable stronger cAAC « Ge m-back-
donation in 2. The LUMO of 1 and 2 majorly represents the
antibonding m*-orbitals on N, which are separated by nodes
from two terminal E-Cosac—Neaac units. HOMO and HOMO-—1
suggest the lone pair of the Si/Ge atoms interact with the 7*

orbital on the Cgac-atom as well as the central N, unit.
HOMO-3 of 1 significantly denotes the interaction of a lone
pair orbital with the N, m*-orbital, whereas in 2 HOMO-3
indicates the presence of a germanium lone pair orbital (Fig. 4).
The HOMO-LUMO gap between these two species is in the
range of 1.38-1.45 eV, indicating moderate electronic stability.
In general, intra/inter molecular interaction may have effect on
the conformations of these molecules. The intra molecular
Ceanc *Ceanc distances are 6.48 (1) and 5.08 (2) A connecting
themselves by a non-linear E-N,-E chain. Any intramolecular

Fig. 5 Contour plot of Laplacian distribution [72p(r)] in 1 and 2 in S'=N-N and Si”—=N-N (a and b) and Ge’-N-N and Ge”-N-N (c and d) bonds.
Solid blue lines indicate the areas of charge concentration (72p(r) < 0) while dotted red lines denote charge depletion (72p(r) > 0). Solid lines
connecting atomic nuclei (black) are the bond paths, small green spheres along the bond path are bond critical points (BCP), small red spheres
denote the ring critical point and those thick solid blue lines separating the atomic basins indicates the zero-flux surface crossing the molecular
plane. Blue coloured atoms represent N-atoms, white coloured atoms denoting hydrogen, brown coloured atom for Si, grey coloured atom for
Ge respectively. Blue solid-line and dark solid-line represent charge accumulation and bond path while dotted line shows charge depletion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Electron density (p(r)), Laplacian (72p(r)), total energy density (H(r), potential energy density (V(r)), kinetic energy density (G(r), ellipticity
(egcp), eta (n) values from QAIM analysis of (CAAC),E;N, (E = Ge, Si) (singlet state) (the values are in a.u.)

Species Bond o(r) 72p(r) H(r) V(r) G(r) encp n

(cAAC-Si),(N,) 1 Si'-N 0.107 0.538 —0.036 —0.207 0.171 0.155 0.190
Si”"-N 0.107 0.541 —0.036 —0.207 0.171 0.154 0.190
N-N 0.524 —1.508 —1.031 —1.156 0.125 0.001 1.274

(cAAC-Ge),(N,) 2 Ge'-N 0.099 0.391 —0.027 —0.152 0.125 0.140 0.199
Ge'-N 0.093 0.327 —0.026 —0.133 0.107 0.127 0.206
N-N 0.554 —1.652 —0.848 —1.284 0.435 0.005 1.33

Table 4 The EDA-NOCYV results of dative (D) and electron sharing (E) at the BP86-D3(BJ)/TZ2P level of Si—N bonds of (cAAC-Si)>N; (1) using
neutral 2cAAC-Si fragment and neutral N, fragment in electronic singlet and quintet states as interacting fragments respectively. Energies are

in kcal mol™

Molecule Bond type Fragments AEin. AEpauii AEeec AEys AEo

(cAAC-Si),(N,) D 2cAAC-Si (S) + N, (S) —68.1 395.6 —182.2 —6.6 —274.9
E 2cAAC-Si (Q) + N (Q) —424.1 354.5 —240.9 6.6 —531.0

favourable interaction can bring some molecular units close to
each other. NBO analyses show that the partial charges on N-
atoms are —0.423 (1) and —0.318 (2). Significant CHy_me" " Nno
short contact (Nyy --H 2.49/2.51 (1), 2.39/2.55 (2); Nyp---C 2.81
(1), 2.80 (2) A) is present. It might have brought two cAAC units
of 1-2 relatively close to each other.

The QTAIM analysis of species 1-2 shows (Fig. 5 and Table 3)
a higher positive value of Laplacian along the Si-N bond of
complex 1 compared to the Ge-N bond of complex 2 denoting
the depletion of electron density along the BCP, whereas the
higher value of electron densities, p(r) on the N-N bond of both
complexes supports the charge migration calculated from NBO
analysis. Besides, contour plots also reflect the higher concen-
tration of electron densities on nitrogen atoms than on E (Si,
Ge) atoms of both complexes. An imaginary bond path between
the N, unit and the hydrogen of N-bound methyl group of cAAC
in 1 and 2 is observed, indicating a possible N---HCy_pe inter-
action. The C-Hy_pme bond lengths are in the range of 1.099 to
1.100 A. The proximity to N-atom has been shown in optimized

geometries of 1-2 in Fig. 1. This Ny, (6—)--+(0+) HCn_me inter-
action could an electrostatic interaction since the partial
charges on N-atoms of 1-2 significantly negative (Table 2).
The positive value of Laplacian at (3, —3) at topological point
indicates a possible closed shell Si/Ge-N interaction. It is to be
noted that the negative Laplacian for a covalent bond does not
always hold true for bonds involving heavier elements like Si or
Ge. However, the value of |V(rc)| less than 2G(rc)* and 7 value
less than 1.0, further supports the Si/Ge-N closed shell inter-
action. The covalent nature of the N-N bond obtained from the
negative value of its Laplacian and the total energy, denotes the
bond stabilisation of the N, unit majorly through potential
energy. Bond ellipticity is a measure of 7 character which is
given by (¢ = (A1/2,) — 1) at the topological point (3, —1).** For
a single bond and triple bond, it reaches a value close to zero.
The ellipticity value of the Si/Ge-N bond in both complexes
indicates the possibility of the partial double bond character,
whereas the value of N-N (0.001 and 0.005) indicates the

Table 5 The EDA-NOCYV results at the BP86-D3(BJ)/TZ2P level of Si/Ge—N bonds of (CAAC-Si)»(N,) (1) and (cAAC—-Ge)»(N>) (2) using neutral
(cAAC-Si/Ge), fragments and neutral N, fragment in electronic singlet states as interacting fragments. Energies are in kcal mol™. E = Si, Ge

Energy (kcal mol ') Interaction (6 E < N,, T E — N)

(cAAC-Si), (S) + N, (S) 1 (cAAC-Ge), (S) + N, (S) 2

AEint
AEPauli
AEdisp‘Z
AEeIstatLZ
AEorba
AEouay” (cAAC-E), — N, -backdonation
N (cAAC-E), — N, m-backdonation
AEou(s)” (cAAC-E), < N, c-donation
N (cAAC-E), < N, o-donation
ABorp(s)” (cAAC-E),-N, o-polarization

b
AEorb(rest)

—68.1 -70.1
395.6 329.4
—6.6 (1.4%) ~7.6 (1.9%)

—182.2 (39.3%)
—274.9 (59.3%)
—74.1 (27.0%)
—66.5 (24.2%)
—56.6 (20.6%)
—42.8 (15.5%)
—9.4 (3.4%)
—25.5 (9.3%)

—157.2 (39.4%)
—234.6 (58.7%)
—119.7 (51.0%)
—41.9 (17.9%)
—25.4 (10.8%)
—20.1 (8.6%)
—8.3 (3.5%)
—19.2 (8.2%)

“ The values in the parentheses show the contribution to the total attractive interaction AEejsa¢ + AEorp, + AEgigp. b The values in parentheses show

the contribution to the total orbital interaction AE,,.
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(cAACSi)-N; (1) (cAACSi): (S) N2 (S)

Apay
AEorb(l): -741, |V1| =1.13

HOMO (g = -3.60 eV) LUMO (e = -3.03 eV)

Apo) HOMO-1 (e =-3.53 eV) LUMO’ (e =-3.03 eV)

AEqsm2)=-66.5; |vo| = 1.05

Api)
AEorb(3): -566, |V3| =0.67

Ap
AE o) = -42.8; |V4| =0.58

&

Aps)
AEorb(S) = -9.4; |V5| =0.24

4

HOMO-3 (¢ = -6.09 eV) HOMO (e =-10.22 eV)

LUMO (e =-3.50eV) HOMO (e =-10.22 eV)

LUMO+1 (e =-2.80 eV) HOMO-3 (e =-14.23 eV)

Fig. 6 The shape of the deformation densities Apg)—(s) that correspond to AEgp)—(s), and the associated MOs of (CAAC-Si)>(N;) (1) and the
fragments orbitals of (CAAC-Si), and N, in the singlet states at the BP86-D3(BJ)/TZ2P level. Isosurface values of 0.001 au for Apy-s). The
eigenvalues v, give the size of the charge migration in e. The direction of the charge flow of the deformation densities is red — blue.

cylindrically symmetric distribution of electron densities as
expected for the N=N bond.

NBO and QTAIM analyses however, cannot provide proper
bonding scenarios and also cannot distinguish between an

© 2022 The Author(s). Published by the Royal Society of Chemistry

electron sharing covalent and a dative covalent bond. EDA-
NOCV analyses of (cAAC),Si,N, (1) and (cAAC),Ge,N, (2) were
carried out using methods similar to those reported for other
species at the BP86/Def2TZVPP level of theory.**>** The N,-

RSC Adv, 2022, 12, 4081-4093 | 4087
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(cAACGe)-N; (2) (cAACGe), (S) N2 (S)

Apuy HOMO (g = -3.25 ¢V) LUMO’ (e = -2.81 eV)

AEoy=-119.7.; [vi| = 1.51

oL

Apo HOMO-1 (e =-3.63 eV) LUMO (e =-2.81 eV)

AEo2)=-41.9; |vo| = 0.96

Ap) LUMO+I1 (e =-2.85 eV) HOMO-3 (e =-14.10 eV)

AEorb(3)= -25.4; |V3| =0.44

oo

Apa) LUMO (e = -3.43 V) HOMO (¢ = -10.24 V)

AEorb(4): '201, |V4| =0.42

Aps)
AEorb(S): -8.3; |V5| =0.20

oL

HOMO (e =-3.25 eV) HOMO (e =-10.24 &V)

Fig. 7 The shape of the deformation densities Ap()_(s5) that correspond to AEqpu_(s), and the associated MOs of (CAAC-Ge),(N,) (2) and the
fragments orbitals of (CAAC-Ge), and N, in the singlet states at the BP86-D3(BJ)/TZ2P level. Isosurface values of 0.001 au for Ap;_s). The
eigenvalues v, give the size of the charge migration in e. The direction of the charge flow of the deformation densities is red — blue.

bonded silicon species (cAAC),Si,N, (1) have been studied by
two bonding scenarios (a) donor-acceptor dative (¢ Si < N,, T
Si — Ny; 1) bond between (cAACM-Si)(Si-cAACM®) and N,
fragments in their singlet states, and (b) both ¢- and 7-electron
sharing (Si=N-) bond (E) between (cAAC™*-Si)(Si-cAACM®) and

4088 | RSC Adv, 2022, 12, 4081-4093

N, fragments in their quintet states [like cCAACM®-Si=N-N=8i-
cAACM®; 1] (Fig. 2; middle). The minimum AE,y, is obtained
(Table 4) for the former bonding scenario, confirming the
preference of both dative (D) o- and 7-bonds between Si- and N-
atoms of 1 over the electron sharing double bond as suggested

© 2022 The Author(s). Published by the Royal Society of Chemistry
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c-donation; Apy

Fig. 8 Bonding and anti-bonding molecular orbitals of free N, molecule (left). The pairwise orbital interactions between few bonding and anti-
bonding molecular orbitals of N, fragment with one of the cAACM®-Si fragments (right; for simplification one is shown).

for previously reported (cAAC),(B-Dur),(N,) species.*® A similar
bonding scenario is expected for the comparatively more elec-
tron positive Ge-analogue (2). This correlates well with the
charge distribution from the NBO analysis and closed shell
bonding suggestion from the QTAIM results.

The bonding and stability of (cAAC),E, by EDA-NOCV anal-
yses have been previously studied by Frenking et al.>**® The
(cAAC), fragment has been shown to form two strong dative o-
bonds with the E, unit [CAAC — E, < cAAC]. In addition, there
are two w-bonds (m-backdonation) between E, and (cAAC),
[cAAC < E, — cAAC; E = Si, Ge]. The total intrinsic interaction
energy is nearly —140 (E = Si)/—100 (E = Ge) kcal mol~".5% The
Ceanc-N bond lengths in 1-2 are close to 1.35 A which signifies
moderate -backdonation from E to cAAC [E, — cAAC].**** The
bonding interactions between (cAAC) and E have not been
studied further here, as they have already been established (E =
Si, Ge) before by Frenking et al.>***

Table 5 shows that the intrinsic interaction energies of
silicon and germanium species (1-2) are —68 to —70 kcal mol *,
respectively. The Si-analogue (1) possesses significantly higher
Pauli repulsion energy than Ge-containing species (2). Both the
coulombic and orbital interactions in 1 contribute higher
stabilization energies than those in 2. Overall, AE;,, indicates
that Ge-species is slightly more stable (2 kcal mol™") than Si-
species. The contribution due to orbital interaction (AEqyp) is
significantly (~59%) higher than coulombic (~40%) interac-
tions in both species 1-2. EDA-NOCV provides an additional
feature called pairwise orbital interaction which shows the

© 2022 The Author(s). Published by the Royal Society of Chemistry

interacting orbitals of the fragments (Fig. 6 and 7). The total
AE, is split into several major interacting sub-energies. The
major orbital stabilization in 1 due to the formation E-N bonds
comes from four significant orbital interactions [cCAAC-E — N,
< E-cAAC, HOMO, HOMO-1 of (cAAC-E), fragment to
LUMO+1 and LUMO (doubly degenerate 17,) of central Ny;
Fig. 6-8]. These m-backdonations in 1-2 contribute 51% (1) and
69% (2), respectively, of total orbital interaction (AEqyp) (Fig. 6
and 7). The m-backdonations correlate well with the ellipticity
values from QTAIM analysis. The MESP plots (Fig. 10) shows the
charge accumulation (red region) in the E-N,-E region while
the charge shifted from cAAC ligands (bluish-green region). The
o-donations in 1-2 contribute ~35% (1) and ~20% (2),
respectively, of total orbital interaction (AE,;). The o-charge
polarizations in 1-2 contribute ~9% (1) and ~8% (2), respec-
tively. In addition, 8-9% of the total interaction arises from
other types of orbital interactions which are not negligible. The
EDA-NOCYV analyses suggest that cAAC-E unit can act as strong
m-donor (m-orbital of N-C-E unit) towards the binding of
molecule N, in 1-2.

Finally, we tried to optimize the geometries of (cAACM®-
Si),(N,) (1) and (cAAC™°-Ge),(N,) (2) compounds with the
ligands trans to each other. In case of compound 1, two cAAC™®
ligands remained ¢rans to each other through the optimization
steps, though there were slight changes in the final low energy
geometry. However, for compound 2, the attempt to optimize
trans-geometry interestingly resulted in a final cis-geometry. The
plots of energy vs. optimization steps have been shown in Fig. S2

RSC Adv, 2022, 12, 4081-4093 | 4089
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Fig. 9 Bonding and anti-bonding molecular orbitals of free N, molecule (left). The pairwise orbital interactions between few bonding and anti-
bonding molecular orbitals of N, fragment with one of the cAACM®—-Ge fragments (right; for simplification one is shown).

and S31 to illustrate the changes in the geometries at the key ~cAACP™P possesses a centre of inversion between two Si-atoms
steps (higher energy local minima) until the final global minima  while the molecule is non centero-symmetric at 100 K.*® Thus,
(optimized geometry). The energies of the geometries at key the central E-N-N-E unit of 1°P-2"" [(cAACP'P-Si),(N,) (1°P),
steps (Fig. S2 and S3) were calculated relative to the energy of (cAAC®P-Si),(N,) (2°"P)] may also possess some thermal move-
the optimized geometry. The central Si=Si unit*®***%” of the ment around its equilibrium position in between two cAAC
reported cAACP-Si=Si-cAAC"P showed the presence of ligands. The void space around E-N-N-E unit may allow it to
different conformers in the solid state while in solution it have some thermal movement.

maintains an average equilibrium geometry which has been The cAAC ligands with a Dip-group on the N-atom (Dip = 2,4-
studied by solid state/solution >°Si NMR and temperature isopropylphenyl; cAACP'P) are regularly employed as an efficient
dependent X-ray structure determination.’” At 23 K the cyclo- coordinating/anchoring ligand.**** The bonding and stability
hexyl functionalized cAACP™ analogue Cy-cAAC"P-Si=Si-Cy- remain almost unaltered if the geometries of the species with

(cAAC-Si),(No) (1) (cAAC-Ge)y(N,) (2)

Fig. 10 Calculated MESP maps for the complexes (1-2) on optimized coordinates at DFT level using BP86-D3(BJ)/TZ2P method. Different
colours show different electronegative regions; red is the most nucleophilic while dark blue is the most electrophilic region and yellow, green
and light blue are in between.

4090 | RSC Adv, 2022, 12, 4081-4093 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Optimized equilibrium geometries of (CAACPP-Si),(N,) (1PP)
in the singlet state at the BP86-D3(BJ)/TZ2P level of theory.

smaller substituents on the cAAC ligand do not change signif-
icantly on choosing smaller substituents on cAAC part for
simplification. The Si-analogue of 1 (cAAC = cAAC™*) having
a Dip-group (cAAC = cAAC”™P) on cAAC has been optimized in
the same level of theory [(cAAC”P-Si),(N,) (1°'P)]. The central
Si-N-N-Si non-linear chain of 1°'P has been shielded by two
cAACP™ ligands (see space filling model in Fig. 11 and S4%). The
CAACPP ligands are oriented nearly trans (Ceaac—Si-Si-Ceanc
torsion of 152.67° in 1" vs. 107.81° in 1) to each other with
respect to the central Si-N-N-Si chain. The C.aac-Si-N angle
widens by 3° (100.89° in 1° vs. 97.4/97.6° in 1). The bond
length slightly changes at third decimal suggesting that the Si-
N, interaction energies (AE;,) of 1P is expected to be very close
to that of 1. C-H;p,--*N weak interactions are observed (2.479/
2.543 A; see Fig. 11) in 1°P, Further calculations indicate that
the cAACPP ligands of 2PP [(cAACP'P-Si),(N,) (2”P)] also
arrange themselves trans to each other with respect to the
central Ge-N-N-Ge unit like Si-compound.

The precursor (Me/Cy-cAACP™P)SiCl, has been reduced with
KCy in different molar ratios to produce (Me/Cy-cAACPP)SiCl,
radical, (Me/Cy-cAACP'P),Si,Cl,, (Me/Cy-cAAC ™P),Si,Cl,, (Me/
Cy-cAACP™P),Si, in THF controlling the initiation temperatures
of the reactions.®® The (Me/Cy-cAACP"P)GeCl, is isolated in
small quantity by directly reacting GeCl,(dioxane) adduct with
cAAC ligand in the presence of an anionic compound to avoid
the formation of cAACH" GeCl;™.>® The adduct (bulky group-
cAACP"Y €°UP)SiCl, can be utilized as a precursor under
reduced (KCg) condition to prevent the dimerization of (bulky
group-cAACP"Y &°UP)si ynit under dinitrogen atmosphere. In
recent time, several bulky cAAC ligands®**® have been synthe-
sized, isolated and utilized for -catalytic organic trans-
formation.®® The bulky substituents around Ccsac-atom is
suggested here to prevent the dimerization of 2cAAC-E to
(cAAC-E), creating the possibility of N, binding by two cAAC-E
fragments under suitable reaction condition via the prevention
of self dimerization of 2 cAAC-E units. The later process is
thermodynamically more favourable over binding of N, by 2
cAAC-E units.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Conclusion

The stability and bonding of N,-bonded species (CAAC-E),(N,)
(1-2; Si, Ge) have been studied by DFT calculations [NBO,
QTAIM and EDA-NOCV analyses]. The cAAC bonded E(0) [cAAC-
E; E = Si, Ge] can act as a very good m-donor ligand. The major
stability of E-N,-E bonds in 1-2 arise from stronger m-back-
donations (E — N,; cCAAC-E — N, < E-cAAC) which are nearly
1.5 (Si) and 3 (Ge) times higher than o-donations (E < Npy;
CAAC-E < N, — E-cAAC) in 1 and 2, respectively. The bonding
interactions have been clearly shown in Fig. 8 and 9. The o-
charge polarization from E to N, is not negligible. The London
dispersion force is only 1-2% of the total stabilization energy.
Significant intrinsic interaction energies (~68-70 kcal mol™ ") of
E-N E-N,-E bonds in 1-2 suggest that species 1-2 may be
synthesized and isolated in the laboratory.
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