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Abstract

The electronic structure and the stability of tetrahedrane, substituted tetrahedranes and silicon and
germanium parents have been studied at ©B97XD/6-311++G(d,p) level of theory. The quantum theory of
atoms in molecules (QTAIM) was used to evaluate the substituent effect on the carbon cage in the
tetrahedrane derivatives. The results indicate that electron withdrawing groups (EWG) have two different
behaviors, ie., stronger EWG makes the tetrahedrane cage slightly unstable while slight EWG causes a
greater instability in the tetrahedrane cage. On the other hand, the sigma electron donating groups, 6-EDG,
stabilizes the tetrahedrane cage and n-EDG leads to tetrahedrane disruption. NICS and D3BIA indices were
used to evaluate the sigma aromaticity of the studied molecules, where EWGs and EDGs results in decrease
and increase, respectively, of both aromaticity indices, showing that sigma aromaticity plays an important
role in the stability of tetrahedrane derivatives. Moreover, for tetra-tert-butyltetrahedrane there is another
stability factor: hydrogen-hydrogen bonds which imparts a high stabilization in this cage. Generalized
valence bond (GVB) was also used to explain the stability effect of the substituents directly bonded to the
carbon of the tetrahedrane cage. Moreover, the ADMP simulations are in accordance with our

thermodynamic results indicating the unstable and stable cages under dynamic simulation.
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1. Introduction

The development of new high energy molecules has aroused great interest of theoreticians and
experimentalists, with applications in the military industry and others high-tech fields." Cage strained
organic molecules can be used as potential explosives in response to various external stimuli such heat,
shock or impact.H1 The highly-strained cage compounds have raised interest due to their high density and
high energy. As a consequence, they can also be used as energetic materials, such as

3 and octanitrocubane.’ Similarly, tetrahedrane is also a high-energy

hexanitrohexaazaisowurtzitane
molecule. Despite many attempts to isolate the parent tetrahedron (unsubstituted — C4H4) were not
successful,” Maier et al® in 1978 were able to synthesize the first tetrahedrane derivative, the tetra-tert-

butyltetrahedrane.

Tetrahedrane is one of the most strained organic molecule, with highly symmetrical structure and
unusual bonding being known as a Platonic solid. It has a strain energy of 586 kJ.mol" according to Wiberg
et al ° which makes this compound thermodynamically unstable. As a consequence, their synthesis and
isolation tends to be extremely difficult. Conversely, tetrahedrane has c-aromaticity'® because it has a large
negative NICS (Nucleus Independent Chemical Shift ) value, which can somehow contribute for decreasing

the high instability of tetrahedrane cage.

Tetrahedrane and its derivatives can be obtained from the corresponding cyclobutadiene or
derivatives. The anti-aromatic and highly-reactive cyclobutadiene has only been isolated at low temperature
in inert matrices'' and immobilized more recently at room temperature in hemicarcerand.'” On the other
hand, structural parameters of substituted cyclobutadienes have been reported showing pronounced bond
alternations, '>'* although only slight CC bond length alternations (1.464 and 1.482 A), under room
temperature, of tetrakis (terz-butyl) cyclobutadiene ' have been reported. In fact, measurements at -150 °C
showed noticeably larger bond alternation (1.441 and 1.526 A) for tetrakis (zert-butyl) cyclobutadiene as

well.

Tetra-tert-butyltetrahedrane can be formed from tetra-tert-butylcyclobutadiene by photolysis using n-
octane as solvent while the reverse reaction takes place thermally with an activation barrier of 26 kcal mol™
1. Similarly, an ab initio study of the interconversion of the C4H, system predicts an activation energy of
about 30 kcal mol™."” Maier and co-workers succeeded in synthesizing tetrakis (fert-butyl)tetrahedrane by
photochemical isomerization of the corresponding cyclobutadiene.® The reason for its stability is attributed
to the voluminous 7Bu-substituents that avoid the tetrahedrane skeleton from ring-opening due to the van der
Waals strain among them, the so-called “corset effect”. However, this effect is lost if one of the fert-butyl
substituents is replaced with a smaller group. Indeed, phenyl- and methyl-substituted tetrahedrane

. . [ . o 18
derivatives were not detected, even under matrix isolation conditions.

Recently, it was synthesized the  tetrakis (trimethylsilyl) tetrahedrane ((Mes;Si)sTHD) by
photochemical isomerization of the corresponding cyclobutadiene ((Mes3Si)4CBD),""* where (Me;Si),THD
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has enhanced thermal stability due the four o-donating trimethylsilyl groups that electronically stabilize the
highly strained tetrahedrane skeleton.”** Indeed, it was also reported the synthesis of
perfluoroaryltetrahedranes with extended o-m conjugation between the strained tetrahedrane core and the
aromatic ring.23 In addition, the insertion of a heteroatom (N, O, S, Ge, Si or a halogen atom) into the
tetrahedrane core would be interesting because the tetrahedrane o framework has the potential to interact
with the nonbonding orbitals on the heteroatom, according to molecular orbital theory. However, such
heteroatom-substituted tetrahedrane derivatives have remained elusive because of the synthetic difficulty in

. 24
preparing such molecules.

In this work tetrahedrane and its derivatives where studied from different tools such as theory of
density functional (DFT), quantum theory of atoms in molecules (QTAIM), atom-centered density matrix
propagation (ADMP) and generalized valence bond (GVB) in order to investigate their electronic structures,
thermochemical and dynamical stabilities that eventually lead to the substituents that enhance the stability
of tetrahedrane cage. The results from QTAIM, GVB and the aromaticity indices provided new and
important information about the main structural and electronic effects associated with the tetrahedrane cage
instability and the reasons why some substituents increase its stability. Moreover, this paper also provides
information about the stability of cages containing germanium and silicon parents of tetrahedrane and

tetrakis(trifluoromethyl) tetrahedrane.

2. Computational details

The geometries of the studied species were optimized by using standard techniques.”” Frequency
calculations were performed to analyze vibrational modes of the optimized geometry in order to determine
whether the resulting geometries are true minima or transition states. Calculations were performed at
®B97XD/6-311++G(d,p)*® level of theory by using Gaussian 09 package,”’ including the electronic density
which was further used for QTAIM calculations. ®B97XD functional incorporates an empirical dispersion
term (D) that improves treatment of non-covalent complexes, it uses 100% Hartree Fock (HF) exchange for
long-range interactions and it has an adjustable parameter (X) to include short-range exact exchange.”®*
Mohan and co-workers® have shown that ®B97XD functional exhibited better performance in the
description of bonded and nonbonded interactions in comparison with other DFT methods. All topological
information *'** were calculated by means of AIM2000 software.” The algorithm of AIM2000 for
searching critical points is based on Newton-Raphson method which relies heavily on the chosen starting

point.** Integrations of the atomic basins were calculated in natural coordinates with default options of

integration.

The valence bond package VB2000° > version 2.5, was used for all generalized valence bond, GVB,
calculations. The GVB singly occupied orbitals were calculated from VB/6-31G level theory and they were

generated by means of Molekel visualization program.’® The package VB2000 generates nonorthogonal
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singly occupied orbitals from a general implementation of group function theory (GFT)’” and modern VB

methods based on high efficiency of the algebrant algorithm.*>*

Nucleus Independent Chemical Shift (NICS)* and Density, Degeneracy, Delocalization-Based Index
Aromaticity (D3BIA)* were applied to determine the aromaticity in tetrahedrane and its derivatives. D3BIA
is based on density of (homo)aromatic ring, degeneracy and uniformity of the electron density among the
atoms of the aromatic ring. We will use the same D3BIA formula for homoaromatic species* where the
electron density is associated with the charge density of the ring critical point (for 3c-2e bonding systems,
for example) or of the cage critical point (for tridimensional 4c-2e bonding system). The degeneracy (6) is
associated with the atomic energy of the constituent atoms of the aromatic ring of the molecular system.
Another important electronic feature in D3BIA is the uniformity of the electronic density calculated from
the delocalization index of atoms of the aromatic ring. Then, D3BIA for homoaromatic especies is defined

as:
D3DIA = p(3,+3)- DIV -§ (1)

Where p is the ring density factor of the cage critical point (3,+3), for cage structures, and & is the
degree of degeneracy where its maximum value (6=1) is given when the difference of energy between the

atoms of the cage is less than 0.009 au. The formula of § is given in Eq. (2).
g=2 (2
=5 @

Where 7 is the number of atoms whose AE({1) < 0.009aw. and N is the total number of atoms in the

homoaromatic circuit. The minimum value for »n is 1, where there is no atomic pair whose

AE(Q) < 0.009au.

The DIU is the delocalization index uniformity among bridged atoms given by Eq. (3):

1000

DIU = 100 — 22 3)
DI

Where ¢ is mean deviation and DI is the average of delocalization index between C-C, Si-Si or Ge-

Ge bonds of the cage. The DI gives the amount of electron(s) between any atomic pair. >'

The NICS values were calculated with the B3LYP/6-311++G(d,p) through the gauge-independent
atomic orbital (GIAO) method** implemented in Gaussian 09. The magnetic shielding tensor was calculated

for ghost atoms located at the geometric center of the cage.

The ab initio molecular dynamics simulations involves quantum chemistry calculations aiming to

obtain the potential energy and nuclear forces.** The simulations performed in this work involved the

47-50

atom-centered density matrix propagation (ADMP) in order to study the stability of tetrahedrane and
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selected substituted tetrahedranes. The ADMP calculations were performed at B3LYP/6-31G(d) level of
theory in Gaussian 09. A time step of 0.1 fs was used for the ADMP trajectories. The Nosé-Hoover

51,52

thermostat was employed to maintain a constant temperature at 298.15K. The default fictitious electron

mass was 0.1 amu. A maximum number of 50 steps were used in each trajectory.

3. Results and discussion

Scheme 1 shows the reaction route (diazocompounds la-1li — cyclobutadienes 2a-2i —
tetrahedranes 3a-3i) to synthesize tetrahedrane (and derivatives) from its precursors diazocompound and

cyclobutadiene (and derivatives).

Scheme 1
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Different substituted tetrahedranes were studied: tricyclo[1.1.0.0**]butane, 3a, 1,2,3,4-
tetramethyltricyclo[l.1.0.02’4]butane, 3b, 1,2,3,4-tetrakis(triﬂuormethyl)tricyclo[1.1.0.02’4]butane, 3¢,
1,2,3,4-tetrakis(triﬂuorosilyl)tricyclo[1.1.0.02’4]butane, 3d, tetra-tert-butyltricyclo[1.1.0.02’4]butane, 3e, 1-
nitro tricyclo[l.1.0.02’4]butane, 3f, 1,2,3,4-tetraamino tricyclo[l.1.0.02’4]butane, 3g, 1,2,3,4-tetrahidroxy
tricyclo[l.1.0.02’4]butane, 3h, and 1,2,3,4-tetranitro tricyclo[l.1.0.02’4]butane, 3i. In addition, Ges and Siy
parents of tetrahedrane, 4a-4b, and tetrakis(trifluoromethyl) tetrahedrane, Sa-Sb, were also studied (Scheme

2).
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Scheme 2
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In scheme 3 shows the structures of tetraamino-substituted tetrahedrane, 3g, tetrahydroxi-substituted
tetrahedrane, 3h, tetranitro-substituted tetrahedrane, 3i, and tetratrifluoromethyl-substituted silicon parent of
tetrahedrane, 4b, that were optimized and yielded the corresponding open structures 3g’, 3h’, 3i’ and 4b’,

which prevented any structural study with these molecules.

Scheme 3
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The Scheme 3 indicates that 3g, 3h, 3i and 4b do not have stable tetrahedrane cage. However, no
unique pattern can be established to account for this fact. The —NH, and —OH groups are electron
withdrawing groups (EWG) by inductive effect and electron donating groups (EDG) by resonance effect. On
the other hand, the —-NO, and —CF; do not have dual behavior and they are EWGs. Moreover, for
tetrahedrane cage four —CF; do not disrupt the tetrahedrane cage while four -NO, groups do so. Conversely,

in Siy tetrahedrane parent, -CF3 disrupts the corresponding cage.
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The equilibrium geometries and selected bond lengths, in Angstroms, of tetrahedrane and
derivatives are depicted in Figure 1. The corresponding virial graphs are shown in Figure 2, along with
several topological data of selected bond critical points. Electronic density, p(r), Laplacian of the electron

density, v p(r), local energy density, H(r) and relative kinetic energy density, G(r)/p values are shown for
critical points cage-substituent and electronic density, p(r), Laplacian of the electron density, v’ p(r), local

energy density, H(r), relative kinetic energy density, G(r)/p, delocalization index, DI, bond order, », and
ellipticity are shown for critical points of carbon, silicon or germanium atoms in the tetrahedrane (or parent)
cage. From Figure 1, we can see that the alkyl and silyl groups impart the shortening of C-C bonds from the
cage while the —CF; and —-NO, groups lengthen the corresponding C-C bonds. As a consequence, based only
on geometrical information, we can assume that alkyl and silyl groups behave as EWGs. These EWGs and

EDGs do not disrupt the tetrahedrane cage.

We have analyzed the topology of the electron density of all species using the quantum theory of
atoms in molecules (QTAIM).*'"*** According to the topological analysis of QTAIM, when p of the critical

point is relatively high (x10" au.) and ¥?p < 0, the chemical interaction is defined as shared shell and it is

applied to covalent bond. However, other parameters are required to describe the nature of the chemical
interaction such as the local energy density, H(»), which is the sum of local kinetic energy density, G(r), and
local potential energy density, ¥(r), respectively, and the ratio G(r)/ p. Cremer and Kraka™ suggested that
H(r) <0 and G(r)/p < 1 are indicative of shared shell (or covalent) interaction. In Figure 2 the values of p,

v’p, H(r) and G(r)/p of C-C, Si-Si and Ge-Ge bonds of the tetrahedrane cage (or parent) indicate that all C-

C, Si-Si and Ge-Ge bond paths are shared shell interactions for 3a — 3f, 4a, Sa and 5b. The ellipticity (¢)
values in the tetrahedranes indicate no cylindric symmetry on the single C-C bond, while for Si-Si and Ge-
Ge cages the € is closer to zero indicating symmetry around the distribution of electronic density of these
bonds.
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Figure 1: Optimized geometries of the substituted tetrahedranes (A-F), silicon and germanium cages (G-I)
with corresponding C;-C4, C;-Cs, C;-Si, Ci-N, Si-Si, Si-H, Ge-Ge, Ge-H and Ge-C bond lengths (in

Angstroms); values of selected angles (in degree).
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Figure 2: Virial graphs of substituted tetrahedranes (A-F), silicon and germanium cages (G-I) with the

electronic density, p(r), Laplacian of the electron density, v p(r), local energy density, H(r) and relative

kinetic energy density, G(r)/p at cage-substituent bond critical, in au. Values of electronic density, p(r),

Laplacian of the electron density, ¥* p(r), local energy density, H(r), relative kinetic energy density, G(r)/p,

delocalization index, DI, bond order, n, and ellipticity, €, from carbon, silicon or germanium atoms in the

tetrahedrane (or parent) cage for 3a — 3f, 4a, Sa and 5b.

The virial graph of tetra-tert-butyltetrahedrane, 3¢, in Figure 2C indicates a different reason for its
stability rather than the so-called “corset effect” which is a steric repulsion between bulk substituents
preventing the breaking of the cage.® There are 23 intramolecular hydrogen-hydrogen (H-H) bonds between
tert-butyl groups according to the virial graph of 3¢ where the average charge density of the corresponding

critical point, py.g, is 0.0041 au. The augmented cooperative effect of these small interactions contributes for
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the stabilization of the molecular system.56 An important study based on QTAIM, ELF and ab initio
calculations demonstrated the stability effect of the H-H bonds in alkane complexes and highly branched
alkanes. >’ As to the derivative 3¢, according to the values of the hydrogen atomic energy belonging or not
to H-H bond, the hydrogens atoms belonging to H-H bond (e.g., H48 in Figure 2C) are in average 2.65 kcal
mol™ lower in energy than those not belonging to H-H bond (e.g., H47 in Figure 1C). This result shows the
stability effect of H-H bond in 3c.

Figure 3 shows the Gibbs free energy difference along the coordination reaction from diazo
compound (as a reference) to cyclobutadiene and to tetrahedrane structures (plus nitrogen), as depicted in

Scheme 1.
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Figure 3: Gibbs free energy difference, in kcal mol”, from diazocompound (as a reference) to
cyclobutadiene and tetrahedrane structures, along with nitrogen, with respect to the syntheses of 3a (A), 3b

(B), 3f (C) and 3e (D).

Data of AG; in Figure 3 indicate that the diazocompounds 1a, 1b, 1f and 1e are higher in Gibbs free
energy than the corresponding cyclobutadiene (or cyclobutadiene derivative), 2a, 2b, 2f and 2e, respectively.
Their corresponding formation enthalpy (AH;) follows the same trend (Table 1). In fact, all cyclobutadiene
derivatives (2a — 2f), plus nitrogen molecule, are more stable than the corresponding diazocompound (Table

1). The same trend is shown for predecessors of silicon tetrahedrane parent 4a, but nothing can be said about
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the predecessors of germanium tetraedrane parents Sa and 5b because their corresponding diazocompounds
were not formed. Likewise, the tetrahedrane and all tetrahedrane derivatives, 3a — 3f, are lower in energy
(both enthalpy and Gibbs free energy) than the corresponding diazocompound, as indicated by AG, and AH,,

except for AH, related to 3f. The silicon tetrahedrane parent 4a exhibits the same behavior.

Table 1 depicts the values of Gibbs free energy difference and enthalpy difference from
diazocompound to cyclobutadiene (and derivatives), AG; and AH;, from diazocompound to tetrahedrane
(and derivatives), AG; and AH,, and from cyclobutadiene (and derivatives) to tetrahedrane (and derivatives),
AGrand AHy, in kcal mol'l, respectively. Table 1 also shows the delocalization index, DI, bond order, », and
ellipticity, €, of carbon-carbon, silicon-silicon or germanium-germanium bond in the tetrahedrane (or parent)
cage, besides the bond path angle, in degree, in the tetrahedrane (or parent) cage for 3a — 3f, 4a, 5a and Sb.
The values of n were obtained from the linear relation between formal bond order (n) and delocalization
index,™ which yields very good correlations for carbon-carbon and germanium-germanium bonds, but
presents moderate correlation for Si-Si bond. The ellipticity, €, of a bond critical point indicate whether the

corresponding bond has elliptical symmetry (when =0, for single or triple bonds) or not.’!

Table 1: Values of Gibbs free energy difference and enthalpy difference for the corresponding
tetrahedranes 3a — 3f, 4a, Sa and 5b from diazocompound to cyclobutadiene (and derivatives), AG; and AHj,
from diazocompound to tetrahedrane (and derivatives), AG, and AH,, and from cyclobutadiene (and
derivatives) to tetrahedrane (and derivatives), AG; and AHj in kcal mol”, respectively. Values of
delocalization index, DI, bond order, n, and ellipticity, €, from carbon, silicon or germanium atoms in the
tetrahedrane (or parent) cage, bond path angle, in degree, from bonds in the tetrahedrane (or parent) cage for

3a — 3f, 4a, 5a and 5b.

Bond

Molecule AGq/ AG,/  AH;/ AHy/ AGy/ AHy/ DI/ e n c path
keal mol”  kcal mol'  kcal mol’  keal mol' kcal mol’  kcal mol™

angle/’

3a -35.92 -1545 -27.43 -624 2047 21.19 1.025 1.02 0.105 769
3b  -44.65 -12.30 -33.77 -231 3235 3146 0980 0.97 0.08  79.1
3¢ -1226 -27.72 290 -16.48 -1546 -13.58 0.948 0.94 0.092  78.8
3d 3751 -1581 -27.04 -550 21.70 2154 0.953 094 0.109 786
3¢ -30.59 -33.48 -20.97 -22.71 -2.89 -1.74 1016 1.01 0213 722
3f  -3228 -9.72 2076 345 2255 2421 1.012® 1.00" 0.099® 80.2¢
4 -1027 -892 -488 -1.11 135 377 0918 1.60 0.039  80.6
5 -@ -® @ @724 1060 0951 125 0.063 740
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5b @ @ @ @ 323 1124 0912 1.18 0.043 753

(a) The diazocompound was not obtained.
(b) Values from carbon(from cage)-nitrogen(from nitro group).
(c) Average value

Table 2 shows the topological values (AIM atomic charge, virial atomic energy, atomic volume and
localization index) of the carbon, silicon and germanium atomic basins, (2, of the tetrahedrane (or parent)
cage for 3a — 3f, 4a, 5a and 5b. These values are obtained from the integration of the corresponding atomic

basin.

Table 2: Values of AIM atomic charge, ¢(Q2), atomic energy, E(Q), atomic dipole moment, M(Q2), atomic
volume, V(Q) and localization index, LI of carbon, silicon and germanium atoms in tetrahedrane, silicon and

germanium derivatives, respectively.

Molecule q(Q) E(Q) M(Q) V(Q) LI
3a -0.121 -38.0936 0.435 6.09 4.059
3b -0.109 -38.1522 0.292 6.10 3.968
3¢ -0.089 -38.1732 0.300 6.09 3.934
3d 0.037 -38.0509 0.202 6.10 3.844
3e -0.697 -38.2994 1.48 6.69 4.732
3f 0.235@  37.9671%  0.305® 5.76 3.691@
4a 0.655 -289.3407 0.889 13.30 11.44
5a 0.283 -2074.3391  0.076 31.66 29.74
5b 0.387 -2074.3590  0.097 31.57 29.66

(a) Values of carbon atom attached to the nitro group.

Despite the antiaromatic nature of cyclobutadiene or its derivatives and the cs-aromaticity10 of
tetrahedrane cage, in most cases, tetrahedrane and its derivatives are higher in energy (both enthalpy and
Gibbs free energy) than the corresponding cyclobutadiene as it is indicated by AG; and AH;. The fact that
the c-aromaticity'’ of tetrahedrane (or derivatives) does not impart smaller energy in comparison to the
corresponding cyclobutadiene (which is antiaromatic) can be attributed to the highly strained cage structure
of tetrahedrane and derivatives, except for 3¢ and 3e which are more stable than 2¢ and 2e. As for 3c,
QTAIM analysis indicates that its relative stability is ascribed to a large amount of stabilizing hydrogen-

hydrogen bonds, as aforementioned, while the relative stability of 3e is possibly reasoned by the great



Page 13 of 24 New Journal of Chemistry

charge density donator effect of the —SiF; group, according to the more negative values of ¢(C) and E(C)
plus higher values of V(C) and LI(C) compared to those from 3a. Nonetheless, the relative stability imparted
by hydrogen-hydrogen bond in 3¢ is nearly 12 kcal mol™ higher than that bestowed by the donation effect of
—SiF; group in 3e.

Taking values of any topological property of tetrahedrane 3a as a reference, the DI values of C-C
bonds in the tetrahedrane cage of 3e indicates that trifluorosilyl group partially removes the charge density
of each C-C bond (Table 1 and Figure 2) where p = 0.2801 u.a. and 0.2539 u.a. for 3a and 3e respectively.
However, from Table 2, the AIM atomic charge of carbon atom in 3e is 6 times more negatively charged
than that from 3a, which is corroborated by a greater localization index and greater atomic volume of carbon
atom in 3e. In addition, the virial atomic energy of each carbon atom in 3e is 0.2058 au. smaller than that
from 3a. Then, —SiF; pronouncedly donates charge density to the carbon atoms of the tetrahedrane cage in
3e, although removes partially the charge density in the C-C bonding region. There is also a greater atomic
dipole moment in the carbon atoms of 3e in comparison with those from all other studied tetrahedrane
derivatives or parents, which can be partially related to a larger amount of charge density within carbon
atomic basins in 3e, besides the influence of the electropositive Si(F;) atom bonded to the carbon atom.
Then, —SiF; in 3e increases the charge density of C atom attached to it but removes the charge density of the
adjacent C-C bond.

Conversely, the methyl and #-butyl groups, in 3b and 3¢, respectively, are probably EWGs
according to carbon atomic charge and localization index, where these values are slightly less negative, than
those from 3a. Moreover, methyl and #-butyl groups also partially remove charge density from C-C region
bond of tetrahedrane cage, as indicated by the corresponding charge density of BCP (see Figure 2B and 2C),

the DI, bond order and ellipticity (see Table 1) in comparison with those values from 3a.

The nitro group in 3f has a more pronounced electron withdrawing effect than alkyl groups as can
be easily observed in the positive atomic charge, low LI and higher atomic energy of the carbon atom
attached to the nitro group in 3f with respect to those values for the carbon atoms in 3a (Table 2).
Nonetheless, 3b is more unstable than 3f, but 3f is slightly more unstable than 3a. Then, one nitro group
stabilizes the tetrahedrane cage in comparison with four methyl groups, but four hydrogen substituents (in

3a) still generate a more stable structure than one nitro and three hydrogen substituents (in 3f).

Figure 4 shows the doubly occupied GVB oxygen lone pair of nitro group, LP1 and LP2, and singly
occupied C-C sigma orbitals, VB(C-C)’, VB (C-C); and VB (C-C),, of 3f. Table 4 shows the overlap
integrals between the GVB orbitals of Figure 4. From GVB orbitals of 3f (Figure 4), one of the oxygen lone
pair, named LP2, is directed towards the cage. The average overlap integral between LP2 and C-C bonds in
the cage (LP2-CC,) are three-fold greater than the average overlap integral between LP1 (which is not
directed towards the cage) and C-C bonds in the cage (LP1-CC;) as indicated in Table 4. Then, we can infer
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that the influence of both oxygen LP2 lone pairs from four nitro groups may cause a great instability and

may lead to the disruption of tetrahedrane cage in 3i yielding 3i’.

VB(C-C)’
VB(C-C), l

LP2 \

(A) (B)

Figure 4: Doubly occupied generalized valence bond (GVB) orbitals of lone pairs of oxygen of nitro (-
NO,) functional group substituent (LP1, LP1°, LP2 and LP2’) (A and B) and singly occupied GVB orbitals
of C-C sigma bond [VB(C-C);, VB(C-C), and VB(C-C)’] (B).

Table 4: Overlap matrix of selected GVB orbitals of molecule 3f of two oxygen lone pairs (LP1, LP2, LP1’
and LP2’) and of two C-C sigma bonds [VB(C-C);, VB(C-C)’ and VB(C-C),].

LP1 LPY’ LP2 LP2’
VB(C-C); 0.007 0.019 0.054 0.045
VB(C-C), 0.005 0.005 0.005 0.006
VB(C-Cy’ 0.008 0.006 0.034 0.009

When comparing topological data between 3d and 3f in Table 2, we observe that the
trifluoromethyl group in 3d has a less electron withdrawing effect than the nitro group in 3f, since carbon
atomic charge is less positive in 3d, carbon atomic energy is more stable in 3d, and LI is greater in 3d. In

addition, the —CF5 group also decreases the charge density in the C-C bonding region as noted from its DI
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and bond order (Table 1). In terms of molecular energy, the stability of 3d is quite similar to that from 3a

and it is slightly higher than that from 3f.

To sum up the energetic influence of the studied substituents in tetrahedrane cage we can note that
EWGs such as —CF; do not affect the relative stability of the tetrahedrane cage, while with a stronger EWG
(e.g., -NO») the tetrahedrane cage becomes slightly more unstable. On the other hand, slight EWG such as —
CH; imparts a higher instability in tetrahedrane cage. Conversely, a 6-EDG such as —SiF; makes the
tetrahedrane cage more stable, while a T-EDG (e.g. -NH, and —OH) disrupts the tetrahedrane cage. These
trends can be observed in the decreasing order of AG; (3¢ > 3e > 3a > 3d > 3f > 3b) and AH; (3¢ > 3e > 3a

> 3d > 3f > 3b), without the silicon and germanium parents.

The integration of the atomic basins gives the value of the bond path angle of the electron density
function. The bond path angle involving the atoms in the cage of all tetrahedrane derivatives and Si/Ge
parents is higher than the corresponding geometric bond angle (Table 1). The increase of the bond angle in
cyclopropane ring (which is part of the tetrahedrane cage) decreases its ring strain (or cage strain) which is
so-called banana bond. > However, there is no linear relation between bond path angle and AGy for the

studied series.

The tetrahedrane cage with silicon and germanium atoms, 4a and 5a, were also obtained, as well as
trifluoromethyl tetrasubstituted germanium cage, Sb. However, the trifluoromethyl tetrasubstituted silicon
parent disrupted during optimization procedure (Scheme 3). Formation enthalpy, AHy, indicates that they
have intermediate stability between the most stable (3¢ and 3e) and least stable (3a, 3b, 3d and 3f)
substituted tetrahedranes. Nonetheless, this stability order does not match the aromaticity order, according to

NICS and D3BIA, where the set 4a, 5a and 5b are the least aromatic.
Table 3 shows the topological values (DI , DIU, & and p(3,+3)) associated with the D3BIA formula

for homoaromatic and cage structures, along with NICS values in the geometrical center of the tetrahedrane
(or parent) cage for 3a, 3b, 3¢, 3d, 3e, 3f, 4a, 5a and 5b. The aromaticity of the substituted tetrahedranes,
germanium and silicon parents were investigated with two aromaticity indices: NICS and D3BIA. Hereafter
we mention the increase or decrease of NICS with respect to the aromaticity where aromaticity increases
with higher negative values of NICS and decreases with lower negative values (or higher positive values) of

NICS.

Figure 5 shows the linear relations between NICS and D3BIA where Figure 5A lacks only one
molecule, 3f, and Figure 5B has all the studied molecules (3a-3f, 4a, 4b and 5a).
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NICS X D3BIA NICS X D3BIA
20 D3BIA 20 1 D3BIA
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Figure 5: (A) Plot of NICS versus D3BIA for 3a-3e, 4a, 4b and 5a; (B) Plot of NICS versus D3BIA for 3a-
3f, 4a, 4b and 5a.

Figure 5A shows a very good linear relation between NICS and D3BIA where 3f was excluded
because NICS in 3f is higher (more negative) than it is supposed to be since 3¢ is 10.81 kcal mol™ more
stable than 3f but they have the same NICS value. Probably, this is the influence of lone pairs of oxygen
atoms from nitro group that interact with the tetrahedrane cage of 3f (Figure 4 and Table 4) which enhances

its NICS value.

Table 3: Average DI, DI, of the carbon or silicon or germanium atoms in the tetrahedrane (or parent) cage,

the corresponding DIUs, the degree of degeneracy (3) involving the atoms of the tetrahedrane (or parent)
cage, the charge density of the cage critical points [p(3,+3)], D3BIA and NICS values for 3a, 3b, 3¢, 3d, 3e,
3f, 4a, 5a and Sb.

Molecule DI DIU 6 p@3,43)au  D3BIA  NICS/ppm
3a 1.025 99.97 1.0 0.182 18.24 -48.53
3b 0.979 99.89 1.0 0.176 17.61 4531
3¢ 0.954 99.99 1.0 0.177 17.68 -44.95
3d 0.961 99.98 1.0 0.182 18.21 -47.45
3e 1.029 99.97 1.0 0.187 18.67 -54.54
3f 0.997 96.77 0.5 0.181 8.77 -45.30
4a 0.933 99.95 1.0 0.046 4.57 -1.03

Sa 0.951 99.99 1.0 0.040 4.00 1.85
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Sb 0.911 99.93 1.0 0.039 3.88 32.33

The alkyl groups (in 3b and 3c) decrease both NICS and D3BIA in comparison with 3a. Likewise,
the trifluoromethyl and nitro groups in 3d and 3f, respectively, also decrease both aromaticity indices with
respect to 3a. On the other hand, the trifluorosilyl group increases both NICS and D3BIA in 3e. Then, we
may assume that EWGs decrease the aromaticity of the tetrahedrane cage while the EDG increases its
aromaticity. The decreasing order of formation enthalpy and NICS for 3a-3f is nearly the same (except for
3¢ where hydrogen-hydrogen bonds play an important role on its stabilization): 3e > 3a > 3d > 3b = 3f (for
NICS) and 3e > 3a > 3d > 3f > 3b (for AH;). Then, we may assume that the aromaticity (influenced by
EWGs or EDGs) is an important stability factor in the tetrahedrane cage besides the intramolecular

hydrogen-hydrogen bonds in 3c.

As aforementioned, regarding the set 4a, S5a and 5b, there is no relation between their stability and
aromaticity orders. According to NICS, they are not aromatic molecules, but their stability is higher than
that in 3a, 3b, 3d and 3f. Probably, the stabilities of 4a, Sa and Sb are influenced by their predecessors’
stabilities. Regarding 4a, its AH; is the least negative, which means that its corresponding silicon
cyclobutadiene parent is the least stable of all set of substituted cyclobutadienes. Then, the high instability of

predecessor of 4a plays an important role on the large relative stability of 4a.

Figure 6 shows the singly occupied GVB orbitals of sigma C-C bonds, VB(C-C)’, VB (C-C); and
VB (C-C),, of 3a, 3b, 3f and cubane. Table 5 shows the overlap integral between the singly occupied GVB
orbitals represented in Figure 6. Tetrahedrane and cubane are platonic hydrocarbons where only cubane was
synthetically obtained.®” The overlap between vicinal GVB orbitals in cubane, VB(C-C); — VB(C-C),, is
0.224 — nearly four times smaller than the overlap between GVB orbitals of each C-C bond, VB (C-C); —
VB(C-C)’. The overlap between vicinal GVB orbitals in tetrahedrane is higher than that from cubane, 0.279,
where we can infer that vicinal C-C bonds tend to increase the electronic repulsion in the tetrahedrane cage,
which could partially explain the instability of tetrahedrane with respect to cubane. The electron
withdrawing effect of alkyl group can also be noticed by the slightly smaller overlap between vicinal GVB
orbitals in 3b (Table 5). Likewise, the higher electron withdrawing effect of the nitro group can also be
noticed from overlap of GVB orbital because this value in 3f is similar to that from cubane. However, as
aforementioned 3f is more unstable than 3a. Then, the electronic repulsion from vicinal C-C bonds within
the cage is not the main instability factor of tetrahedrane cage which means that the main reason for

tetrahedrane instability should be attributed to its angle strain.
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VB(C-C), (A) (B) ©

Figure 6: Singly occupied generalized valence bond (GVB) orbitals of C-C sigma bond [VB(C-C);, VB(C-
C); and VB(C-C)’] of 3a (A), 3b (B), 3f (C) and cubane (D).

Table 5: Overlap matrix of selected GVB orbitals, VB(C-C)’, VB (C-C); and VB (C-C),, of 3a, 3b, 3f and

cubane.
VB(C-C);
3a 3b 3f Cubane
VB(C-C), 0.279 0.272 0.224 0.224
VB(C-Cy’ 0.828 0.826 0.823 0.810
*VB orbitals of 3a
°VB orbitals of 3b

“VB orbitals of 3f
4VB orbitals of cubane

The Figures 7, 8 and 9 shows the plots of total energy (in Hartree) versus the time of trajectory of 5
fs using atom-centered density matrix propagation (ADMP) method for tetrahedrane and substituted
tetrahedranes (3a, 3¢ and 3e) where the starting structure was previously optimized at @B97XD/6-
311++G(d,p) level of theory. We used ADMP calculations to test the stability of selected tetrahedrane cages

under dynamic simulation. Some corresponding structures from selected points of each trajectory are also
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depicted in Figures 7, 8 and 9. In Figure 7, we can see that no significant changes occur in 3a structure at the
beginning of the trajectory (0.2 to 0.6 fs). However, at about 1.3 fs the C2-H7 bond is broken. At 2.8 fs the
C3-H5 bond is broken and C4-H8 bond length increases. Moreover, the C-C bond lengths of three
cyclopropane rings of tetrahedrane cage shorten. At about 4.2 fs, the C4-H8 bond is broken and at 5.0 fs the
C3-HS5 bond is restored. Then, during the ADMP trajectory, 3a undergoes structural changes in its structure
but it is not restored to its starting optimized geometry at any point. On the other hand, there is no significant
change in the total energy of 3¢ during the course of its trajectory (Figure 8). Then, 3¢ has a thermochemical
and dynamical relative stability mainly due to the large amount of stabilizing H-H bonds. Likewise, 3e
presented a similar behavior (Figure 9), but its relative stability is given by —SiF3 group that acts as 6-EDG,
where in 2.5 fs and 4.4 fs occurs a decreasing in two C-Si bond lengths (indicated by red arrows) according

to the nature of donating electrons of trifluorosilyl group.

Time in Trajectory (femtosec)

0.0 0.5 1.0 15 20 25 3.0 35 40 45 5.0
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)
Figure 7: Plot of total energy, in Hartree, versus the time of trajectory, in femtoseconds, of tetrahedrane (3a)

using ADMP method. Some structures are depicted at the corresponding selected points of the trajectory.
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Figure 8: Plot of total energy, in Hartree, versus the time of trajectory, in femtoseconds, of 3¢ using ADMP

method. The structure at the end of trajectory is also depicted
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Figure 9: Plot of total energy, in Hartree, versus the time of trajectory, in femtoseconds, of 3e using ADMP

method. A couple of structures are depicted at the selected corresponding points of the trajectory.

Conclusions

The influence of substituents on the stability of the tetrahedrane cage reveals that strong electron
withdrawing groups do not affect significantly the relative stability in the tetrahedrane cage, unlike weak
EWG that generate a large instability in tetrahedrane cage. However, substituents that act as sigma electron
donating groups (c-EDGQG) stabilize the tetrahedrane cage, although n-EDGs leads to disruption of the

tetrahedrane cage.

According to NICS and D3BIA and their relations with the corresponding formation enthalpy, the
aromaticity is an important factor for the stability of the tetrahedrane cage. The o-EDGs increase both
aromaticity and stability of the tetrahedrane cage, whereas the EWGs decrease both aromaticity making and
cage stability, except for 3¢ in which its stability is due to the intramolecular hydrogen-hydrogen bonds.
Although there is no relation between aromaticity and stability for germanium and silicon tetrahedrane

parents 4a, Sa and Sb their NICS and D3BIA values indicate that these molecules are not aromatic.

According to generalized valence bond method, one of the oxygen lone pair has an electronic
repulsion with C-C bonds in its tetrahedrane cage and probably when four nitro groups are attached to the

tetrahedrane cage the higher electronic repulsion may lead to disruption of corresponding substituted



Page 21 of 24 New Journal of Chemistry

tetrahedrane. Moreover, the GVB analysis indicate that the instability of the tetrahedrane cage is mainly

imparted by its high strain energy while the C-C electronic repulsion within the cage has a minor influence.

The ADMP analysis indicates that tetrahedrane 3a is dynamically unstable where some C-H bonds
break during the simulation trajectory. Conversely, 3¢ and 3e remain its structure during the whole
trajectory. Therefore, thermodynamic and dynamic results are in accordance for the relatively stable and

unstable cage structures.
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