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A systematic exploration of the potential energy surface reveals
two global minima with three planar tetra coordinate carbons
(ptCs) and two global minima with three quasi-ptCs for E¢Cys (E = Si-
Pb) combinations. These consist of aromatic polycyclic templates
suitable to further design different materials without hindering the
ptC texture.

In 1970, Hoffmann and co-workers argued that incorporating -
acceptor/o-donor ligands could reduce stereomutation barriers
involving a planar tetracoordinate carbon (ptC) transition state
(TS) for some tetrahedral carbon compounds.! The approach
was successfully adopted by the group of Schleyer to predict the
first ptC local minimum structure.?2 In 1977, the V»(2,6-
dimethoxyphenyl)s
diffraction,3 being the first experimental ptC example, although

complex was characterized via X-ray

this was not recognized for more than ten years. These findings
stimulated numerous pieces of research looking for ways to
prepare stable "antivan't Hoff/LeBel compounds," i.e.,
molecular substances containing tetracoordinate carbon in a
non-tetrahedral coordination geometry.

In the last 50 years, significant progress has been made in
synthesizing and theoretically predicting numerous ptC
compounds.* 10  Most recently, the planar
hypercoordinate carbon was extended to higher carbon
coordination (pentall—20 The
invocation of the chemical bonding concept is crucial for

world of

and hexacoordinate21-24),

understanding the construction principles and searching to
maximize stabilizing interactions in favor of these structures.
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Thus, several strategies were compiled, some of which take
advantage of m- and o-bond delocalization (i.e., aromaticity,
resonance).

Here we report the EsCis (E = Si, Ge, Sn) putative global
minima (GM), which consists of a Cys tetracyclic structure with
three ptC units. To design these systems, we replaced each of
the three neighboring protons of the CisHg3~ moiety with two
E2* ligands (Scheme 1). CisHe3~ was designed from 1
([6]radialenes), see Scheme 1 (left), searching for a template
with three pentagonal aromatic rings suitable to stabilize
ptCs.1925-27 Note that even in very small systems, the group 14
elements favors ptCs.28-30

A systematic exploration of the potential energy surfaces
(PESs) using the AUTOMATON program3132  and atomic
permutations starting from known templates (Supporting
Information) allowed us to identify the relevant minimum
energy structures. The initial screening (singlet and triplet
states) was done at the PBE033-D334 /SDDALLS3® level. Then, low-
lying energy isomers (< 30.0 kcal-mol! above the putative GM)
were re-minimized at the PBEO-D3/Def2-TZVP36 level and
harmonic frequency calculations to verify they are true minima
on the PES. All these calculations were performed using the
Gaussian16 program.37
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Scheme 1. Design of EgCis ptC systems starting from the

[6]radialenes benzo[1,2-c :3,4-c":5,6-c"]trithiophene or
benzo[1,2-c:3,4-c’:5,6-c”’]triselenophene (1) to build CisHe3~ (2)
and finally the ptC candidate compounds 3(E).

The EsCis lowest energy structures are reported in Figure 1.
Remarkably, compounds 3(Si) and 3(Ge) are the putative GM
adopting a planar Ds, symmetry, while the nearest energy
isomer, also with three ptCs, lies at 8.2 and 2.8 kcal-mol-* above
the putative GM (Figs. S1-S2). In the heavier congeners (Sn and
Pb), the 4(E) isomer is revealed as the putative GM, with a C;5
backbone analogous to that of the 3(E) but bent due to the
connection of the pentagonal rings by E-bridging bonds.
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Noteworthy, 4(E) isomers exhibit three quasi-planar
tetracoordinate carbons. Thus, we identified four new putative
GMs, two of them with three ptCs each, and the other two with
three quasi-ptCs each. The putative GM's HOMO-LUMO energy
gaps are relatively high, varying between 2.13 and 4.03 eV.
Relevant low-lying isomers of E¢Cis (E = Si-Pb) are listed in Figs.
S1-S4 of supporting information. Isomerization energy
decomposition analysis (IEDA)38 explains these preferences.
Essentially, the distortion energy of the C;5s backbone is lower as
E is heavier, allowing a better stabilization of 4(E) for E=Sn and
Pb concerning the 3(E) structures (a detailed explanation is

given in the supporting information).

Also, nine delocalized 7w-bonds, consisting of six distributed on
the pentagonal rings (4c-2e) and three on the central hexagonal
ring (4c-2e), complete the bonding picture of 3(Si). It is essential
to highlight the presence of delocalized bonds, three isolated ¢
(3c-2e) bonds in the outer Si-C-Si moiety, and nine m (4c-2e)
bonds, among which six are distributed on the pentagonal ring
and connected Si centers. The remaining three bonds are
delocalized over the hexagonal ring. Thus, evoking Hickel's
4n+2 rule, this system should be aromatic. In the 4(Sn) and 4(Pb)
isomers, the bonding pattern is also very similar to that of 3(E),
only now the quasi-ptC corresponds to the carbons connecting
the pentagonal rings through 2c-2e C-E 5-bonds (Fig. S10).
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Figure 1. Lowest energy structures of EgCys at PBEO-D3/def2-
TZVP level (relative energies in kcal-mol-, including zero-point
energy (ZPE) corrections). The bond length in A (black) and W8I
values (blue) at PBEO-D3/def2-TZVP level.

The C—C distances lie within those of single and double
bonds (1.41-1.47 A), which is consistent with the delocalized
nature of the bonding (vide infra). There are two different kinds
of C-E bonds, one being shorter than a single bond and another
slightly longer than it. The corresponding Wiberg bond index
(WBI) 3° values also agree with the bond distances (see Fig. 1).
The E atoms in the putative GM bear positive natural charges,
computed by natural population analysis (NPA),* ranging
within 0.87-0.97 |e|, neutralized by negative charges
distributed on the carbons bonded to the E atoms (see Figs. S5-
S6), which is consistent with the difference in C-E
electronegativity. For comparative purposes, 3(E) and 4(E)
structures have also been optimized at the ®B97XD*!/Def2-
TZVP and MP242/Def2-TZVP levels, and WBI values have also
been computed at these levels. Figures S7 and S8, show minimal
changes in structural and bond order properties regarding
PBEO-D3/Def2-TZVP level.

The adaptive natural density partitioning (AdNDP)
method,*344 which is an extension of natural bond orbital (NBO)
analysis, allows interpreting chemical bonding in terms of two-
electron n-center bonds (nc-2e), with n ranging from one to the
total number of atoms in the molecule, recovering Lewis’s
elements (lone pairs and 2c-2e bonds) and nc-2e delocalized
bonds. The bonding of 3(Si) and 3(Ge) are similar, also 4(Sn) and
4(Pb), thus, we will discuss the 3(Si), and 4(Sn) results as
representative cases. Figure 2 shows the AANDP localization of
the 42 valence electron pairs in 3(Si). Six lone pairs are
recovered (one on each Si), and 18 2c-2e c-bonds connect the
Cis backbone. The six Si are linked to the Cis backbone by six 2c-
2e C-Si o-bonds and three 3c-2e Si-ptC-Si 6-bonds. This explains
why there are one short and one longer C-Si bond distances.
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18 x 2c-2e C-C o-bonds
ON =1.92-1.98|e|

6 x 1c-2e Si-LPs
ON=1.9]e|

6 x 2c-2e C-Si o-bonds
ON=1.97|e|

3 x 3c-2e Si-C-Si o-bonds
ON=1.9]e|

6 x 4c-2e C-Si-C-C x-bonds
ON=1.99]e|

3 x 4c-2¢ C-C-C-C m-bonds
ON=1.81]e|

Figure 2. AANDP analysis of 3(Si) system (D3n-SigCis). ON stands
for occupation number. Carbon=gray, silicon=blue.

To further assess aromaticity, both qualitatively and
quantitatively, we computed current densities using the GIMIC
program,*546 which employs the gauge-including atomic orbital
(GIAO)*” method. To visualize current pathways, we used
Paraview 5.10.0 software. Fig. 3 shows the ring current circuits
and their magnitudes according to the ring current strength
(RCSs). These circuits are identified by analyzing RCS profiles of
different integration planes, following a previously proposed
strategy,*®—>0 as detailed in Figs. S11-S14. In this analysis,
diatropic (aromatic) and paratropic (antiaromatic) currents turn
clockwise and counterclockwise, respectively. A positive
(diatropic) and negative (paratropic) RCS sign correspond to
aromatic and anti-aromatic circuits, respectively. Besides, the
RCS values close to zero suggest a non-aromatic character.*?

As seen in Fig. 3, 3(Si) exhibits two global concentric
diatropic ring currents, both of medium to low intensity, 5.6
(the outermost) and 3.3 nA-T-! (the innermost), resulting in a
total of 8.9 nA-T-%, which is significant when compared to that
of benzene at the same level (11.8 nA-T-1). Three local ring
currents are also revealed, with RCS values of 6.7 nA-T-1, around
the ptCs. As seen in Figs. S15 and S16, this local ring current is
the most evident at the molecular plane, supporting a o-
aromatic nature and would be connected to the 3c-2e Si-ptC-Si

This journal is © The Royal Society of Chemistry 20xx



o-bond detected in the AANDP analysis. Also, three horseshoe-
shaped currents are distributed around the C-ptC-C fragments,
with an RCS of 4.1 nA-T-1. The central Cg ring also exhibits a
diatropic ring current (RCS = 4.4 nA-T-1) and an innermost
paratropic ring current (RCS = —-2.9 nA-T1). While the
pentagonal rings only exhibit local paratropic ring currents with
marginal RCS values of -1.3 nA-T-1. The magnetic behavior of
3(Ge) is very similar to 3(Si). Therefore, it could be concluded
that 3(Si) and 3(Ge) exhibit global aromaticity, local marginal
aromaticity in the central Cg ring, and local c-aromaticity in the
E-ptC-E fragment.

SieC1s

SneCrs

Figure 3. Identified ring current circuits in 3(Si) (left) and 4(Sn)
(right) systems. Each circuit's RCS value is reported in nA-T-1

System 4(Sn) exhibits ring current patterns quite similar to
3(E): one global diatropic ring current, with an RCS value of 8.8
nA-T-1 1 (see Fig. 3). Three local ring currents around the ptCs
with marginal RCS values (2.3 nA-T-1). The latter ring currents
are more evident on the plane close to the ptCs and would be
associated with the 3c-2e Sn-ptC-Sn o-bonds (see Figs. S17-
S18). The central Cs ring exhibits a weak diatropic ring current
with an RCS of 1.7 nA-T-1 and an innermost paratropic ring
current with an RCS value of —4.5 nA-T-1. While the outer
pentagonal rings only exhibit local paratropic ring currents with
RCS values of -7.5 nA-T-1, 4(Pb) also shows similar magnetic
properties. Therefore, it could be concluded that 4(Sn) and
4(Pb) are globally aromatic, slightly local antiaromatic in the
central Cg ring, locally antiaromatic (in the peripheral Cs rings),
and locally o-aromatic due to the 3c-2e E-ptC-E bonds.

The AANDP analysis shows that each E center possesses a
lone pair of electrons. Therefore, E might be considered one of

the key centers for reactivity toward electrophiles. We studied
the possibility of forming a Lewis acid-base complex taking BH3
as Lewis acid. Fig. 4 shows the minimum energy geometries of
3(Si)-(BHs)s and 3(Ge)-(BHs3)¢ complexes. The complex
formation is exergonic in nature at room temperature, having a
bond dissociation free energy, AG2%8K of 16.0 (E = Si) and 8.8 (E
= Ge) kcal-mol~! per BHs. As expected, the resulting complexes
are electronically more stable and less reactive than bare 3(Si)
and 3(Ge), which can be understood by the improvement in Ay.
L values (by 0.39 and 0.36 eV, respectively). Another way to
protect a compound from reacting is to block the reactive
center by forming a host-guest complex. We found that
[12]cycloparaphenylene ([12]CPPs) has the perfect size to
accommodate 3(Si) and 3(Ge) and the encapsulation process is
exergonic in nature by AG2°%¢ = —7.1 and —9.7 kcal-mol?,
respectively. We further studied the possibility of forming a
sandwich complex between coronene and 3(Si). As shown in Fig.
4, the resulting complex is highly stable against dissociation.
Therefore, contrary to the many reported ptC systems, the ones
reported here, having aromatic polycyclic templates, can be
used to further design different materials without hampering
ptC texture. We have also verified that the 3(Si) dimer
formation in the parallel displaced configuration is an exergonic
process (AG2%8K = —10.4 kcal-mol-); where the ptCs are only
marginally away from the plane, see Figure S19.

Conclusions

To summarize, GM polycyclic structures with the formula E¢C1s
(E =Si-Pb) with three ptCs or three quasi-ptCs each are revealed.
It is found that for E = Si and Ge, the putative GM consist of
three ptC centers. In contrast, for E = Sn and Pb, because of the
large size, the most stable isomer has a bowl-shaped structure
with three quasi-ptCs. Chemical bonding analysis reveals the
presence of three delocalized E-ptC-E 3c-2e o-bonds and nine
delocalized m-bonds, supporting an aromatic character
according to Hickel's 4n+2 rule. The magnetically induced
current density analysis reveals global and local ring current
circuits supporting these species' global and local aromatic
character. These title systems can also be used as a partner to
form supramolecular complexes with coronene or [12]CPP
without hampering ptC moieties. This could also pave the way
for their large-scale syntheses.

3(E)-(BH,)g
[3(S)]HBH,)s — 3(Si) + 6BHy; D, = 149.5; AG¥* =958
[3(Ge)]-(BH,)s — 3(Ge) + 6BH5; D, = 108.8; AG*™* = 52.6

3(E)-[12]CPP
[3(Si))-{12JCPP — 3(Si) + [12]CPP; D, = 20.3; AG®** = 7.1
[3(Ge)l-[12ICPP — 3(Ge) + [12]CPP; D, = 24.5, G = 9.7

3(E)-(Coronene),
[3(Si))-(Coronene), — 3(Si) + 2Coronene; D, = 45.0; AG*** = 21.8

Fig. 4 The minimum energy geometries of 3(Si)/3(Ge)-(BHz)e, 3(Si)/3(Ge)-[12]CPP, and 3(Si)-(Coronene), complexes at the PBEO-
D3/def2-TZVP level, except for sandwich complex for which def2-SVP is used. The bond dissociation energies at 0 K (De) and 298
K, including thermal correction and entropy factors (AG2°8K), are given in kcal-mol.

This journal is © The Royal Society of Chemistry 20xx
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