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Planar tetracoordinate carbons in allene-type structures

Meng-hui Wang, ? Mesias Orozco-Ic,” Luis Leyva-Parra,® William Tiznado,¢ Jorge Barroso,*" Yi-hong
Ding,*d Zhong-hua Cui**® and Gabriel Merino.*¢

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

The exhaustive exploration of the potential energy surfaces of
CE;M; (E = Si-Pb, M = Li, and Na) revealed seven global minima
containing a planar tetracoordinate carbon (ptC). The design was
based on a nt-localization strategy, resulting in a ptC embedded in a
linear or a bent allene-type E=C=E motif. The magnetic response
showed a o-aromaticity in the bent E=C=E fragments. The bonding
analysis indicated that the ptCs form C-E covalent bonds and C-M
electrostatic interactions.

In 1874, van't Hoff and Lebel independently established one of
the cornerstones of organic chemistry by stating that a carbon
atom with four substituents has a tetrahedral arrangement.?
For almost a century, the tetracoordinate carbon structures
were rationalized according to this premise, and then gradually,
carbon revealed an architecture versatility beyond these widely
accepted rules. The umbrella configuration,3# in which one of
the tetrahedral bonds is upside down; the pyramidal
arrangement with the carbon atom at the top and its four
ligands at the base;>7 the bisphenoidal or half-planar topology
found in carbides and organometallic clusters;81° and the
planar tetracoordinate carbon (ptC), are some exemplars.11-20
Molecules with these bizarre topologies have been synthesized
or experimentally detected, expanding our understanding of
tetracoordinate carbon species.

Particularly intriguing are ptCs, whose design strategy was
initially proposed more than fifty years ago by Hoffmann, Alder,
and Wilcox!!based on analysing the molecular orbitals of planar
methane as a response to the hypothetical transition state
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suggested by Monkhorst two years earlier.12 Essentially, the
strategy consists of using o-donor/m-acceptor ligands or
delocalizing the carbon's lone pair into the system framework
(see the left side of Fig. 1). A vast number of molecules with a
ptC have been designed using such an approach.21-33 Quite
recently, we suggested an alternative to stabilize a ptC
compound by localizing mt-orbitals between the central carbon
and a ligand in the CEM3 compounds. The formation of a double
C=E bond can compensate for the weakening of C-M and ligand-
ligand interactions (see right side of Fig. 1).34 This strategy has
been successfully applied for designing global minima
structures with a ptC like CAIE (E = P, As, Sb, and Bi),35 CLisE (E
= As, Sb, and Bi), CLi3E* (E = Group 16 element),3¢ and C,Al4.37
Also, it was recently exploiting for predicting planar
pentacoordinate silicon and germanium atoms.38 This reflects
the efficiency of the m-localization strategy for designing planar
hypercoordinate carbon atoms.
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Fig. 1. The delocalized r-orbital for representative systems with sp? hybridization and the
1t -localized orbital in sp-systems.
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Table 1. Structure and relative energy (kcal/mol) of the lower-lying energy isomers of CE,Li, (E = Si-Pb) at the CCSD(T)/def2-TZVP level. Values in parentheses correspond to clusters

with Na.

¢

A B
Dan, 'Ag Co, A1
CSizM; 0.0(0.0) 1.3(6.1)
CGe;M> 0.8 (0.0) 0.0 (4.7)
CSnaMz 2.5(0.0) 0.0 (3.0)
CPb2M: 5.0(0.9) 0.0(1.2)

/ e

Gy, 1A Co, *A1 Co, A1
9.4(5.9) 9.4(3.8) 12.3* (7.0)
7.6 (3.5) 9.5 (4.4) 10.6* (4.8)
9.2(2.0) 10.5 (3.3) 10.5* (2.0)
10.1(-) 12.5 (4.1) 11.0* (0.0)

* means an imaginary frequency, and - for not available.

Herein, we extended this approach by incorporating a
second C-E double bond. The candidate series is CE;M, (E = Si-
Pb, M=Li, and Na). The global minima of seven of the eight
possible combinations emerged as a structure with a ptC. The
ptC may be embedded in a linear or a bent allene-type E=C=E
motif. According to the magnetic response, the bent allene-type
E=C=E fragment presents o-aromaticity, which plays an
important role in stabilizing the cluster. The chemical bonding
analysis revealed a mostly covalent C-E and an electrostatic C-
M nature for these ptCs.3°

An extensive search of the potential energy surface of the
CE;M; (E = Si-Pb; M=Li/Na) series in the singlet and triplet state
were performed (see the ESI). Table 1 shows the five recurrent
lower-lying energy motifs. Note that all the global minima of the
lithium-containing clusters correspond to a structure with a ptC.
Furthermore, their corresponding second-lying isomer is also a
ptC. The global minimum of CSi,Li, is the only one adopting a
D>n symmetry (type-A) 1.3 kcal/mol lower in energy than the
trapezoidal C,, form (type-B), which is the most energetically
favorable structure for the remaining ptCs with lithium. In
contrast, within the sodium series, the trapezoidal arrangement
(B) is the second least favorable isomer. Three of the four
sodium clusters have a global minimum with a ptC belonging to
D,n symmetry. The exception is CPb;Na3, which collapses into a
tricoordinate carbon about 1.0 kcal/mol lower in energy than
the ptC species. Essentially, the lightest atoms provide a more
suitable cavity to stabilize a ptC, i.e., using lithium on the one
hand and silicon or germanium on the other guarantees a ptC
as the most viable structure. A more extensive list of low-lying
energy isomers is given in Fig. S1-S8.

According to Pyykkd covalent radii,*° the distance of a single
C-Li bond is 2.08 A, and a C-Na is 2.30 A. Similarly, the double
bond distances of C-Si, C-Ge, C-Sn, and C-Pb are 1.91, 1.96, 2.15,
and 2.19 A, respectively. So, the C-M and C-E bond lengths,
summarized in Table 2 and S1, suggest a single and a double
bond, respectively. Indeed, for CSiyLi; and CGe;,Li;, the bond
lengths are slightly shorter. However, the minimal WBI values
(0.04 - 0.13) of the C-M contacts and charges imply that the
interaction would be almost entirely electrostatic, and as
expected, due to the m-location strategy, the WBI values for C-
E (1.24 - 1.50) point to a double C-E bond. The weakening of the
interaction between the central atom and the alkali-metals are
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compensated by inducing multiple bonds with the elements of
group 14. In contrast, CSi,Al,, a prototype of an 18 valence-
electrons ptC stabilized via the conventional n-delocalization,
has a similar C-Si distance!3.14 but with a lower WBI value (1.02),
indicating a single C-Si bond. Moreover, the considerable WBI
of C-Al (0.28) gives a hint of its t-delocalization.

The natural population analysis (NPA) indicates a charge on
the ptCatom around -1.91 --2.00 |e| (Table 2 and S1), resulting
from the charge transfer of +1.90 - +1.98 |e| from the alkali-
metals and less than +0.36 |e| from the atoms of group 14. Both
charge distribution and WBI identify the C-M and C-E
to be mostly electrostatic and covalent,
respectively. The electron density analysis corroborates the

interactions

existence of a gradient path between the ptC and ligands. That
is, the ptC atom is effectively coordinated with all ligands (Fig.
S9). Moreover, the valence population of CE2M; (E = Si-Pb, M =
Li, and Na) presents a similar picture to the usual ptCs. That is,
the 2p, and 2p, occupations are higher than the out-of-plane
orbital 2p, (2s1482p,1-642p,1452p,1-39), revealing back-donation.
Also, for type-A systems, the occupations of the 2p, orbital,
which is in the direction of the lithium atoms, are significantly
lower than in 2p, one, as a result of the E=C=E bond (vide infra).
On the other hand, the remarkably lower 2p, population (1.11
|e|) of the type-B CSisLi; implies a strong m-localization on the
E=C=E fragment, consistent with the mentioned approach.

The picture emerged from the adaptive natural density
partitioning (AdNDP) analysis confirms the bonding pattern
described above. Both ptC types of CSi,Li, (Fig. 2) and CSi,Al,
(Fig. S10) were used as examples of m-localization and -
delocalization bonding schemes, respectively. In both cases,
there are two lone pairs on the Si atoms. For A, eight valence
in 3c-2e bonds, including two
corresponding to the m-localization on Si-C-Si. The remaining

electrons are delocalized

electron pair is a 4c-2e o-bond. In the case of B, there are two
5c-2e o-bonds and three 3c-2e, with one m-bond involving the
Si-C-Si atoms. As expected, both ptC arrangements lack 5¢-2e mt-
bonds as in standard ptCs based on m-delocalization (Fig. S10).
The charge decomposition analysis reveals that the lithium
atoms play a significant role in stabilizing the 3c-2e in-plane n-
bond (Fig. S11).

This journal is © The Royal Society of Chemistry 20xx
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Table 2. WBI, bond distances (r, A), natural charges (g, |e|), and valence population of type-A and B for CE,Li; (E = Si-Pb) at the CCSD(T)/def2-TZVP level.

A B

M-C X-C M-C X-C

WBI r WBI r q(C) Population WBI r WBI r q(C) Population
CSizLiz 004 1972 147 1.739  -1.98 2s1982p1642p,1452p 13 010 1.941 1.28 1.861 -1.93 2s1612p,1672p,1532p, 11
CGesli 0.04  2.007 1.0 1.841  -1.91 2s*522p,2582p, 42p %7 010 1911 129 1.945 -1.90 2s-652p,1642p,1522p 112
CSnaliz 0.06 2.030 1.43 2.049 -1.98 2s*032p,t552p,1442p,t35  0.12 1.918 1.24  2.157 -2.00 2s'722p,t622p,1522p,113
CPb:Liz 0.08 2.025 1.44 2.143  -1.92 2s*%72p,1492p,1432p,t33  0.13  1.917 1.24 2252 -1.95 2s'742p,t582p,1502p, 112
CSi:Al, 028 2101  1.06 1771  -2.26 2s¥502pA9)p,672p,139 030  2.030 1.02 1.840 -2.22 2s1562p169p 1667p,129

Table 3 contains the results of the IQA analysis of type-A
CEzLi; (E = Si-Pb), which further support the characterized
bonding scheme. The substantial exchange-correlation energy
component (-212.4 - -181.4 kcal/mol) of C-E relative to the
marginal C-M interactions (-18.4 - -16.7 kcal/mol) confirm the
polar covalent (C-E) and electrostatic (C-M) bonding nature,
respectively. Note that IQA predicts that C-M interactions are
attractive (mainly Coulombic) in total agreement with the
partial charge analysis. Additionally, the C-E, C-M, and E-Li
delocalization indices (8), an estimation of the bond order
within the IQA methodology, support that C-E is a double bond
(6=1.6 - 1.8). In contrast, C-M (6=0.1 - 0.2) and E-M (6=0.1) are
dominated by electrostatic interactions, in total agreement with
the WBI analysis. Similar IQA trends were obtained for type-B
isomers. The results are included in Table S2.

The Bind analysis of the A and B isomers of CSi,Li, shows a
diatropic current (in blue) flowing around the Si-C-Si framework
and inducing a shielding cone in that region. Concomitantly, the
lithium atoms are deshielded (characterized by positive Bind,
values) due to a local paratropic current (in red) in the vicinity
of their nuclei. Note that the o-delocalization in the Si-C-Si
framework is the dominant one in both structures (Fig. 3). The
diatropic current depicted in CSiyLi; (A) is interrupted in the
corresponding type-A systems with heavier E atoms, decreasing
the o-shielding (Fig. S12).
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Fig. 2. AANDP analysis of type-A (left) and B (right) ptCs of CSi2Li2. ON stands for

occupation number.
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Remarkably, the bending of the Si-C-Si fragment induces a
“single” Si-Si bond (WBI = 1.14), leading to the electron
delocalization in the Si-C-Si triangle, so this moiety can be
considered aromatic. This diatropic pathway around E=C=E was
also found in the remaining B isomers (see Fig. S13).

So, if aromaticity in the E=C=E ring leads to global minima
adopting the type-B form, why is it not the most stable isomer
in the sodium cases? To answer this question, we compute the
E=C=E dianions corresponding to the angular and linear
fragments. Contrary to what is expected, the linear motif is
lower in energy than the angular one by 6.13, 6.93, 5.47, and
3.41 kcal/mol as moving from Si to Pb. In other words, although
aromaticity could stabilize the type-B structures, an important
factor is the repulsion between cations. This explains why, in
Na-clusters, the most favorable structure is the one with the
most distant cations (type-A).

Table 3. Energy components (kcal/mol) of IQA for type-A CE,Li, (E = Si, Ge, Sn, and Pb).
V,‘é’j, Vnt, and ViR are interatomic IQA interaction energy, coulombic and exchange-
correlation energy components, respectively. The delocalization indices are represented
by 8. Values between parentheses correspond to Na-clusters.

CSi,Li, CGe,li, CSn,Li, CPb,Li,

Vigi(C — E) -773.4(-683.0)  -386.5(-346.8)  -310.4 (-277.7)  -251.2 (-226.3)

Vir(C - E) -587.2(-501.6)  -174.0(-140.1)  -117.3(-90.2) -63.5 (-44.5)

Vint(c —E) -186.2 (-181.4)  -212.4(-206.7)  -193.2(-187.5)  -187.7 (-181.9)

V,IQ"j(C - M) -408.8 (-308.78)  -289.1(-213.3) -270.5(-194.3)  -247.0(-174.1)

Vir(C — M) -390.4 (-290.6)  -272.4(-196.6)  -253.4 (-177.3)  -229.6 (-156.5)
Vimt(c — M) -18.4 (-18.2) -16.7 (-16.7) -17.1(-17.0) -17.4 (-17.6)
Vigh(E — M) 82.9(52.4) 23.8(6.2) 15.7(-0.2) 3.6(-9.3)
VIt (E — M) 87.5 (58.5) 29.2 (13.2) 20.8 (6.9) 8.7(-2.1)
ViRt (E — M) -4.5(-6.1) -5.4(-7.0) -5.1(-7.1) -5.1(-7.2)
8(C—E) 1.6 (1.6) 1.8(1.7) 1.7(1.7) 1.7(1.7)
5(C—M) 0.2(0.2) 0.1(0.2) 0.1(0.2) 0.1(0.2)
5(E — M) 0.1(0.1) 0.1(0.1) 0.1(0.1) 0.1(0.1)
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Fig. 3. The isolines of the orbital contributions to B"Y, for isomers A and B of CSi,Li, in the
left panel. J"d vector maps in the right panel. The diatropic and paratropic currents are
shown in blue and red, respectively. All the computations were performed at the
TPSS/TZP-DKH level.

In summary, seven systems of the CE;M; (E = Si-Pb, M = Li,
and Na) combinations were identified as global minima with a
ptC. The series was proposed according to the m-localization
strategy, in which the central carbon forms a double bond with
each atom of group 14. As a result, two different E=C=E motifs
arise, a linear one with an unusual sp hybridization of the carbon
(A) and a bent one with an sp? hybridization (B), which
according to the magnetic response, have a E=C=E fragment
with o-aromaticity. In contrast, the interactions of the center
with the alkali-metals are predominantly electrostatic. The
formation of multiple bonds enhances the stabilization of these
systems, which contrasts with the traditional approach of using
m-acceptor/o-donor ligands.
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