#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

W) Checkfor updates Planar pentacoordinate s-block metalsf

Meng-hui Wang,1* Amlan J. Kalita, © ® Mesias Orozco-Ic, @ ¢ Gai-ru Yan,?
Chen Chen,? Bing Yan, ©?2 Gabriela Castillo-Toraya,® William Tiznado, @ *¢
Ankur K. Guha, ©*° Sudip Pan, ©*2 Gabriel Merino ©*® and Zhong-hua Cui ® **f

Cite this: Chem. Sci., 2023, 14, 8785

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

The presence of a delocalized w-bond is often considered an essential criterion for achieving planar

hypercoordination. Herein, we show that o-delocalization could be sufficient to make the planar
configuration the most stable isomer in a series of planar pentacoordinate s-block metals. High-level ab
initio computations reveal that the global minimum of a series of interalkali and interalkali-alkaline earth
clusters (LiNas, LisMg*, NasMg*, KsCa*, CaRbs*, RbsSr*, and SrCss*) adopts a singlet Dsy, structure with
a planar pentacoordinate lithium or alkaline earth metal (AE = Mg, Ca, Sr). These clusters are unusual

combinations to stabilize a planar pentacoordinate atom, as all their constituents are electropositive.
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Accepted 14th July 2023 Despite the absence of m-electrons, Huckel's rule is fulfilled by the six c-electrons. Furthermore, the

systems exhibit a diatropic ring current in response to an external magnetic field and a strong magnetic

DOI: 10.1039/d25c05939h shielding, so they might be classified as g-aromatic. Therefore, multicenter g-bonds and the resulting o-
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Introduction

Planar tetracoordinate carbons (ptCs) defy the standard para-
digm of organic chemistry, yet they have been theoretically
predicted, and experimentally isolated and characterized."* The
story of these exotic molecules began with the report of a ptC
transition state for methane in the stereomutation process of
a tetrahedral carbon by Monkhorst.*> Subsequently, in a seminal
paper, Hoffmann and co-workers analyzed bonding in planar
methane and concluded that multicenter bond formation and
lone pair delocalization on the central carbon atom are the key
factors for the stability of ptC.* Collins et al. followed these ideas
to predict some ptC systems that are energetically more stable
than their tetrahedral counterpart.® This field has developed
over time and now includes compounds containing planar
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delocalization stabilize these clusters, even though they lack -aromaticity.

tetra-, penta-, and even hexacoordinate carbon atoms.®> In
fact, planar hypercoordination is not restricted to carbon
only,>*** other p-block elements have the ability to form these
peculiar structures. However, as the electronegativity increases,
stabilization of a planar hypercoordinate atom becomes more
difficult since m-electrons would not be effectively delocalized.
Although their number is relatively low, some planar hyper-
coordinate nitrogen and oxygen systems have been
reported.*** Merino and co-workers have recently designed one
of the challenging systems, (quasi) planar tetracoordinate
fluorine (ptF) in FIn,', FTl,", FGaln;*, FIn,Tl,", FInsTl", and
FInTI;".* Being the most electronegative element, the interac-
tions of fluorine with the peripheral atoms are electrostatic in
nature, affecting electron delocalization. So, the fluorine in
these odd structures does not act as a c-acceptor, restraining
any back-donation.

So, a common feature of all these systems is that the
hypercoordinate center is a p-block element. What about the s-
block elements? Recently, some of us reported an intriguing set
of systems with a planar pentacoordinate beryllium (ppBe)
atom, BeM;' (M = Cu, Ag, Au), where three delocalized o-
orbitals support the bonding between Be and M; unit.*® Beryl-
lium is unique among the s-block elements because of its
relatively large electronegativity and small radius. It has the
highest capability to form covalent bonds between elements of
the same block. Therefore, the 5-bonds in these ppBe clusters
seem strong enough to prevent isomerization into a non-planar
form. Is it plausible to obtain candidates having a planar pen-
tacoordinate alkali metal or an alkaline earth metal?

Herein, we attempt to extend the list of compounds with
planar pentacoordinate alkali (ppA) and alkaline-earth (ppAE)
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metals. LiNa; has a planar pentacoordinate lithium (ppLi) atom
as the most stable isomer. Although this structure has previ-
ously been detected in the gas phase, its unusual form and way
of stabilization were ignored. Gratifyingly, we found new planar
pentacoordinate magnesium (LisMg" and NasMg'), calcium
(KsCa" and CaRbs"), and strontium (RbsSr* and SrCss") atoms.
To understand their stability, we have analyzed the nature of
bonding and possible electron delocalization.

Computational details

The potential energy surfaces were systematically explored
using the CALYPSO (Crystal structure Analysis by Particle
Swarm Optimization) code.*® Initial screening of both singlet
and triplet configurations was performed at the PBEO-D3/def2-
SVP level.*” The resulting structures were re-minimized and
characterized at the PBE0-D3/def2-QZVPP level. The final ener-
gies were refined at the CCSD(T)**/def2-QZVPP level of theory.
Therefore, the further discussion is based on the CCSD(T)/def2-
QZVPP//PBE0-D3/def2-QZVPP results.

The multireference complete-active space self-consistent
field (CASSCF)* computations were performed using MOL-
PRO.* The single-point computations of CASSCF and its
second-order multireference perturbation theory (CASPT2)>*
were conducted using the def2-QZVPP basis set on the PBE0-D3/
def2-QZVPP geometries. For the active space, six orbitals (three
occupied and three unoccupied) and six electrons were
considered. Additionally, the geometries of the first three low-
lying isomers were optimized using the CASPT2/def2-TZVPP
level.

Electron delocalization was analyzed by computing the
magnetic response to a unit external magnetic field (1.0 T). The
magnetically induced current density® (J™%) and the induced
magnetic field*** (B™?) were calculated using the GIMIC® and
Aromagnetic®® programs, respectively. The external magnetic
field was oriented parallel to the z-axis, perpendicular to the
molecular plane. Under these conditions, the z-component of
B™ (B"!) is equivalent to the NICS,, index. Since the
BHandHLYP functional®” best matches the magnetic properties
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calculated at the CCSD(T) level, the magnetic response calcu-
lations were carried out using that functional together with the
all-electron TZP-DKH?® basis set, which includes scalar relativ-
istic corrections. To quantify the degree of delocalization in the
seven clusters, the ring current strengths (') were computed.
These values are derived by integrating J'™ along a plane that
begins at the center of the molecule, intersects a bond, and ends
where J™® vanishes. The contributions of the core electrons to
the magnetic response were calculated using the RVE method,
i.e., for highly charged molecules whose valence electrons have
been removed but without relaxing the molecular structure.
Therefore, the magnetic response of a system without its
valence electrons is equivalent to the magnetic response of the
core electrons.>

Chemical bonding analyses were performed using the
natural bonding orbitals (NBO) program.® To investigate the
multicenter bonding feature, adaptive natural density parti-
tioning (AANDP)* analysis was performed using the Multiwfn
program code.®> The nature of the chemical bonding is further
analyzed with interactive quantum atom analysis (IQA).*** IQA
was performed at the PBE-D3/TZ2P level using the ADF 2020
package.®®®” All other calculations were performed with the
Gaussian 16 package.®®

Planar pentacoordinate alkali metals

To minimize the computational cost, only the potential energy
surfaces (PESs) of those combinations satisfying two conditions
were explored: the first condition is that a perfect pentagon with
a planar pentacoordinate alkali (ppA) at the center is
a minimum. The second is that the ppA isomer is energetically
more stable than the corresponding planar tetracoordinate
alkali metal (ptA) form. Only three (LiNas, LiK5, and LiRbs) of
the 25 possibilities satisfy both criteria at the CCSD(T)/def2-
QZVPP//PBE0-D3/def2-QZVPP level (see Table S1 and Fig. S17).

For these three combinations, the eight low-lying energy
isomers are depicted in Fig. 1. According to global minimiza-
tion, the most energetically stable configuration is a ppLi (A1). A
Cy4y, square pyramid (A2) is the closest form in energy (4.2, 0.8,

O Li
© Na/K/Rb
Al (Dsy, 'AY) A2 (G, 'A) A3 (G, 'A) A4 (G, 'A)
0.0/0.0/0.0 4.2/0.8/2.5 4.5/2.6/3.8 6.3/1.6/3.6
A5 (G, 'A) A6 (C,,°A) A7 (C,°A) A8 (C,,°A)
6.7/1.5/4.3 8.3/2.7/4.2 9.5/4.2/6.3 15.5/9.3/11.1

Fig.1 PBEQ-D3/def2-QZVPP geometries of the low-lying energy isomers of LiMs (M = Na/K/Rb). Relative energies in kcal mol ™ were computed
at the CCSD(T)/def2-QZVPP//PBEO-D3/def2-QZVPP level, including the zero-point energy computed at the DFT level. Point groups and

spectroscopic states are given in parentheses.
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and 2.5 kcal mol " for M = Na, K, and Rb, respectively), fol-
lowed by a ptLi isomer (A3). Systems A4 and A5 contain a tri-
coordinate and dicoordinate A atom, respectively. Note that
while the previous five isomers are in a singlet electronic state,
the next three are triplets.

The T;-diagnostic was done to check the reliability of mono-
determinantal methodologies in these systems. It is apparent
from Table S2t that the LiK; clusters have somewhat higher T;
values than LiNas analogues. Particularly, the triplet states have
very high T, values (0.08-0.15), which motivated us to perform
CASPT2(6,6)/def2-QZVPP//PBE0-D3/def2-QZVPP computations.
At the CASPT2 level, the ppLi isomer for LiNas; remains the
lowest energy structure, unequivocally confirming its genuine
candidacy in the flat world (see Fig. S2t). In contrast, the square
pyramid becomes the lowest energy structure for LiKs; and
LiRbj, 2.8 and 2.1 kcal mol ! more stable than the ppLi isomer,
respectively (Fig. S21). In fact, ptLi is 1.3 kcal mol ' more stable
for the latter system than ppLi at the CASPT2 level. The first
three low-lying isomers were optimized at the CASPT2/def2-
TZVPP level to confirm if the energy trend of the isomers
matches the results of the CASPT2//PBE0-D3 level. As shown in
Table S3,7 the difference in relative energies between these two
levels ranged from 0.2 to 2.5 kcal mol '. However, the global
minimum isomer remained the same in both cases. These
findings suggest that the ppLi form is preferred for LiNas due to
both electronic and geometric factors, but for its heavier
analogues, the larger ring size weakens the interaction between
Li and peripheral atoms, resulting in others less symmetric
structures being more stable than ppLi isomer.

In previous studies, pure and inter-alkali metal clusters with
different combinations and sizes, including LiM;, were detected
in the gas phase by mass spectroscopy.®® LiNas; has been
identified experimentally and even Silva et al.*” found that the
ppLi arrangement is the most stable at the MP2 level. So, strictly
speaking, we only confirm what has already been reported up to
this point using multireference level.

o
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Planar pentacoordinate alkali-earth
metals

Let us expand this search to systems that contain a ppAE metal.
Only six combinations (LisMg*, Na;Mg", KsCa', CaRbs', RbsSr",
and SrCss") satisfy both constraints following the same protocol
established in the previous section (see Table S47). Gratifyingly,
the D5, ppMg form, with an 1A, electronic state, is the most
stable isomer for both LisMg" and Na;Mg" (AE1, see Fig. 2). The
nearest energy isomer has a C, three-dimensional configuration
(AE2), being 4.6 (Li) and 4.4 (Na) kcal mol™" higher in energy
than the global minimum. The ptMg isomer (AE4) lies 7.1 (Li)
and 5.5 (Na) keal mol " above the ppMg. The closest triplet has
a three-dimensional structure with a relative energy of 7.2 (Li)
and 9.2 (Na) kecal mol " with respect to the ppMg cluster. There
is no significant difference in relative energy between CCSD(T)
and CASPT?2 levels (see Table S5 for T;-diagnostics, and Table S3
and Fig. S37 for relative energies). The trend is same for CaM;"
(M =K, Rb) and StM;" (M = Rb, Cs) clusters (see Fig. S4-S77).
The ppAE form (AE = Ca, Sr) in all four cases is the most stable
isomer at the CCSD(T) and CASPT?2 levels. The relative energies
with the closest three-dimensional isomer and the ptAE isomer
are gradually reduced from Mg to Sr.

Structure and bonding

One of the most evident geometrical features is that the Li-M
and AE-M bond lengths in LiM; (M = Na, K) and AEM;" are
significantly longer (between 0.17 and 0.59 A, see Table 1) than
the typical covalent bond lengths proposed by Pyykké and
Atsumi,” which is typical for atoms bonded through multi-
center bonds. The WBI values for Li-M and AE-M bonds range
from 0.26 (Li-K) to 0.33 (Li-Mg), while they are smaller for M-M
bonds (0.10-0.21). Since Na and K are more electropositive than
Li, Li gets a negative CM5 charge of —0.18¢ in LiNa; and —0.17¢
in LiKs. For the same reason, the natural charge on AE in the

O Mg
© Li/Na
AE1 (Dy,'A}) AE2 (C,'A AE3 (C,, 'A AE4 (G,,,'
0.0/0.0 4.6/4.4 4.5/5.1 7.1/5.5
AES (G, *A) AE6 (Cy,,'A}) AE7 (Cy,,'A)) AE8 (Cy,,°A))
7.2/9.2 — /9.7 3.5/16.3 11.1/11.8

Fig.2 PBEOQ-D3/def2-QZVPP geometries of the low-lying energy isomers of MsMg* (M

= Li/Na). Relative energies in kcal mol~ were computed

at the CCSD(T)/def2-QZVPP//PBEO-D3/def2-QZVPP level, including the zero-point energy calculated at the DFT level. Point groups and
spectroscopic states are given in parentheses. For LisMg*, AE6 converges to AE2.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2023, 14, 8785-8791 | 8787


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05939h

Open Access Article. Published on 14 July 2023. Downloaded on 11/14/2025 5:42:02 AM.

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

(cc)

Chemical Science

Table 1 CMs charge (q) in |e|, bond lengths r in A, and Wiberg bond
indices (WBI) for the planar pentacoordinate s-block metal atoms

qa/aE qm Tame-m "™mom WBIaapm  WBIym
LiNas —0.18  +0.04  3.111 3.657  0.28 0.21
LiKs —0.17  +0.03  3.797 4.464  0.26 0.19
LisMg®™  —0.13  +0.23  2.888 3.395 0.33 0.12
Na;Mg" —0.17 +0.23  3.234 3.802  0.31 0.10
KsCa* —0.16  +0.23  4.123 4.847  0.32 0.11
CaRbs" —0.15 +0.23  4.337 5.098  0.31 0.10
RbsSr —0.13  +0.22  4.490 5.278  0.28 0.11
SrCs;* —0.17 +0.23  4.764 5.600  0.29 0.10

cationic clusters is also slightly negative (ranging between
—0.13e and —0.18e).

To understand a little more about how atoms are bonded in
these clusters, we performed an interacting quantum atom
(IQA) analysis. Table 2 summarizes the values of the interatomic
interaction energy (Viora) and their electrostatic (Vionic) and
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exchange (Veoval) components. For Li/AE-M contacts, both ionic
and covalent contributions are attractive, with the former being
more dominant than the latter. Now, if we compare the values
for ppLi with the corresponding ones in ppAE, both ionic and
covalent interactions are improved in the latter cases. Note that
the ionic attraction of AE-M bonds gradually decreases from Mg
to Sr. On the other hand, for ppLi, there is a tiny electrostatic
repulsion between the M-M bonds, which is compensated by
the attractive covalent interaction. But for ppAE cases,
a combination of enhanced ionic repulsion and weak covalent
attraction makes the M-M contacts repulsive in nature.

Aromaticity

All of the ppA systems in this study have six valence electrons
distributed in multicenter c-orbitals, which include a degen-
erate HOMO and HOMO-1, as shown in Fig. S8t and AANDP
orbitals in Fig. S91. Therefore, Hiickel's rule is fulfilled by these
o-electrons. In previous studies, oc-aromaticity has been

Table 2 The results of IQA analysis of LiMs (M = Na, K) and AEMs* computed at the PBE-D3/QZ4P level, where inter-atomic interaction energy
(Viotal) and its electrostatic (ionic, Vienic) and exchange (covalent, Vova) contributions are provided in kcal mol™*

LiNas LiK5 LisMg" Nas;Mg" KsCa* CaRbs" RbsSr* SrCss”
Viotal (LI/AE-M) —-30.0 —35.9 —268.1 —-116.1 -77.9 —65.9 —57.2 —58.6
Vionic (LI/AE-M) —22.7 —10.6 —241.0 —80.7 —47.4 —37.1 —28.7 —31.9
Veoval (LI/AE-M) -7.3 —25.3 —27.1 —35.3 —30.6 —28.8 —28.5 —26.8
Viotal (M-M) —23.7 —-8.8 58.1 20.3 10.9 7.9 5.6 6.4
Vionic (M—-M) 4.2 2.2 58.9 23.6 14.5 11.8 9.8 10.3
Veoval (M-M) —27.8 —11.0 —0.8 —3.4 —3.6 —4.0 —4.2 —3.9

-30
SrCss+ B opm)
Bl

' ‘ |Ji"‘l|(;\.u)
0.05 0.1

Fig.3 In the top panel: the BY“ isolines plotted in the molecular plane (left) and a transversal slide (right). In the bottom panel: J™ maps plotted
near the molecular plane. The arrows indicate the direction of the current density. The [J"9| scale is in atomic units (1 au = 100.63 nA T~* A~2).
The external magnetic field is oriented parallel to the z-axis, perpendicular to the molecular plane.
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Table 3 The ring-current strengths (/™) in nA T~ obtained from the
integration of total (all-electron) J™ and its core-electron (RVE)
contribution for the pplLi and ppAE clusters computed at the
BHandHLYP/TZP-DKH level. The valence (o-electron) contribution is
obtained by subtracting the core electron strength from the total

rmd LiNa; Li;Mg® Na;Mg" K;Ca® CaRb;" RbsSr* SrCs;"
Total 17.94 27.79 33.22  50.50 50.59 81.95 88.04
Core 418 19.26 19.26  34.26 3423 66.70 66.70
Valence (¢) 13.76 8.53 13.96  16.24 16.36 15.25 21.34

recognized as a crucial factor in stabilizing planar hyper-
coordination.***>”* However, this phenomenon is usually
accompanied by the delocalization of p orbitals or the presence
of d orbitals in the ligands. In the present cases, the clusters
only possess weak s-bonding, particularly for LiNas. This raises
an intriguing question: can the limited o-delocalization in these
systems induce a diatropic ring current and a shielding cone
when an external magnetic field is applied?

All these systems exhibit a diamagnetic magnetic response
(negative B™ values) and the formation of a shielding cone
below and above the ring (Fig. 3), which is characteristic of an
aromatic system. But, the B values are strongly affected by the
core electron magnetic response, mainly because heavy nuclei
produce strong local shielding cones. So, to quantify the degree
of delocalization in the seven clusters, the ring current
strengths (I'™%) were computed. Since the integration domain
covers the local atomic current of the central atom, the ™
values for the seven planar pentacoordinate s-block metals
systems (ranging from 17.94 to 88.04 nA T~ ') are relatively high
compared to the benzene value of 12 nA T~ ', particularly for
those with heavier elements (see Table 3). It is well-known that
the effect of the core electron on ring-current strengths in
organic molecules is typically negligible® but may be relevant
for our molecules with heavy atoms,”””* even more so if the
integration plane crosses a nucleus. This is also evident in the
J™4 plots (Fig. 3), where the current-density pathways are dis-
torted near the nuclei due to local atomic currents in the
heaviest clusters. We also estimated the core-electron contri-
bution of I'™® using the removing valence electrons (RVE)
approach” to separate the influence of the core and valence
electrons on these strengths. Consequently, the ™ values
derived exclusively from the c-electrons range between 8.53 and
21.34 nAT . So, we may claim that MgLi5" is the least aromatic
while SrCss" sustains the strongest ring current. These values
are higher than those determined for benzene (a r-delocalized
system) but lower than those obtained for Al,>~ or CAL,>~ (both
(o + m)-delocalized clusters).””” So, these results emphasize the
significance of c-aromaticity in determining the stability and
preferred geometry of the cluster.”®”

Conclusions

Is it plausible to obtain candidates with a planar pentacoordi-
nate metal of the s-block? Yes, it is feasible. We have identified
seven clusters with a planar pentacoordinate s-block metal as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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their global minimum by systematically exploring the potential
energy surfaces of various combinations. Despite the electro-
positive nature of all their components, these clusters sustain
a strong diatropic ring current and significant shielding, sup-
porting their fully o-delocalized character. So, multicentric o-
bonds and the resulting c-delocalization stabilize these clus-
ters, even in the absence of m-orbitals. These clusters push the
covalent bonding tendency of alkali and alkaline earth metals to
the limit and provide a basis for the design of rule-breaking
planar hypercoordinate structures.
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