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All-metal Baird aromaticity
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The Baird’s rule has been applied to a large scope of organic
molecular systems for rationalizing the aromaticity reversal in
the lowest-lying triplet state. In this study, we demonstrate
that the Baird’s rule can be also extended to all-metal systems
with o- and m-aromaticity.

Aromaticity is an important concept with ever-increasing
attractiveness in the field of chemistry. Early development of
aromaticity concept was limited to organic species, among
which is benzene the most quintessential aromatic molecule.
The well-known Hickel’s rule states that in the singlet ground
state (So),
aromaticity while a 4n one exhibits anti-aromaticity.! First
proposed in 1972, the Baird’s rule indicates the reversed
aromatic character of the lowest-lying rut” triplet state (T1) in

a 4n+2 monocyclic annulenic circuit exhibits

annulenes,? with the same electron-counting rule as Mdobius
aromatic systems in the So state (4n aromatic and 4n+2
antiaromatic).3 Application of Baird’s rule has also been
extended to M&bius molecules and transition state structures.*
5 The Baird’s rule is a useful tool for rationalizing excited-state
properties and reactions, particularly for organic species.®13 In
contrast with extensive studies of Hickel-type all-metal
aromaticity in the ground state,* 15 Baird aromaticity of all-
metal species has never been clearly proven in literature.

The first reported all-metal four-m-electron antiaromatic
species, LizAls, contains a planar Als* moiety.1® The LisAls~ has
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two delocalized o molecular orbitals (MOs) consistent with the
o-radial (orag) and o-tangential (owan) orbitals of AlsZ, which is
also m-aromatic.1® 17 With the additional two electrons, the
naked Als* in the triplet state could be aromatic in one of the
three aromatic systems (Orad, Otan, and ) if it follows the Baird’s
rule. One of the key targets in our study is to explore the
aromatic characters of the triplet Als* as well as cation-
stabilized derivatives such as LizAl,” and related species like
Li3Ga4'.

It has been shown that boron rings doped with beryllium
cations, such as those in Be,Bg and Be,B5*, can achieve aromatic
triplet ground states.'® Note that triplet ground state could also
be achieved in osmapyridinium complexes due to adaptive
aromaticity and substituent.?® The boron rings possess 4o and
6m delocalized frameworks. It is clear that the 6m system
accounts for m-Hiickel aromaticity, however, whether the 4o
delocalized framework is associated with o-Baird aromaticity
remains undetermined.

B L

SOMO SOMO’ HSOMO HSOMO-1 SOMO SOMO’

DE B @

HOMO HOMO-2 HOMO-3 HOMO-3
Top view Top view Side &'ew l\TOP view  side view
Side view 2.58! &
© ol X O. 4\ :
2.580
AL+ 3Li,Al, *Be,B,

Fig. 1 Key molecular orbitals and optimized structures of 3Al;* (a), 3LisAl; (b), and
3Be;,Bs (c). Isovalue for MOs: 0.03 a.u., except for the SOMOs of 3Al;* (0.02 a.u.).
Bond lengths are given in A.

In this study, we applied the density functional theory (DFT)
to evaluate the aromaticity of a series of all-metal clusters using
state-of-the-art approaches including the electron density of
delocalized bonds (EDDB),2° the multicenter index (MCl)21-24
within the quantum theory of atoms in molecules (QTAIM), 25 26
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and the iso-chemical-shielding surfaces (ICSS) method.?” Our
results prove for the first time that the Baird’s rule can be also
applied to all-metal species.

In the T, state, two unpaired electrons of Al,* occupy o MOs
instead of m MOs while the optimized geometry is Dan
symmetric (Fig. 1a). We are aware that 3Al,* is unstable with
respect to Als + three free e. Although the electrons of the
singly occupied molecular orbitals (SOMOs) of 3Als* are
unstable, both degenerate orbitals show the anti-bonding
character of the o-radial system. The formal electron counts
suggest the triple aromaticity of 3Al,*: Hickel aromaticity in the
Otan System (2e in HOMO), Hickel aromaticity in the 1 system
(2e, see Fig. S1 in the ESI), and Baird aromaticity in the Oaq
system (4e in SOMO, SOMQ’, and HOMO-2). Three lithium
cations (Li*) can stabilize the extra electrons of Al,* by lowering
the m* orbitals. Change of o to 1 aromatic character due to
coordination of counterions was already observed in Mgs*
/NaMgs™ or NaMgs.28 2° Consequently, the unpaired electrons
of 3Li3Als belong to the mt system including HSOMO, HSOMO-1,
and HOMO-3 (Fig. 1b), indicating the possibility of 4m Baird
aromaticity. Similar to 1LisAls’, the 3LisAls is also doubly aromatic
in the o framework (Fig. S1).

The singlet-triplet energy gaps (AEst = Er — Es) of Als* and
LisAls~ evaluated using the coupled cluster method CCSD(T) are
3.0 kcal mol* and 0.9 kcal mol-, respectively (Table S1). The AEst
values are even less positive at the B3LYP level (Als*: 1.6 kcal
mol?; LisAls: -0.5 kcal mol?). These small AEsr values could
result from the extra stabilization by the Baird aromaticity in the
triplet state. As an isoelectronic analogue of LisAls, the LizGas
also has 4m-electrons. More interestingly, we found that LizGas
has a triplet-ground state with a negative AEst value (-1.8 kcal
mol1) calculated at the CCSD(T) level, indicating such an all-
metal cluster is significantly stabilized in the triplet state
probably due to the Baird aromaticity.

Same with 3Al4%, both Be;Be and Be,B;* have two SOMOs in
the 4-electron o4 system (Fig. 1c and Fig. S1). However, formal
electron count is not enough to determine the triplet-state
aromaticity of these aluminum or boron clusters as the
applicability of Baird’s rule in all-metal systems has never been
proven before. To verify or falsify the hypothesis of Baird
aromaticity in these compounds, we need to apply a set of
aromaticity indices.30

We first performed an EDDB analysis to quantitatively
evaluate the electron delocalization of these systems (Fig. 2).
Dissected EDDB results were calculated based on the symmetry
of natural orbitals for bond delocalization (NOBDs). As a typical
organic Baird aromatic molecule with 4m-electrons, the Dy
cyclobutadiene (3CBD) is used here for comparison. The m-
EDDB, (2.21e) and m-EDDBg (0.75€) of the triplet CBD show 75%
degree of delocalization in both o and B subspaces. To obtain a
clearer view of m-delocalization in 3LisAly and 3LisGas, we
adopted the four-Lit* stabilized analogues with more symmetric
geometries (Fig. 2). m-Electron delocalization in the Als* and
Gaz* moieties of 3LisAls (2.38e) and 3LisGa, (2.33e) are only
slightly smaller than that in CBD (2.96e), suggesting that both
clusters can be considered as Baird aromatic. In comparison, the
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n-EDDB in the singlet state are much smaller (ILisAls: 0.97€;
1Li,Gas: 0.39e) probably due to the 41 Hiickel antiaromaticity.

In contrast to the above analyzed m-Baird aromatics, the
3Al,* appears to have very weak delocalization in the Orag
framework (0.77e). In fact, we classified the two SOMOs of 3Al*
as Oraq Orbitals, but because of their Rydberg character they
contribute less than expected to the or.g delocalization. On the
other hand, both 3Be;B¢ (0raq-EDDB: 3.00e) and 3Be;B7* (Orad-
EDDB: 3.15e) can be considered as Baird aromatic (Fig. 2) due
to large degrees of delocalization (75% in 3Be;Bg and 79% in
3Be;Bs*). The org-EDDB values in the spinless singlet state
(1Be;Bs: 2.78e; 1Be;B;*: 2.49e) are only slightly smaller than
those in the triplet state, and thus we are unable to deduce the
aromaticity reversal simply based on EDDB results.
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Fig. 2 Dissected EDDB results. Isovalues for o-EDDB and m-EDDB are given in
parentheses (iso,; iso,). As the o,.¢ NOBDs of 3LisAl; and 3LisGa, are less distinct
from the rest of the o components, the o,,4-EDDB values were not calculated for
these two species. Lithium and beryllium cations were not included in the EDDB
calculations.

The EDDB analysis did not provide clear evidence for the o-
Baird aromaticity of 3Als%, but the normalized MCl values (Table
1) calculated for the oraq systems of 3Als* (0.671) and Als* (-
0.527) suggest that the naked Als* actually follows the Baird’s
rule. The o-MCI¥" values for Be;Bs (singlet: -0.568; triplet:
0.627) and Be;B7* (singlet: -0.580; triplet: 0.691) indicate that
both species follow the Baird’s rule, while the o-Baird
aromaticity exists in the triplet state. The -MCI¥/" of 3LisAly
(0.511) and 3Li3Gag (0.498) are only slightly smaller than that of
CBD (0.656). However, the n-MCI¥" of 1LisAls (0.369) in the
spinless singlet state is not small enough to indicate mn-
antiaromaticity, whereas 1LizGas has a negative ni-MCIV/" value
(-0.266) that supports the aromaticity reversal of LisGas".
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Table 1. Singlet-triplet energy gaps and MCI/"in the triplet state @

AEst® Orad System? T system? o-MCl/” o-MClgt/ o-MCIvn T-MCl"  -MClg¥" n-MCIYn
3CBD 5.9¢ \ Baird (3//1) \ \ \ 0.666 0.646 0.656
Al 1.6 Baird (3//1) Huckel (1//1) 0.683 0.658 0.671 [-0.527) 0.658 0.658 0.658 [0.648)
3LisAls -0.5 Huickel (1//1) Baird (3//1) 0.758¢ 0.758¢ 0.758¢[0.758) 0.412 0.573 0.511 [0.369)f
3LisGas -1.7 Hiickel (1//1) Baird (3//1) 0.755¢ 0.755¢ 0.755¢[0.739) 0.384 0.565 0.498 [-0.266)
3Be;zBs -8.2 Baird (3//1) Hiickel (3//3) 0.621 0.632 0.627 [-0.568) 0.597 0.596 0.596 [0.548)f
3BesB7* -12.6 Baird (3//1) Huckel (3//3) 0.655 0.719 0.691 [-0.580) 0.636 0.636 0.636 [0.555)

aFor CBD, Als%, LisAls, and LisGaa, n=4; for Be2Bs, n=6; for BezB7*, n=7. » AEst values at the B3LYP level are given in kcal mol while those at the CCSD(T) level are provided
in Table S1 in the ESI. <CCSD(T) value is 11.9 kcal mol! and experimental value for the tetrakis(trimethylsilyl)cyclobuta-1,3-diene species is 13.9 kcal mol1.319 (m//n)
means that the system has m o and n B electrons. ¢ The given o-MCl values of LisAls- and LisGas” were calculated with contributions from inseparable orad and otan systems,
whereas for the rest of the species only the craq System was considered. f The MCIY/" values in the spinless singlet state are given in square brackets.

Both CBD and 3Al4* possess the shielding cones covering the
four-membered rings (4MRs) and the surrounding deshielding
loops, which are characteristic of aromatic systems.3?2
Regardless, the ICSS plot of 3Al,* does not help determine
whether there is Baird aromaticity in the oraq system because

the species is already Hiickel aromatic in both otn and 1t systems.

Interestingly, a deshielding loop and a deshielding cone coexist
in the LizAl,; which has conflicting aromatic characters. The
double o-Huckel aromaticity is dominant in the formation of the
deshielding loop, while the deshielding cone is indicative of
antiaromaticity which can only results from the 4m system of
1LizAls. The HOMO of LisAls~ has 0.29 electrons of backdonation
from Lis3* to the 4MR, which is absent in 1LisGas (Fig. S2). Such
difference could explain why the m-antiaromatic character of
1LisAl4 is relatively weaker than that of !LisGas” which can no
longer uphold the rectangular 4MR (see Fig. S3), accounting for
the distinct T-MCIY/" values (1LisAl4: 0.369; 1LisGas: -0.266). The
ICSS plots of Be,Be and Be,B;* indicate antiaromaticity in the
spinless singlet state and aromaticity in the triplet ground state.

CBD Li, Al LAl 'LiGa;  SLiGa,
0.10 -0.10 0.30 -0.30 0.60 -0.60 0.60 -0.60 0.60 -0.60
de-shielding shielding
3A| 4 1 3 1 + 3 +
Al, Be,B, Be,B, Be,B, Be,B,
1.20 -0.50 0.60 -0.60 0.14 -0.10 5.00 -5.00 0.30 -0.30

A AR ]

Fig. 3 ICSS plots for CBD and a series of all-metal clusters. Varying isovalues given
in italic were used for the optimal display of shielding (blue) and de-shielding (tan)
surfaces.

Hence, aromatic characters of a series of all-metal clusters
in the lowest-lying triplet state evaluated via EDDB, MCI, and
ICSS analyses have been discussed in this study. We proved the
n-Baird aromaticity of 3LisAl; and 3LisGas™ as well as the o-Baird
aromaticity of 3Be,Bs and 3Be,B7*. Moreover, LisGas, Be;Bg, and
Be,B;* are triplet ground state species due to significant
stabilization from Baird aromaticity. For the first time, we
demonstrated that all-metal species can also follow the Baird’s
rule. Our findings expand the scope of Baird’s rule and open up
an avenue to the study of all-metal Baird aromatics.
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Notes and references

¥ DFT calculations were carried out using the Gaussian 09
software package.33 Geometries were optimized at the (U)B3LYP
level with the aug-cc-pVTZ basis set for C, H, Li, Al, Be, and B atoms
and the aug-cc-pVTZ-PP basis set34 3> for Ga atoms. Exceptionally,
the 6-311+G(d) basis set was used for the naked Als* cluster.3®
These basis sets were also used in EDDB and MCI analyses at the
(U)CAM-B3LYP level.37. 38 A |ess expensive method, (U)B3LYP/6-
31G(d)~LanL2DZ (LanL2DZ for Ga and 6-31G(d) for the rest
atoms), was adopted in the ICSS calculations using the gauge
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invariant atomic orbitals (GIAO) method. The Multiwfn program3°®
was used to calculated the ICSS. The RunEDDB script program*°
was used for EDDB analyses. The EDDB¢ function evaluates only
the local resonance while the EDDBe function also includes
external resonance effects. We used EDDB¢ instead of EDDB¢ for
Als, Gas, Bg, and B; fragments in cation-stabilized systems. The
MCI analyses were performed using the AIMALL and ESI-3D
programs.#1-45> The CYLview?® and VMD#*’ programs were used for
the visualization of optimized structures, EDDB, and ICSS surfaces.
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