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ABSTRACT

Traditional experimental methods for the design of molecules are time-consuming and inefficient,
prompting a shift towards computational approaches. Here, we unveil a strategy that transcends
traditional paradigms. Rooted in first principles and liberated from experimental constraints, our
newly developed four-stage approach allows the discovery of new molecules that display
interesting properties. The current work showcases an interesting molecule that has been
discovered through this approach: a four membered cyclic compound of silicon and aluminium
that displays 27 aromaticity, and capable of the activation of important small molecules.

Designing new molecules, whether through computation or experimentation, poses a significant
challenge in chemistry, aiming for reactivity, selectivity, and stability. Traditional reaction-based
screening in experiments is inefficient and time-consuming, leading scientists to turn to
computational models for enhanced efficiency.!

Computational chemistry, powered by quantum calculations, is vital in grasping reaction
mechanisms and actively shaping molecule design. It entails two facets: one emphasizes physical
properties, integrating data science and machine learning with translation challenges,? still in early
development; the other delves into atomic-level reaction mechanisms.* While providing detailed
insights, precision requirements constrain the explored chemical space. Computational traditional
methods involve creating libraries of potential molecules, escalating time and cost with library
growth. Recently, inverse design methods have emerged, optimizing chemical structures from
desired properties using techniques like gradient-based optimization, alchemical transformations,
and machine learning.® Though these methods' application to catalysis is in early stages, ongoing

development promises robust computational catalyst design.
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The intricate nature of molecule design, marked by multiscale considerations, intricate multistep
mechanisms, and dependencies on experimental conditions, introduces formidable challenges.
Given this complexity, no singular computational strategy universally prevails for molecule
design.

Here, we present an innovative molecular design strategy grounded in first principles, independent
of experimental input. The approach involves four key stages: (1) molecular skeleton formulation
- using the AINR (ab-initio nanoreactor) method,® a logical algorithm predicts reasonable
molecular structures efficiently without relying on experimental data. AINR, based on AIMD,
introduces a virtual piston to enhance collision dynamics and surmounting barrier, allowing
exploration of reaction pathways computationally, stability validation: rigorous DFT
calculations”® ensure stability on the potential energy surface (PES) of the generated molecular
skeleton, enhancing confidence in the proposed structure, optimal molecule refinement:
iteratively refining the optimal molecule involves adjusting ligands guided by energy and magnetic
based criteria such as aromaticity,” AIM analysis,*® and conceptual DFT,!* ensuring the
identification of promising candidates, and practical applications identification: the potential
applications of the optimized molecule are systematically identified based on its structure,
reactivity, and stability. This comprehensive approach aims to contribute valuable insights to

molecular design.

In this work, we are pioneering this strategy to discover new Si-containing aromatic molecules.
Aromaticity, vital in understanding benzene's stability,*? extends to organometallic and inorganic
realms with theories like Mobius,*® Spherical,* 3D,® Baird,'® Fowler,*” metalla,*® dismutational,°
and multifold aromaticities.?® In the pursuit of Si-containing aromatic molecules, we initially
employed a Si-based reaction mixture with 10 dimethylsilylene molecules in AINR® to validate
our method (more details refer to ESI). The impracticality of incorporating bulky groups on the Si
center arises from AINR's collision nature, leading to molecule fragmentation. Our simulation,
focused on generating molecular skeletons, resulted in diverse cyclic products showcased in
Scheme 1. Notably, during the simulation, numerous products were formed and simultaneously
destroyed due to AINR's collision and relaxation processes. Consequently, our analysis selectively

prioritizes molecules with prolonged lifespans, enhancing our understanding of structural stability
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and reactivity. Analysis of the nanoreactor products (scheme 1) underscores the successful

synthesis and practical application of these molecules through judicious Si ligand selection.
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Scheme 1. The results of the AINR method has been shown here.

Peddle et al. showcased the tetramethyldisilene rearrangement,? yielding disilacyclopropane—the
product A observed in our AINR results. For a concise comparison between nanoreactor products
and reported molecules, all synthesized compounds are outlined in Scheme 2. Schnering et al.
synthesized hexa-tert-butylcyclotrisilane, a colorless, air, and heat-stable cyclo-trisilane (molecule
B).22

In the exploration for homogeneous four-membered rings (4-MRs), our inquiry yielded the planar
hexakis-cyclodisilene molecule C, a milestone marked by Kabuto et al. as the first stable
cyclodisilene. Employing Bu as an apt ligand for the Si center, they successfully synthesized
hexakis(tert-butyldimethylsilyl)tetrasilacyclobutene. Alongside, we obtained a diradicaloid,
represented by molecule D in Scheme 1. The optimized puckered structure of D exhibits a Si-Si
bond length between radical Si atoms at 2.89 A notably surpassing the previously reported longest
Si-Si bond (‘BusSi-Si ‘Bus, 2.697 A).?* The DFT calculations for molecules C and D suggest
comparable energies on the potential energy surface (AG = 0.1 kcal/mol). However, the trans
isomer of molecule D, while featuring planarity at the Si4 ring, is energetically elevated by 12.7

kcal/mol compared to D.

In 2020, D. Scheschkewitz achieved a groundbreaking milestone by synthesizing the first
homonuclear diradicaloid with a Sis planar ring,2° featuring one unpaired electron on both Si atoms
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at 1,3 position. Prior to this accomplishment, Iwamoto et al. had reported an isolable tetrasilicon
analogue of a planar bicyclo[1.1.0]butane, where bridgehead Si atoms formed a m bond.?
Subsequent literature extensively documented the existence of planar homonuclear Si4 rings, with
1,3 Si atoms exhibiting a single = bond.?” This body of work collectively substantiates and
validates the formation of molecule D through the AINR method, further advancing our

understanding of novel silicon-based structures.

In the exploration of heteronuclear 4-membered rings (4-MRs), we identified molecule E,
featuring a Si>C ring in a planar configuration as proposed by Pannell et al.?® Additionally, we
obtained silylene-type puckered molecule F and shortly observed the planar diradicaloid molecule
G. The DFT calculations revealed that G is energetically less favorable, being 19.3 kcal/mol higher
than F. In 2011, A. Sekiguchi's team achieved a breakthrough, synthesizing the first Si analouge
isolable heteronuclear planar diradicaloid with a Si2N, 4-MR.? This pivotal advancement
underscores the critical role of ligand selection in shaping the formation of molecule G. The
diverse range of products obtained via the AINR method, each demonstrating practical feasibility
with appropriate ligands, firmly attests to the reliability of the method and its efficacy in

uncovering novel molecular structures.
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Scheme 2. All experimentally synthesized molecules, whose skeletal structures have been
obtained through the AINR method, are depicted here.

The molecules obtained from the discussed AINR approach, alongside its 4-MRs products and
synthetic counterparts, exemplifies the synthesis of stable biradical molecules through selective
ligand choices. Central to this process is the presence of two unpaired electrons at the 1,3 positions
within the Pz orbitals, prompting a pertinent question: can strategic atom placement at the 2,4
positions of 4-MRs facilitate effective interaction with these electrons, enabling the delocalization
of these 2m electrons across the 4-MRs? Neutral inorganic molecules rarely exhibit 2 aromaticity;
charged counterparts, while showcasing it, suffer from diminished stability due to factors like
charge repulsion and structural reactions.®**2 Homogeneous Sis rings seldom display 2n
aromaticity. In 2023, Zhu and Cui reported the first neutral 21 aromatic planar rhombic Sia ring,*
emphasizing dominant 7 aromaticity in a saturated ring. Conversely, a 2013 study by So et al.
highlighted a neutral 4we homogeneous Si4 ring, demonstrating unique dismutational aromaticity,
not conventional m aromaticity.3* Literature indicates that introducing heteroatoms at alternate
positions in Sis rings promises to unlock the coveted realm of 27 aromaticity.® This structural
refinement, poised to elevate system stability, not only captivates the scientific imagination but

also beckons us towards an alluring frontier of unprecedented exploration and discovery.

In our quest for Si-based heteronuclear 4-MRs, we utilized a mixture of 10 SiH> and 10 AlH3
molecules as the primary Si and Al source. The simulation yielded various cyclic products, some
of which are depicted in Scheme 3. Notably, molecule 1 exhibited prolonged presence throughout
the simulation, followed by molecules 2 and 3, albeit to a lesser extent. Additionally, we identified
a heteronuclear Si>Alz-containing ring (molecule 4, Scheme 3). This structure, characterized by
mono-substituted ring vertices, exhibited a recurring presence despite its brief lifespan during the
simulation. This phenomenon, indicative of its resilience, offers profound insights, elevating the
ring to a compelling subject for further exploration and detailed study. The optimized parent
structure, Si2AloHa, exhibits a planar rhombic geometry with Si atoms separated by 2.9 A—
remarkably surpassing the reported longest Si-Si bond (‘BusSi-Si ‘Bus, 2.697 A).?* Each Si-Al bond
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length is 2.36 A, shorter than the typical Si-Al single bond (2.45 A)%43738° suggesting electron
delocalization. Moreover, a substantial HOMO-LUMO gap of 3.9 eV and the widespread HOMO
localization across the Si>Alz ring, enhance the intrigue, motivating further investigations with

diverse ligands.
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Scheme 3. The results of the AINR method have been shown here.

Aligned with the existing literature and our preceding discussions, ligands play a crucial role in
stabilizing the biradicaloid and establishing a planar ring structure. We categorize ligand selection
into two distinct types, namely for the Si center and the Al center. For the Si center, we opted for
two types of ligands—Phosphino and amidinated—whose optimized structures are depicted in
Figure 1. As per the literature, the stabilization of 4-MRs is suggested through the use of bulky or
chelating group ligands.3*%4142 The DFT geometry analysis reveals that the phosphino ligand
results in a puckered Si>Al; ring with Si-Al bond lengths ranging from 2.38 to 2.41 A and a dihedral
angle of 39.06°. Conversely, the amidinated ligand induces a Si>Al; ring with a dihedral angle of
4.68°, uniform bond lengths of 2.37 A between all Si-Al bonds, a Si-Si distance of 3.32 A, and an
Al-Al distance of 3.37 A, suggesting a fully square planar ring. This remarkable structural
configuration, characterized by complete planarity, uniform bond equalization shorter than actual
Si-Al single bonds, and the presence of two free electrons within the ring, captivates our attention
by invoking the Hiickel aromaticity rule.*® This principle asserts that cyclic, planar molecules
containing (4n+2) © electrons exhibit aromaticity, underscoring the remarkable aromatic character
inherent within this novel molecular framework. In a recent advancement in 2023, Roesky** and

Su® independently reported have unveiled boron analogues of these neutral, planar 4-MR,
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revealing compelling 2 aromaticity within the ring structure. This significant revelation further

serves to underscore the efficacy and robustness of our strategic approach in molecular design.
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Figure 1. The optimised geometries of both type ligands have been shown here. The DFT
calculations have been performed at B3LYP-D3/def2TZVP level of theory.

Moreover, to delve deeper into the structural exploration of this groundbreaking molecule, we
introduced six distinct ligands (H, Cl, Ph, Me, Et, and 'Bu) on the Al center, while maintaining the
amidinated ligand on Si atoms. The resulting molecules are denoted as 4a to 4f, as illustrated in
Figure 1. The optimized geometry of molecules 4a to 4f indicates uniform Si-Al bond lengths,
ranging from a minimum of 2.35 A for 4b to a maximum of 2.37 A for 4c and 4f, with 4a, 4d, and
4e exhibiting 2.36 A. The highest dihedral angle is observed for 4b (X=CI) at 11.45°, while the
lowest is found for 4c (X=Ph) at 3.9°. (Please refer to Table S1) Similarly, the HOMO-LUMO
analysis across all molecules reveals an energy gap within the range of 2.44-2.74 eV (see Table
S2 & Figures S1-S7) where HOMO is completely localised over Si2Al ring.

To comprehend the molecular structure, bonding, and magnetic behaviour of our novel molecule,
comprehensive AIM, NBO, NICS, GIMIC, and WBI calculations were conducted. Results for
molecule 4c, sharing similarities with its experimentally reported boron analogue,** are presented
here; additional data for remaining molecules is available in the Electronic Supporting Information
(ESI). Primarily, the Frontier Molecular Orbital (FMO) analysis in Figure-2 for 4c reveals the
HOMO, composed of m orbitals, entirely localized over the 4-membered ring (4-MR), while the
LUMO composed of n* orbitals localized over the Al and Ph ligands, yielding a HOMO-LUMO
gap of 2.57 eV. Further insight into the HOMO composition is garnered through orbital
composition analysis on Natural Atomic Orbitals (NAO) depicted in Figure S8. This analysis
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indicates that 80.2% of the HOMO is attributed to the Si>Al> ring, with each Si and Al contributing
18.9% and 21.2% individually. P; orbitals of Si and Al exhibit the highest contributions across all
cases. In comparison, Roesky's boron analogue®’ showcases a HOMO with a 66.8% contribution
from an aromatic Si>B> ring, featuring individual B and Si contributions of 20.3% and 12.8%.
Similarly, Cui's molecule® reveals a HOMO with a 64.4% contribution from an aromatic Sis ring,
with each Si contributing 11.9% and 20.3%.

HOMO (E=-3.62 eV) LUMO (E=-1.05 eV)

Figure 2. The HOMO and LUMO representation of molecule 4c is shown here. The contour value

of isosurface is 0.03. All the H-atoms are omitted for the purpose of clarity.

The WBI indices and Mayer bond order (MBI) for each Si-Al bond stand at 1.05 and 1.07,
respectively, indicating a robust and unusually strong single Si-Al bond. To elucidate electron
localization and delocalization (o/m) in 4c, we conducted Electron Localization Function (ELF)
distribution analysis. Notably, along the Si-Al bond, a significant ELF value (depicted in red in
Figure 3a) suggests a substantial covalent character, while Si-Si and Al-Al bonds exhibit negligible
values, indicated by the absence of red color between these atoms. Furthermore, the 2.41e
occupancy at each Si-Al bond, derived from the disynaptic basins calculation in the ELF analysis

of 4c (Figure 3b and S9), strongly indicates n-delocalization.
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Figure 3. (a) ELF color-filled map of 4c: red and blue indicate strong and weak electron

localization, respectively. (b) ELF basin plot between Si-Al bonds with isosurface value 0.8.

The aromaticity of 4c was assessed using Nucleus-Independent Chemical Shift (NICS) analysis.
At the Si>Al> ring center, NICS(0) and NICS(1) values are -12.7 and -9.9 ppm, respectively, while
for the parent Si>AloH4, they are -14.2 and -16.4 ppm. This deviation signifies the substantial
influence of the bulky Si-center group, perpendicular to the Si>Al> ring, on NICS values, causing
o frame contamination, specifically 1 A above or below the ring's center. Furthermore, considering
the cautionary note from Stanger®® regarding potential misinterpretation in single-point
calculations of NICS at 0 or 1 A, we opted for NICS-SCAN, providing a more comprehensive
understanding. A 1D NICS scanning was performed from 0 to 6 A above and below the center of
the ring at intervals of 0.1 A for better insight (refer to Figure 4 & S10). Furthermore, to facilitate
a direct comparison between 4c and the experimentally reported boron analogue,* we performed
NICS calculations at the M06/def2TZVPP level of theory. The NICS(0) value for 4c is -13.3,
contrasting sharply with the -6.6 ppm value for the boron analogue, underscoring the substantial
aromatic character in the 4c molecule. The NICS values for 4c across different theoretical levels
are detailed in Table S3, demonstrating NICS(0) in the range of -12.3 to -13.3 ppm and NICS(1)
in the range of -9.2 to -10.0 ppm. This suggests the basis set independence of the calculated NICS

values in this case, reaffirming the 2r aromatic nature of the ring in all cases.
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Figure 4. The NICS-SCAN profile for 4c is sown here.

The streamline plot (Figure 5A) depicting the direction of current density was created through the
GIMIC program. Notably, the Si2Al> ring exhibits the maximum current flow. Furthermore, the
ACID plot in Figure 5B showcases a clockwise direction of the induced current, robustly

substantiating the aromaticity of this ring.

Figure 5. (A) The streamline plot of current density; (B) The ACID plot of 4c.

The NBO calculations were employed to unravel the chemical bonding in 4c. The second-order

perturbation analysis unveils significant interactions. Specifically, the LP orbital, composed of the
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pure P; orbital of Si with an occupancy of 0.66e, engages with the LP* orbitals, made from the
pure P; orbital of Al with an occupancy of 0.5e, resulting in a robust interaction energy of 142.6
kcal/mol. (refer to Table S5 in ESI) Additionally, the LP orbitals of both nitrogen atoms in the
amidinated ligand interact with the LP* orbital of Si, contributing interaction energies of 136.7

and 147.1 kcal/mol, thereby enhancing the overall stability of the system.

In summary, we have introduced a sophisticated molecular design strategy rooted in first
principles, independent of experimental constraints. This four-stage framework, starting with the
AINR method for formulating molecular structure, represents an original and new approach for
the discovery of interesting compounds. Rigorous DFT calculations validate stability, ensuring
reliability. The optimal molecule is refined iteratively, considering ligand tuning and energy and
magnetic based criteria. Finally, practical applications are systematically identified based on
structural attributes, reactivity and stability. This method, prioritizing efficiency, precision, and
independence from experimental constraints, marks a significant stride toward more robust and

accelerated molecular design processes.

Supporting Information.
The supporting information containing additional data and optimized Cartesian coordinates is
available free of charge at [DOI].
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