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a b s t r a c t

The classification of π-/σ -aromaticity depends on the electrons with the dominating contributions. Tra-

ditionally, π- and σ -aromaticity are used to describe the unsaturated and saturated systems, respectively.

Thus, it is rarely reported that π-aromaticity is dominated in a saturated system. Here we demonstrate

that π-aromaticity could be dominating in several fully saturated four-membered rings (4MRs), sup-

ported by various aromaticity indices including �BL, NICS, EDDB, MCI, and AdNDP. The origin of such

π-aromaticity in saturated rings could be attributed to an introduction of two additional electrons into

the π-type LUMO of the parent neutral species. Our findings represent a novel approach to achieve π-

aromaticity into a fully saturated system which has traditionally been dominated by σ -aromaticity.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Aromaticity, a significant concept in chemistry, has attracted

substantial interests from both experimentalists and theoreticians

due to its numerous manifestations [1–11]. In general, the terms

π-aromaticity and σ -aromaticity are used to describe unsaturated

and saturated systems, respectively [12,13]. Therefore, it becomes

an interesting question whether it is possible to locate unsat-

urated σ -aromatics or saturated π-aromatics? Indeed, previous

studies have shown that σ -aromaticity can dominate in unsatu-

rated systems [14]. In the past eight years, our group has focused

on studying σ -aromaticity in various unsaturated systems includ-

ing three-membered rings (3MRs) of cyclopropametallapentalenes

from group 7 to 9 [15,16] as well as fully unsaturated cyclopropene

systems [17]. Additionally, we have also investigated σ -aromaticity

in Se-containing complexes [18]. In 2020, it was reported that un-

saturated cyclopropametallapentalenes exhibit both σ -aromaticity

in singlet and triplet states via DFT calculations, which is referred

to as "adaptive σ -aromaticity" [19]. In contrast, it is rarely reported

that π-aromaticity could be dominating in saturated systems [20].

On the other hand, cyclic organosilanes [21–30], especially ana-

logues of cyclobutadiene (CBD, including 2π-aromatic CBD2+ and

6π-aromatic CBD2−), have attracted considerable attention due to

their unique electronic properties and reactivity [31,32]. Sekiguchi

and co-workers reported the silicon analogue A (Scheme 1) of the

CBD2− with 6π electrons, which exhibited non-aromatic charac-
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teristics due to the strong ring distortion and significantly dif-

ferent Si-Si distances [33]. A neutral silicon analogue of CBD, B

(Scheme 1), reported by Matsuo and Tamao in 2012, possesses

non-aromaticity owing to the lack of electron delocalization on the

ring caused by the charge separation [34]. After that, a charge-

localized nonaromatic tetrasilacyclobutadiene dication was isolated

by Inoue and Driess [35]. In 2013, an aromatic planar and rhom-

bic four-membered cycle was synthesized by So and co-workers,

exhibiting a unique delocalization of n, π , and σ electrons [36].

In 2019, the first aromatic silicon analogue of the cyclobutadi-

ene dication, C (Scheme 1), was synthesized and characterized by

Roesky and co-workers [37], which has been over 50 years since

the synthesis of aromatic carbon-based CBD-dications [38,39]. In

addition, several silicon analogues of 1,3-cyclobutanedilyls have

been isolated, including tetrasilabicyclo[1.1.0]butanes with a 1,3-

Si–Si σ bond [40–43] or a 1,3-Si–Si π bond [44–46]. Recently,

Roesky, Jemmis, and Stalke co-reported a neutral 2π-aromatic

three-membered disilaborirane (Si-B-Si ring, D in Scheme 1) and

succeeded in further converting it into a four-membered heterocy-

cle 1-aza-2,3-disila-4-boretidine (BSi2N-Ring) [47]. Theoretically, as

early as 1996, Clark and co-workers reported that fragments with

low pseudo-π ∗ levels in C2R2PF
2+ and C2R2SiF2 could enhance

their π conjugation, resulting in a σ ∗-aromaticity that is more

pronounced than their saturated analogs [48,49]. Thereafter, Jem-

mis and co-workers reported in 2013 that a hypothetical model,

P3F9
2−, could exhibit pseudo-π ∗ 2π-aromaticity, where the aro-

maticity arises solely from the overlap of pseudo-π ∗ orbitals [50].
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Scheme 1. Some previously reported Si4/Si2B complexes and the proposed frame-

works in this work.

However, further analysis indicated that π-aromaticity is not the

major contributor in the 3MR [20]. A counterpart can be traced

back to the deltate ion, C3O3
2−, reported by West and his col-

leagues in 1979 [51]. Furthermore, the origin of the aromaticity

in the well-known cyclopropenyl cation, C3H3
+, is also similar

to the two aforementioned examples. Although experimental and

theoretical chemists have reported many aromatic Si4 rings, the

discovery of a completely saturated species with dominating π-

aromaticity is particularly rare [20]. Our persistent curiosity about

aromaticity [52] has driven us to explore the π-aromaticity in sat-

urated rings. Herein, we demonstrate that π-aromaticity could be

dominating in several fully saturated four membered rings (4MRs),

including Si4-rings, Si2B2-rings, and Si3B-rings (Scheme 1).

Inspired by the recent work of Cui [20], we have designed sev-

eral model molecules as shown in Fig. 1, incorporating the strat-

egy of introducing fluorine substituents to enhance the overlap be-

tween the pseudo-π ∗ orbitals of the atoms participating in aro-

maticity.

By the density functional theory (DFT) calculations, the opti-

mized these saturated 4MRs (Si4L2F4, Si4F8, Si4F8
2−, Si2L2B2F2,

Si2B2F6, Si2B2F6
2−, Si3BF7, and Si3BF7

2−) in the singlet ground

states are shown in Fig. 1. The results suggest that Si4L2F4, Si4F8,

and Si4F8
2− exhibit similar Si-Si bonding (bond length and Wiberg

bond index (WBI) [53]) to C, a previously reported aromatic CBD2+

anolog [37]. Specifically, the distance of Si-Si bond in Si4-rings are

between 2.286 Å and 2.386 Å, which is almost intermediate be-

tween Si-Si single (ca. 2.35 Å) [54] and double bonds (2.12–2.25 Å)

[55,56]. WBI values of Si-Si bond are between 0.832 and 1.065.

Furthermore, the distance of Si-B bond in Si2B2-/Si3B-rings are be-

tween 1.945 Å and 2.381 Å, and the corresponding WBI values are

between 1.225 and 0.832. In comparison, the WBIs between the

transannular two atoms (Si-Si/Si-B/B-B) are significantly weaker

than their corresponding σ -bonding (Si-Si: 0.832; Si-B: 0.867). The

analysis of atoms in molecules (AIM) also supports it in Fig. S1

(Supporting information). In addition, different ligands and sub-

stituents on Si atoms in saturated 4MRs result in different pla-

narity, in which Si4F8
2− has the largest degree of puckering (�Si1-

Si2-Si3-Si4: 29.6°). Except for Si4F8
2− (29.0°) and Si3BF7

2− (7.1°),
the 4MRs of all other compounds are completely planar. Calcu-

lations suggest that the relative electronic energies of these sat-

urated 4MRs in the lowest singlet states are thermodynamically

more stable than those in the lowest triplet states (�EST, Table

S1 in Supporting information), excluding a diradical ground state.

Frontier molecular orbital analysis (Fig. S2 in Supporting informa-

tion) shows that HOMOs of Si4L2F4, Si4F8
2−, Si2L2B2F2, Si2B2F6

2−,
and Si3BF7

2− are the π orbitals of the 4MRs, enabling them as

aromatic candidates. Meanwhile, NAO calculations are employed to

provide further composition analysis of the HOMOs. Specifically, all

HOMOs of them mainly correspond to the p orbitals of these Si/B

atoms in 4MRs (Fig. S3 in Supporting information, Si4L2F4: 79.4%;

Si4F8
2−: 86%; Si2L2B2F2: 81.8%; Si4F8

2−: 87.6%; Si3BF7
2−: 86.1%)

with some negligible contributions of other atoms. Moreover, their

HOMO-LUMO gaps are between 2.2 eV and 3.8 eV.

In addition, the bond length alternation (�BL) is calculated by

comparing the longest Si-Si/Si-B bond length and the shortest one,

providing a simple measure to evaluate the extent of bond delo-

calization. The calculation results (Table S1) indicate that the Si-Si

and Si-B in the 4MRs of these models (Si4L2F4: 0.016 Å, Si4F8
2−,

Si2L2B2F2, Si2B2F6
2−: 0.0 Å) are highly equalized, which suggests

delocalized Si-Si/Si-B bonds.

In general, the nucleus-independent chemical shifts (NICS), a

widely accepted index in magnetic perspective, was used for as-

sessing aromaticity and the distinctively (positive) negative value

indicates (anti)aromaticity. Here, in order to compare the aromatic-

ity of 4MRs in these saturated models, NICS(0) and NICS(1) are em-

ployed. As shown in Fig. S4 (Supporting information), the NICS(0)

and NICS(1) values for Si4 system are −19.2, −12.6, and −22.8,

−13.4 ppm, respectively, indicating their aromatic character. The

neutral Si2L2B2F2 model compound has NICS(0) and NICS(1) values

of −16.7 and −11.2 ppm, respectively. The NICS(0) and NICS(1) val-

ues for the dianionic Si2B2/Si3B compounds are similar to those of

the Si4 ring, suggesting they are aromatic too. In comparison, NICS

analysis was also conducted on the pure organic saturated four-

membered carbon ring C4F8
2−, and the results also indicated its

aromatic character. Note that the previously reported 2π-aromatic

C has slightly less negative NICS values (−14.8, −10.5 ppm) in com-

parison with other Si-containing rings. In addition, the NICS-grid

plots of Si4F8, Si2B2F6, and Si3BF7 show that they are nonaromatic,

antiaromatic, and antiaromatic, respectively (Fig. S5 in Supporting

information).

A fascinating phenomenon is observed when comparing

Si2B2F6 and Si2B2F6
2−. This phenomenon involves a remarkable

reversal in aromaticity, namely from antiaromaticity to aromaticity.

Why can a saturated σ -framework achieve π-aromaticity? How

does the corresponding molecular orbital change? Thus, to exam-

ine the individual orbital contributions of Si2B2F6 and Si2B2F6
2−

to the aromaticity, CMO (canonical molecular orbital)-NICS calcu-

lations were performed. As shown in Fig. 2 and Fig. S6 (Support-

ing information), the NICS(0) value of the HOMO in the Si2B2F6
is +22.4 ppm, which accounts for 91.1% of its total NICS(0). Addi-

tionally, the NICS(0) of the dianion’s HOMO is −22.7 ppm, mak-

ing it the dominating contributor to the total NICS(0). This in-

dicates a reversal from σ -antiaromatic to π-aromatic behavior.

Moreover, combined with the analysis of the frontier molecular or-

bitals (Fig. S2 in Supporting information), it can be inferred that

the π-character of the LUMO gains two additional electrons and

become the new HOMO, which is the origin for the achievement

of π-aromaticity in Si2B2F6
2−.

To further clarify the unique aromatic system, namely the

π-aromaticity dominant in saturated scaffolding, the analysis of

molecular orbital (MO) interactions is employed. In Fig. 3 and

Fig. S7 (Supporting information), the fragmentation of Si2B2F6 and

Si2B2F6
2− into [:SiF2] fragments and [:BF] fragments clearly re-

veals the formation of π orbitals in the σ -skeletons through MO

interactions. In previous studies, the aromaticity triggered solely

by a delocalizing p orbital (HOMO) was described by pseudo-

π ∗ aromaticity. The pseudo-aromatic phosphirenes (C2R2PL3) and

(PF3)3
2− are examples reported in the literature [57]. The former

involves the participation of pseudo-π ∗ orbitals from fragment

PL2L (L2 = catecholate, L=–Ph or -CN) and p orbitals from frag-

ment CH, while the latter involves the overlap of pseudo-π ∗ or-

bitals from three PF3 fragment molecules. Similarly, the HOMO of
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Fig. 1. Structural parameters of 4MR compounds at B3LYP-D3/def2-SVP level. Bond lengths (black) are given in Å; Wiberg bond index (blue). The natural population analysis

of the charges (purple).

Fig. 2. Key occupied MOs and their contributions to NICS(0) (ppm) in model com-

plexes Si2B2F6 and Si2B2F6
2− .

Fig. 3. Fragment MOs interaction diagram for model molecule Si2B2F6
2− (iso-

value=0.05 a.u.).

the model molecule Si2B2F6
2− is derived from the collective con-

tribution of pseudo-π ∗ orbitals of fragments [:SiF2] and [:BF], serv-

ing as another example of pseudo-π ∗ aromaticity. Furthermore,

the subsequent EDDBπ /σ separation analysis in the following text

also provides the support for such π-aromaticity dominant in a

σ -framework. Although the HOMO of the parent Si2B2F6 molecule

is a delocalized σ orbital, the LUMO is formed by the interaction

between π ∗-typed fragment orbitals. This provides the possibil-

ity of reversing the aromaticity of a saturated 4MRs by filling the

LUMO with two additional electrons, which is in complete agree-

ment with the CMO–NICS analysis. Additionally, as shown in Fig.

S8 (Supporting information), the neutral Si2L2B2F2 molecule con-

taining the same Si2B2 ring is also subjected to the same analysis

of fragment orbital interactions. The results showed that the in-

teraction between the π ∗ orbitals of [:Si(NMe)2C(Me)]+ and [:BF]

is the origin for the pseudo-π ∗ 2π-aromaticity formation. Mean-

while, it is worth noting that such a strategy is applicable in sat-

urated Si4-rings (Si4F8
2−, Fig. S9 in Supporting information) as

well.

In addition, the electron density of delocalized bonds (EDDB)

is used to further quantify the aromaticity of the 4MR in Si4L2F4,

Si4F8
2−, Si2L2B2F2, Si2B2F6

2−, and Si3BF7
2−. The larger values

of EDDB indicate a higher degree of electron delocalization and

stronger aromaticity. For comparison, the EDDB values of the

model C4F8
2− is also calculated. As shown in Table 1, the cal-

culation results show that Si4 compounds (Si4L2F4, Si4F8
2−) have

more delocalized electrons on the 4MR (1.505–1.577e), while the

number of delocalized electrons on the Si2B2-/Si3B-rings (1.237–

1.472e) decreases as the number of boron atoms decreases. In addi-

tion, compared to the 4MR compounds containing heavier atom Si,

C4F8
2− has less delocalized electrons, which can be attributed to

the stronger electron accommodation ability of the heavier atoms.

However, it is worth noting that the mentioned effects for Si2B2-

/Si3B-rings are relatively small here due to the involvement of

empty p orbitals in boron atoms. As we all know, aromaticity

Table 1

Comparison of EDDB (e) and MCI values of 4MR-Si compounds.

Entry EDDB4MR EDDB4MR-π Ratio (%) a MCI

Si4L2F4 1.505 0.951 63.2 0.424

Si4F8
2− 1.577 1.150 72.9 0.384

Si2L2B2F2 1.449 1.147 79.2 0.425

Si2B2F6
2− 1.472 1.212 82.3 0.431

Si3BF7
2− 1.237 1.043 84.3 0.442

C4F8
2− 1.058 0.819 77.4 0.482

a Ratio= [EDDB4MR-π /EDDB4MR]×100%.
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Fig. 4. The isosurface (0.005 a.u.) of EDDB for 4MR-Si compounds.

can be classified into different types based on the electronic na-

ture of the main contributing electrons. Therefore, the aromatic-

ity can be further classified by separating the σ and π electrons

in the delocalized system. Further EDDBπ /σ separation analysis

shows that the π-aromaticity of these 4MRs (63.2%–84.3%) is dom-

inated, which is supported by the visual isosurface plots in Fig. 4.

Note that Si4L2F4 has a relatively small EDDB4MR-π value (0.951e,

63.2%), which may be related to the puckered configuration of it.

Additionally, the EDDB analysis results of Si4F8, Si2B2F6, Si3BF7,

and C4F8 are shown in Table S2 (Supporting information).

MCI (multicenter indices) can also provide an insight into the

extent of electron sharing among atoms within the ring. Gener-

ally, rings with higher positive MCI values are more likely to ex-

hibit stronger aromaticity. Herein, it is applied to the aromatic-

ity analyses of these systems containing heavy atoms. In Table 1,

the calculated results show that the MCI values of these saturated

4MRs (0.384–0.482) comparable to those of Si4 rings in aromatic

compound C (0.449) reported by Roesky, further supporting 2π-

aromaticity of these compounds.

To further understand the bonding of the 2π-aromatic

Si2B2F6
2−, the adaptive natural density partitioning (AdNDP)

analysis was performed. Not surprisingly, the result shows that the

total 58 electrons can be partitioned into six s-type and twelve

p-type lone pairs (LPs) on the F atoms, two B-F σ bonds, four

Si-F σ bonds, four Si-B σ bonds, and one delocalized 4c-2e π
bond (Fig. S10 in Supporting information). This analysis indicates

that Si2B2F6
2− is a 2π-aromatic compound, which also provides

another support for π-aromaticity in the σ -framework.

To examine the substituent effect on such pseudo-π ∗ 2π-

aromaticity, we perform additional calculations for common 4MR

skeleton compounds containing amidinate ligands experimentally

(Si2L2B2F2, L=MeC(MeN)2). As shown in Table S3 (Supporting in-

formation), when the substitute F in boron atom is replaced by H,

Me, Ph, SiH3, CF3, NH2, and PMe2, the aromaticity of 4MRs does

not change significantly, which is supported by EDDB4MR values

(between 1.257e and 1.452e). The π-aromaticity of these Si2B2-

rings (EDDB4MR-π /EDDB4MR: 75.5%−84.9%) is dominated too.

In summary, we have demonstrated here that π-aromaticity in

several fully saturated 4MRs, which is traditionally dominated by

σ -aromaticity. Specifically, the 4MRs in model complexes Si4L2F4,

Si4F8
2−, Si2L2B2F2, Si2B2F6

2−, and Si3BF7
2− are all 2π-aromatic in

the singlet ground states via DFT calculations. As the LUMO of the

neutral Si2B2F6 is π-type, the corresponding dianion Si2B2F6
2− be-

comes π-aromatic due to the introduction of two electrons into

such a π-type LUMO. Thus, the achievement of π-aromaticity

in those saturated dianionic Si4-/Si2B2-/Si3B-rings could be at-

tributed to the π-type LUMO of the parent neutral counterparts.

Our findings provide a novel pathway for achieving π-aromaticity

in fully saturated systems. Together with the previous findings on

σ -aromaticity in fully unsaturated systems [14,15], such crossing

aromaticity is complete.
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