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Metallabenzenes, a type of aromatic compound that includes metal atoms, have opened up new avenues
for creating materials with unique properties. A distinctive feature of metallabenzenes is the significant
deviation of their metal atoms from the planar configuration of the C5 ring, a phenomenon that para-
doxically enhances their aromatic character. In this investigation, we propose that this counterintuitive
increase in aromaticity upon geometric distortion is governed by the interactions of frontier orbitals in
the o-space. This insight not only corroborates the previously suggested role of o-space orbitals in in-
ducing geometric non-planarity in metallabenzenes but also underscores their pivotal contribution to the
compounds’ enhanced aromaticity. As a result, this work broadens the scope of the o-control mechanism,
highlighting its usefulness for the rational design of functional metalla-aromatic materials.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metalla-aromatics [1-7], conceptualized as aromatic ring sys-
tems incorporating a metal atom, have attracted significant atten-
tion due to their unique properties, positioning them as viable
candidates for developing novel functional materials. Metallaben-
zenes [8-13], serving as the quintessential examples of metalla-
aromatics, were first theoretically proposed by Hoffmann [14] and
colleagues. The aromatic nature of metallabenzenes remains a
subject of ongoing debate. Hoffmann et al. posited that metal-
labenzenes can be described as a 37 —6e system, conforming to
Hiickel's 4n+2 rule and classifying them as aromatic compounds.
They argued that metallabenzenes should be isolobal with ben-
zene and thus adhere to Hiickel's 4n+2 rule. In contrast, Schleyer
et al. [8] contended that metallabenzenes should be viewed as a
4 —8e system while acknowledging their aromatic character, al-
beit weaker than benzene. Subsequent research [15,16] has sug-
gested that the m-space of metallabenzenes is more accurately de-
scribed as a 57 —10e system, which also fulfills Hiickel’s aromatic-
ity criterion. Consequently, metallabenzenes are broadly accepted
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as aromatic compounds, albeit with varying degrees of aromatic-
ity.

In addition to their aromatic character, metallabenzenes exhibit
another intriguing structural feature [17-20]: A pronounced devia-
tion of the metal atom from the plane of the C5 ring, as corrobo-
rated by numerous entries in crystallographic databases. This non-
planarity is counterintuitive, given that conjugation typically ne-
cessitates a planar arrangement.

Lin [20] and colleagues posited that metallabenzenes, owing to
the inclusion of a transition metal fragment, should be conceptual-
ized as a 47 —8e system featuring three bonding (7, 75, and 73)
and one antibonding (774) orbitals. They further asserted that the
bent geometry of metallabenzenes is predominantly governed by
the 4 orbital, which serves as the highest occupied molecular or-
bital (HOMO). Contrary to this perspective, our previous study [21-
23] suggested that the non-planarity in metallabenzenes is mini-
mally influenced by the 7 orbitals. We proposed that the primary
driving force behind the observed geometric distortion is the anti-
bonding interaction between an occupied metal d orbital and the
o orbitals of the C5 ring. We termed this the o-control mecha-
nism, providing a compelling rationale for the non-planar configu-
ration of metallabenzenes.

Metallabenzenes are generally categorized as aromatic com-
pounds and predominantly adopt near-planar configurations. Con-
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Scheme 1. The definition of dihedral angle «.

sequently, the influence of geometric deviations on their physic-
ochemical properties has yet to be largely overlooked. Our prior
research proposed a o-control mechanism to elucidate the elec-
tronic factors driving the observed geometric distortions in metal-
labenzenes [21]. However, the implications of such distortions on
the aromaticity of these unique compounds, particularly the unan-
ticipated enhancement in aromaticity upon bending, remain enig-
matic. In the current investigation, we establish that, unlike tra-
ditional Hiickel aromatic systems such as benzene, the electronic
attributes of metallabenzenes are not predominantly governed by
the 7 orbitals. Our data unambiguously reveal that the 7 orbitals
alone cannot account for the increased aromaticity in bent metal-
labenzenes. Instead, we ascertain that the o orbitals play a decisive
role in the geometric deformations and the concomitant enhance-
ment of aromatic properties in metallabenzenes, thereby diverging
markedly from their benzene counterparts. These findings accentu-
ate the distinct behavior between conventional benzene-like aro-
matics and metalla-aromatics, highlighting the critical role of the
o orbitals in the latter.

Continuing our prior work, we employ the dihedral angle «
=,C2—-C1-C5—M around the metal-carbon bonds in the M-C5 ring
(Scheme 1) as a metric for quantifying the degree of geometric
bending in metallabenzenes. A deviation of o from 180° serves as
an indicator of non-planarity. To probe their aromaticity, we as-
sembled a dataset comprising 127 bent metallabenzenes, 69 Os-
mabenzene, 38 Ruthenabenzene, and 20 Iridabenzene complexes
(refer to Figs. S1-S5 in Supporting information for details). We
utilized four theoretical indices [24,25] to assess the aromaticity:
NICS values [26-32], ACID plots [33-35], GIMIC-derived net ring
current strength [36-38], and EDDB for the total population of de-
localized electrons [39-41]. Benzene was also analyzed for compar-
ative purposes.

The NICS(1),, indices calculated for the test dataset, as delin-
eated in Figs. S1-S5, reveal a range of values from —0.07 to —15.63
for bent metallabenzenes. These values correspond to dihedral an-
gles spanning from 142° to 175°, thereby substantiating the inher-
ent aromaticity of these bent metallabenzenes, albeit to a lesser
extent than benzene with the NICS(1),, values. The GIMIC calcula-
tions yielded corroborative results, affirming the aromatic charac-
ter of the metallabenzene complexes. Specifically, the induced ring
current strength in benzene is approximately 12.00 nA/T, while it
is observed to be below 8.00 nA/T for metallabenzenes, signifying a
relative diminution in aromaticity. Notably, the GIMIC results align
with the NICS data, reinforcing the aromatic nature of bent metal-
labenzenes.

The ACID isosurfaces, as depicted in Fig. S6 (Supporting infor-
mation), demonstrate that the external diatropic component pre-
dominates over the internal paratropic component within the ring
structure, thereby yielding a net diatropic current for both ben-
zene and metallabenzenes, albeit with differing degrees of aro-
matic intensity. This observation aligns with the inferences made
from NICS and GIMIC analyses (Tables S2-S14 and S15-S40 in Sup-
porting information). Utilizing EDDB as an innovative metric for
aromaticity, we characterize the extent of electron delocalization
in these conjugated systems. Positive EDDB_F(r) values, as listed

Chinese Chemical Letters 36 (2025) 109770

O

?o * II’H3 *
H;P. H,P.

i & » < N
/0& >>} /(is

HyP” | H,P
Cco PH;
A B C
B II,H.‘ + 5 TFS + o 'I“H 24+
_N. _N. N,
os7 > Ri~__ ) [ )
D AT XS
) PH, ] J NF; [ J FH
D E F

Scheme 2. Some illustrative bent metallabenzene complexes (B-F) and benzene
(A).
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Fig. 1. The change of (a) the total NICS(0),, values and (b) the EDDB_F(r) values
of bent metalla-aromatics was displayed in comparison to their planar counterparts
against the dihedral angle « ranging from 175° to 150°, as well as benzene.

in Tables S41-S44 (Supporting information), substantiate the aro-
matic character of metallabenzenes. The total population of delo-
calized electrons in these complexes is observed to range between
3.0 e and 5.0 e, which, although significant, remains below the
corresponding value for benzene, approximately 5.6 e. In concor-
dance with expectations, all four theoretical indices employed in
this study collectively affirm the aromatic attributes of bent metal-
labenzenes, albeit to a degree that is somewhat attenuated in com-
parison to benzene.

Building upon our prior investigation, which employed
NICS(1),, values for a limited set of metallabenzene compounds,
we have corroborated the aromatic nature of bent metallaben-
zenes using an expanded dataset and more rigorous methodology.
Intriguingly, we observe that the aromaticity of metallabenzenes
increases concomitantly with geometric bending. This unique
property is substantiated by NICS, GIMIC, and EDDB_F(r) analyses,
which collectively indicate an enhancement in aromaticity as the
geometry deviates from planarity. In stark contrast, benzene, a
prototypical planar aromatic compound, experiences a loss in
aromaticity upon bending, as evidenced by the indices above.

As delineated in Scheme 2 and Fig. 1, the calculated NICS(0),,
values for metallabenzene complexes exhibit an increasingly nega-
tive trend as the dihedral angle varies from 180.0° to 150.0°. This is
in stark contrast to benzene, which demonstrates an opposing be-
havior. To mitigate the influence of localized currents surrounding
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Fig. 2. The change of the NICS(0)r,, (a) and NICS(0)o ,, (b) values of bent metalla-
aromatics were displayed in comparison to their planar counterparts against the
dihedral angle « ranging from 175° to 150°, as well as benzene.

the transition metal atoms and associated ligands, we performed
calculations for the EDDB_F(r) values within the M-C5 ring. These
findings are by the conclusions derived from both NICS and EDDB
analyses, substantiating that non-planarity enhances the total pop-
ulation of delocalized electrons in metallabenzenes while concur-
rently reducing it in benzene. Furthermore, the calculated net ring
current strength, measured in nA/T across the C2-C3 bonds in Fig.
S7 (Supporting information), exhibits an augmentation rather than
a diminution as the dihedral angle o deviates from 180.0° and ap-
proaches 150.0°.

We further explore the correlation between geometric bending
and variations in the C-M bond length as well as the C-M-C angle
in metallabenzenes. We employed osmabenzenes with diverse lig-
and configurations: Equatorial PH3 and axial CO ligands (Fig. S8 in
Supporting information), equatorial PH3 and axial NH3 ligands (Fig.
S9 in Supporting information), and PHs ligands at both equatorial
and axial positions (Fig. S10 in Supporting information) as repre-
sentative models. Our analyses indicate that the degree of geomet-
ric bending increases with the shortening of the C-M bond length.
Moreover, an increase in the C-M-C angle further accentuates geo-
metric bending. These structural modifications lead to an elevation
in distortion energy and enhanced aromaticity, corroborating the
augmented aromaticity change we have observed.

Understanding the origins of their unique aromatic properties
is imperative to unravel the enigmatic aromaticity of metalla-
aromatics and distinguishing them from traditional benzene-like
aromatics. Beyond the contributions from the m-space orbitals, we
also consider the significant role of the o-space orbitals. Accord-
ingly, we have analyzed and categorized the contributions of each
canonical molecular orbital (CMO) [42-44] into the m- and o-
spaces (Fig. 2). Utilizing the most refined index, NICS(0),,, we elim-
inate contamination by dissecting the zz component of the tensor
into its CMO contributions, denoted as NICS(0),, and NICS(0)o 2z,
to quantify the respective contributions from the 7 and o orbitals
(refer to Tables S2-S14 for details).

Fig. 2 delineates that both the NICS(0)m,, values for benzene
and metallabenzenes escalate with increasing geometric bend-
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ing, suggesting a concomitant decrease in aromaticity solely at-
tributable to 7 orbital contributions for both systems. Conversely,
the NICS(0)o ,, values diminish with geometric bending, signifying
an enhancement in aromaticity due to the o orbital contributions.
This reveals a congruent trend in aromaticity changes for both the
m and o orbitals in benzene and metallabenzenes, highlighting
some commonality between traditional and metalla-aromatics. The
ACID method was also utilized to segregate the overall contribu-
tions into the m- and o-spaces (Figs. S11 and S12 in Supporting
information). Contributions from the total 7 orbitals yield a net
diatropic current, while those from the o orbitals induce a parat-
ropic ring current. In conjunction with the NICS indices, it can be
inferred that the antiaromatic contributions from the o orbitals are
attenuated, and the aromatic contributions from the 7 orbitals are
likewise diminished as the geometry deviates from planarity.

However, a salient distinction exists between benzene and met-
allabenzenes regarding the magnitude of the o orbital contribu-
tions. Fig. 2 reveals that the o orbitals overwhelmingly dictate the
changes in aromatic properties upon geometric bending in met-
allabenzenes. In stark contrast, the 7t orbitals predominantly in-
fluence the aromaticity in benzene. Exhaustive theoretical studies
have been carried out to investigate the impact of orbital interac-
tions in both the - and o-spaces to determine which orbital ex-
erts a significant influence on the aromaticity of metallabenzenes
during geometric bending.

Fig. 3 contrasts the orbital interactions in metallabenzene with
those in benzene. As depicted in Fig. 3a, the metal dyx, orbital is
isolobal to the carbon p, orbital, significantly contributing to the
formation of benzene-like 7 orbitals. In addition, two metal d or-
bitals (dy, and dx®.y?) are identified that do not directly participate
in this process, which we have termed ’extra orbitals’. Owing to
symmetry considerations and the interactions between the metal
dy, orbital and the benzene-like 7 orbitals, the 7-space orbitals of
metallabenzene arise from these interactions (Fig. 3b). Further, by
referencing our previous work on the o orbitals of benzene [21],
we demonstrate that the o-space orbitals for metallabenzenes are
generated through the interaction between isolobal benzene-like
o orbitals and the symmetry-adapted metal dx?.,% orbital (Fig.
3c). Consequently, the highest occupied molecular orbital in the
m-space (Tyomo) displays an antibonding character between the
metal fragment and the C5 ring. Similarly, the dx?.y? orbital can
be considered an additional o orbital compared to benzene, lead-
ing to the emergence of another highest occupied molecular orbital
in the o-space (0 yomo) that exhibits antibonding character.

As illustrated in Fig. 4, there is a gradual increase in the val-
ues of the oyomo, THomo, and o yomo-1 orbital. The total variable
quantity of CMO-NICS values in both o yopmo and mhomo orbitals is
below 4.0 as the dihedral angle transitions from 180° to 150°. As
noted, the o yomo and mwyomo Orbitals are tied up with the extra
dy; and dyx?.,? orbitals in metallabenzenes. The observed change
in the NICS values does not exhibit a significant deviation from
the anticipated outcome. Nevertheless, the overall change in the
0 xoMo-1 Orbital, a molecular orbital resembling the o yopmo in ben-
zene, shows a substantial increase of around 18.0, representing a
fourfold increment compared to the previous value. These findings
indicate only a slight effect of the oyomo and mwhomo orbital on
the aromatic properties when the geometry undergoes distortion.

Additionally, it is evident from the data shown in Tables S45
and S46 (Supporting information) that the o' yopmo-1 orbital in illus-
trative metallabenzene complexes (B-F) all exhibit a significant in-
crease in percentage as they undergo gradual bending. The contri-
bution of the oygmo.1 orbital is unaffected by either the substitu-
tion of the axial ligands from B to C, the modification of the equa-
torial ligands from C to D, or the change in the type of transition
atom. The o ygmo-1 orbital of metallabenzene complexes emerge as
the primary contributor to the change of aromatic properties with
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orbitals (CMOs) based on NBO program in metallabenzene complex C against the
dihedral angle « ranging from 175° to 150°.

geometric bending, and its effect surpasses that of both the o yomo
and myomo orbitals. It is noteworthy to acknowledge that the to-
tal change of the oygmo in benzene should not be disregarded in
Table S45. However, the aromaticity of benzene diminishes as the
dihedral angle bends.

The contributions of selected benzene and metallabenzenes’ or-
bitals are elaborated upon in Table S47 (Supporting information).
The contribution ratio of the o yomo orbital in benzene is notably
high, reaching 32.17%. Concurrently, the cumulative effect within
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the w-space, accounting for as much as 41.88%, should not be over-
looked. In contrast, Fig. 4 reveals that the total contribution ra-
tio in the o-space for metallabenzene escalates to an astonish-
ing, significantly surpassing its w-space counterpart. Surprisingly,
the oyomo-1 orbital, which is analogous to the HOMO orbital in
benzene’s o -space, contributes as much as 38.78%, thereby achiev-
ing a position of preeminence. Both the oygyo orbital in benzene
and the oyomo-1 orbital in metallabenzenes exhibit a marked in-
crease in their respective percentages as the dihedral angle nar-
rows to 150°. Contrarily, the aromatic character manifests an in-
verse relationship. Meanwhile, the contribution ratio of each or-
bital in respective space are calculated in Tables S48-S53 (Support-
ing information), the oyomo-1 orbital realizes the exceed change,
contributes as much as 66.28% in the total contribution of the o-
space. The underlying hypothesis for this counterintuitive obser-
vation posits that the o-space, particularly the oyomo-q orbital,
substantially amplifies the aromaticity of metallabenzenes. While
the o-space in benzene does exert some influence on its aromatic
character, this effect is marginally inferior to the overall contribu-
tion from the m-space.

Compared to benzene, comprehensive theoretical studies em-
ploying metallabenzene complex C (Scheme 2) as a representative
model are presented in Figs. S13 and S14 (Supporting information).
These studies reveal that the HOMOs in both the - and o -spaces
remain relatively invariant. However, the oygmo.1 orbital, which
is isolobal with benzene’s o yomo, undergoes a substantial shift in
its aromatic properties. Intriguingly, the energy of the o yomo-1 OI-
bital in metallabenzene complex C elevates from E=—-10.90eV to
—10.65eV as it transitions from a planar to a nonplanar confor-
mation. Moreover, as the dihedral angle reaches 150°, the o yomo-1
orbital in bent metallabenzene complex C arises from interactions
between the benzene-like o orbital and the metal’s dy, orbital. In
contrast, the oyomo-1 orbital in planar metallabenzene is consti-
tuted by interactions between the benzene-like o orbital and the
metal’s dyy orbital. The influence of structural bending necessitates
the inevitable mixing of the o and m orbitals. In order to objec-
tively assess the degree of o/m orbital mixing in the nonplanar
complex, orbital projection calculations are performed in Tables
$54-S58 (Supporting information). The weight of HOMO in 7- and
o-space defined in the planar structure are both over 80% in the
nonplanar structure while the weight of HOMO-1 in the o -space in
the planar structure has been as low as 52% in the nonplanar struc-
ture, which indicates a noticeable blending of the 7 orbitals. How-
ever, the orbitals in both the - and o-spaces of distorted benzene
exhibit only minor deviations as can be seen in Table S5 (Support-
ing information). The disparity in aromatic character between the
two complexes can be attributed to the incorporation of the metal
atom. The aforementioned orbital interactions in the representa-
tive metallabenzenes are vividly illustrated in Fig. S15 (Supporting
information) as they undergo geometric bending.

These observations provide compelling evidence in support of
CMO-NICS analyses and orbital interactions. Bent benzene shows
no significant changes in its orbitals and retains its aromaticity pri-
marily through p;-ps conjugation. However, the bending of the di-
hedral angle adversely impacts benzene’s aromatic nature. In stark
contrast, the unique characteristics of transition-metal orbitals al-
low metallabenzenes to adopt nonplanar geometries while preserv-
ing their aromaticity. The sudden emergence of an additional dy,
orbital in the oyopmo.1 orbital significantly enhances the aromatic-
ity of bent metallabenzenes, leading to outcomes opposed to those
observed in benzene.

In previous studies, we introduced the o-control mechanism to
elucidate the unexpected geometric distortion observed in met-
allabenzenes [21]. This concept was later extended to analyze
the structural characteristics of both fused-ring metallabenzenes
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[22] and heterometallabenzenes [23]. More recently, the scope
of the o-control mechanism has been broadened to explain the
counterintuitive aromatic properties observed in metallabenzenes,
moving beyond their mere structural features. Exploring this con-
cept across a wider array of metalla-aromatic systems represents
a compelling and significant avenue for future research. Currently,
we have examined metallabenzene models with some first transi-
tion metal atoms as centers (Cr, Mn, and Fe) in Fig. S16 (Supporting
information), despite the scarce experimental reports available on
metallabenzene synthesis using these first transition metal centers.
Our investigations have identified decreased aromaticity associated
with geometric bending in metallabenzenes that feature first tran-
sition metal centers. Additionally, our studies indicate that the aro-
maticity of metallabenzenes with first transition metal centers are
predominantly influenced by the m orbitals, diverging from those
with second and third transition metal centers and aligning more
closely with the behavior of benzene (Figs. S17-S19 in Supporting
information). This divergence is tentatively attributed to the more
contracted d orbitals of the first transition metals, diminishing the
impact of metal d orbitals on the frontier orbitals. Given the im-
portance of expanding the o -control mechanism to other metalla-
aromatic systems, we plan to undertake a comprehensive investi-
gation of the structural and aromatic characteristics of metallaben-
zenes with first transition metal centers, along with isolobal fused-
ring metallabenzenes and heterometallabenzenes.

In summary, we have systematically explored the intriguing
aromaticity of bent metallabenzenes. Our computational analy-
ses reveal that these bent metallabenzenes exhibit unique aro-
matic characteristics, albeit to a lesser extent than benzene. In-
corporating a metal fragment imbues metallabenzenes with ex-
ceptional properties, primarily due to the involvement of d or-
bitals. Notably, their aromaticity is amplified upon significant ge-
ometric bending, starkly contrasting to benzene, which experi-
ences diminished aromaticity as it deviates from planarity. Con-
tributions from m-space orbitals attenuate the aromatic features
in both benzene and metallabenzenes upon bending. Conversely,
the o-space orbital contributions enhance aromaticity as the
molecules transition from planar to non-planar geometries. Rig-
orous theoretical investigations pinpoint the predominance of the
onoMo—1 orbital in metallabenzenes, which corresponds to ben-
zene’s HOMO orbital in the o-space. This underscores the ne-
cessity of focusing on the o-space orbitals when investigating
metalla-aromatics, which diverge significantly from traditional aro-
matic systems. Consequently, the applicability of our proposed o-
control mechanism is broadened, through the further integration of
precise computational approaches [45-48], highlighting its poten-
tial in guiding the rational design of functional metalla-aromatic
materials [49-54].
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