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ABSTRACT
Inspired by the newly discovered in-plane [55555] metallo-annulene frameworks in 3D [Os]C15H10 ([Os] = OsL1L2 and L represents
PPh3, CO, or PEt3 σ-ligands in axial direction) and recently proposed perfect 2D in-plane [55555] metallo-annulene complexes
D5h MC15H10 (M = Pt, Pd, Ni), based on extensive first-principles theory calculations, we predict herein a series of perfect in-
plane [5555] metallo-annulene frameworks in 3D D4h [Fe]C12H8 (1, [Fe] = Fe(CO)2) and D4h [Co]C12H8

+ (2, [Co] = Co(CO)2)
and perfect 2D in-plane [5555] nonmetallo-annulene complexes including D4h PC12H8

– (3), D4h SC12H8 (4), and D4h ClC12H8
+ (5).

Detailed bonding pattern and ring current analyses indicate that planar tetracoordinate metal or nonmetal centers participate in
the delocalized π-bonding systems of the annulene complexes, rendering π-aromaticity and extra stability to the systems. Such
species with a planar [12]C12H8 annulene ligand can be enlarged in 2D to form the C4v [Fe]C36H16 (6), D4h [Co]C36H16

+ (7), D4h

PC36H16
– (8), D4h SC36H16 (9), and Cs ClC36H16

+ (10) and expanded in 3D to generate the tubular nanobelt C2v (SC12H4)12 (11) via
partial dehydrogenations. The NMR, IR, and UV-vis spectra of the most concerned species 1–5 are computationally simulated to
facilitate their future experimental characterizations.
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Introduction

nnulenes are defined as a class of closed-ring conjugated com-
ounds with alternating single and double bonds by the Interna-
ional Union of Pure and Applied Chemistry [1–4]. The effective
elocalization of π-electrons within the cyclic framework confers
nique chemical properties to the systems. Representative annu-

enes include cyclobutadiene, benzene, and cyclooctatetraene,
tc. Annulenes and their ionic derivatives can be used as effective
igands to sandwich various transition metals to form typical out-
f-plane metallo-annulene complexes. Ferrocene [Fe(η5-C5H5)2],
ynthesized for the first time in the 1950s, has served as a
epresentative metallo-annulene complex in this field, with its
esearch scope stretching into catalysis, biomedicine, materi-
ls science, and other multidisciplinary areas, thereby estab-
ishing a fundamental foundation for modern organometallic
2026 Wiley-VCH GmbH
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chemistry [5, 6]. Bis(η6-benzene) chromium [Cr(η6-C6H6)2] as
another prototypical metallo-annulene complex has evolved into
a fundamental building block for the design and synthesis of
functional nanomaterials, consistently driving advancements in
cutting-edge fields such as catalysis and nanotechnology [7, 8].
Furthermore, the scope of metallo-annulene complexes has been
extended to actinide, as exemplified by the successful synthesis
of bis(cyclooctatetraenyl) uranium (Uranocene) [9]. In addition
to classical sandwich architectures, structural motifs such as
half-sandwich complexes, helicene complexes, and coplanar
complexes (e.g., Grignard reagents) have significantly enriched
the structural diversity of such compounds and broadened their
potential applications [10–14]. In contrast to the well-known
traditional out-of-plane metallo-annulenes, real in-plane metallo-
annulenes had remained elusive in the literature before 2025,
raising an obvious question to answer in the area: Can a metal or
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https://orcid.org/0000-0001-5666-0591
mailto:chenqiang@sxu.edu.cn
mailto:lisidian@sxu.edu.cn
https://doi.org/10.1002/chem.71322
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.71322&domain=pdf&date_stamp=2026-07-01


n
o
a

A
a
v
s
C
i
c
t
[
σ
u
σ
o
t
f
g
2
(
t
e
l
2
a
c
[
r
r

U
o
p
m
F
i
P
a
n
a
o
n
i
C
C
(
(

2

A
t
f
P
w
P
c
R

2

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.71322 by H

arbin Institute O
f T

echnology, W
iley O

nline L
ibrary on [02/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
onmetal atom be embedded within the framework of annulenes
r their derivatives to form stable in-plane metallo-/nonmetallo-
nnulene complexes?

s an important class of azaannulene derivatives, porphyrins
nd their analogs do form stable in-plane complexes with
arious metals, thereby providing important references for the
tudy of in-plane annulene chemistry [15–18]. The “Carbolong
hemistry” pioneered by Xia and his group has provided crucial

nspiration for the investigation on in-plane metallo-annulene
ompounds [19–22]. They synthesized and characterized in 2025
he first in-plane [55555] metallo-annulene frameworks in 3D
Os]C15H10 ([Os] = OsL1L2 and L represents PPh3, CO, or PEt3
-ligands in the axial direction) [1]. These complexes exhibit a
nique bonding pattern, in which the Os atom forms five Os-C
bonds within the [15]C15H10 annulene plane and its dxz and dyz

rbitals participate in the π-conjugation with five pentagons in
he annulene plane, making the systems fundamentally different
rom traditional out-of-plane metallo-annulene complexes. Our
roup subsequently predicted late in 2025 a series of perfect
D in-plane [55555] metallo-annulene complexes D5h MC15H10
M = Pt, Pd, Ni) at first-principles theory level [2] wherein
he planar pentacoordinate metal (ppM) center shared by five
quivalent pentagons around it and the [15]C15H10 annulene
igand match both geometrically and electronically in a 5σ +
π coordination bonding pattern, without the two additional
xial σ-donor ligands needed to stabilize the systems. The
oordination bonding patterns between the ppM center and
15]C15H10 annulene ligand in these perfect 2D species prove to
esemble that in the experimentally observed 3D [Os]C15H10 [1],
endering overall π-aromaticity and extra stability to the systems.

sing a smaller planar [12]C12H8 annulene as ligand and based
n extensive first-principles theory calculations and analyses, we
redict herein possible existence of the perfect in-plane [5555]
etallo-annulene frameworks in 3D D4h [Fe]C12H8 (1, [Fe] =

e(CO)2) and D4h [Co]C12H8
+ (2, [Co] = Co(CO)2) and perfect 2D

n-plane [5555] nonmetallo-annulene complexes including D4h
C12H8

– (3), D4h SC12H8 (4) and D4h ClC12H8
+ (5) which contain

planar tetracoordinate metal (ptM) or planar tetracoordinate
onmetal (ptNM) center. The ptM 3dxz and 3dyz and ptNM 2pz
tomic orbitals participate in the delocalized π-bonding systems
f the annulene complexes, making the species π-aromatic in
ature and highly stable both thermodynamically and dynam-

cally. These complexes can be expanded in 2D to form the
4v [Fe]C36H16 (6, [Fe] = Fe(CO)2), D4h [Co]C36H16

+ (7, [Co] =
o(CO)2), D4h PC36H16

– (8), D4h SC36H16 (9), and Cs ClC36H16
+

10) and in 3D to generate the tubular nanobelt C2v (SC12H4)12
11) via partial dehydrogenations.

Theoretical Methods

ll theoretical calculations in this work were performed using
he Gaussian 16 software [23]. Full structural optimizations and
requency analyses were comparatively carried out at both the
BE0 [24] and B3LYP [25] hybrid density functional theory levels,
ith the 6–311+G(d,p) basis sets [26–28] employed for Fe, Ni,

, S, Cl, C, O, and H atoms and SDD basis sets along with the
orresponding effective core potentials [29] utilized for Ru, Os,
h, and Ir. The PBE0 and B3LYP approaches turned out to agree
of 8
well with each other and produced practically the same results
for the species concerned in this work. Frequency calculations
confirmed that all the structures obtained are true local minima
on the potential energy surface without imaginary vibrational
frequencies. To elucidate the detailed bonding characteristics,
adaptive natural density partitioning (AdNDP) analyses were
conducted using the Multiwfn software [30–32], and the resulting
bonding patterns were visualized using GaussView. To evalu-
ate the dynamic stability of structures 1–5, Born-Oppenheimer
molecular dynamics (BOMD) simulations were performed using
the CP2K package [33–35]. Isotropic chemical shielding surface
(ICSS) [36, 37], anisotropic current-induced density (ACID) [38,
39], and gauge-including magnetically induced current (GIMIC)
analyses [40–42] were performed to validate the π-aromaticity
of complexes 1–5. The results were visualized using specific
software programs: ICSS with Multiwfn and VMD, ACID plots
with POV-Ray, and GIMIC data with ParaView. The NMR
chemical shifts, infrared (IR), Raman, and UV-vis spectra of
complexes 1–5 were simulated at the PBE0/6-311+G(d,p) level.
For the NMR calculations, the Solvation Model based on Density
(SMD) was employed with chloroform as the solvent [47] and
tetramethylsilane (TMS) as the chemical shift reference. In
addition, energy decomposition analyses with natural orbitals for
chemical valence (EDA-NOCV) [48–50] were performed on both
D4h [Fe]C12H8 (1) and D4h [Co]C12H8

+ (2) using the ADF program
package [51] at the PBE0/TZ2P level of theory to elucidate their
coordination bonding patterns.

3 Results and Discussions

3.1 Structures and Stabilities

The optimized structures of the perfect in-plane [5555] metallo-
annulene frameworks in singlet D4h [Fe]C12H8 (1, 1A1g) ([Fe] =
Fe(CO)2) and D4h [Co]C12H8

+ (2, 1A1g) ([Co] = Co(CO)2) and
triplet in-plane [5555] nonmetallo-annulene complexes including
D4h PC12H8

– (3, 3A1g), D4h SC12H8 (4, 3A1g), and D4h ClC12H8
+

(5, 3A1g) are depicted in Figure 1 at PBE0 level. The corre-
sponding results at B3LYP are comparatively summarized in
Figure S1. Detailed frequency analyses indicate that these metal-
or nonmetal-centered [5555] annulene complexes are all true
minima on the potential energy surfaces of the systems, with
the lowest vibrational frequencies of 15.69, 73.41, 75.26, 88.04,
and 108.95 cm−1 at PBE0, respectively. The ptM (M = Fe, Co) or
ptNM (M = P, S, Cl) atom in these complexes is located exactly at
the center of the complexes shared by four equivalent pentagons
around it, forming four covalent σ-bonds with four C atoms on the
inner ring of the [12]C12H8 annulene with bond lengths between
1.81 and 1.89 Å. The C-C bond lengths range from 1.37 to 1.43 Å,
slightly shorter than the theoretical C-C single-bond length of 1.50
Å. The HOMO-LUMO (H-L) gaps of the singlet D4h 1 and D4h
2 are 3.49 eV and 3.52 eV, respectively. For triplet D4h 3, D4h 4,
and D4h 5, the α-spin H-L gaps turn out to be 4.10 eV, 4.28 eV,
and 3.52 eV, while the corresponding β-spin H-L gaps appear to be
3.36 eV, 2.37 eV, and 3.37 eV, respectively. The large calculated H-L
gaps serve strong evidence to support the high chemical stability
of these [12]C12H8 annulene complexes.

The dynamic stability of complexes 1–5 was checked by exten-
sive BOMD simulations in 100 ps. As collectively shown in
Chemistry – A European Journal, 2026
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FIGURE 1 Optimized structures of (a) the perfect in-plane [5555] metallo-annulene frameworks in 3D D4h [Fe]C12H8 (1, [Fe] = Fe(CO)2) and D4h
[Co]C12H8

+ (2, [Co] = Co(CO)2) and perfect 2D in-plane [5555] nonmetallo-annulene complexes D4h PC12H8
– (3), D4h SC12H8 (4), and D4h ClC12H8

+

(5), (b) in-plane metallo-annulene frameworks in C4v [Fe]C36H16 (6, [Fe] = Fe(CO)2) and D4h [Co]C36H16
+ (7, [Co] = Co(CO)2) and in-plane annulene

complexes D4h PC36H16
– (8), D4h SC36H16 (9), and Cs ClC36H16

+ (10), and (c) 3D tubular nanobelt C2v (SC12H4)12 (11) at PBE0 level, with the Fe-C,
Co-C, P-C, S-C, Cl-C and C-C bond lengths indicated in Å.
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igure 2 that, with the small calculated average root-mean-
quare deviations of RMSD = 0.05, 0.05, 0.07, 0.07, and 0.06

and maximum bond length deviations of MAXD = 0.12,
.11, 0.18, 0.19, and 0.15 Å for [Fe]C12H8 (1) and [Co]C12H8

+

2) at 500 K, PC12H8
– (3) and SC12H8 (4) at 1200 K, and

lC12H8
+ (5) at 700 K, respectively, these [5555] metallo-

nd nonmetallo-annulene complexes all appear to be dynam-
cally stable at high temperatures. Although transient fluctu-
tions in RMSD and MAXD values are observed, the devia-
ions are quickly converged to the baselines, with the overall
tructural integration well maintained in the simulation pro-
esses.

he high-symmetry D4h [Fe]C12H8 (1) and D4h [Co]C12H8
+ (2)

an be enlarged in 2D to form the singlet C4v [Fe]C36H16 (6,
Fe] = Fe(CO)2) with the Fe center slightly off-planed by 0.56

and D4h [Co]C36H16
+(7, [Co] = Co(CO)2) with the Co atom

ocated exactly at the center, with the optimized M-C and C-C
ond lengths remained basically unchanged and the H-L gaps
hemistry – A European Journal, 2026
decreased to 1.93 eV in 6 and 1.50 eV in 7, respectively. Similarly,
the perfect 2D in-plane [5555] nonmetallo-annulenes D4h PC12H8

–

(3), D4h SC12H8 (4), and D4h ClC12H8
+ (5) can be expanded in

2D to generate the triplet in-plane [5555] nonmetallo-annulenes
D4h PC36H16

– (8), D4h SC36H16 (9), and Cs ClC36H16
+ (10), with

the calculated α-spin H-L gaps of 1.66 eV, 1.97 eV, and 2.02 eV
and β-spin H-L gaps of 1.40 eV, 1.24 eV, and 1.19 eV, respectively.
These enlarged [5555] metallo- and nonmetallo-annulenes with
a [36]C36H16 annulene ligand all turn out to be true minima
of the systems without imaginary vibrational frequencies. More
intriguingly, the perfect neutral D4h SC12H8 (4) can serve as
building blocks to form the slightly distorted 3D tubular nanobelt
C2v (SC12H4)12 (11) via the partial dehydrogenation reaction
[eq. (1)], which results in the first nonmetal-centered annulene
nanobelt with an approximate diameter of 23.57 Å reported to
date with twelve almost equivalent SC12H4 units, similar to the
newly discovered triple stranded porphyrin nanobelts [52]. 1D
nanotubes, 2D nanosheets, and 3D nanocrystals composed of
periodically distributed PtMC12 or PtNMC12 building blocks could
3 of 8
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FIGURE 2 BOMD simulations of [Fe]C12H8 (1) and [Co]C12H8
+ (2) at 500K, PC12H8

– (3) and SC12H8 (4) at 1200 K, and ClC12H8
+ (5) at 700 K for

100 ps, with the corresponding average root-mean-square-deviation (RMSD) and maximum bond length deviation (MAXD) values indicated in Å.
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lso be designed.

12 S©C12H8 → (S©C12H4)12
+ 24H2 (1)

t is also noticed that, with two extra-electrons attached to the
riplet complexes, the D4h SC12H8 (4) and D4h ClC12H8

+ (5)
re transformed into singlet D4h SC12H8

2– (12, 1A1g) and D4h
lC12H8

– (13, 1A1g), respectively, forming two perfect in-plane
5555] nonmetallo-annulene anions, as shown in Figure S2. The
ptimized PC12H8

3– (14) turns out to have a slightly distorted C2v
eometry.

dditional theoretical calculations have also been performed
n the perfect in-plane [5555] nonmetallo-annulene frameworks
n D4h [P]C12H8

– (15, [P] = P(CO)2) and D4h [As]C12H8
– (16,

As] = As(CO)2) in Figure S3 and off-planed [5555] metallo-
nnulene frameworks in C4v [Ru]C12H8 (17, [Ru] = Ru(CO)2), C4v
Rh]C12H8

+ (18, [Rh] = Rh(CO)2), C4v [Os]C12H8 (19, [Os] =
s(CO)2), and C4v [Ir]C12H8

+ (20, [Ir] = Ir(CO)2) in Figure S4.
he metal centers in 17, 18, 19, and 20 are off-planed by 1.32 Å,
.98 Å, 1.42 Å, and 1.16 Å, respectively, due to their relatively large
tomic radii.

.2 Bonding Pattern and Aromaticity Analyses

etailed AdNDP bonding pattern analyses help to comprehend
he unique geometries and high stability of these novel [5555]
nnulene complexes. As clearly shown in Figure 3a, the singlet
4h [Fe]C12H8 (1, [Fe] = Fe(CO)2) possesses 8 2c-2e C-H σ bonds
round the [12]C12H8 annulene with the occupation number of
N = 1.98 |e|, 12 2c-2e C-C σ bonds with ON = 1.98 |e| on the

12]C12H8 ligand, 1 1c-2e σ lone pair on the Fe center (3dxy) with
N = 1.95 |e|, 2 1c-2e lone pairs on two O atoms on the two
O ligands with ON = 1.97, 2 2c-2e C-O σ bonds and 4 2c-2e
-O π bonds on the two CO ligands in axial direction with ON
2.00 |e|, 2 2c-2e Fe-CO coordination σ-bonds with ON = 1.96

e| in axial direction on the top and bottom, and 4 2c-2e Fe-C σ
onds with ON = 1.90 |e| between the η4-Fe center and its four
of 8
closest C neighbors on the inner-ring of the C12H8 annulene. The
remaining seven delocalized π bonds include 2 5c-2e π bonds
with ON = 1.82 |e| between the η4-Fe center and its four closest
C neighbors over the FeC4 unit in which the Fe 3dxz and 3dyz
atomic orbitals participate and 5 12c-2e π bonds over the C12H8
annulene plane with ON = 1.95-2.00 |e|. Such a bonding scheme
indicates that the η4-Fe center matches the 18-electron role.
The overall seven delocalized π bonds over the perfect in-plane
[5555] metallo-annulene framework matchthe [4n+2] Hückel’s
aromatic rule (n = 3) for a closed-shell π system, rendering
overall π aromaticity to the system, similar to the situation in the
experimentally observed D5h [Os]C15H10 ([Os] = Os(CO)2) (1) and
theoretically proposed D5h MC15H10 (M=Pt, Pd, Ni) [2]. As shown
in Figure S5, detailed EDA-NOCV analyses indicate that there
exist one effective σ-donation and two weak π-back-donations
between the CO ligand and metal center in both D4h [Fe]C12H8
(1) and D4h [Co]C12H8

+ (2), indicating that the metal centers Fe
and Co embedded in the planar annulene ligand sustain their
σ-hole characteristics, similar to the situation in the previously
reported planar- and bowl-shaped Metallo-phosphaporphyrins
[53]. Figure S6a-e indicates that the 3D [Co]C12H8

+ (2), [Ru]C12H8
(17), [Rh]C12H8

+ (18), [Os]C12H8 (19), and [Ir]C12H8
+ (20) with an

in-plane [5555] metallo-annulene framework all follow the same
bonding pattern with [Fe]C12H8 (1).

The bonding pattern of the triplet D4h SC12H8 (4) is comparatively
depicted in Figure 3b. Such a perfect in-plane [5555] nonmetallo-
annulene contains 8 2c-2e C-H σ bonds around the C12H8
annulene ligand with ON = 1.98 |e|, 12 2c-2e C-C σ bonds with
ON = 1.98-1.99 |e| on the C12H8 annulene plane, 4 2c-2e S-C
σ bonds with ON = 1.97 |e| between the η4‑S center and its
four closest C neighbors on the inner ring, and 1 5c‑2e π bond
with ON = 2.00 |e| which the S 2pz orbital participates in and
renders local π-aromaticity to the S@C4 structural unit at the
center. The remaining 12 valence electrons are distributed in
5 doubly occupied 12c-2e π bonds with ON = 1.89–2.00 and 2
singly occupied 12c-1e π bonds delocalized over the C12H8 ligand,
rendering overall π-aromaticity to the planar species matching
Hückel’s [4n] aromatic rule (n= 3) for an open-shell system. Such
Chemistry – A European Journal, 2026
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FIGURE 3 AdNDP bonding patterns of (a) singlet D4h [Fe]C12H8 (1, [Fe] = Fe(CO)2) and (b) triplet D4h SC12H8 (4), with the occupation numbers
(ON) indicated.
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4σ + 1π coordination bonding pattern between the η4-S center
nd the [5555] annulene ligand effectively helps to maintain
he perfect D4h symmetry and high stability of the nonmetal-
entered annulene complex. As shown in Figure S6f,g, the triplet
4h PC12H8

– (3) and D4h ClC12H8
+ (5) exhibit the same bonding

attern as SC12H8 (4).

he ADNDP bonding patterns of C4v [Fe]C36H16 (6), D4h
Co]C36H16

+ (7), D4h PC36H16
– (8), D4h SC36H16 (9), and Cs

lC36H16
+ (10) in Figure S7 strongly suggest that these 2D

xpanded [5555] annulene complexes all well retain the π-
romatic character of their parent structures. Similarly, the singlet
4h SC12H8

2– (12, 1A1g), D4h ClC12H8
– (13, 1A1g), D4h [P]C12H8

– (15,
P] = P(CO)2) and D4h [As]C12H8

– (16, [As] = As(CO)2) also prove
o be π-aromatic in nature, as shown in their bonding patterns in
igure S8.

etailed ICSS analyses help to further evaluate the aromatic
haracteristics of the most concerned complexes. Based on the
alculated nucleus-independent chemical shift values in the
ertical direction (NICS-ZZ), Figure 4a depicts the ICSS surfaces
f D4h [Fe]C12H8 (1), D4h [Co]C12H8

+ (2), D4h PC12H8
– (3), D4h

C12H8 (4) and D4h ClC12H8
+ (5) with the Z-axis perpendicular

o the [12]C12H8 annulene plane. Obviously, the spaces inside
hemistry – A European Journal, 2026
the C12H8 ring in the horizontal direction and within about
1.0 Å above the coordination centers in the vertical direction
all belong to chemical shielding regions highlighted in yellow
with negative NICS-ZZ values, while the chemical de-shielding
areas highlighted in green with positive NICS values are located
outside the [5555] C12H8 ring like a belt around the complex in
the middle in the horizontal direction. The ICSSs of these [5555]
metallo- and nonmetallo-annulene complexes all turn out to be
similar to that of the experimentally observed D5h [Os]C15H10
([Os] = Os(CO)2) (1) and theoretically proposed D5h MC15H10 (M
= Pt, Pd, Ni) (2), strongly evidencing their overall aromaticity in
nature.

The visualized ACID and GIMIC plots in Figure 4b,c provide
direct evidence to graphically display the ring currents induced
by an external magnetic field in vertical directions perpendicular
to the molecular planes. Both the ACID and GIMIC clockwise
current density vectors indicated in Figure 4b,c for D4h [Fe]C12H8
(1), D4h [Co]C12H8

+ (2), D4h PC12H8
– (3), D4h SC12H8 (4), and D4h

ClC12H8
+ (5) indicate that these [5555] metallo- and nonmetallo-

annulene complexes are all aromatic in nature. These perfect
planar aromatic complexes are expected to exhibit different
magnetic behavior under the given orientation in relation to the
external field, similar to the situation in benzene [54].
5 of 8
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FIGURE 4 (a) Calculated iso-chemical shielding surfaces (ICSSs) of D4h [Fe]C12H8 (1), D4h [Co]C12H8
+ (2), D4h PC12H8

– (3), D4h SC12H8 (4), and
D4h ClC12H8

+ (5). Yellow and green regions stand for chemical shielding and de-shielding areas, respectively. (b) and (c) show their corresponding ACID
and (c) GIMIC plots, respectively, with the color scales indicated in (c). The external magnetic field is perpendicular to the molecular plane. The red
arrows represent directions of the ring currents at various positions on the ACID and GIMIC iso-surfaces.

FIGURE 5 Simulated (a) 13C NMR and (b) 1H NMR spectra of [Fe]C12H8 (1), [Co]C12H8
+ (2), PC12H8

– (3), SC12H8 (4), and ClC12H8
+ (5), with the

calculated chemical shift values indicated in ppm.
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.3 Spectral Simulations

igure 5 depicts the simulated 13C and 1H NMR spectra of D4h
Fe]C12H8 (1), D4h [Co]C12H8

+ (2), D4h PC12H8
– (3), D4h SC12H8

4), and D4h ClC12H8
+ (5) to facilitate their future spectroscopic

haracterizations. As shown in the simulated 13C NMR spectra in
igure 5a, D4h [Fe]C12H8 (1) exhibits three characteristic chemical
of 8
shifts at δ = 294.23, 232.22, and 172.18 ppm corresponding to FeC,
CO, and CH of the system, respectively, while D4h [Co]C12H8

+

(2) exhibits three peaks at δ = 246.43, 213.81, and 183.28 ppm
which can be assigned to the CoC, CO, and CH of the species,
respectively. Due to the absence of the two CO axial ligands in
axial direction, D4h PC12H8

– (3), D4h SC12H8 (4), and D4h ClC12H8
+

(5) display only two 13C NMR signals shifted to higher fields
Chemistry – A European Journal, 2026

C
reative C

om
m

ons L
icense



a
c
e
r
D
e
a
4
m
D
1
e

4

E
w
[
D
a
(
a
c
a
e
s
i
c
i
t
c
a
g
a
2
c
c

A

T
C

C

T

R

[

2
A
I

3
A

4
p
P
t

V

C

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.71322 by H

arbin Institute O
f T

echnology, W
iley O

nline L
ibrary on [02/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
t δ = 154.06/122.66, 146.37/121.65, and 158.79/115.34 ppm which
orrespond to the four C atoms bonded to nonmetal center and
ight C atoms on the outer ring of the [5555] annulene ligand,
espectively. The eight protons on the C12H8 annulene ligand in

4h 1, 2, 3, 4, and 5 complexes are deshielded and chemically
quivalent, resonating as singlet at δ = 10.49, 11.95, 9.27, 9.91,
nd 11.03 ppm in the corresponding 1H NMR spectra of 1, 2, 3,
, and 5 in Figure 5b, respectively, with the D4h [Co]C12H8

+ (2)
onocation possessing the largest calculated 1H chemical shift.
etailed simulated IR, Raman, and UV-vis spectra of complexes

–5 are collectively provided in Figure S9 to facilitate their
xperimental characterizations.

Conclusions

xtensive first-principles theory investigations performed in this
ork present the viable possibility of a series of perfect in-plane

5555] metallo-annulene frameworks in 3D D4h [Fe]C12H8 (1) and
4h [Co]C12H8

+ (2) and perfect 2D in-plane [5555] nonmetallo-
nnulene complexes including D4h PC12H8

– (3), D4h SC12H8
4), and D4h ClC12H8

+ (5), with [12]C12H8 as the universal lig-
nd. In these highly stable metal-/nonmetal-centered annulene
omplexes, both the ptM and ptNM centers and the [12]C12H8
nnulene ligand match geometrically and electronically, forming
ffective coordination bonding patterns to help stabilize the
ystems. The ptM 3dxz and 3dyz and ptNM 2pz orbitals participate
n the delocalized π-bonding systems of the complexes and
ontribute to the overall π-aromaticity of the concerned species,
n strong contrast to the out-of-plane π-coordination bonding pat-
ern in traditional metallo-annulene complexes. These complexes
an be extended in 2D to form the planar or quasi-planar 6–10
nd in 3D to generate the tubular nanobelt 11 via partial dehydro-
enations. Syntheses and characterization of such [5555] metallo-
nd nonmetallo-annulene complexes and their corresponding 1D,
D, and 3D nanocrystals using the right precursors under suitable
onditions in future experiments would effectively enrich the
hemistry and materials science of annulene complexes.
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