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Multicomponent Synthesis on a Diiron Platform of Stable
Ferrabenzenes with Promising Anticancer Activity

Sara Benetti+, Tommaso Nottoli+, Zhimei Xiao, Tiziana Funaioli, Stefano Zacchini,
Gilles Gasser,* Filippo Lipparini,* and Fabio Marchetti*

Abstract: Despite extensive research on metallabenzenes, ferrabenzenes have remained elusive, with only a single example
reported to date, discovered accidentally. In this work, we present a reproducible, room-temperature reaction on a
diiron bis-cyclopentadienyl platform, providing access to a class of four substituted ferrabenzenes (5a-c), stabilized by
η6-coordination to a second iron fragment. This synthesis involves a one-pot double C─C coupling of iminium, carbene
(from a diazo compound), and carbon monoxide moieties, yielding ferra-cyclohexadienone derivatives (4a-c), followed
by O-alkylation with alkyl triflates. Experimental and computational studies enabled the proposal of a plausible reaction
mechanism. Combined X-ray crystallography, nuclear magnetic resonance (NMR), and computational data support the
aromatic character of the ferrabenzene ring in compounds 5a-c and, to a lesser extent, in their precursors 4a-c. Complexes
4a-c and 5a-c were further characterized by IR spectroscopy, mass spectrometry, and IR spectroelectrochemistry. A
selection of ferrabenzenes (5a, 5b, 5aEt) revealed physicochemical properties suitable for biological applications, including
permanent air stability, adequate aqueous solubility and stability, and balanced hydrophilic/lipophilic profile. These
compounds exhibited potent cytotoxicity in vitro against three cancer cell lines, with 5aEt standing out for its pronounced
activity, attributed to disruption of cell redox homeostasis, and marked selectivity compared to two noncancerous cell lines.

Introduction

Metallabenzenes are obtained by the formal replacement of
a CH group in benzene (or, more broadly, in an arene—pure
MC5H5 structures are unknown) with an isolobal metallic
fragment. Since their predicted existence in 1979 and the
synthesis of the first osmabenzene in 1982 (Scheme 1a),[1] the
chemistry of metallabenzenes has experienced tremendous
progress.[2–5] These fascinating compounds have captured
the attention of chemists due to theoretical questions
surrounding their aromaticity,[6–8] unique reactivity,[9–11] and
potential applications.[3,12,13]

Numerous stable metallabenzenes containing middle-late
transition metals, particularly ruthenium, osmium, iridium,
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and platinum, have been reported,[3,12,15,16] including several
cases where the MC5 ring acts as a η6-pseudo-arene ligand
toward another metal center.[12] Typically, the aromatic
character of the ring is evidenced by comparable C─C and
M─C bond distances, downfield-shifted 1H NMR signals, and
a planar configuration.[3,7] However, the metallic fragment
is often tilted from the C5 plane, which has been attributed
to steric and electronic factors.[17,18] The latter involves an
antibonding interaction between an occupied metal d orbital
and the σ orbitals of the C5 ring, a phenomenon thought to
enhance aromaticity.[17]

Various synthetic methods have been developed for
the preparation of the known metallabenzenes, most

a)

b)

Scheme 1. a) Structure of the first reported osmabenzene (green ring;
Roper et al., 1982);[1] b) The only crystallographically characterized
ferrabenzene (green ring) was obtained unexpectedly from a
nonselective reaction (Stone et al., 1987).[14] The C─C bond lengths
within the metallabenzene rings range from 1.358 to 1.418 Å in the
osmabenzene and from 1.418(8) to 1.430(6) Å in the ferrabenzene. Cp*
= η5-C5Me5.

Angew. Chem. Int. Ed. 2025, 64, e202510795 (1 of 11) © 2025 Wiley-VCH GmbH

https://orcid.org/0000-0003-3465-8559
https://orcid.org/0000-0002-9543-6127
https://orcid.org/0000-0003-0739-0518
https://orcid.org/0000-0002-4244-5097
https://orcid.org/0000-0002-4947-3912
https://orcid.org/0000-0002-3683-8708
mailto:filippo.lipparini@unipi.it
mailto:fabio.marchetti@unipi.it
mailto:gilles.gasser@chimieparistech.psl.eu


Research Article

Scheme 2. General synthesis of diiron vinyliminium complexes (2) from
diiron aminocarbyne complexes (1) via CO elimination and alkyne
insertion (R,R’ = alkyl or aryl groups). Complexes 1 can be obtained in
multigram quantities from the commercially available [Fe2Cp2(CO)4]
(Cp = η5-C5H5).[34]

commonly involving coupling reactions between suitable
metal frameworks and alkynes[19,20] or alkenes.[3–5,21]

Despite this progress, metallabenzenes based on 3d
transition metals remain exceptionally rare.[2,3,22,23] In par-
ticular, the only recognized iron-containing example is a
η6-ferrabenzene-coordinated tungsten complex, which was
identified as a minor side-product (7%) from the reaction
of a bimetallic precursor with a large excess of 2-butyne
(Scheme 1b).[14]

To access unprecedented structures, the exploration of
novel synthetic approaches is of paramount importance,
especially considering that the stabilization of metallaben-
zenes may require specific combinations of substituents.[24–27]

Among potential strategies, the use of dinuclear metal com-
plexes offers expanded possibilities, as dimetallic cores can
promote cooperative effects that enable reactivity patterns
not available in monometallic analogues.[28–30] We recently
utilized this principle to synthesize a family of Ru-coordinated
ruthenabenzenes via alkyne addition to an allenyl ligand
bridged in a dinuclear ruthenium carbonyl complex.[31]

The diiron vinyliminium complexes 2 are readily avail-
able from benchmark aminocarbyne precursors, 1, through
a broad-scope decarbonylative alkyne insertion reaction
(Scheme 2).[32] Complexes 2 serve as versatile platforms for
constructing new organo-iron architectures by exploiting a
range of C─C bond coupling reactions.[33] Herein, we describe
an unprecedented assembly process, initiated by C2

─H
vinyliminium deprotonation, leading to the straightforward
synthesis of the first class of substituted ferrabenzenes.

Results and Discussion

Synthesis and Characterization of Iron-Coordinated
Ferrabenzenes

As part of our ongoing research on anticancer organo-
diiron complexes,[34–36] we aimed to install an azine function,
{C═N─N═C}, onto a cyclohexyl C3-substituted vinyliminium
ligand, with cyclohexyl known to impart favorable in vitro
activity.[35,37] This modification would convert the vinylim-
inium complex 2a into the azine-decorated bis-alkylidene
derivative 3a (Scheme 3, path a). This room-temperature
reaction has been previously reported for several complexes
of type 2 (Scheme 2, predominantly with R = meta-xylyl and

Scheme 3. Reaction of diiron vinyliminium complexes (2a-c) with ethyl
diazoacetate affording ferra-cyclohexadienone derivatives 4a-c (c) via the
intermediate formation (a and b) of the hydrazone-(bis)alkylidene
species 3a-c (not isolated). Subsequent O-alkylation yields
ferrabenzenes 5a-c (d). Key carbon atoms are numbered as shown. 2a,
3a, 4a, 5a, 5aEt: R = 4-C6H4OMe; 2b, 3b, 4b, 5b: R = Me; 2c, 3c, 4c, 5c:
R = 2-naphthyl; Cy = C6H11 (cyclohexyl); 2d, 3d: R = 2,6-C6H3Me2 (Xyl).
The reaction of 2d halts at the formation of 3d.

R’ = Me, Bun, or aryl), yielding isolable derivatives analogous
to 3a.[37,38]

A fivefold excess of ethyl diazoacetate, an easily accessible
diazo compound, was used in combination with potassium
tert-butoxide, serving as the C2

─H deprotonating agent. The
reaction progress was monitored by infrared spectroscopy,
initially revealing two bands at 1953 (terminal CO) and 1779
cm−1 (bridging CO), indicative of the formation of 3a.[38]

Subsequently, small shifts in the terminal CO band and the
progressive disappearance of the bridging CO band were
observed, leading to the complete conversion into a new
monocarbonyl species, 4a (Scheme 3, paths b and c), after
approximately 2 h. This product was purified via alumina
chromatography and identified by X-ray diffraction analysis.
The same reaction outcome was achieved upon varying one
iminium substituent (R), leading to the isolation of complexes
4a-c in 54%–84% yields.

Complexes 4a-c were subsequently O-alkylated with
methyl or ethyl triflate, producing the cationic derivatives 5a-
c in 80%–86% yields, with 5aEt being crystallographically
characterized (Scheme 3, path d).[39]

Views of the X-ray structures of 4a and 5aEt are shown
in Figures 1 and 2, respectively, with key bonding parameters
summarized in Table 1. In particular, the structure of 5aEt
represents a rare example of homoleptic metallabenzene
sandwich complex[24,40] and, notably, it is the first such exam-
ple involving iron. Both structures feature a six-membered
FeC5 ring, comprising Fe(1)C(3)C(2)C(1)C(5)C(4) coordi-
nated to the Fe(2)Cp fragment. The mean deviations from the
ideal FeC5 plane are similar in 4a and 5aEt, measuring 0.1309
and 0.1367 Å, respectively. Also, the sum of the internal angles
of the FeC5 ring are comparable (711.1(3)° and 713.0(6)° for
4a and 5aEt, respectively). However, significant differences
in bonding parameters within the FeC5 ring and between the
ring and Fe(2) are observed between the two structures.

In 4a, C(4)–O(2) (1.2435(18) Å) is essentially a double
bond, whereas C(4)–C(5) (1.465(2) Å) possesses mini-
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Figure 1. View of the X-ray structure of 4a. Displacement ellipsoids are
presented at the 30% probability level. Hydrogen atoms have been
omitted for clarity.

Figure 2. View of the X-ray structure of 5aEt. Displacement ellipsoids are
presented at the 30% probability level. Hydrogen atoms have been
omitted for clarity.

Table 1: Selected bond lengths (Å) and angles (°) for 4a and 5aEt. See
Supporting Information for a full list (Table S2).

4a 5aEt

Fe(1)–Fe(2) 2.6251(5) 2.5708(6)
Fe(1)–C(6) 1.7446(16) 1.755(4)
Fe(1)–C(3) 1.9530(14) 1.954(3)
Fe(1)–C(4) 1.9636(16) 1.915(3)
Fe(2)–C(1) 2.1066(15) 2.218(3)
Fe(2)–C(2) 2.0724(14) 2.088(3)
Fe(2)–C(3) 2.0131(15) 2.027(3)
Fe(2)–C(4) 2.2478(15) 2.012(3)
Fe(2)–C(5) 2.0826(15) 2.087(3)
C(2)–C(3) 1.417(2) 1.408(4)
C(4)–C(5) 1.465(2) 1.431(4)
C(1)–C(2) 1.422(2) 1.429(4)
C(1)–C(5) 1.428(2) 1.436(4)
C(1)–N(1) 1.4315(18) 1.387(4)
C(4)–O(2) 1.2435(18) 1.384(3)
C(6)–O(1) 1.1508(19) 1.139(4)
Sum angles at
N(1)

359.7(2) 357.4(5)

mal π -character. The Fe(1)–C(4) contact (1.9636(16) Å)
resembles a vinyl Fe-C(sp2) σ -interaction, while Fe(1)–C(3)
(1.9530(14) Å) is shorter, indicating a slight π -character.[41]

The three distances C(1)–C(5) (1.428(2) Å), C(1)–C(2)
(1.422(2) Å) and C(2)–C(3) (1.417(2) Å) are quite similar and
somehow in between single and double bonds. This suggests
some degree of π -delocalization, as also evidenced by the sim-
ilar Fe(2)–C(3) (2.0131(15) Å), Fe(2)–C(2) (2.0724(14) Å),
Fe(2)–C(1) (2.1066(15) Å), and Fe(2)–C(5) (2.0826(15) Å)
bond lengths, which are comparable to those observed in var-
ious [FeCp(arene)]+ complexes.[42–45] In contrast, Fe(2)–C(4)
(2.2478(15) Å) is rather elongated (sum of the covalent radii
of Fe and C = 2.20 Å), suggesting a weaker interaction.[14,46]

Moreover, Fe(1)–Fe(2) (2.6251(5) Å) is longer than typical
values reported for diiron bis-cyclopentadienyl complexes.[47]

The C(1)–N(1) distance (1.4315(18) Å) is characteristic for a
single bond, even though N(1) (sum angles 359.7(2)°) displays
an almost perfect sp2 hybridization. This might be due to
partial π -character of N(1)–C(11) (1.4045(19) Å), whereas
N(1)–C(10) is a pure single bond (1.4498(19) Å). Overall, the
FeC5 ring in 4a may be described in terms of three resonance
forms (average iron oxidation state +II), with the ferra-
cyclohexadienone representation 4a1 being the predominant
contributor (see Scheme S2).[48,49]

Alkylation of O(2) in 5aEt causes a considerable
elongation of C(4)–O(2) (1.384(3) Å), becoming a single
bond. As a consequence, both C(4)–C(5) (1.431(4) Å) and
Fe(1)–C(4) (1.915(3) Å) are sensibly shortened, increasing
their π -character.[50] The Fe(1)–C(3) (1.954(3) Å), C(2)–
C(3) (1.408(4) Å), C(1)–C(2) (1.429(4) Å), and C(1)–C(5)
(1.436(4) Å) bonding distances are similar to those found
in 4a. Overall, the six values of the intra-ring distances
in 5aEt indicate enhanced π -delocalization within the six-
membered metallacycle compared to 4a. Both Fe(1)–Fe(2)
(2.5708(6) Å) and Fe(2)–C(4) (2.012(3) Å) are shortened
compared to 4a, whereas Fe(2)–C(3) (2.027(3) Å), Fe(2)–
C(2) (2.088(3) Å), and Fe(2)–C(5) (2.087(3) Å) are almost
unaltered. Only Fe(2)–C(1) (2.218(3) Å) undergoes elon-
gation, in keeping with the increased π -character of C(1)–
N(1) (1.387(4) Å) and as expected for a metal-coordinated
aminobenzene.[51–53] For comparison, the C─C bond distances
within the two cyclopentadienyl ligands fall in the range
from 1.376(6) Å to 1.420(7) Å. Overall, 5aEt is best
described as an (iron-coordinated) substituted ferrabenzene.
It is noteworthy that only a limited number of stable
hydroxo- and alkoxo-substituted metallabenzenes have been
reported so far.[31,54,55] For instance, the ruthenabenzene com-
plex [Ru(Cp)(CO){C(OEt)C(Ph)CHCHC(Ph)}] has been
observed to be unstable above −30 °C,[56] highlighting the
inherent challenges in stabilizing such systems. In contrast,
coordination to the FeCp scaffold may be crucial to stabilizing
the alkoxo-ferrabenzene scaffold in 5a-c.

The solution IR and NMR spectra of 4a-c and 5a-
c (Figures S13–S47) are in good agreement with the
crystallographic features discussed for 4a and 5aEt. In
particular, the IR spectra (recorded in CH2Cl2) display
an intense band attributed to the carbonyl ligand. This
band appears at 1958–1962 cm−1 for 4a-c and shifts to
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significantly higher wavenumbers (2002–2003 cm−1) in 5a-c,
consistent with the cationic nature of the latter complexes.
The NMR spectra (acetone-d6 solutions) exhibit single sets of
resonances. The two N-methyl substituents are equivalent in
4b and 5b, in line with the predominant single-bond character
of the C1

─N bond, which allows free rotation of the NMe2

group. The 1H chemical shift values for C2H (6.56–6.70 ppm
in 4a-c, 6.24–6.61 ppm in 5a-c) are consistent with those
commonly observed for CH groups in metal-coordinated
metallabenzenes,[40] as well as in [FeCp(η6-arene)]+

complexes (e.g., 6.50 ppm in [FeCp(η6-C6H6)]+).[57,58]

In the 13C NMR spectra, the Fe1-bound ring carbons (C3

and C4) resonate at markedly low-field (207.2–227.3 ppm in
4a-c, 221.6–237.8 ppm in 5a-c), indicative of partial alkylidene
(Fe═C) character.[41] The C5 carbon undergoes a pronounced
downfield shift ongoing from 4a-c (63.5–64.9 ppm) to 5a-
c (93.1–104.4 ppm), in line with an increased aromatic
character. For comparison, benzene carbons resonate at
89 ppm in [FeCp(η6-C6H6)]+.[57,58]

Conversely, only minor shifts are observed for C2 (e.g.,
from 75.2 ppm in 4b to 71.2 ppm in 5b) and C1 (128.5 ppm
in 4b, 135.3 ppm in 5b). Notably, the chemical shifts of C2

and C1 in 5a-c match the expected ranges for, respectively,
alkoxo- (86–105 ppm)[59,60] and dimethylamino-substituted
ring carbons (≈130 ppm)[53,61,62] in related metal-coordinated
arenes, supporting the aromatic character of the metallacycle
in 5a-c.

The key IR and NMR data were further validated
through computational analyses of representative compounds
(see Sections 3.2–3.3 within the Supporting Information).
Representative 1H and 13C nuclei were computed at the
CASSCF(14,14) and B3LYP levels of theory (Tables S6–S9).
The calculated 1H chemical shifts reasonably agree with the
experimental values, and both methods correctly predict the
downfield resonance of C2H, as expected for an aromatic
proton. On the other hand, calculated 13C chemical shifts
show more variability, with the CASSCF values for C1, C3,
C4, and C5 being closer to and in satisfying agreement with
the experimental data.

Mechanistic Studies

The formation of complexes 4a-c from 2a-c and ethyl
diazoacetate, in the presence of a base, follows a three-
component assembly process, which proceeds through the
intermediate formation of 3a-c (vide infra). This assembly
involves an unprecedented coupling of two carbene units
(C1, from the C3 bridging ligand in 2a-c and 3a-c, and C5,
from ethyl diazoacetate)[63] and one CO ligand, resulting
in the formation of two carbon─carbon bonds (C1

─C5 and
C4
─C5). An NMR study using the C2-deuterated analog of

2a confirmed that the C2
─H in 4a does not originate from

the initial vinyliminium ligand (see Scheme S3). On the other
hand, the use of deuterated solvent ruled out tetrahydrofuran
as the source of the C2

─H hydrogen.
Based on this premise, a computational study was

conducted to investigate the reaction mechanism starting
from 3b, which was selected to minimize the computational

effort (Figures S61–S64 and Tables S10,S11). We carried out
DFT optimizations using the B3LYP exchange-correlation
functional,[64] the def2-TZVP basis set,[65] and Grimme’s
D3 dispersion correction[66] with Becke–Johnson damping
scheme.[67] Implicit solvation was included via the polariz-
able continuum model (PCM),[68,69] using tetrahydrofuran
(THF, εr = 7.4257) as the solvent. All calculations were
performed with the Gaussian 16 (rev A03) quantum-chemical
software.[70] All minima and transition states were con-
firmed by computing analytical frequencies. According to the
results, the reaction pathway proceeds through three distinct
intermediates (Scheme 4).

Initially, torsion along the N─N bond, with an isomeriza-
tion barrier of approximately 27 kJ mol−1, generates a con-
former that positions the methyne carbon, C5H(CO2Et), close
to the iminium carbon C1. Subsequent C5

─C1 bond formation
leads to the formation of a five-membered pyrazole ring
(I1), with an associated energy barrier of about 94 kJ mol−1.
This reactivity is in accordance with the known nucleophilic
character of the methyne group in ethyl diazoacetate[71–73] and
the well-established tendency of the iminium carbon in diiron
vinyliminium complexes to undergo nucleophilic attack by
carbon-based nucleophiles.[32,33] In contrast, it is also well doc-
umented that the presence of a meta-xylyl (Xyl) substituent in
complexes of type 2 provides steric shielding of the C1 carbon,
thereby preventing nucleophilic addition.[74] Consistent with
this trend, the reaction of 2d with ethyl diazoacetate stopped
at the formation of 3d (Scheme 3 and Section 1.3.4 in the
Supporting Information). The identity of 3d was confirmed by
IR, NMR, and mass spectrometry analyses.

N2 elimination occurs from I1, overcoming a barrier of
roughly 82 kJ mol−1, to form I2, where C1 is no longer
coordinated to iron. Then, a torsion along the C1

─C2

bond—requiring a somewhat higher barrier of 26 kJ mol−1—
generates a favorable conformer (I2′′). Two subsequent
motions (I2′′→ I2′′′) move Fe1 and C5 nearer to C2 and C4,
respectively. The subsequent formation of a bond between C5

(originally the carbene atom in ethyl diazoacetate) and one
CO ligand, shifted from bridging to terminal coordination,
constructs the C3C2C1C5C4 chain, yielding intermediate I3
(∼10 kJ mol−1 higher than I2′′′). The final step of the reaction
involves a 1,3-hydrogen migration from C5 to C2, enabling C4

and C3 to coordinate Fe2 and Fe1, respectively, thereby com-
pleting the six-membered ring closure. The transition state
for this last step shows a remarkably high activation energy,
suggesting that other species present in the reaction medium
may facilitate the transformation.[75] Although the mecha-
nistic picture remains complex, we identified a potentially
favorable role played by unreacted ethyl diazoacetate, based
on the documented weak Brønsted basicity of its methyne
carbon (N2CHCO2Et).[76] This compound can function as
a proton shuttle between C5 and C2, while simultaneously
binding the deprotonated C5 through one nitrogen atom.
The overall activation energy for this assisted pathway is
approximately half that of the naïve 1,3-hydrogen migration
(164.9 kJ mol−1 versus ∼300 kJ mol−1), see Figures S63,S64
for details.

Due to the partial multireference nature of the studied
compounds, all intermediates were also optimized at the
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Scheme 4. Calculated reaction pathway for the conversion of the diiron bis-alkylidene complex 3b (R) to the iron-coordinated ferra-cyclohexadienone
complex 4b (P). The Chemdraw structures of R, I1’, I2, I3, and P are shown.

CASSCF level of theory,[77–80] which further confirmed the
stability of the DFT-optimized geometries. These calculations
were conducted using the CFour suite of quantum-chemical
programs.[81,82]

Aromaticity

The structures of the crystallographically characterized
complexes 4a and 5aEt were subjected to an in-depth
computational study. Additionally, 3-(dimethylamino)-2,4-
cyclohexadienone (4′) and 3-methoxy-N,N-dimethylaniline
(5′) were included in the study as organic cyclohexadiene
and arene models, respectively, structurally related to the
six-membered rings in 4 and 5.

Figure S65 shows the total electron density—computed
using DFT in THF—for 4a and 5aEt, confirming its delocal-
ization throughout the FeC5 ring.

For 4a, natural bond orbital (NBO) analysis[83,84]

evidenced that the iron atom incorporated into the ring
(Fe1) is bonded to C3 and C4 carbons approximately through
sp1.2d3.2 hybrid orbitals. According to the Wiberg bond index
matrix, the bond orders for the C3

─C2, C2
─C1, C1

─C5, and
C5
─C4 bonds are 1.30, 1.20, 1.25, and 1.05, respectively

(Table 2). These values are quite dissimilar from those in
the organic analog 4′, confirming that 4a is not a pure ferra-
cyclohexadienone but rather exhibits a certain degree of
aromaticity.

In 5aEt, the C5
─C4 bond order increases to 1.25, reveal-

ing an enhanced aromatic character. Additionally, changes
observed from 4a to 5aEt in the bond orders of C4

─O
(from 1.61 to 0.98) and C1

─N (from 1.03 to 1.20) are
consistent with crystallographic data. In general, the ring
C─C bond orders in 5aEt and 5′ are roughly comparable,
supporting the appropriate description of 5aEt as a metalla-
arene.

Table 2: Bond orders for selected atom pairs according to theWiber bond
index matrix for complexes 4a and 5aEt, and related organic models, 4′
and 5′. The C─C bond orders for benzene (1.44) and cyclohexadiene (1.85
double bonds; 1.02 and 1.10 single bonds) were also computed at the
same level of theory.

Bond 4a 4’ 5aEt 5’

C3─C2 1.30 1.84 1.31 1.48
C2─C1 1.20 1.09 1.18 1.31
C1─C5 1.25 1.45 1.16 1.36
C5─C4 1.05 1.23 1.25 1.38
C4─O 1.61 1.61 0.98 1.03
C1─N 1.03 1.25 1.20 1.15

An adaptive natural density partitioning (AdNDP)[85]

analysis on complex 5aEt revealed no multicenter orbitals
delocalized between Fe1 and the ring carbon atoms. Instead,
two π -type orbitals shared among three ring carbons were
identified, i.e., C1, C5, and C4 and C1, C2, and C3, respectively.
However, the AdNDP method is highly sensitive to the
choice of orbitals, thus raising some concern regarding its
reliability.[86] Overall, our findings suggest that aromaticity is
primarily sustained by the five carbon atoms of the ring, with
a minor contribution from the iron.
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Table 3: NICS (in ppm) and Jind (in nA T−1) values for 4a, 5aEt, and
the two model systems 4′ and 5′, and Jind values for the oxidized and
reduced forms of 4a, 5aEt, all computed with B3LYP/def2-TZVP in THF.
For both NICS and Jind: positive values denote aromaticity, negative
values antiaromaticity, values close to zero signify nonaromatic character.
For comparison, the NICS and Jind values for benzene, computed at the
same level of theory, are 16.1 and 12.1, respectively.

4a 4’ 5aEt 5’

NICS(0)zz 14.9 −10.6 17.5 8.7
Jind 9.0 0.2 8.1 8.5

4aox 4ared 5aEtox 5aEtred

Jind −0.46 −0.45 1.31 0.43

Figure 3. Current profile for system 5aEt, obtained from MICD
calculations.

Furthermore, the aromaticity of 4a and 5aEt was
assessed by computing nucleus-independent chemical shifts
(NICS)[87,88] and the net ring current strength (Jind) of
the gauge-including magnetically induced current density
(MICD).[89–91] Both approaches provide convenient tools to
evaluating the aromatic character of a molecule: positive val-
ues indicate aromaticity, negative values antiaromaticity, and
values close to zero correspond to nonaromatic systems. We
note that the NICS method has been subject to criticism,[92]

however the following analysis remains qualitative and
incorporates additional parameters to support the evaluation
of aromaticity. The integration window for Jind calculations
was selected by computing current profiles. As shown in
Table 3, the results support an aromatic character for both
4a and 5aEt. Specifically, the Jind values are comparable for
4a, 5aEt, and 5′, while the NICS index indicates a higher
degree of aromaticity for 5aEt compared to 4a, consistent
with the experimental findings. These observations were
further validated by CASSCF(14,14)/def2-SVP calculations
performed in vacuum for 4a and 5aEt, which yielded values
of 10.4 and 9.6 nA T−1, respectively.

Figures 3 and 4 depict the ring current profile with its
characteristic aromatic shape, and the current density vectors
calculated for 5aEt, providing further evidence of aromaticity.

A parallel computational analysis on 5a yielded values for
net ring current and NICS(0)zz identical to those of 5aEt,
indicating that the computed aromatic character is largely

Figure 4. Current density vectors for 5aEt. The vector field is plotted
exclusively on a plane positioned 0.5 Å below the ferrabenzene ring.

insensitive to the nature of the alkyl substituent on the
C4O(Alk) group.

The calculations of integrated MICD values were
extended to the one-electron oxidized and reduced deriva-
tives of 4a and 5aEt, namely 4aox/red and 5aEtox/red (Table 3).
The optimized structures are shown in Figure S68, and
key geometric parameters are compiled in Table S12. The
results indicate a substantial loss of aromatic character upon
redox processes, which correlates with the electrochemical
data (vide infra). Interestingly, the most significant structural
change is the loss of planarity among the five carbon atoms of
the FeC5 ring, with the exception of the reduced form of 5aEt,
which retains a planar geometry.

Electrochemistry

The electrochemical behavior of 5aEt and 4a, chosen as
representative crystallographically characterized examples
from the respective families of complexes, was investigated
by cyclic voltammetry and in situ infrared spectroelectro-
chemistry (IR SEC). The experiments were conducted in
CH3CN/[NnBu4]PF6 0.1 M solution at a platinum electrode,
and the results showed good agreement with computer simu-
lations (see Figures S60 and S70–S73). In both complexes, the
two iron atoms are formally in the average +II oxidation state
(see Scheme S2).

Within the potential range of +1.5 to −1.5 V, 5aEt displays
two electrochemically reversible, diffusion controlled redox
processes: one oxidation at E°′ = +1.06 V (versus Ag/AgCl,
�Ep = 80 mV) and one reduction at E°′ = −0.77 V (�Ep =
75 mV), see Figure S70. We note that this reduction potential
is close to the biologically relevant range of potentials (E°
= +0.6 to −0.6 V versus Ag/AgCl).[93,94] Hydrodynamic
voltammetry at a platinum rotating disc electrode confirmed
the involvement of an equal number of electrons in both
redox events, as evidenced by the identical limiting currents.
The oxidation shows complete chemical reversibility even
at low scan rates, whereas the reduction is complicated by
subsequent chemical reactions (ib/if = 0.7 at 0.1 and 0.99
at 1 V s−1). Controlled potential electrolysis at +1.1 V
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Figure 5. IR spectra of a CH3CN solution of 5aEt recorded in an OTTLE
cell during the progressive increase of the working electrode (WE)
potential from +0.9 to +1.2 V (versus Ag pseudo-reference electrode;
scan rate 1 mV s−1). [NnBu4]PF6 (0.1 mol dm−3) was used as the
supporting electrolyte. The absorptions of the solvent and supporting
electrolyte are subtracted.

proved that the oxidation corresponds to the removal of one
electron per mole of complex. In addition, cyclic voltammetry
performed on the exhaustively one-electron oxidized solution
produced a voltammetric profile complementary to the initial
one.

IR SEC studies confirmed the stability of the electro-
generated oxidation product over the longer timescale of
these experiments while revealing rapid decomposition of the
reduction product. In particular, the IR spectra sequence of
a CH3CN solution of 5aEt, recorded every 60 s during a
slow potential scan (1 mV s−1) between +0.9 and +1.2 V
(Figure 5), showed a shift of the CO stretching frequency of
the parent complex (ṽCO = 1999 cm−1) toward higher values
upon oxidation (ṽCO = 2007 cm−1). This shift reflects the
acquired positive charge of the complex. Additionally, the
OCO absorption moves from 1728 cm−1 to 1730 cm−1. The
IR spectrum of the starting species was restored in an almost
quantitative yield as the potential was reversed to the initial
value, indicating high stability of the electrooxidized species
over the extended timescale of the spectroelectrochemical
experiments.

When the potential of the working electrode was
decreased from −0.7 to −1.1 V, at a scan rate of 2 mV s−1,
a rapid decomposition of the reduction product of 5aEt
was observed (Figure S71). This was evidenced by the
quick disappearance of the initial CO stretching band, which
was replaced by a very weak and transient absorption at
1925 cm−1. In the final spectrum within the 2100–1600 cm−1

range, only one medium/weak intensity absorption at 1731
cm−1 was observed. The 1925 cm−1 band was tentatively
attributed to the terminal CO group of the short-lived neutral
reduction product 5aEtred.

By comparing the observed �νCO following the oxidation
and reduction of 5aEt, which were 8 and 74 cm−1, respectively,
it can be inferred that the removal or addition of one elec-

Figure 6. Frontier molecular orbitals calculated for 5aEt and related
oxidized and reduced species.

tron involves molecular orbitals with different delocalization
patterns on the Fe1 atom. This is supported by the analysis
of the HOMO and LUMO of 5aEt, as well as the SOMO of
its oxidized and reduced forms (doublet state), as shown in
Figure 6. Within a naïve independent-particle model, these
orbitals would be directly involved in the oxidation and
reduction processes. Consistent with the small �ṽCO upon
5aEt oxidation, both the HOMO of 5aEt and the SOMO
of 5aEtox exhibit minimal electron density around the Fe1–
CO moiety. Conversely, the larger �ṽCO upon 5aEt reduction
correlates well with the LUMO of 5aEt and the SOMO of
5aEtred (significantly delocalized over Fe1–CO), as well as
with the calculated IR spectrum of 5aEtred, see Figure S60.

Furthermore, the extensive delocalization of the 5aEtred

SOMO over the ferrabenzene ring suggests that the reduction
process involves a loss of the aromatic character of the
ferrabenzene core, ultimately leading to decomposition.

The voltammetric profile of 4a (Figure S72), recorded
in the potential range from +0.9 to −1.8 V, displayed an
irreversible oxidation at +0.48 V, followed by a reduction
peak at +0.24 V in the reverse scan, attributed to a
decomposition product.

A reduction event was observed at −1.59 V, with the cor-
responding back oxidation peak appearing at −1.37 V (formal
potential E°’ = −1.48 V). The peak-to-peak separation of
220 mV (measured at 0.1 V s−1) suggests electrochemical
quasi-reversibility, while the low ib/if indicates partial chem-
ical reversibility for this redox step. A process at −0.83 V in
the back oxidation scan is attributed to the product formed
via subsequent chemical reactions of reduced 4a.

When the reduction process was investigated by IR SEC,
during the progressive decrease of the WE potential from
−0.9 to −1.5 V, the IR bands of 4a (1952 and 1719 cm−1) were
replaced by three new absorptions (1881, 1815, and 1676 cm−1;
Figure S73a). Hence, upon increasing the WE potential to
oxidizing values (Figure S73b), the new bands disappeared,
and a two-band spectrum was obtained (1955 and 1696 cm−1,
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Figure S73c), closely resembling but not identical to that of 4a.
These observations suggest that the reduction–oxidation cycle
involves significant structural changes, possibly leading to an
isomer of 4a. In particular, the band at 1815 cm−1 in 4ared is
ascribable to a bridging CO ligand, presumably arising from
a rearrangement of the ferra-cyclohexadienone structure.
Notably, the involvement of CO ligands in reversible C─C
bond formation processes, induced by one-electron transfer,
has been previously observed in related diiron complexes.[95]

The HOMO and LUMO of 4a and the SOMO orbitals of 4aox

and 4ared are depicted in Figure S67.

Anticancer activity

The sandwich-like structures of 4 and 5 resemble that of
typical ferrocene derivatives, a class extensively explored for
anticancer applications.[96,97] Therefore, preliminary experi-
ments were conducted to assess the suitability of the new
complexes for biological studies. The neutral compounds of
type 4 demonstrated insufficient stability, undergoing slow
decomposition upon exposure to air. In contrast, the cationic
derivatives 5a-c showed full air stability over several months
in the solid state. Moreover, NMR experiments indicated
appreciable water solubility (>10−5 M) for 5a, 5b, and 5aEt.
This is the reason why these compounds were selected for
further investigation. The stability of these complexes was
assessed at 37 °C over 48 h in various physiologically relevant
solutions, using NMR spectroscopy, UV–vis spectroscopy, and
high-resolution ESI-QTOF mass spectrometry. Overall, the
results indicate good stability at concentrations ≥10−4 M
(Table S16). Dynamic light scattering (DLS) experiments con-
firmed consistent particle size distribution and no significant
aggregation (Section 5.8).[98]

Nevertheless, gradual and extensive disassembly of
the organometallic framework is accelerated at lower
concentrations and likely occurs in the cellular environment,
as previously reported for other diiron bis(cyclopentadienyl)
complexes.[34,99]

Complexes 5a, 5b, and 5aEt exhibited substantial
amphiphilicity, as indicated by their octanol/water partition
coefficients (Log Pow values ranging from 0.11 to 0.71,
Table S13).

The resazurin assay was employed to evaluate antipro-
liferative activity on a panel of cancer and noncancerous
cell lines, with cisplatin serving as a reference (Table 4
and Figures S97–S101). Among the tested compounds, 5b
exhibited moderate activity but lacked selectivity. In contrast,
complexes 5a and 5aEt showed improved efficacy, with IC50

values in the low micromolar range against cancer cells
and partial selectivity, as their effects on noncancerous cell
lines were lower. Notably, despite similar Log Pow values
for 5a and 5aEt, suggesting comparable cell membrane
penetration, 5aEt exhibited higher cytotoxicity compared to
5a. Remarkably, the cytotoxicity of 5aEt exceeded that of
cisplatin in the A549 cell line. Additionally, the IC50 values
of 5aEt for noncancerous cell lines were approximately 19-
and 3.5-fold higher than the average IC50 for cancer cell lines
(2.1 µM).

Table 4: IC50 values (µM) of 5a, 5b, 5aEt, and cisplatin after 48 h incu-
bation with U87 (human glioblastoma), MCF7 (human breast cancer),
A549 (human lung adenocarcinoma), MRC-5 (human lung fibroblast),
and RPE1 (human retinal pigment epithelial) cells. Data are presented
as the mean ± SD (n = 3).

5a 5b 5aEt Cisplatin

U87 6.2 ± 0.3 35 ± 4 2.5 ± 0.1 3.5 ± 0.2
MCF7 4.4 ± 0.2 18 ± 1 1.7 ± 0.1 1.7 ± 0.2
A549 5.1 ± 0.5 15 ± 1 2.1 ± 0.2 9.5 ± 0.8
MRC-5 13 ± 1 5.5 ± 0.6 40 ± 3 3.1 ± 0.4
RPE1 16 ± 2 27 ± 2 7.3 ± 0.1 39 ± 3

To gain insights into the mechanism of action, the effects of
the most effective (5aEt) and least effective (5b) complexes,
alongside cisplatin as a reference, were investigated on the
mitochondrial respiratory function of A549 cells. Oxygen
consumption rate (OCR) measurements were carried out
using a Seahorse XF96 analyzer.

As shown in Figure S102, both diiron complexes sig-
nificantly impaired mitochondrial respiration, leading to
reduced oxidative phosphorylation activity. Conversely, cis-
platin induced negligible changes. Specific mitochondrial
parameters were also evaluated (Figure S102B). Basal respi-
ration, reflecting cellular O2 consumption under normal con-
ditions, decreased by 31% and 13% following treatment with
5aEt and 5b, respectively. Similarly, ATP production capacity,
assessed by inhibiting ATP synthase with oligomycin, was
reduced by 38% with 5aEt and 16% with 5b. Moreover,
maximal respiration decreased by 19% upon exposure to
5aEt, compared to 12% with 5b. When these experiments
were repeated on noncancerous MRC-5 cells, comparable
mitochondrial impairment was observed with 5aEt and 5b
(Figure S103).

Overall, these findings highlight the profound
mitochondrial dysfunction induced by 5aEt in cancer cells
and underscore the differential effects of 5aEt and 5b in
cancerous and noncancerous cell lines, correlating with their
cytotoxicity profiles.

Following mitochondrial analysis, cellular oxidative stress
was examined by measuring the levels of reactive oxygen
species (ROS) in A549 cells treated with 5b, 5aEt, or H2O2

(positive control). ROS generation was monitored using
the fluorescent probe 2′,7′-dichlorodihydrofluorescein diac-
etate (DCFH-DA). After treatment, fluorescence intensity—
reflecting ROS levels—was captured by confocal microscopy.
Figure 7 shows a marked increase in ROS levels in
cells treated with 5aEt compared to the untreated con-
trol, whereas the ROS increase in 5b-treated cells was
less pronounced. The substantial ROS elevation observed
in 5aEt-treated cells is consistent with mitochondrial dys-
function and aligns with prior research linking impaired
mitochondrial respiration to enhanced oxidative stress.[100]

The impact of 5aEt on cell redox homeostasis is likely
associated with intracellular release of iron-containing
species, following fragmentation of the organometallic
scaffold (vide infra).[34,99] Additional redox-reactive iron
species generated via reduction events may also contribute
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Figure 7. DCFH-DA detection of ROS in A549 cells after 4 h of
incubation with ferrabenzene complexes and H2O2, respectively.
λex/λem = 488/505–550 nm. The scale bar represents 50 µM.

to ROS formation, consistent with the electrochemical
findings.

Conclusion

Metallabenzenes represent an intriguing class of
organometallic compounds that have attracted increasing
attention over the last three decades, both for their theoretical
significance and potential applications. However, structures
incorporating 3d metals remain exceedingly rare, and
ferrabenzenes in particular have remained elusive, unlike
their more extensively studied group 8 congeners based
on ruthenium and osmium. Here, we unveil the first
reproducible synthesis of a family of ferrabenzenes (5),
accessed via neutral ferra-cyclohexadienone species (4).
This unprecedented synthetic route exploits cooperative
effects within a diiron bis-cyclopentadienyl platform, which
drives an intramolecular {Fe + C3 + C1 + C1} assembly to
construct the six-membered metallacycle, coordinated as a
pseudo-arene to a second iron fragment. Crystallographic,
spectroscopic, and computational data consistently indicate
that both 4 and 5 display ring aromaticity, which is significantly
enhanced in 5. The sandwich-like structure of ferrabenzenes
5 resembles that of typical ferrocene derivatives, which have
been largely investigated for their anticancer properties.
However, the cationic nature of 5 enhances physicochemical
pre-requisites potentially favorable for such applications,
including permanent air stability and sufficient solubility and
stability in aqueous media and balanced hydrophilic/lipophilic
profile. These compounds demonstrated promising in vitro
cytotoxicity, associated with inhibition of mitochondrial
function, and this activity appears tunable through peripheral
structural variations. Notably, replacing a methyl group with
an ethyl substituent led to enhanced potency and considerable
selectivity toward cancer cells. Further optimization is likely
achievable, as the scope of the synthesis reaction offers the
possibility for additional structural diversification.

In summary, this work establishes a reproducible synthetic
strategy to access a rare family of metallabenzenes, highlights
the value of cooperativity in di- and polynuclear metal com-
plexes for building novel organometallic architectures, and
opens new perspectives for the development of iron-based
metalla-arene anticancer agents.
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[109] M. Krejčik, M. Daněk, F. Hartl, J. Electroanal. Chem. 1991, 317,

179–187.
[110] OECD Guidelines for Testing of Chemicals, Vol. 107, OECD,

Paris 1995.
[111] J. C. Dearden, G. M. Bresnen, Quant. Struct. Act. Relat. 1988,

7, 133–144.
[112] D. J. Currie, C. E. Lough, R. F. Silver, H. L. Holmes, Can. J.

Chem. 1966, 44, 1035–1043.
[113] Internal Standard Reference Data for qNMR: Dimethyl

Sulfone, 2018, https://www.bipm.org/documents/20126/
27085544/bipm%20publication-ID-3141/3e1311b4-d4c3-
7b98-6f93-f2bcd6478b07.

[114] R. J. Wells, J. Cheung, J. M. Hook, Accred. Qual. Assur. 2004,
9, 450–456.

[115] L. Pohl, M. Eckle, Angew. Chem. Int. Ed. 1969, 8, 381.
[116] Calculated by the formula pD = pH* + 0.4, where pH* is the

value measured for H2O-calibrated pH-meter. C. C. Westcott,
pH Measurements, Academic Press, New York 1978.

[117] A. K. Covington, M. Paabo, R. A. Robinson, R. G. Bates, Anal.
Chem. 1968, 40, 700–706.

[118] R. N. Duffin, L. J. Stephens, V. L. Blair, L. Kedzierski, P. C.
Andrews, J. Inorg. Biochem. 2021, 221, 111470.

Manuscript received: May 16, 2025
Revised manuscript received: September 16, 2025
Manuscript accepted: September 25, 2025
Version of record online: October 09, 2025

Angew. Chem. Int. Ed. 2025, 64, e202510795 (11 of 11) © 2025 Wiley-VCH GmbH

http://www.cfour.de
http://www.effemm2.de/spectragryph
https://www.bipm.org/documents/20126/27085544/bipm%20publication-ID-3141/3e1311b4-d4c3-7b98-6f93-f2bcd6478b07
https://www.bipm.org/documents/20126/27085544/bipm%20publication-ID-3141/3e1311b4-d4c3-7b98-6f93-f2bcd6478b07
https://www.bipm.org/documents/20126/27085544/bipm%20publication-ID-3141/3e1311b4-d4c3-7b98-6f93-f2bcd6478b07

	Multicomponent Synthesis on a Diiron Platform of Stable Ferrabenzenes with Promising Anticancer Activity
	 Introduction
	 Results and Discussion
	 Synthesis and Characterization of Iron-Coordinated Ferrabenzenes
	 Mechanistic Studies
	 Aromaticity
	 Electrochemistry
	 Anticancer activity

	 Conclusion
	 Supporting Information
	 Acknowledgements
	 Conflict of Interests
	 Data Availability Statement



