
Solvent-Dependent Reactivity of Fe(CO)5 under Superacidic and
Oxidative Conditions
Willi R. Berg, Marc Reimann, Robin Sievers, Susanne M. Rupf, Johanna Schlögl, Kilian Weisser,
Konstantin B. Krause, Christian Limberg, Martin Kaupp, and Moritz Malischewski*

Cite This: J. Am. Chem. Soc. 2025, 147, 3039−3046 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Herein, we report the solvent-dependent reactivity of Fe(CO)5
toward AsF5 in either anhydrous HF or liquid SO2. The reaction of Fe(CO)5
with the superacid HF/AsF5 leads to the protonation of the iron center and allows
for the first-time structural characterization of [FeH(CO)5]+ in the solid state,
representing one of the most acidic transition metal hydride complexes to ever be
isolated and structurally characterized. In the aprotic but oxidation-stable solvent
SO2, Fe(CO)5 is oxidized and dimerized to [Fe2(CO)10]2+, which is isoelectronic
with well-known Mn2(CO)10. [Fe2(CO)10]2+ is the first structurally characterized
example of a homoleptic dinuclear transition metal carbonyl cation. Together with
Fe(CO)5 and [Fe(CO)5]+•, it is a rare example of an iron-centered triad from which
the neutral, the radical cationic, and the dimerized dicationic species have been
structurally and spectroscopically characterized. All characterizations are well
supported by quantum chemical calculations. We also make the argument that the
dimerization of [Fe(CO)5]+• is largely dependent on the employed solvent.

■ INTRODUCTION
Iron carbonyl complexes are ubiquitous in organotransition
metal chemistry and exist in a great structural variety (with or
without auxiliary ligands) with formal oxidation states ranging
from −II in [Fe(CO)4]2− up to +IV in [Cp*2Fe(CO)]2+ (Cp*
= η5-C5Me5).

1,2 The most important homoleptic iron carbonyl,
Fe(CO)5, was discovered shortly after Ni(CO)4 by Mond.3

Despite its metal in a low oxidation state, Fe(CO)5 is a weak
base and protonation is only achieved under superacidic
conditions.4 Mass spectrometry,5 57Fe Mössbauer spectrosco-
py,6 and vibrational spectroscopy4 indicate an iron bound
hydride. However, [FeH(CO)5]+ was never structurally
characterized due to its high reactivity and instability. Besides
its Brønsted basicity, Fe(CO)5 can act as a Lewis base toward
(di)cationic Lewis acidic metal centers.6−10 In recent years,
there has been increasing interest in Lewis base−Lewis acid
metal adducts, specifically metal-only Lewis pairs (MOLP).11

While Braunschweig et al. coordinated Fe(CO)5 to the main
group Lewis acid GaCl3,

12 Fe(CO)5 has also been successfully
coordinated to the complete triad of group 11 coinage metal
cations Cu+/Ag+/Au+ (Figure 1A).7,9 Quantum chemical
calculations on [M{Fe(CO)5}2]+ (M = Cu, Ag, Au) indicate
that the [Fe(CO)5] → M+ ← [Fe(CO)5] donation is
significantly stronger than the [Fe(CO)5] ← M+ → [Fe-
(CO)5] backdonation.9

A different bonding situation is assigned for the isoelectronic
[Hg{Fe(CO)5}2]2+ adduct (Figure 1A) in which the dominant

dative bonds come from the σ-donation of Hg(0) into the
vacant orbitals of a formal [Fe2(CO)10]2+ acceptor fragment.10

In this context, the oxidizability of Fe(CO)5 is of general
interest. Whereas oxidation under CO atmosphere using
strong oxidants (XeF2 in HF-SbF5) gives [Fe(CO)6]2+,

13 the
17 VE species [Fe(CO)5]+• (Figure 1B) is accessible by using
strong one-electron oxidizers with the weakly coordinating
[Al{OC(CF3)3}4]− aluminate anion in organic solvents.14 This
17 VE transition metal carbonyl cation (TMCC) was fully
characterized spectroscopically and structurally but was not
found to dimerize, unlike its isoelectronic analogue [Mn-
(CO)5]•. Seventeen VE monomeric fragments (e.g., [Mn-
(CO)5]•, [Re(CO)5]•, [Co(CO)4]•) are usually observed to
dimerize as shown for Mn2(CO)10, Re2(CO)10, and
Co2(CO)8.

15−17

Additionally, oligonuclear homoleptic TMCCs with M−M
bonds are still scarce, with [M3(CO)14]2+ (M = Ru, Os) and
[Ru2(CO)10]2+ being the only complexes structurally charac-
terized by single-crystal X-ray diffraction (scXRD).18,19 Besides
mass spectrometric investigations of clustered TMCCs,20 only
[Hg2(CO)2]2+ and [Pt2(CO)6]2+ have been reported in the
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condensed phase.21 However, the instability of these
complexes did not allow for characterization by scXRD.
In previous studies, pnictogen pentafluorides EF5 (E = As,

Sb) in liquid SO2 functioned as powerful oxidizers, allowing for
the isolation of organometallic dications.22 When used in
anhydrous HF (aHF), EF5 (E = P, As, Sb) form superacids,
e.g., aHF/PF5, generating reactive metal hydride species
through protonation (e.g., isolation of protonated ferrocene).23

Consequently, in this study, we wondered whether [FeH-

(CO)5]+ or [Fe2(CO)10]2+ (isoelectronic to Mn2(CO)10)
could be obtained by reacting Fe(CO)5 with EF5 in either
aHF or SO2.

■ RESULTS AND DISCUSSION
Indeed, reacting Fe(CO)5 with AsF5 in aHF results in the
desired protonated species 1 (Figure 1C). Slowly cooling a
solution of [FeH(CO)5]+ [AsF6]− in aHF from room
temperature (rt) to −70 °C gave single crystals suitable for

Figure 1. (A) Fe(CO)5 as a ligand in MOLP7,9,10 and (B) homoleptic Fe-centered TMCCs characterized in the solid state.13,14 (C) The reactivity
of Fe(CO)5 with AsF5 in either HF or SO2 resulting in protonation or oxidation, respectively.

Figure 2. (A) Molecular structure in the solid state of [FeH(CO)5]+ and [AsF6]−. Displacement ellipsoids are shown at a probability of 50%. Color
code: orange = iron, gray = carbon, red = oxygen, light gray = hydrogen, blue = arsenic, yellow = fluorine. (B) The 1H NMR spectrum of
[FeH(CO)5]+ [AsF6]− in aHF. ‡ denotes an instrument artifact due to the centering of the measured spectrum at δ = −3 ppm and is therefore no
real signal. (C) Experimental (black) and calculated (red, B3LYP-D3(BJ)/def2-TZVPP) Raman spectrum of [FeH(CO)5]+ [AsF6]− in the regions
2300−1800 and 900−700 cm−1. Calculated frequencies are scaled by 0.968 according to Duncan et al.25 Asterisk corresponds to anion bands.
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scXRD, providing the first structurally characterized [FeH-
(CO)5]+ moiety (Figure 2A). [FeH(CO)5]+ [AsF6]− crystal-
lizes in monoclinic space group C2/c. The structure of
[FeH(CO)5]+ displays a square pyramidal arrangement of the
CO ligands and is structurally similar to the literature-known
radical cation [Fe(CO)5]+•. However, [FeH(CO)5]+ features
an additional hydrido ligand, which results in an overall
pseudo-octahedral geometry. In both complexes, the iron
center is shifted out of the equatorial plane toward the axial
CO ligand. The angles spanned by opposing equatorial CO
ligands in [FeH(CO)5]+ [AsF6]− are 166.6(2) and 168.5(2)°,
similar to the ones observed in [Fe(CO)5]+• [Al{OC-
(CF3)3}4]− (166.0(2) and 169.1(2)°), resulting in C2v
symmetry in contrast to the theoretically expected C4v
symmetry, most likely due to additional interactions in the
solid state.14 The observed Fe−H bond length of 142.0(5) pm
is shorter than the calculated ones (B3LYP-D3(BJ)/def2-
TZVPP 150.6 pm, r2SCAN-3c24 150.7 pm). The remaining
differences may be attributed to stabilization by counterions
and general dielectric effects in the solid state. It should also be
noted, however, that the hydride ligand is difficult to localize
experimentally next to the heavy iron center. The equatorial
Fe−C bond lengths average to 184.8(3) pm, and all individual
equatorial Fe−C bond lengths are within ≤3σ. The axial Fe−C
bond length is 188.7(3) pm, and the average C−O bond
length is 111.8(4) pm.
The measured IR and Raman spectra are in good agreement

with the spectra calculated at the B3LYP-D3(BJ)/def2-TZVPP
level (Figure 2C). The characteristic Fe−H stretching
frequency is observed in the Raman spectrum (Figure 2C) at
ν̃ = 1894 cm−1 and agrees well with the calculated spectrum. A
Fe−H wagging mode is observed in both the IR and Raman
spectra at ν ̃ = 784 and 790 cm−1, respectively. The
nondegeneracy of the Fe−H wagging mode is a result of the
lower C2v symmetry of 1 in the solid state. Additionally, CO
stretching frequencies are observed at ν̃ = 2199, 2156, and

2139 (Raman, Figure 2C) and 2124 and 2095 (IR, Figure S2)
cm−1.
The 1H NMR spectrum shows a typical metal hydride shift

at δ = −8.4 ppm (Figure 2B). In the 13C NMR spectrum, two
signals with an intensity ratio of 5:1 were observed at 192.0
and 190.3 ppm (Figure S6). This indicates a general high-field
shift in comparison to Fe(CO)5 (216.0 and 208.1 ppm) or
isoelectronic [MnH(CO)5] (211.4 and 210.8 ppm), which is
in agreement with the literature.26 The 19F NMR shows a
broad saddle-like signal at δ = −70.2 ppm corresponding to the
[AsF6]− counterion27 (Figure S5), as well as a highly intense
signal for HF, which was used as the solvent.
Since a study from 1976 had reported the 57Fe Mössbauer

shifts of [FeH(CO)5]+ [PF6]− prepared by reaction between
Fe(CO)5 and PF5 in anhydrous HCl as a solvent,6 we were
curious to see if the spectroscopic data matched the ones from
our samples. The zero-field 57Fe Mössbauer spectrum (solid
sample measured at 14 K, Figure S7) displays a single
symmetric doublet with an isomer shift of δ = −0.08 mm s−1

and a quadrupole splitting (QS) of ΔE = 1.40 mm s−1, which is
in good agreement with the spectrum of [FeH(CO)5]+ [PF6]−

reported in the literature.6 In contrast to [FeH(CO)5]+ [PF6]−,
which rapidly decomposes at rt,4 [FeH(CO)5]+ [AsF6]− can be
handled at room temperature and shows no decomposition
stored over several days at −36 °C under inert conditions.
To the best of our knowledge, [FeH(CO)5]+ [AsF6]− is one

of the most acidic metal hydride species to have ever been
structurally characterized by scXRD.28 In order to rank the
acidity of such complexes, the calculation of proton affinities of
the corresponding neutral species/Brønsted bases in the gas
phase is particularly useful because it also allows comparability
with any other molecule of the same charge. DFT calculations
(B3LYP-D3(BJ)/def2-TZVPP) reveal a proton affinity of
Fe(CO)5 of 815 kJ/mol, which is in between weak organic
bases as tetrahydrofuran (832 kJ/mol) and acetonitrile (789
kJ/mol). Since many metal hydrides are only weak acids,

Figure 3. (A) Molecular structure in the solid state of the dimeric dication in [Fe2(CO)10]2+2 [FeH(CO)5]+ [AsF6]−
5. Other molecules have been

omitted for the sake of clarity. Displacement ellipsoids are shown at a probability of 50%. Color code: orange = iron, gray = carbon, red = oxygen.
Selected bond length [pm]: Fe−Fe 282.4(2) pm. (B) Raman (left) and IR (right) spectra in the CO region of 2300−2000 cm−1, comparing
experimental (black) spectra of [Fe2(CO)10]2+ [AsF6]−

2 with the calculated (red, B3LYP-D3(BJ)/def2-TZVPP) spectra of [Fe2(CO)10]2+.
Calculated frequencies are scaled by 0.968 according to Duncan et al.25 (C) The zero-field 57Fe Mössbauer spectrum of solid [Fe2(CO)10]2+
[AsF6]−

2 measured at 14 K. The solid black line represents the numerical fit of the measured experimental data indicated by the gray circles; a slight
broadening of the signal base may be attributed to the presence of a second species (6%, see Figure S14, presumably [FeH(CO)5]+[AsF6]−).
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presumably, the most acidic complex so far reported is actually
a dihydrogen complex ([Re(CO)5H2]+; no characterization by
scXRD).29 However, the calculated proton affinity of [Re-
(CO)5H] (835 kJ/mol) indicates that it is approximately 20 kJ
mol−1 more basic than that of Fe(CO)5 (Table S7).
While AsF5 in HF typically leads to protonation, it is far

more oxidizing in liquid SO2. Consequently, Fe(CO)5 is
oxidized by AsF5 in SO2 resulting in [Fe2(CO)10]2+ [AsF6]−

2
(Figure 1C) as a yellow solid. The volatile byproduct AsF3 is
easily removed under vacuum.
Single crystals of [Fe2(CO)10]2+[AsF6]−

2·2SO2 of moderate
quality were obtained upon cooling from rt to −70 °C (Figure
S15). The compound crystallizes in orthorhombic space group
P212121. The solid-state structure of [Fe2(CO)10]2+ reveals a
pseudo-octahedral coordination structure on both iron centers
with a staggered conformation of the eight equatorial CO
ligands (Figure 3A). Additionally, the eight equatorial CO
ligands are slightly bent toward the second metal center,
resulting in Fe−Fe−C angles of 85.6(5)−89.7(6)°. The Fe−Fe
bond length of 282.7(3) pm is shorter than the Mn−Mn bond
in its isoelectronic counterpart Mn2(CO)10 (dMn−Mn =
290.3(2) pm),30 despite greater electrostatic repulsion of the
cationic [Fe(CO)5]+• fragments. In serendipitously obtained
crystals of [Fe2(CO)10]2+2 [FeH(CO)5]+ [AsF6]−

5 (Figure
S16), the Fe−Fe bond distance is 282.4(2) pm. The shorter
bond can be explained by the charge-induced contraction of
the bonding orbital in the [Fe(CO)5]+ fragments relative to
the [Mn(CO)5] units, as can be seen from the reduction of the
Pauli-repulsion contribution to the bond (ΔEPauli, Table 1) in
energy decomposition analysis (EDA). This also most likely
increases the charge-shift bond (CSB)31 character of the Fe−
Fe bond compared to the Mn−Mn bond in Mn2(CO)10, which
is a well-established example of a CSB.32 It should, however, be
noted that the Fe−Fe bond is metastable in the gas phase. This
is due to the Coulomb repulsion (“Coulomb explosion”) of the
charged fragments, which leads to a sign change in the
electrostatic contribution to the bond (ΔEElstat.) when going
from the Mn to the Fe compound (Table 1). In solution, the
bond is stabilized by a dielectric interaction with the solvent
(ΔECOSMO). The situation is reminiscent of the dimerization of
other monomeric charged fragments to more highly charged
aggregates, which are also typically only stabilized by the
interactions with the anions in the solid state.33

Interestingly, our calculations provide a significantly larger
bond length (r2SCAN-3c = 289.1 pm and B3LYP-D3(BJ)/

def2-TZVPP = 297.2 pm). A relaxed scan along the Fe−Fe
bond provided a very shallow potential energy surface that
changes by only 4 kJ/mol between 275 and 295 pm (Table
S6). The shorter experimental bond length is very likely due to
intermolecular interactions.
The structure of the observed vibrational bands for

[Fe2(CO)10]2+ agrees with the calculated (B3LYP-D3(BJ)/
def2-TZVPP) frequencies in both the IR and Raman spectra
(Figure 3B), with characteristic CO bands in the IR spectrum
at ν̃ = 2208, 2160, 2127, and 2107 cm−1 and in the Raman
spectrum at ν̃ = 2207, 2184, 2170, and 2156 cm−1. The
appearance of a band at 2208 cm−1 in the IR spectrum is
probably caused by solid-state interactions with the [AsF6]−

counteranion, possibly causing distortion of the coordination
arrangement. [Fe2(CO)10]2+ can also be classified as a
nonclassical carbonyl complex, considering that the averaged
value of ν̃(CO) is above the threshold of free CO of ν̃ = 2143
cm−1.34

Although a clear blueshift of the CO bands in comparison to
Fe(CO)5 (IR: ν̃ = 2020, 1989 cm−1, Raman: ν̃ = 2114, 2028,
1985 cm−1)35 and [Fe(CO)5]+• (IR: ν̃ = 2128, 2113, 2082
cm−1)14 is apparent, the values are not as extreme as in
[Fe(CO)6]2+ (IR: ν̃ = 2204 cm−1; Raman: ν̃ = 2241, 2220
cm−1).13

[Fe2(CO)10]2+ was further investigated by zero-field 57Fe
Mössbauer spectroscopy, displaying one major signal with an
isomer shift of δ = 0.03 mm s−1, which is in agreement with the
expectations for an Fe(I) center. However, the dication
exhibits an astonishingly small QS of ΔE = 0.23 mm s−1

(Figure 3C), usually observed for Fe centers, which have an
almost spherically symmetric environment (e.g., the 57Fe
Mössbauer spectrum of the homoleptic octahedral [Fe-
(CO)6]2+

13 with the entire t2g orbital set filled, features a
single line experiencing negligible QS). However, neither the
electron distribution nor the ligation is symmetric in the case
of [Fe2(CO)10]2+. Therefore, the 57Fe Mössbauer parameters
of [Fe(CO)5]+• and [Fe2(CO)10]2+ have been calculated using
structures optimized at the r2SCAN-3c level and the protocol
proposed in ref 36 (Table 2). As we have observed a very flat
potential energy surface along the Fe−Fe bond, we obtained
Mössbauer parameters for various bond lengths. While the
isomer shifts are almost constant, we observe a very strong
dependence of the quadrupole splitting with an increased
agreement between calculated and experimentally observed
data at shorter distances (see also Table S6). This agrees with

Table 1. Results of Energy Decomposition Analysis and the Eigenvalue of the Most Important Contribution in an ETS-NOCV
Analysis (ΔENOCV) of the M−M Bond in Mn2(CO)10 and [Fe2(CO)10]2+ (Referring to a Homolytic Bond Dissociation into
Two Unrelaxed Doublet Fragments) at the BP86/TZP//r2SCAN-3c Level of Theory in kJ/mol

εa ΔEPauli ΔEElstat. ΔEOrb.Int. ΔECOSMO
b ΔEInt ΔENOCV

Mn−Mn 257.5 −166.5 −217.5 −195.1 −189.5
Mn−Mn 13.0 250.3 −152.9 −225.6 6.6 −190.2 −190.6
Mn−Mn 20.0 249.9 −152.1 −226.1 7.1 −190.0 −190.7
Fe−Fe 158.0 266.1 −226.6 135.6 −177.4
Fe−Fe 13.0 151.8 310.7 −270.1 −210.6 −80.1 −183.1
Fe−Fe 20.0 151.5 312.7 −272.2 −216.3 −86.2 −183.5
Fe−Fe 23.0 151.4 313.2 −272.7 −217.7 −87.7 −183.6
Fe−Fe 186.7 252.5 −242.4 133.7 −189.2
Fe−Fec 13.0 179.3 299.5 −286.9 −212.0 −83.2 −195.4
Fe−Fec 23.0 178.8 302.0 −289.5 −219.1 −90.9 −195.8

aDielectric constant used in COSMO calculations. bContribution only includes the electrostatic interaction energy with the cavity charges. No
cavity formation contributions were considered. cObtained at a relaxed structure with a fixed Fe−Fe bond length of 282 pm.
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expectations: while we do not expect the electron density at
the Fe nuclei (and thus the isomer shift) to change significantly
with the Fe−Fe distance, the axial compression or expansion of
the distribution along the bond axis will affect the electric field
gradient and thus the quadrupole splitting much more. This, in
combination with the very shallow potential energy surface
along the Fe−Fe bond, results in an uncertainty in the
calculated quadrupole splitting parameters in the order of 0.15
mm/s. However, this uncertainty is small compared to the
mean DFT error, which is of the order of 0.3 mm/s, as shown
in a very recent study.37 These calculations thus indeed clearly
support the assignment of the measured signal at δ = 0.03 mm
s−1 to [Fe2(CO)10]2+. Diamagnetism of solid [Fe2(CO)10]2+
[AsF6]2− was confirmed by SQUID measurements in the
temperature range of 2−300 K (Figures S12 and S13), and the
absence of an X-band EPR signal at room temperature (Figure
S11).
Interestingly, [Fe(CO)5]+• isolated as [Al{OC(CF3)3}4]−

salt in 1,2,3,4-tetrafluorobenzene (4FB) does not dimerize14

for which two explanations are conceivable. A large anion size
(pseudo gas phase conditions) leads, in general, to low lattice
energies.38 Although A2+X−

2 salts have higher lattice energies
than A+X− salts,39 apparently dimerization of [Fe(CO)5]+•

does not occur for the [Al{OC(CF3)3}4]− salt in the solid
state. Due to the smaller counteranions and resulting higher
lattice energies for [Fe2(CO)10]2+ [AsF6]−

2, observation of the
dication can be explained.40

However, this explanation refers only to the solid state, not
to the reactivity in the solution. Interestingly, the reaction of
Fe(CO)5 in SO2 shows a cyclable temperature-dependent
color change (Figure 4). At −60 °C, a yellow suspension is
observed that starts turning green (the characteristic color of
[Fe(CO)5]+• in 4FB is dark green) at ca. −35 °C. Cooling
back to −60 °C again results in a yellow suspension. This

process is reversible at least four times. Both isolations at −60
°C or rt result in the yellow solid [Fe2(CO)10]2+[AsF6]−

2, most
likely due to the lattice energy effects mentioned above.
However, EPR spectroscopy measurements of 2 in liquid SO2
at rt reveal the presence of a paramagnetic species with a signal
similar to the one observed for solid [Fe(CO)5]+• (Figure
S11),14 which may be the cause of the green color change in
solution. As discussed above, in the gas phase, the Fe−Fe bond
is metastable and only stabilized by condensed-phase effects.
At the same time, the dissociation of the dimer is strongly
favored by entropy and, therefore, by a higher temperature.
Using a simple Born model,41 the solvent part of the
dimerization free energy decreases with the dielectric constant
like 1/ε. SO2 at −60 °C has a larger dielectric constant
(22.6)42 than 4FB at room temperature (12.7).43 It should be
noted that this effect is mainly a temperature effect as the
dielectric constant of 4FB at −60 °C can be estimated to be
similar to that of SO2 (18.6) based on recent data.44 The liquid
SO2 environment favors the formation of the dimer both
entropically (due to its lower melting point) and electrostati-
cally, offering an explanation for the dimerization in the
present study and the occurrence of only the monomeric
species in ref 14. Increasing the temperature of the SO2
solution leads to a larger entropic contribution to the
dissociation-free energy and a decreased dielectric constant.
Our calculations show that at −35 °C (around ε = 20.0), the
electrostatic stabilization of the dimer is reduced by about 1.5
kJ/mol (see Table 1) while the value of the dissociation free
energy is increased by about 5.5 kJ/mol (via the −TΔS term).
Certainly, specific interactions between solute and solvent
possible in SO2, which cannot be modeled by a dielectric
continuum model,42,43 will play an additional role in the
process. The quantification of such effects is, however, beyond
the scope of this work.

■ CONCLUSIONS
To conclude, by reacting Fe(CO)5 with AsF5 in aHF, we
provide the first structural characterization of [FeH-
(CO)5]+[AsF6]− in the solid state, which can be regarded as
one of the most acidic structurally characterized metal hydride
complexes. Isolation of such highly acidic metal hydride
species has proven to be elusive due to their extreme reactivity,
and fully characterized complexes remain scarce. Changing to
SO2 as the solvent resulted in the oxidation of Fe(CO)5. Once
oxidized, the cationic species dimerizes to [Fe2(CO)10]2+ and
two [AsF6]−. Interestingly, [Fe2(CO)10]2+ exhibits a shorter
M−M bond length (dFe−Fe = 282.7(3) pm) compared to its
neutral isostructural analogue Mn2(CO)10 (dMn−Mn = 290.3(2)
pm). [Fe2(CO)10]2+ can be regarded as the dimerization
product of the 17 VE species [Fe(CO)5]+• and is the only
example of a homoleptic dinuclear TMCC characterized by
scXRD.18b While a big, weakly coordinating anion ([Al{OC-
(CF3)3}4]−) in combination with a less polar solvent (4FB)
results in the isolation of [Fe(CO)5]+•,14 a comparably small
anion ([AsF6]−) combined with a more polar solvent (SO2)
allows for the stabilization and isolation of the dication 2. It
therefore represents an unusual model system in which the
choice of solvent and counterion determines which reactive
TMCC is obtained. In addition to the already known Fe(CO)5
and its radical cation [Fe(CO)5]+•, it was now also possible to
characterize the dimeric dication [Fe2(CO)10]2+ by Mössbauer
spectroscopy. Quantum chemical calculations support the
findings, revealing subtle changes in isomer shifts and

Table 2. Mössbauer Parameters of Different Species
Calculated at the B3LYP/ZORA-TZVPP//r2SCAN-3c Level
as well as Experimental Results (All in mm s−1)

δcalc. ΔEcalc. δexp. ΔEexp.

[Fe(CO)6]2+ 0.08 0.00 −0.01b 0.00b

[HFe(CO)5]+ −0.03 1.45 −0.08 1.40
[Fe(CO)5]+• 0.35 0.95 0.17c 0.53c

[Fe2(CO)10]2+ 0.08 0.06 0.03 0.23
[Fe2(CO)10]2+

a 0.08 0.15 0.03 0.23
aCalculated at the experimental Fe−Fe distance of 282 pm. This
structure is about 1.0 kJ/mol above the minimum structure. bTaken
from ref 13. cTaken from ref 14.

Figure 4 . Tempera tu re -dependen t co lo r change o f
[Fe2(CO)10]2+[AsF6]−

2 from yellow (−60 °C) to green/blue (rt) in
liquid SO2. The characteristic color of [Fe(CO)5]+• in 4FB is dark
green.14 The temperature at which the color starts to change is about
−35 °C.
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quadrupole splittings for this unique triad of organometallic
iron compounds.
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Mössbauer parameters. Phys. Chem. Chem. Phys. 2024, 26 (35),
23322−23334.
(38) (a) Riddlestone, I. M.; Kraft, A.; Schaefer, J.; Krossing, I.
Taming the Cationic Beast: Novel Developments in the Synthesis and
Application of Weakly Coordinating Anions. Angew. Chem., Int. Ed.
2018, 57 (43), 13982−14024. (b) Raabe, I.; Krossing, I. Non-
coordinating Anions�Fact or Fiction? A Survey of Likely Candidates.
Angew. Chem., Int. Ed. 2004, 43, 2066−2090.
(39) Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.; Glasser, L.
Relationships among Ionic Lattice Energies, Molecular (Formula
Unit) Volumes, and Thermochemical Radii. Inorg. Chem. 1999, 38,
3609−3620.
(40) (a) Brooks, W. V. F.; Cameron, T. S.; Parsons, S.; Passmore, J.;
Schriver, M. J. Energetics of Formation and X-ray Crystal Structures
of SNSNS(MF6)2 (M = As, Sb), Containing the Lattice-Stabilized,
Aromatic, 6.pi. 1,3,4,2,5-Trithiadiazolium(2+) Cation Formed by the
Crystal-Lattice-Enforced Symmetry-Allowed Cycloaddition of SN+
and SNS+. Inorg. Chem. 1994, 33, 6230−6241. (b) Cameron, T. S.;
Deeth, R. J.; Dionne, I.; Du, H.; Jenkins, H. D. B.; Krossing, I.;
Passmore, J.; Roobottom, H. K. Bonding, Structure, and Energetics of
Gaseous E82+ and of Solid E8(AsF6)2 (E = S, Se). Inorg. Chem. 2000,
39, 5614−5631. (c) Brownridge, S.; Krossing, I.; Passmore, J.;
Jenkins, H. D. B.; Roobottom, H. K. Recent advances in the
understanding of the syntheses, structures, bonding and energetics of
the homopolyatomic cations of Groups 16 and 17. Coord. Chem. Rev.
2000, 197, 397−481. (d) Cameron, T. S.; Dionne, I.; Jenkins, H. D.
B.; Parsons, S.; Passmore, J.; Roobottom, H. K. Preparation, X-ray
Crystal Structure Determination, Lattice Potential Energy, and
Energetics of Formation of the Salt S4(AsF6)2·AsF3 Containing the
Lattice-Stabilized Tetrasulfur [2+] Cation. Implications for the
Understanding of the Stability of M4

2+ and M2
+ (M = S, Se, and

Te) Crystalline Salts. Inorg. Chem. 2000, 39, 2042−2052.
(41) Born, M. Volumen und Hydratationswar̈me der Ionen. Z. Phys.
1920, 1, 45−48.
(42) Haynes, W. M. CRC Handbook of Chemistry and Physics; CRC
Press, 2014.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c09595
J. Am. Chem. Soc. 2025, 147, 3039−3046

3045

https://doi.org/10.1107/S0365110X64001803
https://doi.org/10.1107/S0365110X64001803
https://doi.org/10.1039/D2SC02358J
https://doi.org/10.1039/D2SC02358J
https://doi.org/10.1039/D4DT03364G
https://doi.org/10.1039/D4DT03364G
https://doi.org/10.1039/D4DT03364G
https://doi.org/10.1039/D4DT03364G?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2sc20947k
https://doi.org/10.1039/c2sc20947k
https://doi.org/10.1039/c2sc20947k
https://doi.org/10.1021/jp993434t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp993434t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp411237p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp411237p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp411237p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2012.06.006
https://doi.org/10.1016/j.cplett.2012.06.006
https://doi.org/10.1016/j.cplett.2012.06.006
https://doi.org/10.1021/ic9507171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9507171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9507171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9507171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9507171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000716u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000716u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000716u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000716u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaf6362
https://doi.org/10.1126/science.aaf6362
https://doi.org/10.1002/anie.201704854
https://doi.org/10.1002/anie.201704854
https://doi.org/10.1002/anie.201704854
https://doi.org/10.1063/5.0040021
https://doi.org/10.1063/5.0040021
https://doi.org/10.1016/j.cplett.2015.10.031
https://doi.org/10.1016/j.cplett.2015.10.031
https://doi.org/10.1021/ja00198a077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00198a077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-328X(00)81421-7
https://doi.org/10.1016/S0022-328X(00)81421-7
https://doi.org/10.1016/S0022-328X(00)81421-7
https://doi.org/10.1016/S0022-328X(00)81421-7
https://doi.org/10.1016/0022-328X(85)87145-X
https://doi.org/10.1016/0022-328X(85)87145-X
https://doi.org/10.1016/0022-328X(85)87145-X
https://doi.org/10.1021/ic061899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic061899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic061899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic061899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0433370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0433370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0433370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0108768103000892
https://doi.org/10.1107/S0108768103000892
https://doi.org/10.1107/S0108768103000892
https://doi.org/10.1002/anie.201910085
https://doi.org/10.1002/anie.201910085
https://doi.org/10.1021/jacs.0c03957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1715763114
https://doi.org/10.1073/pnas.1715763114
https://doi.org/10.1073/pnas.1715763114
https://doi.org/10.1002/jcc.10066
https://doi.org/10.1002/jcc.10066
https://doi.org/10.1021/ic50021a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50021a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50021a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3773(19980817)37:15<2113::AID-ANIE2113>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-3773(19980817)37:15<2113::AID-ANIE2113>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-3773(19980817)37:15<2113::AID-ANIE2113>3.0.CO;2-2
https://doi.org/10.1002/9780470166512.ch1
https://doi.org/10.1002/9780470166512.ch1
https://doi.org/10.1021/jacs.2c01469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4CP00431K
https://doi.org/10.1039/D4CP00431K
https://doi.org/10.1039/D4CP00431K
https://doi.org/10.1002/anie.201710782
https://doi.org/10.1002/anie.201710782
https://doi.org/10.1002/anie.200300620
https://doi.org/10.1002/anie.200300620
https://doi.org/10.1021/ic9812961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic9812961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00104a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00104a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00104a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00104a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00104a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990760e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990760e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0010-8545(00)00230-7
https://doi.org/10.1016/S0010-8545(00)00230-7
https://doi.org/10.1016/S0010-8545(00)00230-7
https://doi.org/10.1021/ic990850j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990850j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990850j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990850j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990850j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic990850j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF01881023
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c09595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(43) Studer, G.; Schmidt, A.; Büttner, J.; Schmidt, M.; Fischer, A.;
Krossing, I.; Esser, B. On a high-capacity aluminium battery with a
two-electron phenothiazine redox polymer as a positive electrode.
Energy Environ. Sci. 2023, 16, 3760−3769.
(44) Armbruster, C.; Sellin, M.; Seiler, M.; Würz, T.; Oesten, F.;
Schmucker, M.; Sterbak, T.; Fischer, J.; Radtke, V.; Hunger, J.;
Krossing, I. Pushing redox potentials to highly positive values using
inert fluorobenzenes and weakly-coordinating anions. Nat. Commun.
2024, 15, No. 6721.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c09595
J. Am. Chem. Soc. 2025, 147, 3039−3046

3046

https://doi.org/10.1039/D3EE00235G
https://doi.org/10.1039/D3EE00235G
https://doi.org/10.1038/s41467-024-50669-3
https://doi.org/10.1038/s41467-024-50669-3
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c09595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

