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Abstract: The open-shell iron pentacarbonyl cation [Fe-
(CO)5]

*+ was isolated by deelectronation, i.e., the single-
electron oxidation of the parent neutral Fe(CO)5 using
[phenazineF]*+ as the [Al(ORF)4]

� and [F-{Al(ORF)3}2]
�

salt (RF=C(CF3)3; phenazineF=perfluoro-5,10-bis(per-
fluorophenyl)-5,10-dihydrophenazine). [Fe(CO)5]

*+

[Al(ORF)4]
� was fully characterized (scXRD analysis,

IR, NMR, EPR, 57Fe spectroscopy, CV and SQUID
magnetization study) and, apart from being a compound
of fundamental interest, may serve as a precursor for
low-valent iron coordination chemistry.

Transition metal carbonyls (TMCs) are textbook com-
pounds of fundamental interest. Using TMCs, every
chemistry student learns the basic concepts of organo-
metallic chemistry, such as the 18-valence-electron (VE)
rule, Hoffmann’s isolobal principle, redox states of transition
metals, and of course the s-donor and p-backbonding
concept. Discovered in 1889, the famous liquid Ni(CO)4 was
the first example of a homoleptic carbonyl compound.[1]

Almost equally long known, and first described by Mond as
well, is the iron pentacarbonyl Fe(CO)5.

[2] TMC anions (e.g.
[Fe(CO)4]

2� ) have been reported since the 1930s.[3,4] Yet, it
took more than 70 years to discover the first homoleptic
TMC cation (TMCC) [Mn(CO)6]

+.[5] Since the p-backbond-
ing component is strongly reduced in TMCCs, they are
rather electrophilic and the majority of past reports have
generated TMCCs by using super acidic media,[6–11] such as
SbF5, HF-SbF5 or HSO3F, and by employing weakly
coordinating anions (WCAs) to stabilize these species.[12–16]

Super acids only allowed access to diamagnetic, mainly
18VE TMCCs. By using the deelectronators[17,18] Ag+,
[NO]+ and Ag+/0.5X2 (X= I), in combination with the
aluminate WCAs [Al(ORF)4]

� and [F-{Al(ORF)3}2]
� (RF=

C(CF3)3), our group succeeded to generate salts of the first
open-shell mononuclear TMCCs [M(CO)6]

*+ (M=Cr, Mo,

W) and, just recently reported the first nickel carbonyl
cation [Ni(CO)4]

*+.[19–21] Even TMCCs exceeding the coordi-
nation number (CN) six, i.e., [M(CO)7]

+ (M=Nb, Ta),
could be stabilized in condensed phase by these WCAs.[22]

Neutral, mononuclear, binary iron carbonyl Fe(CO)5 is
an air- and light-sensitive liquid at room temperature.[2]

Irradiation with ultraviolet light results in the formation of
Fe2(CO)9.

[23] Reduction of neutral Fe(CO)5 with sodium
amalgam leads to Na2Fe(CO)4.

[24] Oxidation in super acidic
media under CO pressure generates the dicationic [Fe-
(CO)6]

2+ complex as the [Sb2F11]
� salt.[10] These mononu-

clear, binary iron carbonyl compounds have been known for
decades and all obey the 18VE rule. On the other hand, the
[Fe(CO)5]

*+ cation has an open shell and was exclusively
studied in the gas phase by mass spectrometry, with even gas
phase reactivity being observed.[25–40] Only by co-doping of
tiny amounts of Fe(CO)5 to other TMCs and γ-irradiation at
77 K, the EPR signature of the [Fe(CO)5]

*+ cation and its
krypton-complex could be studied.[41,42] To the best of our
knowledge, the isolation of a stable salt of this cation has
been unknown in the condensed phase. Previous efforts
from our group to isolate [Fe(CO)5]

*+ have resulted in the
synthesis of novel transition metal complexes: Attempted
deelectronation of Fe(CO)5 by Ag+[Al(ORF)4]

� led to
coordination and formation of the silver complex [Ag{Fe-
(CO)5}2]

+.[43] The analogous reaction with [NO]+

[F-{Al(ORF)3}2]
� led to the substitution of CO and the

isolation of the first heteroleptic iron carbonyl-nitrosyl
cation complexes [Eq. (1)].[44]

(1)

Thus, in order to truly deelectronate Fe(CO)5 to the
respective 17VE species, a strong and innocent deelectrona-
tor was needed. The recently described salt [phenazineF]*+

[Al(ORF)4]
� , with a high formal potential E°’ of 1.29 V vs.

Fc+/Fc in ortho-difluorobenzene (oDFB), seemed to be the
ideal candidate.[45] Hence, when treating a stock solution of
Fe(CO)5 in oDFB with one equivalent of [phenazineF]*+

[Al(ORF)4]
� at ambient temperature, an immediate color

change from the characteristic purple of [phenazineF]*+ to
dark green was observed. Green and red crystals were
obtained by layering the reaction mixture with n-pentane;
their structures were determined by scXRD analysis[46] (cf.
ESI Figure S8/S9). The deelectronation of FeCO5 resulted in
the green solvent adduct [Fe(CO)5oDFB]

*+ with a square
pyramidal structure almost in C4V symmetry. The fluorine
atoms of an incorporated oDFB solvent molecule form
secondary bonds to the carbon atoms of the carbonyl
moieties in between 2.639(2) and 2.931(8) Å. The observed
red minor component is a novel, bromide-bridged, dinuclear
iron carbonyl cation [Fe2(CO)8Br]

+[F-{Al(ORF)3}2]
� , includ-

ing the fluoride-bridged anion as a typical[47] decomposition
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product of [Al(ORF)4]
� . The unwanted bromine impurity,

which is a frequently observed problem, stems from the
synthesis of [phenazineF]*+[Al(ORF)4]

� through the deelec-
tronation of neutral phenazineF using the synergistic Ag+/
0.5Br2 system.[45] However, the formal potential of [NO]+

vs. Fc+/Fc was measured to be higher than that of
phenazineF, if using 1,2,3,4-tetrafluorobenzene (4FB) or
CH2Cl2 as a solvent.[48] Accordingly, phenazineF can be
deelectronated with [NO]+[Al(ORF)4]

� in 4FB, and also in
CH2Cl2, eliminating the risk of the AgBr impurity [Eq. (2)].
Additionally, it was possible to generate [phenazineF]*+

[F-{Al(ORF)3}2]
� by using the [NO]+ salt of the even better

WCA [F-{Al(ORF)3}2]
� (cf. Supporting Information Fig-

ure S4 for the scXRD structure[46]). PhenazineF deelectrona-
tion in CH2Cl2, as shown in Equation (2), has become our
standard method to isolate pure and solvent-free salts of
[phenazineF]*+[WCA]� , and was used from this point on
(ArF=C6F5).

(2)

The solvent oDFB was substituted with the less basic
4FB to isolate an undistorted [Fe(CO)5]

*+ salt. The deelec-
tronation was carried out analogously to the synthesis of
[Fe(CO)5oDFB]

*+. Neutral Fe(CO)5 reacted with
[phenazineF]*+[Al(ORF)4]

� instantaneously at ambient tem-
perature, resulting in a color change to dark green. Green
crystals of [Fe(CO)5]

*+[Al(ORF)4]
� (1) suitable for scXRD

analysis[46] were grown by layering the 4FB solution with n-
pentane in 70% yield (Figure 1a). Analogous to [Fe-
(CO)5oDFB]

*+, the structure is square pyramidal, exhibiting
nearly undistorted C4v symmetry (τ5=0.05).[49] Hence, [Fe-

Figure 1. a) Molecular structure of [Fe(CO)5]
*+ [Al(ORF)4]

� (1) (P212121, R1=5.4%, wR2=9.0%); thermal ellipsoids set at 50% probability.
b) Experimental ZnSe-ATR FT-IR spectrum of solid 1. c) Experimental and simulated Q-band (34 GHz), continuous-wave EPR spectra of solid 1 at
100 K, a potential impurity is marked by an asterisk. d) The carbonyl region of experimental ZnSe-ATR FT-IR spectrum of solid 1 (black), 1 in 4FB
(gray), solid 2 (green) and calculated (@BP86-(D3BJ)/def2-TZVPP) 13C IR spectrum of the superposition of all possible isotopomers weighed by
their natural abundance (blue). Double or more 13C substitution were neglected.
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(CO)5]
*+ is isostructural to the [Mn(CO)5]

* radical.[50,51] The
equatorial Fe� C bond lengths average to 1.872(5) Å and the
axial bond length is 1.910(4) Å, analogous to [Fe-
(CO)5oDFB]

*+. The individual equatorial Fe� C bond
lengths are within 3 � s of the average and differ from the
axial Fe� C bond length. The average C� O bond length is
1.120(6) Å, analogous to [Fe(CO)5oDFB]

*+. As expected,
both [Fe(CO)5oDFB]

*+ and [Fe(CO)5]
*+ exhibit longer

Fe� C and shorter C� O bond lengths as the neutral Fe-
(CO)5.

[52] When compared to [Fe(CO)3(PPh3)2][PF6], which
exhibits a distorted C4v symmetry, the [Fe(CO)5]

*+ cation
has longer Fe� C and similar C� O bond lengths.[53] By using
[phenazineF]*+[F-{Al(ORF)3}2]

� , it was also possible to
generate [Fe(CO)5]

*+[F-{Al(ORF)3}2]
� (2, cf. ESI Figure S21

for the scXRD structure). In 2, [Fe(CO)5]
*+ exhibits an

average equatorial Fe� C bond length of 1.872(4) Å and an
axial bond length of 1.903(4) Å.

1 was further characterized by 19F-, 27Al-, 13C NMR
(only anion peaks visible) and pXRD revealing 1 to be the
only crystalline phase (cf. ESI Figure S16, S17). Continuous-
wave (cw) EPR measurements of solid 1 at the X-band (cf.
ESI Figure S23) and at the Q-band (Figure 1c) found a
rhombic g-tensor of g= (2.011, 2.059, 2.080) after a global
simulation of the X- and Q-band data recorded at 100 K.
The obtained g-values are in good agreement with the
values calculated for the experimental crystal structure by
DFT at the B3LYP/EPR-II(CP(PPP) for Fe) level of theory
g= (2.000, 2.060, 2.063). Additionally, an EPR spectrum of 1
in oDFB was measured (cf. ESI Figure S24). The simulation
of the observed spectrum indicated the presence of two
components. The first of which is similar to that of solid
uncoordinated [Fe(CO)5]

*+, while the second is shifted
towards lower g-values and can be assigned to the solvent
adduct [Fe(CO)5oDFB]

*+(cf. ESI Figure S25).

The solid-state ATR-IR spectrum of 1 shows character-
istic CO bands at 2128, 2113 and 2082 cm� 1 (Figure 1b,d/
Table 1; ATR=attenuated total reflection). The solid-state
spectrum of the oDFB solvent adduct [Fe(CO)5oDFB]

*+--
[Al(ORF)4]

� has even more bands: Compared to solvent-free
1, the stretch at 2113 cm� 1 in pure 1 splits further into 2110
and 2116 cm� 1 in the adduct (Table 1, cf. ESI Figure S6). By
contrast, the spectrum of solid 2 � with the less coordinating
WCA— is simpler, showing only one strong band at
2116 cm� 1 and a weaker one at 2084 cm� 1 (Figure 1d).
Solution ATR-IR spectra of 1 in oDFB and 4FB (Figure 1d,
Table 1) are comparable to that of solid 2 and show only
one strong CO band at 2112 / 2115 cm� 1 and weak ones at
2090 / 2084 cm� 1, respectively. Gas phase calculations of the
undistorted C4v-[Fe(CO)5]

*+ at the BP86-(D3BJ)/def2-
TZVPP level of theory suggest the presence of two sets of
degenerate e-stretches, both at 2102 cm� 1, in addition to an
a1-mode at 2106 cm� 1 that could superimpose to one strong
band in the experimental spectrum. Hence, the spectrum of
solid 2 as well as the solution spectra of 1 agree with the
expectation, given that the lower frequency band at 2082…
2090 cm� 1 is assigned to a mixture of the axial and equatorial
13CO-isotopomers of the cation. Support comes from BP86-
(D3BJ)/def2-TZVPP calculations in which all possible 13C
isotopomers were weighed by their natural abundance
(Figure 1d, Table 1, cf. related work in[54]). The appearance
of an additional band at 2128 cm� 1 in the carbonyl region of
1 is probably caused by solid-state interionic interactions
with the slightly more coordinating anion [Al(ORF)4]

� that
may easily distort the square pyramidal cation. Note,
calculations at the B3LYP-(D3BJ)/def2-TZVPP level of
theory revealed a low-lying C2v transition state with an
activation barrier of DH°� =20.05 and DG°� =

19.62 kJmol� 1. Along this path, the distortion of the
symmetry and lifting of degeneracies should be facile. To

Table 1: Experimental and calculated spectroscopic and structural data of [Fe(CO)5oDFB]*+ [Al(ORF)4]
� , 1 and 2. All calculations were done at the

BP86-(D3BJ)/def2-TZVPP level of theory.

IR[a] solid
~n (CO) [cm� 1]

IR[a] solution
~n (CO) [cm� 1]

IR calc. (C4v)
~n (CO)
[cm� 1]

IR[b] calc.
~n (13CO) [cm� 1]

IR calc. (C4v+q)[f ]

~n (CO) [cm� 1]

avg. d(M� C)
½Å�

avg. d(CO)
½Å�

[Fe(CO)5oDFB]*+

[Al(ORF)4]
�

2083 (vw)[c]

2110 (w)
2116 (w)
2128 (vw)

2090 (vw)[c,d]

2112 (s)[d]
– – – ax.:

1.907(3)
eq.:
1.874(5)

ax.:
1.105(3)
eq.:
1.118(6)

[Fe(CO)5]
*+

[Al(ORF)4]
� (1)

2082 (vw)[c]

2113 (s)
2128 (w)

2084 (vw)[c,e]

2115 (s)[e]
2102 (100),
veq, E
2102 (100),
veq, E
2106 (48),
vax , A1

2071 (2)[b]

2102 (100)[b]
2063 (100)
2075 (75)
2099 (22)
2141 (26)
2179 (6)

ax.:
1.910(4)
eq.:
1.872(5)

ax.:
1.115(5)
eq.:
1.126(6)

[Fe(CO)5]
*+

[F-{Al(ORF)3}2]
� (2)

2084 (vw)[c]

2116 (s)
– – – – ax.:

1.903(4)
eq.:
1.872(4)

ax.:
1.118(4)
eq.:
1.118(5)

[a] v: very, s: strong, w: weak. [b] Superposition of the CO-stretches calculated for a C4v ground state including the relative contributions of the 13C
natural abundance isotope. Individual contributions: 13CO axial C4v: A1 2061 (43), E 2102 (100), B1 2120 (0), A1 2168 (3) and 13CO equat. 2065
(73), 2102 (100), 2106 (50), 2115 (19), 2164 (3). [c] Probably the 13CO stretch. [d] Measured in oDFB. [e] Measured in 4FB. [f ] Calculated CO bands
in the presence of � 0.3e point charges obtained from scXRD.
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substantiate this claim, we calculated the vibrational CO
frequencies of [Fe(CO)5]

*+ in the presence of negative point
charges q with a charge of � 0.3e placed at the positions of
anion F-atoms in the solid state that are closer than the sum
of the van der Waals radii (see ESI, Table S24). This mimics
the influence of the partial charge envelope typically
residing on the fluorine atoms of � CF3 groups of the
aluminate anion (cf. our related work in[55]). As expected,
the negative point charges q break the symmetry and split
the degenerate CO bands and cause the appearance of
additional bands (Table 1, IR calc. C4v+q). In addition, we
note that the main CO stretch of [Fe(CO)5]

*+ in oDFB
solution at 2112 cm� 1 is slightly red-shifted compared to 4FB
(2115 cm� 1), possibly due to the more electron rich solvent.

1 was further investigated by zero-field 57Fe Mössbauer
spectroscopy, exhibiting an isomer shift, d, of 0.17 mms� 1

and a quadrupole splitting, DEQ, of 0.53 mms
� 1 (Figure 2).

Those values are compared to the neutral, pentacoordinated
Fe(CO)5, the tetracoordinated, dianionic [Fe(CO)4]

2� , with
its formal � 2 oxidation state, and the hexacoordinated,
dicationic FeII complex [Fe(CO)6]

2+ (Table 2, cf. ESI Fig-
ure S28/S29 for spectra). Typically, in 57Fe Mössbauer
spectroscopy, higher formal oxidation states are expected to
lead to lower, more negative isomer shifts. Yet, except for
[Fe(CO)6]

2+, the opposite trend can be observed with a
lowering of the isomer shift from the formal FeI to Fe-II. In
order to explain this unusual progression, the Fe� C and

C� O bond lengths have been considered. The Fe� C bond
length decreases together with the isomer shift and the C� O
bond length increases. Hence, through enhanced π-back-
bonding, more electron density is moved towards the Fe� C
bond and the CO-ligand for the neutral or reduced species.
Thus, the physical oxidation state of iron, reflecting its
reduced electron density at the core, becomes higher,
leading to lower isomer shifts for Fe(CO)5 and [Fe(CO)4]

2� .
Although such a trend is surprising, similar observations
have been reported.[58,59]

Magnetic measurements of two independently synthe-
sized solid samples of 1 were performed by variable-temper-
ature SQUID experiments, revealing a nearly temperature-
independent magnetic moment of μeff=1.83/1.84 μB (cf. ESI
Figure S27) between 25 and 300 K. These values agree well
with the EPR measurement of solid 1, underlining the
doublet ground state. Additionally, the magnetic moment
μeff=2.13 μB (2.12 μB without diamagnetic contributions) of
1 in 4FB was measured by Evans’ NMR method (cf. ESI).
The cyclic voltammogram of 1 in 4FB revealed a half-wave
potential of 0.86 V vs. Fc+/Fc and is independent of the
sweep rate (Figure 2). This measured value is in agreement
with a previously reported deelectronation potential.[60] The
solvent window of 4FB only showed the 0/+1 transition
from neutral Fe(CO)5 to cationic [Fe(CO)5]

*+ (cf. ESI
Figure S18).

In conclusion, we report the isolation and character-
ization of [Fe(CO)5]

*+ as the [Al(ORF)4]
� and [F-{Al-

(ORF)3}2]
� salt. These compounds can be isolated using

standard laboratory equipment and are stable at room
temperature. In addition, a new and simple, side-product
free synthetic route to the deelectronator [phenazineF]*+ is
presented and its compatibility with the even less coordinat-
ing anion [F-{Al(ORF)3}2]

� is shown. Preliminary results
suggest that the carbonyl ligands in [Fe(CO)5]

*+ can be
exchanged. This is not surprising, since open-shell complexes
exhibit more rapid ligand exchange, and substitution
chemistry has already been studied in 17 VE Fe species.[61–64]

Figure 2. Zero-field 57Fe Mössbauer spectrum of a solid sample of 1 recorded at 77 K (left). The gray circles are experimental data and the solid
black line represents the numerical fit. Cyclic voltammogram of 1 (10 mM) in 4FB with [NBu4][Al(ORF)4] as conducting salt (right). Measurements
were done at sweep rates of 20, 50 and 100 mVs� 1. The half-wave potential was found to be independent of the sweep rate.

Table 2: Comparison of isomer shift and quadrupole splitting with
Fe� C/C� O bond lengths of homoleptic, mononuclear iron carbonyls.

[Fe(CO)4]
2� Fe(CO)5 [Fe(CO)5]

*+ [Fe(CO)6]
2+

d [mms� 1] � 0.16(1) � 0.08(1) 0.17(1) � 0.001(6)[c]

DEQ [mms� 1] 0.19(1) 2.55(1) 0.53(1) –
avg. d(Fe� C) [Å] 1.747(4)[a] 1.815(5)[b] 1.882(5) 1.911(5)[d]

avg. d(C� O) [Å] 1.175(5)[a] 1.142(9)[b] 1.124(6) 1.104(5)[d]

[a] Ref. [56]. [b] Ref. [52]. [c] Ref. [10]. [d] Ref. [57].
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Thus, the [Fe(CO)5]
*+ cation marks a conveniently acces-

sible precursor for further coordination chemistry of low-
valent iron.
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