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Identification of a Two-Coordinate Iron(I)-Oxalate Complex
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Abstract: Exotic oxidation states of the first-row tran-
sition metals have recently attracted much interest. In
order to investigate the oxidation states of a series of
iron—oxalate complexes, an aqueous solution of iron(IIT)
nitrate and oxalic acid was studied by infrared free
liquid matrix-assisted laser desorption/ionization as well
as ionspray mass spectrometry. Here, we show that iron
is not only detected in its common oxidation states +II
and +1III, but also in its unusual oxidation state +1,
detectable in both positive-ion and in negative-ion
modes, respectively. Vibrational spectra of the gas phase
anionic iron oxalate complexes [Fe"™(C,0,),]", [Fe™
(C,0,)CO,], and [Fe'(C,0,)]” were measured by means
of infrared photodissociation spectroscopy and their
structures were assigned by comparison to anharmonic
vibrational spectra based on second-order perturbation

theory.
J

One of the most important classification concepts in
chemistry is that of formal oxidation states."¥ The prepara-
tion and characterization of chemical compounds containing
elements with unusual oxidation states is therefore of great
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interest to chemists.>*! The quest for the highest experimen-
tally detected formal oxidation state is well documented.”
Often exotic oxidation states may only be stabilized and
observed in matrix-isolation experiments. By far the most
prominent iron oxidation states in aqueous solutions are Fe"
and Fe™, which are likewise primarily present in natural
systems.’® However, iron can exist in various other
oxidation states including the coexistence and facile inter-
conversion of these states,” which makes it particularly
important not only in chemistry (e.g. heterogeneous catal-
ysis), but also biology (e.g. enzymes) and materials science
(e.g. ferroelectric materials, superconductors, etc.).>%
There has been some speculation about the formation of
iron in its +1 oxidation state, its stability, as well as its
coordination features. Although coordination complexes of
iron are ubiquitous, they are rarely found in the +I
oxidation state and the coordination chemistry of Fe' is
therefore poorly understood, notably for low-coordination
complexes (4-coordinate or lower). Reported Fe' com-
pounds are typically stabilized by bulky ligands.*! However,
the interest in such complexes, especially with low-coordi-
nate iron atoms, stems from their potential to exhibit
unusual reactivities®”! and magnetic properties.'”! In the gas
phase, the reactivity of atomic iron cations, Fe'", has been
extensively studied," while spectroscopic studies on Fe'-
containing complexes are more scarce.'"” Iron oxidation
numbers can be determined, for example, by Mossbauer
spectroscopy in combination with mass spectrometry™ or
by X-ray magnetic circular dichroism spectroscopy.!'!

In the present contribution we report on the formation
of a two-coordinate iron(I)-oxalate complex, namely [Fe'-
(G,0,)], with iron in its formal oxidation state +1I, which is
stable for hours in aqueous solution. We identify it by mass
spectrometry and use infrared photodissociation (IRPD)
spectroscopy combined with ab initio electronic structure
calculations to assign the gas phase structure of the isolated
Fe'-oxalate complex and its related species, [Fe'-
(C,0,)CO,]™ and [Fe™(C,0,),]” unequivocally.

Adding oxalic acid (¢c=3.2mmolL™") to an aqueous
solution of iron(III) nitrate (c=1.6mmolL™") yields a
mixture containing various iron complexes. To characterize
the composition of the solution we use infrared free-liquid
matrix-assisted laser desorption/ionization mass spectrome-
try (IR-FL-MALDI-MS),!"”! which is considered an excep-
tionally soft ion desorption technique.!®

Figure 1a shows the positive-ion mode mass spectrum of
the pure iron(III) nitrate solution in the m/z range from 86—
96. Two iron-containing species are identified at the
corresponding m/z ratios, [Fe™(OH),]" and [Fe"(OH)-
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Figure 1. Positive-ion mode IR-FL-MALDI mass spectrum of Fe(NO;),
(¢=1.6 mmolL™") dissolved in water (a). After the addition of H,C,0,
(¢=3.2 mmolL™), a signal is detected corresponding to [Fe'(H,0),]"
(b). Negative-ion mode IR-FL-MALDI mass spectrum of the solution
featuring iron oxalate complexes at m/z=232, 188 and 144 with iron in
the oxidation states +1II, + Il and +1 (c). Negative-ion mode ionspray
mass spectrum of the same compounds (and concentrations),
dissolved in water/methanol (2:1, vol %), measured using the Leipzig
cryogenic ion trap triple mass spectrometer™ (d). See Supporting
Information, section S1 for experimental details and Table S1 for MS
peak assignments.

(H,0)]". This assignment is confirmed by the observed
isotopologue distribution, which reflects the natural isotope
abundance of iron (6 % *Fe, 92 % *Fe, 2% “'Fe). Note, the
formation of Fe" complexes, though Fe™ was dissolved, is
expected as the spontaneous reduction of Fe™ to Fe' is
known to take place in aqueous environments."”! The
reduction is accompanied by a color change of the solution
(yellow-brown to yellow-green). However, after adding an
excess of oxalic acid to the iron(III/IT)-containing solution,
we unexpectedly obtained the mass spectrum shown in
Figure 1b. The relative intensities of the [Fe™(OH),]"
species are significantly lower compared to the pure iron-
(III) nitrate solution. Moreover, a dominant signal at m/z =
92 occurs which corresponds to an [Fe'(H,0),]" complex
indicating the presence of iron in its unusual oxidation state
+1. Note, the larger fraction of iron in its reduced forms
(Fe" and Fe') is due to the presence of the oxalate dianion
(C,0,77) which is a potent reducing agent.
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complexes with iron in the oxidation states +1, +1II and +
III. The three signals at m/z=144, 188 and 232 are
attributed to the iron oxalate complexes [Fe'(C,0,)], [Fe"-
(C,0,)CO,]” and [Fe™(C,0,),]", respectively. Hence, the
intense m/z =144 peak provides additional support for the
presence of an Fe' species. The other prominent signals in
the spectrum correspond to mixed iron oxalate-water/
hydroxide complexes (for assignment see Supporting In-
formation, Table S1).

To gauge if the formation of the Fe' complexes is due to
the low pH (~4) and/or the presence of the nitrate counter
ion, respectively, we performed two sets of experiments
where iron was provided as iron(III) chloride (FeCl;) and
oxalate in the form of ammonium oxalate ((NH,),C,0,).
These experiments did not yield any substantially different
results. Thus, we conclude that the formation of Fe! is
independent of the iron counter ion and the form in which
oxalate is provided. Moreover, since the Fe' complexes only
occur after the addition of oxalic acid, we further conclude
that the reducing strength of the oxalate dianion is required
to obtain iron in its rare oxidation state +I.

To confirm the presence of Fe' complexes also spectro-
scopically, we subsequently investigated the same solution
using gas phase ion vibrational spectroscopy. This required
using the Leipzig cryogenic ion trap triple mass
spectrometer,' which is equipped with a nano-electrospray
ionization source. This different type of source was operated
in ionspray mode to ensure soft ion desorption conditions.
Likewise, the resulting negative ion mode mass spectrum
(see Figure 1d) shows the same three signals at m/z =144,
188 and 232 as in Figure lc, corresponding to the three
anionic iron oxalate complexes [Fe'(C,0,)], [Fe'-
(C,04)CO,], and [Fe"(C,0,),]". The detection of the iron
oxalate species using two different soft desorption techniques
(ionspray and IR-FL-MALDI) confirms that these com-
plexes are indeed present in solution and not produced as
artifacts of the transfer process from solution into the gas
phase.

On the basis of the aforementioned findings, we
hypothesize the following route leading to the formation of
the anionic Fe' complexes:

[Fe'(C,0,),] — [Fe'/(C,0,)CO,]~

2, [Fe'(G,0,)] M

In order to characterize the structure of these complexes,
we recorded their gas phase vibrational spectrum in the
spectral range 700-2000 cm™' by means of infrared photo-
dissociation (IRPD) spectroscopy.'! The IRPD spectra
(Figure 2) of the complexes cover the spectral regions of the
antisymmetric (1600-1900 cm™') and symmetric (1080-
1340 cm™') O—C-O stretching modes, as well as several
O-C—O bending modes of the ligands (700-900 cm ™).

We then calculated IR spectra using ab initio methods.
These IR spectra were derived from anharmonic vibrational
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Figure 2. Comparison of the experimental IRPD spectra (see Support-
ing Information, section S1.2 for experimental details) of D,-tagged
[Fe"(C,0.):]" (a), [Fe"(C20.)CO;]" (b) and [Fe'(C,0)]” (c) with MP2/
def2-SVPD VPT2 IR spectra (see Supporting Information, section S1.3
for computational details) of the (untagged) minimum-energy isomers
(with spin multiplicity 6). The corresponding structures are also shown.
For band assignment see text and Supporting Information, Table S5.

frequencies and intensities for the structures shown in
Figure 2. By doing so, we were able to identify the gas phase
structures of the iron complexes and to assign the exper-
imentally obtained bands to individual vibrational modes
(for detailed band assignment see Supporting Information,
section S7). Comparison of the minimum-energy structures,
relative energies and IR spectra (MP2 vs. B3LYP and
harmonic vs. anharmonic) of energetically low-lying isomers
in different spin states can be found in the Supporting
Information, sections S3-S7.

Figure 2a shows the comparison of the IRPD spectrum
of D,-tagged [Fe™(C,0,),]” to the MP2/def2-SVPD VPT2
IR spectrum (including anharmonic contributions) of the
lowest-energy structure (C,, symmetry, see Figure 2a). The
position and relative intensities of the four characteristic
IRPD bands, labeled a,—a,, as well as the smaller spectral
features, are satisfactorily reproduced by the anharmonic IR
spectrum. In brief, the intense absorptions centered at
1755 cm™ (a,) and 1252 cm™* (a;) correspond to antisymmet-

Angew. Chem. Int. Ed. 2022, 61, €202117855 (3 of 4)

Communications

Angewandte

intemationaldition’y) Chemie

ric and symmetric O—C—O stretching modes, respectively.
Band a, is a combination band with significant oscillator
strength and a, results from an O—C—O bending mode of the
ligands.

Figure 2b compares the IRPD spectrum of the D,-tagged
[Fe"(C,0,)CO,]~ complex to the anharmonic IR spectrum
of the lowest-energy isomer. The IRPD spectrum reveals
four characteristic bands, labeled b,-b,, as well as some
weaker signals. These are reproduced by the anharmonic IR
spectrum of [Fe"(C,0,)CO,]", but not as well as for [Fe'-
(C,0,),]". This is due to a marked influence of the multi-
plicity on the geometry of the Fe" complex, in particular on
the Fe--OCO dihedral angle, and hence the corresponding
IR signature (see Supporting Information, section S5), much
more so for the Fe' complex than for the other two systems
studied here (see Supporting Information, sections S4 and
S6). In addition, anharmonic effects are also more pro-
nounced (see Supporting Information, section S7). However,
the agreement between experimental and predicted IR
spectrum of the most stable isomer is substantially better
than for the spectra of the higher-energy isomers (see
Supporting Information, section S5) and we therefore assign
the structure accordingly.

In Figure 2c, the IRPD spectrum of the D,-tagged
[Fe'(C,0,)]” complex is compared to the calculated anhar-
monic IR spectra of two low-energy isomers, in which the
oxalate ligand is coordinated to iron either in a side-on, or in
an end-on fashion. The predicted IR spectrum of the lowest-
energy, side-on isomer agrees particularly well with the
experimental spectrum, with the two intense bands centered
at 1719 cm™ (¢;) and 1313cm™ (c,) corresponding to
antisymmetric and symmetric O—C—O stretching vibrations,
respectively. In contrast, the IR spectrum of the end-on
isomer, which is 98 kJmol ™' higher in energy, is not as good
of a fit. In particular, the predicted prominent band at
1394 cm™ arising from excitation of an antisymmetric
O—C-O stretching mode (of the bound —CO, moiety) is not
present in the experimental spectrum. We therefore con-
clude that the structure of [Fe'(C,0,)] is the one, in which
the oxalate dianion coordinates to the Fe' center in a side-on
fashion.

The nature of the iron oxidation state in these oxalate
complexes is substantiated by an analysis of the Bader
charges, see Table 1: the atomic charge on Fe decreases by a
factor of three between [Fe™(C,0,),]  and [Fe'(C,0,)] .
This is in good agreement with the reduction of the formal
oxidation states from Fe™ to Fe' in the respective com-

Table 1: Bader charge on iron in the energetically lowest-lying isomers
of [Fe"'(C,0,),] ", [Fe"(C,04,)CO,|™ and [Fe'(C,0,)] , all with spin multi-
plicity of M=6.

Complex Oxidation state Bader charge
[Fe" (C,0.);]" 3 18
[Fe"(C,0,)CO,| 2 13
[Fe'(C,00], 1 0.6

side-on isomer

[Fe'(C,0.)], 1 0.6

end-on isomer
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plexes. These findings are further corroborated by the
calculated atomic charges derived from a natural population
analysis (NPA), which can be found in the Supporting
Information, section S8.

In summary, we have shown that the addition of oxalic
acid to an iron nitrate containing solution yields a series of
anionic iron oxalate complexes including complexes with
iron in its unusual oxidation state +1. The hypothesized
pathway for the reduction of iron through oxalate proceeds
via the release of neutral CO,. It involves the anionic
complexes [Fe"(C,0,),]", [Fe"(C,0,)CO,]” and [Fe'-
(C,04)]", which have been identified and structurally
characterized by means of IRPD spectroscopy. The present
study demonstrates that aqueous iron(IIl) is reduced to
iron(I) in the presence of oxalates, forming a two-coordinate
iron oxalate complex. It is presumably highly reactive and
could play a role in catalysis"”! or in the field of atmospheric
chemistry where both, iron and oxalates, are ubiquitous.*”!
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