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ABSTRACT

Coordinatively unsaturated transition-metal complexes are employed as active catalysts in a wide range of homogeneous chemical reactions,
including C-H bond activation. Because of their high reactivity and resulting affinity to rapidly bind substrate molecules, they are generally
challenging to detect and characterize when prepared photochemically. Here, we generate the 16-electron cationic complex [CpFe(CO),]*
(Cp = cyclopentadienyl) in the gas phase using electrospray ionization and probe its electronic structure with x-ray absorption spectroscopy
at the Fe L-edge. Supported by multiconfigurational spectrum calculations, the distinct L-edge absorption profile of [CpFe(CO),]* reveals
direct access to a low-lying unoccupied Fe 3d-derived orbital, which is characteristic of the unsaturated coordination of the complex and of
its pronounced affinity to bind even notoriously unreactive moieties such as alkanes.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0303651

Transition-metal complexes with a nominal count of 16 valence
electrons play a decisive role as intermediates in a wide range of
homogeneous catalytic reactions. Processes such as alkene hydro-
genation and hydroformylation, as well as various carbon-carbon
and carbon-heteroatom cross-coupling reactions,’ all involve the
detachment of a ligand from a coordinatively saturated (18-electron)
precatalyst to produce a highly reactive 16-electron species with a
catalytically active binding site at the metal center. This enables
such systems to even bind inert noble gas atoms’ as well as highly
unreactive nonpolar molecules such as saturated hydrocarbons (e.g.,
methane or longer-chain alkanes).” In this way, 16-electron species
also play a decisive role as intermediates in a wide range of C-H
bond activation reactions.”’

In recent years, cationic 16-electron complexes of the form
[CPM(CO)2]" (Cp = cyclopentadienyl, M = Fe, Ru, Os) have
been shown to be particularly useful in this regard.”'" For this
class of systems, UV irradiation of the tricarbonyl [CpM(CO);s]*
parent complexes can be used to create the coordinatively unsat-
urated [CpM(CO),]* dicarbonyl complex via the dissociation of
a CO ligand (see Fig. 1). This 16-electron species is then capable
of rapidly binding even notoriously unreactive chemical moieties
such as alkane C-H bonds when dissolved in an alkane-saturated
1,1,1,3,3,3-hexafluoropropane solution, thus recovering a nominal
18-electron configuration. However, it is important to note that
the 16-electron [CpM(CO),]* intermediates could not be detected
experimentally and were only indirectly inferred.” '’ This is a direct
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FIG. 1. Schematic depiction of the generation of [CpFe(CO),]* using
conventional photochemical routes as well as electrospray ionization used here.

consequence of their high reactivity, which constitutes a fundamen-
tal prerequisite for their application in C-H bond activation and
other homogeneous reactions but also renders 16-electron systems
elusive, short-lived intermediates that are typically challenging to
detect and characterize in experiments.

Pump-probe measurements have been successful in experi-
mentally detecting coordinatively unsaturated 16-electron species
that were prepared via photoinduced ligand dissociation, both in
the gas phase' " and in solution."** However, the lifetimes of
these systems are typically on the order of hundreds of femtosec-
onds to a few picoseconds before the complexes, when placed in
a solution environment, bind to incoming solvent molecules.'* ™’
In the gas phase, where excess vibrational energy cannot be dis-
sipated to the solvent environment, 16-electron complexes instead
often further dissociate.''”'” Typical lifetimes of photoproduced
16-electron complexes measured in pump-probe experiments are
therefore in the same range as typical timescales of vibrational cool-
ing and excited-state dynamics. In addition, because of the limited
photolysis yield in pump-probe experiments, transient spectro-
scopic fingerprints of 16-electron photoproducts must be recorded
against a background of unexcited parent complexes. Consequently,
in-depth spectroscopic investigations of the electronic structure of
16-electron complexes have thus far been challenging.

Here, we therefore choose a different approach by prepar-
ing [CpFe(CO),]" using electrospray ionization’® (see Fig. 1) and
trapping the stable complex in the gas phase for spectroscopic
characterization. Using X-ray absorption spectroscopy (XAS) at
the metal L-edge,””**"* we directly probe and characterize the
valence electronic structure of the system locally around the metal
center via dipole-allowed Fe 2p — 3d transitions. In combination
with multiconfigurational spectrum calculations, we thus present a
detailed analysis of the manifold of unoccupied 3d-derived orbitals
that determine the high reactivity of [CpFe(CO)2]" and related
16-electron complexes.

The experiments were carried out at the Ion Trap endsta-
tion”’ located at the UE52-PGM beamline of the BESSY II syn-
chrotron operated by Helmholtz-Zentrum Berlin fiir Materialien
und Energie. Details of the experimental setup were previously
reported elsewhere.””” In short, [CpFe(CO),]* ions were pro-
duced by spraying ~1 mM solutions of commercially available
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CpFe(CO),1 in methanol. [CpFe(CO),;]* ions are then mass
selected using a quadrupole mass filter and stored in a radio-
frequency ion trap for accumulation and thermalization at ~20 K
via a cryogenic helium buffer gas.

Figure 2 shows the experimental x-ray absorption spectrum
of [CpFe(CO),]" recorded at the Fe L-edge. The spectrum was
acquired by recording the partial ion yield of Fe* ions as a function
of the incident photon energy. The production of Fe* ions consti-
tuted the fragmentation channel with the highest ion yield across
the Fe L-edge. Partial ion-yield spectra based on other fragments,
which were produced at lower ion yields, result in equivalent spec-
tral shapes; however, at substantially reduced signal-to-noise ratios
(see the supplementary material). The L3-edge absorption spectrum
of [CpFe(CO)2]" exhibits three distinct absorption resonances at
incident photon energies of ~707, ~709, and ~712 eV. At the L,-edge
in the photon energy range between 719 and 727 eV, this struc-
ture is repeated; however, the first two resonances are merged due
to the increased lifetime broadening and reduced energetic split-
ting. It is important to note that this spectral behavior with three
distinct absorption resonances at the L3-edge is strikingly different
compared to other nominal Fe' singlet complexes involving high-
field back-donating ligands such as Cp, CN~, and CO groups.”
This can be directly observed by comparing the L3-edge absorp-
tion spectrum of [CpFe(CO)2]* to the spectra of ferrocene’” and
ferrocyanide,’ as well as [Fe(PaPy;)CO]* [PaPy; = N,N-bis(2-
pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide],”> which
are additionally shown in Fig. 2. At the L3-edge, the latter three spec-
tra exhibit only two main absorption resonances, whose origins are
well-established.” **** Within the framework of pseudo-octahedral
symmetry, the first resonance results from the core-excitation of
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FIG. 2. Experimental Fe L-edge absorption spectrum of [CpFe(CO);]* (a
schematic depiction of its molecular structure is additionally shown) compared
to the spectra of ferrocene [Fe(Cp),, gas phase],®* ferrocyanide {[Fe(CN)s]*~,
powder},34 and [Fe(PaPy3)CO]* (powder).5>
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Fe 2p electrons into mainly Fe 3d(e,)-derived orbitals. The second
resonance exhibits similar Fe 3d(e,) character but also contains sub-
stantial contributions from core-excitations to ligand-7*-derived
orbitals that adapt substantial oscillator strength due to strong back-
donation from the Fe 3d manifold. As all of these systems, in contrast
to [CpFe(CO),]*, constitute coordinatively saturated 18-electron
systems, it can be directly inferred from this comparison that the
impact of an unsaturated coordination on the electronic structure
of the 16-electron complex [CpFe(CO)2]" is directly reflected in an
additional peak in its L-edge absorption spectrum. Previous theoret-
ical investigations have suggested that the removal of a ligand from
an 18-electron system leads to the substantial stabilization of a single
unoccupied metal 3d-derived orbital driven by the loss of the strong
anti-bonding interaction with the removed ligand.”” The Fe L-edge
absorption spectrum of [CpFe(CO),]" suggests that the additional
absorption feature at ~707 eV is a direct experimental fingerprint of
this orbital stabilization.”>***"*

To substantiate these purely experimental observations and
assign the individual experimentally observed absorption features,
Fig. 3(a) shows the experimental Fe L-edge absorption spectrum
of [CpFe(CO),]* compared to a calculated spectrum based on the
restricted active space method,"’ ** with dynamic correlation from
multiconfiguration pair-density functional theory (MC-PDFT)."" *
The spectrum calculations are performed using OpenMolCAS;"’
more computational details are available in the supplementary
material. The calculated spectrum of [CpFe(CO),]* in its singlet
ground state shows excellent agreement with the experimental spec-
trum, reproducing all experimentally observed features in terms of
peak intensities and relative energies, particularly the three exper-
imentally observed absorption features at the Ls;-edge. The calcu-
lations therefore allow for the robust analysis and assignment of
the character of the underlying core-excitations. For this, we turn
to the spectral analysis in terms of orbital contributions,"”** which
is shown in Fig. 3(b). Orbital contributions are derived from the
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difference in orbital occupations between the ground state and the
core-excited states, correlated with the oscillator strengths of the
individual transitions. Consequently, both positive (electron gain)
and negative (electron loss) “intensities” are observed.””*’ Notably,
the electron loss in the Fe 2p core orbital is not depicted, as it con-
sistently involves the loss of a single electron in all cases. All valence
orbitals included in the active space of the calculations are shown in
Fig. 3(c).

The orbital contribution analysis allows us to robustly assign
the first Fe L-edge absorption resonance at ~707 eV predomi-
nantly to Fe 2p — 3d,» excitations [see Figs. 3(b) and 3(c)] with
minor admixture from Fe 2p — 3d,._» excitations as well as multi-
electron excitations involving occupied Fe 3d and L(o) orbitals.
The calculations, therefore, clearly confirm that L-edge absorption
spectroscopy directly probes the previously hypothesized low-lying
unoccupied 3d orbital that is oriented toward the open coordina-
tion site”*"*** [see Fig. 3(c)]. Core excitations beyond the first
resonance at ~707 eV exhibit a more complex multiconfigurational
character. Both features at ~709 and ~712 eV again exhibit core-
excitations into the 3de orbital as the leading contribution; however,
with substantial admixture from excitations into the 3d,._ . orbital
[see Figs. 3(b) and 3(c)]. The strong contribution of the 3d,. orbital
throughout the whole Fe L-edge is a direct reflection of its low
hybridization with ligand-derived orbitals [see Fig. 3(c)], which pro-
vides core-excitations into the 3d » orbital with substantial oscillator
strength. Similar to other Fe(II) complexes with strongly back-
donating ligands,”*” the resonance at ~712 eV additionally shows a
significant contribution from excitations into the unoccupied L(7*)
orbitals. Both absorption features at ~709 and ~712 eV further dis-
play a notable occupation decrease of the occupied metal character
orbitals [3dyy, 3dx., and 3d,.; see Figs. 3(b) and 3(c)]. This pro-
nounced multiple-electron excitation character can be rationalized
by the fact that the resonances at ~709 and ~712 eV are dominated
by heavily mixed triplet and quintet core-excited final states (see spin
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decomposition analysis in the supplementary material), necessitat-
ing a change in population in more than one valence orbital in the
core-excited final states.

To better understand the spectral impact of the decisive
3d, orbital, it is instructive to contrast the spectral behavior of
[CpFe(CO),]* with Fe L-edge calculations of its nominal parent
complex [CpFe(CO)3]*, shown in Fig. 4(a). As a coordinately sat-
urated singlet 18-electron system with strong back-donation ligands
and an approximately pseudo-octahedral geometry, [CpFe(CO)3]*
displays spectral features similar to those of ferrocene, ferrocyanide,
and [Fe(PaPy;)CO]*, shown in Fig. 2. The two characteristic res-
onances of such systems can be observed, both dominated by
excitations into unoccupied 3d(eg) orbitals, with the second reso-
nance further exhibiting substantial L(7*) admixture {see orbital
decomposition analysis of [CpFe(CO);]* in the supplementary
material}. To track how this spectral behavior evolves upon the grad-
ual removal of one CO ligand, Fig. 4(a) additionally shows calculated
Fe L-edge absorption spectra for structures in which one Fe-CO
bond is incrementally elongated with respect to the optimized struc-
ture of singlet [CpFe(CO);]* (while all other atoms remain fixed).
A small elongation (0.2 A) leads to a shift of the 3d(e,) resonance
to lower energy, consistent with a reduced ligand field.”® Further
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FIG. 4. (a) Calculated Fe L-edge absorption spectrum of [CpFe(CO)3;]* com-
pared to calculated spectra of structures with elongated Fe-CO bond lengths as
well as of the [CpFe(CO),]* complex, where the CO is fully removed. (b) Energy
difference between the dyz_xz and d. orbitals as a function of increasing Fe-CO
bond distances along the removal of a CO ligand from the [CpFe(CO)3]* parent
complex.
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elongation of Fe-CO distances (0.4 A) leads to a broadening of
the resonance, which ultimately evolves into a separate absorption
resonance at an elongation beyond 0.6 A. At the same time, the
intensity of the resonance near ~712 eV decreases progressively,
reflecting a reduction in Fe-CO back-donation, in agreement with
previous observations of photoinduced ligand-exchange dynamics
in metal carbonyl and cyanide complexes.””*””" Interestingly, the
intermediate structure with an Fe-CO bond elongated by 0.4 A
exhibits a spectral profile that closely resembles the Fe L-edge
absorption spectrum of the [CpFe(CO),], dimer,”’ where two of
the four CO ligands are shared between the iron centers, which
leads to an increased Fe-CO distance compared to the terminal CO
ligand.”

The dominant impact of CO removal on the valence electronic
structure in generating an undercoordinated 16-electron complex
is illustrated in Fig. 4(b). It shows the evolution of the orbital
energy difference between the 3d,. and 3d 2_yp orbitals upon step-

wise elongation of a CO ligand in [CpFe(CO)3]* (details of the
relative orbital energy difference calculations can be found in the
supplementary material). Consistent with the pseudo-octahedral
coordination environment of [CpFe(CO);]*, these two orbitals are
nearly degenerate 3d(eg)-like orbitals. This degeneracy is progres-
sively lifted upon elongation of the Fe-CO bond, resulting in a
splitting of the 3d(e,;) manifold into the now energetically distinct
3d,» and 3d,._» orbitals. The splitting is primarily driven by a sub-
stantial decrease in energy of the 3d > orbital, which loses one strong
anti-bonding interaction with the dissociating CO ligand. Spectro-
scopically, this splitting and orbital stabilization can then be directly
observed by the emergence of the additional characteristic x-ray
absorption resonance at ~707 eV in the [CpFe(CO)2]" complex
[see Fig. 4(a)]. With L-edge absorption spectroscopy, we can thus
directly probe the decisive 3d,» orbital, which, due to its orienta-
tion [see Fig. 3(c)] and low energy, serves as an unoccupied orbital
with exceptional o-accepting capabilities.® It is this orbital—coined
a “localized hole on the metal” by Roald Hoffmann®’—which con-
sequently renders [CpFe(CO),]* and analogous 16-electron com-
plexes strong Lewis acids® that are capable of functioning as
highly reactive catalysts in a wide range of homogeneous chemical
reactions.

In summary, we use a combination of x-ray absorption spec-
troscopy at the metal L-edge with multiconfigurational calculations
to characterize the valence-electronic structure of [CpFe(CO)2]",
a prototypical coordinatively unsaturated 16-electron transition-
metal complex. The experimental data show a unique spectral
profile that can be directly attributed to a distinct orbital split-
ting in the unoccupied manifold of the complex. In agreement
with previous theoretical investigations,””* this splitting is identi-
fied as the main reason for the high reactivity of [CpFe(CO).]*
and its ability to bind even quasi-inert chemical moieties such as
alkanes.” Our in-depth spectroscopic characterization was made
possible by avoiding conventional photochemical approaches in
producing 16-electron complexes and instead directly preparing
them as stable species in the gas phase via electrospray ioniza-
tion. This approach thereby paves the way for systematic stud-
ies of elusive reaction intermediates that, owing to their extreme
reactivity and short lifetimes in homogeneous environments,
would otherwise remain inaccessible to detailed spectroscopic
investigations.
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The supplementary material encompasses additional experi-
mental and computational details, spin decomposition analysis, and
orbital decomposition analysis of [CpFe(CO)s]".
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